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Editorial on the Research Topic

Cancer Evolution: from biological insights to therapeutic opportunities

At present, cancers are described in both biological and clinical settings with

static models that characterize tumors by the phenotypic and genotypic features

observed at a given time point. However, cancers are highly dynamic processes that

evolve based on specific genomic and epigenomic changes. Such dissonance between

the model used to describe tumors and their true nature reverberates all the way from

basic biological research to clinical practice. For instance, it is well established that

anti-cancer treatments impose selective pressures leading to the emergence of

resistant clones (Zheng et al., 2016; O’Leary et al., 2018). This evolutionary

process is stochastic and access to better models to analyze and predict

mechanisms of resistance is critical.

Historically, the first barrier to the characterization of the evolutionary

properties of cancer was the limited amount of available data to accurately

reflect tumor heterogeneity, which was traditionally based on a single tissue

biopsy (Bertucci et al., 2019; Gerratana et al., 2019; Nguyen et al., 2022). Several

factors have changed this paradigm, including the advancement of molecular

profiling technologies, the substantial decrease in sequencing costs, and the

introduction of multimodal serial sampling in clinical and research settings.

Multimodal molecular profiling has pushed research in several directions. On

the one hand, profiling of circulating tumor cells (CTC) and cell-free DNA

(cfDNA) in peripheral blood samples is paving the way toward non-invasive

diagnosis and monitoring of cancer progression (Gerratana et al., 2021). On the

other hand, multi-regional sequencing, single cell and spatial transcriptomics, as

well as newly emerging epigenomic profiling techniques are leading to a renewed

interest in the analysis of genomic, transcriptomic, and epigenetic mechanisms that

have previously been understudied (Mina et al., 2017; Mastoraki et al., 2018;
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Sanchez-Vega et al., 2018; Penson et al., 2019; Gerratana

et al., 2020; Nguyen et al., 2022).

The articles in this research topic address important

aspects of cancer evolution, encompassing models

associated with a diversity of tumor types including renal

cell carcinoma, glioblastoma, breast, colorectal, lung, ovarian,

pancreatic and prostate cancer. Our a priori expectation

when we proposed this research topic was to be

confronted by a barrage of works focusing mainly on the

genetic aspects of cancer evolution. Looking retrospectively

at the collection of accepted manuscripts, however, we were

surprised to observe some specific yet unexpected topics

recurrently emerging.

Multiple articles within this collection focused on the

role of non-coding RNA in cancer, including in particular

microRNA (miRNA), circular RNA (circRNA) and long

non-coding RNA (lncRNA) (Duică et al.; Gao et al.; Qi

et al.; Li et al.; Zheng et al.; Li et al.; Chen et al.; Zhao

et al.). Duică et al. presented a review of the role of miRNAs

in cancer-relevant processes, focusing on gynecological

malignancies (Duică et al.). Another study (Ming Li et al.)

evaluated exosomal miRNAs as a mechanism of resistance in

small cell lung cancer with particular elevation of exosomal

miR-92b-3p that was associated with the PTEN/AKT

pathway based on preclinical models (Li et al.).

Importantly, this study also included a clinical cohort of

50 patients to help validate the authors’ hypothesis that

downregulation of this biomarker was associated with

better clinical outcomes. Junchen Li et al., instead, focused

on the anti-cancer mechanism of andrographolide in

patients with luminal-like breast cancer through the

inhibition of miR-21-5p (Li et al.). Similarly, Chen et al.

investigated the role of circular RNA (circRNAs) in prostate

cancer. The authors focused on the regulation, expression,

and functional effects of circNOLC1 for in vitro and in vivo

models, proposing circNOLC1 as a potential biomarker and

target for prostate cancer treatment.

Multiple studies focused on lncRNAs as well. Gao et al.

published a general review on lncRNA mechanisms of

action, regulatory functions, and biological relevance in

tumor development and progression. In a study by Zhao

et al., lncRNAs were compared across primary and recurrent

glioblastoma tissue to identify mechanisms that drive poor

prognosis, a finding that was validated in preclinical models.

The authors identified lncRNA NONHSAT079852.2 as a

relevant biomarker in glioblastoma, acting as a sponge of

hsa-mir-10401-3p and enhancing HSPA1A expression, and

promoting tumor cell proliferation, invasion, and recurrence

of glioblastoma (Zhao et al.). Qi et al. evaluated lncRNAs as

potential biomarkers to assess heterogeneity in metastasis

for colon and rectal cancers. The analysis identified two

biomarker lncRNAs, KCNQ1OT1 and SNHG1, associating

with cancer initiation and metastatic potential. Interestingly,

the authors proposed different mechanisms of actions of

these two lncRNAs in colon and rectal cancers (Qi et al.).

Finally, Zheng et al. identified a panel of prognosis-

associated lncRNAs that were significantly associated with

survival in ovarian cancer across multiple independent

cohorts, including The Cancer Genome Atlas (TCGA) and

Gene Expression Omnibus (GEO). The authors further

selected and validated the expression of four lncRNAs

in vitro on multiple ovarian cancer cell lines (Zheng et al.).

A second theme that was recurrent in our collection is the

plasticity of the epithelial-mesenchymal transition (EMT).

Within this collection, Zheng et al. published a review on the

communication between EMT and cancer stem cells (CSC).

While this was once thought to be an unidirectional

evolution, more recent studies suggest that this transition

is bi-directional, stochastic, and mediated by the tumor

microenvironment, ultimately showing how such “hybrid

state” or “plasticity” is linked to poor prognosis and

resistance. Cui et al. studied the role of ENC1 in

accelerating EMT processes in colorectal cancer, whereas

the study by Shou et al. reported an inverse relation between

tissue inhibitor matrix metalloproteinases 1 (TIMP1) and

prognosis in samples from patients with renal cell

carcinoma. The study evaluated TIMP1 as a biomarker to

enhance metastasis via the EMT signaling pathway. Another

study explored EMT-related genes using TCGA and local

samples for pancreatic ductal adenocarcinoma (Feng et al.).

This study identified a 8-gene signature that impoved

prediction compared to clinical variables alone,

particularly to assess adjuvant treatment response, such as

to immune checkpoint inhibitor therapy. In the future,

evaluating therapies that target cells in this “hybrid” EMT

state may have specific applications to prevent seeding of

metastatic sites.

Finally, it is worth mentioning two reviews on protein

condensates and RNA modifications. Lu et al. produced a

review of Liquid–liquid Phase Separation (LLPS) and protein/

nucleic acid condensates. LLPS are a new paradigm in the study

of cellular activities recently coming under more intense research

focus. Recent progress has been made to understand the roles of

LLPS in cancer. Additionally, Dai et al. published a review on

RNA modifications and their role in cancer with a deep

discussion on the YTH protein family of m6A readers,

summarizing the recent advances in structure and biological

function of YTH family proteins, and their roles in human cancer

and therapy applications.

This collection of articles highlights promises and

challenges of characterizing the dynamic aspects of cancer.

They nicely expose the critical need for multi-omics

biomarkers to track cancer evolution in both research and

clinical settings. Interestingly, we observed an emerging

interest towards previously less studied molecular players,

such as non-coding RNAs, condensates, and RNA
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modifications, both in the context of cancer cells and tumor

microenvironment. We anticipate that the use of integrated

models based on multiple biomarkers (epigenomics, genomics,

transcriptomics, proteomics, and radiomics) will be necessary

to capture the complexity of cancer evolution, especially in

today’s clinical settings dominated by a paradigm shift from

monotherapy approaches towards combinations of

chemotherapy, immune checkpoint inhibitors and targeted

therapies.
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Accumulated evidence on the clinical roles of microRNAs (miRNAs) in cancer prevention
and control has revealed the emergence of new genetic techniques that have improved
the understanding of the mechanisms essential for pathology induction and progression.
Comprehension of the modifications and individual differences of miRNAs and their
interactions in the pathogenesis of gynecological malignancies, together with an
understanding of the phenotypic variations have considerably improved the
management of the diagnosis and personalized treatment for different forms of cancer.
In recent years, miRNAs have emerged as signaling molecules in biological pathways
involved in different categories of cancer and it has been demonstrated that these
molecules could regulate cancer-relevant processes, our focus being on malignancies
of the gynecologic tract. The aim of this paper is to summarize novel research findings in
the literature regarding the parts that miRNAs play in cancer-relevant processes,
specifically regarding gynecological malignancy, while emphasizing their pivotal role in
the disruption of cancer-related signaling pathways.

Keywords: miRNA, gynecology, cancer, signaling molecules, biomarkers, resveratrol
INTRODUCTION

Short nucleotide RNA molecules with a length of 18 to 30 nucleotides, or microRNAs, have first
been reported in 1993 (1–4) in studies based on genetic screening in nematodes. These findings have
inspired researchers in biomedical sciences to focus on investigating these molecules in various
organisms, focusing on their structure and functions. By now, it is well known that approximately
2% of the human genome comprises nearly 20.000–25.000 protein-coding genes, with most of the
genome being composed of regions that do not encode but are transcribed into regulatory RNAs
October 2020 | Volume 10 | Article 59118119
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(ncRNAs), introns, and other sequences (4). These RNA
sequences bear many functions, including the gene expression
regulation of protein-coding genes at transcriptional level
through transcript degradation, and at post-transcriptional
level by translation suppression (5).

Among non-coding RNAs (ncRNAs), there are two groups of
RNAs fulfilling different tasks: some are indispensable for protein
synthesis, such as ribosomal RNAs (rRNAs), transfer RNAs
(tRNAs), small nuclear RNAs (snRNAs), and small nucleolar
RNAs (snoRNAs), while others are involved in regulatory
functions, for instance, Piwi-interacting ncRNAs (piRNAs),
small interfering RNAs (siRNAs), microRNAs (miRNAs) and
long non-coding RNAs (lncRNAs) (6, 7). The two classes of
ncRNAs interact both with cellular components, in order to
regulate various cellular processes and functions by controlling
gene expression, and with each other, thus being consistently co-
regulated (8). Depending on the number of specific nucleotides
that each class of ncRNAs contains, ncRNAs are divided into
lncRNAs, comprised of over 200 nucleotides, and sncRNAs, which
are made up of less than 200 nucleotides. Furthermore, based on
their functions, they can be divided into housekeeping, which are
constitutively expressed RNAs, and regulatory RNAs, which are
expressed during specific cell differentiation phases or as an
answer to various modifications in the surrounding area (9), as
depicted in Figure 1. The development of biomolecular techniques
and big data analysis has allowed the identification of the functions
that these types of RNA fulfill, as well as their interaction with
Frontiers in Oncology | www.frontiersin.org 210
various subcellular components, and their regulation. For instance,
lncRNAs interact with miRNAs at specific binding sites, resulting
in their mutual regulation and messenger RNA (mRNA)
transcript control (10). Furthermore, it has been shown that
ncRNAs form interconnected networks that regulate numerous
physiological and pathological biological processes, including
protein synthesis, gene regulation, chromatin modulation, tumor
cell invasion – with multiple studies currently focusing on their
roles as either oncogenic or tumor suppressor factors (11–13).
These networks also govern the expression of snoRNAs, which can
act as precursors for other RNA types such as piRNAs (14).

snoRNAs often originate within the nucleolus, measuring
approximately 60–300 nucleotides (nt) in length. snoRNAs are
generally encoded within the intronic regions as long non-coding
RNAs or can be separately transcribed from the intergenic
regions (13). Overall, snoRNAs can be classified into two main
groups, namely C/D box snoRNAs (SNORDs), and H/ACA box
snoRNAs (SNORAs) (15). snoRNAs contribute to the biogenesis
and maturation of rRNA, as well as in the complex interaction
between snRNAs, tRNAs, and rRNAs. Individually, SNORAs
participate not only in the pseudouridylation process by linkage
with SNORDs and the dyskerin nuclear protein (15), but also in
the methylation cycle along with fibrillarin proteins (16).
However, some snoRNAs lack defined functions, being
generally referred to as orphan snoRNAs (17, 18).

While miRNAs are currently considered as the most
plentiful circulating ncRNAs in normal and cancer patients,
FIGURE 1 | RNA types include coding and non-coding RNAs. Housekeeping ncRNAs are made up of ribosomal (rRNA), transfer (tRNA), small nucleolar RNAs
(snoRNAs), and small nuclear (snRNA). Regulatory noncoding RNAs include short ncRNAs (sncRNAs) and long ncRNAs (lncRNAs), the former consisting of
microRNAs (miRNAs), small interfering RNAs (siRNAs), and Piwi-associated RNAs (piRNAs), and the latter containing oncogenic and tumor suppressor lncRNAs.
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data from an RNA-seq analysis profiling extracellular RNA
from both cancer patients and healthy controls has shown that
piRNAs amount to almost the same sum (19). Though it has
been shown that the synthesis of piRNA does not require the
aid of the Dicer enzyme (20), their exact roles are yet to be fully
elucidated (21). However, the interaction between miRNAs and
piRNAs is known to result in the regulation of gene expression
by targeting mRNAs (8).

miRNAs are small non-coding RNA molecules that function
as post-transcriptional regulators of gene expressions (5, 22, 23).
They are highly important in both physiological and pathological
processes in the human body, as well as in cell development and
proliferation, tissue differentiation, and programmed cell death
(24), while also being involved in maintaining 60 to 70% of the
cellular homeostasis (7). miRNAs are abnormally expressed in a
multitude of diseases, such as cardiovascular and renal illnesses
(25, 26), muscle disorders (27), some types of fibrosis (28, 29),
pre-diabetes and diabetes (30, 31), leukemias and hematological
malignancies, as well as disorders involving hematopoietic stem
cells and stem cell differentiation (32–36). Furthermore, miRNAs
have also been revealed to facilitate the maintenance of the
blood-brain barrier, thereby mediating central nervous system
homeostasis (37–39). Last but perhaps foremost, miRNAs have
been extensively studied in a wide variety of malignancies (40,
41). To date, approximately 500–1,000 different mammalian
miRNA genes are known (25). A complete list with specific
details regarding the nomenclature and annotation of miRNA
sequences was founded in the year 2002, later known as the
microRNA Registry. Nowadays, the miRbase online instrument
can be used, providing information about microRNA sequences
from 271 organisms, with 38.589 hairpin precursors and
approximately 48.860 mature microRNAs (4, 42).

Cancer cells differ from normal cells mainly due to their
ability to divide and grow uncontrollably, as a result of
modifications undergone by specific genes. Considerable gene
variation and altered pathways have been reported for different
types of cancers, which depend on the genetic individuality of the
affected organism as well as on epigenetic factors (4).
Understanding the mechanisms and signaling pathways by
which genes become mutated is therefore essential in order to
enhance the chances of establishing personalized therapeutic
schemes. To this extent, in the last years, miRNAs have
emerged as signaling molecules in a multitude of biological
signaling pathways in distinct types of neoplasia, and it has
been demonstrated that they can regulate cancer-relevant
processes. Due to the capacity of a single miRNA molecule to
target hundreds of mRNAs, aberrant miRNA expression can be
held responsible for the dysregulation of at least several cancer-
related signaling pathways (41).

Gynecological cancers pose an important public health issue,
being some of the most frequent cancers among women of all ages
(43). Patients are oftentimes diagnosed in late stages not only due
to a general lack of awareness and knowledge about cancer but
sometimes also because of improper screening and even
misdiagnoses (44). In gynecological cancers, several signaling
pathways have been identified to be modified, including the
Frontiers in Oncology | www.frontiersin.org 311
transforming growth factor-b (TGF-b)/Smad pathway, G
Protein-Coupled Receptors (GPCRs), phosphatidylinositol-3-
kinase (PI3K)/Akt, the mechanistic target of rapamycin
(mTOR), the mitogen-activated protein kinases (MAPK) and
the extracellular signal-regulated kinases (Erk), fibroblast growth
factor (FGF), the insulin receptor (IR) and insulin-like growth
factor receptor (IGFR), vascular endothelial growth factor
(VEGF), Toll-like receptors (TLRs), Wnt/b-catenin, Jak/STAT,
the Notch signaling pathway, the nuclear factor kappa B (NF-kB)
pathway. Other signaling pathways that are implicated in several
pathologies including breast cancer, are related to the nuclear
receptor superfamily of ligand-dependent factors such as the
estrogen receptor (ER), the retinoic acid-related orphan
receptors (ROR a-g or NR1F1-3), and the orphan receptor
TAK1 (TR4 or NR2C2) (45).

In this review, we have summarized the implications and
future perspectives regarding the signaling functions of miRNA
and their roles in regulating oncogenic processes in breast,
ovarian, cervical, vulvar, and endometrial cancer.
MIRNA BIOGENESIS

microRNAs have long been shown to control numerous
biological processes, including tumorigenesis, with miRNAs
being massively dysregulated in tumor cells (46). While the
dysregulation of miRNAs is well documented in a range of
diseases, direct causal links in cancer have relatively recently
been elucidated. Tumoral cells often associate reduced levels of
mature miRNAs as a consequence of genetic loss and epigenetic
gene silencing resulting in defects in their synthesis (47).

The biogenesis of microRNAs results from a well-defined
conserved processing mechanism, with deviations being
associated with several diseases (48, 49). Following experiments
on mice, primary miRNAs (pri-miRNAs) represent the basis of
creation for miRNAs, which is a process that takes place in two
phases, the first one taking place in the nucleus and the second
one in the cytoplasm, both being governed by the specialized
RNase type III proteins, Drosha and Dicer (Figure 2) (50). The
fundamental RNA polymerase that is responsible for the
transcription of miRNA genes is RNA polymerase II (Pol II).
Pol II-dependent miRNA gene expression has a short-term
control, in order to enable the synthesis of a specific group of
miRNAs per certain conditions and cell types (51–53). pri-
miRNA transcripts contain one or more local hairpins that are
cleaved by the nuclear RNase III enzyme Drosha and its partner,
the DiGeorge syndrome critical region 8 (DGCR8) protein (54,
55) in pre-miRNA sequences made up of almost 80 to 100
nucleotides (56, 57). This step of miRNA biogenesis pathway is
localized in the nucleus and requires DGCR8 in order for a large
complex, known as the Microprocessor complex, to be formed
(56). Following transcription, the pre-miRNA is displaced from
the nucleus towards the cytoplasm by Exportin-5 (58, 59). In the
cytoplasm, Dicer, a cytoplasmic ribonuclease, cleaves the pre-
miRNA into a double incomplete mature miRNA (a miRNA/
October 2020 | Volume 10 | Article 591181
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miRNA duplex made up of approximately 20 to 22 nucleotides)
(24, 60).

Within the cytoplasm, incomplete miRNAs suffer additional
modifications in order to become mature miRNAs, being
processed by Dicer and RNase III type protein and loaded
onto the Argonaute (Ago) protein so as to generate the effector
RNA-induced silencing complex (RISC). The mature miRNA
duplex is included in RISC, which further coordinates the
translation of complementary mRNA and guides it to target
miRNA (53, 61). The mature miRNA identifies its correspondent
sequences in the 3′ untranslated region (3’-UTR) of their target
mRNAs by way of seed region, typically placing nucleotides 2–7
in the miRNA (62, 63). One strand of the produced RNA duplex
is subsequently loaded to RISC while the other strand is typically
degraded. In some cases, some pre-miRNAs produce mature
sequences from both strands that survive and are functional in
comparable frequencies (64). Since regulation does not require
high complementarity, only one miRNA can target up to
hundreds of different mRNAs, leading to the development of
aberrant miRNA expression, affecting a multitude of transcripts
that have great repercussions on cancer-related signaling
pathways. Additionally, miRNAs can trigger downstream
signaling pathways by directly binding with Toll-like receptors
(TLRs) working as ligands (65–67).
Frontiers in Oncology | www.frontiersin.org 412
MIRNA AND SIGNALING PATHWAYS IN
CANCER

In just a few years, microRNAs have become strongly fixed as key
molecular components of the cell in both pathological and
normal states (68). The main activity of miRNAs is to lead
protein translation by linking to complementary sequences of the
3’-UTR sites of target mRNAs and by negatively regulating
mRNA translation (69). The first proof of miRNA involvement
in human malignancies was provided by Croce’s research group,
which aimed to find tumor repressors at chromosome 13q14 site
in B-cell chronic lymphocytic leukemia cells (70). This site
carries miR-15a and miR-16-1 genes and it has been found to
be frequently deleted or downregulated in B-cell chronic
lymphocytic leukemia. Both miR-16-1 and miR-15a serve as
tumor repressors that promote cell death by suppressing B-cell
lymphoma 2 (Bcl-2), an anti-apoptotic protein heavily expressed
in malignant non-dividing B cells and other solid malignancies
(71, 72).

An abundance of scientific research has lately been published,
concerning the function of miRNAs in gynecological
malignancies. For instance, miRNAs such as miR-145 have
been identified as central players in cervical carcinogenesis,
whereas it has been demonstrated that miR-125b, miR-145,
FIGURE 2 | miRNA biogenesis. miRNA gene is transcribed by RNA polymerase II to form a hairpin loop primary transcript (pri-miRNA) which is processed by Drosha/
DCGR8 to form pre-miRNA. pre-miRNA is then exported to the cytoplasm by exportin 5, where Dicer cuts off the hairpin loop so as to create a complex that includes the
mature miRNA. The mature miRNA is next incorporated into RISC to target the 3’-UTR site of the mRNA to silence expression by cleavage or regression.
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miR-21, and miR-155 have pivotal roles in breast malignancies
(73). miR-200 and let-7 have been identified as key modulators
in ovarian neoplasms, while miR-185, miR-210, miR-423, let-7c,
miR-205, and miR-429 have been associated with oncogenesis,
invasion, and metastasis in endometrial carcinomas (74, 75).
miRNAs target cell-cycle elements and control various signaling
pathways in several physiological and pathological processes,
including gynecological malignancies, thus being involved in cell
proliferation. Signaling pathways in which miRNAs have been
shown to be involved and their target genes have been
summarized in Table 1.

Toll-like Receptors (TLRs),;, are membrane-bound receptors
found on antigen-presenting cells (APCs) and they are members
of the group of pattern recognition receptors (PRRs). Some
signaling pathways, such as the interferon regulatory factor
(IRF), ERKs, NF-kB, MAPKs, c-Jun N-terminal kinases
(JNKs), p38, are activated following TLRs stimulation, being
involved in the immune response (88).

Transforming growth factor-beta (TGFb) is part of a large
family of growth and differentiation factors that perform
multiple functions in embryonic development or act as
cytokines in the postnatal period, being divided into two
functional groups: TGFb and the growth/differentiation factor
(GDF) group. The key target genes of the TGF-b signaling
pathway are the receptor-regulated SMADs (89, 90). In vulvar
carcinoma, Yang X et al. have linked the overexpression of miR-
590-5p with the downregulation of the target gene TGFbIIR,
which induced the appearance of malignant cellular changes and
metastasis in sentinel lymph nodes. TGF-b signaling is also
Frontiers in Oncology | www.frontiersin.org 513
involved in other cancers, including breast and endometrial
neoplasms (45, 89, 91).

GPCRs contain seven transmembrane regions, making up the
largest signaling receptor family. They exert their actions by
activating the phosphatidylinositol bisphosphate (PIP2) and
cAMP signaling pathways (92). These signaling pathways are
involved in different physiological and pathological functions,
such as cell proliferation and invasion, being described in
numerous cancers, including ovarian and breast cancers (45, 93).

The PI3K/AKT pathway further plays an important role in
the survival of tumor cells, metabolism, and growth regulation,
with some of the most common mutations in cancer being
associated with deviations of this signaling pathway. Its
disruption affects both the EGFR/HER family and the mTOR
pathway. This signaling pathway is frequently altered in ovarian,
cervical, endometrial, and breast cancer (45, 94, 95). For
instance, in cervical cancer, miR-21 can increase cell growth
via the PI3K/AKT/mTOR signaling pathway, by binding and
inhibiting the tumor suppressor PTEN (96). Further on, miR-
486, which is substantially downregulated in non-small cell lung
cancer, has been demonstrated to alter migration and
proliferation via the IGF-1/PI3K/Akt pathway, by targeting
IGF1, IGR1R, and p85 (97, 98).

miR-21, on the other hand, promotes cell proliferation,
through the Ras/MEK/ERK signaling pathway, which is
inhibited by miR-21 targeting the 3’-UTR of RASA1 mRNA in
ovarian cancer (99, 100). The MAPK and ERK molecules operate
in a signaling cascade defined as the MAPK cascade. MAPK/ERK
pathway is downstream of some transmembrane receptors, such
TABLE 1 | miRNA signaling pathways involved in gynecological cancers.

miRNA Signaling pathway Target Target expression Action Pathology Reference

miR-433 MAPK RAP1A Overexpression Cell migration, proliferation, apoptosis Breast cancer (76)
miR-99a mTOR

FGFR3
PI3-AKT Overexpression Invasion, proliferation, apoptosis Cervical cancer

Breast cancer
(77)

miR-155 AKT LKB1 Overexpression Autophagy Cervical cancer (78)
miR-21 TNFR1

PI3K/AKT/mTOR
RAS/MEK/ERK

Caspase 3
TNF-alpha
PTEN
RASA1

Overexpression Apoptosis Breast cancer
Cervical cancer
Ovarian cancer

(79)

miR-200
miR-141
miR-200a
miR-200b
miR-200c

NOTCH
TGF-beta

ZEB1 ZEB2
E cadherin
EMT

Overexpression Invasion, metastasis Ovarian cancer (80)

Let-7
*miR let-7d-5p

RAS
HGMA1

P53 Overexpression Apoptosis Ovarian cancer (81)

miR-34a p53 HNRNPA1 Cell proliferation Breast cancer
Endometrial cancer

(82)

miR-424 p53 HNRNPA1 Overexpression Cell proliferation, apoptosis Breast cancer (82)
miR-503 p53 HNRNPA1 Overexpression Cell proliferation, apoptosis Breast cancer (82)
miR-142-3p Bach-1 EMT Overexpression Invasion, migration Breast cancer (83)
miR-205 ZEB1, ZEB2 EMT

PTEN
Overexpression Apoptosis, cell differentiation, and proliferation Endometrial cancer (84)

miR 4712-5p PTEn/AKT/GSK3beta/cyclin D1 PTEN Overexpression Cell invasion, metastasis Vulvar cancer (85)
miR-3147 TGF-b/Smad TGFb RII

EMT
Overexpression Invasion, cell proliferation, migration Vulvar cancer (86)

miR-146a BRCA1 Overexpression Cell proliferation Breast cancer (87)
October 20
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as EGFR, FGFR, VEGFR, IGFR, and GPCR, and it is involved in
essential functions like development, proliferation, apoptosis, or
differentiation of cells in ovarian and endometrial cancer (45,
73, 101).

The Notch signaling pathway is essential in cellular processes
and it is activated in response to cell-cell contacts. Notch
receptors are transmembrane proteins consisting of a series of
different protein molecules. Notch activation is involved in the
regulation of gene expression that is implicated in survival,
proliferation, and differentiation of cells (102). Through
genome-scale sequencing, recent studies have revealed that
mutations in the Notch genes could be identified in a broad
spectrum of cancers. They further found that resveratrol has an
inhibiting action when Notch signaling is oncogenic, while it
increases the tumor-suppressive effect when Notch signaling has
suppressive tumoral action (45, 103).

CTCF (CCCTC-binding factor) is a zinc-finger protein gene
capable of targeting numerous binding sites within the genome,
acting both as a transcriptional activator and repressor (104).
Furthermore, it can also serve as an insulator, impeding the
communication between promoters and enhancers (105). In this
manner, and due to its ability to establish inter- and
intrachromosomal bonds, CTCF can either up- or down-
regulate the expression of a substantial number of target genes,
depending on the context, thus fulfilling diverse roles in
epigenetic modulation (106). Moreover, when cooperating with
chromatin architectural proteins such as cohesin, the resulting
complex governs the spatial organization of the genome (107). In
addition to these roles, there is an increasing body of evidence
suggesting the involvement of CTCF in the regulation of certain
miRNAs (106, 108, 109). Specifically, by binding to the CpG sites
of miR-375, CTCF manages to silence its expression in estrogen
receptor (ER) negative breast cancer cells. As miR-375 is a key
driver of cell proliferation, these findings confirm the tumor
suppressor role of CTCF in breast cancer (106, 108, 110).
Furthermore, silencing of tumor suppressor miR-125b1 in
breast cancer due to epigenetic phenomena that result in the
methylation of CpG islands preventing CTCF binding, leads to
aberrant cell proliferation (108, 109, 111).

miRNAs, BRCA Mutations, and Breast
Cancer
Breast cancer is the most common malignancy among women
worldwide, with 5 to 10% of patients carrying an inherited
predisposition (112). The breast cancer 1 and 2 (BRCA1/2)
genes are tumor suppressor genes responsible for the synthesis
of proteins involved in damaged DNA repair (113). Mutations in
either gene have been associated with significantly increased risk
of both breast and ovarian cancer (114), and, to a lesser degree,
other types of cancer, including prostate and pancreatic cancer,
especially in BRCA2 mutations (115). Specifically, women with
germline BRCA1/2 mutations face risks of up to 72 and 69%
respectively of having breast cancer by the age of 80 (116, 117).
While numerous BRCA genes variants are possible, not all of
them carry the same risk, with studies establishing four main
pathogenic mutations: single nucleotide mutations (SNPs)
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resulting in premature termination codons (PTCs) (118), large
in-frame deletions or insertions of ≥ 1 exon, transcription
regulatory region deletions (114) and certain pathogenic
missense variants (119, 120). However, recent whole genome
association studies (WGAS) using targeted RNA sequencing
have enabled the analysis of multi-exonic ncRNAs in breast
cancer samples and, although their functionality has not been
revealed yet, they constitute promising leads in better grasping
the etiology of breast cancer (121).

The expression of up to thirty miRNA has emerged as having
direct consequences on all phases of breast cancer, from
formation to progression and propagation (122, 123). Together
with the group of miRNAs acting as tumor suppressors that
delay or block the potential to cause cancer, there are other
oncogene miRNAs (onco-miRNAs) that can cause neoplastic
transformation when overexpressed. Breast cancer can be caused
by genomic instability as a result of alterations that accumulate in
the human genome. One of the processes that can lead to
genome instability causing DNA damage is represented by
defects in the repair pathway such as double-strand brakes
(DSBs), which tend towards cell apoptosis. Considering the
crucial role of BRCA1/2 in breast cancer suppression, due to
their function in maintaining genome integrity through protein
synthesis required for repairing DNA damage, both BRCA genes
play parts in apoptosis and the processes of tumor suppression
(124, 125). Over 100 miRNAs target the transcription of
messenger RNA from the BRCA1 gene. Chang and Sharan
have proven that seven miRNAs target BRCA1 (126). miR-
146-5p and miR-146a deleting BRCA1 may cause the
development of sporadic basal-like and triple-negative breast
cancer (127, 128). Negative feedback between BRCA1 miRNA
and miR-146a has been described, in which the BRCA1
translation is inhibited by miR-146a and, in turn, miR-146a is
up-regulated by BRCA1 (127). Another well-known onco-
miRNA is miR-155, which is involved in breast tumor
formation and spreading, found more often in inflammation-
based cancers and neoplastic transformation caused
by inflammation (129). The pathogenesis of breast cancer is
influenced by the DNA methylation of miRNA genes,
with BRCA1 functionality reduction inducing global
hypomethylation. These findings highlight possible treatments
of BRCA1-deficient breast tumors that may be developed by
targeting miR-155, due to its impact on BRCA1 mutation
carriers (126, 130–132).

Several proteins acting as BRCA1/BRCA2 stability regulators
have been identified, including the cysteine protease Cathepsin S
(CTSS), which reacts on BRCA1 with BRCT domain, initiating
the process of proteolytic degradation (133), E3 ubiquitin-
protein ligase HERC2, F box protein 44 (FBXO44) and E2
ubiquitin-conjugating enzyme E2T (UBE2T). FBXO44
ubiquitination downregulates the BRCA1 protein (134, 135).
BRCA1 expression stabilization is gained through interaction
with BARD1 protein and the reduction of proteasome sensitive
ubiquitination. The BRCA1 protein level is increased as the
proteasomal degradation is prevented by IGF-1 receptor
signaling due to AKT-dependent phosphorylation of BRCA1 in
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response to estrogen. Recent research performed by Kim et al.
has shown that BRCA1 is directly phosphorylated by the Fyn
related kinase (Frk/Rak) and, as a result, BRCA1 protein stability
is positively regulated (133). Besides protein level regulation,
BRCA1 and BRCA2 have been found to participate in a complex
regulatory post-transcriptional program. For instance, miR-19a
and miR-19b interact with 3’-UTR of BRCA2 mRNA resulting in
a simultaneous decrease of protein levels and mRNA of BRCA2.
In chronic myeloid leukemia cells, expression of BCR-ABL1
oncoprotein is linked with BRCA1 downregulation. Recent
studies revealed that the TIA1 cytotoxic granule-associated
RNA-binding protein-like 1 (TIRA) is responsible for BRCA1
downregulation, which disables mRNA translation of BRCA1 by
linking to adenylate-uridylate-rich elements (ARE) sites in the
3’-UTR of BRCA1 mRNA. The study also described the complex
formed between TIRA, the mRNA binding protein Hu antigen R
(HuR), and BRCA1 mRNA (136).

Further on, more recent studies performed by Gorrini and
colleagues have demonstrated that BRCA1 deficient cells are
protected by estrogen from reactive oxygen species induced
death through the activation of PI3K/AKT and NRF2
upregulation (nuclear factor erythroid 2 related factor 2)
transcriptional program. In consequence, antioxidant genes are
increased (137–139). The results showed that a local upregulated
estrogen concentration helps the expansion and survival of
BRCA1 mutated breast cancer cells (140). Furthermore,
hormone functions are affected by BRCA1 in different ways
such as activating Era expression (141), adjusting the level of
progesterone receptor (PR) (142, 143), and repression of
estrogen-dependent gene transcription (144, 145).

In breast cancer, studies have shown that various signaling
pathways are implicated in the proliferation as well as cellular
death of malignant cells. For instance, Zhu et al. have shown that
one significant role in breast cancer growth is played by the
signaling pathway of mTOR (mammalian target of rapamycin)
(146), its downregulation by miR-100 and/or miR-125b enabling
cellular death and inhibiting the progression of breast cancer
(147, 148). Another miRNA, miR-142-3p, belonging to the miR-
142 family, might be related to the development of various types
of malignancies, especially breast cancer, by targeting various
mRNAs, including Bach1, which is highly active in cancerous
cells. To this extent, in their study, Liang et al. have found that
increased mRNA levels of Bach1 were considerably linked to
poor metastasis-free-survival rates (149). Further studies have
also indicated that overexpression of miR-142-3p in breast
malignancies resulted in the downregulation of Bach-1, making
it likely that miR-142-3p could be a target in breast cancer
therapy (83, 149, 150).

In previous studies, miR-433 has been found to have acted as
an oncogene - for instance, in colorectal cancer, overexpression
of miR-433 downregulates MACC1 and leads to cell death, while
in hepatocellular carcinoma, it suppresses cell proliferation by
targeting HDAC6, PAK4, and GRB2 (151–153). In breast cancer,
miR-433 has generally been found to be decreased, while its
overexpression has been linked to cell death and inhibition of
tumor cell growth and migration. After screening miRNA target
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genes, T. Zhang et al. predicted Rap1a as a potential target of
miR-433, later proceeding with their experiment. Consequently,
they found that cells transfected with miR-433 associated
decreased Rap1a protein levels along with slightly lowered
Rap1a mRNA levels, thus demonstrating that, by targeting the
RAP1A gene and subsequently activating the MAPK signaling
pathway, miR-433 behaves as a tumor suppressor (76). The
MAPK pathway is known to be implicated in tumorigenesis,
playing key roles both in the growth and apoptosis of malignant
cells (154), however, in breast cancer, the RAP1A/MAPK cascade
remains to be further clarified (155).

Past studies have shownmiR-99a to take part in the pathology
of several cancers, such as non-small lung cell carcinoma,
leukemia, and prostate cancer (156–158). Long et al. have later
found that miR-99a also plays a significant role in breast
neoplasia, where it acts as a regulator of fibroblast growth
factor receptor 3 (FGFR3). They proved for the first time that
miR-99a directly targeted FGFR3 in breast malignancies and that
it could be used as a convenient biomarker for this pathology
(77). FGFR3 is also upregulated in various types of tumors, and
its abnormal expression could initiate distinct signaling
pathways, like the PI3-AKT and the FGFR3 signaling
pathways, this way contributing to the development of cancer
(159, 160). Several studies have also shown that miR-99a is
downregulated in malignant tumors like esophageal carcinoma,
head and neck squamous cell carcinoma, cholangiocarcinoma,
and also in primary breast tumors compared to normal breast
tissue (77). On the other hand, researchers demonstrated that the
upregulation of miR-99a in breast cancer inhibits malignant cell
proliferation and invasion (77, 161–163), miR-99a working as a
tumor suppressor. Further studies are therefore desired before
potentially implementing miR-99a as a diagnostic and
prognostic biomarker.

In breast cancer, snoRNAs have also been highlighted as
having prognostic applicability, including SNORD89 and
SNORD46. In this regard, in their thorough NGS analysis,
Krishnan et al. have recently found that SNORD89/46 were the
most significantly downregulated snoRNAs in breast cancer
patients, thus reporting them as prognostic markers for breast
cancer (164). Further studies have reported small nucleolar
RNA-derived RNA-93 (sdRNA-93), a processed stable form of
snoRNA-93, as playing an important role in cell invasiveness in
epithelial human breast cancer cell lines. At the same time,
sdRNA-93 was significantly higher expressed in Luminal B/
HER2+ breast cancer samples when compared to normal
breast tissue and other types of breast cancer (165, 166).

Further on, it has been discovered that piR-36712 plays a
pivotal role in suppressing breast cancer cell proliferation
through the retroprocessed pseudogene of selenoprotein W
(SEPW1), SEPW1P, by inhibiting the expression of SEPW1.
The expression of both p21 and p53 was inhibited by the
mRNA degradation induced by SEPW1. Concurrently, piR-
36712 has been found to promote the antineoplastic effect of
chemotherapeutic agents (167). A recent study carried out by
Fancello and colleagues has found that, in approximately 34% of
invasive breast cancer samples, ribosomal alterations were driven
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by mutations in the uL18/RPL5 ribosomal protein genes, thus
highlighting the suppressor role of RPL5 in breast cancer (168).

Clearly, ncRNAs remain a vast unexplored resource for the
better understanding of breast cancer tumorigenesis and
metastasis, potentially aiding in the progress of identifying
relevant diagnostic and prognostic markers, as well as
therapeutic targets.

miRNAs in Ovarian Cancer
Ovarian cancer is the most lethal gynecologic neoplasia,
associating a very poor life prognosis. Epithelial ovarian
cancers amount to more than 90% of this malignancy, and the
5-year survival rate is just 29% (169). Moreover, ovarian cancer is
diagnosed late due to the absence of noticeable symptoms in the
early stages, and, when detected, carcinomatosis spread is higher
than 60% (170, 171). Biomarkers used today for prediction and
prognosis are CA-125 and human epididymis protein 4 (HE4),
used along with imaging and screening methods. However, the
relatively low sensitivity and specificity of these procedures
require the discovery of new, more efficient diagnostic and
prognostic methods. To this end, many studies have been
performed and more are underway, in order to explore the
exact relation between miRNAs and ovarian cancer and to
improve current diagnosis, prognosis and treatment methods.

The development of tumors is imposed by the tumor
microenvironment. Extracellular matrix molecules regulate
cancer invasion and metastasis, and, at the same time, down-
regulation of miRNAs controls the spread of the tumor by
degrading the extracellular matrix (172, 173). Matrix
metalloproteinases are important in tumor aggressiveness and
increase cancer metastasis by causing deterioration in the
molecules of the extracellular matrix (174). Studies have
demonstrated that MMP-9, MMp-3, MMp-7, MMP-2 are
involved in tumor aggression in ovarian cancer. An example is
that of MMP-7, which is increased in malignant ovarian tissues,
where miR-543 is substantially reduced. The explanation resides
in the fact that miR-543 decreases MMP-7 transcription by
attaching to the 3’-UTRs of MMP-7 mRNA, leading to the
reduction of cancer proliferation (175).

The miR-200 group consisting of miR-141, miR-200a, miR-
429, miR-200c, and miR-200b, is clustered in chromosome 1
(1p36) and adjusts many cellular functions, including cell death,
proliferation, and epithelial-to-mesenchymal transition (EMT).
This group decreases the transcriptional suppressors of E-
cadherin, ZEB1, and ZEB2, promotes E-cadherin expression,
and modulates the conversion of mesenchymal cells into
epithelial cells (176, 177). miR-200a can bind to three specific
sites within the 3’UTR region of the ZEB1 mRNA, while miR-
141 has two potential binding sites in the 3’UTR region of the
ZEB2 mRNA. By binding to the ZEB1 and/or ZEB2 mRNAs,
these miRNAs mediate the post-transcriptional inhibition of the
ZEB1 and ZEB2 gene expression (177, 178). Furthermore,
negatively regulated miR-200a in cancer cells inhibits E-
cadherin, known invasion, and metastasis suppressor (179).
Tumor angiogenesis is another process influenced by the miR-
200 family. Studies have shown that new blood vessel
development is inhibited by this cluster’s influence on the
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interleukin-8 (IL8) secreted by cancer cells and on chemokine
CXCL-1, thus decreasing the spread of tumor cells through blood
circulation (180). To this extent, Pecot et al. have implemented
several experimental models, demonstrating that tumor-targeted
delivery of miRNAs of the miR-200 family leads to a significant
decrease in angiogenesis and consecutive tumor cell metastasis,
while also promoting vascular normalization (181).

The miRNA let-7 family is another important cluster which
has been broadly studied and has a significant function in
ovarian cancer growth. It has been demonstrated that, by
decreasing the expression of specific proteins like c-Myc, Ras,
cyclin 2, and the High Mobility Group AT-Hook 2 (HMGA2)
protein, the let-7 group decreases cell proliferation and supports
both apoptosis and cell differentiation in various types of cancer.
Since the let-7 group is poorly expressed in aggressive ovarian
malignancies, it can be concluded that it may decrease the
infiltration and spreading of ovarian cancer (81). miR let-7d is
known to behave as an oncogene in ovarian malignancies, and its
inactivation can lead to the overexpression of Ras, resulting in
apoptosis of cancer cells (182, 183). One study performed by
Chen Y. et al. found that miR let-7d-5p negatively regulated
HGMA1 in ovarian cancer, leading to the obstruction of the p53
signaling pathway, thus suppressing cell proliferation and
facilitating programmed cell death (184). Furthermore, in
wanting to predict chemotherapy resistance and prognosis of
epithelial ovarian cancer, Xiao et al. have performed thorough
research focusing on the human let-7 family. They found that let-
7e inhibitor had an up-regulatory effect on the mRNAs of target
genes regulatory factor X 6 (RFX6), enhancer of zeste 2 (EZH2),
caspase 3 (CASP3), and matrix metalloproteinase-9 (MMP9).
On the other hand, treatment with let-7e mimics resulted in
decreased mRNA levels of poly-ADP-ribose-polymerase 1
(PARP1) and insulin-like growth factor-1 (IGF-1). Further on,
they found that ovarian cancer cell lines had an increased
sensitivity to cisplatin when associated with overexpression of
let-7e, thus confirming the role of poor let-7e expression in
platinum resistance in epithelial ovarian cancer (185).

miRNAs in Cervical Cancer
Cervical malignancies pose serious health risks to the female
population, associating a poor prognosis with an overall 5 years
survival rate amounting to less than 40% (186), thus highlighting
the need for new diagnostic methods and targeted treatments.
Studies have shown that the abnormal expression of miRNAs
contributes to the development of cervical cancer, due to their
innate ability to regulate tumor promoter and/or repressors
genes (187, 188). To this extent, although limited information
regarding cervical tumors is currently available, miR-433 has
been demonstrated to be downregulated in cervical tumoral
tissues and cell lines, as opposed to normal tissues, its levels
reflecting tumor characteristics such as size, stage, and
dissemination (189, 190). While the upregulation of miR-433
in cervical cancer inhibits cell proliferation and invasion and
promotes cell death, rescue experiments have demonstrated that
metadherin (MTDH), an oncogene that facilitates cancer cell
migration and metastasis, is a direct target gene of miR-433. In
this regard, the overexpression of MTDH has been shown to
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reverse the effects of the overexpressed miR-433 in cervical
cancer cell lines (191). Employing functional studies, Liang
et al. have demonstrated that cervical cancer cell lines treated
with miR-433 agomir substantially decreased mRNA levels of
MTDH, thus inhibiting tumor cell proliferation and invasion and
triggering apoptosis (192). MTDH has also been previously
demonstrated to influence the regulation of b-catenin and
AKT pathways and, due to its inhibitory effect on these
pathways in cervical cancer, it has been validated as a direct
target of miR-433 (193, 194).

Additional studies have revealed that miR-21 acts as an
oncogene in various malignancies, by regulating several
pathways involved in tumor progression (195). In cervical
cancer, its overexpression acts as a gene expression inhibitor
(196). miR-21 upregulates mRNA and protein expression levels
of TNFa (197), which initiates cellular apoptosis by binding and
activating the TNFR1 receptor in HeLa cells, thus inhibiting the
TNFR1 pathway (198). In contrast, the TNFR2 pathway is
increased by miR-21, and cell proliferation is activated by
TNFa, which binds TNFR2, upregulating NF-kB, and thus
inhibiting Caspase 3 and activating JNK (197). Further on,
miR-21 has also been shown to increase cell proliferation via
the PI3K/AKT/mTOR signaling pathway, by binding and
inhibiting the tumor suppressor PTEN (96, 199). PTEN acts as
a negative regulator of this particular signaling cascade, by
targeting AKT and therefore modulating cell differentiation,
proliferation, and migration (96). Loss of miR-21 leads to
considerable upregulation in PTEN mRNA levels, with Chen
et al. demonstrating that cells lacking miR-21 display a lesser
degree of cisplatin resistance, both in culture and xenograft
mouse models (200). Furthermore, miR-21 also promotes
cell proliferation through the Ras/MEK/ERK signaling
pathway, which is inhibited by miR-21 due to its targeting of
the 3’-UTR of RASA1 mRNA (99, 100, 201). However,
further investigation is required in order to elucidate other
targets of miR-21, as well as their exact implications in
cervical malignancy.

miRNAs in Endometrial Cancer
In developed countries, endometrial cancer is the most
frequently-occurring gynecological cancer, having to do with
increased obesity rates, longer life expectancy, and particular
lifestyles in these nations. Globally, it is the second most harmful
type of cancer among women, after cervical cancer (202), with
the most common type of endometrial cancer being the
endometrioid tumor (203, 204). Endometrial cancer is
classified into two types: type I - endometrioid endometrial
cancer, amounting to 75% of cases, and type II - non-
endometrioid, which can have clear-cell or serous histology.
Endometrioid cancers more often show mutations in the
Kirsten rat sarcoma viral oncogene homolog (KRAS) and
Phosphatidylinositol 3-kinase catalytic subunit alpha (PI3KCA)
and phosphatase and tensin homolog (PTEN) loss, while non-
endometrioid cancers show human epidermal growth factor
receptor 2 (HER-2) overexpression and mutations in p53
(205). Phosphoinositide-3-Kinase Regulatory Subunit 1
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(PIK3R1) mutations are present in approximately 43% of
endometrioid endometrial cancers and about 12% of non-
endometrioid endometrial cancers, the mutated PI3KR1
leading to increased activation of the PI3K/AKT signaling
pathway (206).

Oncogene expression and aggression factors in endometrial
malignancies have been researched in comparison with normal
endometrial tissue, and miRNA expression has been found to be
significantly different. Moreover, among endometrial cancer
types, such as papillary carcinoma and endometrioid
carcinoma, miRNA patterns have been demonstrated to vary
(207). miRNAs have the ability to link to the associated mRNA
targets with or without perfect complementarity, with multiple
target genes being simultaneously influenced by a single miRNA,
either by means of the same or different cellular signaling
pathways. Consequently, delivery of tumor suppressor
miRNAs along with silencing of oncogenic miRNAs have been
demonstrated to carry the potential to repair aberrations of the
related signaling pathways in endometrial cancer (208, 209). For
instance, in endometrial cancer, while miR-34b, which is linked
to invasion and proliferation, can be overexpressed, along with
miR-100, miR-99a, and miR-199b, the tumor-suppressive miR-
34a is underexpressed (67, 210). Expressions of specific miRNAs
in endometrial cancer cells have been found to be either elevated,
such as miR-423, miR-210, miR-185, miR-7, or decreased, like
miR-221, miR-let7e, miR-30c, when compared to normal
endometrial tissue. To this extent, tumor-suppressor mRNAs
have been found to be suppressed by the former miRNAs, thus
promoting tumor cell growth, invasion, and metastasis. In turn,
tumor suppressor miRNAs such as miR-221, miR-let7e, and
miR-30c tend to inhibit oncogenic mRNAs, their lowered levels
enabling carcinogenesis (211). Further thorough research
conducted by Chung et al. has identified another miRNA
cluster that appears to be dysregulated in endometrial cancer.
Using low-density arrays, they analyzed the expression of 365
human miRNAs in normal and endometrioid endometrial
cancer and identified a cluster of dysregulated miRNAs,
including miR-7, miR-194, miR-449b, and miR-204. They also
discovered that, by overexpressing miR-204, which is involved in
the regulation of Forkhead box C1 (FOXC1), cell migration and
the number of invasive cells could be inhibited (212).

In endometrial cancer cells, Dong et al. have identified 23
miRNAs as being dysregulated, mainly as a result of the mutated
p53 (213). miR-130b among them, which is decreased in
endometrial cancer relative to normal tissues, has the ability to
target the key EMT promoter gene ZEB1 and to revert mutant
p53-induced EMT/CSC of endometrial cancer cells (213, 214).
Furthermore, miR-205 along with the miR-200 family inhibits
EMT by regulating the E-cadherin dependent transcription of
repressors ZEB1 and ZEB2 (75, 215). Overexpression of miR-
200b in adenocarcinoma cells has also been found to inhibit the
expression of the tissue inhibitor of metalloproteinase-2
(TIMP2), and increase the matrix metalloproteinase level
(MMP), revealing the implication of miR-200b in endometrial
cancer metastasis (216). EMT plays an important role in
promoting chemoresistance and tumor cell invasion, with
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cancer biology studies and genetic evidence showing that the
PI3K/AKT signaling pathway is the main mechanism controlling
EMT features, despite its effects on cancer cell survival and
proliferation (217). During EMT, adhesive and polarizing
capabilities of the epithelial cells are lost, therefore gaining
invasive and migratory behaviors which promote cancer
invasion and metastatic spread. Judging by the suppressive
action of miR-205 on EMT, some studies have suggested that
high levels of miR-205 can be regarded as a marker of early-stage
cancer, thus leading to an improved prognosis (218, 219).

Further on, the overexpression of miR-21 in endometrial
cancer tissues and downregulation of PTEN through linking to
3’UTR of PTEN mRNA has been shown to promote cell
proliferation (220). Similarly, decreased expression of PTEN
associated with an increased expression of miR-205 in
endometrial cancer has been linked to smaller overall patient
survival rates, suggesting the link between miR-205 and the 3’-
UTR of PTEN mRNA in endometrial cancer cells (84).
Additional research has indicated that the transfection of
endometrial cancer cells with miR-183 resulted in PTEN
protein expression reduction. However, it is yet to be clear if
miR-183 can suppress 3’-UTR of PTEN mRNA in endometrial
cancer cells (84, 221).

Endometrial cancer proliferation has also been revealed to be
promoted by the abnormal regulation of the Notch pathway
(222). The Notch signaling cascade is initiated by the
interactions between specific ligands and receptors, and Guo
and colleagues have demonstrated that, by repressing Notch
signaling, the tumor suppressor lncRNA human maternally
expressed gene 3 (MEG3) inhibits cell proliferation in
endometrial carcinoma (223). The initiation of the Notch
signaling pathway is triggered by the ligand-receptor
interaction, followed by the intramembranous proteolytic
cleavage of the Notch receptors, which ensures the delivery of
an active form of the Notch intracellular domain (NICD). NICD
shows positive regulation of target genes such as the hes
family bHLH transcription factor 1 (HES1), by acting as a
transcriptional activator following nuclear translocation. HES1
has a particular effect on cell proliferation, by acting as a
transcriptional repressor that negatively regulates genes such
as the cyclin-dependent kinase inhibitor p27Kip1 (224). The
Notch signaling pathway is also thought to be involved in the
interaction between miR-184 and cell division cycle 25 A
(CDC25A) protein. By examining the CDC25A mRNA
sequence and identifying an optimal binding site for miR-184,
Chen et al. have recently found that miR-184 overexpression
significantly reduced CDC25A protein levels, thus hindering
endometrial carcinoma cell growth and invasion. Conversely,
they have also highlighted that downregulation of Notch
receptors (NOTCH 1,2,3,4) and target gene HES1 induced
by miR-184 can be overturned by the overexpression of
CDC25A (225).

miRNAs in Vulvar Cancer
Vaginal and vulvar carcinomas are rather rare diseases, adding
up to 4% of gynecological cancers worldwide (226). According to
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the Centers for Disease Control and Prevention, approximately
5% of US females with genital tract malignancies are diagnosed
with vulvar and vaginal neoplasm (227). The management of
vulvar neoplasia is highly dependent on early diagnosis, clinical,
and pathological degree of the tumoral process at the time of
detection and on the emergence of loco-regional lymph node
metastases (228). Therefore, the identification and detection of
specific miRNAs for this type of cancer may help better address
this public health concern and patients’ needs. Some types of
miRNA molecules make up specific profiles for vulvar
carcinoma, with some authors proposing them as biomarkers
for both early diagnostics and therapeutic signaling targets in
personalized treatments (229). However, so far only a few
suitable references regarding microRNAs expressed in vulvar
cancerous lesions, especially vulvar squamous cell carcinoma,
have been reported (230).

There are two different pathways by which vulvar cancers
develop. Squamous cells leading to vulvar squamous cell
carcinomas (VSCC) amount to about 80% of all vulvar
malignant tumors (230, 231). Most of these tumors, especially
among young women, are linked to high-risk human
papillomavirus (hrHPV) infections (231, 232) and are
associated with other risk factors such as immunosuppression
and smoking (233). Other types of carcinomas may appear in the
context of chronic inflammatory skin diseases such as lichen
sclerosus (LS) or may constitute differentiated vulvar
intraepithelial malignancies, basal cell carcinomas, malignant
melanomas, Paget disease or Bartholin gland carcinoma (232,
234). Genetic and epigenetic changes in vulvar lesions were
reported in quite a few studies, where vulvar intraepithelial
neoplasia (VIN) and VSCCs were correlated with HPV
infection. Some of these studies have identified p53 as an
altered signaling pathway, where NOTCH1 mutations were
often detected (235, 236). Some studies have reported somatic
mutations in higher range regarding HPV-negative tumors
compared to HPV-positive tumors, where mutations of TP53
were detected (237). The number of genetic changes, however,
also depends on the cancer stage, increasing the number of
dysregulated signaling pathways and the altered signaling
molecules, thus elevating the grade of dysplasia (235). Other
studies reported different altered signaling processes related to
VSCC. For instance, in VSCC it has been shown that miR−3147
regulates the Smad4 pathway by repressing mRNAs of Bax, Bim,
p21, and PAI-1 genes, thus increasing both migration and
invasion (86), while miR−590−5p promotes malignant cellular
processes by upregulating the target gene TGFbRII (228). The
extensive roles of miRNAs in vulvar carcinoma have also been
recently investigated by Yang et al., who suggested that miR
−4712−5p may promote carcinogenesis by targeting PTEN and
could facilitate VSCC growth and invasion through the alteration
of the PTEN/Akt/p−GSK3b/cyclin D1 signaling pathway (231).

Further on, the expression of miRNA molecules involved in
vulvar carcinomas has also been explored by Yang and
colleagues, so as to elucidate their mechanism of action in
correlation with the expression levels of transforming growth
factor-b (TGF-b) and Smad pathway factors (228). They found
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that 157 miRNA molecules were expressed in a significantly
altered manner in this type of carcinoma. They concluded that
while some miRNA molecules like miR-590-5p, miR-182-5p and
miR-183-5p were upregulated, others were downregulated,
especially miR-603, miR-103a-3p, and miR-107. Overexpression
of miR-590-5p was found to induce decreased mRNA and protein
levels of TGFbIIR, thus altering the TGF-b/Smad signaling
pathway, and therefore facilitating the generation of malignant
cellular changes along with sentinel lymph node metastasis (228).
Further on, Zalewski et al. have recently conducted a study aimed
at researching the expression levels of several miRNAs in plasma of
patients harboring the same type of lesions: vulvar intraepithelial
neoplasia and vulvar carcinoma. Six microRNAs (hsa-miR-425-5p,
hsa-miR-191-5p, hsa-miR93-5p, hsa-miR-423-5p, hsa-miR-103a-
3p and hsa-miR-16-5p) were analyzed. Of these, hsa-miR-93-5p
and hsa-miR-425-5p were the most appropriate genes that could be
used as internal controls for quantitative miRNA expression in
these kind of rare gynecological malignancies (226).
RESVERATROL: THE MIRNA
CONTROLLING COMPOUND

Inflammation is a non-specific immune response of the human
body to a tissue injury, toxic compounds, damaged cells, irritant
molecules or allergens. Inflammation is associated with both
healing and destruction of the tissue from the surrounding area.
In response to inflammation, the immune system coordinates a
large variety of mediators. The hallmark of inflammation is the
recruitment of the leukocytes in the peripheral zone of the tissue
(238, 239). There are two pathways that connect inflammation
with cancer: the intrinsic pathway, based on genetic alterations
that induce neoplasia and inflammation, and the extrinsic
pathway, which increases cancer risk by inflammatory
conditions (240). Several miRNAs have been shown to play a
part in both cancer and inflammation, with the most investigated
being miR-21, miR-125b, and miR-155. For instance, miR-155,
which is elevated in lymphomas and human leukemias, is known
to be involved in erythropoiesis and myelopoiesis, B-cell
maturation, Th1 differentiation, gene conversion, IgG1
production, B- and T-cell homeostasis and in the overall
regulation of the immune response (91).

Found in grapes and berries, resveratrol is a natural
polyphenolic antioxidant. Recent studies have shown that
resveratrol has properties in cancer and cardiovascular
prevention. It was first shown that resveratrol can inhibit
tumor promotion and progression in skin cancer studied on
mice (241, 242). Resveratrol 4-hydroxystyryl and m-
hydroxyquinone moieties seem to be significant due to their
inhibitory properties concerning various enzymes, such as
cyclooxygenases and lipoxygenases that produce pro-
inflammatory factors starting from arachidonic acid and
protein kinases (243). Resveratrol is a pleiotropic element
known to target a series of proteins in patients diagnosed with
ovarian cancer, particularly HES1 and NOTCH2 in CAOV-3
and OVCAR-3 cells. Resveratrol has been shown to
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downregulate WNT2 in CAOV3 cells and the nuclear
cumulation of B-catenin was reduced. Furthermore, resveratrol
notably reduced OVCAR-3 cell nuclear cumulation of STAT3.
Despite the evidence about resveratrol targeting multi-proteins,
it is necessary to determine the particular features of the
mechanism involved in the signaling pathways of this
interwoven network (244).

The effect on NOTCH signaling of resveratrol is known to be
context-dependent. Resveratrol has an inhibiting effect when
NOTCH signaling is oncogenic. However, resveratrol is
potentiating the tumor-suppressive action when NOTCH
signaling has suppressive tumoral action. c-Myc (oncogenic
transcription factor), an mRNA protein, was repressed by
resveratrol in treated breast cancer cells. In consequence, c-
Myc decrease resulted in the diminishing of miR-17 and pri-
miR-17-92, whilst c-Myc overexpression significantly increased
miR-17 and pri-miR-17-92 (245).

Studies have shown that this antioxidant also impedes the
proliferation of MDA-MB-231-luc-D3H2LN breast cancer cells
and the attention was directed to miRNA analysis, being revealed
that resveratrol generates the expression of miR-141 and miR-
200c within these cells (82, 246, 247). Besides, various genes and
biological signaling pathways were regulated by resveratrol. One
example is the p53 pathway which, once activated by resveratrol,
leads to cell death with the implication of miRNAs. Several
miRNAs like miR-34a, miR-424, and miR-503 can impede breast
cancer development being downregulated by resveratrol through
the p53 pathway, thus inhibiting HNRNPA1, whose expression
is connected with cancer spread (248, 249). The effects of
resveratrol on miRNAs invariably prove to be essential due to
its anti-cancer, anti-inflammation, and anti-metastatic
properties. miR-663, miR-155, and miR-21 are implicated in
the regulation of native immunity, cell proliferation, tumor
development, and metastasis apparition, which suggests that
the capacity of resveratrol to behave as an anti-proliferation,
anti-tumor, and anti-inflammatory agent at the same time arises
from its ability to promote the expression of endogenous
miRNAs, thus having the capacity to globally affect the cell
proteome (91).
CONCLUSIONS AND FUTURE
PERSPECTIVES

Due to their high incidence and mortality rate worldwide,
gynecological cancers have become a global public health
problem. In this review article, while summarizing the findings
in the literature regarding the roles of miRNAs in cancer-relevant
processes, specifically in the context of gynecological cancers, we
have also focused on implications of miRNA signaling pathways
and their role in regulating oncogenic processes in breast, ovarian,
cervical, vulvar and endometrial cancer.

miRNAs have arisen as signaling molecules in virtually all
biological pathways in different forms of cancer, including
gynecological neoplasia, and it has been proven that these
molecules could regulate various processes involved in
October 2020 | Volume 10 | Article 591181

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
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tumorigenesis. Considering the ability of a single miRNA to
target hundreds of mRNAs, expressions of aberrant miRNA are
liable for the deregulation of signaling pathways that control
cancer-associated processes. Understanding the mechanism by
which these changes within intercellular and intracellular
signaling pathways occur represents a challenge for the
survival of women who are detected with advanced and/or
recurrent gynecological malignancies. As the important
functions of miRNAs in gynecological cancer are being
deciphered, their potential use as prognostic and/or diagnostic
markers is evidenced by a long list of studies. Therapeutic
strategies involving the reintroduction of lost miRNAs in
cancer or inhibition of oncogenic miRNAs are steadily
being developed. Various signaling pathways have been
identified and described to be modified in gynecological
cancers. The occurrence of oncogenic mutations may result in
overexpression of the affected genes or in the production of
mutated proteins whose activity is downregulated. Such proteins
could be involved in signaling pathways that are implicated in
many physiological cellular processes, like inflammatory
cytokine production, proliferation, senescence and apoptosis,
metastasis, and drug resistance

miRNAs such as miR-145, have been identified as central
players in cervical carcinogenesis, whereas it has been
demonstrated that miR-125b, miR-145, miR-21, and miR-155
have pivotal roles in breast neoplasia. miR-200 and let-7 have
been described as key modulators in ovarian malignancies and
miR-185, miR-210, miR-423, let-7c, miR-205, and miR-429 have
been associated with oncogenesis, invasion, and metastasis in
Frontiers in Oncology | www.frontiersin.org 1220
endometrial carcinoma. Resveratrol, on the other hand, has the
capacity to behave as an anti-proliferation, anti-tumor, and anti-
inflammatory agent at the same time, due to its expression on the
endogenous miRNAs, having the capacity to globally affect the
cell proteome.

In this review article, we have summarized new research
findings regarding the importance that miRNAs have in cancer-
relevant processes, specifically concerning the gynecological
field, and about their significant role in the disruption of
cancer-related signaling pathways, so as to improve the overall
medical management of gynecological malignancies.
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Many studies failed to demonstrate benefit from the addition of targeted agents to current
standard adjuvant FOLFOX chemotherapy in stage III colorectal cancer (CRC) patients.
Intratumor heterogeneity may foster the resistant subclones and leads to cancer
recurrence. Here, we built a cancer evolution model and applied machine learning
analysis to identify potential therapeutic targets. Among 78 CRC cases, whole-genome
(WGS) and deep targeted sequencing data generated from paired blood and primary
tumor were used for phylogenetic tree reconstruction. Genetic alterations in the PI3K/
AKT, and RTK oncogenic signaling pathways were commonly detected in founding
clones. The dominant subclones frequently exhibited dysregulations in the TP53, FBXW7/
NOTCH1 tumor suppression, and DNA repair pathways. Fourteen genetic mutations were
simultaneously selected by random forest and LASSO methods. The logistic regression
model had better accuracy (79%), precision (70%), and recall (65%) and area under the
curve (AUC) (82%) for cancer recurrence prediction. Three genes, including MYO18A in
the founding clone, FBXW7, and ATM in the dominant subclone, affected the prognosis
were selected simultaneously by different feature sets. The in vitro studies, HCT-116 cells
transfected with MYO18A siRNA demonstrated a significant reduction in cell migration
activity by 20–40%. These results indicate that MYO18A plays a crucial role in the
migration of human CRC cells. The cancer evolution model revealed the critical mutations
in the founding and dominant subclones. They can be used to predict clinical outcomes
and the development of novel therapeutic targets for stage III CRC.

Keywords: colorectal cancer, whole-genome sequencing, targeted gene sequencing, tumor evolution,
intratumor heterogeneity
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INTRODUCTION

Colorectal cancer (CRC) is the most commonly diagnosed
gastrointestinal cancer and is also one of the leading causes of
cancer-related death worldwide (1). Although adjuvant FOLFOX
(5-fluorouracil, leucovorin, and oxaliplatin) chemotherapy
benefits stage III CRC patients, recurrence develops in 30–35%
of patients (2). Many studies have tried to assess the addition of
targeted therapy, including bevacizumab and cetuximab, to
FOLFOX in the adjuvant treatment of stage III CRC. However,
no significant improvement in survival was noted. A
considerable challenge of recurrent stage III CRC is identifying
the critical genetic mutations responsible for tumor metastasis
and delivering effective therapeutic strategies (3, 4). CRC is a
highly heterogeneous disease that differs in clinical presentations,
molecular characteristics, and responses to treatment and
survival. Intratumor heterogeneity is defined as the distinct
morphological and phenotypic differences within a tumor (5).
Hence, building the genome evolution model underlying the
mechanism of tumor carcinogenesis and biological pathways and
identifying genetic markers to predict cancer recurrence is
crucial to accelerate and facilitate the development of CRC
treatment targets.

Cancer cells accumulate somatic alterations over time. Most
cancers arise from a single clone with acquired genetic
variability, and tumor progression and metastasis result from
the sequential selection of more aggressive subclones (6). Cancer
evolves dynamically as clonal expansions. Recent genomic
studies have demonstrated that cancer relapse or metastasis is
associated with the addition of new mutations and clonal
evolution (7). Intratumor heterogeneity may foster tumor
evolution and adaptation and hinder the biomarker
development of personalized-medicine strategies that depend
on results from single tumor-biopsy samples (7). The most
common technology used for the molecular characterization
of tumor heterogeneity is the high-throughput DNA
sequencing of bulk samples. There is a significant acceleration
in the use of next-generating sequencing (NGS) to approach
tumor heterogeneity and evolution for precision medicine (8, 9).
By using advances in bioinformatics and artificial intelligence,
determining the essence of key genetic mutations in cancer
evolution has recently become possible. From the evolutionary
models, we can identify the “oncogenic addiction or driver”
mutations that provide a fitness advantage to cancer targets
against neutral “passenger” mutations.

In this study, we aimed to develop a genome evolution model
by analyzing tumor heterogeneity and discovering actionable
mutational targets. We first developed a cancer evolution model
for the development of new agents in tumor heterogeneity and
the generation of novel and more effective therapies by analyzing
somatic mutations and tumor heterogeneity. Second, we
established a model predicting cancer recurrence and survival
and identified therapeutic driver mutation targets via robust
optimization in machine learning. Finally, we used the causal
inference model and biological methods to validate the potential
cancer evolution targets. The results further described early
Frontiers in Oncology | www.frontiersin.org 228
mutation changes that predict tumors progress to stage III
carcinomas and showed that statistical inference predicts that
the subclone-related pathogenic mutations are acquired when
the cancer is progressing. Here, we defined a broad time window
of opportunity for early detection to prevent recurrence and
death in advanced colorectal cancer patients. A fine-resolution
view of this clonal architecture provides insight into tumor
heterogeneity, evolution, and treatment response, all of which
may have clinical implications.
MATERIALS AND METHODS

Study Population
A total of 78 CRC cancer patients were recruited for the study
from National Cheng Kung University Hospital (NCKUH)
between January 2014 and January 2019. All CRC patients
were pathological stage III and received standard surgical
resection followed by adjuvant chemotherapy with the regimen
of mFOLFOX6 (5-fluorouracil, leucovorin, and oxaliplatin).
Clinical information was obtained from medical records.
Tumor tissues and blood samples were collected at the time of
enrollment. This study was approved by the Institutional Review
Board of NCKUH (A-ER-103-395 and A-ER-104-153) and
conducted under the Declaration of Helsinki. All participants
provided written informed consent.

Germline Whole-Genome Sequencing
Whole blood was collected for genomic DNA extraction.
Genomic DNA was quantified with a Qubit fluorescence
assay (Thermo Fisher Scientific) and sheared with an S2
instrument (Covaris). Library preparation was carried out
using the TruSeq DNA PCR-Free HT Kit (Illumina).
Individual DNA libraries were measured by 2100 Bioanalyzer
(Agilent) qPCR and Qubit (Thermo Fisher Scientific).
Normalized DNA libraries were combined into five-sample
pools per flow cell in all eight lanes and clustered on a cBot
instrument (Illumina) with Paired-End Cluster Kit V4
(Illumina). All flow cells were sequenced on the HiSeq2500
sequencer (Illumina) using the SBS Kit V4 chemistry
(Illumina). FastQC was used to check read quality, and the
resulting reads were aligned to the hg19 reference genome with
the BWA-MEM algorithm (10). Single nucleotide variants
(SNVs) and indel identification and genotyping were
performed across all samples simultaneously using standard
hard filtering parameters or variant quality score recalibration
according to GATK Best Practices recommendations. WGS was
presented with a minimum, median coverage of 30X.

Targeted Tumor Sequencing by
Cancer Panel
A total of 78 formalin-fixed paraffin-embedded primary tumor
samples were collected for histologic assessment followed by the
extraction of nucleic acids. The histologic evaluation was
performed by pathologists, who determined the percentage of
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tumors and adequacy for sequencing. Tumor deep targeted
sequencing was performed by Oncomine Comprehensive
Assays (OCA) version 1 (Thermo Fisher Scientific) (11). OCA
v1 was designed to detect 143 drug targets, including 73 hotspot
genes, 49 focal copy number variation (CNV) gains, 26 genes for
full coding region sequencing (CDS), and 22 fusion driver genes.
(druggable) The Ion PGM Sequencing 200 Kit v.2 was used with
the Ion PGM sequencer (Thermo Fisher Scientific) according to
the manufacturer’s instructions. All samples were analyzed using
the Torrent Suite Software 5.0.4, aligning all reads to the hg19
reference genome, and variant calling was performed running
the Torrent Variant Caller plugin version 5.0.4.0. We used the
ANNOVAR tool to annotate variants and filter out indels not
reported in the 1000 Genomes Project, the Single Nucleotide
Polymorphism Database (dbSNP), and the Exome Aggregation
Consortium (ExAc) (12).

Cancer Evolution Model Construction
The somatic mutation calling was performed by comparing the
sequencing data generated by OCA v1 and germline genetic
variants by WGS. Somatic SNVs were obtained by DeepSNV
(13). DeepSNV (a beta-binomial model and a likelihood ratio
test) is a tool that can detect subclonal SNVs with frequencies
higher than 10-4 with higher sensitivity and specificity. The
tumor subclones were identified, and clusters were identified
using SciClone (14), a Bayesian clustering method. ClonEvol was
used to establish the evolution tree in cancer (15).

Statistical Analysis
Chi-square tests, Fisher’s exact tests, and unpaired t-tests were
used to assess the differences between groups. Kaplan–Meier
curves were used to evaluate disease-free survival, and the log-
rank test was used to compare the differences between groups.
Disease-free survival was defined as the time between surgery
and recurrence of cancer. A P value < 0.05 was considered
statistically significant.

Pathway Analysis
Signaling pathways for frequently mutated genes detected in
founding clones and dominant subclones were enriched by using
Reactome (http://www.reactome.org) (16). Significance was
derived from over-representation analysis built in Reactome.

Machine Learning Analysis
Feature Selection
The machine learning model includes logistic regression (LR),
least absolute shrinkage and selection operator (LASSO) method,
and random forest. The LASSO method is a regression model
that penalizes the absolute size of the coefficients, causing some
regression coefficients to shrink to zero. The penalization, or
constraint, allows the LASSO method to estimate a model while
simultaneously performing automatic variable selection (17).
The random forest (RF) model consists of an ensemble of
classification trees, where each classifier was built from
different independent and identically distributed bootstrap
samples from a training set. Each classifier casts a vote for the
Frontiers in Oncology | www.frontiersin.org 329
most popular class. Odds ratio (OD) measures the strength of the
association between two types, and hazard ratio (HR) is the ratio
of the hazard rates corresponding to the conditions described by
two levels of an explanatory variable in survival analysis. LASSO
method was done by R package glmnet, Random forest was done
by R package randomForest, the odds ratio was done by R
package fmsb, and the hazard ratio was done by R package
survival and survminer.

Classifier Model
The support vector machine (SVM) (18) is a state-of-the-art
classification method referred to as black-box processes. Random
forest (RF) (19) is an “off-the-shelf” widely used machine
learning method that shows competitive prediction performance.
XGBoost (20) is an optimized implementation of gradient boosting
(GBM). The advantages of the classifier include less prone to
overfitting due to the strong inner regularization scheme, easy to
implement parallelization and scalability. C5.0 is a machine
learning method based on decision trees, which is also referred
to as white box processes and is known for interpretability (21).
Logistic regression is used to describe data and to explain the
relationship between one dependent binary variable and one or
more nominal, ordinal, interval, or ratio-level independent
variables (22, 23). Finally, we performed ten-fold cross-validation
on our dataset to evaluate the efficiency of the models using the
caret packages in R with default parameters (24). SVM, XGBoost,
and C5.0 were done by R package e1071, xgboost, and C50.

Migration Assay
For the migration assay, placed on a cell culture surface, the ibidi
Culture-Insert 2 Well (ibidi GmbH, Planegg, Germany) provides
two cell cultureservoirs, each separated by a 500 mm wall. Cells
were plated at 80,000 cells per well and allowed to attach
overnight. On the following day, culture inserts were removed,
and light microscopy images were acquired. Cells were
maintained under standard culture conditions while migrating
toward the cell-free gap area. For HCT-116, HT-29, and DLD-1
cells, images were acquired every 24 hours later. Images were
analyzed using ImageJ software.
RESULTS

Identification of Cancer Driver Mutations
by Conventional Approaches
The discovery of somatic mutations that drive cancer
progression is essential for therapeutic strategies. Following the
protocol shown in Supplementary Figure 1A, we used
conventional statistical methods such as odds ratio (OD) and
hazard ratio (HR) to evaluate the clinical impact of somatic
mutations in a cohort of 78 stage III CRC patients. The median
follow-up duration of this cohort was 31.2 months. Among these
patients, 33% (26/78) had recurrent disease, and 67% (52/78)
remained disease-free. Of all patients, the distribution of gender
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was the same. The median age of these patients was 58 years old.
The prevalent primary tumor site was left colon (80.8%). There
was no significant difference between recurrence and tumor
characteristics, such as tumor site, tumor invasion stage (T),
and nodal stage (N) (Supplementary Table 1). A total of 30
mutated genes were identified. There was no genetic variant
significantly associated with recurrence in these CRC patients by
odds ratio. The hazard ratio (Supplementary Figure 1B) of four
mutated genes, including MTOR, BAP1, TSC1, and NOTCH1,
showed a correlation with worse progression-free survival [p <
0.05 and hazard ratio (HR) =10.5–76.5]. However, these four
genetic variants were rare and were found only in 1.3% (1/78) of
these CRC patients (Supplementary Figure 1C). Targeting these
Frontiers in Oncology | www.frontiersin.org 430
rare mutations does not seem to provide significant
improvements in the clinical outcome of stage III CRC. These
data imply the limitation of the conventional approach of the
analytic sequencing method.

Targeting Intratumor Heterogeneity by
Cancer Evolution Model
Evolutionary dynamic models have been studied to elucidate the
process of tumorigenesis and discover the driver somatic
mutations for the development of potential therapeutic
strategies (25). Accordingly, we built clonal evolution models
and applied statistics and machine learning algorithms
to identify disease-related driver mutations. As shown in
A

B

FIGURE 1 | The concept of cancer evolution and study design. (A) The cancer evolution model depicts the accumulation of cancer-specific mutations and clonal
expansion during tumor formation. The data of VAF generated from deep sequencing of tumor tissues could be used to predict the cellularity and construct the
phylogenetic tree. The blue cross indicates the background variation. Stars with different colors represent mutations that develop during cancer evolution. (B) Based
on the concept of cancer evolution, the research design is proposed to identify driver mutations with crucial clinical impact.
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Figure 1A, normal cells accumulate background variations (blue
cross) and many cancer-specific mutations (stars) over a
prolonged clinically latent period to become cancers. Multiple
subclones could be found within single cancer tissue.
Theoretically, the background variation and driver mutation
(red star) are present in the ancestor cell and all the subclones.
During cancer evolution, additional mutations occur
subsequently in different subclones, which give rise to
intratumoral heterogeneity. Deep targeted-gene sequencing of
bulky tumor tissue provides useful information on variant allele
frequency (VAF), which could be used to predict cellularity and
construct phylogenetic trees. Therefore, we used the targeted-
gene sequencing data of 78 stage III CRCs to reconstruct the
tumor evolution. The WGS data from paired normal blood
samples were used to filter germline variants (Figure 1B).
After the somatic variant calling by DeepSNV (13), SciClone
(14) was applied for analyzing the distribution of purity-scaled
variant allele fractions, and ClonEvol (15) was used to
reconstruct the phylogenetic tree. We determined the
dominant clone according to the predicted cellularity. After
that, the potential candidate driver mutations in ancestor and
dominant clones could be identified. We applied machine
learning models to predict the risk of cancer recurrence by
using different genetic variant feature selection strategies
and classifiers. By this pipeline, we could identify the critical
driver genetic variants that could be potential drug targeting
Frontiers in Oncology | www.frontiersin.org 531
clonal variants and involved in cancer survival stratification
(Figure 1B).

Phylogenetic Tree Reconstruction From
the Clonal Evolution Model
A clinical example is shown in Figure 2. This case was a 40-year-
old man with stage III CRC at initial diagnosis. He received
standard surgical resection followed by adjuvant chemotherapy
with mFOLFOX6. Recurrence was detected by computed
tomography (CT) scan 15.4 months after surgery. WGS and
deep targeted-gene sequencing were performed on paired
normal and tumor samples, respectively. Figure 2A displays
the allele frequency of the detected variants in tumor and
germline tissues and indicates the levels of significance of the
deepSNV test. Using the VHL gene as an example, the dots above
the diagonal line represented the variants that were called as true
variants rather than sequencing errors by the deepSNV
algorithm. A total of 307 somatic SNVs were detected in this
case. When SciClone was used to perform the clustering, 307
SNVs clustered into four groups (Figure 2C). The mean VAF
values of clusters 1 to 4 are 36.5, 22.1, 11.2, and 4.2%. Besides, the
mean posterior probabilities of clusters 1 to 4 are 93.5, 83, 95, and
99%. Figure 2D shows the kernel density plots of VAF under two
copy number estimations. The model did not perfectly fit the
original distribution because the mean probability of cluster 2
was 83%. Figure 2E shows the scatter plot of each cluster’s SNV
A B
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FIGURE 2 | Representation of analyzing clonal evolution in a CRC patient as an example. (A) Scatter plot showing the variant allele frequencies (VAFs) of the
example VHL gene in tumor and normal tissues and the levels of significance of the deepSNV test. (B) The flow chart showing the utility of various algorithms for
calling of SNV, clustering of VAFs, and analysis of clonal relationships from the sequencing data of paired normal-tumor samples. (C) Inferring subclones according
to the clustering of VAFs by SciClone. (D) Kernel density estimation (KDE) of VAFs. The distribution of mutations occurring in colon cancer patients. The gray line
represents the mutations detected in the founding clone, and the green line represents driver mutations in the dominant subclone. (E) The read depth versus VAF
plot showing the read depth of 4 clusters of genes under the assumption of neutral copy number (copy number = 2). (F) Sphere of cells demonstrating the founding
clone and clonal subpopulations of the CRC tumor sample by CloneEvol. (G) Bell plot showing clonal dynamics during tumor formation.
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coverage and VAF. The SNVs with coverage less than 50x were
filtered out in this study because the low coverage would lead to
biased estimation. Figures 2F, G demonstrate the cancer
cellularity prediction and the most likely evolutionary tree of the
primary tumor via ClonEvol. In this case, the gray color was the
founding clone with cellularity ranging from 18.6–33.3%, the
green color was the dominant subclone ranging from 28.5–
35.3%, the blue color was subclone two ranging from 25.8–
35.4%, and the purple color was subclone four ranging from
3.6–14.9%. Finally, the phylogenetic tree was constructed
(Figure 2B).

Sequential Oncogenic and Tumor
Suppression Genetic Alterations in
Cancer Evolution
By using the study protocol shown in Figure 1B, we identified
possible driver mutations in the founding clone and dominant
subclone for each cancer patient. Among 78 CRC patients, 66
and 49 genetic variants with high or moderate protein impact
were detected in founding and dominant subclones, respectively.
Several variants were frequently detected in the founding clones
of these 78 CRCs, including the ABL1, MYO18A, and ATM
mutations (Figure 3A). Approximately 78.2, 73.1, and 64.1% of
patients harbored the ABL1, MYO18A, and ATM mutations,
respectively, in their founding clone. In contrast, the most
commonly detected mutations in the dominant subclones of
these CRCs were BRCA1, BRCA2, TET2, APC, VHL, MSH2,
TP53, PIK3CA, and FBXW7mutations, accounting for 79.5, 93.6,
64.1, 55.1, 53.8, 41, 30.8, 32, and 21.8%, respectively. Driver genes
can be classified into distinct signaling pathways that control cell
survival, cell fate, and genome maintenance (26). Accordingly,
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we analyzed the dysregulated signaling pathways in founding
clones and dominant subclones. As shown in Figure 3B, the
signaling pathways involved were significantly different between
the founding clones and dominant subclones. Alterations in the
PI3K/AKT, RAF/MAP, and RTK signaling pathways were
commonly detected in founding clones. By contrast, the
dominant subclones frequently exhibited dysregulations in the
TP53, FBXW7/NOTCH1, and DNA repair pathways. These
results implied that cancer cells accumulated different somatic
mutations during cancer evolution. Oncogenic alterations in
signaling pathways controlling cell proliferation and survival,
such as the PI3K/AKT and MAPK pathways, occurred at the
early stage of cancer formation (27, 28). Mutations involving the
tumor suppressors and DNA repair pathways became more
important during evolution.

Optimizing the Selection of Clonal
Mutations by Recurrence Status
To investigate the clinical significance of mutations detected in
the founding clone and dominant subclones, we used different
feature selection techniques to identify the important mutations
associated with the recurrence of CRC patients. Top 30
mutations were selected by Gini importance using the random
forest (RF). The FBXW7 and MYO18A mutations were the
variables with the highest importance among these CRC
patients. LASSO was performed to select mutated genes with
nonzero coefficients, and 23 mutations (LASSO23) were selected.
By calculating the odds ratio (OD) and hazard ratio (HR), we
identified 8 (OD8) and 25 (HR25) genes, respectively, that were
significantly associated with recurrence in this CRC cohort (p <
0.05). The above results were shown in Supplementary Table 2.
A B

FIGURE 3 | Mutated genes and relevant pathways in the founding clone and dominant subclones. (A) Percentage of patients who harbor each mutated gene was
occurring in founding clones or dominant subclones of their primary tumors. A gene under the dashed diagonal indicates that mutation frequently occurs in the
founding clone than the dominant subclone of these patients. (B) Heatmap showing oncogenic pathways enriched by mutated genes frequently occurring in
founding clones and dominant subclones, respectively. Color density represents the significance of enrichment derived by Reactome.
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Fourteen genes were simultaneously selected by random forest
and LASSO, including GATA3, ACVRL1, MYO18A, IDH1,
ABL1, NFE2L2, MCL1, RET, PDCD1LG2, TSC2, CSF1R, ATM,
FBXW7, and TP53. RF_LASSO14 was named for this 14-gene set
(Figure 4A). We analyzed the correlation between disease-free
survival (DFS) and the mutation status of 14 genes selected by
both the random forest and lasso. Among these 14 genes,
mutations of CSF1R, PDCD1LG2, FBXW7, TSC2, and NFE2L2
gene were significantly associated with shorter DFS. In contrast,
MYO18A mutation was associated with better DFS. No
association between the DFS and the mutation status of the
other eight genes was observed (Supplementary Table 3). The
heatmap of these 14 mutated genes is shown in Supplementary
Figure 2. For robust optimization, we input the gene groups
identified by four different feature sets into five classifier models,
including support vector machine (SVM), C5.0, random forest,
logistic regression, and XGBoost (gradient boosting), to predict
and classify the cancer recurrence. The recall value of 10-fold
cross-validation for SVM, C5.0, RF, LR, and XGBoost were
0.615, 0.346, 0.384, 0.654, and 0.461, respectively. The accuracy
for SVM, C5.0, RF, LR, and XGBoost were 0.756, 0.615, 0.756,
0.795, and 0.744, respectively. The logistic regression model had
the best performance with the highest recall value and better
accuracy. The results were shown in Supplementary Figure 3.
The receiver operating characteristic (ROC) curve analysis
confirmed that the RF_LASSO14 gene set had better accuracy
(79%), precision (70%), and recall (65%) and area under the
curve (AUC) (82%) in the logistic regression model (Figure 4B).
To emphasize the importance of cancer evolution, we compared
the performance between the models with or without intratumor
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heterogeneity. We operated the bootstrapping process 5000
times and selected background genetic mutations as features by
lasso methods and built the same logistic regression classifier to
calculate the probability of accuracy over 0.795. Consequently,
the probability of a conventional model with better accuracy than
the evolution model was only 4.54%, which proved that our
model was quite meaningful.
Survival Stratification by Three Genetic
Variants via the Decision Tree Model
Currently, the “one size fits all” approach is still used for adjuvant
treatment of stage III CRC patients. FOLFOX6 chemotherapy is
the gold standard regimen without considering genomic alterations.
In this CRC cohort, all patients were pathological stage III and
received standard surgical resection followed by adjuvant
FOLFOX6 chemotherapy. The 5-year DFS was approximately
70% (Figure 5A). The decision tree, a nonparametric supervised
learning method, was used to analyze the predictive value of the
mutations identified in the founding clone and dominant to further
subclassify these stage III CRC patients and identify potential
treatment strategies subclone. As shown in Figure 5B, three
mutations, including the MYO18A mutation in the founding
clone and FBXW7 and the ATM mutation in the dominant
subclone, could be used to stratify these 78 CRC patients into
four subgroups that had different clinical outcomes. Group 1 (G1)
was the patient without the MYO18A mutation in the founding
clone (F.MYO18A), and this group of patients had the worst DFS
(Figure 5C). Patients harboring the MYO18A mutation could be
further categorized into groups 2, 3, and 4 according to the
A B

FIGURE 4 | Feature selection of founding clone and dominant subclone genes and prediction model for CRC recurrence. (A) Venn diagram showing overlapping
genes selected by the random forest (RF) and LASSO models. RF_LASSO14 indicates a group of 14 overlapping genes. F represents the founding clone gene
mutation, and S represents the dominant subclone gene mutation. (B) Receiver operating characteristic (ROC) curves of gene sets selected by different statistical
and machine learning models for prediction of recurrence in stage III CRCs. The area under the curve of ROC corresponding to each gene set was shown.
RF_LASSO14, 14 genes simultaneously selected by random forest and LASSO; OD8, eight genes selected by odds ratio; HR25, 25 genes selected by hazard ratio.
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dominant subclone’s mutation status of FBXW7 andATM. Patients
in group 2 (G2) had FBXW7mutations (S.FBXW7), and patients in
group 4 (G4) had ATM mutations in the dominant subclone
(S.ATM). Patients in group 4 had the best outcome, followed by
groups 3 and 2. The mutated genes in the founding and dominant
subclones detected in these four subgroups of patients are shown in
Figure 5D. Targeting these relevant mutations in founding and
dominant subclones might provide benefits for stage III CRC
patients, especially groups 1 and 2. Since MYO18A, FBXW7, and
ATM mutations (Supplementary Figure 5) have a considerable
impact on clinical outcomes, these mutations might be potential
therapeutic targets. MYO18A mutation was detected in 50 and
84.6% of patients with and without recurrence. In contrast, the
percentage of FBXW7 mutations in patients with or without
recurrence was 38.5 and 13.5%, respectively. When analyzed by
the Chi-Square test, the distributions of MYO18A and FBXW7
mutations are significantly different in these two groups of patients
(p = 0.002 and 0.019) (Supplementary Table 1). Several clinical
and pathological factors, as shown in the Supplementary Table 4,
were also considered when analyzing the prognostic impact of
MYO18A and FBXW7 mutations. We analyzed these factors
through univariate and multivariate Cox proportional hazards
model. The results showed MYO18A, and FBXW7 mutations are
significantly associated with the clinical outcome when univariate
analysis. The outcome was not affected by age, gender, primary
tumor location, the depth of tumor invasion, and the number of
lymph node metastasis. In multivariate analysis, both the
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MYO18A and FBXW7 mutations were still the independent
prognostic factors (Supplementary Table 4).

Examining the Biological Role of
MYO18A In Vitro
MYO18A is a gene encoding a unique myosin involved in
intracellular transport processes and cell motilities (29).
Therefore, we assessed whether MYO18A has a role in CRC
cell invasion or migration. Specific siRNA targeting MYO18A
was transfected into human CRC cancer cells, and the impact on
cell migration was determined by gap closure assay. As shown in
Figure 6A, MYO18A siRNA significantly reduced the level of
MYO18A protein after 48 hours of transfection. Compared to
cells treated with scrambled siRNA, HCT-116 cells transfected
with MYO18A siRNA demonstrated a significant reduction in
cell migration activity by 20 to 40% (Figures 6B, C). Reduced
migration was also observed in MYO18A siRNA-treated HT-29
and DLD-1 cells. These results indicate that MYO18A plays an
essential role in the migration of human CRC cells.
DISCUSSION

With the advances of NGS technologies and machine learning in
cancer biology, targeting cancer evolution has become more
feasible. Here, we demonstrate using a genomic-machine
A B

DC

FIGURE 5 | The model of survival decision tree (CRC) (A) The Kaplan-Meier curve of disease-free survival (DFS) for 78 stage III CRC patients. (B) CRC patients are
grouped into four subgroups according to the mutation status of the MYO18A gene in the founding clone (F) MYO18A) and FBXW7 and ATM genes in the dominant
subclone (S. FBXW7 and S.ATM). Parentheses indicate the number of patients in each group. (C) The Kaplan-Meier curves of DFS stratified by group (1–4) and
compared with the log-rank test. (D) Summary of the mutations and clinical outcome in 4 subgroups of CRC patients. The colored rectangles indicate the detection
of recurrent disease or not. The gray and white rectangles indicate the gene with and without the mutation.
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learning model for recurrence-risk prediction and identification
of potential therapeutic targets for CRC. Importantly, we
designed different treatment strategies for different risk
subgroups of CRC patients. Our results highlight the following
important points: (i) The sequential oncogenic and tumor
suppression genetic alterations were found during tumor
evolution. (ii) We identified a fourteen genes panel that could
predict the risk of recurrence in stage III CRC. (iii) Three genes,
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including MYO18A in the founding clone, FBXW7, and ATM in
the dominant subclone, affected the prognosis. (iv) MYO18A
plays an important role in the migration of human CRC cells.
These findings suggest that the integration of genomic data
and cancer evolution models provides insights into disease
biology. These results could be applied for the recurrence-risk
classification of stage III CRC and the development of novel
therapeutic strategies.
A

B

C

FIGURE 6 | Depletion of MYO18A by siRNA suppressed cell migration in human CRC cells. (A) HCT-116 cells were transfected with either scrambled or MYO18A
siRNA. Cells were harvested 24, 48, and 72 hours after transfection, and western blotting was used to determine the effect on MYO18A protein expression.
Representative images (B) and quantitative analysis (C) of gap closure assay in HCT-116 cells. Forty-eight hours after the transfection of siRNA, the gap was created
and monitored with a microscope every 12 hours. The red dotted lines indicate where the migration began. The total gap area created at 0 hours and gap closure
areas at the indicated time points were quantified by ImageJ software. The migration activity, which was determined by the percentage of gap closure area, was
compared between cells transfected with the scramble and MYO18A siRNA. Each value represents the mean +/- SEM from at least three independent experiments
in each group. ***p < 0.01.
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The ability to predict the future behavior of individual cancers
is crucial for precision cancer medicine. Considering that
traditional methods might hinder the efficacy of rare somatic
selection, we established a more comprehensive pipeline by the
cancer evolution model for treatment strategy analysis. First, we
selected rare somatic mutations that were not detected by
traditional methods. To target intratumor heterogeneity and
cancer evolution somatic mutations to overcome chemotherapy
resistance, we used the evolution model. We supposed that
founding clone and dominant clones (the most estimated
prevalence) are the significant events for cancer recurrence,
which was confirmed by the probability of random two
subclone sampling (Supplementary Figure 5). Finally, for
robust optimization, the different machine learning algorithms
and statistical methods were selected for cancer recurrence-risk
prediction and survival stratification models.

In the CRC multistage progression model, the adenoma-
carcinoma sequence refers to a stepwise pattern of mutational
activation of oncogenes and inactivation of tumor suppressor
genes. In our cancer evolution model, we provide information
about genetic changes in cancer-driving metastasis. In the early
stages, mutations in the oncogenic pathway, such as the receptor
kinase signaling (RTK) pathway, the fibroblast growth factor
receptor (FGFR) signaling pathway, and the transforming
growth factor-beta (TGFB) signaling pathway, appear to be the
first step. Second, mutations in TP53, FBXW7, and APC may
play a role in cancer evolution. Sequential oncogenic and tumor
suppression genetic alterations were consistent with the
hypothesis of cancer two-hit theory.

Classification and decision systems in data analysis are mostly
based on accuracy. In our study, we trade off accuracy, precision,
and recall for useful optimization in a multiple machine learning
model. We selected the 14 genetic variants for cancer recurrence
prediction. The variant distribution and frequency in cancer
patients with or without recurrence are shown in Figure 4. There
are 11 genetic variants in the funding clone and three genetic
variants in the dominant subclone. This study implies a robust
optimization cancer panel for recurrence prediction. We have
developed a genomic-machine learning model and pipeline
software for CRC recurrence-risk prediction.

Figure 5A shows the 5-year DFS of this CRC cohort. The 5-
year disease-free survival rate is approximately 70%, which has
reached the benchmark of a worldwide standard. In addition to
modeling for recurrence prediction, we need to improve care
survival by different treatment strategies. Using the three machine
learning models, we can classify the CRC subgroup by three
genetic variants. Group 1 and group 2 have a poor prognosis.
The progression-free survival of Group 4 was better than that of
group 3. This successful study identified associations between
three genetic markers and survival subgroup and recurrence
status. The uniqueness of this study is that the evolution model
shows the clinical impact on stage III colorectal cancer by the
machine learning method utilizing the comprehensive clinical and
genomic information. However, the major limitation of this study
is the small sample size. It is too early to make a strong conclusion
at this stage in terms of the case number.
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MYO18A and FBXW7 intratumor heterogeneity variants are
potential targets in the cancer evolution model. MYO18A is an
unconventional myosin that has been implicated in multiple cellular
processes. MYO18A has been involved as a cancer driver.
Overexpression of MYO18A was observed in metastatic prostate
cancer cell lines in a previous study (29, 30). Migration assay of
various cancer cell lines also revealed that MYO18A-depleted cells
had decreased cell motility (31, 32). By analyzing the clinical data,
we found that patients withoutMYO18Amutation in the founding
clone (F. MYO18A) had the worst DFS (Figures 5B, C). Moreover,
the in vitro study showed knockdown ofMY018A by siRNA caused
a reduction in cell migration activity by 20–40% (Figure 6). These
results imply that MYO18A is a potential tumor driver for cancer
cell migration. The alteration of MYO18A was common in the
founding clone (Figure 3). To conclude, the alteration ofMY018A is
a gain-of-function or loss-of-function mutation; further in vitro and
in vivo investigations are needed to study the impact of MYO18A
mutations on cell survival, proliferation, or angiogenesis. FBXW7 is
a critical tumor suppressor involved in the ubiquitin-proteasome
system in human cancer. It has been demonstrated that metastatic
CRC patients with FBXW7missensemutations show shorter overall
survival compared with patients with wild-type FBXW7 (33). The
results are consistent with our data showing poor prognosis survival
in the G1 and G2 groups.

In conclusion, this study highlights the importance of a
cancer evolution model in the development of new therapeutic
strategies. The integration of genomics and machine learning
could provide an opportunity to identify new targets for cancers.
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Background: Colorectal cancer (CRC) is one of the leading causes of cancer death
worldwide. Emerging evidence has revealed that risk factors and metastatic patterns differ
greatly between colon and rectal cancers. However, the molecular mechanism underlying
their pathogenic differences remains unclear. Therefore, we here aimed to identify non-
coding RNA biomarkers based on lncRNA-associated ceRNA network (LceNET) to
elucidate the carcinogenic heterogeneity between colon and rectal cancers.

Methods: A global LceNET in human was constructed by employing experimental
evidence-based miRNA-mRNA and miRNA-lncRNA interactions. Then, four context-
specific ceRNA networks related to cancer initiation and metastasis were extracted by
mapping differentially expressed lncRNAs, miRNAs and mRNAs to the global LceNET.
Notably, a novel network-based bioinformatics model was proposed and applied to
identify lncRNA/miRNA biomarkers and critical ceRNA triplets for understanding the
carcinogenic heterogeneity between colon and rectal cancers. Moreover, the identified
biomarkers were further validated by their diagnostic/prognostic performance, expression
pattern and correlation analysis.

Results: Based on network modeling, lncRNA KCNQ1OT1 (AUC>0.85) and SNHG1
(AUC>0.94) were unveiled as common diagnostic biomarkers for the initiation and
metastasis of colon and rectal cancers. qRT-PCR analysis uncovered that these
lncRNAs had significantly higher expression level in CRC cell lines with high metastatic
potential. In particular, KCNQ1OT1 and SNHG1 function in colon and rectal cancers via
different ceRNA mechanisms. For example, KCNQ1OT1/miR-484/ANKRD36 axis was
involved in the initiation of colon cancer, while KCNQ1OT1/miR-181a-5p/PCGF2 axis was
implicated in the metastasis of rectal cancer; the SNHG1/miR-484/ORC6 axis played a
role in colon cancer, while SNHG1/miR-423-5p/EZH2 and SNHG1/let-7b-5p/ATP6V1F
axes participated in the initiation and metastasis of rectal cancer, respectively. In these
ceRNA triplets, miR-484, miR-181a-5p, miR-423-5p and let-7b-5p were identified as
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miRNA biomarkers with excellent distinguishing ability between normal and tumor tissues,
and ANKRD36, PCGF2, EZH2 and ATP6V1F were closely related to the prognosis of
corresponding cancer.

Conclusion: The landscape of lncRNA-associated ceRNA network not only facilitates
the exploration of non-coding RNA biomarkers, but also provides deep insights into the
oncogenetic heterogeneity between colon and rectal cancers, thereby contributing to the
optimization of diagnostic and therapeutic strategies of CRC.
Keywords: cancer heterogeneity, lncRNA biomarker, miRNA biomarker, ceRNA network, colon and rectal cancers,
initiation and metastasis
INTRODUCTION

Colorectal cancer (CRC) is one of the most commonly diagnosed
malignant tumors with high prevalence and mortality rates
worldwide. Tumor progression and distant metastasis are the
major lethal factors for CRC patients, leading to 5-year survival
rate less than 10% (1). Moreover, anatomical distinction between
colon cancer and rectal cancer was closely related to patient
morbidity, risk factor, therapeutic strategies, and especially may
have an impact on prognosis (2–4). Therefore, systematically
illuminating the molecular mechanisms and discovering
predictive biomarkers specific respectively to colon and rectal
cancers are in urgent need for the diagnosis and treatment
of CRC.

Recent advances in high-throughput sequencing technology
have uncovered that there is a tremendous number of RNAs
without protein-coding potential, defined as non-coding RNAs
(ncRNAs) (5). For example, microRNAs (miRNAs) are a class of
well-characterized ncRNAs that post-transcriptionally regulate
target gene expression through complementary pairing (6–8);
long non-coding RNAs (lncRNAs) are a class of recently
discovered ncRNAs longer than 200 nucleotides with emerging
roles in diverse cancer-related processes, e.g., proliferation,
invasion, metastasis, and metabolism (9, 10). Owing to the
huge potential in regulating gene expression, considerable
effort has been made to decode how ncRNAs exert functions
in cancer-related biological processes. Salmena etal. (11)
proposed a ceRNA (competing endogenous RNA) hypothesis,
which states that RNA transcripts sharing common miRNA
response elements (MREs), e.g. lncRNAs, pseudogenes, circular
RNAs and competing mRNAs, can compete for miRNA binding
and thereby reciprocally modulate each other’s expression.
Increasing evidence has supported that miRNA-mediated
ceRNA crosstalk is widely involved in the pathogenesis of
multiple cancers (12), representing a novel layer of post-
transcriptional gene regulation. Notably, mounting evidence
has demonstrated that lncRNAs could act as oncogenic or
tumor-suppressive genes in the initiation and progression of
CRC through a ceRNA mechanism. For example, lncRNA
SNHG7 was found to be significantly over-expressed in CRC.
It accelerates tumor proliferation and metastasis by serving as a
miR-216b-mediated ceRNA of GALNT1 (13). Thus, lncRNAs
represent promising diagnostic biomarkers and therapeutic
239
targets for CRC, thereby becoming the research hotspot among
the ceRNA family.

As the perturbation of pivotal RNA abundance in the ceRNA
network could lead to cancer initiation and/or progression, a
growing number of researchers have made great effort to identify
the lncRNA biomarkers in specific cancer via constructing
lncRNA-associated ceRNA network (LceNET) (14, 15).
Notably, the lnCeDB database providing a collection of human
lncRNAs that potentially function as ceRNA was built in 2014
(16). However, it has not been updated continuously, resulting in
inconsistency of lncRNA ID version between lnCeDB and TCGA
database, which is a widely utilized pool of high-throughput
cancer datasets. Those facts revealed that, optimizing the method
of constructing ceRNA network and systematically evaluating
lncRNA biomarkers that act as ceRNA are urgently needed to
explore the molecular distinction in the pathogenesis of cancers.

In this study, we focused on comparatively decoding
molecular mechanism underlying the initiation and metastasis
of colon and rectal cancers through a ceRNA network manner.
To facilitate the investigation of context-specific ceRNA
crosstalk, we firstly constructed a global LceNET in human
and applied a computational approach to identify lncRNA/
miRNA biomarkers through constructing LceNETs implicated
in the initiation and metastasis of colon and rectal cancers.
Moreover, key lncRNA-miRNA-mRNA interactions associated
with pathogenesis were identified in colon and rectal cancers,
respectively. The pipeline of the present study was shown in
Figure 1. Thus, systematically identifying and comparing
lncRNA biomarkers acting as ceRNAs, could contribute to
elucidate the similarities and differences of the molecular
mechanisms between colon and rectal cancers, thereby
providing valuable clues for CRC therapy.
MATERIALS AND METHODS

TCGA Data Collection
To explore ceRNA biomarkers associated with colorectal
carcinogenesis, the level 3 RNA-Seq gene expression data,
miRNA-seq data and clinical data of 459 colon cancer patients
and 171 rectal cancer patients were retrieved from TCGA-
COAD and TCGA-READ database (up to March 26, 2019),
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respectively. According to the tumor-node-metastasis (TNM)
staging system of colorectal cancer, patients were divided into
without distant metastasis (M0) or with distant metastasis (M1)
subgroups. As adenocarcinoma is the most common histotype
accounting for 90% of CRC cases (17), only adenocarcinoma
cases with matched RNA-seq and miRNA-seq data were retained
for subsequent analyses. The sample number of each group was
shown in the Supplementary Figure 1. The study was performed
according to the TCGA guidelines.

Construction of the Global LceNET
in Human
Based on “ceRNA hypothesis” (11), the lncRNA-associated
competing triplets consist of miRNA-lncRNA and miRNA-
mRNA interactions sharing at least one common miRNA.
Therefore, identifying miRNA-target interactions is a
prerequisite to recognize lncRNA-related ceRNA triplet.
Accordingly, the global lncRNA-associated ceRNA network in
human was constructed by the following two steps.
Frontiers in Oncology | www.frontiersin.org 340
First, high-confidence miRNA-target interactions supported
by low-/high-throughput experiments were collected and
integrated. The experimentally verified miRNA-mRNA pairs
were downloaded from starBase v3.0 (18), DIANA-Tarbase v8
(19), miRTarbase (v7.0) (20) and miRSponge (21) databases,
while the experimentally validated miRNA-lncRNA pairs were
extracted from starBase v3.0 (18), LncACTdb2.0 (22), DIANA-
LncBase Experimental v.2 (23) and miRSponge (21) databases.
Importantly, considering the unprecedented utility of TCGA
database for data mining across cancers, lncRNAs were
converted to be consistent with the annotation file of TCGA
dataset (GENCODE v22). By integrating the interactions among
above corresponding databases and removing redundant
relationships, 718,708 miRNA-mRNA pairs and 29,373
miRNA-lncRNA pairs were finally obtained.

Second, to further identify competing lncRNA-mRNA
interactions, a hypergeometric test was performed to evaluate
the significance of shared common miRNAs between each
lncRNA-mRNA pairs. The P was calculated as follows:
A B

C

FIGURE 1 | The integrative pipeline for ceRNA network construction and characterization. (A) Construction of lncRNA-associated ceRNA network in human.
(B) Identification of lncRNAs, miRNAs and mRNAs with differential expression pattern between colon/rectal cancers and corresponding normal tissues. (C) Discovery
of key ceRNA interactions based on context-specific LceNET network.
October 2020 | Volume 10 | Article 535985
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where NT represents the total number of miRNAs in human
genome, Nlnc and NmRNA represent the total number of miRNAs
that regulate lncRNA and mRNA, respectively, and x is the
number of miRNAs shared by lncRNA and mRNA. The P was
subject to Benjamini-Hochberg correction. The lncRNA-mRNA
competing pairs with adj.P<0.01 were selected as significant
pairs. Finally, 20,888,725 lncRNA-miRNA-mRNA pairs were
selected as ceRNA interactions.

Identification of Differentially Expressed
lncRNAs, miRNAs, and mRNAs
To keep consistent with gene annotations in TCGA, lncRNAs
and mRNAs in RNA-Seq expression data were firstly identified
and annotated by using GENCODE database (v22) (24),
respectively. Meanwhile, the accession number of miRNAs in
miRNA-Seq data were converted into miRNA official symbol
referring to miRBase database (v21) (25). RNAs which cannot be
converted into gene symbol were excluded. Then, the count data
were analyzed using edgeR package (26) to identify differentially
expressed lncRNAs, mRNAs and miRNAs between normal and
M0/M1 tissues. lncRNAs/mRNAs/miRNAs that sufficiently
expressed (count per million (CPM) > 1) in at least 80%
samples were kept in the differential expression analysis. Then,
the lncRNAs/mRNAs/miRNAs were considered significantly
differentially expressed based on the following criteria: |log2
(fold change)| >=1 and false discovery rate (FDR) <0.05.

Reconstruction of Context-Specific ceRNA
Networks for Cancer Initiation and
Metastasis
Based on “ceRNA hypothesis”, a two-step approach was
employed to build context-specific LceNETs. First, the
differentially expressed lncRNAs, miRNAs and mRNAs in each
group were separately mapped to the global lncRNA-associated
ceRNA network to extract context-specific ceRNA networks.
Second, expression correlation between lncRNA and mRNA in
a candidate ceRNA triplet was evaluated by Pearson correlation
coefficient using matched expression profiles. lncRNA-mRNA
pairs with R>0.5 and P<0.05 were selected as significantly
positively correlated interactions, which were then used to
construct LceNETs visualized by Cytoscape (v3.6.1) (27). Hub
nodes were defined as the top 5% of highest degree nodes in the
context-specific LceNET.

KEGG Pathway Enrichment Analysis of
Differentially Expressed mRNAs
To investigate the function of the identified differentially
expressed mRNAs, KEGG pathway enrichment analysis was
performed using “ClusterProfiler” package (28) in R. Adjusted
P < 0.05 (Benjamini-Hochberg method) was used as the cut-off
Frontiers in Oncology | www.frontiersin.org 441
for selecting statistically significant KEGG terms. The top five
pathways were shown by Circos plots using “GOplot” (29) and
“ggplot2” packages in R.

Bioinformatics Model for lncRNA/miRNA
Biomarker Screening
As reported previously, the strength of competitive interaction
between lncRNA and mRNA is closely related to the number of
common miRNAs shared by two RNA molecules (30).
Accordingly, in this study a novel bioinformatics model was
applied to screen candidate lncRNA and miRNA biomarkers for
colon and rectal cancer. In the model, the NSM measurement
was defined to detect the ability of a lncRNA in competitively
binding miRNAs in the context-specific ceRNA network.
lncRNAs with significantly higher NSM value (P<0.05,
Wilcoxon signed-rank test) in initiation or metastasis-
associated LceNETs were recognized as lncRNA biomarkers.
As highlighted in our previous research, the regulatory power
of a miRNA can be evaluated by NSR parameter, i.e., the number
of single-line regulated-RNAs, since the single-line regulatory
site is vulnerable in the network (8). Evidences indicated that
miRNAs with high NSR values are likely to be biomarkers (31).
Here, we applied NSR in lncRNA-miRNA-mRNA triple network
to identify key miRNAs. Those miRNAs with significantly higher
NSR value (NSR > average of NSRs and P<0.05, Wilcoxon
signed-rank test) in initiation or metastasis-associated ceRNA
network were recognized as miRNA biomarkers. In the next step,
key lncRNA-miRNA-mRNA triplet biomarkers were screened
by assessing each component’s function as follows: 1) lncRNA
and miRNA were the identified biomarker, respectively; 2)
mRNAs were reported as tumor-associated genes (TAGs) or
related to the prognosis of colon/rectal cancer. The lncRNA-
miRNA-mRNA interactions were visualized by “ggalluvial”
package in R.

ROC Curve Analysis
To evaluate the sensitivity and specificity of the identified
lncRNA and miRNA biomarkers for distinguishing between
normal and cancer tissues, ROC curve analyses were
conducted and the AUC were calculated using the ‘ROCR’
package (32) in R.

Survival Analysis
To assess the prognostic value of lncRNA/miRNA biomarkers
and key mRNAs, patients were divided into high-expression and
low-expression groups using the criteria from OncoLnc (http://
www.oncolnc.org/) (33). Then, Kaplan-Meier survival analyses
were carried out to evaluate the differences in OS times between
high-expression and low-expression groups using the “survival”
and “survminer” packages in R, and the log-rank test was
employed to calculate the statistical significance of the KM
survival curves (P < 0.05).

Cell Lines and Culture Condition
CRC cell lines HCT116, SW480, HT29, Lovo and SW620 were
obtained from the laboratory of professor Yufeng Xie at the First
Affiliated Hospital of Soochow University, and human normal
October 2020 | Volume 10 | Article 535985
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colon mucosal epithelial cell line NCM 460 was purchased from
the cell bank of Chinese Academy of Sciences. Cells were
cultured in RPMI-1640 medium (HyClone) supplemented with
10% fetal bovine serum (Gibco) at 37°C with 5% CO2.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
Total RNA was isolated from cultured cells using miRNeasy Mini
Kit (Qiagen, Germany) and converted into complementary DNA
using 5× All-In-One RT MasterMix (abm, Canada). qRT-PCR
was performed in triplicate for each sample using BrightGreen
2× qPCR MasterMix (abm, Canada) and a LightCycler 96 Real-
Time PCR detection system (Roche, USA) according to the
manufacturer’s instructions. For qRT-PCR, KCNQ1OT1
primers (Sangon Biotech, China) were: 5’-TGCAGAAGACA
GGACACTGG-3 ’ (sense) and 5 ’-CTTTGGTGGGAAA
GGACAGA-3’ (antisense); SNHG1 primers (Sangon Biotech,
China) were: 5’-GCCAGCACCTTCTCTCTAAAGC-3’ (sense)
and 5’- GTCCTCCAAGACAGATTCCATTTT-3’ (antisense);
GAPDH primers (Sangon Biotech, China) were: 5’-GCATC
CTGGGCTACACTG-3’ (sense) and 5’-TGGTCGTTGA
GGGCAAT-3’ (antisense). The 2-△△Ct method was used to
calculate the relative gene expression levels of KCNQ1OT1 and
SNHG1, which were normalized to the corresponding GAPDH
mRNA levels.
RESULTS

Construction of the Global lncRNA-
Associated ceRNA Network (LceNET) in
Human
To facilitate exploring lncRNA-associated competing
interactions in cancers, we employed a computational method
to uncover genome-wide ceRNA cross-talk in human. Notably,
factors including the experiment-supported miRNA-target pairs,
the consistency of lncRNA names between ceRNA network and
TCGA database, and the miRNA regulatory similarity were
considered (see the Materials and Methods section). Based on
the identified ceRNA interaction triplets, the global LceNET
composed by 3,102 lncRNAs, 1,085 miRNAs and 16,490 mRNAs
was constructed in human.

Characterization of Differentially
Expressed RNAs in Colon and Rectal
Cancers
To systematically elucidate the molecular distinction in the
carcinogenesis of colon and rectal cancers, patient samples
were divided into without distant metastasis (M0) and with
distant metastasis (M1) subgroups from TCGA-COAD and
TCGA-READ databases, respectively. We then explored the
differential expression profiles of lncRNAs, miRNAs and
mRNAs in the four comparable groups, including M0 vs.
normal in colon cancer (colon M0/N), M1 vs. normal in colon
cancer (colon M1/N), M0 vs. normal in rectal cancer (rectal
M0/N) and M1 vs. normal in rectal cancer (rectal M1/N). The
Frontiers in Oncology | www.frontiersin.org 542
number of differentially expressed RNAs (DERNAs) in each
comparable group was shown in Supplementary Table 1-3.
Notably, 271 lncRNAs, 198 miRNAs and 980 mRNAs were
identified as common DERNAs in all of the four comparable
groups (Figure 2A).

To gain insights into the different biological features
implicated with colon and rectal carcinogenesis, functional
enrichment analysis was respectively performed for
differentially expressed mRNAs (DEmRNAs) identified in the
above four comparable groups. As shown in Figures 2B, C,
DEmRNAs identified in colon M0/N and M1/N groups were
significantly enriched in diverse critical biological pathways,
e.g. “cell cycle”, “protein digestion and absorption”, “p53
signaling pathway” and “PPAR signaling pathway”, revealing
their essential roles in tumorigenesis of colon cancer.
Comparatively, DEmRNAs in rectal M0/N and M1/N groups
were primarily implicated in the well-characterized colorectal
cancer-associated pathways including “cGMP-PKG signaling
pathway”, “proteoglycans in cancer”, and “vascular smooth
muscle contraction” (Figures 2D, E). For example, PKG is a
promising therapeutic target for metastatic colorectal cancer
(34); activating cGMP-PKG signaling pathway could suppress
tumor growth by inhibiting Wnt/b-Catenin signaling in colon
cancer (35). Notably, DEmRNAs in rectal M0/N and M1/N
groups were also significantly enriched in “oxytocin signaling
pathway” (Figures 2D, E), which exhibits emerging potential
links with cancer, but has not been demonstrated to be
associated with colorectal cancer previously.

Dynamical Competitive Interactions
Between lncRNAs and mRNAs During the
Initiation and Metastasis of Colon and
Rectal Cancers
As ceRNA network tightly links the roles of miRNAs with that of
coding and non-coding RNAs sharing common MREs,
investigating miRNA-mediated ceRNA crosstalk can contribute
to elucidate their biological functions in carcinogenesis.
Therefore, we set out to establish context-specific LceNETs by
extracting lncRNA-miRNA-mRNA interactions through
mapping DERNAs from colon M0/N, colon M1/N, rectal
M0/N and rectal M1/N groups into the global human
LceNETs, respectively.

Based on the ceRNA theory, ceRNA triplets consisting of
positively correlated lncRNA-mRNA competing pairs were
selected. As shown in Figure 3A, most of the ceRNA nodes in
each LceNET were interconnected and they could cross-talk with
each other through shared miRNAs, indicating complex and
robust regulatory relationship. Thus, perturbation in key ceRNA
interactions may affect the stability of the entire LceNETs.
Notably, the sizes of LceNETs associated with metastasis
(LceNETs_colon_M1/N and LceNETs_rectal_M1/N) were
relatively larger than that implicated with occurrence
(LceNETs_colon_M0/N and LceNETs_rectal_M0/N),
indicating the complexity of tumor metastasis. In particular,
350 ceRNA interactions were shared by the four networks,
suggesting that certain lncRNAs and mRNAs tend to serve as
October 2020 | Volume 10 | Article 535985
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common ceRNAs that regulate the occurrence and metastasis of
colon cancer as well as that of rectal cancer (Supplementary
Figure 2). Besides, it has been shown that various lncRNAs such
as MIR22HG and LINC01600 play an important role in
colorectal cancer (36, 37). Here, we found that MIR22HG
could serve as a ceRNA by sponging miR-25-3p or miR-425-
5p in the occurrence and metastasis processes of rectal cancer
rather than colon cancer, suggesting its distinct roles in the two
cancer types.
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Next, topological analysis showed that the degree distribution
of nodes in the four LceNETs closely followed a power law
distribution with R2 > 0.87 (Figure 3B), indicating LceNETs
were scale-free networks rather than randomly connected
networks. As hub nodes with top degree in biological network
tend to possess critical function, we investigated the lncRNAs
acting as hub nodes in the four LceNETs, respectively. As shown
in Supplementary Table 4, KCNQ1OT1 and SNHG1 possessed
hub nodes properties in all of the four context-specific ceRNA
A

B

D E

C

FIGURE 2 | Global landscape of differentially expressed RNAs in colon and rectal cancers. (A) Venn diagrams showing the overlapping differentially expressed
lncRNAs (left), miRNAs (middle) and mRNAs (right) among colon M0/N, colon M1/N, rectal M0/N and rectal M1/N groups. (B-E) The top five significantly enriched
KEGG pathways and related genes in colon M0/N (B), colon M1/N (C), rectal M0/N (D) and rectal M1/N (E) groups, respectively. M0 represents patients without
distant metastasis; M1 represents patients with distant metastasis; N represents normal paracancerous tissue.
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networks, implying significant potential in regulating
colorectal carcinogenesis.
Diagnostic and Prognostic Significance of
LceNET-Driven lncRNA Biomarkers
Implicated in the Carcinogenesis of Colon
and Rectal Cancers
Cancer is a complicated disease with perturbation of various
molecular interactions; hence, identifying biomarkers based on
systems-guided ceRNA network is urgently needed to provide
more reliable and effective signatures for cancer diagnosis and
treatment. Here, a computational approach, in which the
potential of lncRNA acting as a ceRNA was evaluated by the
number of shared miRNAs (NSM), was developed to explore
lncRNA biomarkers involved in the initiation and metastasis of
colon and rectal cancers based on context-specific LceNETs. As
shown in Figure 4A, lncRNA biomarkers possessed significantly
higher NSM values compared with all lncRNAs in the
corresponding context-specific LceNETs. Furthermore, the
sensitivity and specificity of lncRNA biomarkers in diagnosing
cancer patients without or with distant metastasis were evaluated
by receiver operating characteristic (ROC) curve analyses. As
shown in Figures 4B, C, area under curve (AUC) values of
lncRNA biomarkers ranged from 0.75 to 0.97 in distinguishing
normal and tumor without distant metastasis, and were more
than 0.82 in distinguishing normal and tumor with distant
metastasis, revealing superior diagnostic performance.

Notably, lncRNA KCNQ1OT1 and SNHG1 were identified as
common biomarkers in colon M0/N, colon M1/N, rectal M0/N
Frontiers in Oncology | www.frontiersin.org 744
and rectal M1/N groups, indicating their critical roles in the
carcinogenesis of both colon and rectal cancers; lncRNA
MALAT1 was recognized as biomarkers in colon M0/N and
colon M1/N groups, suggesting its specific functions in
diagnosing colon cancer rather than rectal cancer. Furthermore,
lncRNA ZFAS1 was characterized as specific biomarkers in colon
M1/N and rectal M1/N groups, indicating it can be used to
identify CRC patients with distant metastasis (Table 1). To
further investigate lncRNA biomarkers playing important roles
in cancer prognosis, Kaplan-Meier survival analysis of colon or
rectal patients with relatively high or low expression levels of those
biomarker were performed, respectively. Strikingly, MALAT1 and
KCNQ1OT1 were significantly associated with overall survival
(OS) times of colon cancer patients (Figure 4D), while lncRNA
biomarkers identified in rectal M0/N or M1/N groups were not
related to patients prognosis, suggesting they may participate in
the regulation of prognosis through other mechanisms.

As lncRNAs KCNQ1OT1 and SNHG1 exhibited high potential
in diagnosing patients with colon cancer or rectal cancer, we further
validated their experimental gene expression pattern and diagnostic
performance via published GEO datasets including GSE21510,
GSE23878, and GSE9348. Notably, both of KCNQ1OT1 and
SNHG1 were significantly up-regulated in tumor tissues (Figures
5A, B) and possessed excellent ability in distinguishing colorectal
cancer patients (Figure 5C). Consistently, the expression levels of
KCNQ1OT1 and SNHG1were significantly higher in CRC cell lines
than that in the normal colonic epithelial cell line NCM460 (Figure
5E). Moreover, both of the results from CCLE (Cancer Cell Line
Encyclopedia) database and qRT-PCR analysis showed that
KCNQ1OT1 and SNHG1 had significantly higher expression
A

B

FIGURE 3 | The global view (A) and node degree distribution (B) of the four context-specific LceNETs. The identified lncRNA biomarkers were highlighted by red
triangle. M0 represents patients without distant metastasis; M1 represents patients with distant metastasis; N represents paracancerous normal tissue.
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level in CRC cell lines with high metastatic potential (e.g. SW620)
than that with low metastatic potential (e.g. SW480) (Figures 5D,
E), implying their roles in promoting CRC metastasis.

Characterization of miRNA Biomarkers
Identified in LceNETs Indicating
the Carcinogenesis of Colon
and Rectal Cancers
Increasing evidence has demonstrated that multiple miRNAs can be
used as biomarkers to guide decision on cancer diagnosis and
therapy.We employed single-regulatory theory that consider single-
line regulated miRNA-target interactions as the vulnerable structure
Frontiers in Oncology | www.frontiersin.org 845
for biological networks, to identify miRNA biomarkers in ceRNA
triplet networks for the first time (Supplementary Table 5). As
shown in Figure 6A, miRNA biomarkers possessed significantly
higher number of single-line regulation (NSR) values compared
with all miRNAs in the corresponding context-specific LceNETs
(P < 0.05, Wilcoxon rank sum test). Strikingly, miR-27a-3p, miR-
24-3p and miR-19b-3p were identified in all of colon M0/N, colon
M1/N, rectal M0/N and rectal M1/N groups (Supplementary
Figure 3), indicating their widely predictive roles in diagnosing
colon and rectal cancers.

The different expression level of miRNA biomarkers between
tumor and normal tissues could be clearly observed from the
A

B

D

C

FIGURE 4 | Characterization of lncRNA biomarkers in the initiation and metastasis of colon and rectal cancers. (A) NSM distribution of the identified lncRNA
biomarkers and all lncRNAs in context-specific ceRNA network. Statistical significance was calculated using the Wilcoxon rank-sum test. (B, C) ROC curve analysis
was carried out to evaluate the predictive role of lncRNA biomarkers for colon cancer (B) and rectal cancer (C) in TCGA datasets. (D) Kaplan-Meier survival analysis
of lncRNA biomarkers that significantly associated with overall survival in colon cancer (n=440) by OncoLnc.
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heatmaps (Figure 6B). Moreover, their excellent distinguishing
ability between normal and tumor without or with distant
metastasis was validated by ROC curve analysis with all of their
AUC values were over 0.95 (Figures 6C, D). Unexpectedly, the
miRNA biomarkers in neither colon cancer nor rectal cancers were
not associated with clinical outcome, suggesting their indirect roles
in affecting patient prognosis.

Key lncRNA-miRNA-mRNA Interactions
With Oncogenic Roles Across Colon and
Rectal Cancers
To further elucidate the molecular distinction between colon
cancer and rectal cancer, key lncRNA-associated competing
Frontiers in Oncology | www.frontiersin.org 946
triplets involved in cancer initiation and metastasis were
identified via screening interactomes composed by lncRNA
and miRNA biomarkers. As miRNA negatively regulate target
gene expression, only the triplets in which miRNA and its
lncRNA/mRNA target with opposite expression pattern were
retained (Figure 7A). Importantly, in the identified ceRNA
triplets, ANKRD36, FKBP14, PPRC1, and NAB1 were closely
related to the prognosis of colon cancer patients (Figure 7B),
while PCGF2 and ATP6V1F was tightly linked to the prognosis
of rectal cancer patients (Figure 7C), suggesting that lncRNA
biomarker may contribute to CRC occurrence and metastasis
by regulating prognosis-related gene expression via
ceRNA mechanism.

As shown in Figure 7A, lncRNA KCNQ1OT1 and SNHG1
may contribute to the progression of colon and rectal cancers
through distinct mechanisms. For example, KCNQ1OT1/miR-
484/ANKRD36, KCNQ1OT1/miR-181a-5p/FKBP14 or
COL12A1, KCNQ1OT1/miR-132-3p/OGT, and KCNQ1OT1/
miR-181a-5p/PCGF2 regulatory axes were respectively
identified in colon M0/N, colon M1/N, rectal M0/N and rectal
M1/N groups. Similarly, SNHG1/miR-484/ORC6 was discovered
in both of colon M0/N and colon M1/N groups, while SNHG1/
TABLE 1 | lncRNA biomarkers involved in the carcinogenesis of colon and/or
rectal cancers.

Groups lncRNA biomarker

Colon M0/N MALAT1, KCNQ1OT1 and SNHG1
Colon M1/N MALAT1, KCNQ1OT1, SNHG1, ZFAS1 and SNHG17
Rectal M0/N KCNQ1OT1 and SNHG1
Rectal M1/N KCNQ1OT1, CTD-2228K2.7, SNHG1, ZFAS1 and LINC00641
A

B

D E

C

FIGURE 5 | Validation of common lncRNA biomarkers by assessing their expression pattern and diagnostic performance. (A) Boxplots showing the expression level
of lncRNA KCNQ1OT1 between tumor and normal tissues from TCGA and GEO datasets. (B) Boxplots showing the expression level of lncRNA SNHG1 between
tumor and normal tissues from TCGA and GEO datasets. (C) ROC curve analysis was employed to evaluate the predictive role of KCNQ1OT1 and SNHG1 in GEO
datasets. (D) Relative expression level of KCNQ1OT1 and SNHG1 in CRC cell lines was detected in the CCLE database. (E) Relative expression level of KCNQ1OT1
and SNHG1 in CRC cell lines was determined by qRT-PCR. *P < 0.05, **P < 0.01, ***P < 0.001.
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miR-423-5p/EZH2 and SNHG1/let-7b-5p/ATP6V1F were
identified in rectal M0/N and rectal M1/N groups, respectively.
Furthermore, the correlation between lncRNAs and
representative target mRNAs in the identified ceRNA triplets
were examined. As expected, KCNQ1OT1 strongly correlated
with ANKRD36, FKBP14, OGT, and PCGF2, and SNHG1
strongly correlated with ORC6, ORC6, EZH2, and ATP6V1F
in colon M0/N, colon M1/N, rectal M0/N, and rectal M1/N
groups, respectively (Figure 8A). By analyzing the significantly
enriched KEGG pathways, we found that COL12A1 and PCGF2
regulated by KCNQ1OT1, were closely involved in “Protein
digestion and absorption” and “axon guidance” pathways,
Frontiers in Oncology | www.frontiersin.org 1047
respectively. Comparatively, ORC6 and ATP6V1F were
enriched in “cell cycle” and “Peroxisome” pathways,
respectively. Based on the above results, we proposed the
possible regulatory mechanisms of KCNQ1OT1 and SNHG1
acting as ceRNA in colon cancer and rectal cancer (Figures
8B, C).
DISCUSSION

As reported, the dysregulated lncRNAs could contribute to
tumor initiation and progression through a ceRNA mechanism
A B

D

C

FIGURE 6 | Characterization of miRNA biomarkers in the initiation and metastasis of colon and rectal cancers. (A) NSR distribution of the identified miRNA
biomarkers and all miRNAs in context-specific ceRNA network. Statistical significance was calculated using the Wilcoxon rank-sum test. (B) Heatmap of the
expression level of miRNA biomarkers between colon/rectal cancer and normal tissues. M0 represents patients without distant metastasis; M1 represents patients
with distant metastasis; N represents paracancerous normal tissue. (C, D) ROC curve revealed the clinical role of representative miRNA biomarkers in the screening
of colon cancer (C) and rectal cancer (D).
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by competitively sponging shared miRNAs with their target
genes (38, 39). Recently, researchers tend to investigate
lncRNA biomarkers in various cancers based on ceRNA
network, which mainly include two steps: 1) identifying
differentially expressed lncRNAs/miRNAs/mRNAs; 2)
discovering miRNA-mRNA and miRNA-lncRNA pairs
composed by differentially expressed lncRNAs/miRNAs/
mRNAs via computational algorithms or experimental
methods. For example, Gao et al. (40) unveiled lncRNA,
miRNA and mRNA prognostic biomarkers associated with
invasive breast cancer; Zhang G. et al. (41) identified new
panel biomarkers indicating the occurrence and recurrence of
myocardial infarction. We herein initially constructed a global
LceNET in human and collected miRNA-mRNA and miRNA-
lncRNA interactions verified by experimental methods, e.g.
luciferase reporter assay, HITS-CLIP and PAR-CLIP, from the
most commonly used databases. Then a novel computational
Frontiers in Oncology | www.frontiersin.org 1148
model was developed and applied to uncover lncRNA
biomarkers based on context-specific LceNET by considering
their miRNA binding ability.

Furthermore, efforts have been made to comparatively
investigate the heterogeneity in cancer-related pathways between
colon and rectal cancer. Strikingly, DEmRNAs identified in colon
cancer were significantly enriched in pathways, e.g. “cell cycle”
(42), “protein digestion and absorption” (43), “p53 signaling
pathway” (44) and “PPAR signaling pathway” (45), while
DEmRNAs in rectal cancers were closely implicated in the
pathways including “cGMP-PKG signaling pathway” (46),
“proteoglycans in cancer” (47), and “vascular smooth muscle
contraction” (48) and “oxytocin signaling pathway” (Figures
2B–E), indicating distinct oncogenic mechanisms of colon and
rectal cancers. Especially, among those top enriched pathways,
“oxytocin signaling pathway” is newly deciphered to be associated
with colorectal cancer.
A B

C

FIGURE 7 | Important lncRNA-miRNA-mRNA interactions composed by lncRNA and miRNA biomarkers and prognostic value of target mRNAs. (A) Sankey
diagram showing the representative lncRNA-miRNA-mRNA regulatory axes involving lncRNA and miRNA biomarkers. (B, C) Kaplan-Meier analysis for overall survival
of colon cancer (n=440) (B) and rectal cancer (n=158) (C) patients according to representative mRNAs expression level by OncoLnc.
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Based on our computational model, KCNQ1OT1 and
SNHG1 possessing hub nodes properties in all of the four
context-specific ceRNA networks, were identified as shared
lncRNA biomarkers in colon and rectal cancer, revealing their
critical role in colorectal carcinogenesis. Consistently, both of
KCNQ1OT1 and SNHG1 have been demonstrated as oncogenes
through ceRNA mechanisms in CRC. For example, KCNQ1OT1
has been reported to promote drug resistance of CRC cells by
sponging miR-34a (49) or miR-760 (50), and contribute to cell
proliferation, migration and EMT formation in CRC through
regulating miR-217/ZEB1 axis (51); SNHG1 could act as decoy of
Frontiers in Oncology | www.frontiersin.org 1249
miR-137 (52), miR-497 (53), miR-195-5p (53), miR-154-5p (54)
and miR-145 (55) to weaken their suppressive effect on target
genes, thereby facilitating colorectal tumorigenesis.

As an interesting result, we found that KCNQ1OT1 and SNHG1
could regulate the initiation and metastasis of colon and rectal
cancers through distinct ceRNA regulatory axes, which have not
been reported in previous studies. As shown in the proposed
mechanism, KCNQ1OT1 may regulate the initiation of colon
cancer by sponging miR-484 to derepress its inhibiting effect on
ANKRD36 that related to prognosis, accelerate the initiation of
rectal cancer by acting as a miR-132-3p-mediated ceRNA of OGT,
A

B C

FIGURE 8 | Putative regulatory mechanisms of KCNQ1OT1 and SNHG1 underlying the initiation and metastasis of colon and rectal cancers. (A) Expression
correlation of KCNQ1OT1 and its ceRNAs analyzed by Pearson correlation coefficient. We use the non-log scale for calculation and use the log-scale axis for
visualization. (B) Expression correlation of SNHG1 and its ceRNAs analyzed by Pearson correlation coefficient. We use the non-log scale for calculation and use the
log-scale axis for visualization. (C) Distinct mechanism of KCNQ1OT1 and SNHG1 in the processes of initiation and metastasis of colon and rectal cancers.
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while promote the metastasis of colon and rectal cancers through
miR-181a-5p-mediated ceRNA regulatory relationship (Figure 8B).
In addition, SNHG1 exhibited potentials in regulating the initiation
and metastasis of colon cancer via cell cycle signaling pathway by
working as a miR-484-mediated ceRNA of ORC6. Comparatively,
SNHG1 was found to promote initiation and metastasis of rectal
cancer through regulating let-7b-5p/ATP6V1F and miR-423-5p/
EZH2 axes, respectively (Figure 8C). Especially, serum miR-423-5p
and miR-484 have been proven as diagnostic biomarkers for CRC
(56). Taken together, these results have shown distinct mechanism
between colon and rectal cancers in terms of initiation
and metastasis.

Although SNHG1 or KCNQ1OT1 has been reported to be
significantly correlated with the prognosis of colon cancer (57–
61), the regulatory mechanism of SNHG1 or KCNQ1OT1
underlying the pathogenic differences between colon cancer
and rectal cancer has not been well explored. Hence, our
findings provide insights into the oncogenetic heterogeneity
between colon and rectal cancers. In addition, MALAT1,
ZFAS1 and SNHG17 have been identified as diagnostic
biomarker specific to colon cancer, the metastasis of colon and
rectal cancer, and the metastasis of colon cancer, respectively,
therefore the tumor/stage-specific roles of MALAT1, ZFAS1 and
SNHG17 in colon and rectal cancers need further investigation.
CONCLUSION

In summary, we constructed context-specific LceNETs that
reveal distinct mechanisms underlying the initiation and
metastasis between colon and rectal cancer. A novel
computational model was proposed and applied for lncRNA
biomarker identification, which will greatly facilitate systematic
investigation of LceNETs in various human cancers. Moreover,
we found that different pathways, lncRNA biomarkers and
miRNA biomarkers were closely involved in the tumorigenesis
between colon and rectal cancer. Especially, the KCNQ1OT1 and
SNHG1 were unveiled as common lncRNA biomarkers with
critical roles in the initiation and metastasis of colon and rectal
cancers via distinct ceRNA mechanisms.
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DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: http://cancergenome.nih.gov/, https://www.
ncbi.nlm.nih.gov/geo/.
AUTHOR CONTRIBUTIONS

BS and XQ designed the research. YL developed the
computational method. XQ and XL collected the data and
performed the computational and experimental analyses. XQ,
YL, XL, JC, and BS drafted and revised the manuscript. BS
supervised and coordinated the research. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was supported by National Natural Science
Foundation of China (Grant Nos. 31900490, 31770903, and
31670851), Jiangsu Planned Projects for Postdoctoral Research
Funds (2018K173C), China Postdoctoral Science Foundation
(2019M651938) and the Natural Science Foundation of the
Jiangsu Higher Education Institutions of China (19KJB180027).
ACKNOWLEDGMENTS

The authors gratefully thank Prof. Yufeng Xie at Department of
Oncology, The First Affiliated Hospital of Soochow University
for providing experimental ground.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
535985/full#supplementary-material
REFERENCES

1. Stein U, Schlag PM. Clinical, biological, and molecular aspects of metastasis in
colorectal cancer. Recent Results Cancer Res (2007) 176:61–80. doi: 10.1007/
978-3-540-46091-6_7

2. Wei EK, Giovannucci E, Wu K, Rosner B, Fuchs CS, Willett WC, et al.
Comparison of risk factors for colon and rectal cancer. Int J Cancer (2004) 108
(3):433–42. doi: 10.1002/ijc.11540

3. Riihimaki M, Hemminki A, Sundquist J, Hemminki K. Patterns of
metastasis in colon and rectal cancer. Sci Rep (2016) 6:29765.
doi: 10.1038/srep29765

4. Buchwald P, Hall C, Davidson C, Dixon L, Dobbs B, Robinson B, et al.
Improved survival for rectal cancer compared to colon cancer: the four cohort
study. ANZ J Surg (2018) 88(3):E114–7. doi: 10.1111/ans.13730

5. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, et al.
Landscape of transcription in human cells. Nature (2012) 489(7414):101–8.
doi: 10.1038/nature11233
6. Chen J, Zhang D, Zhang W, Tang Y, Yan W, Guo L, et al. Clear cell renal cell
carcinoma associated microRNA expression signatures identified by an
integrated bioinformatics analysis. J Transl Med (2013) 11:169.
doi: 10.1186/1479-5876-11-169

7. ZhangW, Zang J, Jing X, Sun Z, YanW, Yang D, et al. Identification of candidate
miRNA biomarkers frommiRNA regulatory network with application to prostate
cancer. J Transl Med (2014) 12:66. doi: 10.1186/1479-5876-12-66

8. Lin Y, Wu W, Sun Z, Shen L, Shen B. MiRNA-BD: an evidence-based
bioinformatics model and software tool for microRNA biomarker discovery.
RNA Biol (2018b) 15(8):1093–105. doi: 10.1080/15476286.2018.1502590

9. Cui W, Qian Y, Zhou X, Lin Y, Jiang J, Chen J, et al. Discovery and
characterization of long intergenic non-coding RNAs (lincRNA) module
biomarkers in prostate cancer: an integrative analysis of RNA-Seq data.
BMC Genomics (2015) 16(Suppl 7):S3. doi: 10.1186/1471-2164-16-s7-s3

10. Chen J, Miao Z, Xue B, Shan Y, Weng G, Shen B. Long Non-coding RNAs in
Urologic Malignancies: Functional Roles and Clinical Translation. J Cancer
(2016) 7(13):1842–55. doi: 10.7150/jca.15876
October 2020 | Volume 10 | Article 535985

http://cancergenome.nih.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fonc.2020.535985/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.535985/full#supplementary-material
https://doi.org/10.1007/978-3-540-46091-6_7
https://doi.org/10.1007/978-3-540-46091-6_7
https://doi.org/10.1002/ijc.11540
https://doi.org/10.1038/srep29765
https://doi.org/10.1111/ans.13730
https://doi.org/10.1038/nature11233
https://doi.org/10.1186/1479-5876-11-169
https://doi.org/10.1186/1479-5876-12-66
https://doi.org/10.1080/15476286.2018.1502590
https://doi.org/10.1186/1471-2164-16-s7-s3
https://doi.org/10.7150/jca.15876
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qi et al. Biomarkers for Colorectal Cancer Heterogeneity
11. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the
Rosetta Stone of a hidden RNA language? Cell (2011) 146(3):353–8.
doi: 10.1016/j.cell.2011.07.014

12. Qi X, Lin Y, Chen J, Shen B. Decoding competing endogenous RNA networks
for cancer biomarker discovery. Brief Bioinform (2020) 21(2):441–57.
doi: 10.1093/bib/bbz006

13. Shan Y, Ma J, Pan Y, Hu J, Liu B, Jia L. LncRNA SNHG7 sponges miR-216b to
promote proliferation and liver metastasis of colorectal cancer through
upregulating GALNT1. Cell Death Dis (2018) 9(7):722. doi: 10.1038/s41419-
018-0759-7

14. Xu J, Li Y, Lu J, Pan T, Ding N, Wang Z, et al. The mRNA related ceRNA–
ceRNA landscape and significance across 20 major cancer types. Nucleic Acids
Res (2015) 43(17):8169–82. doi: 10.1093/nar/gkv853

15. Li Y, Li L, Wang Z, Pan T, Sahni N, Jin X, et al. LncMAP: Pan-cancer atlas of
long noncoding RNA-mediated transcriptional network perturbations.
Nucleic Acids Res (2018) 46(3):1113–23. doi: 10.1093/nar/gkx1311

16. Das S, Ghosal S, Sen R, Chakrabarti J. lnCeDB: database of human long
noncoding RNA acting as competing endogenous RNA. PloS One (2014) 9(6):
e98965. doi: 10.1371/journal.pone.0098965

17. Munro MJ, Wickremesekera SK, Peng L, Tan ST, Itinteang T. Cancer stem
cells in colorectal cancer: a review. J Clin Pathol (2018) 71(2):110–6.
doi: 10.1136/jclinpath-2017-204739

18. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-
ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-
scale CLIP-Seq data. Nucleic Acids Res (2014) 42(Database issue):D92–97.
doi: 10.1093/nar/gkt1248

19. Karagkouni D, Paraskevopoulou MD, Chatzopoulos S, Vlachos IS, Tastsoglou
S, Kanellos I, et al. DIANA-TarBase v8: a decade-long collection of
experimentally supported miRNA-gene interactions. Nucleic Acids Res
(2018) 46(D1):D239–45. doi: 10.1093/nar/gkx1141

20. Huang HY, Lin YC, Li J, Huang KY, Shrestha S, Hong HC, et al. miRTarBase
2020: updates to the experimentally validated microRNA-target interaction
database. Nucleic Acids Res (2020) 48(D1):D148–54. doi: 10.1093/nar/gkz896

21. Wang P, Zhi H, Zhang Y, Liu Y, Zhang J, Gao Y, et al. miRSponge: a manually
curated database for experimentally supported miRNA sponges and ceRNAs.
Database (Oxford) (2015) 2015. doi: 10.1093/database/bav098

22. Wang P, Li X, Gao Y, Guo Q, Wang Y, Fang Y, et al. LncACTdb 2.0: an
updated database of experimentally supported ceRNA interactions curated
from low- and high-throughput experiments. Nucleic Acids Res (2019) 47
(D1):D121–7. doi: 10.1093/nar/gky1144

23. Paraskevopoulou MD, Vlachos IS, Karagkouni D, Georgakilas G, Kanellos I,
Vergoulis T, et al. DIANA-LncBase v2: indexing microRNA targets on non-
coding transcripts. Nucleic Acids Res (2016) 44(D1):D231–238. doi: 10.1093/
nar/gkv1270

24. Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis I, Loveland J, et al.
GENCODE reference annotation for the human and mouse genomes. Nucleic
Acids Res (2019) 47(D1):D766–73. doi: 10.1093/nar/gky955

25. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA
sequences to function. Nucleic Acids Res (2019) 47(D1):D155–62.
doi: 10.1093/nar/gky1141

26. Nikolayeva O, Robinson MD. edgeR for differential RNA-seq and ChIP-seq
analysis: an application to stem cell biology. Methods Mol Biol (2014)
1150:45–79. doi: 10.1007/978-1-4939-0512-6_3

27. Kohl M, Wiese S, Warscheid B. Cytoscape: software for visualization and
analysis of biological networks. Methods Mol Biol (2011) 696:291–303.
doi: 10.1007/978-1-60761-987-1_18

28. Yu G. clusterProfiler: universal enrichment tool for functional and
comparative study. bioRxiv (2018) 256784. doi: 10.1101/256784

29. Walter W, Sanchez-Cabo F, Ricote M. GOplot: an R package for visually
combining expression data with functional analysis. Bioinformatics (2015) 31
(17):2912–4. doi: 10.1093/bioinformatics/btv300

30. Karreth FA, Pandolfi PP. ceRNA cross-talk in cancer: when ce-bling rivalries
go awry. Cancer Discovery (2013) 3(10):1113–21. doi: 10.1158/2159-8290.CD-
13-0202

31. Lin Y, Chen F, Shen L, Tang X, Du C, Sun Z, et al. Biomarker microRNAs for
prostate cancer metastasis: screened with a network vulnerability analysis
model. J Transl Med (2018a) 16(1):134. doi: 10.1186/s12967-018-1506-7
Frontiers in Oncology | www.frontiersin.org 1451
32. Sing T, Sander O, Beerenwinkel N, Lengauer T. ROCR: visualizing classifier
performance in R. Bioinformatics (2005) 21(20):3940–1. doi: 10.1093/
bioinformatics/bti623

33. Anaya J. OncoLnc: linking TCGA survival data to mRNAs, miRNAs, and
lncRNAs. PeerJ Comput Sci (2016) 2:e67. doi: 10.7717/peerj-cs.67

34. Browning DD. Protein kinase G as a therapeutic target for the treatment of
metastatic colorectal cancer. Expert Opin Ther Targets (2008) 12(3):367–76.
doi: 10.1517/14728222.12.3.367

35. Li N, Xi Y, Tinsley HN, Gurpinar E, Gary BD, Zhu B, et al. Sulindac selectively
inhibits colon tumor cell growth by activating the cGMP/PKG pathway to
suppress Wnt/beta-catenin signaling. Mol Cancer Ther (2013) 12(9):1848–59.
doi: 10.1158/1535-7163.MCT-13-0048

36. Xu J, Shao T, Song M, Xie Y, Zhou J, Yin J, et al. MIR22HG acts as a tumor
suppressor via TGFb/SMAD signaling and facilitates immunotherapy in colorectal
cancer. Mol Cancer (2020) 19(1):1–15. doi: 10.1186/s12943-020-01174-w

37. Zhang J, Li S, Zhang L, Xu J, Song M, Shao T, et al. RBP EIF2S2 Promotes
Tumorigenesis and Progression by Regulating MYC-Mediated Inhibition via
FHIT-Related Enhancers. Mol Ther (2020) 28(4):1105–18. doi: 10.1016/
j.ymthe.2020.02.004

38. Wang Y, Hou J, He D, Sun M, Zhang P, Yu Y, et al. The Emerging Function
and Mechanism of ceRNAs in Cancer. Trends Genet (2016) 32(4):211–24.
doi: 10.1016/j.tig.2016.02.001

39. Fan CN, Ma L, Liu N. Systematic analysis of lncRNA-miRNA-mRNA
competing endogenous RNA network identifies four-lncRNA signature as a
prognostic biomarker for breast cancer. J Transl Med (2018) 16(1):264.
doi: 10.1186/s12967-018-1640-2

40. Gao C, Li H, Zhuang J, Zhang H, Wang K, Yang J, et al. The construction and
analysis of ceRNA networks in invasive breast cancer: a study based on The Cancer
Genome Atlas. Cancer Manage Res (2019) 11:1–11. doi: 10.2147/CMAR.S182521

41. Zhang G, Sun H, Zhang Y, Zhao H, Fan W, Li J, et al. Characterization of
dysregulated lncRNA-mRNA network based on ceRNA hypothesis to reveal
the occurrence and recurrence of myocardial infarction. Cell Death Discovery
(2018) 4:35. doi: 10.1038/s41420-018-0036-7

42. Wang L, Zhao Z, Feng W, Ye Z, Dai W, Zhang C, et al. Long non-coding RNA
TUG1 promotes colorectal cancer metastasis via EMT pathway. Oncotarget
(2016) 7(32):51713–9. doi: 10.18632/oncotarget.10563

43. Xu C, Sun L, Jiang C, Zhou H, Gu L, Liu Y, et al. SPP1, analyzed by
bioinformatics methods, promotes the metastasis in colorectal cancer by
activating EMT pathway. Biomed Pharmacother (2017) 91:1167–77.
doi: 10.1016/j.biopha.2017.05.056

44. Slattery ML, Mullany LE, Wolff RK, Sakoda LC, Samowitz WS, Herrick JS.
The p53-signaling pathway and colorectal cancer: Interactions between
downstream p53 target genes and miRNAs. Genomics (2019) 111(4):762–
71. doi: 10.1016/j.ygeno.2018.05.006

45. Zhang X, Yao J, Shi H, Gao B, Zhang L. LncRNA TINCR/microRNA-107/
CD36 regulates cell proliferation and apoptosis in colorectal cancer via PPAR
signaling pathway based on bioinformatics analysis. Biol Chem (2019) 400
(5):663–75. doi: 10.1515/hsz-2018-0236

46. Lee K, Lindsey AS, Li N, Gary B, Andrews J, Keeton AB, et al. b-catenin
nuclear translocation in colorectal cancer cells is suppressed by PDE10A
inhibition, cGMP elevation, and activation of PKG. Oncotarget (2016) 7
(5):5353. doi: 10.18632/oncotarget.6705

47. Suhovskih AV, Aidagulova SV, Kashuba VI, Grigorieva EV. Proteoglycans as
potential microenvironmental biomarkers for colon cancer. Cell Tissue Res
(2015) 361(3):833–44. doi: 10.1007/s00441-015-2141-8

48. Xi W, Liu Y, Sun X, Shan J, Yi L, Zhang T. Bioinformatics analysis of RNA-seq
data revealed critical genes in colon adenocarcinoma. Eur Rev Med Pharmacol
Sci (2017) 21(13):3012–20.

49. Li Y, Li C, Li D, Yang L, Jin J, Zhang B. lncRNA KCNQ1OT1 enhances the
chemoresistance of oxaliplatin in colon cancer by targeting the miR-34a/
ATG4B pathway. Onco Targets Ther (2019) 12:2649–60. doi: 10.2147/
OTT.S188054

50. Xian D, Zhao Y. LncRNA KCNQ1OT1 enhanced the methotrexate resistance of
colorectal cancer cells by regulating miR-760/PPP1R1B via the cAMP signalling
pathway. J Cell Mol Med (2019) 23(6):3808–23. doi: 10.1111/jcmm.14071

51. Bian Y, Gao G, Zhang Q, Qian H, Yu L, Yao N, et al. KCNQ1OT1/miR-217/
ZEB1 feedback loop facilitates cell migration and epithelial-mesenchymal
October 2020 | Volume 10 | Article 535985

https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1093/bib/bbz006
https://doi.org/10.1038/s41419-018-0759-7
https://doi.org/10.1038/s41419-018-0759-7
https://doi.org/10.1093/nar/gkv853
https://doi.org/10.1093/nar/gkx1311
https://doi.org/10.1371/journal.pone.0098965
https://doi.org/10.1136/jclinpath-2017-204739
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1093/nar/gkx1141
https://doi.org/10.1093/nar/gkz896
https://doi.org/10.1093/database/bav098
https://doi.org/10.1093/nar/gky1144
https://doi.org/10.1093/nar/gkv1270
https://doi.org/10.1093/nar/gkv1270
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1007/978-1-4939-0512-6_3
https://doi.org/10.1007/978-1-60761-987-1_18
https://doi.org/10.1101/256784
https://doi.org/10.1093/bioinformatics/btv300
https://doi.org/10.1158/2159-8290.CD-13-0202
https://doi.org/10.1158/2159-8290.CD-13-0202
https://doi.org/10.1186/s12967-018-1506-7
https://doi.org/10.1093/bioinformatics/bti623
https://doi.org/10.1093/bioinformatics/bti623
https://doi.org/10.7717/peerj-cs.67
https://doi.org/10.1517/14728222.12.3.367
https://doi.org/10.1158/1535-7163.MCT-13-0048
https://doi.org/10.1186/s12943-020-01174-w
https://doi.org/10.1016/j.ymthe.2020.02.004
https://doi.org/10.1016/j.ymthe.2020.02.004
https://doi.org/10.1016/j.tig.2016.02.001
https://doi.org/10.1186/s12967-018-1640-2
https://doi.org/10.2147/CMAR.S182521
https://doi.org/10.1038/s41420-018-0036-7
https://doi.org/10.18632/oncotarget.10563
https://doi.org/10.1016/j.biopha.2017.05.056
https://doi.org/10.1016/j.ygeno.2018.05.006
https://doi.org/10.1515/hsz-2018-0236
https://doi.org/10.18632/oncotarget.6705
https://doi.org/10.1007/s00441-015-2141-8
https://doi.org/10.2147/OTT.S188054
https://doi.org/10.2147/OTT.S188054
https://doi.org/10.1111/jcmm.14071
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qi et al. Biomarkers for Colorectal Cancer Heterogeneity
transition in colorectal cancer. Cancer Biol Ther (2019) 20(6):886–96.
doi: 10.1080/15384047.2019.1579959

52. Fu Y, Yin Y, Peng S, Yang G, Yu Y, Guo C, et al. Small nucleolar RNA host
gene 1 promotes development and progression of colorectal cancer through
negative regulation of miR-137. Mol Carcinog (2019) 58(11):2104–17.
doi: 10.1002/mc.23101

53. Bai J, Xu J, Zhao J, Zhang R. lncRNA SNHG1 cooperated with miR-497/miR-195-
5p to modify epithelial-mesenchymal transition underlying colorectal cancer
exacerbation. J Cell Physiol (2020) 235(2):1453–68. doi: 10.1002/jcp.29065

54. Xu M, Chen X, Lin K, Zeng K, Liu X, Pan B, et al. The long noncoding RNA
SNHG1 regulates colorectal cancer cell growth through interactions with
EZH2 and miR-154-5p. Mol Cancer (2018) 17(1):141. doi: 10.1186/s12943-
018-0894-x

55. Tian T, Qiu R, Qiu X. SNHG1 promotes cell proliferation by acting as a
sponge of miR-145 in colorectal cancer. Oncotarget (2018) 9(2):2128–39.
doi: 10.18632/oncotarget.23255

56. Lu X, Lu J. The significance of detection of serum miR-423-5p and miR-484
for diagnosis of colorectal cancer. Clin Lab (2015) 61(1-2):187–90. doi:
10.7754/Clin.Lab.2014.140625

57. Yang H, Wang S, Kang Y-J, Wang C, Xu Y, Zhang Y, et al. Long non-coding
RNA SNHG1 predicts a poor prognosis and promotes colon cancer
tumorigenesis. Oncol Rep (2018) 40(1):261–71. doi: 10.3892/or.2018.6412

58. Zhang Z, Qian W, Wang S, Ji D, Wang Q, Li J, et al. Analysis of lncRNA-
associated ceRNA network reveals potential lncRNA biomarkers in human
Frontiers in Oncology | www.frontiersin.org 1552
colon adenocarcinoma. Cell Physiol Biochem (2018) 49(5):1778–91. doi:
10.1159/000493623

59. Wang W-J, Li H-T, Yu J-P, Han X-P, Xu Z-P, Li Y-M, et al. A competing
endogenous RNA network reveals novel potential lncRNA, miRNA, and
mRNA biomarkers in the prognosis of human colon adenocarcinoma.
J Surg Res (2019) 235:22–33. doi: 10.1016/j.jss.2018.09.053

60. Zhang K, Yan J, Yi B, Rui Y, Hu H. High KCNQ1OT1 expression might
independently predict shorter survival of colon adenocarcinoma. Future
Oncol (2019) 15(10):1085–95. doi: 10.2217/fon-2018-0499

61. Poursheikhani A, Abbaszadegan MR, Nokhandani N, Kerachian MA.
Integration analysis of long non-coding RNA (lncRNA) role in
tumorigenesis of colon adenocarcinoma. BMC Med Genomics (2020) 13
(1):1–16. doi: 10.1186/s12920-020-00757-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Qi, Lin, Liu, Chen and Shen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
October 2020 | Volume 10 | Article 535985

https://doi.org/10.1080/15384047.2019.1579959
https://doi.org/10.1002/mc.23101
https://doi.org/10.1002/jcp.29065
https://doi.org/10.1186/s12943-018-0894-x
https://doi.org/10.1186/s12943-018-0894-x
https://doi.org/10.18632/oncotarget.23255
https://doi.org/10.7754/Clin.Lab.2014.140625
https://doi.org/10.3892/or.2018.6412
https://doi.org/10.1159/000493623
https://doi.org/10.1016/j.jss.2018.09.053
https://doi.org/10.2217/fon-2018-0499
https://doi.org/10.1186/s12920-020-00757-2
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fcell-08-602174 November 21, 2020 Time: 13:21 # 1

ORIGINAL RESEARCH
published: 26 November 2020

doi: 10.3389/fcell.2020.602174

Edited by:
Andrew Davis,

Washington University in St. Louis,
United States

Reviewed by:
Moacyr Rêgo,

Federal University of Pernambuco,
Brazil

Talib Hassan Ali,
Thi Qar University, Iraq

*Correspondence:
Kefeng Ding

dingkefeng@zju.edu.cn

Specialty section:
This article was submitted to

Molecular and Cellular Oncology,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 02 September 2020
Accepted: 28 October 2020

Published: 26 November 2020

Citation:
Xu J, Dai S, Yuan Y, Xiao Q and

Ding K (2020) A Prognostic Model
for Colon Cancer Patients Based on

Eight Signature Autophagy Genes.
Front. Cell Dev. Biol. 8:602174.
doi: 10.3389/fcell.2020.602174

A Prognostic Model for Colon Cancer
Patients Based on Eight Signature
Autophagy Genes
Jiasheng Xu1,2, Siqi Dai1,2, Ying Yuan2,3, Qian Xiao1,2 and Kefeng Ding1,2*

1 Department of Colorectal Surgery and Oncology, Key Laboratory of Cancer Prevention and Intervention, Ministry of
Education, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 2 Zhejiang University
Cancer Center, Hangzhou, China, 3 Department of Medical Oncology, The Second Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou, China

Objective: To screen key autophagy genes in colon cancer and construct an autophagy
gene model to predict the prognosis of patients with colon cancer.

Methods: The colon cancer data from the TCGA were downloaded as the training
set, data chip of GSE17536 as the validation set. The differential genes of the training
set were obtained and were analyzed for enrichment and protein network. Acquire
autophagy genes from Human Autophagy Database www.autophagy.lu/project.html.
Autophagy genes in differentially expressed genes were extracted using R-packages
limma. Using LASSO/Cox regression analysis combined with clinical information to
construct the autophagy gene risk scoring model and divide the samples into high and
low risk groups according to the risk value. The Nomogram assessment model was
used to predict patient outcomes. CIBERSORT was used to calculate the infiltration
of immune cells in the samples and study the relationship between high and low risk
groups and immune checkpoints.

Results: Nine hundred seventy-six differentially expressed genes were screened from
training set, including five hundred sixty-eight up-regulated genes and four hundred eight
down regulated genes. These differentially expressed genes were mainly involved: the
regulation of membrane potential, neuroactive ligand-receptor interaction. We identified
eight autophagy genes CTSD, ULK3, CDKN2A, NRG1, ATG4B, ULK1, DAPK1, and
SERPINA1 as key prognostic genes and constructed the model after extracting the
differential autophagy genes in the training set. Survival analysis showed significant
differences in sample survival time after grouping according to the model. Nomogram
assessment showed that the model had high reliability for predicting the survival of
patients with colon cancer in the 1, 3, 5 years. In the high-risk group, the infiltration
degrees of nine types of immune cells are different and the samples can be well
distinguished according to these nine types of immune cells. Immunological checkpoint
correlation results showed that the expression levels of CTLA4, IDO1, LAG3, PDL1, and
TIGIT increased in high-risk groups.
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Conclusion: The prognosis prediction model based on autophagy gene has a good
evaluation effect on the prognosis of colon cancer patients. Eight key autophagy genes
can be used as prognostic markers for colon cancer.

Keywords: colon cancer, autophagy genes, prognostic model, TCGA, prognostic markers

INTRODUCTION

Colon cancer (carcinoma of colon) is a common malignant
tumor in the gastrointestinal tract (Fearon and Vogelstein,
1990; Jemal et al., 2011). Its morbidity and mortality are
only second to gastric cancer, esophageal cancer and primary
liver cancer in malignant tumors of the digestive system
(Meyerhardt and Mayer, 2005). Recent studies have shown that
autophagy is involved in the occurrence and development of
malignant tumors, neurodegenerative diseases, tissue fibrosis,
cardiovascular diseases and immune diseases (Eskelinen, 2011).
Depending on how the intracellular substrate is degraded and
transported to the lysosomal cavity (Fulda and Kogel, 2015),
autophagy can be divided into three types: macroautophagy,
microautophagy, and chaperone-mediate autophgy.

Because of the prevalence of giant autophagy, in most cases
giant autophagy is commonly referred to autophagy and is
the most detailed form of autophagy being currently studied.
Macroautophagy cannot only degrade macromolecules and
organelles to protect cells, but also induce cell death mediated
by autophagy, which is the main mechanism regulating the
degradation of proteins and organelles in eukaryotic cells (Kondo
et al., 2005; Maiuri et al., 2007; Martinet and De Meyer, 2009).
In some tumors, autophagy can inhibit the growth of tumor
cells and activate programmed cell death. In addition, autophagy
can also regulate the occurrence and development of tumors
through multiple mechanisms and signaling pathways, so that
cells can survive under stress conditions. Therefore, the effects
of autophagy on tumors are not unilateral or harmful, and their
specific types of cancer should be differentiated (Mizushima,
2007; Cheng et al., 2013). Many key molecules related to
autophagy have been extensively studied. It has been found that
the process is highly conserved in yeast and human beings.
A series of homologs of autophagy related genes in yeast have
been widely found in mammals. Several core autophagy related
factors play roles in two ubiquitination systems which are
necessary for autophagy formation.

Although the autophagy response has been shown to be
related to the occurrence and development of various tumors,
the key genes affecting the prognosis of colon cancer patients in
the autophagy response have yet to be confirmed. In this paper,
we used machine learning methods to analyze the expression
of 210 autophagy genes in 433 colon cancer patients and their
prognostic value in colon cancer patients. In order to establish an
accurate and reliable prognostic model for colon cancer patients,
we constructed a prognostic model by using autophagy genes

Abbreviations: COAD, Colon cancer; RMA, Multi-Array Average; PPI, Protein–
protein interaction; MCC, Maximum neighborhood component; ROC, Receiver
operating characteristic; HPA, Human Protein Atlas; HR, Hazard ratio.

with significant prognostic relevance, and validated the model
with external colon cancer datasets.

MATERIALS AND METHODS

Ethics Approval Statement
No animals or humans were involved in this study. This study
was carried out in accordance with the Declaration of Helsinki.

Research Object
We downloaded the expression profile data and corresponding
clinical information mRNA colon cancer (COAD) patients in
The Cancer Genome Atlas (tcga)1 database, after excluding
patients with incomplete information, 433 patients had complete
survival information. In addition, we also downloaded the
dataset numbered GSE17536 in the Gene Expression Omnibus
(GEO database)2 database, the dataset contained 177 colon
cancer patients, and 177 patients contained complete survival
information. The samples were analyzed using Affymetrix
Human Genome U133 Plus 2.0 Array platform to obtain
data. Two hundred ten autophagy genes were collected in
www.autophagy.lu/project.html, autophagy genes are detailed in
Supplementary Table S1.

Differential Gene Analysis
The differential expression gene analysis was based on the limma
(PMID: 25605792) function package of R language (version3.5.2,
the same below). The absolute values of differential expression
multiples (Log2FC) of logarithmic transformation > 1 and
FDR ≤ 0.05 were used as criteria to screen differentially
expressed genes.

Functional Enrichment Analysis
For the differentially expressed genes, we used the
"clusterProfiler" (PMID: 22455463) function package in R
to carry out the enrichment analysis of GO (including Biological
Process, Molecular Function and Cellular Component) and
KEGG Pathway enrichment analysis (DAVID3 online website can
also be used to finish the same enrichment analysis). We thought
the corresponding entries were significantly enriched at < 0.05.

Protein–Protein Interaction (PPI)
Networks
The STRING database is a database for analyzing and predicting
protein functional connectivity and protein interactions. We

1https://tcga-data.nci.nih.gov/tcga/
2https://www.ncbi.nlm.nih.gov/geo/
3https://david.ncifcrf.gov/
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used STRING (PMID: 30476243)4 to analyze the functional
relationship and protein interaction of proteins, and used
cytoHubba plug-in in Cytoscape (PMID: 14597658) (version
3.7.2) software to screen the key genes in PPI networks.

LASSO Cox Regression Analysis
Based on the expression values of 210 autophagy genes, single
factor Cox regression analysis was performed for colon cancer
samples, autophagy genes significantly associated with colon
cancer prognosis were screened with P < 0.05 as a threshold.
Then LASSO Cox regression analysis with R package glmnet
(PMID: 20808728) was used to further identify autophagy genes
related to the prognosis of colon cancer, and the Risk Score of
each sample was calculated using the screened autophagy genes
through the following formula.

Risk score =
∑n

i=1 Coefi
∗ xi,

Coefi is the risk coefficient of each factor calculated by the
LASSO-Cox model, Xi is the expression value of each factor
and in this study, the expression value of mRNA is used. Then
the optimal cutoff value of the Risk score was determined by
R package survival, survminer, and bilateral test, patients were
divided into Low Risk and High Risk groups according to
the cutoff values.

Survival Analysis
R language survival package and survminer package were used to
estimate the overall survival rate of different groups based on the
Kaplan-Meier method. R language survival ROC package (PMID:
10877287) plot time dependent subject work characteristics
(ROC) curves. The multivariate Cox regression model was
used to analyze whether Risk Score could independently
predict the survival of patients with colon cancer independently
of other factors.

The Proportion of Immune Cell
Infiltration and the Calculation of Tumor
Purity
We used software CIBERSORT (PMID: 25822800) to calculate
the relative proportions of 22 immune cells in each cancer
sample. CICERSORT software is based on the gene expression
matrix. CICERSORT software can use the deconvolution
algorithm to characterize the composition of immune infiltrating
cells using the preset 547 barcode genes based on gene expression
matrix. The proportion of all estimated immune cell types in
each sample was equal to 1. Using the R language estimate
function package (PMID: 24113773) to calculate the tumor purity
of each cancer sample.

Establishment of Nomogram Prognosis
Prediction Model
Nomogram is widely used to predict the prognosis of cancer. In
order to predict the survival probability of patients in 1, 3, and 5
years, to predict patient survival probability for 1, 3, and 5 years,
we established nomogram, and plotted nomogram calibration

4https://string-db.org/,version 11.0

curves based on all independent prognostic factors determined
by multivariate Cox regression analysis using the R language
rms package to observe the relationship between the predicted
probability and the actual incidence.

Expression Verification of
Prognosis-Related Genes
Verification of gene expression of the selected autophagy genes
related to prognosis.

The Human Protein Atlas (HPA)5 was used to validate the
expression of autophagy genes related to prognosis in colon
cancer tumor tissues and normal tissues, and to compare whether
the expression differences were consistent with the results of
previous analysis.

Statistical Analysis
Kaplan-Meier method was used to estimate the overall survival
rate of different groups, and log-rank was used to test the
significance of the difference between different groups. The
difference of infiltration of immune cells in different groups was
compared by using Wilcoxon signed rank sum test, and P < 0.05
was used as a significant threshold. Statistical analysis was made
using R software, with version number v3.5.2.

Ethical Approval and Consent to
Participate
No animals or humans were involved in this study. This study
was carried out in accordance with the Declaration of Helsinki.

RESULTS

Analysis of Differentially Expressed
Genes
In the TCGA dataset, we obtained 976 differentially expressed
genes in cancer samples relative to the samples from the
cancer samples, including 568 up-regulated genes and 408 down
regulated genes (Figure 1A). The difference in the expression of
differentially expressed genes between cancer and paracancerous
samples was more obvious (Figure 1B).

Go and KEGG Enrichment Analysis
Results
Through GO and KEGG enrichment analysis, we found that
976 differentially expressed genes were significantly enriched
in GO term, such as regulation of membrane potential, and
the top 10 most significant differentially expressed genes GO
terms were shown in Figures 1C,D, detailed results of the GO
enrichment analysis were shown in Supplementary Table S1.
The 976 differentially expressed genes were significantly enriched
in Neuroactive ligand-receptor interaction and other KEGG
Pathway, among the most significant of the first 20 pathways
were shown in the detailed results of the Figures 1E,F, KEGG
enrichment analysis in Supplementary Table S2.

5http://www.proteinatlas.org/
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FIGURE 1 | Results of differential gene analysis. (A) volcano plot of differentially expressed genes, the horizontal axis is the differential expression multiple (Log2FC),
the longitudinal axis is—log10(fdr), the blue point is the up-regulated gene, and the red point is the down-regulated gene. (B) The heat map of the differentially
expressed genes, the horizontal axis is the sample, the longitudinal axis is the different genes, the red indicates the high expression of the gene, and the blue
indicates the low expression of the gene. (C) Circle graph of the top 10 GO terms with the most enriched genes. (D) Enriched the first 10 GO term and chord graphs
with the largest number of genes, the right semicircle represented 10 GO term, the left semicircle represented the genes enriched in these 10 GO term. (E) Chord
diagram of the main KEGG signaling pathway for gene enrichment. (F) Top 20 KEGG pathway, with the largest number of enriched genes, the horizontal axis of the
map indicated the number of genes enriched, and the longitudinal axis indicated the names of each species.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 November 2020 | Volume 8 | Article 60217456

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-602174 November 21, 2020 Time: 13:21 # 5

Xu et al. Prognostic Model for Colon Cancer

PPI Network Construction and Screening
Results of Key Genes
We used STRING database to construct PPI networks for 976
differentially expressed genes, a threshold of minimum required
interaction score > 0.4 was used to screen interaction pairs, PPI
network had 634 nodes and 2,999 sides in Figure 2A. A node
represented a gene, and the edges represent the interrelationships
between them. Then we used Cytoscape software to analyze the
whole PPI network. MCC algorithm was used to score each node
in the network, and the top 100 genes were selected from large
to small. The 100 genes were shown in detail in Supplementary
Table S3. The deeper the color is, the higher the importance of
nodes is (Figures 2B,C).

Construction and Validation of a
Prognostic Model
Using TCGA data sets, 210 autophagy gene expression values
were used as continuous variables to conduct univariate Cox

regression analysis, and Hazard ratio (HR) of each gene was
calculated. P < 0.05 was selected as the threshold for screening.
Finally, 11 genes were obtained, and the HR value of two genes
was less than 1. There were nine genes with a HR value greater
than 1 which were risk genes that were unfavorable to prognosis
(Figure 3A). After that, we screened the 11 autophagy genes by
LASSO Cox regression analysis. The optimal number of genes
was determined to be 8 (minimum Figure 3B, lambda value)
according to the lambda values corresponding to the number
of different genes in the LASSO Cox analysis. The eight genes
were CTSD, ULK3, CDKN2A, NRG1, ATG4B, ULK1, DAPK1, and
SERPINA1.

Based on the expression of each gene and the regression
coefficient of LASSO Cox regression analysis, a risk score model
for predicting the survival of patients was established. Risk
Score = (Express Value of CTSD∗0.08810216)+(Express
Value of ULK3∗0.06755919)+(Express Value of
CDKN2A∗0.08355253)+(Express Value of NRG1∗-
0.11920988)+(Express Value of ATG4B∗0.07071560)+(Express

FIGURE 2 | PPI network build results. (A) PPI network diagram, every dot in the network represents a node, the more lines connected to the dot, the larger the
degree representing this node. It means that the gene on this node may be more important in the network structure. (B) The three main clustering modules in the PPI
network. (C) MCC degree higher top 100 genes in the network screened by the algorithm, the darker the red color indicates the higher the degree.
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FIGURE 3 | Establishment of a prognostic model for colon cancer. (A) Forest maps of 15 autophagy genes significantly associated with colon cancer prognosis. HR
Hazard ratio, 95%CI 95% confidence interval. (B) LASSO Figure in the regression model to determine the tuning parameter lambda. the horizontal axis is log
(lambda), and the longitudinal axis is the partial likelihood deviation value (partial likelihood Deviance). the corresponding Lambda value at the minimum of this value
is the best, that is, the best Lambda value after taking the Log below the dotted line, and the number of variables corresponding above. (C) Survival curve Kaplan
Meier TCGA data set, the horizontal axis is time, the longitudinal axis is survival, and different colors represent different groups. P-values are based on log-rank tests.
(D) Kaplan Meier survival curve and time dependent ROC curve of (GEO) datasets. (E,F) Heat maps of mRNA expression of eight selected genes in high and low risk
score samples of TCGA and GEO datasets. The horizontal axis is the sample, the longitudinal axis is the gene, the red represents the high expression, the blue
represents the low expression, and the heat map shows the category of the sample with different colors above.

Value of ULK1∗0.01917531)+ (Express Value of
DAPK1∗0.12813474)+ (Express Value of SERPINA1∗-
0.15361284). We calculated the risk score for each patient
and divided the samples of TCGA dataset and GEO validation
set into high-risk and low-risk groups according to the median.
Survival analysis revealed that in TCGA and GEO datasets,
High risk colon cancer samples showed poorer overall survival
(Figures 3C,D) than those with low risk. At the same time, we
found that there was a significant difference in the expression
of the eight genes between the high-risk groups (Figures 3E,F).
Overall, the results showed that the risk score (Risk Score)
calculated using the evaluation model constructed by CTSD,
ULK3, CDKN2A, NRG1, ATG4B, ULK1, DAPK1, and SERPINA1
could better predict the prognosis of colon cancer patients.

Risk Score Is an Independent Prognostic
Marker for Colon Cancer
We included four factors including age, TNMStage, gender, and
Risk Score to conduct a multivariate Cox regression analysis
to determine whether the risk score was an independent
prognostic indicator. Results were shown in Figure 4A. Risk
Score, TNMStage, and age were found to remain significantly
associated with overall survival, with a higher risk of death in
samples with a high risk score, which was a poor prognostic factor
(HR = 2.8, 95% CI :1.864-4.19, P < 0.001).

To further explore the prognostic value of Risk Score in
colon cancer specimens with different clinicopathological factors,
including age, TNM Stage and sex, we regrouped the patients
with colon cancer according to these factors and analyzed the
survival of Kaplan-Meier. Stage I, Stage II, Stage III, and Stage IV
samples were found (Figures 4B,C); ≤68 and 68 (Figures 4D,E);
male and female samples (Figures 4F,G); The overall survival
rates of the high-risk group were significantly lower than those of
the low risk group. These results indicated that Risk Score could
be used as an independent indicator to predict the prognosis of
patients with colon cancer.

The Nomogram Model Can Better
Predict the Prognosis and Survival of
Patients
We used the three independent prognostic factors of age,
TNMStage and Risk Score to construct the nomogram model
(Figure 5A). For each patient, three lines were drawn up to
determine the Points. The sum of these Points was located
on the "Total Points" axis, and then drew a line down
from the Total Points axis to determine the probability
that colon cancer patients will survive for 1, 3, and 5
years. The corrected curve in the calibration map was closer
to the ideal curve (45 degree line with a slope of 1 at
the origin of the coordinate axis) which indicated that the
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FIGURE 4 | Risk score was independent prognostic marker for colon cancer. (A) Multivariate Cox regression analysis of forest plots. Compared with reference
samples, samples with Hazard ratio greater than 1 had higher risk of death. Samples with Hazard ratio less than 1 had a lower risk of death. (B,C) Kaplan Meier
survival curves of colon cancer samples with different Stage stages. (D,E) Kaplan Meier survival curves of colon cancer samples from different age groups. (F,G)
Kaplan survival curves of colon cancer samples from different sexes.

prediction was in good agreement with the actual results
(Figures 5B–D).

Immune Status of Colorectal Cancer
Patients With High and Low Risk Group
We used CIBERSORT method combined with LM22 feature
matrix to estimate the immune infiltration differences between
22 immune cells in colorectal cancer patients with high and
low risk groups. Figure 6A summarized the results of immune
cell infiltration in 433 colon cancer patients. The changes in
the proportion of tumor infiltrating immune cells in different
patients may represent the intrinsic characteristics of individual
differences. The correlation between the infiltration ratios of
different types of immune cells is relatively weak (Figure 6B).
There was a significant difference in the proportion of nine kinds
of immune cells in Macrophages between the high risk group
and the low risk group (Figure 6C). The PCA analysis showed
that the samples could be divided into high-risk group and low-
risk group (Figure 7A) according to the clustering of these nine
different immune cells, indicating that the content difference of
immune cells may be the potential cause of the risk of sample
height and height.

Relationship Between Riskscore and
Immunological Checkpoint Genes
The expression of immune checkpoints has become a biomarker
for colon cancer patients to choose immunotherapy. We
analyzed the correlation between patient risk score and
key immune checkpoints (CTLA4, PDL1, LAG3, TIGIT,
IDO1, TDO2), and found that the risk score was correlated
with them (Figure 7B). Moreover, the six immunoassay
checkpoints were in addition to TDO2, the other five
immunocheck points had significant difference in the
expression of high risk colon cancer patients (Figure 7C),
and the expression level of high risk colon cancer group was
significantly higher than that of low risk colon cancer group
(P < 0.05).

Immunohistochemical Verification of
Prognostic Genes
The data verification results of the HPA database indicated
that the expression of ULK1 in cancer and adjacent tissues had
not been detected in the database, and the expression of the
remaining seven genes in cancer and adjacent tissues could
be verified. Among them, NRG1 gene was not significantly
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FIGURE 5 | Nomogram predicts the survival of patients with colon cancer. (A) Nomogram to predict the probability of 1, 3, and 5 years OS in colon cancer patients.
(B–D) Normative curve for predicting the probability of 1, 3, and 5 years OS colon cancer patients. the X axis represents nomogram predicted survival and the Y axis
represents the actual survival.

expressed in tumor and normal tissues, and there was
no significant difference in expression. Compared with
normal tissues, the expressions of CTSD, ULK3, CDKN2A,
ATG4B, and DAPK1 in tumor tissues were significantly
up-regulated, and the expression of SERPINA1 in tumor
tissues was significantly down-regulated; the verification
results were basically consistent with the research analysis
results (Figure 8).

DISCUSSION

Colon cancer is one of the main malignant tumors of the
gastrointestinal tract, around 600 thousand people die of colon
cancer every year (American Cancer Society, 2017; Siegel et al.,
2017; Bray et al., 2018). With the improvement of surgical method
and follow-up treatment, the 5 year survival rate of colon cancer
in developed countries is close to 65% (Miller et al., 2016).
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FIGURE 6 | Correlation analysis of immune infiltration in colon cancer patients with high and low risk groups. (A) Relative proportion of immune infiltrating cells in all
patients. (B) Correlation matrix of 22 immune cell proportions. Red represents positive correlation. Blue is negative correlation. The deeper the color is, the greater
the correlation. (C) The violin diagram of immune cells with significant difference in high and low risk group, the horizontal axis is high and low risk group, the
longitudinal axis is the relative infiltration ratio of immune cells, and the p-value is calculated by wilcoxn method.

However, for patients with cancer penetrating the intestinal wall
or distant metastasis, their mortality is very high (Misale et al.,
2012; Edwards et al., 2014; Fang et al., 2017). Therefore, it is
urgent to find some new therapeutic targets which are closed to
the prognosis of the patient.

In recent years, autophagy has been found to be closely related
to the occurrence and development of tumors and the prognosis
of cancer patients (Kroemer et al., 2010; Mizushima and
Komatsu, 2011). Autophagy is very important for physiological
processes such as cell development, differentiation, tissue
remodeling and so on, and is very important for maintaining
cell homeostasis (Kroemer and Levine, 2008; Li et al., 2010;
Bhardwaj et al., 2018). Current studies have indicated that
ABHD5, PFKFB3, oxaliplatin, for example, can play an antitumor
role by regulating autophagy. However, a comprehensive study

of the correlation between autophagy defects and metabolic
dysfunction in colon cancer and its close relationship as well
as functional interdependence in tumorigenesis have not been
conducted (Kumar et al., 2012; Yan et al., 2014). At present,
there are no studies that specifically analyze which genes in
autophagy genes have an impact on the prognosis of colon
cancer patients and what are the related biological response
processes. It is of great significance to find which autophagy
genes that play an important role in the development of the
colon cancer and the prognosis of the patient. We used machine
learning methods to analyze the data of a large number of colon
cancer patients, constructed a prognostic evaluation model of
colon cancer patients based on autophagy genes and verified
the efficiency of the model using external data sets; using
immunohistochemistry to verify the prognosis-related autophagy
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FIGURE 7 | (A) PCA three dimensional clustering diagram. Different color points represented different types of samples. (B) Correlation chord maps (Chord diagram)
of risk scores with six prominent immune checkpoint expression, the more connections between them represent the stronger correlation between them. (C)The
immune checkpoint violin diagram with significant difference in expression in high and low risk groups. Different colors represent high and low risk groups. The
longitudinal axis is the expression amount. The p-value is calculated by wilcoxon method.

genes. In this study, we used colon cancer samples from TCGA
as training group, GSE17536 as validation group, eight key
prognostic autophagy genes in colon cancer were screened
and identified, they were modeled by differential analysis, PPI
network construction, COX single factor analysis, and LASSO
Cox regression analysis. We used machine learning methods to
analyze the data of a large number of colon cancer patients,
constructed the prognostic evaluation model of colon cancer
patients based on autophagy genes and verified the efficiency of
the model using external data sets. Immunohistochemistry was
used to verify the prognosis-related autophagy genes. Our results
suggested that the constructed model can well distinguish colon
cancer patients and predict prognosis, thereby helping to develop
individualized treatment options based on patients’ risk.

We identified a group of ARGs that predict the prognosis of
colon cancer patients. Most of these genes have been reported
in previous studies to be closely related to the prognosis of
colon cancer or other malignancies. Lu et al. (2017); Shen
et al. (2017), and Yan et al. (2019) reported that CTSD
promotes the proliferation, migration, invasion and metastasis
of hepatocellular carcinoma cells. Goruppi et al. (2017) reported
that ULK3 links two main signaling pathways involved in cancer-
associated fibroblasts conversion of several tumor types and is
an attractive target for stroma-focused anti-cancer intervention.
CDKN2A inhibition combined with TAE therapy can promote
tumor cell necrosis in hepatocellular carcinoma rats (Gade
et al., 2017). The phosphorylation of ATG4B at Ser34 promoted
the Warburg effect and the decrease of oxygen consumption
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FIGURE 8 | Expression of eight prognostic-related autophagy genes in colon cancer tumor tissues and normal tissues.

in hepatocellular carcinoma cells (Ni et al., 2018). It can
also alleviate intestinal inflammatory reaction and intestinal
epithelial apoptosis through autophagy pathway (Li et al., 2018),
while ULK1 is the key gene of autophagy. Liu et al. (2019)
reported that blocking AMPK/ULK1-dependent autophagy
promoted apoptosis and initiated autophagy simultaneously,
and suppressed colon cancer growth. The increased expression
of DAPK1 in cholangiocarcinoma promotes the apoptosis of
cholangiocarcinoma cells and alleviates the autophagy induced
by cholangiocarcinoma cells (Thongchot et al., 2018). The
constructed model can well distinguish colon cancer patients
and predict prognosis, thereby helping to develop individualized
treatment options based on patient risk.

The aim of this study is to construct a model composed of
prognostic autophagy genes which can well distinguish colon
cancer patients and predict prognosis. The model we constructed
included CTSD, ULK3, CDKN2A, NRG1, ATG4B, ULK1, DAPK1,
and SERPINA1 these eight genes. Among them, CTSD, ULK3,
CDKN2A, ATG4B, ULK1, DAPK1 are beneficial genes that are
benefit to prognosis. NRG1 and SERPINA1 are dangerous genes
that are not conducive to prognosis (Figure 3A). We performed
a multivariate Cox regression analysis and Risk Score, the
results showed that the survival time of the high-risk group was
significantly lower than that of the low risk group (Figures 4D–
G). This shows that our model can be used as an independent
prognostic factor for colon cancer patients. According to the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 November 2020 | Volume 8 | Article 60217463

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-602174 November 21, 2020 Time: 13:21 # 12

Xu et al. Prognostic Model for Colon Cancer

nomogram model, the survival rate of colon cancer patients
is consistent with the actual situation. This indicates that the
constructed model can well distinguish colon cancer patients and
predict prognosis. The results of immune cell infiltration in colon
cancer samples showed that there was a significant difference in
the infiltration ratio and other nine immune cells in high and low
risk groups (Figure 6C). PCA results showed that the samples
can be well differentiated according to these nine immune cells
(Figure 7A). This indicates that the autophagy gene may affect
the tumor cells by affecting the immune cells. The immune
checkpoint correlation study of the samples grouped according
to the model found that the expression of CTLA4, PDL1, LAG3,
TIGIT, IDO1 in the high risk group was significantly higher
than that in the low risk group (Figure 7C). It is suggested that
the poor prognosis of patients with high risk colon cancer may
be due to immunosuppressive microenvironment. According to
our research, the models constructed from these eight autophagy
genes can well predict the prognosis of patients with colon cancer.
We think these eight genes are biomarkers for predicting the
prognosis of colon cancer patients, and may become new research
targets for colon cancer patients. Our research identified the
autophagy genes associated with prognosis and provided a new
method for evaluating the prognosis of colon cancer patients.
However, there are still some limitations in our study. The
prognostic model still needs to be further validated in other
independent large sample cohorts to ensure the reliability of our
model. Functional experiments are needed to further reveal the
possible mechanisms for predicting the role of autophagy genes.

CONCLUSION

We constructed an autophagy gene model closely related to the
prognosis of colon cancer patients by analyzing the samples from
patients with colon cancer. The model contains eight autophagy
genes, including CTSD, ULK3, CDKN2A, NRG1, ATG4B, ULK1,
DAPK1, and SERPINA1. These eight genes are closely related to
the autophagy process of tumor development and development.
We think that the models constructed from these eight genes

can predict the prognosis of colon cancer patients well. And
these eight genes may become biological targets regulating cell
autophagy and treating colon cancer patients.
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The development and application of whole genome sequencing technology has greatly
broadened our horizons on the capabilities of long non-coding RNAs (lncRNAs). LncRNAs
are more than 200 nucleotides in length and lack protein-coding potential. Increasing evidence
indicates that lncRNAs exert an irreplaceable role in tumor initiation, progression, as well as
metastasis, and are novel molecular biomarkers for diagnosis and prognosis of cancer
patients. Furthermore, lncRNAs and the pathways they influence might represent promising
therapeutic targets for a number of tumors. Here, we discuss the recent advances in
understanding of the specific regulatory mechanisms of lncRNAs. We focused on the
signal, decoy, guide, and scaffold functions of lncRNAs at the epigenetic, transcription, and
post-transcription levels in cancer cells. Additionally, we summarize the research strategies
used to investigate the roles of lncRNAs in tumors, including lncRNAs screening, lncRNAs
characteristic analyses, functional studies, andmolecular mechanisms of lncRNAs. This review
will provide a short but comprehensive description of the lncRNA functions in tumor
development and progression, thus accelerating the clinical implementation of lncRNAs as
tumor biomarkers and therapeutic targets.

Keywords: long non-coding RNA, mechanism of action, research strategies, therapeutic targets, cancer
INTRODUCTION

Cancer is a complex disease associated with multiple genetic mutations. Over the past few decades,
oncogenes such as Src and Ras have been discovered, and the functions of their encoded proteins
have been elucidated. While cancer awareness is gradually increasing worldwide, the current focus is
still concentrated on the DNA sequence responsible for the abnormal protein synthesis. With the
widespread application of next-generation sequencing (NGS) technology, a large number of non-
coding genes have been identified and found to be strongly associated with tumor development and
progression. Therefore, it is of paramount importance to understand the underlying mechanism
through which non-coding genes influence the tumorigenic process.
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In 1961, the central position of RNA in the flow of genetic
information was revealed (1) and in the following 50 years, the
emergence of whole-genome sequencing technology has greatly
accelerated our understanding of both coding and non-coding
RNAs (ncRNAs) (2, 3). Many regulatory RNAs harboring
various sizes have been discovered (4), especially long non-
coding RNAs (lncRNAs) (5). LncRNAs are a class of RNA
molecules comprised of more than 200 nucleotides, which do
not encode proteins. LncRNAs were originally thought to be by-
products transcribed by RNA polymerase II and have no
biological function; however, with the development of high-
throughput sequencing technology, an increasing number of
lncRNAs have been annotated, and their functions of lncRNAs
in tumorigenesiss and tumor progression have been gradually
elucidated. Previous studies showed that lncRNAs are involved
in the regulation of cell survival, growth (6–10), invasion, and
metastasis (11), maintenance of stemness (12, 13), as well as
tumor angiogenesis (14). These studies highlight the essential role of
lncRNAs in cancer development and progression, as well as their
potential as novel therapeutic targets for multiple tumors.

LncRNAs are structurally similar to mRNAs and are also
generated through DNA transcription (15). Based on the
chromosomal position of the lncRNAs, they are divided into
antisense lncRNAs, intronic lncRNAs, divergent lncRNAs,
intergenic lncRNAs, promoter-associated lncRNAs,
transcription start site-associated lncRNAs, and enhancer
RNAs (eRNAs) (16–20). Interestingly, the number of lncRNAs
far exceeds the number of protein-coding genes (21). Numerous
lncRNAs are abnormally expressed in specific cancer types (22)
and participate in a variety of complex biological processes by
interacting with proteins, DNA, as well as RNAs (23–26).
However, the specific mechanisms of abnormally expressed
lncRNAs in cancer cells remain unclear. There are still many
outstanding questions that need to be explored. For example,
what are the specific modes of action of lncRNAs? How dose the
location of lncRNAs in the nucleus or cytoplasm affect their
Frontiers in Oncology | www.frontiersin.org 267
mechanism of action? How can the research strategies of
lncRNAs in cancer cells be explored?

Here, we describe the specific regulatory mechanisms of
lncRNAs, mainly focusing on their signal, decoy, guide, and
scaffold functions in cancer cells. The lncRNAs in the nucleus are
mainly involved in epigenetic and transcriptional regulation while
the lncRNAs in the cytoplasm are often involved in post-
transcriptional regulation, thus regulating the mRNA stability,
protein translation and the competitive endogenous RNA (ceRNA)
network. In addition, the research strategies used to identify the roles
of lncRNAs in tumors are summarized, including lncRNA screening,
lncRNA characteristic analyses, functional studies and molecular
mechanisms of lncRNAs. The current review will provide a
comprehensive description of the lncRNA functions and novel
insights into their underlying molecular mechanisms.
THE MECHANISMS OF ACTION OF
LNCRNAS IN CANCER

The lncRNA mechanisms of action can be divided into four
categories: signal, decoy, guide, and scaffold (19, 27–29)
(Figure 1).

LncRNAs as Signal Molecules
As signal molecules, lncRNAs are often considered to regulate
the transcription of downstream genes. Previous studies have
demonstrated that lncRNAs are specifically transcribed and they
influence certain signaling pathways under different stimulation
conditions. The transcribed lncRNAs act by themselves or in
combination with certein proteins (such as transcription factors)
to mediate the transcription of downstream genes. Huarte et al.
showed that p53-induced lncRNA-p21 interacted with nuclear
heterogeneous ribonucleoprotein-K to inhibit the expression of
downstream genes in the p53 signaling pathway (10). LncRNA
A B

C

D

FIGURE 1 | The modes of action of long non-coding RNAs (lncRNAs) in tumors. (A) LncRNAs as signal molecules can be used alone or combined with some
proteins(such as transcription factors) to mediate the transcription of downstream genes; (B) LncRNAs as decoy molecules bind to some functional protein
molecules to block the protein molecules from regulating DNA and mRNA molecules or bind to miRNA molecules competitively with mRNA molecules to block the
inhibitory effect of miRNA on mRNA molecules; (C) LncRNAs as guide molecules carries some functional protein molecules and locates them in the target area to
perform functions; (D) LncRNAs as a scaffold molecule guide related different types of macromolecular complexes to assemble in the target area to work together.
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PANDA, which is activated by the interaction between p53 and
cyclin-dependent kinase inhibitor 1A (CDKN1A, p21) in the
presence of DNA damage, prevents the expression of apoptosis-
related genes by interacting with the nuclear transcription factor
Y subunit a (NF-YA) to prolong the survival time of tumor cells
(30). Nevertheless, the use of RNA for transcriptional regulation
is homeostatically advantageous due to its capacity to influence
protein as a rapid response to external factors that interact with
the body.

LncRNAs as Decoy Molecules
LncRNA commonly act as a decoy molecule by blocking a certain
molecular pathway. After lncRNA is transcribed, it directly binds to
some protein molecules such as chromosome folding proteins or
transcription regulators and impairs the function of that protein.
LncRNAs directly bind to transcription regulators to block the
function of transcription factors, further suppressing the
downstream gene transcription. For instance, DNA damage-
induced lncRNA PANDA directly binds to the nuclear
transcription factor NF-YA and impairs its function, thus
preventing the expression of apoptosis-related genes and
ultimately inhibiting the NF-YA-dependent apoptosis pathways
(30). Furthermore, lncRNAs can interact with certain proteins in
order to hinder the proteins’ capacity to regulate mRNA expression.
For example, the lncRNAMALAT1 located in the nucleus regulates
the phosphorylation status of serine/arginine (SR) by binding to the
SR splicing factors that regulate the variable splicing of pre-
mRNA (31).

LncRNAs can also affect the expression of target genes by
sponging miRNAs. In certain tumor cells and specific tissues,
lncRNAs directly bind to the miRNA molecules and prevent
them binding to the target mRNAs, thus upregulating of the
expression of the target genes. In prostate cancer, lncRNA
PCAT-1 acts as a sponge for absorbs miR-3667-3p and reduce
its inhibitory effect on c-Myc mRNA, which promotes the
proliferation and migration of the tumor (32).

LncRNAs as Guide Molecules
LncRNAs can act as guiding molecules by aiding specific protein
in reaching their target location and exerting their biological
functions. As guiding molecules, lncRNAs are often interacting
with transcription factors, which are located on a specific DNA
sequence and regulate gene transcription. Numerous studies
showed that lncRNAs can regulate gene transcription through
cis regulation, thus regulating the transcription of adjacent
mRNAs. Wang et al. found that lncTCF7 can recruit the SWI/
SNF complex to the TCF7 promoter and regulate the expression
of TCF7. This process can trigger the activation of the Wnt
signaling pathway, and ultimately promote the self-renewal of
liver cancer stem cells and the proliferation of cancer cells (33).
Nevertheless, lncRNAs can also regulate gene expression through
trans regulation, which is characterized by lncRNAs’ capacity to
regulate the transcription of remote mRNAs. For instance,
lncRNA HOTAIR interacts with the polycomb repressive
complex 2 (PRC2) and induces the relocation of PRC2
complex throughout the genome, thus promoting histone
methylation modifications in several target genes (34). Tsai
Frontiers in Oncology | www.frontiersin.org 368
et al. showed that the two ends of the lncRNA HOTAIR
interact with two different histone modification complexes
(35). The 5′-domain of lncRNA HOTAIR binds to the PRC2
complex (methylation effect), while the 3′-domain binds to the
LSD1/CoREST/REST complex (demethylation effect). Thus,
these two complexes allow heterogeneous histone modification
enzyme assembly. Lastly, the assembled histone modification
enzymes localize to different gene regions and regulate the
histone methylation patterns of several genes, thereby
regulating the transcription of several target genes.

LncRNAs as Scaffold Molecules
LncRNA can act as a “central platform” and facilitate the
interaction of numerous molecules and protein. Furthermore,
the scaffold properties of lncRNAs enable the assembly of
different types of macromolecular complexes, thus promoting
the convergence and integration of information among different
signaling pathways (20, 36). One of the most important scaffold
lncRNAs is the X-inactive specific transcript (Xist) RNA, which
has a length of 17kb and is encoded by the X chromosome to be
suppressed in females. Xist recruits the polycomb repressive
complex 1 (PRC1) and PRC2 complexes, which suppress the
gene expression of one X chromosome in females, thus having a
dose compensation role in mammals (37, 38). Emerging evidence
also confirmed that Xist RNA is associated with cancer (39). For
instance, Xist acts as an oncogene in non-small cell lung cancer
by recruiting EZH2 to the epigenetically repressed kruppel-like
factor 2 gene (KLF2) (40). In addition to Xist, there are other
lncRNAs that have scaffold regulation functions. LncRNA
HOTAIR promotes the recruitment and interaction between
lysine (K)-specific demethylase 1A (LSD1) and hepatitis B X-
interacting protein (HBXIP), thus mediating the activation of
transcription factor c-Myc, along with transcription activation of
Cyclin A, elF4E, and LDHA (41). LncRNA INK4 is an antisense
transcription product of cyclin-dependent kinase inhibitor 2B
(CDKN2B, p15 INK4b), which can act as a scaffold for PRC1 and
PRC2 complexes and result in the silencing of the tumor
suppressor gene cyclin-dependent kinase inhibitor 2A
(CDKN2A, p16 INK4a) (42). As a scaffold molecule, lncRNA
CCAT1 was shown to bind two distinct epigenetic modification
complexes [5’-domain of CCAT1 binds PRC2, while 3’-domain
binds the suppressor of variegation 3-9 homolog 1 (SUV39H1)],
thus regulating the histone methylation pattern of the sprouty
RTK signaling antagonist 4 (SPRY4) promoter, and ultimately
promoting the proliferation and metastasis of esophageal
squamous cell carcinoma (ESCC) (43).
LNCRNAS REGULATE TUMOR
PROGRESSION AT THREE DIFFERENT
LEVELS

Accumulating evidence shows that lncRNAs play different roles
in the nucleus and cytoplasm. In the nucleus, lncRNAs regulate
the epigenome by recruiting chromatin remodeling complexes as
well as chromatin modification complexes. Furthermore,
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lncRNAs act as transcriptional regulators by themselves or by
recruiting transcription factors and are involved in the process
of pre-mRNA alternative splicing. Nevertheless, numerous
studies indicated that there are a large number of lncRNAs in
the cytoplasm, which are involved in post-transcriptional
regulation processes such as the mRNAs stability, mRNAs
translation, protein stability, and “ceRNA” network (44, 45)
(Figure 2). Overall, lncRNAs can regulate the gene expression
at epigenetic, transcriptional and post-transcriptional level.

LncRNAs Participate in Epigenetic
Regulation of Genes
Some lncRNAs manipulate gene expression by recruiting
chromatin remodeling complexes and chromatin modification
complexes to specific sites and influence the chromosome
structure, histone modification status, and DNA methylation
status (46, 47).

A recent report indicated that lncRNAs are associated with
chromatin remodeling (48), and lncRNAs can recruit chromatin
remodeling complexes, change chromatin structure, and regulate
oncogene expression. Tang et al. demonstrated that after the
interaction of lncRNAs with the chromatin remodeling complex
switching defective/sucrose non-fermenting (SWI/SNF), the
ATP hydrolysis energy was used to change the chromatin
structure and regulate gene transcription, ultimately resulting
in oncogene expression changes (49). It has been reported that
lncRNA HOTAIR interacts with SMARCB1 and ARID1, which
are subunits of the chromatin remodeling complex SWI/SNF and
Frontiers in Oncology | www.frontiersin.org 469
change the chromatin structure as well as promote the
transcription of the SNAIL gene, ultimately promoting kidney
cancer progression (50).

LncRNA-mediated changes in histone status are associated
with H3K4me3, H3K9me2, and H3K27me3 modifications of the
promoter region. These histone modifications change the
chromatin structure and alter the expression of the underlying
genes (51). The lncRNA HOTAIR transcribed by the HOXC
gene cluster is one of most common lncRNAs that influence gene
expression through histone modifications. The lncRNA
HOTAIR can recruit the chromatin modification complex and
locate it to the target gene region, thuschanging the chromatin
state and regulating the transcription of several target genes (34,
35). In addition to lncRNA HOTAIR, there are other lncRNAs
that recruit histone modification complexes to modify histone
epigenetic patterns. for instance, lncRNA INK4 can act as a
scaffold molecule, which promotes the interaction between PRC1
and PRC2 complexes, leading to histone modifications and
silencing of the CDKN2A gene (42). LncRNA CCAT1 binds to
PCR2 and SUV39H1 in order to regulate the histone methylation
of the SPRY4 promoter region, thus promoting the proliferation
and metastasis of ESCC (43). Furthermore, lncRNA HOXA11-
AS binds to EZH2 to promote histone methylation of the p21
promoter region, thus inhibiting the transcription of the tumor
suppressor gene p21 (52).

While lncRNAs can aid the localization of DNA methylases
or demethylases to a specific target gene promoter, the DNA
methylation is a dynamic and reversible process. Arab et al.
FIGURE 2 | Long non-coding RNAs (LncRNAs) function at three levels. In the nucleus, lncRNAs control the epigenetic state of genes, participate in transcriptional
regulation and are involved in the process of pre-mRNA alternative splicing. In the cytoplasm, lncRNAs are involved in post-transcriptional regulation such as the
mRNAs stability, mRNAs translation, protein stability and “ceRNA” network.
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showed that after lncRNA TARID binds to growth arrest and
DNA-damage-inducible, alpha (GADD45A, with demethylation),
the 5-methylcytosine on the TCF21 promoter (tumor suppressor)
was demethylated, thereby mediating the transcriptional activation
of TCF21 (53).

LncRNAs Are Involved in Gene
Transcriptional Regulation
In eukaryotic cells, transcription factors bind to DNA and
control the transcription, localization, and stability of the RNA
transcribed. Some lncRNAs that act as ligands often interact with
transcription factors to form complexes and control gene
transcription (54). LncRNAs regulate genetic transcription
through cis and trans regulation. LncRNAs regulate the
transcription expression of nearby mRNAs through cis
regulation. To reveal if lncRNAs use cis regulation to influence
gene transcription, first, we must observe the expression of
nearby mRNAs following knockdown or overexpression of
lncRNAs to confirm if there is a correlation between lncRNA
and nearby mRNA levels. Next, we would have to determine
whether the lncRNA recruits some proteins or protein
complexes, which are attached to the promoter region of the
target genes to achieve regulatory functions. For instance, Wang
et al. found that lncTCF7 recruited SWI/SNF complex to the
TCF7 promoter to regulate the expression of TCF7, thereby
mediating the activation of the Wnt signaling pathway, and
ultimately promoting the self-renewal of liver CSCs and tumor
proliferation (33). However, if the expression of nearby
functional genes does not change after lncRNAs are knocked
down or overexpressed, lncRNAs are considered to regulate the
transcription of genes through the trans mode of action. To
reveal if lncRNAs use trans regulation to influence gene
transcription, first, we should screen the proteins that might
bind to the lncRNAs through experiments and bioinformatics,
identify the potential target mRNAs, and analyze the correlation
between the expression of lncRNAs and the target genes.
Ultimately, we would have to prove that the lncRNA and its
associated proteins bind to the target gene promoter region to
regulate its transcription. Li et al. showed that lncRNA AGAP2-
AS1 recruited EZH2 and LSD1 to the promoter regions of KLF2
and large tumor suppressor 2 (LATS2), thus, inhibiting the
transcription of KLF2 as well as LATS2 and promoting the
non-small cell lung cancer progression (55). Certain lncRNAs
act as transcription factors themselves. Ketab et al. discovered
that lncRNA GAS5 folds into a DNA-like structure that binds to
the glucocorticoid receptor (GR), and inhibits GR transcription
activity. Finally, lncRNA GAS5 can reduce the production of red
blood cells, platelets, and white blood cells, which was associated
with to a poorer prognosis for acute myeloid leukemia (56).

LncRNAs Control Gene Expression by
Post-Transcriptional Level
In addition to the two regulatory mechanisms aforementioned,
lncRNAs are involved in post-transcriptional regulation,
including alternative splicing of pre-mRNA, stabilization of
mRNA, and translation and stabilization of proteins (57–59).
Frontiers in Oncology | www.frontiersin.org 570
Most lncRNAs involved in the post-transcriptional regulation of
mRNAs are antisense lncRNAs. In the pre-mRNA variable
splicing regulation process, antisense lncRNAs act by
themselves or combined with splicing factors to control the
pre-mRNA splicing process. For instance, lnc-Spry1 binds to
U2 small nuclear ribonucleoprotein auxiliary factor 65kD
splicing factor, and influences the variable splicing process of
fibroblast growth factor receptor pre-mRNA related to the
epithelial-mesenchymal transition (EMT) (60). Furthermore,
lncRNAs can regulate mRNA stability. For instance, the
lncRNA PXN-AS1 can be expressed as the PXN-AS1-L (large)
or PXN-AS1-S (small) transcript. Compared to PXN-AS1-S,
PXN-AS1-Lhas an extra exon. Due to the presence of the exon
4 sequence, PXN-AS1-L binds to the 3’UTR region of the Paxillin
(PXN) mRNA, which impairs the binding of miRNA-24 to the
PXN mRNA and reduces its degradation (61). LncRNAs also
regulate protein translation. For instance, lncRNA GAS5 recruits
the translation initiation factor eIF4E and allows it to bind to the
c-Myc mRNA, thus inhibiting c-Myc protein translation and
ultimately downregulating the c-Myc expression (62). LncRNA
MT1JP directly binds to cytotoxic granule-associated RNA
binding protein-like 1 (TIAR) to enhance the translation
process of p53 mRNA, thereby up-regulating p53 expression
(63). LncRNAs also regulate protein stability. For example,
lncRNA UPAT interacts with ubiquitin-like with PHD and
RING finger domains 1 (UHRF1) protein to ensure its stability
by interfering with its ubiquitination process (64).

LncRNAs often affect the expression of their target genes
by interacting with miRNAs, which are the main post-
transcriptional regulation factors. In some tumor cells and
specific tissues, some lncRNAs carrying “seed sequences” of
certain miRNAs bind to miRNAs and act like sponges, thereby
preventing miRNAs from binding to their target mRNAs (65–
67). Qu et al. showed that lncARSR promotes the expression of
Anexelekto and cellular-mesenchymal to epithelial transition
factor in renal cancer cells through competitive binding to
miR-34/miR-449, thereby increasing the resistance to sunitinib
(68). Jia et al. revealed that lncRNA H19 acts as a sponge for
miR-29a, thus upregulating angiogenesis factor vasohibin 2 and
promoting angiogenesis of glioma and other biological processes
of endothelial cells associated with glioma (69). Zhang et al.
showed that lncRNA CCAT1 promoted the expression of the
transcription factor homeobox gene B1 by sponging miR-7 from
the cytoplasm, thereby promoting the proliferation and
metastasis of ESCC (43).

In summary, it has been found that lncRNAs regulate gene
expression at following three levels by interfering with the
epigenome and by regulating the transcriptional as well as
post-transcriptional processes of the targeted genes.
RESEARCH STRATEGIES OF LNCRNAS
IN TUMOR

With the development of high-throughput sequencing
technology, an increasing number of lncRNAs are annotated;
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however, the function of most lncRNAs in tumors remains
unclear. Since the field of lncRNAs remains broadly unknown,
its exploration is of paramount importance. Previous studies
showed that the function of lncRNAs in tumors can be
investigated using lncRNA screening, lncRNA characteristic
analyses, functional studies and lncRNA molecular
mechanisms analyses (Figure 3).

Screening of lncRNAs
Under the premise of guaranteeing at least three samples,
differentially expressed lncRNAs can be screened using high-
throughput sequencing technologies such as NGS (70). Various
tissues, whole blood, cells, plasma, serum, and exosomes can be
used to screen the differentially expressed lncRNAs according to
the purpose of the experiment. High-throughput sequencing
technology is sensitive enough to detect rare transcripts that
have only a few copies and can also detect unknown genes and
new transcripts with a wide detection range. However, its high
costs will limit its widespread application in different
laboratories (71).

The lncRNAs of interest were also obtained from databases
such as the TCGA database, a multi-omics database related to
tumors, which includes DNA-Sep, RNA-Sep, protein-Sep, and
other omics data (72).

Following lncRNA screening, qRT-PCR/northern blot were
used to reduce the number of candidate lncRNAs and verify their
expression in clinical specimens and cell lines. Furthermore, the
correlation between the lncRNA expression and clinical
indicators would be determined, thus identifying the
Frontiers in Oncology | www.frontiersin.org 671
importance of the candidate lncRNAs in clinical diagnosis
and treatment.

Characteristic Analysis of lncRNAs
The mostly explored characteristics of lncRNAs include coding
potential, location information on the genome, secondary
structure, correlation with disease, full-length analysis, and cell
localization, which can be determined through bioinformatical
analysis. NONCODE, LncBook, LncRNAdb v2.0, and
LncRNADisease are some softwares that can be used to obtain
a provide comprehensive annotations of lncRNAs (73–77).

Rapid-amplification of cDNA ends (RACE) is a method that
can provide the full length of the lncRNAs by extending and
amplifying the two ends of a known cDNA fragment based on
PCR technology (78–80). Before constructing an overexpression
plasmid, researchers often clone the full-length candidate
lncRNA and identify its sequence through 5’-RACE and 3’-
RACE (81).

Understanding the cellular localization of lncRNAs helps us
to understand their potential molecular mechanisms.
Fluorescence in situ hybridization (FISH) is a method often
used to identify the cellular localization of the candidate
lncRNAs. The principle is that the foreign nucleic acid
containing radioactive labels (3H, 32P, 35S, 125I) or non-
radioactive labels [biotin, digoxin, horseradish peroxidase,
fluorescein (FITC, rhodamine)] is complementary paired with
the DNA or RNA to be tested on tissues, cells or chromosomes to
form a specific nucleic acid hybrid molecule (82, 83). In addition
to FISH localization, certain prediction software such as
FIGURE 3 | The Research Strategies of Long Non-Coding RNAs (lncRNAs) in Tumors. In order to study lncRNAs, high-throughput sequencing technology or high-
throughput data in the database are usually used to screen out candidate lncRNAs, while qRTPCR and Northern/blot technologies are used for verification; then RACE and
FISH technologies are used to determine the full length and location of lncRNAs; the functional research of lncRNAs is usually verified from in vitro experiments including cell
proliferation, cloning, invasion and apoptosis, and in vivo experiments mainly including tumor-bearing experiments in nude mice; the research on the mechanism of lncRNAs is
usually carried out at the epigenetic level, transcription level and post-transcriptional level according to their cellular location.
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LncATLAS (84) can predict the cellular localization of lncRNAs;
however, the predictive data need to be verified experimentally.

The Functional Study of lncRNAs
Before exploring the specific lncRNAs’ molecular mechanisms of
action, their functions should be elucidated. The functions of
lncRNAs are often verified through in vitro and in vivo experiments.

In vitro experiments: Following overexpression or knock
down of certain lncRNAs, their role in tumor progression is
analyzed by measuring the changes in biological behaviors,
phenotype, EMT markers, stem cell markers, and drug
sensitivity. In vivo experiments: First, a lentiviral expression
vector capable to knock down or overexpress a specific
lncRNA is constructed. Next, the virus is transfected into cells,
which are first screened for resistance, and then analyzed using
qRT-PCR to detect the knockdown or overexpression levels of
the candidate lncRNAs. Finally, the stably transfected cell strains
that were screened are inoculated into the backs of nude mice,
and the tumorigenicity of the candidate lncRNAs is verified
using the nude mouse tumorigenic model or other animal
models (85).

The Molecular Mechanism of lncRNAs
If the lncRNAs are localized in the nucleus, they are considered
to play regulatory roles at the chromatin and transcription levels,
while the lncRNAs are localized in the cytoplasm, are considered
to play regulatory role at the post-transcriptional level.

LncRNAs Affect the Expression of Downstream
Genes by Mediating Chromatin Remodeling and
Chromatin Modification
LncRNAs regulate chromatin remodeling, DNA methylation,
and histone modification by DNA methylase and histone
modification enzymes. The cat RAPID database can evaluate
the protein-RNA binding tendency through the contribution of
secondary structure, hydrogen bonding and van der Waals
forces, thus it can provide an accurate prediction of the
protein-lncRNA binding ability (86). The use of databases
plays an auxiliary role in studying the interactions of lncRNAs
with DNA methylases and histone modification enzymes.
Generally, the epigenetic mechanisms of lncRNAs are confirmed
through the following four aspects: (1) Confirmation of expression
correlation. Following knock down or overexpression of lncRNAs,
qRT-PCR, northern blot, and western blot should be used to
observe whether the expression of the target mRNAs, histone
modification enzymes and DNA methylases are affected; (2)
Dissection of the chromatin status of the target genes. Following
knock down or overexpression of lncRNAs, DNA-FISH
experiments should be used to observe the effect of lncRNAs on
the chromatin state of the target genes (87–89); (3) LncRNAs role in
histone modification. Following knock down or overexpression of
lncRNAs, chromatin immunoprecipitation (ChIP) (90, 91) and
chromatin isolation by RNA purification (ChIRP) (92)
experiments should be used to analyze the effect of lncRNAs on
histone modification. The RNA-pull down and RNA
immunoprecipitation (RIP) (92) experiments can provide
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information regarding the binding ability of lncRNAs to the
histone modification enzyme; (4) The role of lncRNAs in the
regulation of DNA methylation modification. Following knock
down or overexpression of lncRNAs, methylation-specific PCR
(MSP) and bisulfite sequencing PCR (BSP) (93, 94) experiments
should be used to investigate the effects of lncRNAs on DNA
methylation modification.

LncRNAs Can Regulate the Transcription
of Target Genes Alone or in Combination With
Transcription Factors
Whether lncRNAs regulate gene transcription through the cis or
trans action mode depends on its relative position tothe target
genes. Numerous databases provide valuable information
regarding the combination of lncRNAs and transcription
factors. For example, the ChIPBase v2.0 database integrates the
binding sites of lncRNAs and transcription factors identified
using the ChIP-Seq method (95). Generally, the influence of
lncRNAs on transcriptional regulation of target genes was
explored using the following processes: (1) Confirmation of
expression correlation. Following knock down or overexpression
of lncRNAs, qRT-PCR should be used to investigate the changes in
target mRNA expression; (2) Whether lncRNAs recruit
transcription regulators. Following lncRNA knock down or
overexpression, RNA-pull down/RIP should be used to explore
the binding ability of lncRNA and RNA-binding proteins; (3)
Whether lncRNAs regulate the transcription of target genes: After
lncRNA is knocked down or overexpressed, ChIP and ChIRP
experiments should be used to analyze the regulation of lncRNAs
on target gene transcription.

LncRNA as a ceRNA
The ceRNA network is one of main methods through which
lncRNAs exert post-transcriptional regulation in the cytoplasm.
Previous studies have shown that lncRNAs can competitively
bind to miRNAs and affect the miRNA’ function on the target
genes. The core experiments usually performed to prove the
functions of ceRNA are: (1) Use of bioinformatics to predict the
possible “ceRNA” networks. There are many databases that can
predict possible “ceRNA” networks, such as Starbase (96),
LncACTdb 2.0 (97), LncBase Predicted v2 (98), TargetScan
(99), which contains all kinds of ceRNA regulatory
relationships including miRNA-mRNA, miRNA-lncRNA,
miRNA-circRNA and miRNA-ceRNA; (2) Confirmation of
express ion corre la t ion . Fo l lowing knock down or
overexpression lncRNA, the changes in miRNA should be
investigated; (3) Verifying the interaction of lncRNA, miRNA,
and mRNA. Luciferase reporters should be used to confirm the
interactions between lncRNAs, miRNAs, and mRNAs (100, 101).

In conclusion, the use of bioinformatics to predict the
functions of lncRNAs is favored over the traditional, time-
consuming, and expensive experimental methods. For the
lncRNA field, it is essential to establish a variety of databases
meant to help researchers identify and name their newly
discovered lncRNAs. The already established databases for
lncRNA are listed in (Table 1).
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CONCLUSIONS

The role of lncRNAs has become one ofmain focus for
fundamental and clinical tumor studies. Given the increasing
pool of evidence regarding the role of lncRNAs in tumor
development and progression, here we summarized the four
main models of action through which lncRNAs influence tumor
progression (as a signal, decoy, guide, or scaffold molecule). The
lncRNAs in the nucleus are often involved in chromatin
remodeling and modification, transcriptional regulation, and
alternative splicing of pre-mRNA, while the lncRNAs in the
cytoplasm are often involved in the stability of mRNAs, protein
translation, and the ceRNA network (102). Based on previous
studies, we also propose the specific research strategies through
which the lncRNA functions can be investigated (lncRNA
screening, lncRNA characteristic analyses, functional studies,
and molecular mechanisms of lncRNAs).

Meanwhile, these findings raise further questions. For
example: what is the mechanism that causes the abnormal
expression of lncRNAs in tumors? Many upstream regulatory
mechanisms of lncRNAs have not been elucidated. A potential
new direction for future research would be to investigate the
upstream regulatory factors of lncRNAs. According to previous
literature, the expression of lncRNAs may be regulated by
histone status, DNA methylation patterns, transcription
factors, and post-transcriptional regulation. For example, the
activation mechanism of lncRNA CCAT1, which can promote
the proliferation and metastasis of ESCC, is represented by the
acetylation of histone H3K27 (43). Moreover, the high
expression of lncRNA H19 is due to the decreased methylation
level of the CpG islands in the promoter region (103).
Additionally, the high expression of lnc01503, which can
promote the progression of ESCC, is due to the capacity of the
transcription factor to bind to the promoter region (104). Lastly,
the interaction between IGF2BP1 and the lncRNA HULC
reduces the stability of lncRNA HULC and decreases its
expression (105). Numerous types of lncRNAs have been
classified according to their position relative to the genome.
Regardless of their similarities, their mechanism of action is not
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exactly the same. The effects of eRNAs on the formation and
stabilization of the chromatin loop between the enhancer and the
promoter and their capacity to regulate the expression of some
target genes at close and long distances became highly
investigated recently (106, 107). Notably, previous studies have
reported that eRNAs are a subclass of lncRNAs that play a
critical role in cancer development (108). For example, HPSE
eRNA promotes cancer progression by interfering with the
chromatin looping and regulating the hnRNPU/p300/EGR1/
HPSE axis (109). Based on the vast number of eRNAs and
their expression regulation to some target genes without distance
and cell type limitation, eRNAs may become potential targets for
the diagnosis and treatment of human cancers (110, 111). Liquid
biopsies based on exosome contents represent a potential
direction for future molecular diagnosis as well as evaluation of
chemotherapy effects and cancer prognosis, which have great
application values for early detection of disease (112–118).
Recent studies have shown that some lncRNAs can be
encapsulated in exosomes, and exosomes can be used as a
medium to transmit lncRNAs among tumor cells, thereby
regulating the occurrence and development of tumors (119–
123) (Figure 4). For example, lncARSR delivered via exosomes
can promote sunitinib resistance as a competitive endogenous
RNA in renal cancer (68). Furthermore, lncRNA PART1
delivered via exosomes can induce gefitinib resistance as a
competitive endogenous RNA in ESCC (124). Lastly, chimeric
RNA GOLM1-NAA35 from salivary exosomes might represent a
potential biomarker for esophageal cancer (125). This would
allow us to understand specific pathological conditions in cancer
patients through the detection of specific lncRNAs encapsulated
by exosomes (126). A previous study showed that engineered
exosomes with phospholipid bilayer structures can be used to
load certain anti-tumor drugs, therapeutic miRNAs, or proteins
and target tumor cells (127).

In conclusion, the lncRNAs field is highly investigated due to
their potential key role in cancer development and progression. A
comprehensive understanding of lncRNAs in cancer signaling will
stimulate new directions for future research, diagnosis, and
therapies (128). LncRNAs are of great significance for the early
TABLE 1 | Databases related to long non-coding RNA (lncRNA) research.

Database Internet site Function Literatures

TCGA https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/
tcga

Preliminary screening of lncRNA (72)

NONCODE http://www.noncode.org Comprehensive annotation of lncRNA (73–74)
LncBook http://bigd.big.ac.cn/lncbook/index Comprehensive annotation of lncRNA (74–75)
lncRNAdb v2.0 http://lncrnadb.org Comprehensive annotation of lncRNA (76)
LncRNADisease http://www.cuilab.cn/lncrnadisease The relationship between lncRNA and disease (77)
lncATLAS http://lncatlas.crg.eu/ The cell localization of lncRNA (84)
cat RAPID http://service.tartaglialab.com/page/catrapid_group Predict the combination of lncRNA and protein (86)
ChIPBase v2.0 http://rna.sysu.edu.cn/chipbase/ Identify transcription factor binding sites

mediated by lncRNA
(95)

Starbase http://starbase.sysu.edu.cn/tutorialAPI.php ceRNA (96)
LncACTdb 2.0 http://www.bio-bigdata.net/LncACTdb/index.html ceRNA (97)
LncBase Predicted
v2

http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2/
index-predicted

ceRNA (98)

TargetScan http://www.targetscan.org/vert_72/ ceRNA (99)
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diagnosis of cancer patients due to their abnormal expression
changes as the cancer progresses. For example, the lncRNA
prostate cancer antigen 3, which has been studied for early
diagnosis, is a prostate-specific lncRNA, which can be detected
with high specificity and sensitivity (129). Loewen et al. discussed
the potential of lncRNAHOTAIR in the diagnosis and treatment of
lung cancer (130). In addation, lncRNAs also serve as promising
therapeutic targets. Given their divers modes of action, lncRNAs
can be targeted using multiple approaches: (1) Regulate lncRNA
genes through spatial blockade of promoters or the use of genome
editing technology; (2) Regulate lncRNA levels through siRNAs; (3)
Prevent lncRNAs from exerting their effect by inhibiting the
interaction between RNAs and proteins or prevent the formation
of secondary structures (131, 132). Recently, an increasing number
of researchers considered lncRNAs as potential therapeutic targets
for cancer. For example, Shin et al. discussed the feasibility of
lncRNA BC200 as a cancer therapeutic target (133). Liu et al.
investigated whether lncRNA PANDAR is a powerful diagnostic
and therapeutic marker for patients with gastric cancer (134). The
effective application of lncRNAs as potential targets for diagnosis
and therapy has broad prospects for future cancer treatment.
However, there are still numerous limitations for the use of
lncRNAs as potential therapeutic targets and biomarker
development. Nevertheless, with the rapid development of
biochemical toolkits and technological breakthroughs for lncRNA
Frontiers in Oncology | www.frontiersin.org 974
research, an increasing number of lncRNAs are being discovered.
However, the increasing rate of discovery of new lncRNAs presents
challenges to their definition and annotation, which requires more
comprehensive transcriptome analyses and transcription assembly.
In addition, the functional characterization of lncRNAs is still
challenging, mainly due to the complexity and diversity of their
association with cancer cell functions. Overall, elucidating the
mechanism of abnormal expression of lncRNAs and the
downstream mechanism of lncRNAs in tumors would allow us to
better understand lncRNAs and provide novel tumor markers for
clinical diagnosis and prognostic evaluation of tumors.
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Circular RNA CircNOLC1,
Upregulated by NF-KappaB,
Promotes the Progression of
Prostate Cancer via miR-647/PAQR4
Axis
Wenbin Chen1, Shengren Cen1, Xumin Zhou1, Taowei Yang1, Kaihui Wu1, Libin Zou1,
Junqi Luo1, Chuanyin Li1* , Daojun Lv2* and Xiangming Mao1*

1 Department of Urology, Zhujiang Hospital, Southern Medical University, Guangzhou, China, 2 Guangdong Key Laboratory
of Urology, Department of Urology, The First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China

Background: CircRNAs recently have shown critical roles in tumor biology. However,
their roles in prostate cancer (PCa) remains largely unclear.

Methods: CircRNA microarrays were performed in immortal prostate cell line RWPE1
and PCa cell lines as DU145, PC3, LNCaP, C4-2, and 22RV1. Combined with
upregulated circRNAs in PCa tissues, circNOLC1 expression was validated in PCa cells
and tissues via qRT-PCR and FISH. Sanger sequencing, actinomycin D, gDNA, and
cDNA, RNase R assays were used to assess the circular characteristics of circNOLC1.
CCK-8, colony formation, transwell migration assays, and mice xenograft models were
conducted to evaluate the functions of PCa cells after circNOLC1 knockdown and
overexpression. RNA pulldown, luciferase reporter assay, FISH (fluorescence in situ
hybridization), and CHIP were utilized to illustrate the further mechanisms of circNOLC1.

Results: Our research indicated that circNOLC1 was overexpressed in PCa cells
and tissues, and circNOLC1 was more stable than linear NOLC1 mRNA. CircNOLC1
promoted PCa cells proliferation and migration in vitro and vivo. Additionally, we found
that circNOLC1 could upregulate PAQR4 expression by sponging miR-647, leading to
the activation of PI3K/Akt pathway. Moreover, NF-kappaB was identified to bind to the
NOLC1 promoter sites and upregulated both NOLC1 and circNOLC1 expression.

Conclusion: CircNOLC1, elevated by transcription factor NF-kappaB, promotes PCa
progression via a miR-647/PAQR4 axis, and circNOLC1 is a potential biomarker and
target for PCa treatment.

Keywords: circRNAs, prostate cancer, miR-647, PAQR4, NF-kappaB, progression

Abbreviations: circRNAs, circular RNAs; PCa, prostate cancer; qRT-PCR, quantitative real-time polymerase chain reaction;
ceRNA, competing endogenous RNA; IHC, immunohistochemistry; NC, negative control; siRNA, small interfering RNA.
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INTRODUCTION

Prostate cancer (PCa) is currently the first and second leading
cause of new diagnosis and mortality, accounting for 21% of
all new cancer cases and 10% of all death cases in men (Siegel
et al., 2020). Although primary tumors frequently can be cured
through androgen deprivation therapy (Berger et al., 2011), many
patients exhibited poor prognosis due to tumor metastasis (Wang
et al., 2018). Therefore, further researches are needed to explore
the novel diagnostic and therapeutic biomarkers and reveal the
detailed underlying mechanisms in PCa progression.

Circular RNA (CircRNA), a novel type of non-coding RNA, is
formed by covalently closed loop structures without free terminal
ends (Chen, 2020). Due to their special property, circRNAs
show higher stability and stronger resistance to ribonuclease R
degradation than linear RNAs (Chen and Yang, 2015). Owing
to the progression of advanced high-throughput sequencing,
various circRNAs were discovered to exhibit abnormal expression
in cancers (Chen et al., 2019b; Vo et al., 2019). Recent reports
revealed that circRNAs exert their biological functions mainly
relying on the miRNA sponging (Hansen et al., 2011, 2013).
Besides, circRNAs could also play a role in interacting with RNA
binding proteins (RBPs) (Liu et al., 2020). In PCa, circRNAs,
such as, circ_0007494 and circFMN2, have been recognized to
function as competing endogenous RNAs (ceRNAs) to relieve
the inhibition of miRNA targets (Shan et al., 2020; Zhang et al.,
2020). CircAR3 was identified to show high expression levels
in the plasma of PCa patients, which may serve as a novel
PCa biomarker (Luo et al., 2019). These findings revealed the
significant roles of circRNAs in PCa. However, there are still
plenty of circRNAs involved in the PCa have not been identified.

In this study, circRNA microarray in five common PCa cells
combined with the published microarray data for PCa tissues,
we identified 22 different circRNAs. Subsequently, circNOLC1
(circBase ID: has_circ_0000257) were chosen for further study
to explore its role in the PCa proliferation and progression by
using a series of in vitro assays and in vivo mouse model. Finally,
the underlying mechanism of circNOLC1 were also evaluated.
In summary, our works revealed that circNOLC1 could act as a
oncogene in the progression of PCa, and may provide a novel
target for the diagnosis and treatment of PCa.

MATERIALS AND METHODS

Clinical Specimens
Eighty prostate tissues and sixteen adjacent tissues were obtained
from patients who underwent radical prostatectomy (RP) at
Zhujiang Hospital of Southern Medical University from 2016
to 2018, and then the paraffin specimens were constructed as a
tissue microarray (TMA). The clinical details of patients were
collected from the medical records. All experimental procedures
were approved by the Ethics Committee of the Southern Medical
University Zhujiang Hospital. The median age of the enrolled
patients was 67.5 years and average age was 65.1 (range: 20–
97 years). Clinical TNM staging and Gleason scores of patient
specimens were based on the American Joint Committee on

Cancer (AJCC) Eighth Edition (2017) and the 2016 World Health
Organization (WHO) classification of genitourinary tumors.
The detailed clinicopathological information of all samples was
presented in Supplementary Table 1.

CircRNA Microarrays
Arraystar Human circRNA Array v2 (Kangcheng Biotech,
Shanghai, China) was applied to analysis circRNA microarray.
Total RNA from each sample was quantified with the NanoDrop
ND-1000. Sample preparation and microarray hybridization
were performed as outlined in the standard protocols stipulated
by Arraystar, as described previously (Chen et al., 2019a).
Normalized Intensity of each group (averaged normalized
intensities of replicate samples, log2 transformed) were analyzed
by paired t-test (P: 0.05). Quantile normalization and subsequent
data processing was performed through the R 4.0.2 software
limma package. Differentially expressed circRNAs were identified
via Fold Change filtering. Hierarchical Clustering was used
to perform the distinguishable circRNAs expression pattern
among the samples.

Bioinformatics Analysis
The circRNA-miRNA interactome was drawn by circBank1

and circinteractome2. Overlapping candidates were considered
as putative miRNA targets. Two algorithms (TargetScan and
miRpathDB) were used to predict the potential miRNAs targeting
the 3’-UTR of PAQR4. Data from The Cancer Genome Atlas
(TCGA) was analyzed by Starbase 2.03.

Cell Culture and Transfection
DU145, PC3, C4-2, LNCaP, 22RV1 (PCa cell lines), RWPE1
(normal prostate epithelial cell line), and HEK-293T cells were
obtained from Cell Bank of Chinese Academy of Sciences, grown
with RPMI-1640 medium (Gibco, United States) supplemented
with 10% FBS (Gibco, United States) and incubated at 37◦C in
5% CO2. Small interfering RNAs (siRNAs) of circNOLC1 and
NF-kappaB, and miR-647 inhibitor or mimics were purchased
from RiboBio Company (Guangzhou, China). Lentivirus vectors
(GeneChem Bio-Medical Biotechnology, Shanghai, China) were
utilized to establish cell lines stably overexpressing circNOLC1,
and the transfected cells were selected in puromycin (2
µg/ml) for 1 week. All the target sequences were shown in
Supplementary Table 2.

Cellular Fraction and RNA Isolation
Nuclear and Cytoplasmic Extraction Reagents (No. 78833,
Thermo Fisher Scientific, United States) were used to
separate nuclear and cytoplasm of cultured cells following
the manufacturer’s protocol. And RNA extraction was
described as followed.

1http://www.circbank.cn/
2https://circinteractome.nia.nih.gov/
3starbase.sysu.edu.cn/
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RNA Extraction and RT-qPCR
Total RNA was obtained from cells with TRIzol (Invitrogen,
United States), while the cDNA was reverse-transcribed via
utilizing PrimeScript RT reagent Kit (TaKaRa) following the
manufacturer’s instructions. The genome DNA was isolated by
special extraction kit (DP304, TIANGEN, China). SYBR Green
PCR Master Mix (TaKaRa) and Applied Bio-systems 7500 Fast
Real-Time RCR System (Applied Biosystems, United States) were
used for RT-qPCR analysis. Data were acquired from three
independent experiments and normalized to GAPDH. All the
primers were shown in Supplementary Table 2.

Actinomycin D and RNase R Treatment
Assay
To compare the stability of linear RNA and circRNA,
Actinomycin D (MedChemExpress, China) was added into
medium to block RNA transcription and the solvent dimethyl
sulfoxide (DMSO; Sigma) was applied as a negative control.
Cells were treated with actinomycin D or DMSO in a final
concentration of 1 µg/mL for 0, 4, 8, 12, and 24 h, and then
the RNA was extracted for RT-qPCR detection, using 18S as
an internal reference. For RNase R treatment, 2 mg total RNA
was incubated for 15 min at 37◦C with or without 3 U/mg
RNase R (No. R0301, Geneseed, China), and followed by RT-
qPCR analysis.

Fluorescence in situ Hybridization (FISH)
Analysis
CircNOLC1 and miR-647 were captured by Cy3-labeled probes
(RiboBio, Guangzhou, China) and Alexa 488-labeled probes
(FOCOFISH, Guangzhou, China). FISH experiment was
conducted using Fluorescent in situ Hybridization Kit (No.
C10910, RiboBio, Guangzhou, China), according to the official
guidelines. DAPI was utilized to stain the nuclei. Subsequently,
circNOLC1 and miR-647 were observed through a confocal
microscope (LSM 880 with Airyscan, Carl Zeiss, Germany).

Cell Proliferation Measurement
Cell proliferation was measured by CCK-8 kit (CK-04, Dojindo).
2,000 PCa cells were planted into 96-well plates. Then medium
with 10%CCK-8 was added into each well, and incubated for 2 h.
Subsequently, the absorbance values at 450 nm were detected by
a microplate reader (EXL800, BioTek Instruments).

Colony Formation Assay
PCa cells were seeded into 6-well plates and cultured with
complete medium for 2 weeks. The formed cells were fixed with
4% paraformaldehyde for 10 min and stained with Giemsa (Baso
Diagnostics Inc, Zhu Hai, China) for 5 min. Each experiment was
performed with three replicates.

Transwell Migration Assays
Cell migration assay was performed using transwell inserts (8
mm pores; Corning, NY, United States) in 24-well plates. PCa
cells (5 × 104) were resuspended in 300 µl serum-free medium
and seeded into the upper chamber of the insert. Subsequently,

the lower chamber was filled with 500 µl complete medium.
After 24 h, the cells were fixed with 4% paraformaldehyde for
10 min and stained with Giemsa (Baso Diagnostics Inc, Zhu Hai,
China). Five randomly selected fields were photographed using
an invert microscope at 200× magnification. The cell numbers of
each image were counted by Image J software. Experiments were
performed in triplicate.

Western Blot
Cells were lysed in RIPA lysis buffer (#KGP250, KeyGEN
BioTECH, Nanjing, China), following the manufacturer’s
instructions. Equal amounts of proteins were separated in
10% SDS-PAGE gels and transferred to PVDF membranes
(Millipore, Germany). The membranes were then blocked
for 1 h with 5% no fat milk and incubated overnight at
4◦C with the following primary antibodies: EMT marker
(#9782, Cell signaling, United States), anti-PAQR4 (#13401-
1-AP, Proteintech), anti-β-actin (#60008-1-Ig, Proteintech).
Subsequently, the membranes were immersed in the anti-rabbit
or anti-mouse secondary antibodies (#7074S or #7076S, Cell
signaling, United States) for 1.5 h at room temperature. Enhanced
chemiluminescence (ECL) kit (Pierce Biotechnology, Rockford,
IL, United States) was used to detect and visualize the protein.

RNA-Pulldown
CircRNA pulldown assay was carried out using PierceTM

Magnetic RNA-Protein Pull-Down Kit (No: 20164, Thermo
Fisher Scientific, United States), all procedures were followed as
manufacturer’s instructions. Then the final RNA was extracted by
TRIzol (Invitrogen, United States) and analyzed by RT-qPCR.

Dual-Luciferase Reporter Assay
The sequences of circNOLC1 and its mutant types without
miR-647 binding sites were designed and packaged into pEZX-
MT06 vector (GeneCopoeia, Guangzhou, China), termed as
circNOLC1-WT and circNOLC1-MUT. The miRNA mimics
were purchased from RiboBio Company (Guangzhou, China).
HEK-293T cells (5 × 105) were seeded into each well of a
12-well plate for 24 h. Then, a mixture of luciferase reporter
vectors and miRNA mimics was transfected into cells. The
relative luciferase activity was measured utilizing Luc-PairTM

Duo-Luciferase HS Assay Kit (GeneCopoeia, China). Each group
was confirmed in triplicate.

Xenograft Model
All experimental animal procedures were authorized by the
Animal Care and Use Committee of Southern Medical University
and Specific Pathogen Free (SPF) conditions were used to
raise animals. BALB/c nude mice were obtained from the
Animal Center of Southern Medical University, Guangzhou,
China. A total of 2 × 106 du145 cells stably transfected with
circNOCL1 or Vector were subcutaneously injected into the
mice axillae (n = 6 per group). Tumor volume was measured
every 4–5 days and volumes were calculated using the formula:
length × width2

× 0.5.
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Immunohistochemistry Analysis
Detection of Ki-67 and CD31 was performed on 3 µm thick
paraffin sections with the indicated antibodies. Briefly, sections
were incubated with primary antibodies Ki-67 (1:250, ab15580,
Abcam, United States) or CD31 (ZM-0044, Zhong Shan Jin
Qiao, Beijing, China) antibodies at 4◦C overnight. Subsequently,
Horseradish peroxidase (HRP)-conjugated secondary antibodies
(dilution 1:250, Beyotime, Shanghai, China) were further
incubated at 37◦C for 30 min. Finally, the sections were stained
with 3,3’-diaminobenzidine (DAB, ZLI-9018, Zhong Shan Jin
Qiao, Beijing, China) for 5 min and examined with a microscope.

CHIP Assay
CHIP assay was performed using SimpleChIP R© Plus Enzymatic
Chromatin IP Kit (#9005, Cell Signaling Technology,
United States), according to the manufacturer’s protocols.
Anti-NF-kappaB antibody for CHIP was obtained from Cell
Signaling Technology (#8242). The detailed binding sites
between the promoter sites of NOLC1 and NF-kappaB were
predicted by Consite4, as: GGGAAGTCCC. The specific primers
for binding sites were shown in Supplementary Table 2. And the
following analysis was detected by RT-qPCR. Experiments were
performed in triplicate.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, United States). The data were presented
as mean ± SD. Two-tailed Student’s t-test or ANOVA was
conducted to analyze the significance between variables. The
relation between circNOLC1 expression and clinicopathological
properties was analyzed using a χ2 test. P < 0.05 was considered
as statistically significant.

RESULTS

Upregulation and Characterization of
CircNOLC1 in PCa
To investigate the differential expressed circRNAs in PCa, we
performed a microarray of the PCa cell lines, DU145, PC3,
LNCaP, C4-2, and 22RV1 cells (Supplementary Figure 1A).
We found 22 circRNAs both upregulated in five PCa cells
and a microarray dataset that contains five pairs of high-
grade and low-grade PCa (Figures 1A–C). The expression levels
of top five upregulated circRNAs in PCa cells and normal
prostate cell were validated via qRT-PCR (Figure 1D and
Supplementary Figures 1B–E), circNOLC1 (hsa_circ_0000257)
displayed the greatest increase and was chosen for further study.
Next, we verified the expression of circNOLC1 in 79 Prostate
adenocarcinoma tissues and 16 normal prostate tissues by FISH
assays (Figure 1E and Table 1). These findings demonstrated that
circNOLC1 is upregulated in PCa cells and tissues.

CircNOLC1 is generated by head-to-tail splicing of NOLC1
exon 2–5 and contains 487 nucleotides (Figure 1F, left

4http://consite.genereg.net/

panel, upper). Sanger sequencing was used to confirm the
putative circNOLC1 junction (Figure 1F, right panel, lower).
Besides, we amplified circNOLC1 and NOLC1 from cDNA
and gDNA utilizing divergent and convergent primers, which
showed that circNOLC1 only exist in the cDNA (Figure 1G).
Actinomycin D assay demonstrated that circNOLC1 was more
stable compared with linear NOLC1 (Figure 1H). Moreover,
RNase R assays exhibited that the linear mRNA NOLC1 was
digested, while circNOLC1 not (Figure 1I). We also isolated
the cytoplasmic and nuclear RNA in DU145 and C4-2 cells,
which demonstrated that circNOLC1 was expressed equally in
cytoplasm and nuclear (Figure 1J). These results illustrated the
circular characteristics of circNOLC1.

CircNOLC1 Promotes PCa Proliferation
and Migration in vitro
To discover the function of circNOL1 in PCa, we randomly
chose DU145 and C4-2 cell lines for silencing, PC3 and C4-
2 for overexpression. We constructed three siRNAs targeting
circNOLC1 to silence its expression. Finally, si-circ#02 exhibited
the highest silencing efficiency measured by qRT-PCR and
was chosen for the following experiments (Figure 2A, left).
Meanwhile, we established stably overexpressed circNOLC1 in
PC3 and C4-2 cells via utilizing lentiviral vectors, and the
circNOLC1 overexpression cells exhibited a great increased level
of circNOLC1 (Figure 2A, right). However, the NOLC1 mRNA
level was not affected by circNOLC1 expression (Supplementary
Figures 2A,B). CCK-8 and colony formation assays exhibited
that the cell proliferation ability was restrained after circNOLC1
knockdown, while the overexpression of circNOLC1 showed
the opposite results (Figures 2B–D). Transwell migration assays
demonstrated that circNOLC1 downregulation significantly
decreased PCa cells migration, while circNOLC1 overexpression
revealed the opposite effects (Figure 2E). Meanwhile, western
blots exhibited that loss of circNOLC1 significantly decreased
E-cadherin expression and increased Vimentin level, while gain
of circNOLC1 showed the opposite results (Figure 2F). Besides,
CCK-8 and Transwell migration assays revealed that knockdown
of NOLC1 also suppressed the growth and migration of PCa
cells (Supplementary Figures 2C–E). These results revealed that
circNOLC1 promotes PCa progression in vitro.

CircNOLC1 Acted as a miR-647 Sponge
in PCa Cells
Plenty of reports have revealed that circRNAs mainly function
as miRNA sponges in various cancers (Hansen et al., 2013;
Zheng et al., 2016). To figure out how circNOLC1 play a role
in PCa, we predicted the potential miRNA targets of circNOLC1
using three databases (including miRanda, TargetScan, and
CircInteractome). We chose eight miRNAs overlapped in the
three databases for further study (Figure 3A). To verify the
interaction between circNOLC1 and miRNAs, circRNA pulldown
assay was performed in DU145 cells via designed circNOLC1
probe. The observation showed that circNOLC1, miR-647
and miR-326 were significantly enriched (Figure 3B). Besides,
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FIGURE 1 | Screening and characterization of circNOLC1 in PCa. (A,B) Schematic illustration demonstrates that 22 circRNAs were commonly upregulated in PCa
cells and tissues. (C) The heatmap showing upregulated circRNA expression profiles between PCa cells and normal prostate cells. (D) Expression of circNOLC1 in
five PCa cells and normal prostate cells. (E) Relative Fluorescence Intensity of each tissues and representative images of FISH analysis of circNOLC1 in normal and
PCa tissues. Scale bar = 50 µm. (F) Sketch map for circNOLC1 and sanger sequencing confirming the back splicing site of circNOLC1. (G) The existence of
circNOLC1 was validated by qRT-PCR and Gel electrophoresis. Divergent primers could amplify circNOLC1 in cDNA but not gDNA. GAPDH was used as negative
control. (H,I) Actinomycin D treatment and RNase R to confirm the circular characteristics of circNOLC1. (J) Cellular localization of circNOLC1 in DU145 and C4-2
cells. Nuclear and cytoplasmic fraction was separated followed by RNA extraction. circNOLC1, U6 and 18S levels were analyzed by qRT-PCR. *p < 0.05,
***p < 0.001, ****p < 0.0001.
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FIGURE 2 | CircNOLC1 promotes cell growth and migration in PCa cells. (A) RT-qPCR was performed to confirm the inhibiting efficiency of three siRNAs targeting
circNOLC1 in DU145 and C4-2 cells and the overexpression of circNOLC1 vector in PC3 and C4-2 cells. (B–D) CCK8 and colony formation assays were utilized to
evaluate the proliferation of PCa cells after knockdown and overexpression of circNOLC1. (E) Transwell migration assay was conducted to assess the cell migration
ability in circNOLC1-silenced and circNOLC1-overexpressed PCa cells. (F,G) The influence of circNOLC1 on the protein expression of Vimentin and E-cadherin were
measured by western blot. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 3 | CircNOLC1 acts as a sponge of miR-647. (A) Schematic illustration exhibiting the potential circNOLC1 targeting miRNAs, predicted by miRanda,
Targetscan, and CircInteractome. (B) RNA-Pulldown was performed in DU145 cells using circNOLC1 and negative control probes. (C) Effects of nine predicted
miRNAs and a negative control on the luciferase activity of circNOLC1, as determined by luciferase reporter assay. (D) Colocalization between circNOLC1 and
miR-647 was observed using RNA-FISH in DU145 and PC3 cells. The nuclei were stained with DAPI. Scale bar = 40 µm. (E) Schematic illustration exhibiting the
potential binding sites between circNOLC1 and miR-647, predicted by Targetscan. (F) The luciferase activity of pEZX-circNOLC1 in HEK-293 T cells subsequently
co-transfected with miR-647. (G,H) CCK8 assays and transwell assays were utilized to detect the proliferation and migration of PCa cells after overexpression of
miR-647. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Luciferase-circNOLC1 reporters were transfected into HEK-
293T cells along with miRNA mimics or negative controls, which
indicated that miR-647 significantly reduced luciferase activity,
compared to miR-NC (Figure 3C). Next, RNA-FISH was utilized
to confirm the localization of circNOLC1 and miR-647 in DU145
and PC3 cells. Notably, circNOLC1 and miR-647 were mainly co-
localized in the cytoplasm of PCa cells (Figure 3D). Moreover,
luciferase reporter assays were constructed in DU145 cells by
transfected with luciferase reporter vectors (including the wild
type or mutant sequence targeted by miR-647). The luciferase
activity was obviously decreased in cells co-transfected with the
miR-647 mimics and the wild-type sequence, when compared

with the mutant sequence (Figures 3E,F). Taken together, we
provided evidences that circNOLC1 could directly bind to miR-
647 in PCa cells.

CircNOLC1 Upregulates PAQR4
Expression Through Sponging miR-647
Due to previous reports, miR-647 could retard tumor progression
via inhibiting downstream oncogenes (Ye et al., 2017; Qin
et al., 2020). We subsequently discovered that overexpression
of miR-647 promoted PCa cells proliferation and migration,
which indicated that miR-647 act as a tumor inhibitor role in

FIGURE 4 | CircNOLC1 upregulates the PAQR4 level through sponging miR-647. (A) The heatmap of differentially expressed mRNAs in PC3 cells transfected with
Vector or circNOLC1. Each sample was mixed with three replicates. (B,C) GO and KEGG analyses of DEGs in PC3 cells. (D) Venn diagram illustrating overlapping of
miR-647 targeting mRNAs and upregulated mRNAs in PC3 cells. (E,F) The mRNA expressions of NGFR, IL1R1, PAQR4, TRAF1, and SLC9A8 were measured via
RT-qPCR. (G) Relative PAQR4 protein levels in PCa cells transfected with miR-647 inhibitor or mimics. (H,I) PAQR4 mRNA and protein expression in circNOLC1
overexpression PCa cells. **p < 0.01; ***p < 0.001.
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PCa (Figures 3G,H). Therefore, we assumed that circNOCL1
drove tumor development by avoiding downregulation of these
oncogenes induced by miR-647. We performed RNA-seq in
PC3-circNOLC1 and PC3-Vector cells, and discovered that 39
genes were upregulated and 108 genes were downregulated
in PC3-circNOLC1 cells compared with PC3-Vector cells
(Figure 4A). GO analysis showed the mainly enriching GO terms
(Figure 4B), KEGG analysis were mainly enriched in Pathways in
cancer, PI3K-Akt signaling pathway, and apoptosis (Figure 4C).
Next, TargetScan and miRPathDB were utilized to predict the
downstream targets of miR-647, nine overlapped genes were
obtained from the 39 upregulated and miR-647 targets genes
(Figure 4D). We picked up the top five upregulated genes for
further studies, as NGFG, IL1R1, PAQR4, TRAF1, and SLC9A8.
Then, we, respectively, transfected miR-647 inhibitor and mimics
into DU145 and C4-2 cells. The five chosen genes mRNA levels
were verified by qRT-PCR, and the results exhibited that PAQR4
mRNA level was remarkably increased after miR-647 knockdown
and decreased after miR-647 overexpression (Figures 4E,F).
Meanwhile, PAQR4 protein level showed the same expression
change with mRNA (Figure 4G). Moreover, PAQR4 mRNA
and protein levels were significantly upregulated in circNOLC1
overexpression PCa cells (Figure 4H).

NF-KappaB Is an Upstream TF of NOLC1
in PCa Cells
Previous studies showed that the expression of circRNA was
tightly associated with its linear mRNA. To investigate the
abnormal expression of circNOLC1 in PCa, we analyzed the

bioinformation of NOLC1 in PCa from TCGA database. We
found that NOLC1 was upregulated in PCa and the promoter
methlation level of NOLC1 showed no difference between the
primary tumor and normal group (Figures 5A,B). We then
predicted the potential TFs of NOLC1 by Consite, and found
that NF-kappaB scores ranked the most (Figure 5C). NF-kappaB
was obviously correlated with NOLC1 expression (Figure 5D).
Moreover, we confirmed the direct binding between NF-kappaB
and NOLC1 promoter sites via CHIP assay (Figure 5E).
NOLC1 expression levels were notably decreased due to the
reduction of NF-kappaB, while circNOLC1 exhibited the same
trend (Figure 5F). These results revealed that NF-kappaB
could regulate the expression of NOLC1, thus leading to a
downregulation of circNOLC1.

CircNOLC1 Promotes PCa Tumor Growth
in vivo
To investigate the functions of circNOLC1 in vivo, DU145 cells
transfected with vector and circNOLC1 were subcutaneously
injected in nude mice. Tumor volumes were measured 5 days
followed injection. The mice were euthanized 4 weeks after
injection, the subcutaneous tumor tissues were separated, and
the weight and volume of isolated tumors were measured. As the
results showed, overexpression of circNOLC1 remarkably
increased tumors growth in vivo (Figures 6A–C). The
histopathological features of the isolated tumor tissues were
revealed by H&E staining (Figure 6D). Besides, the expression
of Ki-67 antigen in circNOLC1-overexpression xenografts
tumors was significantly increased, which was detected

FIGURE 5 | NF-kappaB is an upstream transcription factor of NOLC1 in PCa cells. (A,B) The expression and promoter methylation level of NOLC1 in PCa via TCGA
database. (C) Potential binding sites between NF-kappaB and NOLC1 promoter sites was predicted by CONSITE. (D) The relationship between NF-kappaB and
NOLC1 expression levels in TCGA, analyzed by GEPIA. (E) ChIP-PCR validated the direct binding site of NF-kappaB to the NOLC1 promoter. (F) NF-kappaB,
NOLC1, and circNOLC1 mRNA levels after NF-kappaB knockdown in DU145 cells, measured by RT-qPCR. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6 | CircNOLC1 promotes the growth of PCa cells in vivo. (A,B) Images of subcutaneous xenograft tumors derived from DU145 cells transfected with vector
and circNOLC1. (C) Tumor weights and volume of DU145 cells were shown. (D) H&E staining of xenograft tumors. (E,F) Ki-67 and CD31 expression in xenograft
tumors were detected by IHC. *p < 0.05.

by IHC (Figure 6E). Moreover, IHC results of the tumor
tissues also revealed that CD31 expression was higher in
circNOLC1-overexpression tumor compared to the vector,
which indicated that circNOLC1 promoted tumor angiogenesis
in vivo (Figure 6F). These results demonstrated that circNOLC1
overexpression drove PCa tumor growth in vivo.

DISCUSSION

Recent studies have shown non-coding RNAs play a growing
role in PCa (Martens-Uzunova et al., 2014; Hua et al., 2019).
CircRNAs, a novel non-coding circular RNAs, were once
considered as junks of the transcription product. Due to the
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FIGURE 7 | The biological function and mechanism of circNOLC1 in PCa. Schematic diagram exhibiting the biological function and mechanism of circNOLC1 in PCa.

TABLE 1 | Expression of circNOLC1 in normal prostate tissues and prostate cancer tissues (n = 79).

Group N CircNOLC1 χ2 p-values

Low High

Type Normal 16 16 0 46.039 < 0.001

Adenocarcinoma 79 12 67

Age ≤ 69 41 6 35 0.036 0.849

> 69 38 5 33

Clinical stage I–II 35 2 33 1.059 0.303

III–IV 22 3 19

Primary tumor T1–T2 35 2 33 1.059 0.303

T3–T4 22 3 19

Gleason score ≤ 6 13 2 11 0.0004 > 0.9999

≥ 7 66 10 56

CircNOLC1 expression was determined by FISH; p-value is from χ2-test. A remarkably increasing frequency of positive expression of circNOLC1 was detected in prostate
cancer specimens compared to normal prostate tissues (P < 0.001, χ2-test).

development of NGS, numerous circRNAs were explored and
participated in the biological functions of tumor development,
especially in PCa (Chen et al., 2019b; Yang et al., 2019). For
instance, circMBOAT2 sponged miR-1271-5p to promote PCa
progression (Shi et al., 2020); circSMAD2 restrained miR-9 to
govern PCa migration (Han et al., 2019); circFMN2 accelerated
PCa tumorigenesis via a miR-1238/LHX2 axis (Shan et al., 2020).
Therefore, it is of great clinical value to identify potential early
biomarkers for diagnosis and prognosis.

Here, circRNA microarrays were established in five PCa
cells as DU145, PC3, LNCaP, C4-2, 22RV1, compared with
immortalized normal prostatic epithelium (RWPE1). We

discovered 110 upregulated circRNAs both in five PCa cells, and
22 were overlapped overexpressing in PCa tissues. Among them,
top five upregulated circRNAs were chosen for further validation,
and circNOLC1 was significantly elevated in PCa cells and tissues.
Meanwhile, circNOLC1 exhibited stronger stability than its linear
mRNA. Through in vivo and in vitro experiments, circNOLC1
was confirmed to induce cell proliferation and migration, which
indicated that it may act as an oncogene in PCa.

Nucleolar and coiled-body phosphoprotein 1 (NOLC1), the
host gene of circNOLC1, was firstly discovered as a nuclear
localization signal binding protein, which functions as a
chaperone that shuttles between the nucleolus and cytoplasm

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 January 2021 | Volume 8 | Article 62476489

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-624764 January 6, 2021 Time: 12:25 # 12

Chen et al. CircNOLC1/miR-647 and PAQR4 Axis

(Meier and Blobel, 1990, 1992). Previous researches have
illustrated that NOLC1 is overexpressed in nasopharyngeal
carcinomas and regulate tumorigenesis by working with TP53
(Hwang et al., 2009). Besides, NOLC1 exhibited a low expression
in hepatocellular carcinoma tissues and overexpression of
NOLC1 inhibited hepatocellular carcinoma cells proliferation
(Duan et al., 2013; Yuan et al., 2017). Interestingly, a recent
study of mass spectrometry-based proteomics have revealed that
NOLC1 is significantly increased in PCa samples and cell lines
(Kwon et al., 2020). Our studies demonstrated that NOLC1 could
promote PCa cells proliferation and migration, however, the
detailed mechanisms of its oncogenic roles still needed to be
fully investigated.

Previous studies indicated that circRNAs exert their
functions by various biological processes, such as miRNA
sponges, protein-binding, and transcriptional and translational
regulation (Kristensen et al., 2019). The ceRNA mechanism
suggested that circRNAs competitively bind to miRNA to
relieve the suppression on miRNA targeting genes (Zhong
et al., 2018). Deng et al. (2020) indicated that circRHOBTB3
suppress gastric cancer growth by sponging miR-654-3p;
Li et al. (2018) revealed that circITGA7 act as a ceRNA of
miR-370-3p to inhibit RAS pathway, thus restraining CRC
development. Here, our results indicated that circNOLC1
were co-localized mainly in the cytoplasm of PCa cells which
implied that it may act as a ceRNA. Thus, we screened and
validated the interaction between circNOLC1 and miRNAs
by circRNA pulldown and dual-luciferase reporter assay,
results demonstrated that circNOLC1 function as a sponge
of miR-647. Meanwhile, miR-647 was identified as a tumor
inhibitor in glioma and gastric cancer (Ye et al., 2017; Qin
et al., 2020). Whereas, its role in PCa remains unclear. We
identified that miR-647 act as a tumor inhibitor in PCa.
Through the overlap of miR-647 target prediction and RNA-
seq in PC-3 cells with overexpression of circNOLC1, we
acquired nine potential miR-647 target genes. Then, top five
candidate target mRNAs were validated the via knockdown
and overexpression of miR-647, and PAQR4 was confirmed
to be the most likely downstream target gene. Further
immunoblot validated that PAQR4 was negatively regulated
by miR-647. These findings supported that circNOLC1 sponges
with miR-647 promoted PCa progression via upregulating
PAQR4 expression.

Progestin and adipoQ receptor family member 4 (PAQR4)
was reported to be high expression in PCa cells and tissues,
and significantly improve PCa malignant phenotype by activating
PI3K/Akt pathway (Ye et al., 2020). Besides, Zhang et al. (2018)
demonstrated that PAQR4 exert its oncogenic role in breast
cancer through inhibiting CDK4 degradation. Moreover, PAQR4
promoted cell growth, metastasis, and chemoresistance in non-
small-cell lung cancer (Wu and Liu, 2019; Xu et al., 2020).
Combing to our KEGG results of RNA-seq in circNOLC1
overexpression, we assumed that circNOLC1 activates PI3K/Akt
pathway in PCa via a miR-647/PAQR4 axis.

The mechanism of circRNAs biogenesis is a remarkably
complicated process (Ma et al., 2020). Previous studies

indicated that the reverse complementary sequences, like
Alu sequences, may facilitate back-splicing by closing up the
flanking introns together. Besides, m6A-enriched sites were
easier to generate back-splicing as reported (Tang et al., 2020).
Therefore, further experiments are needed to investigate the
biogenesis of circRNAs. Here, we found that NOLC1 is also
upregulated in PCa tissues using TCGA database, which is
validated by a previous research (Kwon et al., 2020). We then
illustrated that NF-kappaB could positively regulate linear
NOLC1 mRNA and circNOLC1 expression in PCa. Previous
study also exhibited that NOLC1 could be positively regulated
by NF-kappaB and CREB (Gao et al., 2011). Through these
results, we demonstrated that NF-kappaB could also regulate
the expression of circRNAs, which gives a new insight in
circRNAs biogenesis.

CONCLUSION

In summary, we discovered a novel circRNA (circNOLC1)
remarkably upregulated in PCa cells and tissues. Our results
indicated that circNOLC1 participate in the malignant
progression in PCa, mainly by sponging miR-647 to upregulate
PAQR4 expression, thus activating the PI3K/Akt pathway. Also,
NOLC1 and circNOLC1 can be regulated by NF-kappaB via
binding to NOLC1 promoter sites. Our studies suggested that
circNOLC1/PAQR4 axis could serve as a novel biomarker and
therapeutic target for PCa (Figure 7).
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Supplementary Figure 1 | Screening of circRNAs in PCa cells. (A) Heatmap of
all differentially expressed circRNAs between PC3, DU145, C4-2, 22RV1, LNCaP,
and RWPE1 cells. Red and green strips represent high and low expression,
respectively. (B–D) Expression of hsa_circ_0018998, hsa_circ_0000735,
hsa_circ_0050649, and hsa_circ_0002722 in five PCa cells and
normal prostate cells.

Supplementary Figure 2 | Knockdown of NOLC1 inhibits PCa cells proliferation
and migration. (A,B) NOLC1 mRNA expression after knockdown circNOLC1 in
DU145, C4-2, PC3. (C) RT-qPCR was performed to confirm the silencing
efficiency of three siRNAs targeting NOLC1 in DU145 cells. (D) CCK8 was applied
to exam the proliferation of DU145 cells after silencing the NOLC1. (E) Transwell
migration assay was conducted to assess the cell migration ability in
NOLC1-silenced DU145 cells.
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Positive Regulatory Domain (PRDM) gene family members commonly express two main
molecular variants, the PR-plus isoform usually acting as tumor suppressor and the PR-
minus one functioning as oncogene. Accordingly, PRDM2/RIZ encodes for RIZ1 (PR-plus)
and RIZ2 (PR-minus). In human cancers, genetic or epigenetic modifications induce RIZ1
silencing with an expression level imbalance in favor of RIZ2 that could be relevant for
tumorigenesis. Additionally, in estrogen target cells and tissues, estradiol increases RIZ2
expression level with concurrent increase of cell proliferation and survival. Several
attempts to study RIZ2 function in HeLa or MCF-7 cells by its over-expression were
unsuccessful. Thus, we over-expressed RIZ2 in HEK-293 cells, which are both RIZ1 and
RIZ2 positive but unresponsive to estrogens. The forced RIZ2 expression increased cell
viability and growth, prompted the G2-to-M phase transition and organoids formation.
Accordingly, microarray analysis revealed that RIZ2 regulates several genes involved in
mitosis. Consistently, RIZ silencing in both estrogen-responsive MCF-7 and
-unresponsive MDA-MB-231 cells induced a reduction of cell proliferation and an
increase of apoptosis rate. Our findings add novel insights on the putative RIZ2 tumor-
promoting functions, although additional attempts are warranted to depict the underlying
molecular mechanism.

Keywords: PRDM2, RIZ2 overexpression, microarray, cell proliferation, apoptosis, 3D models
INTRODUCTION

PR/SET Domain 2 (PRDM2) or Retinoblastoma Interacting Zinc finger (RIZ) protein is a member
of the Positive Regulatory Domain (PRDM) gene family, which encodes for 19 different
transcription factors in humans (1–3). All PRDM family members share an evolutionary
conserved N-terminal domain, known as PR domain (PRDI-BF1-RIZ1 homologous), structurally
and functionally similar to the SET domain (Su(var)3-9, Enhancer-of-zeste and Trithorax) (4–7).
PR domain is followed by a variable number of Zinc finger domains towards the C-terminus,
potentially mediating sequence-specific nucleic acid binding, protein-protein interactions or
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functioning in nuclear import (4–7). PRDMs are involved in
epigenetic regulation of gene expression by acting as histone
methyltransferases (HMTs) or by recruiting chromatin
modifying enzymes (3, 5). Importantly, PRDM proteins
function by tethering transcription factors to target gene
promoters or by recognition of specific DNA consensus
sequences via the Zinc-finger domains (6, 7). Of note, PRDM
proteins contribute to many developmental processes, driving
cell proliferation, differentiation, and maturation events by
specifying cell fate choice or maintaining cell specialization
through transduction of several cell signals (3, 4, 6).

Common feature of PRDM genes is the expression of two
main molecular variants, generated by alternative splicing or
alternative use of different promoters and differing for the
presence or absence of the PR domain (3, 6, 7). The PRDM
variants show an opposite, bivalent “yin-yang” behavior with the
PR-plus isoform usually acting as a tumor suppressor, and the
PR-minus one functioning as an oncogene (3, 7). Of note,
the expression level imbalance between the two isoforms in
favor of the PR-minus is often observed in many human
malignancies being attributed to inactivating mutations or
silencing of the complete form and/or increased expression of
the PR-minus form (3, 6–8).

Specifically, PRDM2 encodes for two main protein forms,
known as RIZ1 or PRDM2a, containing the PR domain, and
RIZ2 or PRDM2b lacking this domain (Supplementary Figure
S1). RIZ2 transcript is generated by an internal TATA-less
promoter localized at the 5’ boundary of PRDM2 coding exon
5 (3, 9). Both RIZ1 and RIZ2 are widely expressed in normal
tissues in a similar ratio. However, the imbalance in their
expression level could represent an important cause of
malignancies (10, 11). Genetic evidences from tumor samples
and cancer cell lines indicated that RIZ1 is a putative tumor
suppressor gene commonly deleted (10), inactivated by point-
mutations, especially those affecting its HMT activity (12–14),
downregulated or silenced by DNA methylation of its promoter
CpG island (13, 15–20). Altogether, these studies indicated that
the PR domain through its HMT activity could play an
important role in mediating RIZ1 tumor suppressor functions
(14, 21). Furthermore, frameshift mutations of microsatellite
repeats within the PRDM2 coding region are frequently
observed in colorectal, gastric, endometrial, and pancreatic
cancers. Most of these mutations lead to a truncated protein at
the C-terminal region containing the PR-binding motif, which is
pivotal for RIZ1 folding, dimerization/oligomerization, and its
PR domain-specific functions (12, 13, 22, 23). In addition, a
microsatellite locus in PRDM2 gene is frequently mutated in
colorectal cancer implying its role as a driver mutation (24, 25).
Of note, frameshift mutations in the PRDM2 A (9) track have
been observed in melanomas and nevi (26), as well as in leukemia
cells (27).

PRDM2a/RIZ1 is also a component of the double-strand
break (DSB) repair complex, which is essential for ensuring
accurate repair outcome and genomic integrity maintenance (3,
8). Basically, RIZ1 cooperates with the macrohistone variant
mH2A1.2 to direct the choice between the antagonistic DSB
Frontiers in Oncology | www.frontiersin.org 294
repair mediators, BRCA1 and 53BP1. The mH2A1/RIZ1 module
enables a dynamic switch in chromatin conformation through
H3K9me2 mediated by RIZ1. Then, a homologous
recombination and repair through BRCA1 follows (28).
Otherwise, the possible role of RIZ2 in this context has not
been investigated so far.

Several studies have investigated the RIZ1 tumor suppressor
functions. RIZ1 exerts growth inhibition and anti-cancer
activities (29–33) and its ectopic expression induces cell
growth arrest and apoptosis in a variety of cancer cells (15, 34,
35). In addition, RIZ1 mediates the estradiol proliferative effect
in MCF-7 cell line, as a specific effector of estrogen action
downstream of the hormone-receptor interaction. RIZ1,
through its HMT activity, maintains gene-specific gatekeeper
functions that prevent unliganded ER from binding to its target
gene promoters and causing constitutive gene activation in the
absence of stimulating signals. Upon estrogen-ER bound, RIZ1
become a coactivator able to induce the optimal estrogen
response in female reproductive tissues (36, 37). Besides,
RIZ1 silencing prompts cell proliferation (38, 39). Moreover,
RIZ1 is expressed in normal prostate epithelial cells and is
downregulated in cancer, with a switch of its sub-cellular
localization from the nucleus to the cytoplasm upon cancer
grade progression (40).

Likely, as a result of a positive selection related to RIZ2
promoting effects on proliferation, RIZ2 is always expressed in
cancer cells (11, 15).

We have previously suggested that the Zinc-finger domains
could be responsible for the oncogenic activity of RIZ2. MCF-7
cells expressing an Enhanced Green Fluorescent Protein (EGFP)
fusion protein containing three of the eight putative Zinc-finger
motifs common to both RIZ1 and RIZ2 showed a higher growth
rate, being less sensitive to anti-estrogens growth inhibitory effect
and expressing higher levels of cyclins D1 and A (41). We also
demonstrated that RIZ2 is an ERa target gene, since an estrogen-
responsive element (ERE) within the RIZ promoter 2 is regulated
in a ligand-specific manner by ERa. Upon estradiol treatment a
RIZ2 expression level increase was observed at both RNA and
protein expression levels. The pattern of ERa binding, histone
H4 acetylation, and histone H3 cyclical methylation of lysine 9
was comparable to other estrogen-regulated promoters.
Association of topoisomerase IIb with the RIZ promoter 2
confirmed the transcriptional activation induced by estrogens.
This ligand-specific regulation induced the preferential
transcription of exon 9a and a subsequent reduction in the
amount of transcripts with exons 9b and 10, which determine
different polyadenylation sites (11, 42).

The presence of transcripts with different UTRs suggests that a
possible post-transcriptional control through miRNAs may occur.
For instance, estradiol could modulate RIZ2/RIZ1 ratio also
through various miRNAs that control estradiol response in
breast cancer cells (43); interestingly, some of these target
consensus sequences could be recognized in the exon 9 of
PRDM2 gene by bioinformatics analysis (http://mirdb.org/cgi-
bin/search.cgi). However, to date a mechanism involving
PRDM2 regulation by these miRNAs can only be hypothesized.
January 2021 | Volume 10 | Article 583533
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Furthermore, microarray analysis revealed PRDM2 as a target of
the miR-17-92 cluster in human cholangiocarcinoma cells (44).

Despite several findings suggest that RIZ gene products are
related to proliferation and apoptosis control with an opposite
function, the molecular mechanisms and the involved cellular
pathways through which RIZ2 displays oncogenic functions stay
quite unclear.

Thus, the present study points to elucidate the putative
mechanisms of the tumor-promoting function of RIZ2
isoform, through the investigation of its effects on regulated
genes and enriched pathways by microarray analysis. Moreover,
the biological consequences of RIZ2 overexpression in HEK-293
cells have been explored through some functional studies.
MATERIALS AND METHODS

Cell Culture and Transfection
HEK-293, MCF-7, and MDA-MB-231 cells were grown and
propagated as described elsewhere (11, 45).

MCF-7 and MDA-MB-231 cells were made quiescent as
described (46), using phenol red-free Dulbecco’s modified
Eagle Medium (DMEM) supplemented with 3% charcoal-
dextran-stripped fetal bovine serum (FCS), 1 nM cortisol, and
10 ng/ml insulin.

HEK-293 were maintained at 37°C with 5% CO2 in
humidified atmosphere in DMEM high glucose supplemented
with 10% FCS, 1% Non-Essential Amino Acid (NEAA), and
antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin).

Cells were transfected with siRNAs and plasmid DNAs using
Lipofectamine™ 2000 Reagent in OptiMem I Reduced Serum
Medium (Life Technologies, Carlsbad, CA, USA) for 6 h,
following the manufacturer’s instructions. After removal of
reaction mixtures, MCF-7 and MDA-MB-231 cells were
cultured for an additional 60 h in phenol red-free DMEM with
5% charcoal-dextran-stripped fetal bovine serum, 1 nM cortisol,
10 ng/ml insulin. For HEK-293 stable clones, selection was
performed by addition of 0.8 mg/ml Geneticin G418 (Sigma-
Aldrich). Positive colonies were selected by manual picking. At
least two clones for each transfection were selected and
characterized. Transfection was also verified by fluorescent
microscopy analysis.

RNA Interference (RNAi), Plasmids,
and Constructs
The siRNA duplex (Dharmacon Research, Lafayette, CO, USA)
designed for silencing of both RIZ gene products (siRNA-total)
covered the region coding for aa 333–340 of RIZ1 protein or aa
132–139 of RIZ2 protein (sense 5’-GACUGCUCAGAGGU
AACAC-3’). For each experiment, at least two concentrations
of siRNA-total (35 and 50 nM) were transfected in the presence
of an excess of tRNA (Ambion Inc., Austin, USA). An equal
concentration of SilencerR Negative Control #1 siRNA (Ambion
Inc.) was used as negative control. The efficiency of transfection
was measured by labeling siRNA-total with equimolar amounts
of fluorescein ULSR (Fermentas Inc., Hanover, MD, USA),
Frontiers in Oncology | www.frontiersin.org 395
according to manufacturer’s instruction, and expressed as the
average of the percentage of fluorescent cells in each microscope
field (five fields). Data derived from experiments with
transfection efficiency greater than 55%. Experiments with
differences >20% in transfection efficiency among different
experimental points were discarded.

The pEGFP-C1 vector was purchased from Clontech (Palo
Alto, CA, USA) and was used to clone in the BamH1 site, the
sequence of RIZ2 open reading frame (NM_015866.4) (41). The
primers used to amplify RIZ2 coding sequence with Bam H1 site
restriction were as follows: RIZ2F (forward) (5’-AAGGATCC
AGAGATTCTGCAGAATGGT-3’) and RIZ2R (reverse) (5’-
AAGGATCCTACAGGAAGTTCCTGAAG-3’). A 4.42 kb
RIZ2 fragment were recovered and ligated by T4 DNA Ligase
(Promega, Madison, WI, USA). Recombinant plasmids were
identified by restriction enzyme fragment analysis. In order to
verify the correct orientation of the inserts and the integrity of
the open reading frames, positive recombinant plasmids were
directly sequenced with an ABI Prism Dye Terminator
sequencing kit and analyzed on an ABI PRISM automated
sequencer (Applied Biosystems) (47). The resultant plasmid
expressing RIZ2, designated pEGFP_hRIZ2, was in frame with
the EGFP coding sequence, with no intervening in-frame stop
codons. Plasmids for transfection were prepared with Plasmid
Midi Kit (Qiagen Inc, Valencia, CA, USA), according to
manufacturer’s instructions. The EGFP expressed in the
vectors was used to measure transfection efficiency (an average
>80% of HEK-293 cells were transfected). For RIZ truncated C-
terminal, the forward primer (5’-AAGGATCCCTGCAGACAC
CCTCCCTTT-3’) was employed instead of RIZ2F, which was
utilized in transient transfection experiment.

RNA Extraction, Quantitative and Semi-
Quantitative Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)
Total RNAs were extracted from cells using Trizol solution
(Thermofisher), according to the manufacturer’s instructions.
RNA samples were then treated with RNase-free DNase-I
(Boehringer Mannheim, Indianapolis, IN, USA). The integrity
and quantity of RNAs were assessed by denaturing agarose gel
electrophoresis and by spectrophotometry analysis. Then, 500 ng
total RNA was reverse transcribed with SuperScript III
(Thermofisher); 1 ml of the reverse-transcriptase reaction was
used as a template in a PCR reaction as previously described (39).
The amplification products were also analyzed by agarose gel
electrophoresis. GAPDH was used as housekeeping control gene.
Quantitative RT-PCR analysis was performed using the SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA), 160 nM of each primer and about 50ng of cDNA (RNA
equivalent) as template in an iCycler thermocycler (Bio-Rad
Laboratories Inc., Hercules, CA, USA). PCR condition were 95°C
for 4 min followed by 51 cycles of 20 s at 95°C, 45 s at 60°C, and
45 s at 70°C. RIZ1 transcript amplification was performed with
the following primers: 118F (5’-CTG GAT CCA CCC GGA TTG
GTG TCT GGG-3’) and 438R (5’- TCG GAT CCA GGG TTG
TCT TCC CCA TTG TAC C-3’). Primers 649F (5’-CTG GAT
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CCT CAG CCT CAG CAC TTG AGC AG-3’) and 975R (5’-
TCG GAT CCT GTT TTT GGT TCC TCT AAT AAA TCT TC-
3’) were used for analysis of all RIZ transcripts (34, 39). All reactions
were carried out at least in triplicate for every cDNA template and
the melting curves were analyzed to verify the specificity of reaction.
The relative gene expression was calculated using the 2DDCt

method (48). GAPDH was used as a housekeeping gene for
normalization. Differences between two experimental groups
were analyzed by the Student’s t-test. Differences between
means were considered significant at P < 0.05 (47, 49).

Western Blot Assay and Densitometric
Analysis
Electrophoresis and Western blot analysis were performed as
described elsewhere (38) with mouse monoclonal antibodies to
green fluorescent protein (GFP) from Roche (Roche, Mannheim,
Germany) and mouse monoclonal antibody RZ2413 (1 mg/ml)
to a synthetic peptide at residues 960–972 containing RIZ
nuclear receptor box protein (41).

Western blot analysis of total cell extract of interfered MCF-7
and MDA-MB-231 were revealed with commercial polyclonal
antibodies to RIZ1 protein (aa 6-22) or with commercial
antibodies to human Cyclin B1, and histone H1.1 (Abcam Ltd.,
Cambridge, UK).

Immunofluorescence and Cytoskeleton
Analysis
HEK 293-pEGFP and HEK 293-pEGFP_hRIZ2 were plated on
gelatin-coated coverslips. After 24 h, cells on coverslips were fixed
in 4% paraformaldehyde and permeabilized using diluted (0,2% in
PBS) Triton-X100 at room temperature. Nuclei were stained with
1 mg/ml Hoechst 33258 (Sigma). Cytoskeleton analysis was
performed by Texas red-labeled phalloidin (Sigma-Aldrich), as
reported elsewhere (50). Fields were analyzed with a DMBL Leica
fluorescence microscope equipped with HCX PL Fluotar 100 × oil
objective. Representative images from three independent
experiments were captured using a DC480 camera (Leica) and
acquired by Application Suite (Leica) software (50).

Cell Cycle Analysis
HEK 293-pEGFP and HEK 293-pEGFP_hRIZ2 cells (2 × 105

cells/well) were seeded into six-well plates. After 24 h, cells were
harvested, centrifuged at 1,200 rpm for 5 min, and resuspended
in 500 ml of cell cycle buffer solution (0.1% sodium citrate, 0.1%
NP-40, RNase A, and 50 mg/ml Propidium Iodide -PI in PBS
1X). The results were acquired on fluorescence-activated cell
sorting- FACS Calibur (BD Biosciences). Each experiment was
performed in biological triplicates and values expressed as
mean ± standard deviation. Mitotic blockade was obtained
through cell treatment with 100 ng/ml nocodazole for 18 h
(Sigma-Aldrich Co.). Cell distribution in the G1, S, and G2/M
phases of the cell cycle was calculated from the resulting DNA
histogram with BD CellQuest software.

Cell cycle distribution of PI-labeled MCF-7 and MDA-MB-
231 cells was obtained by FACS analyses at 40 h from
transfection with reported concentrations of siRNA-total.
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Clonogenic Assay
HEK 293-pEGFP and HEK 293-pEGFP_hRIZ2 cells (3 × 102)
were seeded into six-well plates and cultured at 37°C for ~10 days
until cells have formed sufficiently large clones (at least 50 cells).
Fresh media were supplied every 3 days. Clones were counted
after 30 min fixing with a mixture of 6% glutaraldehyde and 0.5%
crystal violet (51). The stained colonies were photographed and
the number colonies with sizes ≥1 mm were counted using the
ImageJ software (National Institutes of Health, USA) and
expressed as mean ± S.E.M. Each assay was performed in at
least three independent experiments in triplicate.

HEK 293 Cell Viability
HEK 293-pEGFP and HEK 293-pEGFP_hRIZ2 cells (5 × 103

cells/well) were seeded into 96-well plates. Cell viability was
as se s sed by the 3- (4 ,5 -d imethy l th i azo l -2 -y l ) -2 ,5-
biphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich
Co.) at 0, 24, 48, and 72 h, as previously described (52).
Absorbance was measured at 570 nm wavelength and at 690
nm for background subtraction. To estimate cell number
through absorbance of solution, the regression lines of OD570-
690nm values on serial dilutions of HEK293 cells, both
pEGFP_RIZ2 and control cells was generated (53).

MCF-7 and MDA-MB-231 Cell Number
MCF-7 and MDA-MB-231 cells were counted by the method of
optical microscopy in the Bürker chamber. Cells interfered with
two different siRNA concentrations (35 and 50 nM) were
compared with untreated cells.

Miniaturized 3D Cultures in Extracellular
Matrix (ECM)
Miniaturized 3D cultures in Matrigel were performed as reported
(54). Briefly, cell suspension containing 3 × 104 cells was mixed
with 200 µl of Matrigel Growth Factor Reduced (GFR) Basement
Membrane Matrix (BD Biosciences) for each well and the
embedding method was used to establish organoids (55). The
mixture was seeded in 24-well plate and allowed to solidify for
45 min at 37°C, before the addition of 400 µl organoid plating
medium to each well. Organoid plating medium was made using
DMEM/F12 medium, containing 10% FBS, penicillin (100 U/
ml), streptomycin (100 U/ml), diluted GlutaMAX 100X, 10 mM
Hepes, 1M nicotinamide, 500 mM N-acetylcysteine, and 10 µM
Y-27632 (Millipore, Burlington, MA, USA). After 3 days, when
the organoid structure was visible, the organoid-plating medium
was replaced with a similar medium without N-acetylcysteine
and Y-27632. The medium was changed every 3 days. Different
fields were analyzed using DMIRB Leica (Leica) microscope
equipped with HCL PX Fluotar 40× and 63× objectives (Leica).
At the indicated times, phase-contrast and immunofluorescence
microscopy images were acquired using a DFC 450C camera
(Leica). Images are representative of three independent
experiments, each performed in duplicate. The relative
organoid size (area) was calculated using the Application Suite
Software and expressed as a fold increase over the organoid area
calculated at 3th day.
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Human Gene Expression Microarrays
Agilent Technologies SurePrint Gene Expression Microarrays
(Agilent Techologies, Santa Clara, CA, USA) were used to
profile gene expression of RNA samples. Samples were
processed according to Agilent Two-color Microarray Based
Gene Expression Analysis (Low Input Quick Amp Labeling Kit
protocol) by Agilent Spike-In Kit, according to the manufacturer’s
instructions. The Agilent Two-Color Microarray-based Gene
Expression Analysis uses Cyanine 3- and Cyanine 5-labeled
targets to measure gene expression in experimental and control
samples. Equal amounts of Cyanine 3-labeled (control samples)
and Cyanine 5-labeled (experimental samples) cRNA from
samples were simultaneously co-hybridized onto the arrayed
oligonucleotides on the same Agilent 44k Whole Human
Genome chip (Agilent Technologies, 4 × 44k format) slide at
65°C for 17 h using an Agilent Gene Expression Hybridization Kit
in Agilent’s SureHyb Hybridization Chambers (G2545A). The
hybridized microarrays were washed according to manufacturer’s
instructions, and then scanned by Agilent Feature Extraction
software (10.5, Protocol GE2_105_Dec08).

Array Data Analysis
Data were analyzed via the R packages Limma and Hdaarray, both
available in R. Specifically, Limma is an R package for the analysis
of gene expression microarray data, especially the use of linear
models for analyzing designed experiments and the assessment of
differential expression (56). Limma allows to analyze comparisons
between many RNA targets simultaneously in arbitrary
complicated designed experiments. Empirical Bayesian methods
are used to provide stable results even when the number of arrays
is small. Expression intensities were at first background corrected.
Then, they were normalized so that the intensities or log-ratios
have similar distributions across a set of arrays. A regularized
version of the T-test was then applied (57). A FRD correction for
multiplicity was applied.

GO Functional and Pathway Analyses
GO analysis is a commonly applied method for the functional
annotation of large-scale expression data. The KEGG pathways
database is a comprehensive and recognized database with a wide
range of biochemical pathways, linking genomic information
with higher-order functional information. Gene ontology and
pathway analysis were carried out using Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
v.6.7 and Reactome [(58–60); https://david.ncifcrf.gov/; https://
reactome.org/]. The list of DEGs with a more stringent level of
P < 0.01 was used to limit the input to DAVID to achieve
meaningful overrepresented data. From the obtained output,
GO FAT terms were used instead of GO ALL, because the
FAT category filters out the very broad GO terms based on a
measured specificity of each term to yield more specific terms.
Using these data, differences in biological processes (BP),
molecular function (MF), cellular component (CC) were
detected. Significant enrichment was considered when enriched
gene count ≥2, and p value <0.05. Pathways with a P < 0.05
were considered.
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Statistical Analysis
Results are reported as mean ± Standard Deviation (SD). Three
independent experiments in triplicates (n ≥ 9) were performed.
Differences between experimental groups were analyzed by the
Student’s t-test. All statistical analyses have been performed
using JMP Software purchased by Statistical Discovery SAS
Institute. Finally, differences between means were considered
significant at *p < 0.05 and particularly significant at **p < 0.01.
RESULTS

RIZ2 Overexpression in HEK-293 Cell Line
In order to investigate the RIZ2 oncogenic mechanisms of action
together with the pathways impacted, RIZ2 was overexpressed in
the normal human embryonic kidney HEK-293 cell line, both
RIZ1 and RIZ2 positive and unresponsive to estrogens. To this
purpose, we transfected HEK-293 cells with a plasmid encoding
for RIZ2 in frame with EGFP (pEGFP_hRIZ2) and with the E-
GFP empty vector (pEGFP). In this way, the balance between
RIZ1 and RIZ2 was modified in favor to RIZ2, reproducing a
condition often observed in cancer (3, 8). Quantitative assay of
the RIZ2 transcript was unfeasible because of the extensive
similarity between the two gene products, RIZ1 and RIZ2. The
RIZ2 overexpression was verified after transfection by qRT-PCR
of reverse-transcribed total cellular RNA, using two sets of
primers: 118F/438R and 649F/975R recognizing sequences on
exons 3 and 5 (exclusive of RIZ1) or on exon 8 (common to both
RIZ1 and RIZ2 and indicated as RIZtot) respectively in both
transient (data not shown) and stable transfected cells (Figure S1
and Figure 1A) (34, 39). qRT-PCR analysis revealed a highly
significant increase of RIZ2 expression levels with a decrease in
RIZ1 expression levels compared to control cells suggesting a
putative mechanism of transcription autoregulation. RIZ2
protein expression level was evaluated by Western blot analysis
with the monoclonal antibody RZ2413 (41) recognizing the
residues 960–972 of the proline rich domain (aa sequence
952–1,052) common to RIZ1 and RIZ2 forms in transient
(Figures 1B, C) and stable transfected (Figure 1D) cells. A
RIZ2 overexpression was revealed in transiently transfected cells
(Figure 1C). Western blot analysis of RIZ gene products in
pEGFP-hRIZ2 stable transfected cells, revealed a band of 162kDa
corresponding to the predictable MW from the primary
sequence of RIZ2 (http://www.ensembl.org/index.html) that is
weaker than observed in transient transfection (Figure 1D).
Additionally, the WB analysis showed specific immunoreactive
bands migrating at 110–90 kDa, likely resulting from processing
events, as previously reported (11) (Figures 1C, D). Altogether,
both qRT-PCR and Western blot analysis confirmed RIZ2
overexpression. As expected, fluorescence microscopy analysis
revealed that RIZ2 was predominantly localized in the nucleus
(Figure 1E). Furthermore, HEK-293 cells overexpressing RIZ2
showed an increased content of thickened F-actin on the
periphery of the cells with pronounced membrane protrusions,
such as filopodia and lamellipodia (Figure 1E). These findings
indicate that RIZ2 overexpression induces cytoskeleton changes.
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Gene Ontology and Pathway Enrichment
Analyses
In order to evaluate the effects of RIZ2 overexpression on gene
expression, a pilot expression study was performed through
microarrays analysis. We compared the differential gene expression
between HEK-293 cells overexpressing RIZ2 (pEGFP_hRIZ2) versus
control cells transfected with the E-GFP empty vector (pEGFP). The
obtained data have been deposited in NCBI’s Gene Expression
Omnibus (61) and are accessible through GEO Series accession
number GSE150031 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE150031). Differentially expressed genes (DEGs) were
initially selected on the basis of an adjusted P-value <0.05 (2520
DEGs). Given the huge number of DEGs obtained, a more stringent
level of P < 0.01 was applied to generate the list of differentially
expressed probe sets used for functional categorization through gene
ontology (GO) overrepresentation analysis (595 DEGs). A total of
595 DEGs were identified in pEGFP-hRIZ2 cells compared to
control cells, including 292 downregulated (49.1%) and 303
upregulated (50.9%).

The GO analysis was performed through DAVID online tool
and allowed classifying DEGs into three categories, including the
biological process, the cellular component, and the molecular
function (Figure 2A; Tables S1–S3) (https://david.ncifcrf.gov/).
As shown in Table S1, in the biological process category DEGs
were enriched in different GO function such as in macromolecular
complex assembly, cell cycle, mRNA processing, RNA splicing,
macromolecule catabolic process, intracellular transport, RNA
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processing (Table S1). In the cellular component category, the
identified DEGs were significantly associated with intracellular
organelle lumen, non-membrane-bounded organelle, membrane-
enclosed lumen, organelle lumen, nuclear lumen, mitochondrion,
cytosol, nucleoplasm, and organelle membrane (Table S2). For the
molecular function category, enrichment of DEGs was revealed in
RNA binding, structural molecule activity, transcription cofactor
activity, nucleotide binding (Table S3).

DEGs functional and signaling pathway enrichment was
performed using online websites of KEGG pathway in DAVID
online tool (https://david.ncifcrf.gov/). The upregulated genes
mainly enriched in oxidative phosphorylation (p = 5.9E-4) and
cell cycle (p = 2.3E-3) whereas the downregulated genes mainly
enriched in spliceosome signaling pathways (p = 1.1E-2) (Table S4).
Additionally, DEGs were analyzed using the “Reactome” website in
order to study and visualize pathway overrepresentation
(enrichment) and representation of expression data viewed as an
overlay on “reactome” pathways (https://reactome.org/). In this
case, pathway analysis using this database, revealed cell cycle,
metabolism, gene expression (transcription), and protein
localization as significantly enriched pathways. In particular,
several DEGs (i.e. CCNB2, CDKNC2, CDC26, PSMD10) were
overrepresented in cell cycle, mitotic phase (R-HSA-69278)
hypothesizing a possible role of RIZ2 during cell cycle progression
(Figure 2B).

Supplementary Figure S2 shows the top SP-PIR keywords of
enriched DEGs. ManyDEGs were associated with phosphoprotein
A

B D

E

C

FIGURE 1 | RIZ2 overexpression in HEK-293 cell line. (A) Histograms represent the relative expression level of RIZ1 and RIZtot by qRT-PCR analysis using two sets
of primers: 118F/438R recognizing sequences on exons 3 and 5 (exclusive of RIZ1) and 649F/975R recognizing a C-terminal region common to both RIZ1 and RIZ2
and indicated as RIZtot. The relative expression level is indicated as fold changes from HEK 293-pEGFP cells. Data were obtained from three independent
experiments and expressed as mean ± SD. **p < 0.01 and *p < 0.0005 for RIZ1 or RIZtot versus control. (B) A representative Coomassie brilliant blue (BBC) stained
gel. (C, D) Representative western blot analyses of total cell lysates from HEK-293 cells transiently (C) or stable (D) transfected with pEGFP or pEGFP_hRIZ2.
Antibodies against RIZ (RZ2413) and EGFP were used in western blotting analysis. Sample 1, empty vector; sample 2, HEK 293-pEGFP_hRIZ2; sample 3, pEGFP-
hRIZaa923-COOH; sample 4, pEGFP). (E) Immunofluorescence analysis of GFP (left panel) and F-actin (lower section, middle panel) in HEK 293-pEGFP and HEK
293-pEGFP_hRIZ2. Nuclei are stained in blue (upper section, middle panel). Merged images are shown in the right panels. The images shown are representative of
three independent experiments. Images were captured using a DC480 camera (Leica) and acquired by Application Suite (Leica) software.
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(46.1%; p = 2.1E-9), alternative splicing (40.7%; p = 5.7E-3),
nucleus (29.8%; p = 4.3E-8), acetylation (26.4%; p = 5.5E-20,
and cytoplasm (20.2%; p = 3.2E-3) (Table S4).

Effects of RIZ2 Overexpression on
HEK-293 Cell Viability and Cell Cycle
Progression
In order to investigate the role of RIZ2 in the control of cell
viability and survival, colorimetric MTT assay was performed in
HEK-293 cells stable transfected with pEGFP_hRIZ2 or with
pEGFP control vector after 24, 48, and 72 h. The number of HEK
293-pEGFP_hRIZ2 cells at 24, 48, and 72 h was greater than
HEK 293-pEGFP (Figure 3A). As shown in Figure 3B, RIZ2
overexpressing cells exhibited a significant increase in cell
viability, as compared with the control cells at 48 and 72 h.

The biological effect of RIZ2 overexpression on cell cycle
progression was evaluated through FACS analysis using HEK-
293 stable overexpressing pEGFP_hRIZ2 or pEGFP vectors.
pEGFP_hRIZ2 clones showed a decrease of cell percentages in
G1 and G2/M phases (G1, 38,79 vs 47,73%; G2/M 12,10 vs
20,54%) as well as an increase of cell percentages in S phase
(49,12 vs 31,73%; Figure 3C), as compared to the control cells. To
better discriminate the observed effects, cells were synchronized
with nocodazole treatment for 16 h (Supplementary Figure S3).
Three hours after nocodazole release, cells were recovered, and cell
cycle analysis was done. After synchronization, FACS analysis
confirmed the decrease of cells in G2 phase (25,52 vs 34,45%) and
the increase of cells in S phase (44,21 vs 31,20%). No significant
effects were observed in G1 phase. Altogether, these data indicate
that RIZ2 could promote the G2-to-M phase transition.

To deeper assess the role of RIZ2 in tumorigenesis, we also
analyzed the ability of HEK-293 cells stable overexpressing
pEGFP_hRIZ2 or the pEGFP control vector to form colonies. To
this purpose, HEK-293 stable transfected cells were seeded at low
density in six-well plates. Ten days later colonies were counted, and
their cellularity was evaluated by phase-contrast microscopy.
Overexpression of RIZ2 induced the formation of a markedly
higher number of colonies than the control cells (**P < 0.0001
versus empty vector; *P < 0.001 versus empty vector) (Figure 3D).

In summary, these data suggest that RIZ2 may exert a
promoting role in cell cycle progression and tumor formation.

RIZ2 Overexpression Increases HEK-293
3D-Organoid Growth
3D cell culture systems are mini organ-like structures capable of
self-renewal and self-organization, which closely recapitulate the
in vivo microenvironment as well as the molecular and genetic
signature of tissues or organs of origin (62).

To develop cell culture models resuming cancer tissues and to
reproduce the complex in vivo architecture, 3D organoids were
established. Phase-contrast and immunofluorescence images at 3
days revealed a 3D structure in both pEGFP (Figure 4A) and
pEGFP overexpressing RIZ2 HEK-293 cells (Figure 4B) cultured
in Matrigel. Both cell types generated roundish and well-
differentiated organoids. Changes in dimension and structure
of organoids were then monitored for additional 15 days. Phase-
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contrast and immunofluorescence microscopy images at 10th day
were captured and shown (Figures 4A, B). Quantification of data
was also done, and the graphs in Figures 4C, D show that pEGFP
organoid size was increased by about 2- and 2,5-fold after 10 and
15 days, respectively. Interestingly, we observed a significant (p <
0.05) increase (about 7,5- and 9-fold at 10 and 15 days,
respectively) in the size of pEGFP hRIZ2-derived organoids
(Figures 4C, D).

In conclusion, these findings demonstrate for the first time a
role for RIZ2 in the growth of HEK293-derived organoids.

RIZ Silencing in MCF-7 and MDA-MB-231
Cell Lines
Based on our findings on the dual role of PRDM2 products in the
control of cell proliferation and survival in MCF-7 cell line (39),
we aimed at clarifying whether the effects previously observed in
MCF-7 cells are merely due to RIZ1 silencing or the resulting
imbalance in favor of RIZ2.

To this purpose, a RIZtot mRNA interference experiment was
set up in MCF-7 and MDA-MB-231 breast cancer cell lines with a
siRNA spanning a sequence coding for a region common to both
RIZ1 and RIZ2 gene products (aa 333–340 of RIZ1 protein or aa
132–139 of RIZ2 protein), indicated as siRNA-total (see also Figure
S1). The siRNAwas designed taking into account the principles able
to ensure efficiency and specificity of target gene knockdown (63–
65). Specifically, the selected siRNA-total sequence is near to the
ATG initiation codon for the RIZ2 protein and not able to
efficaciously interfere the RIZ1 product, whose ATG start codon
is localized at about 1,000 nucleotides upstream (65). Thus, siRNA-
total interference resulted much more efficient towards RIZ2 than
RIZ1 transcripts. Different concentrations of siRNA-total (20, 25,
35, and 50 nM) were initially used. MCF-7 and MDA-MB-231 cells
are ERa- positive and negative respectively, with the first expressing
both RIZ1 and RIZ2, while the latter expressing very low levels of
RIZ1 but substantial levels of RIZ2 (11) (Figures 5A, B, and
Supplementary Figure S4). Transfection of MCF-7 cells with the
various concentrations of siRNA-total produced an increase in the
amounts of total transcripts, as evidenced from the analysis of
the RT-PCR amplified fragments with primers complementary to
sequences common to RIZ1 and RIZ2, including exon 8 (Figure
5A). The analysis of the same RNAs with primers complementary
to a RIZ1-specific sequence including exons 3, 4, and 5, showed also
an increase of the RIZ1-specific amplicon in the cells treated with
the different concentrations of siRNA-total (Figure 5A). These
findings suggest that RIZ1 transcript is upregulated in RIZtot
MCF-7 interfered cells. Thus, this silencing modified the balance
between RIZ1 and RIZ2 in favor to RIZ1, suggesting that the ratio
between RIZ1 and RIZ2 is pivotal and the two molecular variants
regulate each other (Figure 5C). Besides, transfection of MDA-
MB-231 cells, expressing very low level of RIZ1, with increasing
concentrations of the same siRNAs produced a decrease in the
amount of total RIZ products and a concomitant decrease in RIZ1
expression level (Figures 5B, D).

We next analyzed the effect of the imbalance of RIZ2/RIZ1 ratio
on cell viability. For this purpose, we used 35 and 50 nM of siRNA-
total to silence RIZ2 in both cell lines. RIZtot silencing produced a
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significant decrease of MCF-7 and MDA-MB-231 cell numbers, as
compared to control cells (Figures 5E, F). Additionally, cell cycle
analysis indicated an increase of SubG1 phase in interfered cells over
the control, suggesting an increase of the cells undergoing apoptosis
especially when we used siRNA-total 50 nM; besides, a reduction of
S-G2 was detected (Figures 5G, H).
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We then analyzed also the protein levels of RIZ1 (Figures 5I–L).
Results observed by RT-PCR analysis were confirmed by western
blot technique. In MCF-7 cells, a sharp increase in the RIZ1
expression level was observed at the different concentrations of
siRNA used (Figures 5I–L). In MDA-MB-231, instead, RIZtot
silencing reduced the RIZ1 expression level. In this context,
A B

D

C

FIGURE 3 | Effects of RIZ2 overexpression on HEK-293 cell Viability and cell cycle progression (A, B) Effect of RIZ2 overexpression on HEK-293 cell viability by
MTT assay. (A) HEK-293 cells stable transfected with pEGFP_hRIZ2 or with pEGFP alone, as control, were cultured for 24, 48, and 72 h. Graph represents the
extrapolated cell number at the different time points. (B) HEK-293 cells stable transfected with pEGFP_hRIZ2 or with pEGFP alone, as control, were cultured for 24,
48, and 72 h. Graph represents the cell viability, expressed as fold increase over the basal. Three independent experiments were done. Means and standard error of
the means (SEMs) are shown. *p < 0.005 for the indicated experimental points vs. the corresponding untreated control. (C) Effects of pEGFP_hRIZ2 overexpression
on HEK293 cell cycle regulation. Histogram Plots of cell cycle distribution (left) and cell cycle analysis (right) are illustrated. Graphs show the mean of at least three
independent experiments with error bars indicating standard deviation. Values are mean ± standard deviation (SD) of biological triplicates. ****p-value ≤ 0.0001, ***p-
value ≤ 0.001, **p-value ≤ 0.01, *p-value ≤ 0.05, ns p-value > 0.05 vs. pEGFP control cells. (D) Representative image of clonogenic assay. Ten days after seeding,
clones were counted, and their cellularity was evaluated by phase contrast microscopy. The histogram represents the average number of colonies of at least three
independent experiments, each performed in triplicate (**P < 0.0001 vs. empty vector); on the right the fold change in colony number formation between
pEGFP_hRIZ2 cells and pEGFP control cells (*P < 0.001 vs. empty vector).
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a reduction of cyclin B1 expression level was shown in both siRNA
transfected cell lines (Figures 5I–L).
DISCUSSION

PRDM2, a member of the PRDM family, is involved in the
proliferation and apoptosis control and acts in the transcriptional
regulation of genes encoding for proteins implicated in development,
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cell cycle progression and cell adhesion. Several evidences have
suggested that an imbalance in the expression levels of PRDM2
main proteins, RIZ1 and RIZ2, could be relevant for neoplastic
transformation (3, 8, 10). However, the underlying molecular
mechanisms and the related cellular pathways are still unclear.
RIZ1 functions have been extensively investigated (21, 36). In
many reports, genetic evidence from tumor samples and cancer
cell lines indicates that RIZ1 is a putative tumor suppressor gene (3).
In addition, its ectopic expression is able to induce cell growth
A

B

DC

FIGURE 4 | RIZ2 overexpression Increases HEK-293 3D-Organoid Growth. In (A) HEK-293 cells stable transfected with pEGFP were used in miniaturized 3D
cultures in extracellular matrix (ECM). In (B) HEK-293 cells stable transfected with pEGFP_hRIZ2 were used in miniaturized 3D cultures in ECM. In (A, B), at the
indicated times, phase-contrast- (left panels), immunofluorescence- (middle panels), and merged (right panels) microscopy images were captured using DMIRB Leica
(Leica) microscope equipped with C-Plan 40× objective (Leica) and acquired using a DFC 450C camera (Leica). Scale bar, 100 µ. Images are representative of three
independent experiments, each performed in duplicate. (C, D) Graphs represent the relative organoid size (area), which was calculated using the Application Suite
Software and expressed as a relative fold increase over the organoid area calculated at 3th day. Means and standard error of the means (SEMs) are shown. *p <
0.05 for the indicated pEGFP_hRIZ2 HEK-293 cells vs. the corresponding pEGFP HEK-293 control cells.
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blockade and apoptosis in a variety of cancer cell lines (15, 33).
Genetic or epigenetic modifications of the PRDM2/RIZ
gene observed in human cancers lead to silencing of RIZ1
expression (12, 16, 22, 66), while, in contrast, they do not affect
RIZ2 expression level. These findings suggest a positive selection for
RIZ2 expression that could be related to its promotion of cell
proliferation (15). Over the past decades, few studies have focused
on RIZ2 biological activity. Themain experimental pitfalls are related
to the sequence identity of RIZ2 and RIZ1. Firstly, RT-PCR analysis
is not able to evaluate the RIZ2 expression level but only the sum of
RIZ1 and RIZ2 expression levels. Finally, the commonly used and
commercially available antibodies raised against the common C-
terminal domain do not enable the unique identification of RIZ2. As
such, the inability to specifically detect RIZ2 has obviously hindered
the study of its functional roles. In addition, in accordance with
previously published experiments, pEGFP_hRIZ2 stable transfected
HEK-293 cells showed a weaker RIZ2 specific product expression,
than observed in transient transfection, accompanied by processed
proteins of ≅110–90 kDa, which have a similar MW to the main
product of a plasmid construct with RIZ insert starting from aa 923
to the carboxylic terminal aa 1682 (RIZ isoform 2) and bands with a
lower mass. Similarly, Western blotting analysis of nuclear fraction
revealed this band pattern that increased in estradiol time course
MCF-7 treatment (11). To overcome these challenges, there is the
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need to discover peculiar features of RIZ2 and develop newmethods
for its identification. In the present study, we explored for the first
time the role of RIZ2 by its forced expression in HEK-293 cells,
which express equal amount of RIZ1 and RIZ2 proteins.
Interestingly, this ectopic expression was able to increase cell
viability and had a growth-prompting effect. Additionally, the
forced expression of RIZ2 caused the deregulation of several genes
involved in mitosis, including the overexpression of genes coding for
Cyclin B and for some subunits of the Anaphase-Promoting
Complex/Cyclosome (APC/C), which are often dysregulated
during tumorigenesis (67). Accordingly, cell cycle analysis showed
that RIZ2 could facilitate the G2-to-M phase transition. Altogether,
these findings suggest that the imbalance in the amount of PRDM2
products in favor of RIZ2modifies the expression pattern of PRDM2
target genes involved in the promotion of cell division. Moreover,
our data indicated also that RIZ2 over-expression induced the
increase in the size of organoids. Organoid culture is largely
accepted to study stem cells, organ development and patient-
specific diseases (62). Noteworthy, the role of RIZ2 on organoid
growth has not been reported so far. Additionally, in our study, we
set up, for the first time, specific conditions to perform organoid
culture of HEK 293 cells.We found that organoids were formed after
3-days of culture in Matrigel and that RIZ2 overexpression
significantly enhanced their growth already after 10 days of culture
A B D
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FIGURE 5 | RIZ2 silencing in MCF-7 and MDA-MB-231 cell line. (A, B) Relative expression by semi-quantitative RT-PCR of RIZtot transcripts in cells interfered with
different concentrations of siRNA-total (20, 25, 35, and 50 nM). (C, D) Histograms representing the variation of RIZ2/RIZ1 ratio are shown. (E, F) Cell counts in cells
interfered with two different concentrations (35 and 50 nM) compared with untreated cells (*p < 0.05 and **p < 0.01). (G, H) Cell cycle distribution of PI-labeled cells
by FACS analyses at 40 h from transfection with reported concentrations of siRNA-total. (I–L) Representative Western blot analysis of total interfered cell extracts
with the indicated antibodies and the relative densitometry analysis.
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if compared with pEGFP HEK293-derived organoids, used as
controls. Provided that 3D models recapitulate more reliably the
features of human cancers, these data address useful information
about the role of RIZ2 in tumorigenesis that might be transferred to
clinical practice and drug screening. In these cells, RIZ2 increase was
also accompanied by a concomitant decrease of RIZ1 transcription.
Thus, RIZ2 could exert also its oncogenic functions by impairing
other mechanisms involving the methyltransferase activity of RIZ1,
such as DSB repair (3, 28).

Our previous investigation demonstrated that RIZ1 is able to
negatively control breast cancer cell proliferation, confirming its role
as tumor suppressor gene. In addition, it is well known that in
estrogen-responsive cells and target tissues, estradiol is able to
modulate the expression of RIZ isoforms by inducing a change in
the balance of their intracellular concentrations (38). Indeed,
selective RIZ1 silencing increased the number of MCF-7 cells
undergoing cell division with an effect on the growth rate similar
to the estradiol outcome (39). Therefore, this set of experiments did
not reveal if the observed effect on cell proliferation was merely due
to RIZ1 silencing or to the imbalance in favor of RIZ2. Here, the
RIZtot silencing in MCF-7 cells and the consequent reduction of
RIZ2/RIZ1 ratio determined a reduction of cell proliferation and an
increase of cells number undergoing apoptosis, suggesting that the
previously observed behavior was related to the imbalance in favor
of RIZ2. MCF-7 cells are estrogen-responsive and express both
RIZ1 and RIZ2. Moreover, RIZ2 silencing produced similar effects
also in MDA-MB-231 cells, which express RIZ1 at very low levels
and are unresponsive to estradiol. In this context, we observed a
sharp decrease of cell number, with a concomitant change in cell
cycle distribution.

Overall, these findings add new insights to the understanding of
the putative mechanism of the tumor-promoting function of RIZ2.
The presented results indicate that RIZ2 exerts a tumor-promoting
function, most likely through the transcriptional regulation of genes
involved in cell cycle progression. Although several candidate genes
have been extrapolated by our microarray studies, the detailed genes
still need to be confirmed by further analyses on stable clones. Our
results strongly suggest that RIZ2 is a promising candidate
oncogene in cancer development; however, additional attempts
to discover cell partners interacting with RIZ2 are warranted
to elucidate how the deregulation of RIZ2 prompts cell
growth, survival, and organoid formation. Indeed, most of these
proteins are still undefined. Progresses in mass spectrometry
instrumentation and computational tools allow the identification
of high-confidence interaction proteomes of numerous biologically
relevant protein groups refining our knowledge of protein
interaction networks and functions (68). In this context, a whole
transcriptome analysis through next-generation sequencing
technologies, accompanied by proteomic studies may be useful to
define all the RIZ2 target genes, thus obtaining a landscape of genes
and pathways involved in its tumor-promoting action (69). Thus,
the study of transcriptome and RIZ2 interaction proteome could
represent a crucial step to elucidate molecular bases of its function.
Besides, the integration of genomic and proteomic analyses could be
relevant to solve additional open questions in this topic. As
mentioned, an altered ratio of RIZ2/RIZ1 isoforms could be
determined also through DNA methylation of RIZ1 promoter
Frontiers in Oncology | www.frontiersin.org 12104
CpG island; in this scenario, we could hypothesize that this
methylation event might interfere with the binding of CCTC-
binding factor (CTCF). The functions of this transcription factor
are related to the recognition and binding of a preferentially
unmethylated CpG-rich consensus sequence within several
genomic sites, with a strong correlation between its global
occupancy and DNA methylation (68, 70, 71). Although previous
studies showed that CTCF binding could regulate DNA
methylation, recently it has been indicated that also DNA
methylation can direct CTCF binding (72, 73). Interestingly,
chromatin immunoprecipitation sequencing (ChIP-seq) data
suggested that CTCF might bind also the PRDM2 promoter (70).
Thus, this method could be applied also to determine the degree to
which CTCF occupancy could be actively inhibited via DNA
methylation. Finally, CTCF could also function as interaction
partner of RIZ1 and/or RIZ2 proteins, as previously demonstrated
for Prdm5 in mouse embryonic stem cells by high-throughput
technologies (74).

Although this study is still preliminary and no clinical-derived
samples were analyzed, our results could have a clinical significance.
Indeed, we have shown that RIZ2 overexpression caused the
deregulation of several genes involved in mitosis. Significantly,
many of these genes are deregulated in cancer and/or have been
suggested as potential cancer therapeutic targets (67). For instance,
based on the Cancer Genome Atlas data, CCNB2 is upregulated in
advanced tumor stage and correlates with poor prognosis in breast
cancer (75); also, PSMD10 is upregulated in various cancers and the
use of agents directed against its protein product gankyrin has been
recently indicated as a promising cancer therapeutic and preventive
strategy (76). Likewise, aberrant increases of APC10 and APC11
proteins, which are two subunits of the APC/C encoded by
ANAPC10 and ANAPC11 genes, have been recently evidenced in
non-small cell lung and colorectal cancer tissues (77, 78);
interestingly, inhibitors of APC/C activity are currently under
investigation (67).

In summary, this study provides evidence that RIZ2
overexpression fosters viability, cell cycle progression, and
organoid formation. Taken together, our findings indicate that
RIZ2 upregulation may contribute to tumor promotion,
supporting the hypothetical oncogenic role of this PRDM2
protein isoform. Further investigations are required to explore
the RIZ2 molecular mechanisms of action in cancer and discover
cell partners interacting with RIZ2. Understanding the RIZ2
functions and interacting partners would provide new hints in
the discovery of diagnostic and therapeutic strategies in human
cancers. Obviously, studies analyzing the overexpression of RIZ2
isoform in tumor specimens are needed; furthermore, integrated
analysis would be also useful to elucidate its impact on the
deregulation of genes involved in mitosis.
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Formation of glioma stem cells (GSCs) is considered as one of the main reasons

of temozolomide (TMZ) resistance in glioma patients. Recent studies have shown

that tumor microenvironment-derived signals could promote GSCs formation. But the

critical molecule and underlying mechanism for GSCs formation after TMZ treatment

is not entirely identified. Our study showed that TMZ treatment promoted GSCs

formation by glioma cells; TMZ treatment of biopsy-derived glioblastoma multiforme cells

upregulated HMGB1; HMGB1 altered gene expression profile of glioma cells with respect

to mRNA, lncRNA and miRNA. Furthermore, our results showed that TMZ-induced

HMGB1 increased the formation of GSCs and when HMGB1 was downregulated,

TMZ-mediated GSCs formation was attenuated. Finally, we showed that the effect of

HMGB1 on glioma cells was mediated by TLR2, which activated Wnt/β-catenin signaling

to promote GSCs. Mechanistically, we found that HMGB1 upregulated NEAT1, which

was responsible for Wnt/β-catenin activation. In conclusion, TMZ treatment upregulates

HMGB1, which promotes the formation of GSCs via the TLR2/NEAT1/Wnt pathway.

Blocking HMGB1-mediated GSCs formation could serve as a potential therapeutic target

for preventing TMZ resistance in GBM patients.

Keywords: high mobility group box 1, glioma stem cell, TLR2, Wnt, NEAT1, temozolomide

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common primary brain tumor with the average
survival of only about 15 months in patients receiving appropriate treatment (Stupp et al., 2005,
2009). The recognized treatment at present is surgical resection followed by adjuvant therapies
such as radiotherapy and chemotherapy (Stupp et al., 2005). Temozolomide (TMZ) is one of the
few medicines with a proven efficiency against GBM by inducing tumor cell death via methylating
DNA (Ma et al., 2016). However, TMZ treatment also results in drug resistance, contributing
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to unsatisfactory prognosis for glioma patients. The mechanism
of TMZ resistance reported so far is related to the heterogeneity
of glioma cells, upregulation of O6-methylguanine DNA
methyltransferase (MGMT), DNA repair, and signal transducer
and activator of transcription 3 (STAT3) (Pajonk et al., 2010;
Happold et al., 2012; Kohsaka et al., 2012).

Cancer stem-like cells (CSCs) are cancer cells that possess
certain degree of stemness, including the ability to self-renew,
proliferate, differentiate into more “mature” tumor cells with
differentiated properties, and initiate tumorigenic process at
high efficiency (Clarke, 2005; Batlle and Clevers, 2017). An
important characteristic of CSCs is resistance to radiotherapy
and chemotherapy (Olivares-Urbano et al., 2020; Sun et al.,
2020; Walcher et al., 2020). Multiple studies have confirmed the
existence of CSCs, or glioma stem cells (GSCs), in GBM (Lathia
et al., 2015; Hira et al., 2018; Ma et al., 2018). GSCs constitute
a rare cell subpopulation with stem cell characteristics in GBM,
which are highly similar to neural stem cells (Ignatova et al., 2002;
Singh et al., 2003). There is a consensus that GSCs are the main
cause of tumor recurrence after chemotherapy with TMZ (Jiapaer
et al., 2018). In addition, studies have reported that metabolites
and cytokines secreted by tumor cells can regulate the tumor-
initiating ability of GSCs and thus mediate resistance to TMZ
(Calabrese et al., 2007; Li et al., 2009). However, the potential
mechanism of GSCs formation and resistance to TMZ remains
to be elucidated.

At present, the origin of CSCs is not yet fully understood.
Recent studies have shown that tumor microenvironment
(TME), which is composed of immune cells, perivascular cells,
fibroblasts and factors secreted by these cells, can provide
extracellular signals for the generation and maintenance of
CSCs (Dzobo et al., 2020). It was recently reported that
chemotherapy could cause immunogenic cell death (ICD)
of tumor cells, which release damage-associated molecular
patterns (DAMPs) into TME (Inoue and Tani, 2014). Secreted
DAMPs as a result of ICD include high-mobility group box 1
(HMGB1), adenosine triphosphate (ATP), heat-shock proteins
and calreticulin. HMGB1 is a highly conserved protein and
expressed in many cell types (Sims et al., 2010). In the
extracellular environment, HMGB1 can exert various biological
functions by binding to high-affinity receptors including Toll-like
receptor (TLR) 2, TLR4, TLR9, and the receptor for advanced
glycation end-products (RAGE) (Angelopoulou et al., 2016).
Additionally, HMGB1 derived from tumor cells or TME could
promote the CSCs phenotype in lung, colon, pancreatic cancer
cells (Zhao et al., 2017; Qian et al., 2019; Zhang et al., 2019).
HMGB1 has also been reported to be upregulated in GBM and
played a significant role in proliferation, apoptosis, migration,
and invasion of GBM (Wang X. et al., 2015; Angelopoulou
et al., 2016). Our recent study has shown that HMGB1 could
promote the GSCs phenotype. However, the biological effects
of HMGB1 on GSCs have not been studied in detail. In
this study, we show that TMZ treatment upregulates HMGB1
in GBM cells in vitro. HMGB1 mediates the effect of TMZ
in inducing the formation of GSCs via TLR2/NEAT1/Wnt/β-
catenin signaling, thus might promote the resistance to TMZ in
GBM patients.

MATERIALS AND METHODS

Culture of Biopsy-Derived GBM Cells
Culture of biopsy-derived GBM cells has been described
previously (Zang et al., 2020). Tumor tissues were collected from
GBM patients accepting neurosurgery at Xijing Hospital, with
signed informed consent and approved by the Ethics Committee
of Xijing Hospital for use of human samples. Tumor tissues were
dispersed and cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (1:1) (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen) and 1% penicillin–
streptomycin solution. Cells were cultured for three passages and
then frozen for further use. To culture GSCs, GBM cells were
seeded in low adhesion plates (Corning Inc., Corning, NY) and
cultured under the neurosphere condition in DMEM/F12 with
20 ng/mL epidermal growth factor (EGF, Peprotech, Rocky Hill,
NJ), 10 ng/mL basic fibroblast growth factor (bFGF, Peprotech),
B27 (1:50, Invitrogen), N2 (1:100, Invitrogen) and 1% penicillin–
streptomycin solution for 7 days, and the number and size
of tumor spheres were quantified. For re-plating, spheres were
dispersed by Accutase (Invitrogen), counted, and cultured as
above for 7 days. For differentiation, spheres were dissociated by
Accutase into single cells and cultured in DMEM/F12 median
supplemented with 10% FBS for 5 days. Cells were treated with
TMZ (300µM, MedChem Express, Monmouth Junction, NJ)
for 48 h. In other cases, cells were treated with recombinant
human HMGB1 (rhHMGB1, R&D Systems, Minneapolis, MN)
at different concentrations (0, 200, 400, 600, 800, 1,000 ng/ml) for
48 h.

Transfection of Cells With siRNA
siRNA against targeted genes and negative control siRNA
(siCtrl) were designed and synthesized by RiboBio (Guangzhou,
China). GBM cells were transfected with 10 nM of siRNA
using Lipofectamine 2000 (Life Technologies) following the
manufacturer’s protocol. Cells were re-plated for tumor sphere
assay 48 h after the transfection, or for RNA and protein
extraction. The sequences of the siRNA used are listed as
followed: HMGB1-siRNA1, 5′- GAGGCCUCCUUCGGCCUUC
and 5′- GAAGGCCGAAGGAGGCCUC; HMGB1-siRNA2, 5′-
GUUGGUUCUAGCGCAGUUU and 5′- AAACUGCGCUAGA
ACCAAC; TLR2-siRNA1, 5′-GCCCUCUCUACAAACUUU
ATT and 5′-UAAAGUUUGUAGAGAGGGCTT; TLR2-siRNA2,
5′-GCCUUGACCUGUCCAACAATT and 5′-UUGUUGGA
CAGGUCAAGGCTT; β-catenin-siRNA1, 5′- GACUACCAGU
UGUGGUUAA and 5′- UUAACCACAACUGGUAGUC; β-
catenin-siRNA2, 5′- GAUGGACAGUAUGCAAUGA and 5′-
UCAUUGCAUAC; NEAT1-siRNA1, 5′- CGUCAGACUUGCAU
ACGCA and 5′- UGCGUAUGCAAGUCUGACG; NEAT1-
siRNA2, 5′- GACCACUUAAGACGAGAUU and 5′- AAUC
UCGUCUUAAGUGGUC.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) for 10min
and blocked with 1% bovine serum albumin (BSA) for 30min.
Rabbit anti-HMGB1 (1:500, Abcam, Cambridge, UK), mouse
anti-MAP2 (1:1,000, Sigma, St. Louis, MO), rabbit anti-GFAP
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(1:500, Sigma) and mouse anti-O4 (1:100, Sigma) were used
as primary antibodies. Secondary antibodies included Cy2-
conjugated donkey anti-mouse (1:500) and Cy2-conjugated
donkey anti-rabbit (1:500, Jackson ImmunoResearch, West
Grove, PA). Samples were examined under a fluorescence
microscope (FV-100, Olympus, Japan).

Flow Cytometry
Primary GBM cells were isolated and incubated with a PE anti-
human CD133 (1:50, Biolegend, San Diego, CA) for 30min at
4◦C in dark. Then cells were analyzed by FACS using a FACS
CaliburTM flow cytometer (BD Immunocytometry Systems,
USA). Dead cells were excluded by propidium iodide (PI)
staining. The acquired data were analyzed with FlowJo vX.0.6
software (Tree Star Inc., Ashland, OR).

Enzyme-Linked Immunosorbent Assay
(ELISA)
HMGB1 in culture supernatants was determined with an
ELISA kit (Chondrex, Redmond, WA) according to the
manufacturer’s instructions.

RNA-Sequencing (RNA-seq)
RNA-seq and data analyses were provided by commercial
services (Gene Denovo Biotechnology, Guangzhou, China).
RNA was extracted using the Trizol reagent (Thermo Fisher,
Waltham, MA) and rRNA was removed. RNA samples were
fragmented into appropriate short fragments, followed by
reverse transcription with random hexamers, and second-
strand cDNA synthesis. The cDNA fragments were purified
with QiaQuick PCR extraction kit (Qiagen, Duesseldorf,
Germany), end-repaired, and ligated to adapters. The uracil-
N-glycosylase (UNG) was used to degrade the second-strand
cDNA. The digested products were size-selected by agarose
gel electrophoresis, PCR-amplified, and sequenced on Illumina
HiSeq 3000 platform. Raw data of RNA-seq reported in this paper
have been deposited in the Genome Sequence Archive in BIG
Data Center (Beijing) under the accession number CRA003319,
which is publicly accessible at https://bigd.big.ac.cn/gsa/.

For miRNA sequencing, RNA fragments of 18–30 nucleotides
in length were enriched by polyacrylamide gel electrophoresis
(PAGE). After adding 3’ and 5’ adapters, samples were subjected
to RT-PCR, and PCR products with 140–160 bp size were
enriched to generate a cDNA library and sequenced using
Illumina Xten. Data analysis was performed using the OmicShare
tools at www.omicshare.com/tools. The raw miRNA sequencing
data generated from this study have been deposited in NCBI
GEO (https://www.ncbi.nlm.nih.gov/geo) under the accession
number GSE163504.

Bioinformatics
mRNA expression data of GBM were downloaded from The
Cancer Genome Atlas (TCGA, n = 162, http://xena.ucsc.edu/
getting-started/) and the Chinese Glioma Genome Atlas (CGGA,
n = 388, http://www.cgga.org.cn) databases. Statistical analyses
were performed using Pearson’s correlation analysis. Gene set

enrichment analysis (GSEA) was performed using GSEA v2.0
software (Broad Institute of MIT, MIT).

Quantitative Reverse
Transcription-Polymerase Chain Reaction
(qRT-PCR)
Total RNA was extracted using the TRIzol reagent. For mRNA
analysis, cDNA was synthesized from 2 µg total RNA using
PrimeScrip RT reagent kit (TaKaRa Biotechnology, Dalian,
China). Quantitative PCR was performed on Applied Biosystems
7500 Real-time PCR system using a SYBR Premix Ex Taq Kit
(Takara), with β-actin as a reference control. Primers are listed
in Supplementary Table 1.

Western Blotting
Cells were lysed using the radio immunoprecipitation assay
(RIPA) buffer (Beyotime, Shanghai, China) containing 10mM
phenylmethanesulfonyl fluoride (PMSF). Protein samples were
separated by sodium dodecyl sulfate-12% polyacrylamide gel
(SDS-PAGE) electrophoresis, and electro-transferred onto
polyvinyl difluoride (PVDF) membranes (Millipore, Billerica,
MA). Membranes were blocked with 5% skim milk for 1 h, and
incubated with primary antibody at 4◦C overnight followed by
secondary antibody for 1 h at room temperature. Membranes
were developed with enhanced chemiluminescence (ECL,
Thermo Fisher) and detected using ChemiDoc Touch Imaging
System (BioRad). Antibodies included β-actin (1:2,000, Santa
Cruz Biotechnology), HMGB1 (1:1,000, Abcam), CD133
(1:1,000, Abcam), SOX2 (1:1,000, Abcam), OCT4 (1:1,000,
Abcam), NANOG (1:1,000, Abcam), TLR2 (1:1,000, CST, Boston,
MA), p-GSK-3β (1:1,000, CST), β-catenin (1:1,000, CST),
c-MYC (1:1,000, SAB), HRP-conjugated goat anti-rabbit IgG
(Genshare, Xian, China) and HRP-conjugated goat anti-mouse
IgG (Genshare).

Subcutaneous Patient-Derived GBM
Xenograft Model
All experiments involving mice were approved by the Animal
Experiment Administration Committee of the Fourth Military
Medical University. 5 × 106 patient-derived GBM cells
suspended in 100 µL PBS were inoculated subcutaneously into
the right forelimb interior root of BABL/c-A nude mice (female)
at 4 weeks of age. About 7–8 days after cell implantation, the
mice bearing tumor around 50 mm3 were randomly divided
into a control group, glycyrrhizin group, TMZ group or TMZ +

glycyrrhizin group. Mice in the control group received equivalent
drug vehicle (dimethyl sulfoxide, DMSO), mice in glycyrrhizin
group received 10 mg/kg glycyrrhizin (SelleckChem, Houston
TX, USA) five times per week for 2 weeks (intraperitioneal
injection, i.p.), mice in TMZ group received 5 mg/kg TMZ five
times per week for 3 weeks (i.p.), andmice in TMZ+ glycyrrhizin
group received 10 mg/kg glycyrrhizin five times per week for 2
weeks and also 5 mg/kg TMZ five times per week for 3 weeks
(i.p.). Tumor volume was measured every 3 days with a caliper
and calculated using the formula tumor volume (mm3)= (length
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×width2) /2. About 24 days after the first treatment, all mice were
euthanized and the tumor were carefully removed, weighed.

Statistics
All the statistical analyses were performed with Graph Pad Prism
7.0 software. The unpaired and two-tailed Student’s t-test was
used to determine the statistical significance between groups. All
data were shown as the mean± standard error of mean (SEM). P
< 0.05 was considered statistically significant.

RESULTS

TMZ Treatment Promote GSCs Formation
in Culture
To assess the effects of TMZ on GBM cells, biopsy-derived GBM
cells were treated with TMZ (300µM) for 48 h, followed by
culturing in ultra-low adhesion plates under the neurosphere
condition for 7 days. The result showed that TMZ treatment
could promote the formation of tumor spheres in terms of sphere
number and size (Figure 1A). The results of flow cytometry
experiment showed that the surface expression level of CD133
in GBM cells was increased after TMZ treatment (Figure 1B).
Analyses of qRT-PCR and western blotting showed that TMZ
treatment increased the expression of CD133, SOX2, OCT4,
and NANOG (Figures 1C,D), suggesting that TMZ treatment
promotes GSCs formation in GBM cells.

TMZ Upregulates HMGB1 in GBM Cells
HMGB1, a well-known DAMP released by damaged cells, is
reported to upregulate pluripotency-related genes in GBM cells
(Zang et al., 2020). We then asked whether TMZ treatment
could promote the expression of HMGB1. qRT-PCR and western
blotting showed that TMZ upregulated HMGB1 in GBM cells
at both mRNA and protein levels (Figures 2A,B). While most
HMGB1 located in nuclei as visualized by immunofluorescence
(Supplementary Figure 1A). The release of HMGB1 protein
was significantly increased in the culture supernatants after
TMZ treatment (Figure 2C). These results suggested that TMZ
treatment induced GBM cell-derived HMGB1 in TME.

To explore the effect of HMGB1 on GBM cells, we
compared transcriptomes of GBM cells treated with rhHMGB1
(800 ng/ml, 48 h) with the control (PBS-treated) by RNA-
seq. Our result showed that HMGB1 treatment did not
lead to dramatically transcriptional changes in GBM cells,
as suggested by the principal component analysis (PCA)
(Supplementary Figure 1B). However, a total of 115 upregulated
and 104 downregulated encoding genes were still detected in
GBM cells treated with HMGB1 (Figure 2D). Gene pathway
enrichment analysis displayed pathways that are potentially
activated by HMGB1 (Figure 2E), some of which have been
demonstrated in experiments reported previously (Lin et al.,
2016; Meng et al., 2018; Xu et al., 2019). We also identified 107
upregulated and 114 downregulated lncRNAs, as well as a group
of differentially expressed miRNAs in GBM cells after HMGB1
treatment (Figures 2F,G). These results suggested that GBM cells
are targets of TME-derived HMGB1.

HMGB1 Promotes the Formation of GSCs
GSEA analysis showed that HMGB1 upregulated pluripotency-
related genes in GBM cells (Supplementary Figures 1C,D),
consistent with previously reports (Zang et al., 2020). We then
cultured GBM cells with different concentrations of HMGB1,
and determined the formation of tumor spheres under the neural
sphere culture condition. The result showed that the number and
size of tumor spheres increased proportionally with increasing
HMGB1 concentrations (Figure 3A; Supplementary Figure 1E).
Re-plating assay showed that the number and the size of tumor
spheres increased consistently in different passages (Figure 3A;
Supplementary Figure 1E). To confirm the stemness of tumor
spheres derived from GBM cells stimulated by HMGB1, we
cultured dispersed tumor spheres adherently in the presence
of serum. The result of immunofluorescence showed that these
tumor spheres were able to differentiate into MAP2+ neurons,
O4+ oligodendrocytes and GFAP+ astrocytes (Figure 3B).
In addition, qRT-PCR and western blotting showed that
the expression of GSCs marker CD133 and pluripotency
factors including SOX2, OCT4 and NANOG were upregulated
proportionally in GBM cells treated with increasing HMGB1
concentrations (Figures 3C,D). Analysis of GBM data from
TCGA and CGGA databases showed that HMGB1 expression
was positively correlated with CD133, SOX2 and OCT4
expression (Supplementary Figure 2A). These results indicated
HMGB1 promotes GSCs formation in cultured GBM cells.

TMZ Promote GSCs Formation by
Upregulating HMGB1
We then asked whether TMZ treatment could promote GSCs
formation by upregulating HMGB1. We transfected GBM cells
with HMGB1 or Ctrl siRNAs (Supplementary Figures 2B,C),
and collected culture supernatants. GBM cells were cultured
with supernatants derived from siCtrl- or siHMGB1-transfected
GBM cells in the presence of TMZ for 48 h. The results of
qRT-PCR and western blotting showed that supernatant from
siCtrl-transfected GBM cells could promote the expression of
CD133, SOX2, OCT4, and NANOG, compared to siHMGB1-
transfected GBM cells (Figures 4A,B). The in vivo effect of
TMZ induced HMGB1 was further explored by xenograft GBM
models in nude mice. Glycyrrhizin, a direct HMGB1 inhibitor
(Mollica et al., 2007), and TMZ were injected in nude mice
with tumors as described above. Compared with the control
group, TMZ group had much smaller tumor volume since
day 18 after first treatment and this difference became more
obvious over time. Average tumor volume of the TMZ +

glycyrrhizin group was strikingly smaller than TMZ group since
day 21 (Figure 4C). Consistent with alternation in tumor volume,
the average tumor weights at the end of vivo experiment in
TMZ group were much smaller than that of the control group
and greatly larger than that of TMZ + glycyrrhizin group
(Figure 4D). The data of vivo experiment indicated that the
combination of TMZ and glycyrrhizin exerted a much stronger
growth-inhibitory effect on patient-derived GBM xenograft
models. In addition, we analyzed the published sequencing
data of glioblastoma treated with TMZ and compared them
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FIGURE 1 | TMZ treatment promote GSCs formation in culture. (A) Primary GBM cells were treated with TMZ for 48 h, and then cultured under the neurosphere

condition for 7 days and photographed. Number and diameter of spheres on day 7 were quantified. Cell not treated with TMZ were used as controls. (B) Primary

GBM cells treated with TMZ for 48 h were analyed by flow cytometry for CD133 (n = 3), MFI, mean fluorescence intensity. (C) Expression of stemness-related factors

in primary glioma cells after TMZ stimulation was determined by qRT-PCR (n = 3). (D) Expression of stemness-related factors in primary glioma cells after TMZ

stimulation was determined by western blot (n = 3). Data are represented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

with our sequencing data (Chen et al., 2017; Li et al., 2018;
Huang K. et al., 2019; Guo et al., 2020). We found that there
were 35 protein-coding genes and 9 miRNAs (miR-23, miR-34,
miR-106, miR-142, miR-148, miR-580, miR-590, miR-652 and
miR-4454) in the two sets of sequencing data that exhibited
similar alterations (Supplementary Figure 3A). Furthermore, 11
out of the top 50 signaling pathways displayed overlapping
activity in the two sets of data as the shown KEGG analysis
(Supplementary Figure 3B). These results were consistent with
that glioblastoma cells released HMGB1 into extracellular space
after TMZ treatment and HMGB1 in TME could increase the
formation of GSCs.

TLR2 Mediates HMGB1-Induced GSCs
Formation
To investigate signaling pathways mediating HMGB1-induced
GSCs formation. TLR2, TLR4, TLR9, and RAGE are the most
common receptors of HMGB1 and have been identified in
GBM cells (Angelopoulou et al., 2016). Because HMGB1 has
been shown to exhibit autocrine activity, we examined the
effect of HMGB1 on the expression of different receptors

in GBM cells. qRT-PCR analyses showed that TLR2, TLR4,
TLR9 and RAGE were accumulated in GBM cells treated with
HMGB1 at a concentration of 800 ng/ml, and the expression
of TLR2 increased most remarkably (Figure 5A). Consistently,
the protein level of TLR2 was upregulated when GBM cells
were treated with HMGB1 (Figure 5B). In addition, in gene
expression profiling of GBM reported in TCGA and CGGA
databases, higher levels of TLR2 correlated with a decrease
in median survival of GBM patients and TLR2 was positively
correlated with the expression of CD133, SOX2 and OCT4
(Supplementary Figures 4A,B), consistent with previous studies
(Chen et al., 2019). We therefore focused our study on TLR2 and
siRNAs targeting TLR2 were synthesized. Then we stimulated
GBM cells, which were transfected with TLR2 siRNAs, by
HMGB1. The results indicated that the mRNA and protein
levels of CD133, SOX2, OCT4, andNANOGwere downregulated
when TLR2was knocked down (Figures 5C–E). Consistently, the
number and the size of tumor spheres decreased significantly by
TLR2 siRNAs compared with the negative control (Figure 5F).
Our data suggested that HMGB1might promote GSCs formation
via TLR2.
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FIGURE 2 | TMZ upregulates HMGB1 in GBM cells. (A) Expression of HMGB1 in glioma cells from a single GBM biopsy after TMZ stimulation was determined by

qRT-PCR (n = 5). (B) Expression of HMGB1 in glioma cells from a single GBM biopsy after TMZ stimulation was determined by western blot (n = 5). (C) ELISA-based

analysis of the HMGB1 concentration in the culture supernatants of glioma cells from a single GBM biopsy at 48 h (n = 5). (D) Heatmap of mRNA-seq analysis from a

single GBM biopsy (GBM cells treated with 800 ng/ml rhHMGB1, n = 3; control GBM cells, n = 3). Two hundred and nineteen genes were identified with a cut-off of

>1.2-fold for gene expression change and p < 0.05. (E) KEGG analysis was performed to identify differential pathway enrichment. (F) Heatmap of lncRNA-seq

analysis from a single GBM biopsy (GBM cells treated with 800 ng/ml rhHMGB1, n = 3; control GBM cells, n = 3). Two hundred and twenty-one lncRNAs were

identified with a cut-off of >1.2-fold for gene expression change and p < 0.05. (G) Heatmap of miRNA-seq analysis from a single GBM biopsy (GBM cells treated with

800 ng/ml rhHMGB1, n = 3; control GBM cells, n = 3). Thirty hsa-miRNAs were identified with a cut-off of >1.2-fold for gene expression change and p < 0.05. Data

are represented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

HMGB1 Promotes GSCs Formation via
Wnt/β-Catenin Downstream to TLR2
To explore the potential pathway downstream to HMGB1-TLR2,
we compared transcriptomes of GBM cells treated with HMGB1
and PBS. Bioinformatic analyses showed that several important
molecules in the Wnt pathway were up-regulated, suggesting
that Wnt/β-catenin pathway, which plays an important role in
the regulation of stemness and tumorigenicity of GSCs (Gong
and Huang, 2012), might be activated (Figure 6A). We then
knocked down TLR2 in GBM cells in the presence of HMGB1,
and determined the expression of Wnt/β-catenin signaling-
related molecules by qRT-PCR and western blotting. The results
confirmed that the expression of β-catenin, c-Myc, p-GSK-3β and
LEF1 were upregulated in GBM cells in presence of HMGB1,
and silencing TLR2 by siRNAs could attenuate this effect
(Figures 6B,C), suggesting that HMGB1 activated Wnt signaling
via TLR2. To further explore the role of Wnt/β-catenin signaling
pathway in formation of GSCs in HMGB1-treated GBM cells,
we synthesized siRNAs targeting β-catenin and transfected GBM
cells stimulated by HMGB1. Analyses of qRT-PCR and western
blotting showed that the expression of CD133, SOX2, OCT4
and NANOG were down-regulated by β-catenin siRNAs in the
presence of HMGB1 (Figures 6D,E). Consistently, the number

and the size of tumor spheres were attenuated significantly by β-
catenin siRNAs compared with the negative control (Figure 6F).
These results suggested that HMGB1-TLR2 promote GSCs
formation by activating the Wnt/β-catenin signaling pathway.

LncRNA NEAT1 Is Required for the
Formation of HMGB1 Induced GSCs
Comparison of transcriptomes of GBM cells treated with
HMGB1 and PBS showed that the expression of NEAT1, a
lncRNA reportedly playing important roles in GSCs (Gong
et al., 2016; Yang et al., 2017; Lulli et al., 2020), was
significantly upregulated (Figure 7A). qRT-PCR confirmed the
proportional upregulation of NEAT1 in the presence of
increasing concentrations of HMGB1 (Figure 7B). Silencing
TLR2 by siRNA reduced the expression of NEAT1 in the presence
of HMGB1 (Figure 7C). To confirm a potential role of NEAT1 in

HMGB1-induced GSCs, we synthesized siRNA targeting NEAT1.
The results showed that silencing NEAT1 by siRNAs reduced the

mRNA and protein levels of CD133, SOX2, OCT4 and NANOG
(Figures 7D,E). The number and size of tumor spheres decreased
also upon NEAT1 knockdown (Figure 7F). We conclude that
NEAT1 is required for HMGB1-induced GSCs formation. In
addition, silencing NEAT1 by siRNA abrogated upregulation of
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FIGURE 3 | HMGB1 promotes the formation of GSCs. (A) Primary GBM cells were cultured under the neurosphere condition with different concentration of HMGB1

for 7 days (P1). The tumor spheres were re-plated every 7 days for another 2 passages (P2, 3). Number and diameter of tumor spheres on day 7 were quantified. (B)

Tumor spheres derived from HMGB1-induced or control primary glioma cells were subjected to differentiation culture for 7 days. The expression of markers of neurons

(MAP-2), oligodendrocytes (O4) and astrocytes (GFAP) were determined by immunofluorescence, and counter-stained with Hoechst. (C) Expression of

stemness-related factors in primary glioma cells treated with different concentration of HMGB1 was determined by qRT-PCR (n = 3). (D) Expression of

stemness-related factors in primary glioma cells treated with different concentration of HMGB1 was determined by western blot (n = 5). Data are represented as mean

± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

β-catenin, c-Myc, p-GSK-3β and LEF1, as shown by qRT-PCR
and western blotting, respectively (Figures 7G,H). Therefore,
NEAT1 is downstream to TLR2 and activates Wnt/β-catenin in
GBM cells to promote GSCs formation.

DISCUSSION

CSCs or tumor-initiating cells are considered as drivers of tumor
growth and relapse, and are often identified in heterogeneous,
aggressive and therapy-resistant tumors (Walcher et al., 2020).
Although themechanisms of CSCs for tumor growth, recurrence,
and drug resistance have been well documented, the origin of
CSCs is not entirely clear. One opinion suggests that CSCs can
be generated under the pressure of chemotherapy and changes
in TME, in other words, CSCs could originate from non-
CSC tumor cells (De Angelis et al., 2019). GBM is the most

common malignant tumor in the brain and there have been
many reports demonstrating the existence of GSCs in GBM
(Varghese et al., 2008). In the current study, we show that
GBM-derived HMGB1 promote the formation of GSCs from
patient-derived GBM cells treated with TMZ. Chemotherapy
could cause ICD of tumor cells that release DAMPs into TME.
DAMPs induced by ICD include heat shock protein 70 (HSP70),

calreticulin, ATP and HMGB1 (Garg et al., 2015). TMZ could
elevate the secretion of HSP70, calreticulin, ATP and HMGB1

in TME (Liikanen et al., 2013; Pasi et al., 2014). It has been
reported that HSP70 and calreticulin are beneficial for glioma
patients, while ATP could serve as a critical signaling molecule
supporting glioblastoma growth (Jantaratnotai et al., 2009; Muth
et al., 2016). Our results showed that TMZ could up-regulate
the expression of HMGB1 in primary GBM cells and promote
the release of HMGB1 into TME after TMZ treatment. Previous
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FIGURE 4 | TMZ promote GSCs formation by upregulating HMGB1. (A,B) qRT-PCR and western blot analysis of the expression level of stemness-related factors in

primary GBM cells co-cultured with supertanant from the following cells: Ctrl siRNA; Ctrl siRNA + TMZ (300µM); HMGB1 siRNA + TMZ (300µM). (C) Images of

subcutaneously xenograft glioma models in nude mice at day 24 after first treatment. Vivo tumor volume was measured every 3 days and the same day collected data

were compared among groups. α < 0.05, β < 0.01, γ < 0.001, compared to control group; δ < 0.05, compared to TMZ group. (D) Images of glioma tumors taken

from the mice of each group and the weight of the tumor is measured at day 24 after first treatment. Data are represented as mean ± SEM, *P < 0.05; **P < 0.01;

***P < 0.001.

studies have suggested that extracellular HMGB1 could enhance
and maintain the stemness of CSCs in breast cancer, colorectal
cancer and pancreatic cancer (Zhao et al., 2017; Qian et al., 2019;
Zhang et al., 2019). Our study demonstrated for the pivotal role
of HMGB1 in promoting GSCs formation in patient-derived
primary glioma cells upon TMZ treatment. In addition, we
analyzed the published sequencing data of glioblastoma treated
with TMZ and compared them with our sequencing data (Chen
et al., 2017; Li et al., 2018; Huang K. et al., 2019; Guo et al.,
2020). We found that 35 protein-coding genes and nine miRNAs
exhibited similar alterations in the two sets of sequencing data.
Furthermore, 11 out of the top 50 signaling pathways displayed
overlapping activity in the two sets of data as the shown KEGG
analysis. These results further confirmed that glioblastoma cells
released HMGB1 into extracellular space after TMZ treatment
and HMGB1 in TME could increase the formation of GSCs.
Serum HMGB1 level is quite low in glioma patients untreated or

treated with TMZ (Liikanen et al., 2013; Kluckova et al., 2020), in
contrast with HMGB1 in culture in our experiments. However,
serum HMGB1 level could not represent HMGB1 in TME. It has
been reported that HMGB1 expression was significantly higher
in TME than in adjacent non-tumor tissues (Cheng et al., 2018).
Referring to other published literatures (varying between 150 and
2,000 ng/ml. For instance, Zhao et al., 2017; Chen et al., 2019),
we examined the effect of different concentrations of HMGB1 on
GSCs, and used 800 ng/ml in most of our experiments, because
with this concentration, HMGB1 induced significant stemness
in glioma cells. To examine the role of HMGB1 in vivo, we
established subcutaneous GBM xenograft models with patient-
derived GBM cells, and observed the effect of glycyrrhizin, a
HMGB1 inhibitor, on tumor growth. The results showed that
glycyrrhizin reinforced the growth-inhibitory effect of TMZ on
xenograft GBM, suggesting that HMGB1 plays an important role
in promoting GBM growth in the presence of TMZ. Briefly, our
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FIGURE 5 | TLR2 is required for HMGB1-induced GSCs formation. (A) Expression of TLR2, TLR4, TLR9, RAGE in primary glioma cells after HMGB1 stimulation

(800 ng/ml) was determined by qRT-PCR (n = 3). (B) Expression of TLR2 in primary glioma cells after HMGB1 stimulation (800 ng/ml) was determined by western blot

(n = 3). (C) qRT-PCR analyses of the levels of CD133, OCT4, SOX2, and NANOG in TLR2 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3).

(D,E) Western blot analyses of the levels of CD133, OCT4, SOX2, and NANOG in TLR2 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). (F)

Primary glioma cells were treated with HMGB1 (800 ng/ml) and transfected with siRNAs to TLR2, and then cultured under the neurosphere condition for 7 d. Number

and diameter of tumor spheres on day 7 were quantified. Data are represented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

observations possess clinical significance, because recurrence of
glioma after TMZ treatment has always been an urgent challenge
in clinical treatment of GBM patients.

Currently, the clinical use of TMZ is 150–200 mg/mm2. In in
vitro experiment, considering drug absorption and metabolism,
we could not directly use the in vivo dosage. The TMZ dosage we
used in our experiments was the one that induces glioblastoma
cell death in dose- and time-dependent manners in vitro (Chen
et al., 2017; Huang W. et al., 2019). Glycyrrhizin, a direct
HMGB1 inhibitor, reportedly could exert inhibitory effects on
the proliferation of human glioblastoma U251 cell line (Li et al.,
2014). Glycyrrhizin has been tested in the treatment of various
diseases, such as psoriasis and vitiligo (Yu et al., 2017; Li et al.,
2019), but not in the glioma. Our in vivo result showed that
glycyrrhizin reinforced the growth-inhibitory effect of TMZ
on xenograft GBM. Our study provided a significant research
basis for performing further investigation on glycyrrhizin in
glioma therapy and combining TMZ and glycyrrhizin might be
considered as a future therapeutic strategy.

After being released into TME, HMGB1 needs to interact
with its high-affinity receptors to elicit its biological functions.
TLR2, TLR4, TLR9, and RAGE have been identified as the
most common receptors for HMGB1 on cell surface in different
cancer models and patients (Angelopoulou et al., 2016; Qian
et al., 2019; Zhang et al., 2019). The effects of activating TLR2
on glioma cells are complicated and sometimes contradictory.
Wang et al. reported that activation of TLR2 promotes tumor
invasion by upregulating MMPs in glioma stem cells (Wang
F. et al., 2015). Another study by Curtin et al. indicated that
TLR2 activation could promote glioma regression (Curtin et al.,
2009). According to our findings, TLR2 functions as the major
receptor responsible for HMGB1-mediated GSCs formation in
patient-derived GBM cells. TLR2 has been demonstrated to
affect cancer cell behaviors by activating several downstream
signaling pathways, including NF-kB, PI3K/Akt and Wnt/β-
catenin pathways (Liu et al., 2018; Chen et al., 2019). Our results
have shown that TLR2 participates in GSCs formationmost likely
viaWnt/β-catenin signaling, which is a classic pathway regulating
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FIGURE 6 | HMGB1 promotes GSCs formation via the Wnt/β-catenin pathway downstream to TLR2. (A) Patient derived GBM cells treated with HMGB1 (800 ng/ml)

and control GBM cells were subjected to RNA-seq. The expression of Wnt-associated genes is shown by a heatmap. (B) qRT-PCR analyses of the levels of TLR2,

β-catenin, c-Myc and LEF1 in TLR2 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). (C) Western blot analyses of the levels of TLR2,

β-catenin, c-Myc and p-GSK-3β in TLR2 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). (D,E) qRT-PCR and western blot analyses of the

levels of β-catenin, CD133, OCT4, SOX2, and NANOG in β-catenin knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). (F) Primary glioma cells

were treated with HMGB1 (800 ng/ml) and transfected with siRNAs to β-catenin, and then cultured under the neurosphere condition for 7 d. Number and diameter of

tumor spheres on day 7 were quantified. Data are represented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

the pluripotency of stem cells and determines the fate of cell
differentiation during development.

The nuclear paraspeckle assembly transcript 1 (NEAT1) is a
long non-coding RNA, and is often highly expressed in human
tumors with different origins. Clinical studies have shown that
patients with high NEAT1 expression have a poor prognosis
(Pan et al., 2015; Chen et al., 2016; Han et al., 2018). NEAT1
drives the occurrence and development of tumors by regulating
genes associated with tumor cell growth, migration, invasion,
stem-like phenotypes, and chemotherapeutic and radiological
resistance. These characteristics indicate that NEAT1 has the
potential to be a new diagnostic biomarker and therapeutic
target (Dong et al., 2018). Additionally, NEAT1 is reported to be
overexpressed in GSCs, and silencing the expression of NEAT1
in GSCs could weaken their capacity of proliferation, invasion
and migration (Yang et al., 2017). In lung cancer cell lines,
down-regulation of NEAT1 could decrease the expression of
stemness-related factors, including CD133, CD44, SOX2, OCT4

andNANOG (Jiang et al., 2018). In our study, we have shown that
NEAT1 is upregulated in GBM cells after HMGB1 stimulation,
and knocking down NEAT1 could abrogate HMGB1-induced
upregulation of stemness-related factors and GSCs formation.
Mechanistically, some TME-derived signals, such as hypoxia,
and activation of STAT3 and NF-κB induced by EGFR signaling
could promote NEAT1 expression (Choudhry et al., 2015; Chen
et al., 2018). In addition, Chen et al. reported that NEAT1
overexpression could induce the activity of the Wnt/β-catenin
signaling to mediate tumorigenesis and progression in GBM
(Chen et al., 2018). Consistently, our data have shown that
upregulation of NEAT1 in GSCs in the presence of HMGB1
could be attributed to TLR2 activation, and NEAT1 could
activate Wnt/β-catenin signaling to promote GSCs formation
(Supplementary Figure 4C).

In conclusion, we have found that patient-derived GBM cells
release HMGB1 into extracellular space after TMZ treatment,
and HMGB1 in TME could increase the formation of GSCs,
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FIGURE 7 | LncRNA NEAT1 is required for the formation of HMGB1 induced GSCs. (A) Patient derived GBM cells treated with HMGB1 (800 ng/ml) and control GBM

cells were subjected to lncRNA-seq. The expression level is shown by a heatmap. (B) Expression of NEAT1 in primary glioma cells treated with different concentration

of HMGB1 was determined by qRT-PCR (n = 6). (C) qRT-PCR analyses of the levels of NEAT1 in TLR2 knockdown primary GBM cells treated with 800 ng/ml

rhHMGB1 (n = 3). (D,E) qRT-PCR and western blot analyses of the levels of NEAT1, CD133, SOX2, OCT4 and NANOG in NEAT1 knockdown primary GBM cells

treated with 800 ng/ml rhHMGB1. (F) Primary glioma cells were treated with HMGB1 (800 ng/ml) and transfected with siRNAs to NEAT1, and then cultured under the

neurosphere condition for 7 d. Number and diameter of tumor spheres on day 7 were quantified. (G) qRT-PCR analyses of the levels of NEAT1, β-catenin, c-Myc and

LEF1 in NEAT1 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). (H) Western blot analyses of the levels of β-catenin, c-Myc and p-GSK-3β in

NEAT1 knockdown primary GBM cells treated with 800 ng/ml rhHMGB1 (n = 3). Data are represented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

which further induce TMZ resistance. Mechanistically, HMGB1
upregulates lncRNA NEAT1, which is downstream to TLR2 and
plays pivotal roles in GSCs formation likely by activating Wnt/β-
catenin signaling. Our results provide a new potential strategy
to overcome TMZ resistance in GBM patients. Combining
TMZ and an HMGB1 inhibitor may be considered as a future
therapeutic strategy.
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in Glioblastoma Cells
Yan Zhu1,2, Jin-Min Sun1,2,3, Zi-Chen Sun1, Feng-Jiao Chen1, Yong-Ping Wu3

and Xiao-Yu Hou1,2*

1 Jiangsu Key Laboratory of Brain Disease Bioinformation, Research Center for Biochemistry and Molecular Biology, Xuzhou
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Mixed lineage kinase 3 (MLK3) has been implicated in human melanoma and breast
cancers. However, the clinical significance of MLK3 in human gliomas and the underlying
cellular and molecular mechanisms remain unclear. We found that MLK3 proteins were
highly expressed in high-grade human glioma specimens and especially prevalent in
primary and recurrent glioblastoma multiforme (GBM). High levels of MLK3 mRNA were
correlated with poor prognosis in patients with isocitrate dehydrogenase (IDH)-wild-type
(wt) gliomas. Furthermore, genetic ablation of MLK3 significantly suppressed the migration
and invasion abilities of GBM cells and disrupted actin cytoskeleton organization.
Importantly, MLK3 directly bound to epidermal growth factor receptor kinase substrate
8 (EPS8) and regulated the cellular location of EPS8, which is essential for actin
cytoskeleton rearrangement. Overall, these findings provide evidence that MLK3
upregulation predicts progression and poor prognosis in human IDH-wt gliomas and
suggest that MLK3 promotes the migration and invasion of GBM cells by remodeling the
actin cytoskeleton via MLK3-EPS8 signaling.

Keywords: actin cytoskeleton remodeling, epidermal growth factor receptor kinase substrate 8 (EPS8),
glioblastoma prognosis, glioma progression, isocitrate dehydrogenase (IDH), mixed lineage kinase 3 (MLK3),
primary and recurrent glioblastoma multiforme (GBM)
INTRODUCTION

Gliomas, one of the most prevalent forms of primary brain tumors, are classified into four grades
(grade I–IV) in line with the World Health Organization (WHO) 2016 classification criteria (1).
Glioblastoma multiforme (GBM) is a malignant grade IV tumor with poor prognosis. According to
the statistics, the 3-year overall survival of patients with GBM is approximately 12% (2). Tumor
invasion and immune evasion account for the main causes of recurrence and death in patients with
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GBM. Therefore, understanding the underlying cellular and
molecular events may provide promising molecular markers
for GBM diagnosis, prognosis, and targeted therapy.

Mixed lineage kinase 3 (MLK3), also known as mitogen-
activated protein kinase kinase kinase 11 (MAP3K11) and Src-
homology 3 (SH3) domain-containing proline-rich kinase
(SPRK), is a member of the serine/threonine protein kinase
family encoded by the MAP3K11 gene in humans (3). MLK3 is
involved in human melanoma and breast cancers (4–6). High
levels of MLK3 mRNA are found in metastatic primary
malignant melanoma tissues (4). Breast tumors express a
comparable level of MLK3 proteins, whereas MLK3 kinase
activity is profoundly reduced and inversely correlated with
tumor grades in human epidermal growth factor receptor
(EGFR) 2-positive breast cancer tissues (5, 6). In diverse
human cancer cell lines, MLK3 is involved in multiple cellular
processes, including proliferation, proapoptosis, migration, and
invasion (4–11). MLK3-JNK signaling has been reported to be
related to EGFR activation-driven migration and invasion of
GBM cell line (10). However, the pathophysiological function of
MLK3 in the progression and prognosis of human gliomas
remains unknown, and how MLK3 promotes the development
of gliomas has not been well understood.

Cancer cell migration and invasion involves integrated
complexes and is a dynamic process that requires actin
cytoskeletal rearrangement to change the cell shape and
generate the driving force for cell movement. A group of
regulatory molecules are involved in cytoskeletal remodeling,
including EGFR kinase substrate 8 (EPS8) (12–15). EPS8 is
responsible for actin cytoskeleton formation and facilitates
the migratory and invasive capacities of GBM cells (16).
Furthermore, recent findings implicate that actin cytoskeleton
remodeling drives cancer cell resistance to antitumor immunity
(17). Altogether, elucidating the roles of MLK3 in actin
cytoskeleton regulation is essential for understanding glioma
progression and invasion.

In this study, we examined the expression of MLK3 in human
glioma tissue specimens. Additionally, we determined the
correlation between MLK3 protein and mRNA levels and
glioma progression and poorer prognosis in patients with
GBM. Furthermore, we investigated whether and how MLK3 is
involved in GBM cell migration, invasion, and actin cytoskeletal
remodeling. Our data provide evidence that MLK3 is a valuable
biomarker for predicting the prognosis and towards targeted
therapy of GBM.
METHODS

Human Tissue Analysis
Glioma tissues (WHO grade I, n = 6; grade II, n = 23; grade III,
n = 20; and grade IV, n = 48) were obtained from the
Department of Pathology of the Affiliated Hospital of
Xuzhou Medical University between 2016 and 2017. All
samples were identified by pathologists according to the 2016
WHO classification criteria.
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Publicly available RNA-seq data of gliomas were collected
from the Freije dataset (https://www.oncomine.org) and the
CGGA database (https://www.cgga.org.cn). The Freije dataset
includes 81 glioma tissues (WHO grade III, n = 24 and grade IV,
n = 57), and the Chinese Glioma Genome Atlas (CGGA) dataset
includes 325 glioma tissues. After incomplete data (grade, overall
survival, isocitrate dehydrogenase (IDH) mutation status, 1p/19q
codeletion status, O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation status) were deleted, 286
glioma tissues in the CGGA dataset (WHO grade II, n = 86;
grade III, n = 68; and grade IV, n = 132) were used to analyze
overall survival and the levels of MLK3, EGFR, MAPK8,
MAPK9, MAPK10, and EPS8 mRNA. The median levels of
various mRNA in glioma samples were chosen as the
respective cut-off points.

Antibodies and Plasmids
Rabbit polyclonal anti-MLK3 (#sc-536) and mouse monoclonal
anti-EPS8 (#sc-390257) antibodies were obtained from Santa
Cruz Biotechnology. Mouse monoclonal anti-GAPDH
(glyceraldehyde phosphate dehydrogenase) (#60004-1-Ig)
antibody and rabbit polyclonal anti-vinculin antibody (#26520-
1-AP) were obtained from Proteintech. Mouse monoclonal anti-
Myc (#05-419) and rabbit polyclonal anti-GST (glutathione S-
transferase) (#06-332) antibodies were obtained from Millipore.
Horseradish peroxidase-conjugated goat anti-mouse IgG
(#A28177) and goat anti-rabbit IgG (#31460), goat anti-mouse
IgG-Alexa Fluor 488 (#A-11029), and goat anti-rabbit IgG-Alexa
Fluor 594 (#A11037) were obtained from Invitrogen. Phalloidin
(#PHDR1) was obtained from Cytoskeleton.

Full-length human MLK3 cDNA (puc19-hMAP3K11,
#HG11067-U) was obtained from Sino Biological Inc. and
subcloned into pcDNA3.1-Myc plasmids. EPS8 cDNA was
amplified from human HEB cells and cloned into the
pcDNA3.1-His plasmids. Human cDNA coding for MLK3 (1–
104 aa) and MLK3 (632–847 aa) were amplified and cloned into
pGEX-4T-1 plasmids. All recombinant plasmids were identified
by sequencing.

Immunohistochemical Staining
Paraffin-embedded glioma tissue sections were deparaffinized and
hydrated using xylene and graded alcohols. Antigen retrieval was
performed with high pressure for 3 min. The tissues were blocked
with 3% bovine serum albumin for 20 min at room temperature.
Primary antibodies were incubated overnight at 4°C. Then,
biotinylated secondary antibodies were incubated for 30 min at
room temperature. The staining was carried out using an ABC
reagent kit (VECTASTAIN) and a 3,3-diaminobenzidine
peroxidase substrate reagent kit (Vector, #SK-4100). The nuclei
were treated with hematoxylin staining, and the sections were
mounted on glass slides. Images were acquired with Nikon
microscopy. The evaluation of MLK3 staining was as previously
described (18). According to staining intensity and area, MLK3
staining was categorized into scores 0–12. The median level of
MLK3 (score 6) as the cut-off point, the samples were divided into
low/high expression of MLK3 groups.
February 2021 | Volume 10 | Article 600762

https://www.oncomine.org
https://www.cgga.org.cn
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. MLK3 Regulates Actin Cytoskeleton Remodeling
Cell Culture and Transfection
The human GBM cell lines U87, U118, U251, U343, and T98G
were maintained in Dulbecco’s modification of Eagle’s medium
(DMEM, Gibco, #12000-014) supplemented with 10% fetal
bovine serum (FBS). Cells were grown at 37°C and 5% CO2.
All cell lines were authenticated through short tandem repeat
DNA fingerprinting from Cell Bank/Stem Cell Bank, The
Committee of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China) in August 2018. Plasmid
transfections were carried out with Lipofectamine 3000
(Invitrogen, #L3000-015).

Knockout of the MAP3K11 Gene
The knockout of the MAP3K11 gene was performed by the
CRISPR/Cas9 system. The special guide (sg) RNA1 sequence (5’-
CACTGGGCTCGTAGTCGAAC-3’) and sgRNA2 sequence (5’-
TTGAGTCCTCCAGACGTCGG-3’) targeting exons 1 and 7,
respectively, were cloned into pSpCas9 (BB)-2A-Puro (PX459)
vector. PX459 recombinants vector were transfected into U118
and U251 cells. Single cell colonies were screened with 0.75 mg/
ml puromycin and identified by sequencing and western blot
assays. The fragments of genomic DNA were amplified with
forward primer F1 (5’-AAAAAGACCCAACCGGAGT-3’) and
reverse primers R1 (5’-CAGCCTTGAGGGCAATGAT-3’) and
R2 (5’-AGAGCAACCAGGGCAGGAC-3’). The PCR products
were sequenced.

Transwell Migration and Invasion Assays
Cells were treated with serum-free DMEM for 14 h. Then, cells
(5×104) were suspended in serum-free DMEM and added to the
upper chamber of a 24-well transwell plate (Corning, #3422). For
the invasion assay, the upper chambers were precoated with a
Matrigel Basement Membrane Matrix (BD Biosciences,
#356234). DMEM supplemented with 10% FBS was added to
the lower chambers. The cells were cultured at 37°C for 10 h ~
24 h. The chambers were washed with phosphate-buffered saline
(PBS), fixed with 4% paraformaldehyde for 20 min and washed
with PBS. The cells on the upper surface of the membrane were
removed with a cotton swab. The cells on the bottom surface
were stained with Giemsa staining.

Immunofluorescence Analysis
Cells were plated on glass slides, washed with PBS, fixed
with 4% paraformaldehyde for 10 min at 4°C, permeabilized
with Triton X-100 (0.2%) for 15 min at room temperature, and
blocked with 10% normal goat serum for 2 h at room
temperature. Primary antibodies were incubated overnight at
4°C. The fluorescent secondary antibodies were incubated for
2 h at room temperature. The nuclei were stained with 4-6-
diamidino-2-phenylindole (DAPI) (Sigma, #D8417). Coverslips
were mounted on the glass slides, and images were taken with
confocal microscopy.

Immunoblot Analysis
Cell total protein was separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes. After blocking with 3% bovine
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serum albumin for 2 h, the membranes were incubated with the
primary antibody overnight, followed by horseradish peroxidase-
conjugated secondary antibody for 1 h at 4°C. The specific
proteins were detected by enhanced chemiluminescence
reagent. The band intensity was quantified with ImageJ software.

Immunoprecipitation (IP)
U251 cells were transfected with pcDNA3.1-Myc-MLK3 and
pcDNA3.1-His-EPS8 plasmids for 24 h, and protein lysates were
obtained. IP assay of MLK3-EPS8 interaction was performed
with anti-EPS8, anti-MLK3 or anti-Myc antibodies as previously
described (19).

GST Pull-Down Assay
GST-fused MLK3 (1–104 aa) and MLK3 (632–847 aa) proteins
were expressed in BL21 cells and purified with the Pierce™GST
Protein Interaction Pull-Down Kit (Thermo, #21516)
according to the manufacturer’s instructions. The purified
proteins were incubated with the protein lysates from
pcDNA3.1-EPS8-transfected HEK293 cells for 2 h at 4°C. The
beads were washed and boiled in loading buffer for the
immunoblot assay.

Statistical Analysis
All data are presented as the mean ± standard deviation (SD).
Statistical analyses were performed using GraphPad Prism 7.0
software. Pearson correlation analysis and chi-square (X2) tests
were conducted to detect correlations. The Kaplan-Meier
method was applied to assess overall survival. For parametric
data, two-tailed Student’s t-tests and one-way ANOVA were
used to examine differences. For non-parametric data, a two-
sided Mann-Whitney test was used. P < 0.05 was considered
statistically significant.
RESULTS

Mixed Lineage Kinase 3 Is Highly
Expressed in High-Grade Human Glioma
Specimens
First, 97 clinical glioma tissue specimens were analyzed with
immunohistochemistry (IHC) to determine the protein
expression and subcellular distribution of MLK3. As shown in
Figures 1A, B, the expression levels of MLK3 protein were
higher in glioma tissues than in para-tumor tissues. Clearly,
MLK3 proteins were mainly localized in the cytoplasm of glioma
cells. Next, we assessed the correlation between MLK3 levels and
clinicopathological characteristics (tumor size and WHO grade).
IHC analysis showed that the levels of MLK3 protein were closely
correlated with age and tumor grade (Table 1). MLK3 staining
was weaker in low-grade glioma tissues (grade I and II) than in
high-grade glioma tissues (grade III and IV) (Figures 1A, C). In
addition, there was significant variation of MLK3 levels among
patients within the same grade gliomas (Figure 1D). The
percentage of high MLK3 level cases increased with the grade
of glioma.
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Next, we explored MLK3 mRNA levels in glioma tissues by
using RNA sequencing (RNA-seq) data from the Chinese
Glioma Genome Atlas (CGGA) database and the Freije dataset
from the Oncomine database. The results showed that the levels
of MLK3 mRNA were significantly increased in high-grade
gliomas (grade IV) and closely associated with the progression
Frontiers in Oncology | www.frontiersin.org 4125
of gliomas (Figures 1E, F). MLK3 mRNA levels showed
significant variation within the same grade (Figure 1G), which
is consistent with the results of IHC analysis.

These findings suggest that MLK3 is significantly upregulated
in high-grade human glioma tissues and positively associated
with a malignant phenotype.
A

B

C

F G

D E

FIGURE 1 | MLK3 is highly expressed in high-grade human glioma specimens. (A–C) MLK3 protein levels are upregulated in high-grade gliomas. (A)
Representative immunohistochemistry IHC images of MLK3 in human glioma tissues. Scale bars, 50 mm. (B) MLK3 expression in para-tumor tissues (n = 25)
and glioma tissues (n = 97). (C) Comparison of MLK3 expression between low-grade (grade I and II, n = 29) and high-grade (grade III and IV, n = 68) glioma
tissues. Mann-Whitney U test. **P < 0.01. (D) The variation of MLK3 levels in the same grade gliomas. Mann-Whitney U test, **P < 0.01. (E, F) MLK3 mRNA
levels are upregulated in high-grade gliomas. mRNA sequencing-based glioma datasets from Oncomine database (E) and the CGGA database (F) were
analyzed by two-tailed Student’s t-tests and one-way ANOVA. NS, not significant. **P < 0.01. (G) The variation of MLK3 mRNA levels in the same grade
gliomas. Two-tailed Student’s t-tests, **P < 0.01.
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High Mixed Lineage Kinase 3 Levels Are
Prevalent in Isocitrate Dehydrogenase
Gene-Wild-Type Glioblastoma Multiforme
and Correlated With the Poor Prognosis of
Patients
The detection of several molecular markers, including IDH1
mutation, 1p/19q codeletion, MGMT promoter methylation
status, and EGFR amplification has been applied with clinical
diagnoses of gliomas (1). We analyzed the correlation between
MLK3 levels and the status of these biomarkers by using CGGA
data and IHC analysis. The results revealed that the expression
of MLK3 mRNA in human gliomas was correlated with IDH
status but not 1p/19q codeletion and MGMT promoter
methylation status. While it was negatively related to EGFR
mRNA levels (Table 2). We also analyzed the correlation
between MLK3 levels and downstream regulators. The results
showed that MLK3 mRNA in human gliomas was negatively
related to MAPK8, MAPK9, and MAPK10 (Table 2).
Additionally, MLK3 was highly expressed in IDH-wt gliomas
and especially prevalent in IDH-wt GBM (59/95) (Figure 2A).
In IDH-wt GBM, high levels of MLK3 frequently occurred in
primary GBM (43/71), recurrent GBM (9/15) and secondary
GBM (7/9) (Figure 2B). The results of the IHC analysis
confirmed that the MLK3 protein was abundantly expressed
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in IDH-wt GBM (24/33) (Figure 2C) and are in accordance with
the results of the bioinformatics analysis.

We further studied the correlation between MLK3 expression
and the overall survival of patients with gliomas by bioinformatics
analysis. The Kaplan-Meier analysis showed that high levels of
MLK3 were associated with the poor prognosis of patients (Figure
2D). Glioma patients with the IDH-mutant (mut) phenotype had a
better prognosis than patients with the IDH-wt phenotype.
Remarkably, in IDH-wt gliomas, patients with comparatively
lower levels of MLK3 had a higher overall survival rate than
patients with high levels of MLK3 (Figure 2E). By contrast, there
was no difference in the overall survival of IDH-mut patients with
either high or low levels of MLK3 (Figure 2E).

These data suggest that MLK3 upregulation predicts poorer
prognosis in IDH-wt gliomas.

Mixed Lineage Kinase 3 Promotes
Glioblastoma Multiforme Cell Migration
and Invasion and Is Required for Actin
Cytoskeleton Rearrangement
To assess the roles of MLK3 in the biological behaviors of glioma
cells, we first detected the protein levels of MLK3 in high-migration
glioma cell lines (U87, U118, and U251) and low-migration glioma
cell lines (U343 and T98G) 48 h after serum starvation (Figure 3A).
TABLE 1 | MLK3 staining and clinicopathological characteristics of 97 glioma patients.

Variables Number MLK3 expression X2 value P value

High (%) Low (%)

Age ≤50 44 20 (45.5) 24 (54.5) 4.149 0.042*
>50 53 35 (66.0) 18 (34.0)

Gender Male 60 36 (60.0) 24 (40.0) 0.697 0.404
Female 37 19 (51.4) 18 (48.6)

Tumor size <5 cm 31 17 (54.8) 14 (45.2) 0.000 1.000
≥5 cm 31 17 (54.8) 14 (45.2)

WHO grade Low (I+II) 29 7 (24.1) 22 (75.9) 17.867 0.000**
High(III+IV) 68 48 (70.6) 20 (29.4)
February
 2021 | Volume 10 | Artic
*P < 0.05, **P < 0.01.
TABLE 2 | Relationship between MLK3 mRNA expression and clinicopathologic variables of patients with gliomas.

Variables Number MLK3 expression X2 value P value

High (%) Low (%)

IDH Wildtype 136 79 (58.1) 57 (41.9) 6.785 0.009**
Mutation 150 64 (42.7) 86 (57.3)

1p/19q codeletion Codel 57 24 (42.1) 33 (57.9) 1.775 0.183
Non-codel 229 119 (52.0) 110 (48.0)

MGMT promoter Methylated 147 73 (49.7) 74 (50.3) 0.014 0.906
Unmethylated 139 70 (50.4) 69 (49.6)

EGFR High 143 58 (40.6) 85 (59.4) 10.196 0.001**
Low 143 85 (59.4) 58 (40.6)

MAPK8 High 143 45 (31.5) 98 (68.5) 39.287 0.000**
Low 143 98 (68.5) 45 (31.5)

MAPK9 High 143 53 (37.1) 90 (62.9) 19.147 0.000**
Low 143 90 (62.9) 53 (37.1)

MAPK10 High 143 56 (39.2) 87 (60.8) 13.441 0.000**
Low 143 87 (60.8) 56 (39.2)
le
** P < 0.01.
600762

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. MLK3 Regulates Actin Cytoskeleton Remodeling
MLK3was highly expressed in U87, U118, and U251 cells, implying
that MLK3 could be related to the migration and invasion of GBM
cells. To evaluate the roles of MLK3 in the migration and invasion
of GBM cells, we generated MAP3K11 gene knockout U251 and
U118 cells by the CRISPR/Cas9 system. Positive clones (U251 ko,
U118 ko-1, and U118 ko-2) were confirmed by sequencing and
immunoblot analysis (Supplementary Figure S1, Figures 3B, C).
The loss of MLK3 robustly restrained cell migration in U251 and
U118 cells compared to wt cells (Figures 3D, E). TheMatrigel assay
showed that MLK3 ablation evidently suppressed U251 and U118
cell invasion (Figures 3F, G). The above results suggest that MLK3
is required for the migration and invasion of GBM cells in vitro.

Next, the MLK3 kinase inhibitors CEP-701 was used to test the
roles of MLK3 activity in the regulation of GBM cell migration and
invasion. Immunoblot analysis showed that CEP-701 effectively
inhibited the activity of MLK3 (Supplementary Figure S2A). A
wound healing assay showed that CEP-701 (at the appropriate
concentration) significantly inhibited the wound closure of U87,
U251, and T98G cells in comparison to vehicle-treated cells
Frontiers in Oncology | www.frontiersin.org 6127
(Supplementary Figures S2B–D). Transwell assays showed that
CEP-701 (400 nM) markedly suppressed the migration of U251
and U87 cells (Supplementary Figures S2E, F). TheMatrigel assay
revealed that the invasion ability of U251 and U87 cells was
remarkably reduced after treatment with CEP-701 (400 nM)
(Supplementary Figures S2G, H).

Actin cytoskeleton remodeling is a vital event in cell
migration and invasion. To clarify the role of MLK3 in actin
cytoskeleton organization, F-actin and vinculin (for focal
adhesion) staining were carried out to identify changes in the
actin cytoskeleton. The results showed that MLK3 ablation in
U251 and U118 cells resulted in marked changes of the actin
cytoskeleton, and actin based “mass-like structures” appeared on
the edge of cells (Figures 3H, I). MLK3 ablation increased stress
fibers in U251 cells (Figure 3H), while the distribution of
vinculin obviously decreased on the edge of U251 ko and U118
ko cells (Figures 3H, I). More interestingly, the altered cell
morphology and more filamentous protuberances were observed
by ectopic expression of MLK3 in T98G cells (Supplementary
February 2021 | Volume 10 | Article 60076
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FIGURE 2 | High MLK3 levels are correlated with poor prognosis in patients with IDH-wt GBM. (A, B) High levels of MLK3 mRNA are prevalent in IDH-wt GBM. The
frequencies of high MLK3 mRNA levels in IDH-wt gliomas (n = 136), primary GBM (n = 71), recurrent GBM (n = 15), and secondary GBM (n = 9) were analyzed. The
data were derived from the CGGA dataset. The median level of MLK3 mRNA in glioma samples was chosen as the cut-off point. pGBM, primary GBM; rGBM,
recurrent GBM; sGBM, secondary GBM. (C) MLK3 abundantly expressed in IDH-wt GBM. The percent of high MLK3 protein levels in IDH-wt gliomas (n = 57) was
investigated. The data were obtained from IHC analysis. (D, E) High levels of MLK3 mRNA are associated with the poor prognosis of patients. Kaplan-Meier survival
analyses for MLK3 mRNA expression (n = 286) (D) and MLK3 mRNA expression and IDH gene status (n = 286) (E). The data were derived from the CGGA dataset.
Log-rank test. NS, not significant. *P < 0.05, **P < 0.01.
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Figure S3). These findings indicate that MLK3 contributes to
actin cytoskeleton remodeling.

Mixed Lineage Kinase 3 Directly Binds to
Epidermal Growth Factor Receptor Kinase
Substrate 8
Previous studies have indicated that EPS8 controls actin
cytoskeleton reorganization (20, 21). To elucidate the
Frontiers in Oncology | www.frontiersin.org 7128
molecular mechanism underlying MLK3-mediated cell
migration and invasion, we identified the molecular
interactions of MLK3 and EPS8. Co-IP analysis showed that
overexpressed (Figure 4A) and endogenous MLK3 (Figure 4B)
interacted with EPS8 in U251 cells. Furthermore, in vitro GST
pull-down analysis showed that the c-terminal domain of MLK3
(1–104 aa) and the proline-rich domain (PRD) of MLK3 (632–
847 aa) directly bound to EPS8 (Figure 4D). In addition, MLK3
A B C
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FIGURE 3 | MLK3 deficiency attenuates glioblastoma multiforme (GBM) cell migration and invasion and disrupts actin cytoskeleton rearrangement. (A) MLK3
proteins are overexpressed in highly migrating GBM cells. Cells were treated with serum-free DMEM for 48 h. Immunoblot analysis of MLK3 levels in several GBM
cell lines. GAPDH was used as a loading control. (B, C) Immunoblot assay of the MAP3K11 gene knockout in U251 (B) and U118 (C) cells. GAPDH was used as a
loading control. (D–G) Transwell assay of GBM cell migration and invasion in MAP3K11 gene knockout U251 (D, F) and U118 (E, G) cells. Two-tailed Student’s
t-test. Scale bars, 100 mm; n = 3; **P < 0.01. (H, I) The loss of MLK3 disrupts actin cytoskeleton rearrangement. The results shown are representative of at least
three independent cultures. Phalloidin was used to label F-actin (red), anti-vinculin antibody was used to stain focal adhesion structure (green), and DAPI was used to
stain nuclei (blue). White arrows indicate the actin based “mass-like structures.” Scale bars, 20 mm.
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cooperates with EPS8 and affects the overall survival of patients
with gliomas. Bioinformatics analysis showed that high levels of
MLK3 and EPS8 in gliomas are correlated with a significantly
worse overall survival in patients (Figure 4E). These results
suggest that MLK3-EPS8 signaling may be involved in the
development of gliomas.
Mixed Lineage Kinase 3 Regulates the
Localization of Epidermal Growth Factor
Receptor Kinase Substrate 8
To further explore the mechanisms of MLK3-mediated actin
cytoskeleton remodeling, we examined the localization and
expression of EPS8 in MLK3-depleted U118 and U251 cells.
Immunoblot assays showed that EPS8 was upregulated in
MLK3-depleted U118 and U251 cells (Figures 5A, B).
Additionally, the immunofluorescence assay results showed
that the subcellular localization of EPS8 was disrupted in
MLK3-ablated cells, and mass-like structures were assembled
Frontiers in Oncology | www.frontiersin.org 8129
on the cell edges (Figures 5C, D). These data suggest that MLK3
is critical for actin cytoskeleton rearrangement by regulating
EPS8 localization in GBM cells.
DISCUSSION

GBMs are devastating malignancies with highly migratory and
invasive behavior. Despite advancements in clinical diagnosis
and treatment, recurrence remains universal, and available
salvage strategies are rare. Therefore, identifying special
molecular markers for the early diagnosis, prognosis evaluation,
and targeted therapy of GBM is of great significance. Our
findings provide the first evidence that MLK3 upregulation
plays an essential role in tumor progression and correlates
with an unfavorable overall survival in patients with IDH-wt
GBM. MLK3 may serve as a valuable diagnostic and prognostic
marker and may be a promising therapeutic target for
GBM therapy.
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FIGURE 4 | MLK3 directly binds with EPS8. The results shown are representative of at least three independent experiments. (A, B) Overexpressed and endogenous
MLK3 binds to EPS8 in U251 cells. U251 cells were cotransfected with pcDNA3.1-Myc-MLK3 and pcDNA3.1-His-EPS8 plasmids for 24 h, with the pcDNA3.1 plasmid
as a control. The lysates were immunoprecipitated using anti-Myc (A), anti-EPS8 (B) or control IgG, EPS8, or MLK3 was detected with an immunoblot assay. (C) The
molecular structure of MLK3 and EPS8. (D) AAs 1–104 and 632–847 of MLK3 directly bound to EPS8 in vitro. GST-tagged MLK3 segments were expressed in BL21
cells. The purified proteins were incubated with the protein lysates from pcDNA3.1-EPS8-transfected HEK293 cells. The proteins were immunoblotted with indicated
antibodies. * the target protein. (E) The expression of MLK3 and EPS8 predicts the overall survival of patients. The data were derived from the CGGA dataset (n = 286).
Kaplan-Meier survival analyses for MLK3 and EPS8 mRNA levels. Log-rank test. *P < 0.05, **P < 0.01.
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To date, patients with IDH-wt gliomas exhibit the poorest
outcomes, and few targeted agents are therapeutically effective
for IDH-wt gliomas. The present study provides evidence that
MLK3 might be required for the evaluation of prognosis and
targeted therapy of IDH-wt gliomas. Previous studies indicated
that the IDH and IDH2mutations are more frequent in grade II–
III gliomas and secondary GBMs (22–24). Approximately 80% of
secondary GBMs have somatic mutations in IDH, which are
absent in primary GBM (25). Patients with IDH mutations have
a better prognosis, which is consistent with our findings. An
increase in R (-)-2-hydroxyglutarate in gliomas harboring IDH
mutations has been found to prevent the association of MLK3
with Cdc42 and further inhibit the activity of MLK3, which may
be one of the reasons for the better prognosis in patients with
IDH-mut gliomas (26, 27). More notably, our findings showed
that IDH-mut gliomas present with low levels of MLK3,
suggesting that mutant IDH not only blocks MLK3 activity but
also reduces MLK3 expression. Although there is no correlation
between the MLK3 levels and overall survival of patients with
IDH-mut gliomas, high levels of MLK3 are positively correlated
Frontiers in Oncology | www.frontiersin.org 9130
with poor prognosis in IDH-wt gliomas. Therefore, the prognosis
of patients with IDH-wt gliomas can be reasonably evaluated by
MLK3. In addition, this study demonstrated that MLK3
cooperates with EPS8, which might aid in prognosis prediction
for patients with gliomas.

MLK3 appears to function as an oncogene to promote cell
migration and invasion through the MLK3/JNK pathway in
human breast and gastric cancer cells (7, 8, 10), the MLK3/
FRA-1/MMP-1 axis in human triple-negative breast cancer
cells (28), or MLK3/ERK signaling in ovarian and colorectal
cancer cells (9, 11). Here, our data showed that MLK3 is
responsible for the migration and invasion abilities of GBM
cells via MLK3/EPS8 signaling. MLK3 has been reported to
contribute to EGF-induced GBM cell migration and invasion
(10). Here, we found that MLK3 mRNA levels in human gliomas
was negatively related to EGFR and MAPK8, MAPK9, MAPK10
mRNAs levels, and MLK3 downregulation reduces GBM cell
migration and invasion without EGF induction, suggesting that
the MLK3 regulation of cell migration and invasion is EGF
signaling-independent.
A B

C D

FIGURE 5 | MLK3 regulates the localization of EPS8 in U251 and U118 cells. (A, B) The MAP3K11 gene knockout increases the expression of EPS8 in U251 (A)
and U118 (B) cells. Relative levels of MLK3 were normalized to U251 wt or U118 wt groups. GAPDH was used as a loading control. Two-tailed Student’s t-test.
n = 3, *P < 0.05, **P < 0.01. AU, arbitrary unit. (C, D) The MAP3K11 gene knockout alters the location of EPS8 in U251 (C) and U118 (D) cells. The results shown
are representative of at least three independent cultures. EPS8 (green); DAPI-stained nuclei (blue). Scale bars, 20 mm.
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Cell migration is a multipurpose process (29, 30) and drives
the progression of cancer (31, 32). The alteration of the actin
cytoskeleton is critical in the process of cell migration and
generates the forces that push cell migration. MLK3 silencing
enhances stress fibers in breast cancer cells (33). In this study, we
confirmed that genetic depletion of MLK3 disturbs
actin cytoskeleton organization. However, the molecular
mechanisms underlying actin cytoskeleton remodeling remain
unclear. Previous studies showed that EPS8 directly binds to
actin and blocks actin prolongation by its effector domain (648–
821 aa) via its capping activity to activate Rac signaling (34, 35).
Therefore, the accurate localization of EPS8 is essential and
contributes to actin rearrangement. In this study, we
found that MLK3 interacts with EPS8 and controls the
localization of EPS8. Following the loss of MLK3 in U118 and
U251 cells, EPS8 expression was apparently increased, and its
location was disarranged, which resulted in a number of mass-
like structures on the cell edge. We verified that the regions of
MLK3 (1–104 aa) with an SH3 domain and MLK3 (632–847 aa)
containing PRD directly bind with EPS8. Targeting the two
domains of MLK3 could be used as a valuable strategy for
developing drugs for glioma therapy. Taken together, our
results confirmed a novel mechanism by which MLK3
promotes cell migration and invasion via MLK3/EPS8 signaling.

The actin cytoskeleton is a dynamic cell structure that is
attributed to diverse cellular processes, including cell
morphogenesis, membrane trafficking, cell division, and
immune response (17, 36–38). In addition, actin cytoskeleton
dynamic remodeling has emerged as a critical event for glioma
invasion. Therefore, controlling the change in actin is a feasible
approach for glioma therapy. Currently, immunological
therapies are crucial strategies for glioma therapy. Thus,
tumor cells that escape from immunological surveillance are a
barrier to effective immunotherapies. A study confirmed that
the alteration of actin dynamics in tumor cells facilitates
immune evasion (17). It would be interesting to ascertain
whether MLK3 is involved in immune evasion of gliomas by
regulating actin dynamics.

In summary, our findings have illustrated that as an
oncogene, MLK3 may be a crucial regulator of the progression
of gliomas and is associated with poor prognosis. As a
consequence, the deletion of MLK3 in GBM cells decrease the
capacity for cell migration and invasion and disrupt actin
cytoskeleton remodeling. Furthermore, we provided a novel
mechanism by which MLK3 facilitates glioma cell migration
by regulating actin skeleton remodeling via MLK3/EPS8
signaling. Therefore, MLK3 is a potential target for therapy.
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Tumor necrosis factor-induced protein-8 (TIPE) is highly expressed in colorectal cancer
(CRC). Decoy receptor 3 (DcR3) is a soluble secreted protein that can antagonize Fas
ligand (FasL)-induced apoptosis and promote tumorigenesis. It remains unclear whether
TIPE can regulate DcR3 expression. In this study, we examined this question by analyzing
the relationship between these factors in CRC. Bioinformatics and tissue microarrays
were used to determine the expression of TIPE and DcR3 and their correlation in CRC.
The expression of TIPE and DcR3 in colon cancer cells was detected. Plasma samples
were collected from CRC patients, and DcR3 secretion was measured. Then, dual-
luciferase reporter gene analysis was performed to assess the interaction between TIPE
and DcR3. We exogenously altered TIPE expression and analyzed its function and
influence on DcR3 secretion. Lipopolysaccharide (LPS) was used to stimulate TIPE-
overexpressing HCT116 cells, and alterations in signaling pathways were detected.
Additionally, inhibitors were used to confirm molecular mechanisms. We found that
TIPE and DcR3 were highly expressed in CRC patients and that their expression levels
were positively correlated. DcR3 was highly expressed in the plasma of cancer patients.
We confirmed that TIPE and DcR3 were highly expressed in HCT116 cells. TIPE
overexpression enhanced the transcriptional activity of the DcR3 promoter. TIPE
activated the PI3K/AKT signaling pathway to regulate the expression of DcR3, thereby
promoting cell proliferation and migration and inhibiting apoptosis. In summary, TIPE and
DcR3 are highly expressed in CRC, and both proteins are associated with poor prognosis.
TIPE regulates DcR3 expression by activating the PI3K/AKT signaling pathway in CRC,
thus promoting cell proliferation and migration and inhibiting apoptosis. These findings
may have clinical significance and promise for applications in the treatment or
prognostication of CRC.
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INTRODUCTION

Colorectal cancer (CRC) kills nearly 2 million people each year,
making it the fourth deadliest cancer worldwide behind lung,
liver and stomach cancers (1). According to The Global Cancer
Observatory (GLOBOCAN) 2018 data (http://gco.iarc.fr), CRC
is currently the most common malignant tumor in China,
ranking first in prevalence and second in incidence. Surgery,
chemotherapy, radiotherapy and molecular targeted therapy are
the most commonly used treatments for CRC, but the survival
rate remains low (2). Patients with advanced CRC who receive
radiation therapy and chemotherapy experience serious adverse
reactions. Therefore, the development of new, effective treatment
strategies is urgently needed. Currently, researchers are devoted
to elucidating the molecular mechanism of the occurrence and
development of CRC (3).

Tumor necrosis factor-induced protein-8 (TNFAIP8/TIPE;
also called SCC-S2, MDC-3.13, GG2-1, and NDED) was the first
identified protein in the TIPE family and is closely associated
with tumors and inflammation (4). As an antiapoptotic and
carcinogenic molecule, TIPE promotes the growth, proliferation
and migration of cancer cells (5). The activation of TNF-a and
NF-kB in the inflammatory environment can induce TIPE
expression (6). A large number of studies have revealed that
TIPE is highly expressed in various tumors, and high TIPE
expression is related to clinical parameters and metastasis (7–9).
TIPE has been reported to be overexpressed in colon cancer
and to regulate cell proliferation (10). The latest research shows
that TIPE can promote tumor proliferation and invasion by
activating Wnt signaling and inhibiting Hippo signaling in CRC
cells (11). Our previous studies showed that TIPE promotes
angiogenesis in CRC by regulating VEGFR2 expression.

Decoy receptor 3 (DcR3) is a member of the tumor necrosis
factor receptor superfamily (TNFRSF). DcR3 cDNA encodes the
300-amino acid (aa) protein, which contains four cysteine-rich
repeats of TNFRSF. Unlike most members of the TNFRSF, DcR3
is a soluble secreted protein lacking transmembrane sequences
and can be detected in serum and cell culture media (12). DcR3
binds and neutralizes three members of the tumor necrosis factor
superfamily (TNFSF): Fas ligand (FasL) (13), TNF-like molecule
1A (TL1A) (14), and herpes virus entry mediator L (LIGHT)
(15). By binding these ligands, DcR3 can inhibit apoptosis,
induce angiogenesis and modulate immune cell function.
Additionally, DcR3 is almost undetectable in most individuals
with noninflammatory diseases and cancers. The expression level
of DcR3 protein is related to tumorigenesis and metastasis (16).
Earlier studies confirmed that DcR3 is a predictor of 5-
fluorouracil (5-FU)-based adjuvant chemotherapy responses in
CRC patients (17). Later, Yu et al. confirmed that DcR3 has the
potential to regulate the growth and metastasis of SW480 colon
cancer cells (18). Zong et al. found that the overexpression of
DcR3 in CRC increases the risk of malignancy (19). These
findings suggest that DcR3 is a potential therapeutic target
in CRC.

Our previous studies demonstrated that TIPE is highly
expressed in stage III gastric cancer and positively correlated
with DcR3 and ERK1/2 (20). However, it is unclear whether
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TIPE can regulate the expression of DcR3; both of these factors
can act as antiapoptotic molecules to antagonize cell apoptosis
and promote cell proliferation and metastasis. In this study, with
bioinformatic methods, we first detected high TIPE and DcR3
expression in CRC and found a positive correlation between the
expression of these two proteins. In addition, we collected plasma
samples from CRC patients diagnosed at the Department of
Gastrointestinal Surgery at Zhongshan Hospital of Xiamen
University, and high DcR3 expression was detected in the
plasma. Dual-luciferase reporter gene analysis showed that
TIPE overexpression enhanced the transcriptional activity of
the DcR3 promoter. Exogenous changes in the expression of
TIPE in HCT116 cells also altered the expression of DcR3. In
vitro functional experiments indicated that TIPE plays a vital role
in the proliferation, migration and apoptosis of CRC cells.
Interestingly, when we stimulated TIPE-overexpressing
HCT116 cells with LPS, we found that the expression of
phosphorylated AKT, P105, and P65 was upregulated
compared to that in control cells. After using the PI3K
inhibitor LY294002 to suppress upstream PI3K expression, the
abovementioned molecular phosphorylation was downregulated.
Finally, these data combined with tissue microarray data
demonstrated that TIPE and DcR3 were highly expressed in
CRC and associated with poor prognosis. Our study revealed that
TIPE regulated DcR3 expression by activating the PI3K/AKT
signaling pathway in CRC, thereby promoting cell proliferation
and metastasis and inhibiting apoptosis.
MATERIALS AND METHODS

Cell Culture
The CRC cell lines HCT116, and SW620 and human embryonic
kidney (HEK) 293T cells were obtained from the Anti-cancer
Center of Xiamen University (Xiamen, Fujian). All cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, CA, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 units/ml penicillin and 100 mg/ml
streptomycin (Invitrogen, Carlsbad, CA, USA) and in a
humidified environment containing 5% CO2 at 37°C.

Cell Transfection
The lentiviral vector and the control vector (TIPE/PLNX2)
encoding TIPE were donated by the School of Life Sciences,
Xiamen University. We used 293T and HCT116 cells in the
logarithmic growth phase to perform experiments. The day
before transfection, 1×106 cells were seeded into 6-well plates,
and 2 ml serum-free medium was added to each well. According
to the manufacturer’s instructions, 6 ml Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and 2 mg plasmid DNA were
separately added to 250 ml Opti-MEM I serum-free medium
(Sigma-Aldrich, St. Louis, USA) and incubated for 5 min, and
then the two solutions were mixed and incubated at room
temperature for 20 min. The mixture was added to the cells for
transient transfection for 36 h. In all experiments, real-time
quantitative PCR (qRT-PCR) and Western blot analysis showed
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that the transfection efficiency of the cells was > 60%. TIPE-
overexpressing cells and the corresponding control cells were
cultured for subsequent experiments.

Cell Proliferation
According to the manufacturer’s instructions, cell proliferation
activity was measured using a Cell Counting Kit-8 (CCK-8;
TransGen Biotech, Beijing, China). Cells were seeded into 96-
well plates (Corning Inc., NY, USA) in triplicate at an initial
density of 4,000–7,000 cells per well and cultured in a 37°C, 5%
CO2 incubator for 24 h. On the second day, CCK-8 reagent (10%
of the total volume of medium) was added to each well, and the
cells were cultured in the incubator for another 4 h. Finally, a
Bio-Rad microplate reader (California, USA) was used to
measure the absorbance at 450 nm at each indicated time point.

Wound Healing Assay
In a six-well plate, lines were evenly drawn across the wells every
0.5–1 cm, with a total of three lines in each well. Transfected
HCT116 cells (approximately 5×105 cells per well) were added
and cultured overnight. The next day, a 20-ml pipette tip was
used to make a scratch as close to perpendicular to the horizontal
line on the back as possible. Then, the cells were washed three
times with preheated phosphate-buffered saline (PBS; Solarbio,
Beijing, China) to detached cells, and 2 ml serum-free DMEM
was added to each well. The cells were placed in a 37°C, 5% CO2
incubator, and measurements were taken after 0, 12, 24, and 36
h. ImageJ (NIH, MD, USA) was used to measure the scratch area.
The experiment was repeated three times for each group of cells.

Transwell Assay
HCT116 cells transfected with TIPE overexpression plasmids or
TIPE interference plasmids (experimental group) and HCT116
cells transfected with PLNCX-2 empty vector plasmids (control
group) were cultured in 6-well plates (5×105 cells/ml) for 24 h,
and then the cell medium was changed to serum-free DMEM.
Cells were starved for 24 h. The two groups of cells were detached
from the plates and counted, and a 2×105 cell suspension was
placed into a Transwell chamber. In addition, 500 ml of medium
containing 15% FBS was added to the lower chamber, and the
cells were cultured for 24 h. The Transwell chamber was
removed, and the medium was discarded. The cells were
washed three times with prechilled PBS, fixed with 4%
paraformaldehyde for 20 min, and stained with 0.1% crystal
violet for 15 min. Nonmigrated cells were gently removed from
the top of the membrane with cotton swabs, and then the
remaining invaded cells were observed and counted in 5 fields
under a microscope at 100-fold magnification.

Enzyme-Linked Immunosorbent Assay
Plasma from patients diagnosed with CRC was obtained from
the Department of Gastrointestinal Surgery, Zhongshan Hospital
Affiliated to Xiamen University. All aspects of the study were
approved by the medical ethics committee of Zhongshan
Hospital, Xiamen University. All registered patients provided
written informed consent, and the use of patient samples in the
study was approved by the Institutional Review Board of the
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Tumor Tissue Bank of Zhongshan Hospital, Xiamen University.
Cell culture supernatant was obtained after cultivating cells for
24 h. Changes in DcR3 levels in cell supernatants and plasma
were measured using an ELISA kit (R&D Systems, Minnesota,
USA). Test samples and standards were added to a 96-well plate
coated with the capture antibody, incubated at room temperature
for 2 h and removed. The wells were washed with a series of
buffers. Then, a biotin anti-human DCR3 antibody was added
and incubated at room temperature for 1 h. The plate was washed
three times, and an avidin-peroxidase complex was added and
allowed to react for 30 min. After washing, tetramethyl benzidine
(TMB) color solution was added, and the mixture was incubated at
room temperature for 30 min in the dark. Finally, TMB stop
solution was added, and the color in the wells changed. We
determined the optical density (OD) value at 450 nm and
calculated the corresponding concentration according to the
absorbance value of the sample on the standard curve.

Dual-Luciferase Reporter Gene Assay
The medium was removed from the cells, and the cells were
washed with PBS. The wash solution was removed after washing.
Then, 50 ml Report Lysis Buffer (Promega, Madison, Wisconsin,
USA) was added to each well, the culture plate was gently shaken
at room temperature for 15 min, the cells were scraped off the
petri dish, and the sample was centrifuged at 16,000 g and placed
at 4°C for 30 s. LARII (100 ml) was added to the test tube in
advance, the program for the fluorescence luminometer was set,
and the lysate was transferred to the test tube. Cell lysates
containing an equal amount of protein (10–20 µg) were placed
into the wells of an opaque black 96-well microtitration plate, 5 ml
of luciferase substrate (Promega) was added, and firefly luciferase
activity was detected on a Packard apparatus. Then, 100 ml
Stop&Glo Reagent was added to the test tube to detect Renilla
luciferase activity. Both firefly and Renilla luciferase activities were
quantified according to the manufacturer’s instructions using the
dual-luciferase reporter system (Promega).

Western Blot Analysis
Cells were lysed with RIPA buffer (Sigma-Aldrich) at 4°C for 1 h
with 1% protease inhibitor mixture and 1% phenylmethanesulfonyl
fluoride (Gold Biotechnology, USA). The tricarboxylic acid
(TCA) precipitation method was used to collect the
supernatant of the culture medium to extract DcR3 protein.
After centrifugation at 12,000 rpm for 10 min at 4°C, the
supernatant was collected. The protein standard curve was
developed by the BCA method, and protein concentrations of
the samples were determined (Bio-Rad, Hercules, CA). The
samples were mixed with sodium dodecyl sulfate (SDS) loading
buffer, heated at 100°C for 10 min, and centrifuged at 12,000 rpm
for 5 min. Then, an equal amount of protein (10–40 µg) was
separated by electrophoresis on a 12% SDS gel, transferred to a
PVDF membrane (Millipore, Billerica, MA, USA) and blocked
with 5% skim milk powder. The membranes were washed and
incubated at 4°C overnight with the following specific primary
antibodies: rabbit monoclonal antibodies against TIPE (1:1,000;
Abcam, MA, USA), PI3K, P-PI3K (1:1,000; Abcam, MA, USA),
and P-AKT (1:2,000; Cell Signaling, MA, USA); a mouse
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monoclonal antibody against AKT (1:2,000; Cell Signaling, MA,
USA); and rabbit polyclonal antibodies against DcR3 (1:1,000;
Affinity Biosciences, Jiangsu, China), P105, P-P105, P65, P-P65
(1:500; Affinity Biosciences, Jiangsu, China), and b-actin
(1 :5 ,000 ; Proteintech, Sui te , USA). The next day,
immunoblotting was performed using the corresponding HRP-
binding secondary antibody, followed by the visual detection of
the protein bands using a hypersensi t ive enhance
chemiluminescence (ECL) kit (NCM Biotech, Suzhou, China)
and a Bio-Rad ChemiDoc XRS + detection system (Bio-Rad,
Hercules, CA).

Real-Time Quantitative PCR
Total RNA was extracted from cells using TRIzol reagent
(TransGen Biotech, Beijing). One microgram of RNA was
reverse transcribed into cDNA using a cDNA Synthesis
SuperMix kit (TransGen Biotech, Beijing). TransStart Top
Green qPCR SuperMix (TransGen Biotech, Beijing) was used
for real-time PCR, and data collection was performed on a Bio-
Rad Biosystems 7500 instrument using SYBR Green (Bio-Rad,
Hercules, CA). The sequences of the forward and reverse primers
are as follows:

b-actin -F: 5’-AGCGAGCATCCCCCAAAGTT-3,

b-actin-R: 5’-GGGCACGAAGGCTCATCATT-3;
TIPE-F: 5’-TTCAGGCCTCCCTCTT-TAACAATC-3,

TIPE-R: 5’-CGTTCGTGGCAGGGGTTATT-3;

DCR3-F: 5’-GCCGCTACTGCAACGTCCTC-3,

DCR3-R: 5’-GGCTGGCACTGCGTGTTCTG-3.

Relative gene expression levels were normalized to b-actin as
a control.

Flow Cytometry
The apoptosis of HCT116 cells in different treatment groups was
examined by flow cytometry. Cells were seeded into six-well
plates at a density of 1×105 per well and incubated for 24 h. After
transfection for 36 h, sFasL (100 ng/ml) was added to some
groups for 24 h. The cells were then harvested, washed twice with
fluorescence-activated cell sorting (FACS) wash buffer (PBS
containing 1% FBS), and centrifuged at 1,000 g for 5 min. To
assess cell cycle progression, 1 ml PBS was added to fully
resuspend single cells, and 3 ml prechilled absolute ethanol
was slowly added while gently swirling. After reaching a final
concentration of 75%, cells were fixed at 4°C for 4 h. Then, the
cells were washed twice with FACS wash buffer, and 500 ml
propidium iodide (PI) working solution (Meilunbio, Dalian,
China) was added to each cell sample; the samples were gently
mixed to completely resuspend the cell pellet and then incubated
at 37°C for 30 min in the dark. After staining, a CytoFlex S flow
cytometer (Beckman Coulter, CA, USA) was used to analyze cell
fluorescence, and FlowJo software (Stanford University, USA)
was used for analysis. The cell cycle distribution is shown as the
percentage of cells in G0/G1, S, G2, and M phase based on PI
staining. The percentage of apoptotic cells with sub-G1 (<G1)
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DNA content was determined. These experiments were
performed with at least three biological replicates.

Tissue Microarray and
Immunohistochemistry
Normal tissue and CRC tissue microarrays (CRC-1402) were
obtained from Wuhan Servicebio Biotechnology Company
(Wuhan, China). The paraffin-embedded microarray was
dewaxed in an oven at 65°C overnight, dehydrated and
rehydrated with xylene and a series of concentration gradients
of ethanol, and subjected to heat-induced antigen recovery in a
pressure cooker with a sodium citrate antigen repair solution
(Maixin, Fuzhou, China) for 15 min. The samples were then
blocked at room temperature with endogenous peroxidase
blockers for 15 min, washed with PBST three times and
incubated overnight at 4°C with anti-TIPE antibodies (1:50,
Abcam, Suite Cambridge, USA) and DCR3 antibodies (1:50,
BioLegend, London, United Kingdom). On the next day, the
samples were washed with PBST three times, and a biotin-labeled
secondary antibody was added and incubated for 30 min at room
temperature. The sections were visualized with the
diaminobenzidine method and then counterstained with
hematoxylin. Finally, Image-Pro Plus 6.0 (Media Cybernetics,
Inc., MD, USA) was used to analyze the immunohistochemical
staining density and average optical (AO) density. For the
negative control of the staining process, the primary antibody
was omitted, while all other experimental conditions remained
the same.

Statistical Methods
Statistical Package for the Social Sciences 21.0 (SPSS 21.0),
GraphPad Prism 6 and Excel were used to analyze all the
results. A t-test was used for comparisons between two groups,
one-way ANOVA was used for comparisons among more than
two groups, and the Bonferroni method was used for
comparisons between groups and within groups. Differences
with p<0.05 were considered statistically significant (* p<0.05;
** p<0.01; *** p<0.001; and **** p<0.0001).
RESULTS

Tumor Necrosis Factor-Induced Protein-8
and Decoy Receptor 3 Are Highly
Expressed and Positively Correlated in
Patients with Colorectal Cancer
To investigate the role of TIPE and DcR3 in human CRC, we first
analyzed the available datasets of CRC patients in the Cancer
Genome Atlas (TCGA) database, and the differential expression
of TIPE and DcR3 in CRC tissues and adjacent tissues was
randomly validated with Gene Expression Profiling Interactive
Analysis (GEPIA; http://gepia.cancer-pku.cn/index.html). The
bioinformatics results showed that TIPE and DcR3 expression
was significantly increased in CRC tissues compared to adjacent
tissues at the mRNA level (the red area represents the tumor),
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and the difference in DcR3 expression was significant (Figures
1A, B). In addition, to build on our previous literature review, we
further searched the Oncomine dataset (Gaspar) to evaluate the
relationship between TIPE and DcR3, and linear correlation
analysis results confirmed that the expression of TIPE and DcR3
was positively correlated (Figure 1C). These results suggested
that TIPE and DcR3 are highly expressed in CRC and may play a
vital role in the tumorigenesis and development of CRC.

To further investigate the function of TIPE and DcR3 in CRC,
we continued to examine the association between their
expression and clinical factors in the UALCAN (http://ualcan.
path.uab.edu/index.html) database. The results confirmed that as
the tumor stage gradually increased, the mRNA expression level
of DcR3 increased compared with that in normal tissues (Figure
1D). Conversely, the expression level of TIPE decreased (Figure
Frontiers in Oncology | www.frontiersin.org 5137
1E) as the tumor stage increased, which may be related to the
difference in tumor subtypes. In addition, we used the same
dataset (GSE17536) from the Gene Expression Omnibus (GEO)
database to analyze the relationship between TIPE and DcR3 and
the survival of CRC patients. As shown in Figures 1F, G, higher
expression levels of TIPE and DcR3 were associated with worse
survival rates in patients, indicating that high expression levels of
TIPE and DcR3 are associated with poor prognosis. This further
supported that TIPE and DcR3 play a vital role in the
tumorigenesis and development of CRC.

To determine whether the increase in TIPE and DcR3
expression was associated with clinical features, we collected
GSE17536 data and analyzed correlations between TIPE and
DcR3 expression and the sex, age, tumor grade, stage, total
survival and disease-free survival of CRC patients. No significant
A B

D E

F G

C

FIGURE 1 | Tumor necrosis factor-induced protein-8 (TIPE) and DcR3 are highly expressed and positively correlated in colorectal cancer (CRC) patients. Box plots
showing (A) TIPE and (B) DcR3 mRNA upregulation in CRC samples relative to normal samples (data downloaded from GEPIA). (C) The linear analysis relationship
between TIPE and DcR3 showed that the proteins were positively correlated. (D) Relative DcR3 mRNA expression in UALCAN datasets, which included 41 normal
samples and 274 samples with different stages of colorectal cancer. (E) Detection of relative TIPE mRNA expression in the same database. Kaplan-Meier curves for
the overall survival of 177 CRC patients stratified by (F) TIPE and (G) DcR3 expression. *p < 0.05.
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correlations were observed in these analyses (p> 0.05)
(Supplementary Tables 1, 2).

The Expression of Tumor Necrosis Factor-
Induced Protein-8 and Decoy Receptor 3
Is Increased in Colorectal Cancer
To verify the relationship between TIPE and DcR3 in CRC, we
first selected two colon cancer cell lines, HCT116, and SW620,
which are commonly used in experiments, and evaluated the
expression of TIPE and DcR3 by qRT-PCR and Western blot
analysis. As shown in Figures 2A, B, all cell lines expressed TIPE.
DcR3 was low expressed in SW620 cells, and the mRNA and
protein levels of TIPE and DcR3 were higher in HCT116 cells. In
Frontiers in Oncology | www.frontiersin.org 6138
addition, we also collected plasma samples from patients with
CRC and healthy individuals (the control group) and determined
the DcR3 level in the plasma with ELISA. Plasma samples from
cancer patients had significantly higher levels of DcR3 than those
from the control group (Figure 2C). These results demonstrate
that TIPE and DcR3 were highly expressed in CRC and that their
protein expression patterns were consistent with their mRNA
expression patterns.

DcR3 is generally difficult to detect because it lacks a
transmembrane sequence, and DcR3 is a soluble protein.
However, our results combined with the previous linear
correlation analysis results of bioinformatics data demonstrated
that TIPE was highly expressed in stage III gastric cancer and
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FIGURE 2 | Tumor necrosis factor-induced protein-8 (TIPE) can upregulate DcR3 expression and positively regulate DcR3 transcription. (A) Comparison of TIPE
and DcR3 mRNA expression in HCT116, and SW620 cells. TIPE and DcR3 mRNA expression was quantified by qRT-PCR and normalized in HCT116 cells.
(B) Expression of TIPE and DcR3 in HCT116, and SW620 cells based on Western blot assays. (C) ELISA analysis and statistical analysis of DcR3 in a group of
patients with CRC (n = 8) and healthy individuals (n = 4). (D) The relative luciferase activity of the DcR3 promoter was detected after TIPE overexpression and TIPE
knockdown. (E) qRT-PCR assay of relative mRNA expression levels of DcR3 in two colon cancer cells based in TIPE overexpression or control cells. (F) DcR3
protein expression was detected by ELISA in supernatants of HCT116, and SW620 cells. TIPE promoted DcR3 secretion compared with that in the control group.
ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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positively correlated with DcR3 and ERK1/2 expression. We
hypothesized that there may be a regulatory relationship between
TIPE and DcR3. Through dual-luciferase reporter gene assays,
we found that overexpressing TIPE enhanced the transcriptional
activity of the DcR3 promoter, whereas knocking down TIPE
expression reduced the transcriptional activity of DcR3 (Figure
2D). We then overexpressed TIPE in two cell lines and examined
whether the expression of DcR3 was altered. When the
expression of TIPE increased (Supplementary Figure 1A), the
expression of DcR3 also significantly increased compared with
that in the control group (Figures 2E, F). In summary, these
results suggested that TIPE positively regulated DcR3
transcription and that TIPE overexpression upregulated
DcR3 expression.

Tumor Necrosis Factor-Induced Protein-8
Affects Proliferation and Apoptosis by
Regulating Decoy Receptor 3 Expression
Based on the above findings, we next explored whether TIPE can
affect the function of DcR3. Due to the low expression level of
DcR3 and detection difficulty, we selected HCT116, which had
higher expression level of DcR3 after the overexpression of TIPE,
as the target cell line for our subsequent experiments. CCK-8
assays showed that cell growth declined after knocking down
TIPE, while overexpressing TIPE reversed this phenomenon and
promoted the proliferation of HCT116 cells. With the increase in
cell number and culture time, the differences became more
apparent, and they were significant compared with those in the
control group (p<0.001) (Figures 3A, B). These results suggest
that TIPE overexpression promoted the proliferation of colon
cancer cells.

Resistance to apoptosis is considered a reason for cancer
treatment failure. We first used a PI staining solution to detect
apoptotic cells under normal conditions, and there was no
difference in the number of sub-G1 cells between the normal
group (control group) and the TIPE control group (vector
group) in HCT116 cells. Subsequently, we found that the sub-
G1 population was larger in the TIPE knockdown group,
whereas the sub-G1 population was smaller after the
overexpression of TIPE in HCT116 cells (Figure 3C).
Statistical analysis revealed significant differences among the
shTIPE group, TIPE group and control group (Figure 3D).
Numerous studies have shown that the DcR3 protein acts as a
decoy receptor, neutralizing FasL-mediated apoptosis signals.
Therefore, we further exposed the cells in the above groups to
sFasL (100 ng/ml) for 24 h and then detected cell apoptosis. We
discovered that the sub-G1 population decreased in the TIPE-
overexpressing group, while the sub-G1 and apoptotic cell
populations increased in the TIPE knockout group (Figure
3C). Further statistical analysis confirmed that the TIPE
overexpression and knockdown groups were significantly
different from the control group in terms of apoptosis rates
(p<0.001), and the TIPE overexpression group and the TIPE
knockout group were also significantly different (p<0.001)
(Figure 3D). Meanwhile, we also detected the secretion of
DcR3 in different groups with ELISA, and the results showed
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that as TIPE expression increased, DcR3 also increased, and vice
versa (Supplementary Figure 1B). These results further
confirmed that the overexpression of TIPE upregulated DcR3
secretion and blocked the cytotoxic effect of FasL in
HCT116 cells.

Tumor Necrosis Factor-Induced Protein-8
Overexpression Enhances the Migration of
Colon Cancer Cells
Since both proliferation and migration are important in tumor
growth and metastasis, we further verified the effect of TIPE on
the migration ability of HCT116 cells. Through a wound healing
assay, we found that compared with the control group, the TIPE
overexpression group showed stronger wound healing ability,
especially after 24 h, while TIPE knockdown had the opposite
effect (Figure 4A). We also performed statistical analysis of the
scratch area. As shown in Figure 4B, the area of the TIPE
knockdown group was significantly smaller than that of the
control group, while the healing rate of the TIPE overexpression
group significantly increased at 24 h compared with that of the
control group (p<0.01). All these results indicated that TIPE
enhanced the migration ability of colon cancer cells.

We used a Transwell assay to further evaluate the effect of
TIPE on the motility of HCT116 cells. After 24 h of culture, we
found that the number of adherent cells on the lower side of the
Transwell chamber significantly increased in the TIPE
overexpression group compared with that in the control group,
while TIPE knockdown had the opposite effect (Figure 4C).
These results again illustrate that TIPE promotes the migration
of the colon cancer cell line HCT116. Statistical analysis further
confirmed that there were significant differences among the three
groups in terms of cell migration (Figure 4D). We also extracted
proteins from three groups of cells and verified the effect of TIPE
overexpression with Western blot analysis (Supplementary
Figure 1C). The cell supernatant was collected, and the
secretion of DcR3 was further detected with ELISA. The
expression of DcR3 was increased in the TIPE overexpression
group but decreased in the TIPE knockdown group
(Supplementary Figure 1D). These results all demonstrated
that TIPE overexpression promotes DcR3 secretion and
cell migration.

Tumor Necrosis Factor-Induced Protein-8
Regulates Decoy Receptor 3 Expression
by Activating the Phosphatidylinositol 3-
Kinase/AKT Signaling Pathway in
Colorectal Cancer
To confirm the importance of the PI3K signaling pathway in
regulating DcR3 expression in CRC after changes in TIPE
expression, we stimulated the HCT116 colon cancer cell line
with LPS. Through Western blot analysis, we found that in
response to LPS, the expression levels of total PI3K, AKT, P105,
and P65 did not change, but the phosphorylation levels of AKT,
P105, and P65 increased in a time-dependent manner in
response to LPS stimulation in the TIPE overexpression group
compared to those in the control group (Figure 5A). To further
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examine the role of the PI3K/AKT signaling pathway in DcR3
expression, we pretreated LPS-stimulated cells with the PI3K
inhibitor LY294002, Rac GTPase inhibitor NSC23766, MEK
inhibitor U0126 or IkBa/NF-kB inhibitor BAY 11-7082. The
results showed that compared with the DMSO group, the two
groups treated with the PI3K inhibitor LY294002 or NF-kB
inhibitor BAY 11-7082 had significantly decreased expression of
DcR3 at the mRNA and protein levels (Figures 5B, C).

Then, to examine the activation of AKT and downstream NF-
kB, TIPE-overexpressing HCT116 cells stimulated with LPS were
further treated with the PI3K inhibitor LY294002. Although the
change in phosphorylation levels after LPS stimulation was not
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obvious, the phosphorylation levels of PI3K, AKT, P105, and P65
in the TIPE overexpression group decreased after the PI3K
inhibitor LY294002 was added and were significantly different
from those in the group without inhibitor treatment (Figure
5D). Collectively, these results confirm that TIPE regulates DcR3
secretion by activating the PI3K/AKT signaling pathway in CRC.

Clinical Value of Tumor Necrosis Factor-
Induced Protein-8 and Decoy Receptor 3
in Colorectal Cancer
To investigate the clinical value of and relationship between
TIPE and DcR3 expression in CRC samples, we evaluated their
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FIGURE 3 | Alteration in tumor necrosis factor-induced protein-8 (TIPE) expression regulates cell proliferation and apoptosis in HCT116 cells. (A) TIPE was
overexpressed or knocked down in HCT116 cells, and cell proliferation was measured by CCK-8 assays. (B) Cell proliferation assays of HCT116 cells transfected
with TIPE and shTIPE after 24, 48, and 72 h of incubation. (C) HCT116 cells were transfected with TIPE or shTIPE for 24 (h) sFasL (100 ng/ml) was added for
another 24 h, and the cells were fixed and stained with PI to analyze the DNA content with a CytoFlex S flow cytometer. The cell cycle phase (sub-G1, G1, S, and
G2) is indicated. The sub-G1 phase is indicative of apoptosis. The experiment was performed three times with similar results. (D) Statistical analysis was used to
assess the apoptosis rate of HCT116 cells after changes in TIPE,expression and sFasL treatment. ns, not significant, *p< 0.05, **p< 0.01, ***p< 0.001.
February 2021 | Volume 10 | Article 623048

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhong et al. TIPE Regulates DcR3 Expression and Function in CRC
expression at the protein level with immunohistochemistry. We
used 35 pairs of CRC cancer tissues and corresponding adjacent
tissues. Through tissue microarray analysis, we found that in the
35 pairs of samples, 24 adjacent cancer tissues were negative for
TIPE expression, while the cytoplasm of tumor cells in CRC
tissues showed very strong positive staining (Figure 6A). DcR3
staining showed that there was high expression in 22 cases
(Figure 6A). The analysis of tumor stages showed that the
expression of TIPE was increased in advanced tumors (Figure
6B), while the expression of DcR3 was increased in early tumors
(Figure 6C). In addition, TIPE expression was associated with
tumor size (p<0.05), stage of disease progression (p<0.05), and
distant metastasis (p<0.05), while DcR3 expression was only
associated with distant metastasis (p<0.05). We analyzed the
Frontiers in Oncology | www.frontiersin.org 9141
survival time according to the expression of TIPE and DcR3. As
the expression of TIPE and DcR3 increased, the survival time of
patients decreased, but there was no significant difference
(Supplementary Figure 1E, 1F). These results support that
TIPE and DcR3 are highly expressed in CRC samples,
suggesting that TIPE and DcR3 are elevated and act as
oncogenes in CRC and that TIPE expression is positively
correlated with CRC metastasis and poor prognosis in patients.
DISCUSSION

CRC is the fourth most common malignant tumor worldwide,
and it has become a global threat to human life (1). Although
A

B D

C

FIGURE 4 | Changes in the expression of tumor necrosis factor-induced protein-8 (TIPE) affect cell migration. (A) After 12, 24, and 36 h incubation, in vitro wound
healing assays with TIPE or shTIPE transfected HCT116 cells were performed to evaluate cell migration. (B) Histograms indicated the size of the wound healing area,
and representative statistical results are shown. (C) Based on a Transwell assay, cell migration was significantly enhanced after transfection with TIPE in HCT116
cells but decreased after transfection with shTIPE. Quantitative analysis of three independent experiments is shown in (D); ns, not significant, **p< 0.01, ***p< 0.001.
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extensive studies have been performed that focus on CRC, the
detailed molecular events that occur during disease development
are still unclear. More research is needed to elucidate
CRC pathogenesis.

Inflammation is very closely related to the occurrence of
tumors, and many factors involved in inflammation and the
tumor microenvironment interact with each other to promote
the occurrence and development of tumors. TIPE was the first
member of the TNFAIP8 family to be identified (4). The TNFa
(21) and NF-kB (22) pathways can induce the expression of
TIPE, and TIPE plays an important role in inflammation and
tumors (23). Numerous studies have revealed that TIPE is
overexpressed in various tumors and that its overexpression is
Frontiers in Oncology | www.frontiersin.org 10142
associated with clinical parameters and metastasis. In non-
small-cell lung cancer (NSCLC), the expression of TIPE is
downregulated via a decrease in EGFR levels and an increase
in SNX (a key regulator of EGFR transporters) levels,
which further inhibits ECL- and IGF-1-stimulated NSCLC
cell migration (5). In gastric cancer patients, increased TIPE
expression in tumor tissue is related to lymph node metastasis,
tumor-node-metastasis (TNM) stage, and poor prognosis (24).
In addition, the TIPE genotype was found to be linked to
hematological malignancies, including diffuse large B-cell
lymphoma (25), acute myelogenous leukemia (26), and
multiple myeloma (27). TIPE is overexpressed in colon
cancer and regulates cell proliferation (10). Recent studies
A

B

D

C

FIGURE 5 | Tumor necrosis factor-induced protein-8 (TIPE)-mediated activation of the PI3K/Akt pathway is involved in the modulation of DcR3 levels in HCT116
cells. (A) HCT116 cells were transfected with TIPE or an empty vector (control) for 24 h with lipopolysaccharide (LPS) stimulation for the indicated time (0, 15, 30,
and 60 min). Cells were harvested, and whole-cell extracts were prepared for Western blot analysis of the indicated proteins. The blots shown are representative of
those obtained in three separate experiments. (B) HCT116 cells were cultured in 6-well plates and transfected with TIPE or an empty vector (control) for 24 h, then
qRT-PCR assays were performed to measure the relative DcR3 mRNA expression of HCT116 cells after treatment with LY294002 (50 mM), NSC23766, U0126, and
BAY 11-7082. Expression was normalized to that in the control cells. (C) The culture medium was collected, and DcR3 protein levels were measured by ELISA.
(D) HCT116 cells were transfected with tumor necrosis factor-induced protein-8 (TIPE) after treatment with lipopolysaccharide (LPS) for the indicated time (0, 30, and
60 min), and Western blot analysis of whole-cell lysates was performed to examine the indicated proteins in HCT116 cells after treatment with or without LY294002
(50 mM). ns, not significant, *p < 0.05, ***p < 0.001.
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have shown that TIPE promotes the growth and metastasis of
MDA-MB-435 breast cancer cells by enhancing the expression
of VEGFR2, MMP1 and MMP9 (8). Yang et al. confirmed that
TIPE can promote tumor proliferation and invasion by
activating Wnt signaling and inhibiting Hippo signaling in
CRC (11). Our previous studies showed that TIPE was highly
expressed in stage III gastric cancer and was positively
correlated with DcR3 and ERK1/2 (20). Our study also
found that TIPE is highly expressed in CRC, confirming that
TIPE promotes angiogenesis in CRC by regulating the
expression of VEGFR2. Our results revealed that TIPE
regulates DcR3 expression, inhibits apoptosis, and promotes
cell proliferation and metastasis.
Frontiers in Oncology | www.frontiersin.org 11143
DcR3, a member of the TNFRSF, can block apoptosis
mediated by FasL, LIGHT and TL1A (28, 29). Studies have
found that DcR3 is expressed at low levels in some normal tissues
and in serum but overexpressed in many malignant tumors (16,
30). The serum DcR3 level in ovarian cancer is associated with
tumor invasion and the number of tumor blood vessels, and the
serum DcR3 level of patients is significantly decreased after
tumor resection (31). Previous studies found that DcR3 mRNA
levels are high in colon cancer tumors and the CRC cell lines
SW480 and SW1116 (13). Our previous results showed that
DcR3 is highly expressed in gastric cancer cell lines and surgically
resected gastric cancer tissues. BGC823 cells were used to
establish a tumor model in nude mice, and the expression of
A

B C

FIGURE 6 | Tumor necrosis factor-induced protein-8 (TIPE) and DcR3 are upregulated in human colorectal cancer (CRC) and positively correlated with CRC
metastasis. (A) Representative immunohistochemical detection of TIPE (left panel) or DcR3 (right panel) in tissue microarrays of CRC tissues and adjacent tissues.
(B) Percentage of patients with high and low TIPE expression according to the following clinical parameters: tumor size (cm), tumor stage (I–II and III–IV), lymph node
status (N0 or N1), and metastasis status (M0 or M1). (C) The percentage of patients with different expression levels of DcR3 according to different clinical
parameters. ns, not significant, *p< 0.05.
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FIGURE 7 | Schematic diagram representing that TIPE regulates DcR3
expression and function by activating the PI3K/AKT signaling pathway in
CRC. The solid line indicates direct regulation, the dashed line indicates
indirect influence.
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DcR3 at the inoculation site was increased during tumor
development (32). Studies have confirmed that DcR3 is a
predictor of 5-FU-based adjuvant chemotherapy responses in
CRC (17). Yu et al. discovered that DcR3 has the potential to
regulate the growth and metastasis of SW480 colon cancer cells
(18). Zong et al. found that the overexpression of DcR3 in CRC
can increase the risk of malignancy (19). These results suggest
that DcR3 plays an antiapoptotic and proliferative role in
intestinal inflammation and CRC.

In this study, we investigated the expression of TIPE and
DcR3 in CRC and analyzed their correlation and relationship
with CRC prognosis. We also explored the possible
mechanisms by which TIPE regulates DcR3 expression. First,
by searching the databases, we found that TIPE and DcR3 were
highly expressed and positively correlated in CRC patients. We
also collected plasma samples from CRC patients diagnosed by
the Department of Gastrointestinal Surgery, Zhongshan
Hospital of Xiamen University and detected significantly
Frontiers in Oncology | www.frontiersin.org 12144
elevated DcR3 expression in these samples compared to
control samples. Through in vitro cell experiments, we
confirmed that TIPE and DcR3 were highly expressed in two
colon cancer cell lines and that the expression levels were
higher in the HCT116 cell line. Then, we overexpressed TIPE
in all colon cancer cell lines and found that increased TIPE
expression significantly upregulated the mRNA and protein
levels of DcR3. Finally, a dual-luciferase reporter gene assay
showed that the overexpression of TIPE enhanced the
transcriptional activity of the DcR3 promoter.

Studies have shown that TIPE family members are the only
known transfer proteins for the lipid second messengers
phospha t idy l inos i to l 4 ,5 -d iphospha te (PIP2) and
phosphatidylinositol 3,4,5-triphosphate (PIP3) (33). These
proteins act by regulating phosphatidylinositol 3-kinase (PI3K)
and downstream mediators, such as AKT, Rac1, GSK3, ERK1/2,
NF-kB, to trigger inflammation and tumorigenesis. It is widely
accepted that the PI3K/AKT signaling pathway plays a crucial
role in many human cancers (34). To confirm the importance of
the PI3K/AKT signaling pathway in regulating DcR3 expression
in CRC after changes in TIPE, we stimulated TIPE-
overexpressing HCT116 colon cancer cells with LPS and found
increased phosphorylation levels of AKT, P105, and p65 and NF-
kB activation. Treatment with the PI3K inhibitor LY294002
significantly inhibited the phosphorylation of PI3K, AKT,
P105, and P65 and decreased the expression of DcR3. These
results provided preliminarily confirmation that TIPE regulates
the expression of DcR3 through the PI3K/AKT signaling pathway
(Figure 7). Functional experiments showed that the increased
expression of TIPE not only upregulated the expression of DCR3
but also significantly enhanced the proliferation and migration
ability of HCT116 cells and reduced FasL-induced apoptosis. Our
results demonstrate that in the occurrence and development of
CRC, TIPE can regulate the secretion of DcR3 and play a
synergistic role in promoting tumor growth and migration.
DcR3 is a soluble protein that is easy to detect, and it is
associated with the occurrence, development and prognosis of
tumors, so it can be used as a biomarker during tumor diagnosis
and treatment response evaluation. Through tissue microarray
analysis, we observed that TIPE and DcR3 act as oncogenes and
have increased expression in CRC compared to normal controls.
In addition, the expression of TIPE is positively correlated with
CRC metastasis and poor prognosis in patients.
CONCLUSIONS

In summary, this study revealed that TIPE and DcR3 are highly
expressed in CRC and are associated with poor prognosis in
patients. Furthermore, TIPE may regulate the expression of
DcR3 by activating the PI3K/AKT signaling pathway in CRC,
thereby promoting cell proliferation and migration and
inhibiting apoptosis (Figure 7). Therefore, it is of great
clinical significance to elucidate the pathogenesis and
prognosis of CRC.
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Supplementary Figure 1 | (A) qRT-PCR assaying relative mRNA expression
levels of TIPE in two colon cancer cells (TIPE-overexpressing or control cells).
(B) HCT116 cells were transfected with TIPE or shTIPE for 24 h. sFasL (100 ng/ml)
was added for another 24 h, the culture medium was collected, and DcR3 levels
were measured with ELISA. (C) Expression of TIPE in HCT116 cells transfected with
TIPE, shTIPE or a control as measured by Western blot assays. (D) The culture
medium of HCT116 cells transfected with TIPE, shTIPE or a control were collected,
and DcR3 levels were measured by ELISA. (E) Different expressions of TIPE
affected overall survival. (F) Compared with patients with low DcR3 levels, patients
with high DcR3 levels had a higher probability of recurrence and worse overall
survival. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Hypoxia plays a key role in colorectal cancer (CRC) metastasis, but its underlying

mechanism remains largely unknown. Dicer1, an RNase, has been considered as a

tumor regulator in many tumors. However, whether Dicer1 affects CRC progression

under hypoxia remains uncertain. In this study, we found that Dicer1 expression was

induced by hypoxia in CRC cells and it mediates hypoxia-induced CRC cell progression.

Furthermore, we found that the expression of tRF-20-MEJB5Y13, a small non-coding

RNA derived from tRNA, was increased under hypoxic conditions, and its upregulation

by Dicer1 resulted in hypoxia-induced CRC cell invasion and migration. These results

advance the current understanding of the role of Dicer1 in regulating hypoxia signals and

provide a new pathway for the development of therapeutic interventions for inhibiting

cancer progression.

Keywords: colorectal cancer, Dicer, tRNA-derived fragments, epithelial-to-mesenchymal transition, hypoxia

INTRODUCTION

Colorectal cancer (CRC) is one of the most common causes of cancer-related deaths worldwide,
which poses serious threats to public health, and its morbidity and mortality rates are increasing
annually. Approximately 1.2 million new cases are reported annually, accounting for 10–15% of all
malignant tumors, and it ranks third with respect to morbidity and mortality among malignant
tumors (Miller et al., 2019). However, many clinical CRCs show micrometastasis of the tumor
before surgery, which in itself is a complex and continuous process regulated bymultiple factors and
steps (Crotti et al., 2017). Therefore, studying the underlying mechanism of colon cancer invasion
and migration is essential for establishing targeted intervention strategies to improve survival.

Tumor cells are characterized by uncontrolled cell proliferation, resistance to apoptosis, and
metabolic shift to anaerobic glycolysis (Warburg effect). As the tumor cells continue to proliferate
and the tumor volume increases, high demand for oxygen is created and this oxygen demand of
the cells cannot be satisfied by the blood supply, which limits the use of oxygen by the cells, thereby
resulting in hypoxic conditions for tumor cells (Catalano et al., 2013; Sormendi and Wielockx,
2018). Hypoxia, oxidative stress, and acidosis in the tumor microenvironment trigger extracellular
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matrix remodeling and stimulate adjacent stromal cells (such
as fibroblasts) and immune cells (such as lymphocytes and
macrophages) to induce angiogenesis, thereby promoting tumor
invasion andmigration ultimately (Roma-Rodrigues et al., 2019).

Recent studies have shown that Dicer1 required for transfer
RNA-derived fragments (tRF) biogenesis is associated with the
development of cancer (Karube et al., 2005; Chiosea et al., 2006,
2007; Flavin et al., 2008; Merritt et al., 2008; Grelier et al.,
2009). Currently, several studies have shown that the expression
level and mode of action of Dicer1 may vary depending on
the type of tumor, but the regulatory mechanism of these
genes remains unclear. Additionally, recent studies on CRC
have demonstrated that high expression of Dicer1 mRNA and
protein is associated with poor survival, and this effect is
independent of any clinical parameters of patients with CRC,
including sex and age (Chiosea et al., 2006). Interestingly,
Dicer1 downregulation was statistically correlated with tumor
progression, tumor grade, and lymph node metastasis (Faggad
et al., 2012). However, the relationship between Dicer1 and
tumor invasion and migration and their underlying mechanisms
are unclear.

tRF belongs to the short non-coding RNA family present in
most organisms, and can be processed by Dicer (Cole et al.,
2009) and RNase (Lee et al., 2009) under stress conditions
such as hypoxia. Dicer is a ribonuclease, which is generally
considered to be the cause of mature miRNA biogenesis. A
study suggests that Dicer can cleave tRNA from the 3′-end
of tRNA to produce tRF (tRF-3) (Haussecker et al., 2010).
Contrastingly, a recent study demonstrated that certain tRF-
3 series can be produced independently of the Dicer enzyme
(Kuscu et al., 2018). Dicer can also cleave the D arm of mature
tRNA in cancer cells to produce tRF-5 (Cole et al., 2009).
As hypoxia is the main stress condition encountered by the
cells during cancer progression, tRF expression induced under
hypoxia may affect metastasis (Goodarzi et al., 2015). Huang
et al. (2017) identified a human-specific tRF/miR fragment,
tRF/miR-1280, which could inhibit Notch/Gata and miR-200b
signal transduction through direct interaction with JAG2 3′-
untranslated region, thereby suppressing colon cancer cell
proliferation and metastasis. Zhang et al. (2019) found that tRF-
03357 might promote the proliferation, invasion and migration
of SK-OV-3 cells.

Our aim was to explore whether hypoxia microenvironment
affects Dicer1 expression in CRC cells and to investigate
the relationship between changes in Dicer1 expression
and epithelial-to-mesenchymal transition (EMT) in
CRC. Finally, we identified a novel mechanism that
links hypoxia with upregulated Dicer1 expression
and specific tRF expression associated with EMT
in CRC.

Abbreviations: CRC, Colorectal cancer; tRFs, tRNA-derived fragments; EMT,

Epithelial-to-mesenchymal; RT-qPCR, Reverse transcription quantitative

polymerase chain reaction; PVDF, Polyvinylidene fluoride; CST, Cell Signaling

Technology; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide.

MATERIALS AND METHODS

Cell Culture
The human CRC cell lines SW480 and RKO were obtained from
the American Type Culture Collection. Cells were cultured in
Dulbecco’s modified Eagle medium (Gibco, USA) supplemented
with 10% fetal bovine serum (BI, USA) and 100 IU/mL
penicillin. All cells were incubated in a CO2 constant temperature
incubator (37◦C, 21% O2, and 5% CO2) (Thermo Fisher
Scientific, Rockford, IL, USA) for normal oxygen culture or in
a hypoxic incubator (37◦C, 1% O2, and 5% CO2) for hypoxic
culture for 24 h.

Plasmid Construction and Cell Transfection
To construct the Dicer1 expression plasmid, the synthetic
Dicer1 gene encoding the coding sequences was inserted
into the pcDNA3.1 vector, and puromycin resistance gene
and green fluorescent protein tag were added simultaneously.
Lipofectamine 2000 was used to transfect RKO and SW480 cells
with Dicer1 overexpression plasmid. tRF-20-MEJB5Y13 mimics
and negative control mimics were purchased from (GenePharma
Shanghai, China). For each dish of cells, 2 µL of Lipo 2000
was added to 48 µL of Opti-MEM and mixed. The plasmid
preparation solution was added to the Lipo 2000 preparation
solution in an equal volume and incubated for 20min. After 2 h
of transfection, the cells were harvested for further experiments.

RNA Sequencing
Total RNA was extracted with Trizol (Invitrogen, Carlsbad,
CA, USA). RNA integrity was analyzed with Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Qubit RNA detection kit deteced RNA concentration in the
Qubit Fluorometer (Invitrogen, Carlsbad, USA). The total RNA
samples used in subsequent experiments all meet the following
requirements: RNA integrity number (RIN) 7.0, 28S:18S ratio 1.5.
The sequencing library was generated and sequenced by Boao
Biotechnology (Beijing, China). The total dose of each sample
is 5µg RNA. Briefly, ribosomal RNA (rRNA) was removed
using the Ribose Zero Magnetic Kit (epicenter technologies,
Madison, WI, USA). To remove linear RNA, total RNA was
digested with RNase R (Epicenter Technologies, Madison, WI,
USA). The NEBNext Ultra RNA Library Preparation Kit from
Illumina (Nebraska, USA) was used to construct a sequencing
library according to the manufacturer’s protocol. In NEBNext
first-strand synthesis reaction buffer (5x), RNA is fragmented
into fragments of approximately 300 base pairs (bp) in length.
The RNA fragment was synthesized by reverse transcriptase and
random hexamer primers to synthesize the first strand cDNA,
and the second strand cDNA was synthesized with 10x dUTP
Mix in the second strand synthesis reaction buffer. The end of the
cDNA fragment undergoes an end repair process, which involves
adding a single a base and then connecting the adaptor. After
connecting the Illumina sequencing adapter, the second strand of
cDNA was digested with user enzyme (NEB, USA) to construct a
strand-specific library. In order to amplify the library DNA, the
library was purified and PCR enriched. Then, these libraries were
certified by Agilent 2100 and quantified using the KAPA Library
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TABLE 1 | Primer sequences for qRT-PCR.

Gene Primer Sequence (5′-3′)

Primer Sequence (5′-3′) F: GTCGTGCCGTATTGGTAGTT

R: CTGCTGTCGCTCATATGGTT

tRF-20-MEJB5Y13 F: AGGTATTCGCACT

R: CGGATCAGAAGATT

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

Quantification kit (KAPA Biosystems, South Africa). Finally, the
library was sequenced with paired ends on an Illumina HiSeq
sequencer (Illumina, San Diego, CA, USA). The read length of
the paired ends was 150 bp.

Reverse Transcription Quantitative
Polymerase Chain Reaction
The cells (transfected cell lines including RKO and SW480) were
collected in a 1.5mL RNase-free eppendorf tube, and 500 µL
TRIzol reagent was added to ensure that the cells were fully lysed.
After RNA extraction and concentration determination, cDNA
was reverse transcribed using a cDNA Synthesis Kit (Thermo
Fisher Scientific). RT-qPCR amplifications were performed with
the SYBR Green qPCR Master Mix (ABI) by using the ABI 7300
real-time PCR detection system. Detailed information including
forward primers and reverse primers of specific tRFs and Dicer1
were designed and synthesized (Table 1).

Western Blot Assay
The transfected cells were collected in an eppendorf tube,
and RIPA buffer (Sigma-Aldrich, Shanghai, China) was added
to the lysate containing proteinase inhibitors depending on
the density of cells. After quantitative analysis, the proteins
were separated using sodium dodecyl sulfate-polyacrylamide gel
vertical electrophoresis. The proteins were then transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore, USA).
The PVDF membranes were at the anode and the gel was at
the cathode electrode, and the apparatus was then immersed in
the electrophoresis tank. Subsequently, the PVDF membranes
were immersed in a blocking solution containing 5% skimmed
milk powder and sealed at room temperature for 2 h. Thereafter,
the blocked PVDF membranes were removed, immersed in 1
× phosphate-buffered saline solution with Tween 20, washed 3
times on a shaker, diluted with primary antibody solution, and
incubated at 4◦C overnight. The following primary antibodies
were used: anti-N-cadherin [1:1000, Cell Signaling Technology
(CST), USA], anti-vimentin (1:1000, CST, USA), anti-ZEB1
(1:1000, CST, USA), anti-MMP7 (1:1000, CST, USA), anti-
Slug (1:1000, CST, USA), and anti-SSnail (1:1000, CST, USA).
Subsequently, the membranes were probed with goat anti-rabbit
IgG antibody (1:3000, Sigma-Aldrich, Japan). The proteins were
then visualized with enhanced chemiluminescence western blot
detection reagents (Bio-Rad, Cal, USA) and exposed to the
chemical photosensitive mode.

Transwell Assay
Cell migration and invasion assays were conducted using 24-
well Transwell R© chambers (Costar, USA). Serum-free medium
was added to each well in order to adjust the densities of RKO
and SW480 cells to 1.6 × 105 cells/mL before seeding the cells
in the upper chamber, whereas 500 µL of fetal bovine serum-
supplementedmediumwas added to the lower layer, and then the
chamber was incubated in a 37◦C, 5% CO2, saturated humidity
incubator for 2 h or overnight. For invasion experiments, it is
necessary to pre-lay 20 µL of Matrigel mixture (the ratio of
Matrigel and Dulbecco’s modified Eagle medium was 1: 1) on the
upper layer of the chamber in advance and incubate it at 37◦C for
30min until the glue solidifies. Matrigel needs to be melted into
a liquid state beforehand, and it is not necessary to add matrigel
for migration experiments. After culturing the cells at 37◦C for
24 h, the cells were fixed with methanol for 20min, washed with
phosphate buffered saline 3 times, and stained with crystal violet.
The cell number was visually counted in 3–5 random fields by
using an inverted fluorescence microscope (Leica DMI3000B).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT)
Assay
MTT assay was performed to measure the proliferation of CRC
cells. The transfected cells were cultured in 96-well-plates, and
96-well-flat bottom plates were incubated at 3◦C for 24, 48, 72,
and 96 h. Thereafter, 50 µL MTT solution (Sigma-Aldrich, St.
Louis, MO) was added to the cells after the incubation, and the
plates were then incubated for 4 h in a cell culture incubator
under dark conditions to form formazan. Subsequently, 150 µL
of dimethyl sulfoxide was added to each well. The density of
cells in each well was measured by taking the absorbance at a
wavelength of 570 nm.

Statistical Analysis
All data are expressed as mean ± standard deviation. Data
analysis was performed using GraphPad Prism 7 and SPSS 22.0
(version 22.0; IBM SPSS, Armonk, NY, USA) statistical softwares.
All experiments were repeated 3 times. Statistical comparisons
for significance were performed using the Wilcoxon signed-
rank test for paired samples. Differences between groups were
analyzed statistically using the paired Student’s t-test. P < 0.05
were considered statistically significant.

RESULTS

Hypoxia Inhibits Tumor Growth but
Promotes Cell Invasion and Migration
Cell proliferation in the hypoxia group was decreased as
compared to that in the control group (Figure 1A). However, the
transwell assays showed that the number ofmigrated and invaded
cells was significantly increased in the hypoxic groups in RKO
and SW480 cells (Figure 1B).
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FIGURE 1 | Colorectal cancer cell proliferation, migration, and invasion under nomoxic and hypoxic conditions. The MTT proliferation assay was performed to

determine cell proliferation (A). Transwell assays were performed to detect the migration and invasion of RKO cells and SW480 cells under normoxic or hypoxic

conditions (B). **P < 0.01. The assays were repeated at least 3 times. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Dicer1 Was Upregulated in CRC Cells
Under Hypoxic Conditions
The relationship between Dicer and cancer prognosis has been
observed in many human cancers. However, whether Dicer
plays a functional role in the mechanism of CRC progression
under hypoxic conditions and whether they are associated
with tRFs remains to be elucidated. To test our hypothesis,
we performed high-throughput sequencing to identify changes
in the expression of Dicer1 and tRFs. Next, we successfully
sequenced small RNAs fromCRC cells under hypoxic conditions.
GO terms listed can be clustered into three groups: (I) biological

process, (II) molecular function, and (III) cellular component,
describing detailed biological processes in their respective

levels (Figure 2A). Enrichment analysis of the KEGG signaling
pathway suggested that RNA degradation, RNA transport and

Splisome were significantly enriched in the signaling pathways

(Figure 2B). According to the sequencing results, the number of

genes with significant differences in expression were identified.
Among them, 888 genes were significantly upregulated and
3,168 genes were significantly downregulated under hypoxic
conditions (Figure 2C). The expression of 3 RNases involved
in tRNA cleavage were found to be increased. Notably, the
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expression of the RNase Dicer, which plays an important
role in the biological process of tRFs, varied significantly
between the two groups (Figure 2D). The expression of Dicer1,
which increased significantly under hypoxic conditions, was
further evaluated using RT-qPCR analysis. RT-qPCR results
showed that Dicer1 mRNA expression levels were significantly
upregulated in RKO and SW480 cells under hypoxic conditions
(Figures 2E,F). The data showed that RT-qPCR results were
consistent with the expression patterns identified through high-
throughput sequencing.

Dicer1 Overexpression Promotes CRC Cell
Invasion and Migration
The expression of Dicer1, which increased significantly under
hypoxic conditions, was further evaluated through western
blot assays. The results showed that Dicer1 protein expression
was significantly upregulated in RKO and SW480 cells under
hypoxic conditions (Figure 3A). Furthermore, RKO and SW480
cells were used for subsequent studies. After transfecting
Dicer1 overexpression plasmid in RKO and SW480 cells with
Lipofectamine 2000, the transfection efficiency was estimated
using RT-qPCR and western blot assays. The mRNA and protein
expression of Dicer1 in the transfected group were evidently
higher than those in the negative control group (Figure 3B).
Next, the MTT assay was performed to study the effects of Dicer1
on CRC cell proliferation. The MTT assay results suggested that
Dicer1 upregulation significantly decreased the proliferation of
RKO and SW480 cells (Figure 3C). Furthermore, we performed
transwell assays to investigate whether Dicer1 overexpression
could influence CRC cell invasion and migration. The assay
results showed that Dicer1 upregulation evidently promoted
RKO and SW480 cell invasion and migration in the transfected
groups as compared to the negative control groups (Figure 3D).
Taken together, these findings indicate that Dicer1 plays a critical
role during CRC development.

Dicer1 Overexpression in CRC Cells
Increases the Expression of Cell Invasion
and Migration Markers
We found that Dicer1 overexpression promotes CRC cell
invasion and migration. Thereafter, we investigated whether
upregulated Dicer1 expression could affect the mRNA and
protein expression of oncogenic and EMT-related markers in
RKO and SW480 cell lines. The results showed that both the
mRNA and protein expression of MMP7 and EMT-related
markers, including E-cadherin, N-cadherin, vimentin, ZEB1,
Slug, and Snail were upregulated after Dicer1 transfection
(Figures 4A–D). Therefore, the overexpression of these
markers indicates an increased potential for cell invasion,
migration, and metastasis following Dicer1 overexpression.
Taken together, our results suggest that increasing Dicer1
expression markedly increased the expression of a broad range
of tumor progression markers.

Dicer1 Facilitated CRC Cell Migration and
Invasion Through tRF-20-MEJB5Y13
When the expression of small RNAs in CRC cells under
hypoxic conditions were compared with the control group, the
expression of 14 tRFs was found to significantly vary between
the two groups. High-throughput sequencing data revealed
that tRF-20-MEJB5Y13 expression was significantly upregulated
in CRC cells under hypoxic conditions (Figure 5A). The
expression of tRF-20-MEJB5Y13, which increased significantly
under hypoxic conditions, was further evaluated using RT-
qPCR analysis. Additionally, PCR analysis suggested that tRF-20-
MEJB5Y13 expression was consistent with the high-throughput
sequencing data obtained for CRC cell lines under hypoxic
conditions (Figure 5B). Several assays were performed to
further confirm our hypothesis that Dicer1 promotes CRC cell
invasion and migration through its cleavage product, tRFs,
under hypoxic conditions. tRF-20-MEJB5Y13 expression was
significantly upregulated with Dicer1 overexpression, thereby
suggesting that the expression of Dicer1 and tRF-20-MEJB5Y13
was positively correlated, and Dicer1 may act through tRF-20-
MEJB5Y13 (Figure 5C). Next, we further explored the effect
of tRF-20-MEJB5Y13 on the progression of CRC cells. RT-
qPCR analysis results revealed that tRF-20-MEJB5Y13 expression
was significantly upregulated after transfecting the cells with
tRF-20-MEJB5Y13 mimics (Figure 5C). Furthermore, transwell
assay results indicated that tRF-20-MEJB5Y13 overexpression
in RKO and SW480 cells enhanced cell migration and
invasion, respectively (Figure 5D), thereby suggesting that tRF-
20-MEJB5Y13 might play a critical role in promoting CRC cell
migration and invasion.

To confirm the influence of Dicer1 on the biological
function of CRC and that it acts through tRF-20-MEJB5Y13,
we stably overexpressed Dicer1 and inhibited tRF-20-MEJB5Y13
expression (Figure 6A). MTT assays were used to detect the
effects upon combination of Dicer1 and tRF-20-MEJB5Y13 on
proliferation of CRC cells. The results indicated that tRF-20-
MEJB5Y13 could prompt cells proliferation, which partially
covered up the inhibiting effects of Dicer1 (Figure 6B). Transwell
assays were performed to detect the effect of Dicer1 combined
with tRF-20-MEJB5Y13 on CRC cell invasion and migration.
Therefore, the results show that Dicer1 overexpression can
significantly promote CRC cell invasion and migration, and this
effect is partially eliminated by suppressing tRF-20-MEJB5Y13
expression (Figure 6C).

DISCUSSION

Dicer1 is a ribonuclease, a key enzyme necessary for the
biogenesis of non-coding RNA such as microRNA, tRFs,
and small interfering RNAs, and is essential for mammalian
development and cell differentiation (Grelier et al., 2009). In
the present study, we confirmed that CRC cell invasion and
migration were increased under hypoxic conditions. Our results
showed that Dicer1 expression under hypoxic conditions in colon
cancer cells was upregulated. Moreover, the results suggested that
Dicer1 enhances the invasion and migration ability of CRC cells.
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FIGURE 2 | Dicer1 upregulation in colorectal cancer cells under hypoxic conditions. GO terms listed can be clustered into three groups: (I) biological process, (II)

molecular function, and (III) cellular component, describing detailed biological processes in their respective levels (A). Apart from the GO terms, Bulb map of KEGG

analysis was found to be effective for identifying different genes expressed under hypoxic and normoxic conditions. Rich factor represented the enrichment degree of

differentially expressed genes. Y axis showed the name of enriched pathways. The area of each node represented the number of the differentially enriched host genes.

The p-value was represented by a color scale. The statistical significance increased from purple (relatively lower significance) to orange (relatively higher significance)

(B). Sequencing analysis results showed significant differences of gene expression (C). High-throughput sequencing was performed to detect the expression of

RNases, which plays an important role in the biological process of tRFs, between the two groups (D). The RT-qPCR assay results verify the expression of Dicer1 in

RKO and SW480 cells (E,F). *P < 0.05, **P < 0.01. The assays were repeated more than 3 times. NC, negative control; GO, Gene Ontology; KEGG, Kyoto

Encyclopedia of Genes and Genomes; tRF, transfer RNA-derived fragments; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

More importantly, we found that Dicer1 mediated EMT through
tRF-20-MEJB5Y13, a key mechanism that promotes CRC cell
invasion and migration.

Rapid proliferation of cancer cells as well as structural and
functional defects in tumor blood vessels results in hypoxic
conditions within solid tumors (Gilkes et al., 2014). Hypoxia, a
characteristic of the tumor microenvironment and a common
feature of solid tumors, has been associated with an increased
risk of tumor metastasis and poor prognosis (Hiraga, 2018). Our
study verified that hypoxic conditions inhibit the growth of CRC
cells. We speculate that hypoxia may cause tumor cells to initiate
apoptosis or cell necrosis. It is known that the genes bnip3,
Bcl-2/adenovirus EIB 19 kDa-interacting protein 3, and bnip3L
(bnip3-like), whose products are members of the Bcl-2 homology
3-only protein family of cell death factors, are highly expressed
in hypoxia. Furthermore, a large amount of data shows that
hypoxia promotes the invasion potential of tumor cells. Hypoxia-
inducible factor activation is associated with the loss of E-
Cadherin, a component of the meeting point of believers that acts

as an inhibitor of invasion and migration (Sullivan and Graham,
2007). Interestingly, TWIST1 regulates EMT and is induced
under hypoxia (Yang et al., 2006). In addition, cells that survive
acidosis not only proliferate, but also become more aggressive
and invasive (Walenta and Mueller-Klieser, 2004). This effect is
partly through the activation of hypoxia-inducible factor-UPD
regulatory proteins involved in matrix remodeling, such as Lysyl
oxidase (Petrella et al., 2005), and metalloproteinases that disrupt
extracellular matrix interactions (Pouyssegur et al., 2006).

To explore the specific mechanism of increased invasion
and migration ability of CRC cells under hypoxic conditions,
we analyzed and compared the expression of different genes
between the test and the control groups. KEGG analysis results
revealed that the RNA degradation and spliceosome pathways
were enriched in CRC cells. Hence, in this study, we examined the
differences in Dicer1 expression between hypoxic and normoxic
conditions in CRC cells to explore whether Dicer1 expressional
changes are related to CRC progression. High-throughput
sequencing and RT-qPCR analyses conducted on CRC cell lines
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FIGURE 3 | Upregulation of Dicer1 expression affects the proliferation, invasion, and migration of colorectal cancer cells. Dicer1 and HIF1α expression under hypoxic

conditions was further evaluated using western blot assays (A). We transfected the Dicer1 overexpression plasmid into RKO and SW480 cells and detected its

transfection efficiency using RT-qPCR and western blot assays (B). MTT test results showed the proliferation of RKO and SW480 cells (C). Transwell assays showed

that Dicer1 overexpression could promote RKO and SW480 cell invasion and migration (D). *P < 0.05, **P < 0.01, and ***P < 0.001. The assays were repeated more

than 3 times. NC, negative control; RT-qPCR, reverse transcription quantitative polymerase chain reaction; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide.

cultured under normoxia and hypoxia demonstrated that Dicer1
expression is upregulated under hypoxic conditions. However,
Lai et al. found that hypoxia-inducible factor 1α (HIF1α) induced
the proteolysis of Dicer1 in the CRC cell line HCT116 (Lai
et al., 2018). While presumably other pathways or regulatory
mechanisms that lead to the increased expression of Dicer1
under hypoxic conditions, since Dicer1 is a specific nuclease that
produces tRFs from tRNA cleavage under hypoxia (Shen et al.,
2018). Although Dicer1 displays different expression patterns in
different cancers, our data suggest that Dicer1 expression under
hypoxic conditions in colon cancer cells was upregulated and it
may affect CRC cells and tumor microenvironment.

Several studies have been carried out on different types of
cancer to clarify the role of Dicer1 in carcinogenesis and its

impact on prognosis. In the present study, proliferation assays
showed that Dicer1 transfection inhibited the proliferation of
two CRC cell lines. Our transwell assay results suggested that
upregulated Dicer1 expression promotes CRC cell invasion
and migration. Our results were consistent with the results
reported for prostate adenocarcinoma, which suggested that
Dicer1 expression was upregulated and affected tumor invasion
characteristics (Chiosea et al., 2006). Consistently, a study
investigating the expression of ribonuclease Dicer in CRC
cell lines reported that Phase III Dicer mRNA expression
was significantly higher than that in the Phase II, thereby
suggesting that Dicer may play a key role in the development
of a more invasive form of tumor (Papachristou et al.,
2011). In ovarian cancer, Dicer expression correlates with
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FIGURE 4 | Increased Dicer1 expression in colorectal cancer cell lines promotes the expression of various carcinogenic markers, including EMT-related markers.

Comparison of the mRNA expression of indicated markers in RKO and SW480 cells between the control and Dicer-overexpressing groups based on RT-qPCR

analysis (A,B). Western blot assays were performed for analyzing the expression of E-cadherin, N-Cadherin, Vimentin, ZEB1, MMP7, Slug, and Snail (C,D). *P <

0.05, **P < 0.01. The assays were repeated more than 3 times. RKO and SW480, human colorectal cancer cells; NC, Negative control; EMT,

epithelial-to-mesenchymal transition; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

lymph node metastasis status, and its high expression denotes
lymph node metastasis (Flavin et al., 2008). However, on the
contrary, in breast cancer cell lines, low Dicer expression was
found in cells with mesenchymal phenotypes and metastatic

bone derivatives, thereby indicating that downregulated Dicer
expression may be related to tumor metastasis (Grelier et al.,
2009). Moreover, Dicer has a tumor-suppressing effect on
lung adenocarcinoma and ovarian cancer cells (Chiosea et al.,
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FIGURE 5 | Dicer1 promotes the invasion and migration of CRC through tRF-20-MEJB5Y13. High-throughput sequencing and RT-qPCR analyses showed significant

differences in the expression of 14 tRFs (A,B). RT-qPCR assay was performed to explore whether tRF-20-MEJB5Y13 expression was related to Dicer1

overexpression and to detect the transfection of tRF-20-MEJB5Y13 mimics (C). Transwell assays were performed to evaluate CRC cell migration and invasion with

tRF-20-MEJB5Y13 overexpression (D). *P < 0.05, **P < 0.01. The assays were repeated more than 3 times. CRC, colorectal cancer; RT-qPCR, reverse transcription

quantitative polymerase chain reaction; tRF, transfer RNA-derived fragments.

2007; Merritt et al., 2008). Although Dicer plays different roles
in the progression of cancer in different solid tumors, our
study found that upregulated Dicer1 expression is associated

with CRC cell invasion and migration. Therefore, Dicer1
overexpression may be a powerful independent predictor of poor
CRC prognosis.
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FIGURE 6 | RT-qPCR assay was performed to detect the transfection of tRF-20-MEJB5Y13 inhibitor (A). MTT assays were performed to explore CRC cell proliferation

after the co-transfection of both Dicer1 mimics and tRF-20-MEJB5Y13 inhibitor (B). Transwell assays were performed to evaluate the common effects of Dicer1

overexpression and tRF-20-MEJB5Y13 knockdown on CRC cell invasion and migration (C). *P < 0.05, **P < 0.01. The assays were repeated more than 3 times.

CRC, colorectal cancer; RT-qPCR, reverse transcription quantitative polymerase chain reaction; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Next, we explored the mechanism through which Dicer1
promotes CRC cell invasion and migration. The most common
mechanism for enhancing the motility of cancer cells is EMT,
which liberates tumor cells from adhesion, thereby allowing
them to migrate and invade. In our study, we confirmed that
Dicer1 overexpression induced the expression of EMT-related
molecules, namely E-cadherin, N-cadherin, vimentin, ZEB1,
MMP7, Slug, and Snail. This suggests that the elevated expression

of Dicer1 in CRC cells contributes to multiple carcinogenic
characteristics, including cell migration and invasion.

Notably, Dicer1 is the core component of the tRF regulatory
network. Therefore, several studies have aimed to explore the
significant role of ribonuclease in cancer pathology. In the
present study, high-throughput sequencing and bioinformatics
analysis results revealed significant differences in the expression
of 14 tRFs under hypoxic conditions (named from database
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MINTbase). Retrospective verification results of RT-qPCR
experiments showed that the expression of tRF (tRF-20-
MEJB5Y13) in the differentially expressed tRFs was significantly
upregulated with the most significant differences in their
expression, which was consistent with that of the sequencing
results. Recently, it was reported that the expression of
a series of tRFs is altered in cancer tissues, and they are
related to the development of cancer (Chen et al., 2019).
Huang et al. found that tRF/miR-1280 expression was
decreased in tumor tissues as tRF/miR-1280 overexpression
reduces cell proliferation and colony formation (Huang
et al., 2017). In our study, we explored the specific role and
regulatory mechanism of tRF-20-MEJB5Y13 in the EMT
in CRC. Functional assays verified that tRF-20-M0NK5Y93
overexpression can facilitate the acquisition of a variety of
oncogenic characteristics, including cell invasion and migration,
which supported the hypothesis that tRF-20-MEJB5Y13
functions as a tumor-suppressive molecule in vitro. These
findings demonstrate that tRF-20-MEJB5Y13 exerts its effects
on CRC progression by promoting the metastatic activity of
CRC cells.

Finally, our results showed that tRF-20-MEJB5Y13
knockdown could inhibit the stimulatory effect of Dicer1
overexpression on CRC cell migration and invasion. Thus, our
results suggest that Dicer1 plays a key role in CRC progression
by regulating tRF-20-MEJB5Y13 expression under hypoxic
conditions. Currently, we have reasons to believe that Dicer1
acts as a nuclease to produce tRF-20-MEJB5Y13 from pre-tRNAs
and mature tRNAs, thereby promoting CRC cell invasion
and migration. However, there are other reasons why high
Dicer1 expression makes CRC cells more invasive. Dicer
performs additional functions that may lead to malignant
transformation. Recently, studies have shown that Dicer1 is
essential for maintaining the methylation of CpG promoter
islands in CRC cell lines (Ting et al., 2008). As we know,
over-methylation and under-methylation of several genes
in CRC are common phenomena, and Dicer can promote
or at least maintain these carcinogenic events (Samowitz
and Ogino, 2008). Therefore, this may partly explain the
contradiction between the findings of colorectal cancer and
other cancers.

CONCLUSION

In this study, we found that Dicer1 expression can be induced
by hypoxia in CRC cells, and it promotes hypoxia-induced
CRC cell metastasis. Additionally, we found that the expression
of tRF-20-MEJB5Y13, a small ncRNA, was increased under

hypoxic conditions, and its upregulation by Dicer1 resulted in
hypoxia-induced CRC cell progression. Therefore, further studies
need to be performed to establish Dicer1 as a potential tumor
metastasis molecule, thereby further developing it as a novel
biological marker for tumor development diagnosis or as a new
avenue for new drugs, which offers an innovative strategy for
inhibiting tumor metastasis that has broad application prospects
in cancer advances.
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Ectodermal neural cortex 1 (ENC1) is an actin-binding protein and has been known
to be upregulated in several cancers, but the molecular mechanisms through which it
contributes to the pathology of CRC have largely been elusive. We utilized data mining
and validated the aberrant expression of ENC1, following which phenotypic traits of
malignancy were assessed in vitro. Ruxolitinib was used as a surrogate to compare
the effects of ENC1 expression and silencing on the JAK-STAT-AKT pathway. In vivo
models were employed to confirm the in vitro observations. Computation analysis,
strengthened by in situ and in vitro data, confirmed the overexpression of ENC1 in CRC
and predicted a poor prognosis, while enhanced cell proliferation, invasion, migration,
EMT, and stemness were associated with ENC1 overexpression. Silencing of ENC1
downregulated the phenotypes. Additionally, silencing of ENC1 significantly reduced
the activation of JAK2 and consequent activation of STAT5 and AKT comparable to
ruxolitinib inhibition of JAK2. Silencing of ENC1 resulted in lesser tumor volumes and
fewer numbers of tumors, in vivo. These data suggest that ENC1 induces CRC through
the JAK2-STAT5-AKT axis. ENC1 is a suitable diagnostic marker for CRC detection,
and ENC1 targeting therapies may suppress CRC progression.

Keywords: colorectal carcinoma, CRC, ENC1, epithelial mesenchymal transition, stemness

INTRODUCTION

A recently concluded longitudinal study undertaken in 195 countries over a period of 27 years
(1990–2017) is an in-depth analysis of incidence, mortality, disability, and associated risk factors in
Colorectal Cancer Collaborators (CRC) (2019). The study found that CRC is the third most deadly
and fourth most found cancer in the world, preceded by lung, liver, and stomach cancer. During the
period of the study, there was a consistent increase in the age-standardized incidence rate, and the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 March 2021 | Volume 9 | Article 616887159

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.616887
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.616887
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.616887&domain=pdf&date_stamp=2021-03-16
https://www.frontiersin.org/articles/10.3389/fcell.2021.616887/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-616887 September 2, 2021 Time: 10:37 # 2

Cui et al. ENC1 Facilitates Colorectal Carcinoma via JAK2/STAT5/AKT Axis

findings are concurrent with the recent GLOBOCAN database,
estimating about 1,800,977 incident cases and a million deaths
due to CRC (Bray et al., 2018). These figures are attributed
to higher CRC screening and are indicative of a decline or
stabilization. However, several countries have been reporting
CRC occurrence in individuals under 50 years of age identified
with western diet and lifestyle (The Lancet Gastroenterology
Hepatology, 2019; Hofseth et al., 2020).

Colorectal cancer is etiologically a heterogeneous disease
arising through three major pathways–the traditional
adenoma–carcinoma sequence, the serrated pathway, and
the inflammatory pathway (Keum and Giovannucci, 2019).
A stepwise accumulation of such genetic mutations and/or
epigenetic changes is known to contribute to the occurrence of
sporadic CRC (Long et al., 2017; Nguyen and Duong, 2018; De
Palma et al., 2019). The most implicated molecular pathways in
CRC progression are EGFR/MAPK, Notch, PI3K, TGF-β, and
Wnt signaling pathways, given the significance of these pathways
to critical cellular processes. Further, the cross talk between
these pathways in CRC progression has also been discussed
(Koveitypour et al., 2019).

The roles of several genes such as EGFR, RAS, RAF,
Notch-1, Jagged-1, PIK3CA, PTEN, TGFBR2, TGFBR1, SMADs,
AXIN, and CTNNB1 have been assessed and linked to the
abovementioned pathways. While reviewing the literature, we
identified that several of these genes serve as biomarkers of
CRC progression and bear a prognostic value (Garcia-Bilbao
et al., 2012). ENC1 is one such gene also found to be
overexpressed in primary colon cancers (Garcia-Bilbao et al.,
2012; Uddin et al., 2019).

Upregulation of ENC1 has also been recorded in
medulloblastoma, prostate, glioblastomas, and astrocytomas,
indicating that the gene may have an oncogenic potential
if inappropriately expressed (Hammarsund et al., 2004).
Expression of ENC1 correlates with the transcriptional activity
of the β-catenin/Tcf4 complex and p53 or p53-regulated factors
explaining the aberrant expression of ENC1 in CRC (Fujita et al.,
2001). However, the molecular role of ENC1 in CRC progression
and its role in pathway cross talk remain less explored.

In the current study using a combinatorial approach of in vitro
and in vivo models, we report that ENC1 expression in CRC
is associated with increased cellular proliferation, migration,
invasion, and tumor growth, and this was likely mediated
through the JAK2-STAT5-AKT axis. Through our study, we have
elaborated the potential role of ENC1 in primary CRC.

MATERIALS AND METHODS

Data Mining and the Gene Set
Enrichment Analysis (GSEA)
The Oncomine database1 and GEPIA database2 were utilized
to assess the mRNA expression status of ENC1 in CRC. From
TCGA, we downloaded the gene expression profile data of

1https://www.oncomine.org/
2http://gepia.cancer-pku.cn/

CRC tissues for a large cohort of CRC patients (n = 469) and
compared them with normal colon samples (n = 41) using
bioinformatic tools.

CRC-related RNA-seq data were retrieved from the TCGA
database portal3 for pathway and function analyses. GSEA
software4 was applied to calculate enrichment levels. ENC1
expression values were used as the phenotype.

Tissue Microarrays and Tissue
Specimens
The CRC TMAs (HColA180Su17) consisted of 100 primary
CRC specimens and 78 matched peritumoral tissues containing
complete clinicopathological information and long-term follow-
up data which were commercially procured from Shanghai Outdo
Biotech Co., Ltd (Shanghai, China).

Twenty-four pairs of snap-frozen CRC specimens and
adjacent normal tissues used for quantitative real-time PCR
(qRT-PCR) were obtained from the Department of Colorectal
Cancer Surgery, the Second Affiliated Hospital of Harbin Medical
University, between September 2018 and February 2019. Twelve
paired CRC samples were randomly selected for western blotting
analysis. Selected patients had only undergone colectomy without
neoadjuvant therapy. Pre-approval for the study was sought from
the Institutional Review Board of Harbin Medical University.

Cell Lines and Cell Culture
The human colorectal cancer cell lines HT29, LOVO, DLD-
1, SW620, HCT116, SW480, RKO, and normal colorectal
cells NCM460 were commercially procured from the ATCC
(United States). As per the manufacturer’s instructions, HT29,
DLD-1, HCT116, and NCM460 were cultured in RPMI-1640
medium (Gibco, United States) while LOVO was grown in F-
12K medium (Gibco, United States) and RKO was in MEM
(Gibco, United States), respectively. All cell lines were maintained
in a humidified atmosphere with 5% CO2 at 37◦C. SW620
and SW480 were incubated in Leibovitz’s L-15 medium (Gibco,
United States). Uniform, 10% FBS (ScienCell, United States)
supplementation without antibiotic was maintained for all cells in
the abovementioned medium. All experiments were performed
with mycoplasma-free cells. Moreover, all cell lines have been
authenticated using STR profiling within the last 3 years.

Ectopic ENC1 Overexpression and
Knockdown of Colorectal Cancer Cells
HT29/HCT116 cells were transiently transfected with plasmid
pcDNA3.1 vector as a negative control and full-length pLVX-
ENC1-HA (Umibio, Shanghai, China) for ectopic overexpression
of ENC1. The transfections were performed by Lipofectamine
2000 (Invitrogen, United States) as per the manufacturer’s
protocol. After 48 h of transfection, the following series of
experiments were undertaken.

To establish stable ENC1-knockdown cells, HT29/HCT116
cells were infected with lentivirus containing two different

3https://cancergenome.nih.gov/
4http://www.broadinstitute.org/gsea
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shRNAs targeting ENC1 (GeneChem, Shanghai, China). The
virus was added to cells cultured in the RPMI-1640 medium
at an MOI of approximately 10 with 8 µg/ml polybrene. At
48 h post infection, puromycin (2 µg/mL) was added for an
additional 10–14 days to select stable cells. The sequences of
shRNA were as follows:

shRNA-negative control: 5′-TTCTCCGAACGTGTCAC
GT-3′;
ENC1-shRNA1: 5′-CCATCCACCCAGAAGTCTT-3′;
ENC1-shRNA2: 5′-GCTGATTCCTACTGCATTT-3′.

Western Blotting
Total proteins were extracted from human tissue samples or
cultured cells using RIPA buffer (Solarbio, Beijing, China)
containing commercially procured protease and phosphatase
inhibitor cocktails (Roche, Mannheim, Germany). The total
protein concentration was determined using a BCA kit
(Beyotime, shanghai, China). Further, proteins were separated
using a 10% SDS-PAGE and then transferred onto PVDF
membranes (Merck, Darmstadt, Germany). Upon transfer,
membranes were blocked using five percent skimmed milk
solution in PBS/Tween-20 for an hour. The membranes were
incubated overnight at 4◦C with a diluted solution of primary
antibodies followed by washing and re-incubation with a
horseradish peroxidase (HRP)-conjugated secondary antibody
(Zsbio, China) for 1 h at room temperature. The following
commercial antibody preparations were used: antibodies for
ENC1, E-cadherin, N-cadherin, Vimentin, Snail, CD44, and
CD133 were purchased from the Proteintech Group (Wuhan,
China); antibodies for p-JAK2 (Tyr1007/1008), JAK2, p-STAT5
(Tyr694), STAT5, p-AKT (Ser473), AKT, and SOX2 were
obtained from Cell Signaling Technology (CST, United States);
and antibodies for GAPDH (internal controls) were procured
from Zsbio, China.

qRT-PCR
Total RNA was extracted by TRIzol reagent (Thermo Fisher
Scientific, United States), and reverse transcription reactions
were performed with a ReverTra Ace qPCR RT Master Mix
(TOYOBO, Japan). PCR amplification was performed using a
SYBR Green Master Mix (Roche, Mannheim, Germany) on
an ABI 7500 Fast Real-time PCR Detection System (Applied
Biosystems, Foster City, CA, United States). The 2−11Ct or
1Ct method was selected to calculate relative mRNA expression
levels. GAPDH was utilized as the endogenous control to
normalize the relative expression levels of target genes. The
specific primer sequences used are listed as follows: EN
C1-F: 5′-GCAGTAGGAATCAGCGAGTA-3′; ENC1-R: 5′-CC
AAGGTGGGAGATGTGA-3′; GAPDH-F: 5′-CATGTTCGTCA
TGGGTGTGAA-3′; GAPDH-R: 5′-GGCATGGACTGTGGTCA
TGAG-3′.

Immunohistochemistry (IHC)
For TMA IHC staining, the TMAs were deparaffinized in xylene
and rehydrated using graded alcohol after heating at 63◦C
for an hour, and the DAKO automatic immunohistochemical

pretreatment system (Autostainer Link 48, Dako North America,
Inc., United States) was used for antigen retrieval. For mouse
tumor tissues, all samples were fixed in formalin and paraffin
embedded. Briefly, the slides were deparaffinized with xylene
and rehydrated using graded ethanol and citric acid under
high temperature and pressure was used for antigen retrieval.
Then, the TMAs or mouse tissue slices were incubated with
the rabbit primary anti-ENC1 (1:150 for TMAs, 1:50 for mouse
tumor tissues, ProteinTech, China) and Ki-67 (1:150 for mouse
tumor tissues, Zsbio, China) overnight at 4◦C. This was followed
by goat anti-rabbit IgG secondary antibody for 30 min at
room temperature. After washing with PBS, DAB was used
for the color reaction and specimens were counterstained with
hematoxylin finally.

The immunoreactions were evaluated by two independent
researchers blinded to the clinicopathologic information. The
staining intensity was categorized as follows: 0 (no staining), 1
(weak), 2 (moderate), and 3 (strong). The positive rate of stained
cells was classified as follows: 0 (no positive cells), 1 (<25%), 2
(25–50%), 3 (51–75%), and 4 (76–100%). The immunoreactivity
score was calculated by tissue staining intensity multiplied
by positive rate of stained cells (range: 0 to 12). Score > 8
was considered as high expression level and ≤8 as low
expression level.

Cell Proliferation Assay
Cancer cells lines (3 × 103 cells per well) were inoculated into
96-well plates in triplicate and incubated at 37◦C for 24, 48, 72,
and 96 h. CCK-8 reagents (Dojindo, Kumamoto, Japan) with a
ratio of 10 µl solution per 100 µl medium were added to each
well. Cell viability was measured at the indicated time points,
and the absorbance was read at 450 nm under a fluorescence
microplate reader.

Colony Formation Assay
Thousand cells were seeded on the 6-well culture plates with a
10% FBS-containing medium and incubated. After 7 to 14 days,
large colonies (>100 cells/per colony) were fixed and stained by
methanol and crystal violet for 30 min and counted manually.

Wound-Healing Assay
Cells were cultured until about 90% confluence in a 6-well plate,
then the monolayers were wounded using a 20-µl plastic pipette
tip. 0 and 24 h later, cells migrated into the wounded area were
photographed. The analysis of wound area was conducted by
ImageJ software.

Transwell Migration and Invasion Assays
For the migration and invasion assays, a total of 5 × 105

cells were seeded in the upper chambers of a transwell plate
(Corning, United States) or a Matrigel (BD BioCoat, San Jose, CA,
United States)-precoated transwell plate in 200 µl of serum-free
medium. The bottom chambers contained 600 µl of RPMI-1640
medium with 20% FBS. After the cells were incubated at 37◦C
for 48 h, the bottom chambers were fixed by 4% methanol and
stained with 1% crystal violet. Before staining, the non-migratory
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or non-invasive cells on the top surface were gently removed
using a cotton swab. Then, cells were randomly counted and
photographed with a microscope in at least three fields.

Immunofluorescence Staining
Cells were seeded in 24-well plates and transfected with plasmids
vector and ENC1 until about 95% confluence. After washing
thrice with PBS, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100 (Solarbio, Beijing, China)
for 20 min, and blocked with 5% bovine serum albumin for
half an hour. The cells were then incubated with primary
antibodies against E-cadherin, N-cadherin, and Vimentin (1:100,
ProteinTech, China), overnight at 4◦C, followed by incubation
with corresponding fluorescence-labeled secondary antibodies
(1:200, Zsbio, China) at room temperature for 1 h. The
nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI;
Beyotime, shanghai, China) for 15 min. Fluoroscent microscope-
guided imaging was undertaken.

Sphere Formation Assay
A total of 3 × 103 cancer cells were plated in ultra-low-
attachment 6-well culture plates (Corning, United States)
containing DMEM/F-12 (Gibco, United States) supplemented
with B-27 supplement (Gibco, United States), 20 ng/ml human
EGF (PeproTech, Israel), and 20 ng/ml human FGF (PeproTech,
Israel). After 10 to 14 days of incubation at 37◦C, the tumor stem
spheres were imaged and the number of spheres ≥50 µm was
counted under a light microscope.

Flow Cytometry Analysis
The concentration of cancer cells was adjusted to 1 × 106/ml.
The cells were washed three times with ice-cold PBS and
incubated with FITC-labeled mouse anti-human CD44 antibody
(BD Biosciences, 560977) for 30 min in the dark and then
analyzed using a flow cytometer instrument (BD Biosciences).

In vivo Studies
All mice used in studies were BALB/c nude mice (4–5 weeks old,
female) purchased from Vital River Laboratory (Beijing, China),
were maintained under a constant temperature and humidity
under pathogen-free conditions with a 12-h light–dark cycle, and
received free access to food and water. For the xenograft mouse
model, HCT116 cells transfected with ENC1 shRNA-1 and Ctrl-
shRNA (5 × 106, suspended in 100 µl of PBS) were inoculated
into the left dorsal flank of mice that randomized into two groups
(n = 6). The tumor volumes were measured using calipers every
4 days and calculated using the equation: (length × width2)/2.
After the last measurement of tumor volume, the mice were
humanely sacrificed by carbon dioxide asphyxiation, cervical
dislocation was performed subsequently to ensure death, then
tumor tissues were removed and used for subsequent assays.

For the lung metastasis mouse model, mice (2 mice/group)
were given intravenous tail vein injections of 5 × 106 HCT116
cells (ENC1 shRNA-1, Ctrl-shRNA). About 10 weeks later, the
mice were euthanized (the method was administered as above),
and lungs were harvested and imaged. The lung tissue was

collected in paraformaldehyde for further H&E staining and IHC
analysis. All animal studies were taken at the animal laboratory of
the Second Affiliated Hospital of Harbin Medical University and
approved by the Ethics Committee for Animal Experimentation
of Harbin Medical University.

Statistical Analysis
All data from at least three independent experiments were
presented as the mean ± SD. GraphPad Prism 7.0 statistical
software (GraphPad, San Diego, CA, United States) and
SigmaPlot 14.0 (Systat Software, San Jose, CA, United States)
were used for the two-tailed Student’s t-test, Wilcoxon matched-
pair test, analysis of variance (ANOVA), Tukey’s post test, and
chi-square test, when appropriate. The Kaplan–Meier method
was used to draw survival curves, and the log-rank was
performed for statistical analysis. Univariate and multivariate
survival analyses were conducted using a Cox proportional
hazard regression model. Values of P < 0.05 were considered
statistically significant (∗), P < 0.01 was considered more
statistically significant (∗∗), and P < 0.001 was considered the
most statistically significant (∗∗∗).

RESULTS

High ENC1 Expression in CRC Correlates
With Poor Prognosis
To investigate the relationship between ENC1 expression and
clinical significance in CRC, we first utilized data mining from
public databases to analyze the ENC1 expression status. Based
on the Oncomine database, the result showed significantly
increased ENC1 mRNA expression patterns in 21 CRC datasets
(Figure 1A). Following which, differential expression of ENC1
between CRC and normal colon tissues was analyzed through
published files. We downloaded the gene expression profile
data of CRC from TCGA which contains 469 CRC tissues and
41 adjacent normal colon tissues. Heat map and Violin plot
exhibited the ENC1 expression which was markedly upregulated
in CRC contrasted with normal colon tissues (Figures 1B,C).
Meanwhile, data from GEPIA corroborated with those from
the TCGA cohort substantiating enhanced ENC1 expression
in CRC tissues (n = 275) in comparison to normal tissues
(n = 41) (Figure 1D).

To further confirm the results from computation analysis, we
examined the mRNA expression levels of ENC1 in 24 paired CRC
patients using qRT-PCR. We found that ENC1 was significantly
overexpressed in 20/24 (83.3%) of CRC samples (Figures 1E,F).
Moreover, the increased ENC1 protein expression was detected
in 12 pairs of CRCs compared with normal tissues by Western
blotting (Figure 1G). Based on CRC TMAs, 100 CRC patients
were tested by IHC. Figure 1H shows representative ENC1
images of immunostaining from patients in different clinical
stages. Cytoplasmic ENC1 immunoreactivity was higher in
tumors than in matched adjacent normal tissues. Additionally,
box plots illustrated that the IHC score of ENC1 was upregulated
in CRC samples. Findings from our cohort were identical to
findings from other public databases.
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FIGURE 1 | ENC1 expression is often upregulated in CRC and associated with poor clinical outcomes. (A) The ENC1 mRNA expression levels in CRC and other
cancers from the Oncomine cohort. The threshold was selected with the following parameters: p-value of 1E-4, fold change of 2, and gene rank of top 10%. (B,C)
Heat map and Violin plot presented the upregulated expression of ENC1 between CRC (n = 469) and normal colon tissues (n = 41) by bioinformatics analysis from
TCGA. Unpaired t-test, ** P < 0.01. (D) ENC1 expression was overexpressed in CRC (n = 275) compared with normal colon tissues (n = 41) by box plot in the
GEPIA database. *P < 0.05. (E) The ENC1 mRNA expression in 24 paired CRC patients quantified from qRT-PCR. Wilcoxon matched-pair test, *P < 0.05.
(F) Log10-fold change was used to show the differential mRNA expression of ENC1 between CRC and normal tissues. (G) The ENC1 protein expression was
detected by Western blotting in 12 pairs of CRC tissues (T) and adjacent normal tissues (NT). The scatter plot revealed the relevant density of ENC1 protein
expression. (H) IHC analysis of ENC1 expression in CRC TMAs. Representative stage images were shown (upper: magnification × 40, scale bar = 500 µm; lower:
magnification × 200, scale bar = 100 µm). Box plot described the IHC score of ENC1 in 100 CRC tissues (IHC score: 9.17 ± 2.719) and 78 matched peritumoral
tissues (IHC score: 2.397 ± 1.59). Mean ± SD, unpaired t-test, ***P < 0.001. (I) Kaplan–Meier’s overall survival curve showed that the patients with a higher
expression level of ENC1 have a shorter survival period. (J) Univariate and (K) multivariate Cox proportional hazard analyses were conducted to evaluate the HR of
ENC1 for overall survival in CRC.

The relationship between ENC1 expression and
clinicopathologic characteristics was also explored. The
clinicopathological features in 100 CRC patients with informative
IHC data are categorized in Table 1, including age, gender, grade,
T stage, N stage, M stage, and TNM stage. Based on the staining
score, the results revealed that higher ENC1 expression was
positively associated with T stage (P = 0.020). Additionally,
Kaplan–Meier’s overall survival analysis described that the
patients with higher ENC1 expression level associated with
poorer survival in CRC (p = 0.0268; Figure 1I). Furthermore,
univariate COX proportional hazard analysis demonstrated
that high levels of ENC1, Grade, N stage, and TNM stage were
significantly associated with worse survival of CRC patients
(Figure 1J). Multivariate Cox proportional hazard analysis
indicated that Grade (P = 0.004) was an independent prognostic
factor for poor survival of CRC patients (Figure 1K). By
univariate Cox model analysis, we found that the increased
level of ENC1 in CRC was a risk factor of prognosis, but
further multivariate analysis implicated that this risk factor bore

statistical significance. The above findings are suggestive that
ENC1 is upregulated and may serve as a considerable prognostic
indicator for CRC patients.

ENC1 Overexpression or Knockdown
Affects Cell Proliferation, Migration, and
Invasion of CRC in vitro
To excavate the underlying biological behaviors of ENC1 in
CRC, we evaluated endogenous ENC1 expression levels in
seven CRC cell lines (HT29, LOVO, DLD-1, SW620, HCT116,
SW480, and RKO) compared with the human normal colonic
epithelial cell line (NCM460) by western blotting and qRT-
PCR. The protein and mRNA expression patterns of ENC1
were significantly higher in five CRC cell lines (HT29, LOVO,
DLD-1, HCT116, and SW480) than normal (Figures 2A,B).
HT29/HCT116 was selected for both gain of function and loss
of function simultaneously in subsequent experiments because of
their moderate levels of expression.
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TABLE 1 | Correlation between ENC1 expression and clinicopathological features
in 100 CRC patients.

Variables ENC1 expression Total χ2 p value

Low High

Age (year) 0.134 0.714

≤65 27 18 45

>65 31 24 55

Gender 0.164 0.685

Female 28 22 50

Male 30 20 50

Grade 1.588 0.208

I/II 51 33 84

III/IV 7 9 16

T stage 5.429 0.020

T1/T2/T3 51 29 80

T4 7 13 20

N stage 0.066 0.797

N0 36 25 61

N1/N2 22 17 39

M stage 1.395 0.238

M0 58 41 99

M1 0 1 1

TNM stage 0.066 0.797

I/II 36 25 61

III/IV 22 17 39

The bold value is statistically significant (p < 0.05).

Furthermore, we identified functions between low and
high ENC1 expressions on TCGA by GSEA, and GO-
REGULATION-OF-DENDRITIC-CELL-DIFFERENTIATION
(cell differentiation) was enriched in the ENC1 high group
(Supplementary Figure 1A; P = 0.06679). Although the result
was not statistically significant, it is deemed to represent a
trend. Next, to verify this hypothesis, we performed a series
of experiments to evaluate whether the suggested signatures
may be involved in vitro. We ectopically overexpressed
ENC1 to gain of function and used two ENC1-targeting
shRNAs (shRNA1 and shRNA2) to loss of function in
HT29/HCT116 cells. ENC1 protein expression levels were
significantly increased in ENC1 overexpression and decreased
in ENC1 knockdown CRC cells as assessed by Western blotting
(Figures 2C,D and Supplementary Figures 1B,C). CCK-8
and colony formation assays revealed that overexpression
of ENC1 significantly accelerated the CRC cell proliferation
(Figure 2E) and colony formation ability (Figure 2G). In
contrast, after the silencing of ENC1, growth, and colony
formation numbers of cells were attenuated (Figures 2F,H).
Furthermore, we investigated the impact of ENC1 on cell
migratory and invasive properties in HT29/HCT116. Wound-
healing assay reflected that overexpression of ENC1 resulted
in faster closing of scratch wounds whereas ENC1 depletion
resulted in delayed wound closure (Figures 2I,J). As shown
in Figure 2K, migration and invasion abilities were also
confirmed through migration and Matrigel invasion assays in
an ENC1-overexpressing cell population. Contrarily reduced

cell motility and invasive capability were observed in the ENC1-
silenced cell type (Figure 2L). The results from these analyses
illustrated that ENC1 modulates CRC cell tumorigenesis and
progression in vitro.

ENC1 Accelerates the EMT Process and
Maintains Stemness Phenotypes of CRC
Deciphered using the framework developed previously, it has
been widely known that EMT and cancer stemness are closely
related to the tumor progression and metastasis in various types
of cancer cells (Pang et al., 2017; Matsuyama et al., 2019; Park
et al., 2019a; Wu et al., 2020). Thus, we speculated that ENC1
might be involved in the EMT process and stemness in CRC
cells. To evidence our speculation, immunofluorescence staining,
sphere formation assay, and flow cytometry analysis of CD44,
well-known EMT, and stemness-related markers by Western
blotting were further determined. First, the overexpression
or knockdown efficiency of ENC1 in HT29/HCT116 cells
was validated by qRT-PCR (Figures 3A,B). Next, to confirm
EMT, immunofluorescence staining assay reflected that ENC1
overexpression induced a weaker E-cadherin (epithelial marker)
and stronger Vimentin (mesenchymal marker) expression in
HT29 cells (Figure 3C), while ENC1 silencing reversed the
phenotype (Figure 3D). The changes of representative EMT
markers (E-cadherin, N-cadherin, Vimentin, and Snail) were
verified through western blotting subsequently. As illustrated
in Figure 3E, overexpression of ENC1 led to increased levels
of N-cadherin, Vimentin, and Snail but lessened the levels of
E-cadherin in HT29/HCT116. Expectedly, the observations were
reversed upon ENC1 silencing (Figure 3F).

To confirm the impact on stemness of HT29/HCT116 cells, we
examined tumor sphere-forming ability that directly correlated
with cancer stemness. More and larger spheres formed in ENC1-
overexpressed cells (Figure 3G), while fewer and less spheres
were seen in ENC1-silenced cells (Figure 3H) compared with
controls in CRC. We also assessed the cell surface marker
CD44 expression levels using flow cytometry. As shown in
Figure 3I, the ectopic expression of ENC1 upregulated the
proportion of CD-44-positive cells in HT29/HCT116. Finally,
we assessed the effect of ENC1 on sentinel markers associated
with stemness, including CD44, CD133, and SOX2 in CRC cells
by western blotting. We observed conspicuous increased protein
levels of CD44, CD133, and SOX2 by ENC1 overexpression
(Figure 3J) and declined protein level by ENC1 knockdown
(Figure 3K). Taken together, data implicated that there is a
positive correlation and regulation of ENC1 in EMT progress and
maintenance of stemness.

ENC1 Knockdown Eliminates Xenograft
Tumor Growth and Lung Metastasis
in vivo
In addition to validate above findings in vivo, we constructed
mouse xenograft and lung metastasis models. The mouse
xenograft model was established to prove whether silenced ENC1
could retard tumor growth in vivo. After subcutaneous injection
with HCT116-ENC1 shRNA-1 and HCT116-Ctrl-shRNA into
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FIGURE 2 | ENC1 regulates proliferation, migration, and invasion of CRC cells. (A) Endogenous ENC1 protein expression status was tested in human normal colonic
epithelial cells (NCM460) and CRC cells (HT29, LOVO, DLD-1, SW620, HCT116, SW480, and RKO) by Western blotting. (B) Endogenous ENC1 mRNA expression
status was compared between NCM460 and CRC cells by qRT-PCR. Western blot analysis of ENC1 protein expression levels in ENC1 overexpression (C) and
ENC1 knockdown (D) CRC cells HT29/HCT116. (E,F) CCK-8 and (G,H) colony formation assays were performed to assess cell proliferation in CRC cells with ENC1
overexpression or knockdown. Wound-healing assay was used to detect cell migration ability in ENC1 overexpression (I) and ENC1 knockdown (J) CRC cells.
Transwell assays showed the effect of ENC1 overexpression (K) and ENC1 knockdown (L) on CRC cell migration and invasion (left: representative images; right:
quantitative analyses). Results are presented as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

the left dorsal flank of nude mice, tumor volume was
monitored by a caliper for 6 weeks. When the mouse tumor
size in the ENC1 shRNA-1 group was significantly less
than the Ctrl-shRNA group, xenograft tumors were isolated
and imaged (Figure 4A). The changes in tumor growth
were plotted on a tumor growth curve which showed that
mouse tumor size decreased in the ENC1 shRNA-1 group
(Figure 4B). Additionally, H&E staining results identified tumor
morphological characteristics and IHC showed reduced the
expression of ENC-1 and Ki-67 in the Ctrl-shRNA group in
comparison to xenograft tumor groups (Figure 4C). Western
blotting (Figure 4D) and qRT-PCR (Figure 4E) verified ENC1

protein and mRNA expression being downregulated in the ENC1
shRNA-1 xenograft tumor group.

In order to verify whether tumors of lung metastasis were
restricted by ENC1 shRNA-1 in vivo, mice were given intravenous
tail vein injections of HCT116-ENC1 shRNA-1 and HCT116-
Ctrl-shRNA, respectively. Ten weeks after injection, the mice
were sacrificed and lungs were imaged. As represented in
Figure 4F, the mice injected with HCT116-ENC1 shRNA-1
cells formed fewer nodules on the lung surfaces than mice
injected with HCT116-Ctrl-shRNA cells. Metastatic nodules on
the surfaces of mice lungs were confirmed by H&E staining,
whereas the expression level of ENC1 in the nodules was
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FIGURE 3 | ENC1 overexpression induces EMT and maintains stemness of CRC. (A,B) The ENC1 overexpression or knockdown efficiency was assessed in
ENC1-overexpression and ENC1-knockdown HT29/HCT116 cells by qRT-PCR. (C,D) Immunofluorescence staining of E-cadherin and Vimentin expression in
overexpressed or silenced HT29 (magnification × 20, scale bar = 50 µm), and the cell nuclei were stained with DAPI in blue. (E,F) EMT markers of E-cadherin,
N-cadherin, Vimentin, and Snail protein expression levels in ENC1-overexpression and ENC1-knockdown CRC cells were detected by Western blotting.
Representative images of sphere formation and sphere number analysis were displayed (magnification × 40, scale bar = 200 µm) in HT29/HCT116 after ENC1
overexpression (G) and ENC1 knockdown (H). (I) Flow cytometry analysis of CD44-positive cells in the indicated groups of cells. (J,K) Western blotting analysis of
stemness markers (CD44, CD133, and SOX2) expression in ENC1-overexpression and ENC1-knockdown CRC cells. Results are presented as the mean ± SD of
three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

also verified by IHC staining (Figure 4G), thus concluding
that ENC1 knockdown restrains xenograft tumor growth and
lung metastasis.

ENC1 Modulates the JAK2/STAT5/AKT
Axis in CRC
To dissect the potential molecular mechanisms mediated by
ENC1 in CRC tumorigenesis and progression, we performed
GSEA for pathway enrichment in the TCGA CRC database
to identify biological pathways between low and high ENC1
expressions. Figure 5A shows the most significantly and
positively enriched pathways of the top five with a high
ENC1 expression phenotype, and the STAT5-related pathway
(PID_IL2_STAT5_PATHWAY) indicated the most meaningful
association with ENC1 (ES = 0.686374, NES = 1.536346,
P = 0.025794) (Figure 5B). As has been previously established,

abnormal activation of JAK2/STAT5 signaling led to cell
proliferation, differentiation, and other biological processes in
human cancers (Gu et al., 2013; Jiang et al., 2019; Wang et al.,
2020). Thus, we focused to assess the effects of ENC1 on
JAK2/STAT5 signaling. Aiming to confirm the functional gene
signatures, we detected the effects of ENC1 on the protein levels
of JAK2/STAT5 signaling target genes by Western blotting. We
found that the phosphorylation levels of JAK2, STAT5, and AKT
increased in ENC1-overexpressed CRC cells (Figure 5C) but
decreased in ENC1-silenced CRC cells (Figure 5D). However, no
considerable changes were observed in total JAK2, STAT5, and
AKT protein levels from different panels (Figures 5C,D).

Ruxolitinib is a selective JAK1 and JAK2 inhibitor that targets
JAK/STAT-associated signaling, exhibiting an effective clinical
treatment of myelofibrosis adopted by FDA (Chang et al., 2019),
which was used to confirm the effect of ENC1 on activation of the
JAK2/STAT5/AKT axis in CRC cells. HT29/HCT116 cells after
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FIGURE 4 | In vivo, downregulation of ENC1 inhibits xenograft tumor growth and lung metastasis. (A) Images of xenograft tumors from six BALB/c nude mice at
42 days after subcutaneously inoculated with HCT116-Ctrl shRNA and HCT116-ENC1 shRNA-1 cells. (B) The growth of xenograft tumors was measured by tumor
volume every 4 days and tumor growth curves were plotted between the comparison in two groups (n = 6). (C) Representative images of IHC and H&E staining
show that ENC1 silencing downregulated the expression of ENC1 and Ki-67 in xenograft tumors (magnification × 400, scale bar = 50 µm). The protein and mRNA
levels of ENC1 were also analyzed in xenograft tumor tissues by Western blotting (D) and qRT-PCR (E), respectively. (F) Representative images of metastatic lungs
in the HCT116-Ctrl shRNA (left) group and HCT116-ENC1 shRNA-1 (right) group. Black arrows indicated the metastatic pulmonary nodules. (G) H&E staining (upper
panel: magnification × 100, scale bar = 200 µm) and IHC staining with ENC1 (lower panel: magnification × 400, scale bar = 50 µm) were performed on section of
metastatic pulmonary nodules. Results are presented as the mean ± SD of three independent experiments. Student’s t test was applied for statistical analysis in
two-group comparison: *P < 0.05, **P < 0.01, and ***P < 0.001.

transfection with ENC1 and empty vector were treated with a
concentration of 25 µM ruxolitinib for 24 h which prevented the
release of activated JAK2. Predictably, the upregulated expression
levels of phosphorylated JAK2, STAT5, and AKT induced
by ENC1 overexpression effectively reversed with ruxolitinib
treatment. However, ruxolitinib suppressed ENC1-induced JAK2
release and STAT5 and AKT expression but did not affect
ENC1 expression and total JAK2, STAT5, and AKT protein
levels in HT29/HCT116 cells (Figure 5E). We thus present the
significance of ENC1 in activating the JAK2/STAT5/AKT axis.

ENC1 Promotes CRC Cell
Tumorigenesis, Progression, EMT, and
Stemness Through Activating the
JAK2/STAT5/AKT Axis
To further clarify the oncogenic effects of ENC1 on
JAK2/STAT5/AKT axis activation in tumorigenesis and
metastasis properties of CRC, CCK-8, and colony formation

assays were first examined to assess the cell proliferation with
or without ruxolitinib treatment. As shown in Figures 6A,B,
ruxolitinib treatment weakened the proliferation and colony
formation ability of ENC1-overexpressed CRC cells and less
inhibition were observed in cells without ectopic expression.
Transwell assays revealed that the enhanced effects of ENC1 on
HT29/HCT116 cell motility and invasiveness capability were also
alleviated with ruxolitinib treatment (Figure 6C).

Additionally, we assessed the role of the ENC1-activated
JAK2/STAT5/AKT axis in EMT and stemness. Sphere
formation assay was undertaken, and EMT and stemness-
related markers were assessed by Western blotting. Notably,
ruxolitinib could restrict tumor-sphere formation caused
by ENC1 overexpression (Figure 6E). EMT markers (E-
cadherin, N-cadherin, Vimentin, and Snail) along with
stemness markers (CD44, CD133, and SOX2) were significantly
less pronounced, indicating that ruxolitinib mediated the
disruption of ENC1 effects in CRC cells (Figures 6D,F). Briefly,
blockage of JAK2/STAT5 signaling could effectively prevent
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FIGURE 5 | ENC1 activates JAK2/STAT5/AKT signaling in CRC. (A) Top five significantly and positively enriched pathways with high ENC1 expression by GSEA.
(B) ENC1 expression positively correlated with STAT5-activated gene signatures (PID_IL2_STAT5_PATHWAY). (C,D) Western blotting analysis of JAK2/STAT5
signaling key members (p-JAK2, p-STAT5, p-AKT, JAK2, STAT5, and AKT) in HT29/HCT116 after ENC1 overexpression and ENC1 knockdown.
(E) ENC1-overexpressed HT29/HCT116 were treated with JAK1/2 inhibitor ruxolitinib. After being treated for 24 h, as indicated, p-JAK2, p-STAT5, p-AKT, JAK2,
STAT5, and AKT expression levels were detected by western blotting. Results are presented as the mean ± SD of three independent experiments. *P < 0.05,
**P < 0.01, and ***P < 0.001.

CRC cell tumorigenesis, progression, EMT, and stemness
mediated by ENC1.

DISCUSSION

Western lifestyles and diet have been identified as substantial
risks to the development and progression of colorectal
cancer (CRC), the burden of which is faced most by low-
and middle-income countries. The global estimates for
cancers worldwide report an increasing trend of both
incidence and mortality in countries of the Baltic, Russia,
and China (Bray et al., 2018). While early and more
effective screening is helpful in reducing the burden of

CRC, early onset of the disease and changing molecular
paradigms present a challenge to diagnosis and existing
successful therapies.

A common focus in cancer disease diagnosis is a search for
robust molecular markers that would facilitate both diagnosis and
prognosis. Similar approaches have been applied to CRC, and the
utility of several genes and microRNAs with strong upregulation
in CRC has been explored (Garcia-Bilbao et al., 2012; Pellino
et al., 2018; Alves Martins et al., 2019). One such candidate gene
with limited exploration in CRC biology is ENC1 (Garcia-Bilbao
et al., 2012). ENC1 encodes for an actin-associated protein. The
expression of ENC1 was found high during gastrulation in the
neuroectodermal region of the epiblast and later in the nervous
system. Normally, it has been ascribed to have roles in neuronal
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FIGURE 6 | ENC1 accelerates cell proliferation, migration, invasion, EMT, and stemness through activating JAK2/STAT5/AKT signaling in CRC. Cell proliferation was
assessed by CCK8 assay (A) and colony formation assay (B) in ENC1-overexpression CRC cells treated with ruxolitinib. (C) Effects of ruxolitinib treatment on
ENC1-overexpressed HT29/HCT116 cell motility and invasiveness capability were detected by Transwell assay. (D) Western blotting showed the protein changes of
EMT markers between ENC1-overexpressed cells with and without ruxolitinib treatment. (E) Effect of ruxolitinib in tumor spheres caused by ENC1 overexpression in
contrast with no treatment. (F) The expression of stemness markers (CD44, CD133, SOX2) were detected by Western blotting in ENC1-overexpressed CRC cells
treated with ruxolitinib. (G) Schematic diagram of ENC1 promotes CRC tumorigenesis and metastasis via the JAK2/STAT5/AKT axis mediated EMT and stemness.
Results are presented as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

and adipocyte differentiation; however, the aberrant expression
of ENC1 has been reported in human brain tumors including
glioblastoma and astrocytoma (Kim et al., 2000). Further, ENC1
dysregulation and associated malignancies have been confirmed
in cancers of prostrate (Lapointe et al., 2004), ovarian (Fan
et al., 2019), pancreatic (Ross et al., 2000), and colon (Fujita
et al., 2001). While some studies have a cause–effect link, some
identify the molecular mechanisms that drive the activation of
ENC1 (Kim et al., 2000; Fujita et al., 2001). Very few studies
identify the pathway downstream of ENC1 and its contribution to
transformation. Our study is the preliminary demonstration of a
detailed analysis of pathways downstream of ENC1 contributing
to malignancy in a CRC model. The study is a triage presenting
data from computational, in vitro, and in vivo experimental
analyses. By a comparison of various databases, we compared

the expression profile of ENC1 across CRC and normal patients.
This computational analysis was validated with CRC tissues and
normal adjacent samples using qRT-PCR and western blotting
methods. We also investigated the correlation between ENC1
expression and clinical outcomes by IHC data, high expression
of ENC1 related to advanced T stage, and unfavorable clinical
outcomes in patients with CRC. The expression was further
confirmed in CRC cell lines, and analysis is further carried out
using HT29 and HCT 116 confirming the phenotypic malignancy
traits of increased cell proliferation, migration, invasion, EMT,
sphere formation, and stemness. ENC1 induced EMT, stemness,
and other prognostic features described above, and its association
with clinical prognosis, to the best of our knowledge, has not been
discussed previously. Thus, the study is a significant advancement
contributing to the advancement of understanding of CRC
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at a molecular level and utilizing the phenotypic changes for
prognostic implications.

Further, we hypothesized that these individual phenotypic
traits may have a common master regulator activated by
ENC1, which in turn would regulate the multiple pathways at
transcriptional and translational levels. The role of the JAK-
STAT pathway in EMT and stemness has been discussed (Jin,
2020). For instance, single-cell cultures of cells derived from
myxoid liposarcoma expressed different amounts of canonical
JAK-STAT transcripts (Dolatabadi et al., 2019). Similar studies
exploring the roles of JAK-STAT signaling and induction of EMT
and cancer stemness have been demonstrated for hematopoietic
cancers (Wingelhofer et al., 2018), oral squamous cell carcinoma
(Chen et al., 2020), and colon cancers (Park et al., 2019b), among
others. The role of EMT effectors (Snail, Slug among others) on
EMT core regulators (Vimentin, E-cadherin, and N-cadherin)
through modulation of various signaling pathways and epigenetic
regulation of EMT effectors has been discussed previously (Vu
and Datta, 2017; Huang et al., 2020). However, the role of ENC1
as a modulator of EMT effectors and stemness via the JAK-STAT
pathway has not been reported previously.

Our GSEA analysis on the TCGA database indicated that
a high expression of ENC1 was associated with the JAK2-
STAT5-AKT axis, thereby supporting our hypothesis. While,
the expression of ENC1 positively correlated with JAK2-STAT5
and AKT, the activation of JAK2 via STAT5 remains elusive.
Since JAK2 activation can result from ligation of several homo-
and hetero-dimeric pairs of signaling receptors, belonging to
class I and II cytokine receptor families, we thus propose two
alternative mechanisms of activation of JAK 2 in CRC via the
ENC1 pathway. (1) ENC1 is an actin-binding protein like Src
homology 2 (SH2) domain-containing adapter protein SH2B1β

which is known to bind to JAK2 and potentiate its activation
in response to other proteins such as growth hormone or
leptin (Rider and Diakonova, 2011). (2) Evidence has also been
mounting for several non-canonical methods of JAK activation
wherein a subset of receptors exists in a pre-dimerized state and
conformational shifts in the transmembrane domain result in
JAK activation (Ferrao et al., 2018). It is also likely that ENC1
through alternative pathways leads to activation of cytokines
and/or growth hormones which canonically activate the JAK-
STAT pathway. However, the hypothesis tests bearing.

In conclusion, our study is the first report demonstrating the
downstream ENC1-JAK2-STAT5-AKT axis and its implications
on CRC progression and metastasis. It is also a demonstration
of how ENC1 activation may not only contribute to the
adenomatous carcinoma and the immunological pathway
through the JAK-STAT pathway. The study is a novel proposition
with silencing of ENC1, not only significantly reducing the
malignant phenotype but also showing a therapeutic reduction
in tumor numbers and volumes in vivo.

The utility of ENC1 as a diagnostic, prognostic, or
even plausible therapeutic target is proposed. A complete
understanding of the suitability and feasibility of the proposed
work may benefit resource strengthening and allocation
at a global scale.
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Systematic Characterization of
Expression Profiles and Prognostic
Values of the Eight Subunits of the
Chaperonin TRiC in Breast Cancer
Wen-Xiu Xu†, Wei Song†, Meng-Ping Jiang, Su-Jin Yang, Jian Zhang* , Dan-Dan Wang*
and Jin-Hai Tang*

Department of General Surgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

Background: Chaperonin-containing TCP-1 (TRiC or CCT) was demonstrated to
be involved in oncogenesis of cancers carcinogenesis and development of various
malignancies. Increasing experimental evidence indicated that dysregulation of TRiC
was implicated in the tumor progression of breast cancer (BCa). However, few definitive
studies have addressed the diverse expression patterns and prognostic values of
eight TRiC subunits. Thus, we aimed to investigate the clinical significance of TRiC
subunit expression and prognostic values for their possible implications in diagnosis
and treatment of BCa.

Methods: Based on updated public resources and comprehensive bioinformatics
analysis, we used some online databases (e.g., UALCAN, GEPIA, cBioPortal,
TIMER, BC-GenExMiner, metascape, and GeneMANIA) to comprehensively explore the
expression levels and the prognostic effects of eight TRiC subunits in patients with BCa.

Results: The transcriptional levels of most subunits of the Chaperonin TRiC (CCT2,
CCT3, CCT4, CCT5, CCT6A, and CCT7) were significantly elevated compared with
normal breast tissues, whereas TCP1, CCT4, and CCT6B were lower in BCa tissues
than in normal tissues. Besides, copy-number alterations (CNA) of eight TRiC subunits
positively regulated their mRNA expressions. Furthermore, high mRNA expression of
TCP1/CCT2/CCT4/CCT5/CCT6A/CCT7/CCT8 was significantly associated with poor
overall survival (OS) in BCa patients. The eight subunits of the chaperonin TRiC was
related to tumor purity and immune infiltration levels of BCa. Co-expression analysis
showed CCT6B was negatively associated with other subunits of TRiC and other
subunits of TRiC were positively correlated with each other. Additionally, TRiC and
their interactive proteins were correlated with positive regulation of biological process,
localization, and biological regulation.

Conclusion: This study systematically illustrated the expression profiles and distinct
prognostic values of chaperonin TRiC in BCa, providing insights for further investigation
of subunits of the chaperonin TRiC as novel therapeutic targets and potential prognostic
biomarkers in BCa.

Keywords: bioinformatic analysis, breast cancer, gene expression, eight subunits of the chaperonin TRiC,
prognosis
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INTRODUCTION

Breast cancer (BCa) ranks first in terms of morbidity
and is the second leading cause of mortality among all
female’s cancers globally, and 276,480 new cancer cases
and 42,170 cancer deaths are expected in United States in
2020 according to the estimation by the American Cancer
Society (Siegel et al., 2020). Surgery and chemotherapy
are curative treatments in early-stage BCa patients.
However, a considerable proportion of BCa patients are
not diagnosed or treated until they reach an advanced
stage, resulting in a poor prognosis (Zheng et al., 2018).
In such circumstances, identification of novel biomarkers,
and treatment targets are needed to better delineate
patient outcomes and individualize patient management
in BCa.

Chaperonins are molecules that mediates nascent
polypeptide chains folding and include two groups,
group I and group II. Heat shock protein 60 (HSP60) or
bacteria GroEL belongs to group I, and CCT [chaperonin-
containing t-complex polypeptide 1 (TCP-1) or TRiC]
belongs to group II. The eukaryotic cytoplasmic CCT
complexes are assembled into two symmetry rings,
each of which consists of eight paralogous but distinct
subunits, denoted TCP1, CCT2, CCT3, CCT4, CCT5,
CCT6A, CCT6B, CCT7, and CCT8 (or CCTα, CCTβ,
CCTγ, CCTδ, CCTε, CCTζ-1, CCTζ-2, CCTη, and
CCTθ) (Shimon et al., 2008; Amit et al., 2010). TRiC,
also known as CCT, is essential for cell viability and
has been shown to assist the folding of cytoskeletal
proteins (tubulins and actins) and other proteins
related to carcinogenesis, such as p53, STAT3 (Signal
transducer and activator of transcription 3) in an ATP-
dependent fashion (Amit et al., 2010; Trinidad et al.,
2013; Kasembeli et al., 2014; Gestaut et al., 2019).
Under such circumstances, elevated expression of TRiC
subunits may lead to upregulation of these oncogenic
proteins, concomitantly resulting in carcinogenesis.
Except for CCT6B, other TRiC subunits, TCP1, CCT2,
CCT3, CCT4, CCT5, CCT6A, CCT7, and CCT8 exhibit
approximately 30% identity. Intriguingly, CCT6B is the
most special one among different TRiC subunits, and is
expressed only in testis, which may play a specific role in
helping the biosynthesis of particular testicular proteins
(Kubota et al., 1997).

In the current research, the subunits of CCT have been
shown to be critical for the development and progression
of BCa (Guest et al., 2015). Intriguingly, we investigated
and found aberrant expressions of the TRiC subunits
in BCa, including significantly elevated expressions of
TCP1, CCT2, CCT3, CCT4, CCT5, CCT6A, CCT7,
and CCT8 as well as decreased expression of CCT6B,
which were determinants of growth and overall survival
(OS) in BCa. Our results demonstrated a role for the
TRiC subunits, suggesting that the role of the entire
complex potentially could be explored as a functional
macrocosm in BCa.

MATERIALS AND METHODS

UALCAN Database Analysis
UALCAN web-portal1 is an interactive and effective platform
based on level 3 RNA-seq and clinical information from The
Cancer Genome Atlas (TCGA) project (Chandrashekar et al.,
2017). It can be utilized to analyze relative transcriptional
levels of target genes between cancerous and paired normal
tissues. In the current study, we explored the relative expression
of eight subunits of the chaperonin TRiC between BCa and
paracancerous tissues and compared the expression differences
among different molecular subtypes based on UALCAN database.
All the BCa cases publicly available on UALCAN were included
in our research.

cBioPortal Database Analysis
cBioPortal2 is a user-friendly, comprehensive website resource
and provides visualization, analysis, and download of large-
scale cancer genomics datasets (Wu et al., 2019). In our
study, we analyzed the genetic alterations of TRiC, which
contained genomic profiles counted on mutations and putative
copy-number alterations (CNA) from GISTIC. Breast Invasive
Carcinoma (TCGA, Cell 2015) was selected for further analysis
of TRiC, and tumor samples included in our research
contained total 817 BCa samples. OncoPrint was constructed
in cBioPortal to directly reflect all types of changes in eight
subunits of the chaperonin TRiC gene amplification, deep
deletion, mRNA upregulation, and mRNA downregulation in
patients with BCa. Furthermore, we downloaded the data of
putative CNAs and mRNA expression z-scores to evaluate the
association between various CNAs and transcriptional levels of
chaperonin TRiC.

GEPIA Database Analysis
The Gene Expression Profiling Interactive Analysis (GEPIA)
database3, a newly developed web server for analyzing
the of RNA sequencing data based on 9,736 tumors and
8,587 normal samples from TCGA and GTEx projects. It
provides key interactive and customizable functions including
differential expression analysis, correlation analysis, profiling
plotting, similar gene detection, patient survival analysis,
and dimensionality reduction analysis (Tang et al., 2017).
The Survival Analysis module on GEPIA was applied
to estimate the correlation between TRiC expression and
survival information of BCa patients. The prognostic values of
chaperonin TRiC (TCP1, CCT2, CCT3, CCT4, CCT5, CCT6A,
CCT6B, CCT7, and CCT8) at mRNA level were analyzed using
all BCa samples available in GEPIA. The patients’ cohorts
were split at the median expression of each subunit of the
chaperonin TRiC mRNA level. Hazard ratio (HR) and log-rank
P-value were calculated and displayed online. Meanwhile,
the relationship between the expression level of chaperonin
TRiC and gene markers of tumor-infiltrating immune cells

1http://ualcan.path.uab.edu/
2www.cbioportal.org/
3http://gepia.cancer-pku.cn/
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(TIICs) was also explored in GEPIA. These markers were used
to characterize immune cells, including CD8+ T cell, T cell
(general), B cell, Tfh, M1, M2, and TAM (tumor-associated
macrophages) in BCa.

TIMER Database Analysis
Tumor Immune Estimation Resource database (TIMER4)
includes more than 10,000 samples across 32 cancer types from
TCGA, which is an easy-to-operate online tool established for
systematically analyzing the abundance of immune infiltration
(Li et al., 2016, 2017). In our research, we mainly explored
the correlation of TRiC expression with the abundance of
all six immune infiltration fluids in BCa, including B cells,
CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and
dendritic cells (DCs).

BC-GenExMiner Database Analysis
Breast cancer Gene-Expression Miner (bc-GenExMiner v4.5)5,
a mining tool of annotated genomics data, provides biologists
with prognostic analysis and may be conducted on cohorts
split by estrogen receptor (ER), nodal (N), or molecular
subtype status (Jézéquel et al., 2012). This online tool also
allowed Pearson correlation analysis of eight subunits of the
chaperonin TRiC in BCa.

Protein–Protein Interaction and
Functional Enrichment Analysis
GeneMANIA6is a user-friendly online tool that can be adopted
to derive hypotheses based on gene functions (Warde-Farley
et al., 2010). It generated a list of genes with similar functions
and constructed an interactive functional-association network
to elucidate relationships between genes and datasets. In
our study, this database was applied to construct a PPI
network for eight subunits of the chaperonin TRiC to evaluate
their functions. Metascape7 provides a flexible web interface
for systematic and comprehensive functional annotation and
analysis to aid investigators identify the biological meaning
behind an extensive list of genes (Zhou et al., 2019). In
this study, we used it to perform enrichment analysis of
eight subunits of the chaperonin TRiC and their identified
co-expression genes.

Statistical Analysis
The differential mRNA expression of TRiC in BCa tissues
from the UALCAN database was analyzed by Student’s t-test
and normalized as transcripts per million reads (TPM).
Survival curves were generated and compared by log-rank
test. The correlation analysis was evaluated in the GEPIA
database using Spearman’s correlation analysis. Differences
were considered statistically significant when P-values were
and/or equal to 0.05.

4https://cistrome.shinyapps.io/timer/
5http://bcgenex.centregauducheau.fr
6http://www.genemania.org
7http://metascape.org

RESULTS

Transcriptional Levels of the Eight
Subunits of TRiC in BCa
To explore the exact expression profiles of TRiC in BCa patients,
we compared their differential transcriptional levels between
BCa and normal samples by using UALCAN database. The
findings revealed that the expression of five genes was higher
in BCa samples than in normal control samples. As shown in
Figure 1, the mRNA expression levels of CCT2 (Figure 1B,
P < 0.001), CCT3 (Figure 1C, P < 0.001), CCT5 (Figure 1F,
P < 0.001), CCT6A (Figure 1E, P < 0.001), CCT7 (Figure 1H,
P < 0.001), and CCT8 (Figure 1I, P < 0.001) was significantly
upregulated in BCa tissues compared with paracancerous tissues.
Besides, the transcriptional level of TCP1 (Figure 1A, P < 0.001),
CCT4 (Figure 1D, P < 0.001) and CCT6B (Figure 1G,
P < 0.001) was significantly downregulated in BCa tissues
compared with paracancerous tissues. Further, when sorting
the patients by subgroups, all subunits of the chaperonin
TRiC were still significantly up-regulated in different molecular
subtypes compared with paracancerous samples, except for
CCT6B, which was down-regulated BCa patients (Figure 2G).
Additionally, the highest expression levels of TCP1, CCT3, CCT4,
CCT5, and CCT7 were observed in triple-negative BCa tissues
(Figures 2A,C–E,H). CCT6A and CCT8 was enriched in HER2-
positive BCa tissues (Figures 2F,I), and CCT2 was enriched in
luminal BCa tissues (Figure 2B).

Genetic Alterations of the Eight Subunits
of TRiC in BCa Samples
Next, the genetic alterations of TRiC in BCa patients were
explored based on TCGA database and cBioPortal online tool.
The frequencies of mutations of the eight subunits of TRiC
genes in breast invasive carcinoma were assessed using cBioPortal
database. DNA copy number amplifications, mutations, and deep
deletion were the main genetic mutations of BCa (Figure 3A).
As shown in Figure 2B, the percentages of genetic variations in
the eight subunits of TRiC among BCa patients varied from 0.7
to 9% for individual genes (TCP1, 1.3%; CCT2, 3%; CCT3, 9%;
CCT4, 1%; CCT5, 2.1%, CCT6A, 1.6%; CC6B, 2.5%, CCT7, 0.7%,
and CCT8, 1.6%, respectively). CCT2, CCT3, and CCT6B were
ranked as the top three of the eight members. DNA CNA are most
common genetic alterations which are involved in carcinogenesis
through modulating cancer-related gene expression (Thomas
et al., 2015; Choi et al., 2017). The eight subunits of TRiC were
dysregulated in BCa tissues, we further hypothesized that DNA
CNA might modulate their transcriptional levels. As shown in
Figure 3, low amplification rate of the eight subunits of TRiC
was observed in BCa patients. However, although copy gain
(gain and amplification) of eight subunits of TRiC was not
frequent, it was still linked with significant upregulated eight
subunits of TRiC mRNA levels compared with the copy-loss
(deep deletion and shallow deletion) and copy-neutral (diploid)
patients (Figures 3C–K). To sum up, these results indicated
that eight subunits of TRiC mRNA expressions were modulated
by their DNA CNA.
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FIGURE 1 | Boxplot showed relative expression of eight subunits of the chaperonin TRiC in BCa primary tumor and in corresponding normal tissues based on
UACLAN database. (A) TCP1, (B) CCT2, (C) CCT3, (D) CCT4, (E) CCT5, (F) CCT6A, (G) CCT6B, (H) CCT7, and (I) CCT8.

Prognostic Values of TRiC mRNA
Expression in All BCa Samples
Further, we employed GEPIA database to analyze the associations
between TRiC mRNA expression and prognosis of BCa patients.
As shown in Figure 4, high mRNA expression of TCP1 (HR = 1.9,
P < 0.001), CCT2 (HR = 1.4, P = 0.034), CCT4 (HR = 1.6,
P = 0.0041), CCT5 (HR = 1.5, P = 0.0089), CCT6A (HR = 1.5,
P = 0.014), CCT7 (HR = 1.6, P = 0.0056), and CCT8 (HR = 1.7,
P = 0.002) were significantly associated with poor OS of BCa
patients. However, other subunits of TRiC mRNA expression
showed a null correlation with prognosis of BCa patients. Overall,
our findings above implied that mRNA expressions of TCP1,
CCT2, CCT4, CCT5, CCT6A, CCT7, and CCT8 were remarkably
correlated with BCa patients’ OS, which might be identified as
promising biomarkers to predict the survival of BCa patients.

Relationships Between TRiC Expression
and Immune Infiltration
Immune cells in the TME can affect patient survival, and
the prognosis of patients with BCa is closely related to the
infiltration of immune cells (Shen et al., 2020). The above
findings indicated a prognostic role of TRiC in BCa. Hence, it
would be meaningful to explore the association between immune

infiltration and TRiC expression. We determined whether TRiC
expression was correlated with the immune infiltration level in
different cancers by calculating the coefficient of TRiC expression
and immune infiltration level in BCa in TIMER. As distinctly
shown in Figure 5, the results revealed that TRiC expression had
positive correlations with tumor purity and CD8+ T cells except
CCT6B. CCT2 was positively associated with macrophage, while
CCT3 was negatively associated with macrophage. Furthermore,
TCP1, CCT2, CCT4, CCT5, CCT6A, and CCT8 were positively
associated with neutrophil, B cell and DC, while CCT6B was
negatively associated with DC. These results showed the eight
subunits of the chaperonin TRiC was related to tumor purity and
immune infiltration levels of BCa by TIMER analysis.

Relationships Between TriC Expression
and Immune Markers
Accumulating evidence showed that the interaction between
cancer cells and the tumor microenvironment, specifically the
immune microenvironment, was also believed to be a vital
factor and involved in the tumor progression and therapy
(Hirsch et al., 2017). So as to further explore the potential
relationships between TRiC and infiltrating immune cells, we
examined the correlations between eight subunits of TRiC and
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FIGURE 2 | Boxplot showed relative expression of eight subunits of the chaperonin TRiC in BCa patients with different molecular subtypes and in normal individuals
based on UACLAN database. (A) TCP1, (B) CCT2, (C) CCT3, (D) CCT4, (E) CCT5, (F) CCT6A, (G) CCT6B, (H) CCT7, and (I) CCT8. *p < 0.05; **p < 0.01;
***p < 0.001.

several immune cell markers in GEPIA. Immune genes were
selected from ImmPort database8 (Zalocusky et al., 2018). These
markers were used to characterize immune cells, including
CD8A, CD8B, CD3D, CD3E, CD2, CD19, CD79A, BCL6, NOS2,
ROS, ARG1, MRC1, HLA-G, CD80, and CD86 in BCa (Table 1).
Most subunits of TRiC were positively correlated with CD8+ T
cell markers (CD8A and CD8B) in breast normal tissues. Hence,
these results confirmed our speculation that TRiC expression
in BCa was correlated with gene markers of immune cells in
different manners, which can help explain the differences in
patient survival.

Enrichment Analysis of Protein–Protein
Interaction of TriC
As shown in Figure 6A, it revealed a significant negative
correlation between CCT6B and other subunits of TRiC.
Furthermore, other subunits of TRiC were correlated to a
significant degree. A network of eight subunits of TRiC and 20
proteins that significantly interacted with TRiC was constructed

8https://immport.niaid.nih.gov

using GeneMANIA. The results revealed that BBS12, MKKS,
BBS10, HSPD1, SPHK1, PFDN2, PFDN6, PIKFYVE, PFDN5,
PFDN1, PFDN4, PDCL3, VBP1, USP9X, ACTB, TRIM28,
PPP4C, EHD2, and GSPT2 were closely associated with eight
subunits of TRiC (Figure 6B). Next, a PPI enrichment analysis,
was then used to explore the relationships among these genes in
BCa. The functions of these genes were next explored through
GO analyses (Figures 6C,D). GO analyses allow assessment
of the biological process, molecular function, and cellular
component annotations of genes of interest. These 29 genes
were primarily enriched for regulation of cellular process,
positive regulation of biological process, localization, biological
regulation, cellular component organization or biogenesis,
metabolic process, reproductive process, and regulation of
biological process.

DISCUSSION

Chaperonin-containing TCP-1, a multi-subunit complex and
encoded by eight distinct genes, folds various proteins that
essential for cancer development, and is expressed in diverse
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FIGURE 3 | Genetic mutation analysis of eight subunits of the chaperonin TRiC in BCa (cBioPortal). (A) Types of mutations and their proportions contained in BCa.
(B) OncoPrint visual summary of genetic alteration on a query of eight subunits of the chaperonin TRiC in BCa. TCP1, CCT2, CCT3, CCT4, CCT5, CCT6A, CCT6B,
CCT7, and CCT8 mutation rates were 1.3, 3, 9, 1, 2.1, 1.6, 2.5, 0.7, and 1.6%, respectively. (C–K) Copy gain (gain and amplification) of TRiC was linked with
significant upregulated TRiC mRNA levels compared with the copy-loss (deep deletion and shallow deletion) and copy-neutral (diploid) patients (C) TCP1, (D) CCT2,
(E) CCT3, (F) CCT4, (G) CCT5, (H) CCT6A, (I) CCT6B, (J) CCT7, and (K) CCT8.
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FIGURE 4 | Elevated expressions of eight subunits of the chaperonin TRiC were associated with poor clinical outcomes (OS). Prognostic value of mRNA level of
TRiC in BCa patients (A) TCP1, (B) CCT2, (C) CCT3, (D) CCT4, (E) CCT5, (F) CCT6A, (G) CCT6B, (H) CCT7, and (I) CCT8.

cancers and can serve as a viable therapeutic target (Showalter
et al., 2020). Previous studies reported that the expression levels
of different CCT subunits were upregulated in various cancers,
such as CCT2 in prostate, breast, and lung cancers (Guest
et al., 2015; Bassiouni et al., 2016; Carr et al., 2017), CCT3 in
hepatocellular carcinoma (HCC) (Qian et al., 2016), and CCT8
in HCC and glioblastoma (Huang et al., 2014; Qiu et al., 2015).
CCT2 played a pivotal role in clinical tubulin-binding agent-
resistant or CCT2-overexpressing cancers, and targeting the β-
tubulin/CCT2 complex might provide these cancers with a novel
chemotherapeutic strategy (Lin et al., 2009). These pathways
proceeded through activating mitogen-activated protein kinases

(MAPKs) at the onset of β-tubulin/CCT2 complex disruption
(Liu et al., 2017). Besides, targeting the complex also induced
apoptosis and inhibited migration and invasion of metastatic
human lung adenocarcinoma (Liu et al., 2020). CCT2 was a
vital determinant of survival in CRC (colorectal cancer) patients
and could regulate the folding of Gli-1, a Hedgehog signaling
factor in relation to hypoxia (Park et al., 2020). CCT3 functioned
as a trigger of YAP and TFCP2 to affect tumorigenesis and
served as a potential biomarker in liver cancer (Liu et al., 2019).
Furthermore, CCT3 was closely related to the proliferation and
migration of BCa and papillary thyroid carcinoma (PTC) (Shi
et al., 2018; Xu et al., 2020). The correlation between the
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FIGURE 5 | Correlation of eight subunits of the chaperonin TRiC with immune infiltration level in BCa. (A) TCP1 expression had significant positive correlations with
infiltrating levels of CD4+ T cells. (B) CCT2 expression had significant correlations with infiltrating levels of CD4+ T cells, macrophages, neutrophils, and dendritic
cells in GC. (C) CCT3 expression was significantly related to infiltrating levels of CD4+ T cells and macrophages in GC but no significant correlation with infiltrating
level of B cells. (D) CCT4 expression had significant positive correlations with infiltrating levels of CD4+ T cells and macrophages in GC. (E) CCT5, (F) CCT6A,
(G) CCT6B, (H) CCT7, and (I) CCT8.
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TABLE 1 | Correlation analysis between TRiC and genes markers of immune cells in GEPIA.

Description CD8+ T cell T cell (general) B cell Tfh M1 M2 TAM

Gene markers CD8A CD8B CD3D CD3E CD2 CD19 CD79A BCL6 NOS2 ROS ARG1 MRC1 HLA-G CD80 CD86

TCP1 Tumor R −0.039 0.014 −0.092 −0.072 −0.017 −0.088 −0.1 −0.078 0.024 0.12 −0.031 0.019 −0.0011 0.17 0.11

P 0.19 0.64 * 0.018 0.59 * ** 0.01 0.43 *** 0.3 0.52 0.97 *** ***

Normal R 0.43 0.38 0.17 0.19 0.27 −0.016 0.038 −0.057 0.15 −0.14 0.3 −0.13 −0.035 0.18 0.022

P *** *** 0.066 0.046 * 0.87 0.69 0.55 0.11 0.14 * 0.16 0.72 0.056 0.82

CCT2 Tumor R −0.058 −0.05 −0.1 −0.09 −0.069 −0.082 −0.1 −0.032 −0.025 0.015 −0.019 −0.019 −0.028 0.011 −0.031

P 0.056 0.1 ** * 0.022 * ** 0.29 0.4 0.63 0.53 0.54 0.35 0.72 0.31

Normal R 0.42 0.37 0.21 0.19 0.22 0.022 0.09 −0.17 0.061 −0.12 0.27 −0.23 0.0058 0.22 −0.0071

P *** *** 0.023 0.041 0.02 0.81 0.34 0.067 0.52 0.21 * 0.016 0.95 0.019 0.94

CCT3 Tumor R −0.11 0.056 −0.15 −0.15 −0.11 −0.15 −0.19 −0.074 0.018 −0.0019 0.0033 −0.06 0.043 0.081 −0.04

P ** 0.064 *** *** ** *** *** 0.015 0.56 0.95 0.91 0.048 0.16 * 0.18

Normal R 0.45 0.53 0.32 0.3 0.3 0.09 0.18 −0.29 0.072 −0.13 0.27 −0.46 0.15 0.19 −0.17

P *** *** ** ** * 0.35 0.061 * 0.45 0.19 * *** 0.11 0.049 0.07

CCT4 Tumor R −0.041 0.056 −0.082 −0.084 −0.028 −0.1 −0.12 −0.15 0.054 0.085 −0.037 0.026 0.02 0.15 0.067

P 0.17 0.064 * * 0.35 ** *** *** 0.075 * 0.22 0.39 0.5 *** 0.027

Normal R 0.5 0.53 0.26 0.31 0.32 −0.0042 0.095 −0.31 0.051 −0.13 0.3 −0.45 −0.0014 0.067 0.19

P *** *** * * ** 0.96 0.32 *** 0.59 0.17 * *** 0.89 0.48 0.043

CCT5 Tumor R −0.031 0.036 −0.094 −0.079 −0.031 −0.088 −0.11 −0.041 0.053 0.062 −0.014 −0.014 0.15 0.19 0.095

P 0.31 0.23 * * 0.31 * ** 0.18 0.079 0.041 0.64 0.65 *** *** *

Normal R 0.27 0.22 0.17 0.17 0.18 0.09 0.11 −0.012 0.0042 0.05 0.12 0.052 0.14 0.29 0.19

P * 0.019 0.066 0.081 0.058 0.35 0.25 0.9 0.96 0.6 0.19 0.58 0.15 * 0.043

CCT6A Tumor R −0.033 −0.0098 −0.032 −0.031 −0.012 −0.039 −0.044 −0.063 0.0036 0.0076 −0.0088 −0.012 −0.0018 0.038 0.036

P 0.28 0.75 0.29 0.3 0.7 0.2 0.15 0.037 0.9 0.8 0.77 0.7 0.95 0.21 0.24

Normal R 0.54 0.49 0.37 0.37 0.4 0.11 0.16 −0.36 −0.052 0.05 0.23 −0.28 0.092 0.27 0.096

P *** *** *** *** *** 0.24 0.086 *** 0.58 0.6 0.014 * 0.33 * 0.31

CCT6B Tumor R −0.096 −0.099 −0.14 −0.12 −0.12 0.0011 −0.13 0.12 −0.011 −0.027 −0.01 0.0068 −0.03 −0.079 −0.068

P * * *** *** *** −0.099 *** *** 0.72 0.38 0.73 0.82 0.33 * 0.025

Normal R 0.39 0.4 0.17 0.18 0.18 0.021 0.31 −0.22 0.24 −0.18 0.26 −0.41 0.01 0.082 −0.15

P *** *** 0.069 0.054 0.054 0.83 0.097 0.019 0.012 0.064 * *** 0.92 0.39 0.11

CCT7 Tumor R −0.11 −0.026 −0.14 −0.15 −0.12 −0.14 −0.17 −0.2 0.063 0.052 −0.0082 −0.045 0.012 0.044 −0.083

P ** 0.39 *** *** *** *** *** *** 0.038 0.09 0.79 0.14 0.7 0.15 *

Normal R 0.28 0.39 0.18 0.16 0.15 −0.037 0.03 −0.4 0.012 −0.078 0.15 −0.35 0.11 0.03 −0.13

P * *** 0.053 0.091 0.12 0.7 0.75 *** 0.9 0.41 0.11 *** 0.26 0.75 0.16

CCT8 Tumor R −0.084 −0.055 −0.13 −0.11 −0.062 −0.12 −0.15 −0.081 0.012 0.069 0.0017 0.0034 −0.0033 0.11 0.059

P * 0.069 *** ** 0.042 *** *** * 0.68 0.024 0.96 0.91 0.91 *** 0.054

Normal R 0.54 2.1e − 07 0.34 0.35 0.4 0.13 0.18 −0.17 0.056 −0.15 0.36 −0.35 0.076 0.22 −0.059

P *** 0.47 ** ** *** 0.17 0.055 0.07 0.56 0.11 *** *** 0.43 0.022 0.54

Tfh, follicular helper T cell; TAM, tumor-correlated macrophage; R, R-value of Spearman’s correlation; P, P-value of Spearman’s correlation. *P < 0.01; **P < 0.001; ***P < 0.0001.
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FIGURE 6 | Enrichment analysis (A) Pearson correlation analysis of eight subunits of the chaperonin TRiC. (B) Protein–protein interaction network among eight
subunits of the chaperonin TRiC in the GeneMANIA dataset. (C) Interactive network of the top five enriched terms colored by cluster ID. Each color represents one
enrichment pathway. (D) Heatmap of enriched terms regarding Gene Ontology biological processes across eight subunits of the chaperonin TRiC and its
co-expressed genes constructed by Metascape.

aberrant overexpression of CCT3 and the poor prognosis of
HCC patients has been shown, as has the depletion of CCT3
sensitized HCC cells to chemotherapy (Zhang et al., 2016).
MALAT-1 enhanced cell motility of lung adenocarcinoma by
downregulating CCT4 (Tano et al., 2010). CCT5 was a tumor
associated antigen of non-small cell lung cancer (NSCLC) (Gao
et al., 2017). CCT6A sustained the oncogenic arm of TGF-
β signaling and functioned as a potent promoter of TGF-β-
induced metastasis of NSCLC cells, blocking SMAD2-SMAD4
interaction (Ying et al., 2017). Increased CCT8 expression
was associated with poor prognosis and cisplatin resistance by
regulating α-actin and β-tubulin in ESCC (Yang et al., 2018).

Compared with the controls, the glioma cells expressing CCT8-
siRNA exhibited a significantly decreased proliferation and
invasion capacity (Qiu et al., 2015). Another study defined
CCT8 as an oncogene and demonstrated its function of
participating in HCC cell proliferation by facilitating S-phase
entry (Huang et al., 2014). Overexpression of CCT8 could
promote the proliferation, accelerate the G1/S transition
and reverse cell adhesion-mediated drug resistance (CAM-
DR) phenotype in B-cell non-Hodgkin’s lymphoma (Yin
et al., 2016). Tumor infiltrates consist of a heterogeneous
population of immune cells frequently dominated by T cells
but also containing B cells, macrophages, NK cells, DCs,
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and neutrophils, which play vital roles in anti-tumor immunity
(Garaud et al., 2019). Tumor-infiltrating lymphocytes (TILs) and
tumor-infiltrating B-cells (TIL-B) are crucial determinants of
favorable outcomes in patients with BCa (Garaud et al., 2019;
Byrne et al., 2020). Immunotherapy using immune cells-based
vaccination is a promising approach to eliminate tumor cells
(Sabado et al., 2017).

Here, we explored the role and prognostic value of the full
chaperonin TRiC in BCa by studying the altered expression of
each of its subunits in the context of this disease. Furthermore,
we also found that the chaperonin TRiC subunits can act
as mediators only in certain states, such as when associated
with ATP. Chaperonin TRiC was thus a viable target for
therapeutic intervention in cancer due to its function as a critical
protein-folding complex. Overall, our research preliminarily
but systematically characterized the expression profiles of eight
subunits of TRiC in BCa and revealed that the detection of the
TRiC expression status of BCa patients might be promising and
valuable biomarkers for early diagnosis, immunotherapy, and
prognostic assessment.

CONCLUSION

In summary, our results indicated that subunits of TRiC
displayed varying degrees of abnormal expressions, and CCT2,
CCT3, CCT5, CCT6A, CCT7, and CCT8 were significantly
upregulated in BCa patients and their upregulation was positively
correlated with BCa tumor stage. Based on the above findings,
it was expected that TRiC could act as potential prognostic
biomarkers and therapeutic targets for BCa. Our research
contributed to a better understanding of the pathogenesis of

BCa and might assist in the development of more effective
targeted drugs for BCa. However, further relevant experimental
studies were needed to validate our findings and to promote
clinical application of TRiC as prognostic or therapeutic targets
in BCa, owing to limited sample sizes and differences found
among databases.
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Background: Skin cancer is one of the most commonly diagnosed cancers worldwide.
The 5-year survival rate of the most aggressive late-stage skin cancer ranges between
20 and 30%. Thus, the discovery and investigation of novel target therapeutic agents
that can effectively treat skin cancer is of the utmost importance. The T-lymphokine-
activated killer cell-originated protein kinase (TOPK), which belongs to the serine-
threonine kinase class of the mitogen-activated protein kinase kinase (MAPKK) family,
is highly expressed and activated in skin cancer. The present study investigates the
role of 3-deoxysappanchalcone (3-DSC), a plant-derived functional TOPK inhibitor, in
suppressing skin cancer cell growth.

Purpose: In the context of skin cancer prevention and therapy, we clarify the effect
and mechanism of 3-DSC on different types of skin cancer and solar-simulated light
(SSL)-induced skin hyperplasia.

Methods: In an in vitro study, western blotting and in vitro kinase assays were utilized to
determine the protein expression of TOPK and its activity, respectively. Pull-down assay
with 3-DSC and TOPK (wild-type and T42A/N172 mutation) was performed to confirm
the direct interaction between T42A/N172 amino acid sites of TOPK and 3-DSC. Cell
proliferation and anchorage-independent cell growth assays were utilized to determine
the effect of 3-DSC on cell growth. In an in vivo study, the thickness of skin and tumor
size were measured in the acute SSL-induced inflammation mouse model or SK-MEL-
2 cell-derived xenografts mouse model treated with 3-DSC. Immunohistochemistry
analysis of tumors isolated from SK-MEL-2 cell-derived xenografts was performed
to determine whether cell-based results observed upon 3-DSC treatment could be
recapitulated in vivo.
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Results: 3-DSC is able to inhibit cell proliferation in skin cancer cells in an anchorage-
dependent and anchorage-independent manner by regulation of TOPK and its related
signaling pathway in vitro. We also found that application of 3-DSC reduced acute
SSL-induced murine skin hyperplasia. Additionally, we observed that 3-DSC decreased
SK-MEL-2 cell-derived xenograft tumor growth through attenuating phosphorylation of
TOPK and its downstream effectors including ERK, RSK, and c-Jun.

Conclusions: Our results suggest that 3-DSC may function in a chemopreventive
and chemotherapeutic capacity by protecting against UV-induced skin hyperplasia and
inhibiting tumor cell growth by attenuating TOPK signaling, respectively.

Keywords: skin cancer, solar sinulated light, T-LAK cell-originated protein kinase, 3-deoxysappanchalcone,
cancer growth, skin hyperplasia

INTRODUCTION

Skin cancer is one of the most commonly diagnosed cancers
worldwide and poses a huge financial burden to society (Linares
et al., 2015). Skin cancer can be classified as basal cell carcinoma
(BCC), squamous cell carcinoma (SCC), or melanoma. Excess
solar ultraviolet (SUV) radiation is the dominant risk factor
for skin cancer (Ratushny et al., 2012; Gao et al., 2017). It has
been suggested that acute solar-simulated light (SSL) irradiation
enhances T-lymphokine-activated killer cell-originated protein
kinase (TOPK) expression and induces inflammation in SKH1
mice dorsal skin (Xue et al., 2017; Roh et al., 2018). Therefore,
targeting TOPK may be a promising strategy for skin cancer
prevention and treatment (Gao et al., 2017; Roh et al., 2018).

TOPK, a serine-threonine kinase, is a member of the mitogen-
activated protein kinase kinase (MAPKK) family (Dougherty
et al., 2005) and exists at the same hierarchical level of MEK
in the MAPK signaling axis. Mutations in the MAPK signaling
cascade are pronounced in many types of cancer (Braicu et al.,
2019). Previous research has established that TOPK can induce
cancer cell proliferation and is highly expressed in numerous
types of cancer including lung adenocarcinoma (Lei et al., 2013),
ovarian cancer (Ikeda et al., 2016), gastric carcinoma (Ohashi
et al., 2017), breast cancer (Park et al., 2006), nasopharyngeal
carcinoma (Wang et al., 2016), and colon cancer (Zhu et al.,
2007). TOPK regulates a wide range of tumor processes such
as tumor growth, invasion (Lee et al., 2020), development (Hu
et al., 2010), and resistance (Herbert et al., 2018). As a MAPKK
member in MAPK signal pathway, TOPK inhibitors may be
utilized to treat MEK-resistant patients or in the form of target
combination therapy. Until now, there have been no clinical
trials to investigate the therapeutic potential of TOPK inhibitors.
As such, active investigation of TOPK inhibitors may provide a
means of reducing cancer growth across many different types of
cancer. To date, the efficacy of several TOPK inhibitors have been
investigated in vitro and in vivo. However, variable degrees of
cytotoxicity have been observed, which may clinically translate
to diminished patient quality of life. Therefore, there is an unmet
need for TOPK inhibitors with minimal toxicity.

In the present manuscript, we characterize the role 3-
deoxysappanchalcone (3-DSC), a natural compound derived
from Caesalpinia sappan L., which plays as a novel TOPK

inhibitor in skin carcinogenesis and cancer. We report that 3-
DSC effectively inhibited skin cancer cell growth by directly
attenuating TOPK signaling in vitro. Additionally, an in vivo
study showed that 3-DSC reduced SSL-induced skin hyperplasia
and tumor growth in a SK-MEL-2 cell-derived xenograft mouse
model. Our observations suggest that 3-DSC functions as an
effective anti-cancer prophylactic and chemotherapeutic reagent
that may be used to clinically treat skin cancer.

MATERIALS AND METHODS

Reagents
3-DSC (purity ≥ 95%, C16H14O4, CAS No. 112408-67-0),
a natural compound isolated from the plant of Caesalpinia
sappan L. (Leguminosae), was purchased from ChemFaces
(Wuhan, Hubei, China). Active TOPK kinase (100 ng, Cat#T14-
10G), kinase dilution buffer (Cat#K01-09-20), and 10 mM
ATP (Cat#A50-09) were purchased from SignalChem Biotech
Inc. (Richmond, BC, Canada). Recombinant human myelin
basic protein (MBP) (Cat#M42-51N) was purchased from
Sigma-Aldrich (St. Louis, MO, United States). Matrigel was
purchased from Corning (Tewksbury, MA, United States).
Protease inhibitor cocktail (100X, HY-K0010) and phosphatase
inhibitor cocktail II (100X, HY-K0022) were purchased from
MedChemExpress (Monmouth Junction, NJ, United States).
Antibodies to detect rabbit anti-cleaved PARP (1:1,000,
Cat#5625), rabbit anti-PARP (1:1,000, Cat#9542), rabbit anti-
caspase 3 (1:1,000, Cat#9662), rabbit anti-caspase 7 (1:1,000,
Cat#9492), rabbit anti-cleaved caspase 3 (1:1,000,Cat#9664),
rabbit anti-cleaved caspase 7 (Asp 198, 1:1,000, Cat#8438), rabbit
anti-cyclin B1 (1:1,000, Cat#12231), rabbit anti-phosphorylated
ERK (Thr202/Tyr204) (1:1,000, Cat#4370), rabbit anti-
phosphorylated TOPK (Thr9) (1:1,000, Cat#4941), rabbit
anti-phosphorylated c-Jun (Ser63) (1:1,000, Cat#2361), rabbit
anti-phosphorylated p90RSK (Ser380) (1:1,000, Cat#11989),
rabbit anti-ERK1/2 (p44/p42 MAPK) (1:1,000, Cat#4695), rabbit
anti-TOPK (1:1,000, Cat#4942), rabbit anti-c-Jun (1:1,000,
Cat#9165), and rabbit anti-RSK2 (1:1,000, Cat#5528) were
purchased from Cell Signaling Technology (Beverly, MA,
United States). Antibodies to detect mouse anti-phosphoserine
(1:1,000, Cat#ab9332), rabbit anti-phosphothreonine (1:1,000,
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Cat#ab9337), and rabbit anti-Ki67 (1:200, Cat#ab16667) were
purchased from Abcam Inc. (Cambridge, United Kingdom).
Xfect Transfection Reagent was purchased from TaKaRa
Biomedical Technology Beijing Co., Ltd. (Beijing, China).

Cell Lines and Cell Culture
Skin normal cell JB6 CI 41-5a (JB6); HaCaT cells; Normal
Human Dermal Fibroblasts (NHDF); and skin cancer cell
lines SK-MEL-2, SK-MEL-28, A375, and A431 were purchased
from American Type Culture Collection (ATCC, Manassas,
VA, United States). Cells were cultured in Minimum Essential
Medium (MEM)/Earle’s Balanced Salt Solution (EBSS) (SK-MEL-
2), MEM (SK-MEL-28), and Dulbecco’s Modified Eagle’s medium
(DMEM) (A375 and A431) supplemented with 10% fetal bovine
serum and penicillin/streptomycin (1×). Normal skin cell line
JB6, HaCaT, and NHDF were cultured in MEM and DMEM
medium supplemented with 5 or 10% fetal bovine serum and
penicillin/streptomycin (1×). All the cells used in this study were
authenticated through STR profiling and maintained at 37◦C in a
5% CO2 humidified incubator.

Western Blot Analysis
Cells were rinsed with phosphate-buffered saline (PBS) before
being scraped and lysed in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitor cocktail
and phosphatase inhibitor cocktail II. After centrifugation
at 14,000 rpm for 15 min, the supernatant fractions were
harvested as the total cellular protein extracts. The protein
concentration was determined using a protein assay kit (Solarbio
Life Science, Beijing, China). The total cellular protein extracts
were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride membranes in 20 mM Tris–HCl (pH 8.0), 150 mM
glycine, and 20% (v/v) methanol. Membranes were blocked
with 5% nonfat dry milk in 1xPBS containing 0.05% Tween-
20 (PBS-T) and incubated with antibodies against p-TOPK,
TOPK, p-ERK1/2, ERK1/2, p-RSK2, RSK2, p-c-Jun, total c-Jun,
PARP, caspase 3, caspase 7, cleaved PARP, cleaved caspase 3,
cleaved caspase 7, or β-actin at 4◦C, overnight. Blots were washed
three times with 1xPBS-T buffer, followed by incubation with
the appropriate horseradish peroxidase-linked immunoglobulin
G (IgG). The specific proteins in the blots were visualized
using an enhanced chemiluminescence detection reagent and the
Amersham Imager 600 (GE Healthcare life Science, Pittsburgh,
PA, United States).

The Cancer Genome Atlas Database
Analysis
Gene expression and patient clinical data of The Cancer Genome
Atlas-Skin Cutaneous Melanoma (TCGA-SKCM) cohort was
downloaded using TCGA GDAC Firehose [Broad Institute
TCGA Data Analysis Center (2016): Firehose 2016/01/28, Broad
Institute of MIT and Harvard; doi: 10.7908/C11G0KM9). RNA-
seq data detailing TOPK expression in normal skin samples
unexposed to sun were downloaded from the GTEx database.
RSEM values were transformed to transcript per million (TPM)

values by multiplying scaled estimates by 1E7. TOPK gene
expression was plotted in TPM units with respect to features
such as tumor stage, patient age, race, weight, etc., by cross-
querying clinical data. Statistical significance (p < 0.05) of gene
expression was assessed using a Wilcoxon rank-sum test. Whisker
charts illustrating the median, upper, and lower quantiles of TPM
expression values were generated using Mathematica 12.

In vitro Kinase Assay
Active TOPK kinase (100 ng), recombinant human myelin basic
protein (MBP substrate, 200 ng), kinase assay buffer, and 100 µM
ATP were incubated at 30◦C for 30 min in the presence or absence
of 3-DSC. To stop the reaction, 5 µl of 6µ loading buffer was
then added. The protein mixture was loaded into a 12% SDS-
PAGE gel and run as a western blot to quantify p-serine/threonine
(1:1,000) expression.

In vitro Pull-Down Assay
Skin cancer cells, A431, A375, SK-MEL-2, and SK-MEL-28, were
cultured in complete growth medium until an optimal confluence
of 70% was obtained. Cells were rinsed with PBS before being
scraped and lysed in RIPA buffer. The individual cell lysates
were incubated with Sepharose 4B beads or 3-DSC-Sepharose
4B beads in reaction buffer (50 mM Tris–HCl, pH 7.5, 5 mM
EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP-40, 0.2 mM
PMSF, and 20× protease inhibitor). After incubation with gentle
rocking overnight at 4◦C, the beads were washed three times
with washing buffer (50 mM Tris–HCl, pH 7.5, 5 mM EDTA,
150 mM NaCl, 1 mM DTT, 0.01% NP-40, and 0.2 mM PMSF),
and binding was visualized by western blotting against TOPK
antibody. For the ATP competitive binding assay, active TOPK
was incubated with 3-DSC-Sepharose 4B beads and vehicle, 10,
100, or 1,000 µM ATP, following the procedure described above
for the binding assay.

Construction and Expression of TOPK
Wild Type and Mutants
pcDNA4.1-HisC-TOPK encoding recombinant plasmid was used
to construct TOPK-T42A by site mutagenesis with Hieff
MutTM Site-Directed Mutagenesis Kit (Yeasen Biotech Co.,
Ltd, Shanghai, China). The forward primer of TOPK T42A
used was as follows: 5′-TTGGCTTTGGTGCTGGGGTA-3′. The
reverse primer of TOPK T42A used was as follows: 5′-
GCAAGATGGTTATGAAGGCAGG-3′. Annealing temperature
was tested to be 57◦C. Then, TOPK-T42A or pcDNA4.1-HisC-
TOPK was applied to get TOPK N172A+ T42A or TOPK N172A
by overlap PCR assay. The primer sequences here were as follows:

TOPK-N172A-forward-1: 5′-TTGAATTCATGGAAGGGAT
CAGTAATT TCAAG-3′;
TOPK-N172A-reverse-1: 5′- AAATCGCCTTTAATTACAAC
AGCTGAAGAC-3′;
TOPK-N172A-forward-2: 5′-CTTCATGGAGACATAAAGT
CTTCAGCTGTTGT-3′;
TOPK-N172A-reverse-2: 5′-TTGCGGCCGCCTAGACATCT
GTTTCCAGAGC-3′.
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FIGURE 1 | 3-Deoxysappanchalcone (3-DSC) inhibits T-LAK cell-originated protein kinase (TOPK) kinase activity by binding to Thr42 and Asn172. (A) The protein
expression levels of TOPK and its downstream protein effectors in Normal Human Dermal Fibroblast (NHDF) and skin cancer cell lines (A431, SK-MEL2, SK-MEL-28,
and A375) and colon cancer cell line HCT15 (positive control). (B,C) The expression levels of TOPK dependent on the tumor type (primary melanoma patients,
metastatic melanoma patient, and normal person) or gender from The Cancer Genome Atlas-Skin Cutaneous Melanoma (TCGA-SKCM) cohort database. TOPK
transcript expression was analyzed according to tissue type according to transcript per million (TPM) units. (D) Effect of 3-DSC on TOPK phosphorylation. Kinase
assay was performed with active TOPK (100 ng), 3-DSC (2.5, 5, 10, or 20 µM), HI-TOPK-032 (5 µM), myelin basic protein (MBP) (400 ng), and ATP (40 µM). MBP is
the substrate of TOPK kinase; p-Thr/Ser levels are an indicator of TOPK activity. The band intensity of p-Thr/Ser is significantly reduced when the assay was
performed with inclusion of 2.5 µM 3-DSC. (E) Band quantification results of (D). (F) Kinetic analysis of 3-DSC whether competing ATP with TOPK substrate. Km
and Vm values of TOPK enzyme incubated with or without 3-DSC. (G) Binding affinity of 3-DSC to TOPK was assessed in four skin cancer cells. 3-DSC-Sepharose
4B or Sepharose 4B were incubated with cell lysates. Protein was then eluted from the beads and separated by SDS-PAGE. (H) Diagram illustrating the mutation of
residues previously predicted to be important in facilitating the interaction between TOPK and 3-DSC. TOPK was mutated at the T42A, N172A, and T42A residues
based upon computer docking analysis. (I) In vitro pull-down assay with TOPK WT, TOPK T42A, TOPK N172A, and TOPK T42A + N172A. Double mutation
significantly attenuated binding of 3-DSC with TOPK. *p < 0.05, ***p < 0.001.
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FIGURE 2 | 3-DSC decreases skin epidermal thickening caused by solar ultraviolet (SUV) exposure by targeting TOPK. (A) Representative hematoxylin and eosin
(H&E) staining results of mice dorsal skin treated with or without 3-DSC prior to SUV exposure. Each group consisted of 8–10 mice. Tissue thickness was measured
using a microscope ruler. Data are shown as mean ± SD values. (B) Protein expressions of p-TOPK, p-ERK, p-RSK, and p-c-Jun were detected by
immunohistochemical (IHC) analysis. (C) Quantification of the IHC results in panel (B). Data are shown as mean ± SD values. ***p < 0.001.

Annealing temperature here was 54◦C. The recombinant
plasmids were transformed to E. coli DH5µ and colonies were
sent to analyze the sequences. TOPK-T42A, TOPK-N172A, and
TOPK-T42A-N172A plasmids were extracted by AxyPrepTM

Plasmid Midiprep Kit (Corning, Tewksbury, MA, United States).

TOPK wild-type or mutants were transfected to HEK-293T cells
by XfectTM Transfection Reagent, and cells were rinsed with PBS
before being scraped and lysed in RIPA buffer and incubated with
antibodies against p-TOPK, TOPK, p-ERK1/2, ERK1/2, p-RSK2,
RSK2, p-c-Jun, total c-Jun, or β-actin.
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Acute SSL Exposure to 3-DSC-Treated
Mouse
Five–six weeks SKH1 male mice were maintained under
specific pathogen-free (SPF) conditions. Mice with similar body
weight (18–20 g) were divided into four groups as follows:
(1) acetone (vehicle), (2) acetone + SSL, (3) 500 nmol 3-
DSC + SSL, and (4) 1,000 nmol 3-DSC + SSL. Acetone
or 3-DSC were topically applied onto the dorsal skin of
SKH1 mice. One hour later, 149 kJ/m2 UVA and 7.2 kJ/m2

SSL were applied to the dorsal skin of the mice. After
treatment, 24 h later, the irradiated dorsal skin tissue (about
2 cm2) was harvested. Hematoxylin and eosin (H&E) staining
and immunohistochemistry were performed on the tissues
using p-PBK/TOPK (Thr9), p-ERK1/2 (Thr202/Tyr204), p-c-Jun
(Ser63), and p-p90RSK (Ser380) antibodies.

Cell Proliferation Assay
The cells (A431, A375, SK-MEL-2, and SK-MEL-28) were seeded
(2 × 103 cells per well for) in 96-well plates and incubated for
24 h and then treated with different doses of 3-DSC or vehicle.
After incubation for 24, 48, 72, or 96 h, cell proliferation was
measured by MTT assay.

Anchorage-Independent Cell
Transformation Assay
The normal cells (JB6 CI 41-5a or HaCaT) or the skin cancer
cells (A431, A375, SK-MEL-2, and SK-MEL-28) suspended in
complete Basal Medium Eagle growth medium were seeded
(8,000 cells/well) into 0.3% agar with or without epidermal
growth factor (EGF) (10 ng/ml) and 3-DSC (0, 5, 10, and
20 µM) over a base layer of 0.6% agar containing the same
concentration of EGF and 3-DSC. The cultures were maintained
at 37◦C in a 5% CO2 incubator for 3 weeks. Colonies were
visualized using an inverted microscope and counted using the
Image−Pro Plus software (v.6) program (Media Cybernetics,
Rockville, MD, United States).

Knock-Down of TOPK Expression
Each viral vector and packaging vectors (pMD2G, psPAX2, and
shTOPK#1 and 2) were transfected using the Xfect Transfection
Reagent into Lenti-X-293T cells. The viral particles were
harvested by filtration using a 0.22-µm filter and then stored at
−20◦C. The cultured SK-MEL-2 and A375 skin cancer cells were
infected with virus particles and 8 µg/ml polybrene (Millipore,
Billerica, MA, United States, Cat#TR-1003) for 24 h. Then, the
cells were selected with puromycin for 24 h, and the selected
cells were used for anchorage-independent cell growth assay and
western blot analysis.

Cell Cycle and Apoptosis Analysis
The cells (2× 105 cells) were seeded in 60-mm dishes and treated
with 0, 5, 10, or 20 µM 3-DSC for 48 h. For cell cycle analysis,
the cells were fixed in 70% ethanol and stored at −20◦C for
24 h. After staining with annexin-V for apoptosis or propidium
iodide for cell cycle assessment, the cells were analyzed using

a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose,
CA, United States).

Cell-Derived Xenograft Mouse Model
All animal experiments were approved by the Ethics Committee
of China-US (Henan) Hormel Cancer Institute. Nu/Nu mice (5–
6 weeks old) were maintained under standard SPF mice room.
We injected 5 × 106 SK-MEL-2 cells per mouse into near
the right hind leg for inducing cell-derived xenograft tumors.
After 1 week, the cell-derived xenograft (CDX) tumor’s average
size growth was measured to 100 mm3, and the tumors were
randomly separated into three groups (vehicle, 10, or 20 mg/kg;
10 mice each group). Then mice were treated with 3-DSC (10
or 20 mg/kg) or vehicle by intraperitoneal injection every day
throughout the whole experiment. Mice were euthanized after 43
days; the tumor, blood, spleen, and the liver were collected.

Immunohistochemical Analysis
Tumors were collected from the mice and fixed, and paraffin-
embedded sections (3 µm) were prepared for hematoxylin
and eosin (H&E) staining and immunohistochemical (IHC)
analysis. After antigen unmasking, the sections were blocked
with 5% goat serum and incubated at 4◦C overnight with
antibodies Ki-67 (1:200), p-TOPK (1:200), p-ERK1/2 (1:100),
p-RSK (1:100), and p-c-Jun (1:100). After incubation with a
rabbit secondary antibody, DAB (3,3-diaminobenzidine) staining
was used following the manufacturer’s instructions to visualize
the protein targets. Sectioned tissues were counterstained with
hematoxylin, dehydrated through a graded series of alcohol
into xylene, and mounted under glass coverslips. Images were
obtained using Olympus Imaging BX43 (Southborough, MA,
United States). The fluorescence intensity was quantified using
Image-Pro Plus software (version 6.0).

Statistical Analysis
All other quantitative results are expressed as mean values± SD.
Data was analyzed by one-way ANOVA or Student’s t test.
A value of p < 0.05, p < 0.001 was indicated as “*”, “***” for
statistical significance.

RESULTS

3-DSC Inhibited TOPK Kinase Activity by
Binding at the Sites of Thr42 and Asn172
PBK/TOPK is highly expressed in several types of cancer
including lung adenocarcinoma (Xiao et al., 2019), ovarian cancer
(Ikeda et al., 2016), gastric carcinoma (Ohashi et al., 2017), breast
cancer (Park et al., 2006), nasopharyngeal carcinoma (Wang
et al., 2016), and colon cancer (Zhu et al., 2007). To determine
protein expression levels of TOPK in the context of skin cancer,
we quantified protein expression in several skin cancer lines
by western blot. Our results showed that TOPK was highly
expressed in skin cancer cells relative to the normal human
dermal fibroblast cell line, with the HCT-15 colon cancer cell line
serving as a positive control (Figure 1A). We next queried the
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SKCM cohort of the TCGA database to determine whether TOPK
expression is associated with patient features and cancer staging.
As RNA-seq data from normal skin samples is under-represented
within the TCGA-SKCM cohort, we supplemented the TCGA
data with RNA-seq data from the GTEx database detailing
TOPK expression in normal skin that was unexposed to sunlight.
The results confirm that TOPK is significantly over-expressed
in primary and metastatic melanoma tumors compared to
normal tissues. The results also show that TOPK expression
is significantly increased in the case of metastatic melanoma
compared to that in primary tumors (Figure 1B). Additionally,
there appear to be gender-specific differences in the expression
of TOPK in tumor tissues, with the TOPK profile in tumors
derived from male patients exhibiting increased expression
(Figure 1C). We observed that transcript expression does not
appreciably change across race (Supplementary Figure 1A),
age (Supplementary Figure 1B), and stage (Supplementary
Figure 1C). Thus, based upon the aforementioned observations,
we hypothesized that TOPK could play a role in the establishment
or maintenance of skin cancer and that inhibition of TOPK may
be useful in treating skin cancer. We recently reported that 3-
DSC could suppress cell growth by directly binding to TOPK in
colon cancer (Zhao et al., 2019). As TOPK is over-expressed in
skin cancer, we sought to determine whether we could achieve
comparable targeting efficacy in different types of skin cancer.
Thus, we measured the effect of 3-DSC on TOPK activity by
performing kinase assay using lysates derived from skin cancer
cells (Figures 1D,E) and ATP competitive kinase assays with
an increasing Km value from 13.3 to 26.7 (Figure 1F). The
results indicate that 3-DSC inhibited TOPK activity in an ATP-
competitive manner (Figures 1D–F). In vitro pull-down results
showed that 3-DSC could directly bind with TOPK in different
skin cancer cell lines (Figure 1G). Our previous work utilized a
computer docking model to predict that 3-DSC binds with TOPK
at the Thr42 and Asn172 residues. However, this prediction was
not experimentally validated. Therefore, we established TOPK
plasmid constructs harboring mutations at the predicted binding
sites, denoted as TOPK T42A, TOPK N172A, and TOPK T42A
+ N172A (Figure 1H), to verify the computer model predictions
by pull-down assay. Our results suggest that the prediction
made by the computer docking model was valid, as the TOPK
double mutant (T42A+N172A) greatly reduced binding affinity
between 3-DSC and TOPK (Figure 1I).

3-DSC Decreased Skin Epidermal
Thickness Caused by SSL Exposure
Actinic keratosis (AK) is characterized by accretive atypical
keratinocytes, which results in abnormally thickened skin. AK
is a precursor to cutaneous squamous cell carcinoma (cSCC)
(Ratushny et al., 2012). Acute solar ultraviolet (SUV), a major
contributor to the emergence of AK, increases TOPK protein
levels in human skin tissue (Roh et al., 2018). Therefore, we
investigated if 3-DSC can be utilized to prevent skin thickening
through targeting TOPK. We applied two doses of 3-DSC onto
SKH1 hairless mice before administering SSL and harvesting
tissue for H&E staining and IHC analysis. We observed

that application of 3-DSC decreased epidermal thickening in
addition to decreasing TOPK, ERK, RSK, and c-Jun protein
phosphorylation levels (Figures 2A–C). This finding strongly
suggests that 3-DSC may possess chemoprevention potential with
respect to SSL-induced damage by directly attenuating TOPK and
its downstream effectors.

3-DSC Inhibited Skin Cancer Cell
Proliferation
To determine the toxicity of 3-DSC, we performed an MTT
assay over a concentration gradient of 3-DSC ranging between
0 and 20 µM using NHDF cells. The results indicated that
3-DSC showed minimal toxicity in NHDF cells at the tested
concentrations (Supplementary Figure 2A). Based on the results
of the toxicity assay, we then treated A431, SK-MEL-2, SK-MEL-
28, and A375 skin cancer cell lines with 3-DSC over a range of
0–20 µM. After incubating for 24, 48, 72, or 96 h, cell viability was
analyzed by microplate reader. The MTT results indicated that 3-
DSC began to significantly inhibit skin cancer cell proliferation
at the concentration of 10 and 20 µM in these four cell lines
(Figure 3A). To provide additional evidence supporting the
inhibitory potential of 3-DSC in skin cancer cells, we performed
a soft agar assay using skin cancer cells (A431, SK-MEL-2, SK-
MEL-28, and A375) to determine whether cell growth is affected
upon treatment with 3-DSC (Figure 3B). Our results illustrated
that 3-DSC was able to affect anchorage-independent cell growth
in A431, SK-MEL-2, SK-MEL-28, and A375 cells starting at a
concentration of 10 µM. EGF is known to activate MAPK/ERK
signaling (Pan et al., 2018). Thus, we performed an anchorage-
independent cell transformation assay to test whether treatment
of 3-DSC could affect the colony formation potential of normal
skin cells cultured in the presence of EGF. Our results indicated
that 3-DSC was effective in significantly inhibiting EGF-induced
cell transformation at a concentration of 5 µM (Figures 3C,D).
To give more evidence of the role of TOPK in proliferation of skin
cancer, we established TOPK knock-down skin cancer cells from
the TOPK highly expressing SK-MEL-2 and A375 cell lines. The
results indicated that TOPK knock-down inhibited anchorage-
independent colonies growth of skin cancer cells. We confirmed
that treatment of SK-MEL2 and A375 TOPK knock-down cells
with 3-DSC failed to inhibit anchorage-independent cell growth
(Figures 3E,F).

3-DSC Induced Skin Cancer Cell Cycle
Arrest at G2/M Phase and Cell Apoptosis
The results above suggest that 3-DSC treatment induces cell
growth inhibition in vitro. However, the inhibition that we
observed could be due to cell cycle perturbations, induction of
cell apoptosis, or a combination of both. Thus, we first sought to
determine whether 3-DSC treatment affects cell cycle dynamics
in skin cancer cells. We applied 3-DSC to skin cancer cells before
performing cell flow cytometry and western blotting using G2/M
phase marker cyclin B1 (Figures 4A,B). The results indicated that
3-DSC induced cell cycle arrest at G2/M phase at a concentration
of 20 µM. The western blot results verified that protein levels
of the G2/M phase marker, cyclin B1, decreased at 20 µM.
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FIGURE 3 | 3-DSC inhibits anchorage-dependent and independent growth in
skin cancer cell lines. (A) The inhibition effects of different concentrations of
3-DSC in cell proliferation of A431, SK-MEL-2, SK-MEL-28, and A375 cells.
Skin cancer cells were incubated with 3-DSC for 24, 48, 72, and 96 h and
growth was detected by MTT assay. Data shown as mean ± SD values.
(B) Representative images of anchorage-independent soft agar growth assay
using skin cancer cell lines incubated with various concentrations of 3-DSC.
(C) Representative images showing the effect of 3-DSC on
anchorage-independent growth of EGF-induced transformation of normal skin
cells. (D) Quantification of colony numbers shown in panel (C). Data are
shown as mean ± SD values. (E) SK-MEL-2 cell anchorage-independent
colony growth after knocking down TOPK and treating with various
concentrations of 3-DSC. Colony number is quantified in the right side of the
panel. (F) A375 cell anchorage-independent colony growth after knocking
down TOPK and treating with various concentrations of 3-DSC. Colony
number is quantified in the right side of the panel. ***p < 0.001.

To assess whether 3-DSC contributes to cell death in addition
to growth inhibition in skin cancer cells, we next performed
a cell apoptosis assay. A431, SK-MEL-2, and A375 cells were
incubated with or without 3-DSC for 24 h before being harvested
and examined by cell flow cytometry. The results indicated
a significant increase in the percentage of PI and annexin-V-
positive cells (dead or apoptotic cells) in the 3-DSC-treated group
relative to the untreated control cells (Figure 4C). Additionally,
we detected apoptosis protein markers, cleaved PARP, cleaved
caspase-3, cleaved caspase-7, caspase 3, and caspase 7 in 3-
DSC-treated and untreated cells using western blot. The results
showed that the cell apoptosis markers, cleaved-PARP, cleaved-
caspase 3, and cleaved-caspase 7, were significantly increased
upon treatment of skin cancer cells with 3-DSC in a dose-
dependent manner (Figure 4D).

3-DSC Inhibited TOPK Signaling Pathway
To determine the effect of 3-DSC on TOPK signaling in the
context of skin cancer, we incubated SK-MEL2 and A375 cells
over the concentration of 3-DSC ranging between 0 and 20 µM
for 2 h before harvesting cell lysates to measure the protein
level of TOPK and its downstream effectors by western blot. The
results revealed that 3-DSC decreased the level of p-TOPK in
a dose-dependent manner. Consequently, levels of downstream
p-ERK, p-RSK, and p-c-Jun protein were also decreased due to
attenuated p-TOPK (Figure 5A). To further confirm whether the
inhibitory effect of 3-DSC is due to modulation of TOPK activity,
we over-expressed TOPK in HEK-293T cell by transfection
of the pcDNA4.1HisC-TOPK plasmid. The western blot results
indicated that we successfully induced TOPK over-expression
(Figure 5B). We then performed a soft agar assay using the HEK-
293T cell line over-expressing TOPK in the presence or absence
of 3-DSC. The results showed that over-expression of TOPK
promoted proliferation in untreated HEK-293T cells; however,
TOPK-induced proliferation of the HEK293T cells was reduced
upon treatment with 3-DSC (Figures 5C,D). Thus, we concluded
that 3-DSC inhibited skin cancer cell growth by reducing
p-TOPK expression and the downstream effectors of TOPK.

3-DSC Inhibited Skin Cancer
Cell-Derived Xenograft Growth
To determine the toxicity of 3-DSC in vivo, we treated Nu/Nu
mice via abdominal injection with 3-DSC (20 or 40 mg/kg)
or vehicle alone and measured body weight every day for
43 days. Mice were then euthanized and the liver and spleen
were collected and weighed. The body, liver, and spleen weight
indicated no significant toxicity of 3-DSC to mice at the
administered concentrations (Supplementary Figures 2B,C).
To determine whether the inhibitory effect of 3-DSC observed
in vitro could be recapitulated in vivo, we applied 3-DSC to
a CDX mice model. Mice were weighed (Figure 6A) and the
tumor size (length × width × height × 0.52) was measured
twice a week (Figure 6B). Results indicated that body weight
steadily increased over the duration of the experiment. The
tumor size indicated 3-DSC significantly reduced SK-MEL-2
CDX tumor growth (Figures 6C,D). We also performed IHC
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FIGURE 4 | 3-DSC induces arrest at G2/M phase and cell apoptosis in skin cancer cells. (A) Effect of 3-DSC to skin cancer cells’ cell cycle. (B) G2/M phase marker
cyclin B1 protein expression level in skin cancer cell lines after treatment with 3-DSC at various concentrations. (C) 3-DSC induces apoptosis in skin cancer cell lines.
Skin cancer cells were incubated with various concentrations of 3-DSC for 48 h and analyzed for apoptosis markers indicating pre/late apoptosis by flow cytometry.
Data are shown as mean ± SD values. (D) Cell apoptosis marker cleaved PARP/cleaved caspase 3/cleaved caspase 7/PARP/caspase 3/caspase 7 expression after
3-DSC treatment. 3-DSC treatment increased cleaved PARP/cleaved caspase 3/cleaved caspase 7 protein expression in a dose-dependent manner. ***p < 0.001.

analysis on the tumor tissues to assess if the administered
concentrations of 3-DSC were effective in attenuating TOPK
signaling at the protein level in vivo. Indeed, the results
indicated a significant decrease in the levels of p-TOPK,
p-ERK, p-RSK, and p-c-Jun proteins (Figures 6E,F). Based
upon our experimental results, we suggest that 3-DSC is able
to prevent SUV damage to skin, inhibit skin cancer growth
in vitro and in vivo, and induce apoptosis and cell cycle arrest
at G2/M phase by attenuating TOPK activity through direct
physical interaction.

DISCUSSION

Solar ultraviolet (sUV) irradiation as a major environmental
carcinogen is the main risk factor that causes inflammation and
skin cancer (Roh et al., 2018). Acute solar-simulated light was
also found to rapidly activate PI3K/AKT/mTOR and MAPK
signaling pathways in human tissues (Bermudez et al., 2015). As
an anti-cancer target (Park et al., 2006; Alachkar et al., 2015;
Ikeda et al., 2016; Ohashi et al., 2017) and upstream MAPK
family member (Abe et al., 2000), TOPK may be potentially
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FIGURE 5 | 3-DSC inhibited TOPK signaling pathway in skin cancer cell lines. (A) p-TOPK, TOPK, and downstream effector protein expression after 3-DSC
treatment. SK-MEL-2 and A375 cells were incubated with a culture medium with FBS and 3-DSC (5, 10, or 20 µM) or without 3-DSC for 2 h, and cell lysates were
harvested before analysis by western blot. (B) TOPK was overexpressed in HEK-293T cells using pcDNA4.1-HisC (control) and pcDNA4.1-HisC-TOPK before cells
were treated with or without 3-DSC at various concentrations. (C) Effect of 3-DSC on anchorage-independent growth in HEK-293T cells expressing pcDNA4.1-HisC
and pcDNA4.1-HisC-TOPK. TOPK over-expression increased colony number and size. (D) Quantification of colony number in panel (C). Data are shown as
mean ± SD values. ***p < 0.001.
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FIGURE 6 | 3-DSC inhibited skin cancer cell-derived xenograft (CDX) growth by attenuating TOPK expression. (A) Bodyweight of three groups of CDX mice over the
duration of 43 days. Body weight was measured twice a week. (B) Tumor volume of three groups CDX mice over the duration of the experiment. Tumor size was
measured twice a week. (C) Photograph showing tumors excised from control and 3-DSC-treated groups after euthanasia. (D) Quantification of tumor weight in
panel (C). Data are shown as mean ± SD values. (E) IHC results of CDX tumor tissues (Ki-67/p-TOPK/p-ERK/p-RSK/p-c-Jun) derived from control and
3-DSC-treated groups. (F) Quantification of IHC results shown in panel (E). Data are shown as mean ± SD values. ***p < 0.001.

relevant for treating UV-induced skin cancer (Gao et al., 2017).
TOPK and p-TOPK were highly expressed in skin cancer cell
lines (Figure 1A) and in metastatic melanoma tumors compared
with primary melanoma tumors according to GTEx and TCGA
patient samples (Figure 1B). Independent cohort data presented
within the Gene Expression Omnibus (GEO) database provide
further evidence of heightened TOPK expression in cancer
(Liu et al., 2019). In esophageal squamous cell carcinoma,
TOPK was positively correlated with tumor metastasis (Seol
et al., 2017; Zykova et al., 2017; Ma et al., 2019) by activating
Src/GSK3β/STAT3 signaling pathway (Jiang et al., 2019). TOPK

expression was also correlated with p53 expression (Hu et al.,
2010; Lei et al., 2015) and cancer patients’ prognosis (Ikeda et al.,
2016; Ohashi et al., 2016; Pirovano et al., 2017; Hayashi et al.,
2018; Koh et al., 2018; Su et al., 2018; Xu and Xu, 2019; Zhang
et al., 2019). These observations indicate that TOPK may show
promise as a potential target for skin cancer treatment. Indeed,
upon knocking down TOPK in SK-MEL-2 and A375 cell lines
(Figures 3E,F), we showed that anchorage-dependent colony
formation was inhibited.

According to our previous study, 3-DSC could bind with
TOPK and inhibit colon cancer growth (Zhao et al., 2019).
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As targeting TOPK may be a strategy for the treatment of
skin cancer, we performed experiments to verify the effect
of 3-DSC on skin cancer. Kinase assay results showed a
significant inhibitory effect of 3-DSC on TOPK kinase at
5 µM (Figures 1D,E) and the KD value of 3-DSC to
TOPK was increased from 13.3 to 26.7 in the TOPK enzyme
kinetics assay (Figure 1F). Moreover, the specific binding
sites between 3-DSC and TOPK were Thr42 and Asn172
(Figures 1G–I), and these all suggested that the kinase activity
of TOPK has been suppressed by 3-DSC (Figures 1A–I). 3-DSC
showed a significant inhibitory effect in the cell proliferation
of skin cancer cell lines (Figures 3A,B), which was also
supported by cell cycle assay (Figures 4A,B) and apoptosis
assay (Figures 4C,D). 3-DSC inhibited the phosphorylation
of ERK/RSK/c-Jun, which are the downstream of TOPK
(Figures 5A–D; Li et al., 2016).

Furthermore, targeting TOPK has been a strategy to
prevent solar-related inflammation (Xue et al., 2017), and 3-
DSC showed anti-inflammatory effects in previous research
(Kim et al., 2014). In our study, we also found that 3-
DSC prevented skin thickening, which was induced by acute
SSL (Figure 2). Cell line−derived xenograft (CDX) models
created by implanting cancer cell lines into immunodeficient
mice have contributed largely to the development of cancer
drug therapies (Lin et al., 2018). HI-TOPK-032, one of the
TOPK inhibitors, was shown to inhibit tumor growth by
nearly 50% in a HCT116 colon cancer cell-derived xenograft
mouse model at a dose of 10 mg/kg (Kim et al., 2012). We
are the first researchers to investigate the effect of 3-DSC
in vivo by SK-MEL2 cell-derived xenograft mouse model. We
confirmed its inhibitory effect via IHC, whereby we observed
a significant reduction in Ki-67 and TOPK/ERK/RSK/c-Jun
signaling protein expression (Figures 6E,F). Another TOPK
inhibitor, acetylshikonin, was observed to inhibit tumor growth
in colon cancer patient−derived xenograft (PDX) models
compared with vehicle group at a dose of 120 mg/kg (Zhao
et al., 2020). Whereas the inhibitory effect of 3-DSC to tumors
is 50% with no significant changes to body, liver, and spleen
weight, other TOPK inhibitors, such as OTS514 and OTS964,
induced hematopoietic toxicity as reported in an in vivo study
(Matsuo et al., 2014; Nakamura et al., 2015). The present study
revealed that 3-DSC showed no obvious effect on the weight of
liver and spleen.

In conclusion, as 3-DSC prevents SUV-induced damage,
inhibits skin cancer in vitro and in vivo, and shows minimal side
effects when administered at a high dosage, this compound could
be considered a viable therapeutic option for the treatment of
skin cancer and as a skin cancer therapeutic in further clinical
research. The compound could potentially be used in pre-cancer
stages or applied topically after extensive UV exposure with more
efficiency and less side effect.
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Supplementary Figure 1 | TOPK expression does not appreciably change across
race, age, and stage. (A) RNA-seq data detailing TOPK transcript expression in
tumors derived from Asian and Caucasian patients. (B) RNA-seq data detailing
TOPK transcript expression in patient-derived tumor tissues was analyzed
according to patient age. (C) RNA-seq data detailing TOPK transcript expression
in patient-derived tumor tissues was analyzed according to tumor stage.

Supplementary Figure 2 | 3-DSC showed no toxicity in NFDH cells or mice. (A)
Effect of 3-DSC in Normal Human Dermal Fibroblasts. NHDF cells were treated
various concentrations of 3-DSC and cell growth was determined by MTT assay.
(B) Influence of 3-DSC to mice body weight. Three mice per group were treated
with 3-DSC (20 or 40 mg/kg) or vehicle solution and weighed once per day over
2 weeks. (C) Spleen and liver weight and photograph of control and
3-DSC-treated groups over the duration of 2 weeks for the toxicity experiment. No
significance was observed between control and experiment groups. (D) Spleen
and liver weight of control and 3-DSC-treated groups in 3-DSC CDX experiment.
No significance was observed between control and experiment groups.
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China, 3 Cancer Center Office, The Third Affiliated Hospital of Kunming Medical University (Yunnan Tumor Hospital),
Kunming, China, 4 Department of Thoracic Surgery II, The Third Affiliated Hospital of Kunming Medical University (Yunnan
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Objective: Qujing City, Yunnan Province, China, has a high incidence of lung cancer and
related mortality. The etiology of NSCLC in Qujing area and distribution of associated
molecular aberrations has not been fully elucidated. This study aimed to reveal the profile
of driver gene mutations in patients with non-small-cell lung cancer (NSCLC) in Qujing and
explore their relationships with clinicopathological characteristics.

Methods: In this study, the mutation profiles of NSCLC driver genes, including EGFR,
ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA, were investigated in
patients with NSCLC from Qujing and compared with those from other regions in Yunnan
Province. The associations between molecular mutations and clinicopathological
characteristics were further analyzed.

Results: A distinct profile of driver gene mutations was discovered in patients with
NSCLC from Qujing. Interestingly, a higher proportion of EGFR compound mutations,
including G719X + S768I (19.65% vs 3.38%, P < 0.0001) and G719X + L861Q (21.10%
vs 2.82%, P < 0.0001), was observed in patients with NSCLC in Qujing compared with
patients in non-Qujing area, besides significantly different distributions of EGFR (46.01%
vs. 51.07%, P = 0.0125), ALK (3.17% vs. 6.97%, P = 0.0012), ROS1 (0.5% vs. 2.02%,
P = 0.0113), and KRAS (23.02% vs. 7.85%, P < 0.0001). Further, EGFR compound
mutations were more likely associated with the occupation of patients (living/working in
rural areas, e.g., farmers). Moreover, KRAS G12C was the dominant subtype (51.11% vs
25.00%, P = 0.0275) among patients with NSCLC having KRAS mutations in Qujing.
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Conclusions: Patients with NSCLC in Qujing displayed a unique profile of driver gene
mutations, especially a higher prevalence of EGFR compound mutations and dominant
KRAS G12C subtype, in this study, indicating a peculiar etiology of NSCLC in Qujing.
Therefore, a different paradigm of therapeutic strategy might need to be considered for
patients with NSCLC in Qujing.
Keywords: ALK, EGFR, KRAS, ROS1, mutation profile, non-small-cell lung cancer, Qujing
INTRODUCTION

Lung cancer has been the most common cancer globally for more
than two decades (1). Every year, 1.8 million people are diagnosed
with lung cancer and 1.6million die of the disease (2). In China, lung
cancerhas thehighestmortality andmodality.QujingCity, located in
Southwest China, is an area with an extremely high incidence of lung
cancer, especially in Xuanwei County (3, 4). Previous studies showed
several exposures contributing to ahigher incidenceofnon-small-cell
lung cancer (NSCLC), including the use of smoky coal in unvented
stoves (5), tobacco smoking (6), food contamination (7), and arsenic
andradonamong tinminers (8) in this area.These external exposures
might lead to a distinct profile of genetic alterations contributing to
the occurrence and development of NSCLC. Studies with limited
sample size indicated that patients with NSCLC in Xuanwei County
had lower EGFR and ALKmutation rates and a higher rate of KRAS
mutations (9–11). A higher proportion of EGFR exons 18 and 20 co-
mutations were also reported (12). In recent years, the discovery of
lung cancer driver genes has opened the door to individualized
treatment of lung cancer and made the molecular typing of lung
cancer more refined (13). Therefore, understanding the real-world
driver gene mutation characteristics of patients with NSCLC in the
Qujing area is of great importance in unrevealing the genetic etiology
and optimizing therapeutic regimens for patients in this region. In
this study, 2672 patients with NSCLC from Yunnan Province,
including 946 patients from Qujing City, were retrospectively
examined. The mutation statuses of lung cancer driver genes
EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and
PIK3CA were detected. Also, the mutational characteristics of these
driver genes were analyzed. A specific profile of mutations in these
driver genes was revealed in patients from this region, which might
lead to the development of more effective targeted therapeutic
interventions for this disease.
MATERIALS AND METHODS

Patients
A total of 2672 patients with pathologically diagnosed NSCLC
from various regions, including Qujing in Yunnan Province, who
h factor receptor; ALK, Anaplastic
ne receptor tyrosine kinase; KRAS,
olog; BRAF, V-raf murine sarcoma
roto-Oncogene; MET, MET proto-
Epidermal growth factor receptor 2;
oncogene homolog ; PIK3CA,
inase Catalytic Subunit Alpha.

2200
visited Yunnan Cancer Hospital between January 2016 and
September 2019 were retrospectively recruited (Figure 1). This
study was conducted with approval from the Institutional Review
Board of Yunnan Cancer Hospital. Informed consent was waived
because of the retrospective nature of this study, and the de-
sensitized clinical data were collected.

Samples and Mutation Detection
Formalin-fixed paraffin-embedded (FFPE) tumor tissues, or fine‐
needle aspiration and/or core needle biopsies, were used to detect
mutations in at least one of the following genes, EGFR, ALK,
ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA.
Genomic DNA and total RNA were extracted from FFPE
samples using the AmoyDx FFPE DNA/RNA extraction kit
(Amoy Diagnost ics , Xiamen, China) fol lowing the
manufacturer’s protocols. For other types of samples, an
AmoyDx Tissue DNA/RNA extraction kit (Amoy Diagnostics)
was used. An Amplification Refractory Mutation System
Polymerase Chain Reaction (ARMS-PCR) and a Mutation
Detection Kit (Amoy Diagnostics) were used to detect the
mutations in driver genes (n = 2146). The other 526 specimens
were captured using commercially available panels and subjected
to next-generation sequencing (NGS) following manufacturer’s
protocols (Table 1 and Supplementary Table 1).

Statistical Analysis
SPSS23.0 (SPSS version 23.0 for Windows, IBM Inc., IL, USA)
was used to analyze the relationship between gene mutations and
clinicopathological characteristics with the help of c2 test,
Fisher’s exact test, or binary logistic regression. The two‐sided
significance level was set at P <0.05.
RESULTS

Clinicopathological Characteristics
of Patients With NSCLC in Qujing
and Non-Qujing Regions
Among the 2146 patients with NSCLC tested by ARMS-PCR,
758 (35.25%) were from Qujing and 1384 (64.75%) were non-
Qujing patients. Regional information was not available for the
remaining four patients. The clinicopathological characteristics,
including sex, age at diagnosis, smoking history, staging,
histopathology, family history, ethnic, lesion site, and
metastasis, are listed in Table 1. No difference in baseline
characteristics was found between these two patient groups.
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FIGURE 1 | Flowchart of participant selection in this study.
TABLE 1 | Characteristics of patients with NSCLC from Qujing and non-Qujing areas.

Characteristic All patients (n=2142) Region P-value

Qujing (n=758) Non-Qujing (n=1384)

Gender
Male 1026 (47.90%) 357 (47.10%) 669 (48.34%)
Female 1116 (52.10%) 401 (52.90%) 715 (51.66%) 0.3901
Age
Median (range) 53 (17-92) 55 (24-89)
≤40 109 (5.09%) 42 (5.54%) 67 (4.84%)
>40 2033 (94.91%) 716 (94.46%) 1317 (95.16%) 0.481
Histopathology
Adenocarcinoma 1978 (92.34%) 726 (95.78%) 1252 (90.46%)
Squamous carcinoma 157 (7.33%) 32 (4.22%) 125 (9.03%) <0.001
Unknown (NSCLC) 7 (0.33%) 0 7 (0.51%)
Smoking history
Yes 672 (31.37%) 251 (33.11%) 421 (30.42%)
No 1454 (67.88%) 504 (66.49%) 950 (68.64%) 0.2285
Unknown 16 (0.75%) 3 (0.40%) 13 (0.94%)
Family history
Yes 187 (8.73%) 96 (12.66%) 91 (6.58%)
No 1954 (91.22%) 661 (87.20%) 1293 (93.42%) <0.001
Unknown 1 (0.05%) 1 (0.13%) 0
Staging
I-IIIa 988 (46.13%) 411 (54.22%) 577 (41.69%)
IIIb-IV 976 (45.56%) 345 (45.51%) 631 (45.59%) 0.0044
Unknown 251 (11.72%) 75 (9.89%) 176 (12.72%)
Lesion site
Left 769 (35.90%) 229 (30.21%) 540 (39.02%)
Right 1255 (58.59%) 446 (58.84%) 809 (58.45%) 0.0076
Unknown 48 (2.24%) 13 (1.72%) 35 (2.53%)
Occupation
Farmer 1005 (46.92%) 460 (60.39%) 545 (39.38%)
Non-farmer/Unknown 1137 (53.08) 298 (39.31%) 592 (42.77%) <0.001
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The clinicopathological characteristics of other 526 specimens
tested using NGS are shown in Supplementary Table 2.

Mutational Status of Driver Genes in
Patients With NSCLC in Qujing
Among 2142 patients with NSCLC, 1978 were diagnosed with
lung adenocarcinoma (92.34%) and 157 had lung squamous
carcinoma (7.33%). The landscape of driver mutations in
patients with NSCLC from Qujing, non-Qujing, Yunan (non-
Qujing), and non-Yunnan regions displayed a region-specific
mutational profile (Figure 2). Especially, the prevalence of EGFR
(46.01% vs 51.07%, P = 0.0125), ALK (3.17%% vs 6.97%%, P =
0.0012), and ROS1 (0.5% vs 2.02%, P = 0.0113) was significantly
lower in patients from Qujing than in those from non-Qujing
regions. On the contrary, the KRAS mutation rate was
significantly higher in patients with NSCLC in Qujing
compared with non-Qujing patients (23.0214% vs 7.85%, P <
0.0001) (Figures 3, 4A, and 5A). Similar results were also
ob t a ined in pa t i en t s w i th lung adenoca r c inoma
(Supplementary Figure 1). In addition, fewer patients with
Frontiers in Oncology | www.frontiersin.org 4202
NSCLC in Qujing had co-mutations of these 10 driver genes
compared with those from non-Qujing areas (Supplementary
Figure 2). Among 526 specimens tested using NGS, the
prevalence of ALK and KRAS mutations in NSCLC patients
from Qujing and non-Qujing areas was as similar as the results
by ARMS-PCR (Supplementary Table 3).

Relationship Between Clinical
Characteristics and EGFR, ALK/ROS1, and
KRAS Mutation Statuses in Patients With
NSCLC in Qujing
Further, the relationship between EGFR, KRAS, and ALK/ROS1
mutation statuses and clinical characteristics in patients with
NSCLC in Qujing was analyzed. EGFR mutations were more
common in female patients with adenocarcinoma, nonsmoker
patients with NSCLC (P < 0.0001), and patients aged more than
40 years (P = 0.0196). ALK/ROS1 fusions occurred more in
patients younger than 40 years old (P = 0.0002). However, KRAS
mutations were more frequent in men (P = 0.0066) and smokers
(P = 0.0084) (Table 2 and Supplementary Table 4).
FIGURE 2 | Mutation frequencies of 10 lung cancer driver genes in patients with NSCLC according to the regions in Yunnan Province.
FIGURE 3 | Mutation frequencies of ALK and ROS1 in patients with NSCLC from Qujing and non-Qujing regions.
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Distribution of EGFR Mutation Subtypes in
Patients With NSCLC in Qujing
The mutation frequencies of G719X (23.01% vs 5.02%, P <
0.0001), S768I (10.24% vs 1.79%, P < 0.0001), and L861Q
point mutations (10.51% vs 2.18%, P < 0.0001) were
significantly higher, while the prevalence of 19Del (10.24% vs
25.69%, P < 0.0001) and L858R point mutations (11.97% vs
21.03%, P < 0.0001) was significantly lower in patients with
NSCLC from Qujing compared with those from non-Qujing
areas (Figure 4B). In addition, a significantly higher proportion
of EGFR compound mutations were detected (43.35% vs 10.12%,
P < 0.0001, for all EGFR mutations) (Figures 4C, D), and the
proportion of EGFR G719X + L861Q (21.10% vs 3.38%, P <
0.0001) and EGFR G719X + S768I (19.65% vs 2.82%, P < 0.0001)
subtypes was significantly higher in patients with NSCLC from
Qujing (Figures 4E, F). The multivariate analysis showed that
Frontiers in Oncology | www.frontiersin.org 5203
the occupation of patients (living/working in the rural area, e.g.,
farmers) (odds ratio, 1.923; 95% confidence interval, 1.179–
3.137) was independently associated with an increased rate of
EGFR compound mutations (Table 3).

Mutational Profile of KRAS Subtypes in
Patients With NSCLC From Qujing
A total of 73 patients harbored KRASmutations (13.88%) among
526 patients receiving NGS testing, including 45 patients from
Qujing and 28 patients from non-Qujing areas. The mutation
frequency of KRAS G12C was significantly higher in patients
with NSCLC from Qujing than in those from non-Qujing areas
(51.11% vs 25.00%, P = 0.0275). However, the frequency of KRAS
G12D was significantly lower in patients with NSCLC from
Qujing than in those from non-Qujing areas (6.17% vs 28.57%,
P = 0.0173) (Figures 5B, C).
A

B

D

E F

C

FIGURE 4 | Frequencies of EGFR mutations, EGFR subtypes, and compound mutations in patients with NSCLC from Qujing and non-Qujing areas. (A) the
prevalence of EGFR mutation in Qujing patients was compared with non-Qujing patients. (B) the point mutation frequencies of G719X, S768I, and L861Q were
higher in Qujing patients, and the point mutation of 19Del and L858R were lower in Qujing patients. (C, D) the distribution of EGFR mutation subtypes in Qujing and
non-Qujing patients. (E, F) the distribution of EGFR compound mutation subtypes in Qujing and non-Qujing patients.
A B C

FIGURE 5 | Profile of KRAS mutation and subtypes in patients with NSCLC from Qujing and non-Qujing areas. (A) the prevalence of KRAS mutation in Qujing
patients was compared with non-Qujing patients. (B, C) the distribution of KRAS mutation subtypes in Qujing and non-Qujing patients.
April 2021 | Volume 11 | Article 644895

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhou et al. Mutation Profile in Qujing City
DISCUSSION

Lung cancer in Qujing City (including Xuanwei County),
Yunnan, has four remarkable features: higher incidence, higher
mortality, adenocarcinoma as the main histological type, and
similar incidence in men and women (5). However, the mutation
status of lung cancer driver genes has not been thoroughly
investigated among the populations in this region due to the
lack of a large-sized study cohort.

Previous studies suggested that lung cancer in the Qujing
area had unique epidemiological characteristics due to severe
air pollution and the toxicology of indoor coal-fired particles (4,
Frontiers in Oncology | www.frontiersin.org 6204
14–16). This area had more female patients with lung cancer,
indicating the presence of strong carcinogens in the body,
which had different effects on men and women (17). This
study showed that patients with NSCLC in Qujing had a
unique driver gene mutation profi le and significant
differences in EGFR and KRAS mutation frequencies between
men and women. The characteristics of gene mutations
associated with patients with lung cancer in Qujing have been
identified. However, the underlying molecular mechanisms of
lung cancer in Qujing are complex and still not fully
understood. On the contrary, a number of animal and in
vitro studies showed that alveolar macrophages loaded with
TABLE 2 | Relationship between clinical characteristics and EGFR, ALK/ROS1, and KRAS mutations in patients with NSCLC from Qujing.

Characteristics EGFR ALK/ROS1 KRAS

Mut WT c2 p Mut WT c2 p Mut WT c2 p

Gender
Male 120 235 13 269 39 90
Female 226 171 40.34 <0.0001 9 307 1.305 0.2532 22 114 7.381 0.0066
Age
≤40 12 30 5 27 4 7
>40 334 376 5.446 0.0196 17 549 13.62 0.0002 57 197 1.153 0.2829
Histopathology
AD 343 374 21 554 59 196
SCC 3 29 18.23 <0.0001 1 22 0.5847 2 8 0.05345 0.8172
Smoking history
Yes 74 176 9 184 26 51
No 272 227 40.58 <0.0001 12 391 1.091 0.2963 35 152 6.953 0.0084
Family history
Yes 45 50 4 76 10 34
No 301 335 5.67E-05 0.994 18 500 0.4549 0.5 51 170 0.0025 0.9599
Ethnic
Han 333 339 22 559 60 196
Non-Han 13 7 1.854 0.1734 0 17 1* 1 8 0.6892*
*Staging
I-IIIa 196 213 10 328 40 127
IIIb-IV 116 153 1.504 0.22 9 189 0.9196 0.3376 18 51 0.1201 0.729
Lesion site
Left 138 158 9 217 26 73
Right 204 239 0.023 0.8786 13 354 0.07582 0.783 34 129 1.019 0.3128
Occupation
Farmer 214 242 10 341 35 112
Non farmer/unknown 132 164 0.394 0.5302 12 235 1.652 0.1987 26 92 0.1165 0.7329
April 202
1 | Volum
e 11 | Article
AD, adenocarcinoma; SCC, squamous cell carcinoma; *Fisher exact test.
TABLE 3 | Multivariate logistic regression analysis of correlations between baseline characteristics and EGFR compound mutations in patients with NSCLC from Qujing.

Characteristics Exp(B) EXP(B) 95% CI P-value

upper lower

Sex (Male vs Female*) 0.986 0.499 1.948 0.969
Age 0.993 0.967 1.020 0.628
Occupation (Farmer vs non-Farmer*) 1.923 1.179 3.137 0.009
Race (Han vs non-Han*) 1.313 0.368 4.690 0.675
Smoking (Yes vs No*) 1.145 0.519 2.527 0.738
Family history (Yes vs No*) 1.223 0.622 2.403 0.560
Lesion (Left vs Right*) 0.991 0.621 1.581 0.969
Stage (I-IIIa vs IIIb-IV*) 0.779 0.484 1.255 0.305
Histopathology (AD vs SCC*) 1.502 0.121 18.679 0.752
*reference variable.
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carbon particles from smoke led to an increased risk of
respiratory tract infections. They also showed that the
pathways involved in lung carcinogenesis induced by indoor
coal-fired particles and that induced by tobacco smoke might be
identical (18–20). However, no evidence directly demonstrated
that abnormal driver gene profile was the cause of the high
incidence of lung cancer in this region. Therefore, the
molecular mechanism underlying the high incidence of lung
cancer in the Qujing population remains to be further explored.

This study was based on the analysis of multi-gene mutations in
a large number of patients in Qujing compared with patients from
other regions in Yunnan Province. In the present study, a distinct
profile of driver gene mutations was found in patients with NSCLC
from the Qujing area. Except the differential distribution of EGFR,
ALK, ROS1, and KRAS mutations, EGFR compound mutations as
well as KRAS G12C and G12D also displayed a “Qujing”-specific
spectrum in this study. Previous findings and the findings of this
study suggested that the prevalence of common driver mutations
in patients with NSCLC from Qujing was different from that in
patients from other regions of China, but similar to that in Western
populations (9, 10, 21–23). However, further studies are required to
validate the findings.

The EGFR mutation rate in patients with lung cancer from
Xuanwei is still controversial. Wei et al. reported that 57% (51/90)
and 43% (73/168) of patients with lung cancer from Xuanwei and
non-Xuanwei regions carried EGFR mutations, respectively (24).
Hosgood et al. showed that the incidence of EGFR mutation was
35% in female patients (never smokers) with lung cancer in
Xuanwei (9). The present study found that the EGFR mutation
rate was 46.01% in patients with NSCLC from Qujing, which was
lower than that reported byWei et al., but higher than that reported
by Hosgood et al. This inconsistency in results might be due to the
differences in population selection. On the one hand, Qujing City
includes Xuanwei and other counties in its administrative area, and
therefore this study included patients who were not in Xuanwei but
belonged to Qujing City. On the other hand, the patients were not
selected according to specific clinical characteristics.

The most commonly known type of EGFR mutation is 19Del
(accounting for ~45% of EGFR mutations), followed by L858R
(accounting for ~40% of EGFRmutations). The remaining ~10%
of EGFR mutations are defined as uncommon mutations,
including exon 20 insertions (20ins), T790M, G719X, L861X,
and S768I (25). However, the mutation frequencies of 19Del
(20.52%) and L858R (24.28%) in patients with NSCLC from
Qujing were lower than those reported in the literature. In
addition, a higher proportion of EGFR G719X + L861Q
(21.10%) and G719X + S768I (19.65%) mutation subtypes were
found in patients with NSCLC from Qujing. Interestingly, EGFR
compound mutations were more likely associated with
epidemiological issues (living/working in the rural area, e.g.,
farmers). People who used to live or work in the rural areas of
Qujing might have a higher chance of being exposed, for
example, to coal-fired flue gas (4, 10). However, further large-
scale investigations are warranted to confirm the correlation
between EGFR compound mutations in NSCLC and
environmental exposures in this region.
Frontiers in Oncology | www.frontiersin.org 7205
NSCLC with the coexistence of multiple EGFR mutations
may have a unique oncogenic mechanism that may reflect the
efficacy of EGFR-specific tyrosine kinase inhibitors. ERBB2
phosphorylation was markedly reduced in cells expressing
L861Q plus G719X compared with lung cancer cells expressing
L861Q alone. The viability assays revealed that lung cancer cells
expressing L861Q + G719A showed decreased sensitivity (8- to
58-fold reduction) to EGFR-specific inhibitors, erlotinib and
osimertinib, compared with cells expressing L861Q alone, but
pan-ERBB inhibitors exerted superior growth-inhibitory effects
on cells expressing compound L861Q/G719X mutations (26).
Similarly, the cells co-expressing G719X and S768I also showed a
good response to afatinib, a pan-ERBB inhibitor (27). In this
study, a higher proportion of EGFR compound mutations were
detected in patients with NSCLC from Qujing. Therefore, pan-
ERBB inhibitors exerted superior tumor-growth-inhibitory
effects in these patients compared with EGFR-specific
inhibitors. Further clinical data should be collected to confirm
these cell research based findings.

KRAS is the second most common driver gene in lung cancer,
and the frequency of KRASmutation is lower in Chinese patients
than in Western populations. However, the mutation frequency
of KRAS in Qujing (including Xuanwei) was inconsistent (6.3%–
29.2%) in previous reports due to the limited number of patients
(9–11, 28, 29). In this study based on a large number of patients
with NSCLC, the frequency of KRAS mutation was significantly
higher in patients with NSCLC from Qujing than in those from
non-Qujing regions (23.02% vs 7.85%). Targeting KRAS protein
has been one of the toughest challenges in cancer treatment
research. A specific mutation known as KRAS G12C is a major
driver of tumor growth, occurring broadly across solid-tumor
indications. KRAS G12C mutation is found in about 13% of
patients with NSCLC in the United States (30), and
approximately 32.3% of patients with NSCLC in China (31). In
this study, KRAS G12C was also the main mutant subtype of
KRAS in patients with NSCLC from Qujing (51.11%). With the
development of drugs inhibiting KRAS G12C, this study
suggested that patients with KRAS G12C mutations in Qujing
might benefit from targeted therapy, such as AMG510 (32).

In general, previous studies based on patients with lung
cancer from Xuanwei/Qujing showed that a higher proportion
of EGFR compound mutations and KRAS mutations were
observed, although EGFR mutation rate in patients with lung
cancer patients from Xuanwei was still controversial (9–12, 24,
28, 29, 33–35) (Table 4). The cause of these specific genetic
changes remains unclear. However, the main findings were as
follows: people using smoky coal had an up to 30-fold higher risk
of lung cancer compared with those using smokeless coal and
wood (4); lung cancer patients with coal exposure history in
Xuanwei had a higher KRAS mutation rate (11, 33) (Table 4);
and the occupation of patients (living/working in the rural area,
e.g., farmers) was independently associated with an increased
rate of EGFR compound mutations in this study. These findings
suggested that environmental exposure might be an important
reason for the specific mutation spectrum in this area. Hence,
further large-scale investigations are warranted to confirm the
April 2021 | Volume 11 | Article 644895
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correlation between the driver gene profile of patients with lung
cancer and the environmental exposure in this region.

On the other hand, some studies showed that patients with
EGFRmutations in Xuanwei had a poor prognosis after receiving
EGFR-TKI treatment. This might be due to the high incidence of
rare EGFR mutations in this area (12, 36). These studies also
found that the incidence of uncommon EGFR mutations and
EGFR compound mutations was high in patients with NSCLC
from Qujing. Therefore, the information on the significance of
these mutations in targeted treatment deserves further
investigation due to the high incidence of NSCLC with the so-
called uncommon EGFRmutations in the Qujing population. On
the contrary, chemotherapy is usually less effective in patients
with NSCLC having KRAS mutations (37). Many novel
treatment strategies have been developed, including targeting
downstream signaling pathways (38), directly targeting KRAS
(39), and using immunotherapy (40). Of these, immunotherapy
may be one of the most promising treatment strategies for
patients with NSCLC having KRAS mutations. Thus, we hope
that these treatment strategies will bring clinical benefits to
patients with lung cancer having KRAS mutations in Qujing in
the future.

The incidence of lung cancer in the Qujing City of China is very
high, and the related mortality is also high. Therefore, a
comprehensive understanding of the molecular characteristics of
patients with lung cancer in this region may provide the basis for a
precise diagnosis and treatment. A major strength of this study was
the large number of patients with NSCLC included to estimate the
prevalence of common actionable genomic alterations (involving
EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and
PIK3CA) in Qujing. These estimates can serve as a reference for
future research. However, this study also had several limitations.
First, it was a retrospective analysis and included only a single
Frontiers in Oncology | www.frontiersin.org 8206
institution. Second, not all patients underwent the same molecular
testing. Furthermore, the data on the treatment and prognosis of
these patients were not collected, and therefore whether these
patients could benefit from targeted therapy was unclear.
CONCLUSION

In conclusion, this study displayed a unique profile of driver gene
mutations in patients with NSCLC in Qujing. More patients with
NSCLC in Qujing harbored EGFR G719X + S768I and EGFR
G719X + L861Q compound mutations, besides 19DEL and
L858R. Also, patients with NSCLC in Qujing had a higher
proportion of KRAS (G12C) mutations. Therefore, these
findings suggested that different treatment strategies should be
adopted in patients with NSCLC in Qujing.
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TABLE 4 | EGFR and KRAS mutation characteristics in patients with lung cancer from Xuanwei/Qujing in previous studies.

Study Gene Patients n Mutation rate

Hosgood 3rd, et al. (9) EGFR NSCLC, female,
non-smoking

40 35%

KRAS NSCLC, female non-smoking 40 15%
Ma et al. (34) EGFR NSCLC 119 EGFR: 39.45%

G719X+S768I: 22.69%
G719X+L861Q: 0.8%

KRAS NSCLC 119 23.53%
DeMarini et al. (29) KRAS Lung tumors,

female,
non-smoking, smoky exposure,

24 29.2%

Keohavong et al. (10) KRAS No evidence of lung cancer from XuanWei County 92 2.2%
Keohavong et al. (11) KRAS Lung cancer 41 22.9%
Yu et al. (33) EGFR NSCLC, smoky coal exposure 79 37.97%

KRAS NSCLC, smoky coal exposure 79 29.11%
Chen et al. (24) EGFR NSCLC patients 90 EGFR: 57%

G719X+S768I: 25.56%
G719X+L861Q: 1.0%

Yang et al. (28) EGFR NSCLC patients 63 55.6%
G719X+S768I: 17.1%

KRAS NSCLC patients 63 6.3%
Zhou et al. (12) EGFR NSCLC patients 447 EGFR: 34.9%

G719X+S768I: 4.5%
G719X+L861Q: 0.6%

Zhou et al. (35) EGFR NSCLC patients 212 EGFR: 30.1%
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Among the over 150 RNA modifications, N6-methyladenosine (m6A) is the most
abundant internal modification in eukaryotic RNAs, not only in messenger RNAs, but
also in microRNAs and long non-coding RNAs. It is a dynamic and reversible process in
mammalian cells, which is installed by “writers,” consisting of METTL3, METTL14, WTAP,
RBM15/15B, and KIAA1429 and removed by “erasers,” including FTO and ALKBH5.
Moreover, m6A modification is recognized by “readers,” which play the key role in
executing m6A functions. IYT521-B homology (YTH) family proteins are the first
identified m6A reader proteins. They were reported to participate in cancer
tumorigenesis and development through regulating the metabolism of targeted RNAs,
including RNA splicing, RNA export, translation, and degradation. There are many reviews
about function of m6A and its role in various diseases. However, reviews only focusing on
m6A readers, especially YTH family proteins are few. In this review, we systematically
summarize the recent advances in structure and biological function of YTH family proteins,
and their roles in human cancer and potential application in cancer therapy.

Keywords: cancer, IYT521-B homology domain proteins, N6-methyladenosine, cancer therapy, RNA metabolism
INTRODUCTION

In recent years, post-transcriptional modification, which plays an important role in physiological and
disease progression, has attracted more and more attention in molecular biology research. RNA
modification is an emerging area of post-transcriptional modification. Among the over 150 RNA
modifications, N6-methyladenosine (m6A) is identified as the most abundant and evolutionarily
conserved internal RNAmodification in eukaryotic RNAs, not only inmessenger RNAs (mRNAs) (1),
but also in microRNAs (2) and long non-coding RNAs (lncRNAs) (3). Although m6A was first
discovered in the 1970s (1), the precise functionofm6Aresidues in the regulationof gene expressionhas
been identified until recent years with the advance of high-throughput sequencing technology, which
mapped of m6A residues in the whole transcriptome (4, 5). Since then, numerous studies have carried
out to verify the significance ofm6Amodification,which largely broadens the study inRNAfields (6, 7).

The m6A modification is mainly located in a consensus RNAmotif of RRACH (R=A or G, H=A,
U, or C) and particularly enriched in 3′ untranslated regions (3′ UTRs) and near stop codons (8).
Similar to other epigenetic modifications like DNA and histone modification, m6A modification is
dynamic and reversible. It is installed by “writers”, which refer to m6A methylase complex
consisting of methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14),
Wilms tumor 1 associated protein (WTAP), RNA binding motif 15/15B (RBM15/15B), and
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KIAA1429 (9–12). “Erasers” are m6A demethylases, including
fat mass and obesity-associated protein (FTO) and AlkB
homologue 5 (ALKBH5), which could remove m6A
modification from RNAs and make m6A modification in a
dynamic balance (13, 14). “Readers” refer to proteins that are
capable to recognize and bind m6A modification, which mainly
mediate the regulation of m6A modification in gene expression
by affecting the fate of targeted RNAs (15). Reader proteins play
the key role in executing m6A functions.

YT521-B homology (YTH) family proteins were the first
identified m6A reader proteins. YTH family proteins can
recognize m6A modification in a methylation-dependent manner
through a specific YTH domain (16), which is recognized as a
structured RNA binding domain and highly conserved among
eukaryotes (17). By searching the human genome, there are five
proteins in human genome carrying the YTH domain, which are
divided into three categories: YTHm6A-binding protein (YTHDF)
including YTHDF1-3, YTH domain-containing 1 (YTHDC1) and
YTH domain-containing 2 (YTHDC2) (18). YTH family proteins
are recruited by m6A and able to affect mRNA metabolism
including mRNA splicing, nuclear export, translation, and mRNA
degradation (6, 19). Accordingly, YTH family proteins are involved
in many physiological processes, infection diseases and cancers.
There are many reviews about the function of m6A and its role in
various diseases (20, 21). However, reviews only focusing on m6A
readers are few. In this review, we systematically introduce themain
m6A readers YTH family proteins, summarize the structure
features, the function of YTH family proteins in post-
transcriptional gene regulation and their roles in tumorigenesis,
cancer progression and potential application in cancer therapy. It
may provide clues for the study of molecular mechanism of m6A
readers in human cancers and exploring their clinical application in
cancer treatment.
STRUCTURE FEATURES OF YTH DOMAIN

YTH domain was previously regarded was a structured RNA
binding domain and highly conserved among eukaryotes (22).
Subsequent studies proved that the ~150 amino acid YTH
domain recognizes and binds RNAs in an m6A-dependent
manner (16, 23). The structure of YTH family proteins have
been understood until the crystal structures of the YTHDC1
YTH domain and YTHDC1–GG(m6A)CU complex were first
studied, unveiling the molecular mechanism of m6A-YTH
binding and sequence selectivity (16). The YTH domain adopts
a conserved a/b fold containing 3a helices and 6b strands. 6b
strands form a barrel fold and 3a helices are packed against the b
strands to organize a hydrophobic core (16, 18). In the
YTHDC1-GG(m6A)CU complex, the m6A is recognized by an
aromatic cage consisting of 3 hydrophobic residues W377,
W428, and L439. The aromatic cage of YTH domain forms a
hydrophobic binding pocket that can recognize buried methyl
groups with a cavity insertion mode. This complex structure
provides the basis for specific m6A recognition by YTH domain.
Compared to YTHDC1 YTH domain, other YTH family
Frontiers in Oncology | www.frontiersin.org 2210
proteins have the similar cage structure. In YTHDC2, aromatic
cage is composed of W1310, W1360 and L1365 (24); W411,
W465 and W470 in YTHDF1 (25) and W432, W486 and W491
in YTHDF2 (26).

Despite conserved aromatic cages, YTH domain displays
different sequence selectivity. The YTH domain of YTHDC1
favors a guanine nucleotide and disfavors an adenosine at the −1
position relative to them6A. YTHDC1 shows preference to bind to
the GG(m6A)C sequence. However, different from YTHDC1,
YTHDF1, YTHDF2, and YTHDC2 YTH domains do not display
sequence selectivity at the −1 position (25). The difference in
sequence selectivity between YTHDC1 and other YTH family
proteins may reflect the different m6A-binding requirement in
the nucleus and cytoplasm (18). These structural data strongly
support the proposal that YTH family proteins function as the
reader for m6A.

Like most RNA binding domains which are surrounded by
structured domains or low complexity regions with various
functions (27), YTH domain is also flanked by several disordered
regions.YTHDC1 is surroundedby regions rich in charged residues
such as Glu-rich, Arg-rich segments, or in proline-rich (28).
YTHDF family proteins are surrounded by Pro, Gln, and Asn-
rich segments (26). Different from other YTH family proteins
surrounded by low complexity regions, YTHDC2 is a multi-
domain protein containing multiple helicase domains and two
Ankyrin repeats. Consistent with its domain composition,
YTHDC2 has ATPase and 3′!5′RNA helicase activities (29, 30).
These unique features endow YTHDC2 with various functions,
including recruiting and interacting with other protein complex
members and exerting regulatory effects on RNA binding and
RNA structure. These flanking regions are essential for YTH
family proteins to exert functions in regulating fates of m6A-
modified RNA by affecting the subcellular localization of YTH
family proteins and their partners.
FUNCTIONS OF YTH FAMILY PROTEINS
IN mRNA METABOLISM

mRNA metabolism refers to the entire mRNA life from birth to
death that includes transcription, mRNA processing, mRNA
nuclear exportation, mRNA translation and mRNA
degradation. YTH family proteins play an essential role in
regulating cellular fates of m6A-modified mRNAs. In 5 human
YTH family proteins, YTHDC1 is the only nuclear protein
involved in transcription (31), mRNA splicing (32) and
nuclear export (33), whereas YTHDF1 (34, 35), YTHDF2 (36,
37), YTHDF3 (34, 38) and YTHDC2 (39) are cytoplasmic m6A
readers mainly involved in mRNA translation and degradation.
As shown in Figure 1, YTH family proteins are almost involved
in every step of mRNA metabolism.

Regulation in mRNA Splicing and
Nuclear Export
YTHDC1 is located in the nucleus and forms a novel
compartment called YT bodies, which are adjacent to RNA
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processing speckles enriching mRNA splicing factors (28). This
nuclear localization is consistent with that YTHDC1 interacts
with several splicing regulators including SRSF3 (40), SAM68
(41) and SC35 (42). Role of YTHDC1 in regulating mRNA
splicing was established in Drosophila sex determination and
mouse embryogenesis. In Drosophila, YTHDC1 decoded m6A in
the spliced intron of sex determination factor Sex lethal (Sxl) and
facilitated the alternative splicing of Sxl pre-mRNA, which
determines female physiognomy (43). In mouse oocytes, loss of
YTHDC1 led to extensive alternative polyadenylation and
massive defects in alternative splicing, which hindered oocyte
maturation (33). Mechanically, YTHDC1 regulated mRNA
splicing by recruiting pre-mRNA splicing factor SRSF3 to
promote exon inclusion whiles blocking binding of SRSF10,
which facilitated exon skipping (44).

Despite the essential role in alternative splicing, YTHDC1 was
also reported to promote the export of methylated mRNA from
nucleus to cytoplasm in HeLa cells. This process relied on the
interaction with the splicing factor SRSF3 which functions as a
key adaptor in nuclear RNA export factor 1 (NXF1) -dependent
nuclear export pathway (33).

Regulation in mRNA Translation
Knockdown of YTHDF1 in HeLa cells led to reduced translation
efficiency of its targeted transcripts and YTHDF1 was found to
promote ribosome loading of targeted mRNAs, indicating the role
of YTHDF1 in enhancing mRNA translation. With METTL3
Frontiers in Oncology | www.frontiersin.org 3211
depleted, the translation efficiency of YTHDF1 targeted
transcripts was decreased completely. It confirmed that YTHDF1
promoted translation efficiency in an m6A-dependent manner.
However, the underlying mechanism of YTHDF1 promoting
translation efficiency is still unclear currently. It may rely on the
interaction with eukaryotic initiation factor 3 (eIF3) and eIF4G-
mediated loop formation (35). YTHDF3 shares numerous similar
targets with YTHDF1 and YTHDF2: 58% of YTHDF3 targets are
also recognized byYTHDF1 and 60%byYTHDF2, which indicates
a potential coordination on common targets among YTHDF
proteins. YTHDF3 was found to promote the translation of
targeted mRNAs through interacting with YTHDF1 (34).

InYTHDC2–/–mouse testes, translation efficiency of YTHDC2
targets structural maintenance of chromosomes 3 (Smc3) and
centrosomal protein 76 (Cep76) showed a significant decrease,
whereas mRNA abundance showed an increase. Furthermore,
YTHDC2 was observed in the 40–80S ribosome fraction,
indicating that YTHDC2 may enhance translation efficiency by
interacting with cellular machinery involved in translation
initiation (39).

Regulation in mRNA Degradation
mRNA degradation plays key roles in gene expression regulation
and mRNA quality control. YTHDF2 is the main m6A reader
protein to promote the decay of m6A-containing mRNA
(2, 36, 45). YTHDF2 selectively recognized m6A-containing
mRNA through C-terminal of YTH domain, whereas its N-
FIGURE 1 | Functions of YTH family proteins in mRNA metabolism. In nucleus, YTHDC1 participates in mRNA splicing and nuclear export. In cytoplasm,
YTHDF1/2/3, YTHDC2 are involved in mRNAs translation and degradation.
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terminal region localized the YTHDF2-m6A-mRNA complex
from the translatable pool to mRNA decay sites such as
processing bodies (P-bodies) for mRNA degradation (43).
Furthermore, YTHDF2 triggered deadenylation and
degradation of m6A-containing mRNAs by recruiting the
carbon catabolite repression 4–negative on TATA-less (CCR4–
NOT) deadenylase complex, with N-YTHDF2 interacting with
the superfamily homology (SH) domain of CCR4–NOT
transcription complex subunit 1 (CNOT1) (36). Despite
CCR4-NOT complex-mediated deadenylation pathway, m6A
RNAs bound by YTHDF2 can be degraded through another
RNase P/MRP-mediated endoribonucleolytic pathway. An
adaptor protein heat-responsive protein 12 (HRSP12) bridged
YTHDF2 and RNase P/MRP, which aroused endoribonucleolytic
cleavage of YTHDF2-binding m6A RNAs (45). Moreover,
YTHDF3 was identified to accelerate the degradation of
mRNAs through interacting with YTHDF2 (34).

In addition to YTHDF proteins, YTHDC2 also plays a role in
affecting mRNA stability and promoting mRNA degradation. In
a study on regulation of m6A on hepatic drug-metabolizing
enzyme, YTHDC2 was identified to promote cytochrome P450
family 2 subfamily C member 8 (CYP2C8) mRNA degradation
by recognizing the m6A-modified CYP2C8 mRNA and
negatively regulated CYP2C8 expression (46). YTHDC2 is
highly expressed in mouse testes and YTHDC2 plays an
important role in facilitating proper spermatocyte development
(39). YTHDC2 has ATPase and a 3′-5′ RNA helicase activity. It
interacted with the meiosis-specific MEIOC protein as well as
with 5′-3′ exoribonuclease XRN1 via the Ankyrin repeat
insertion that is located within the helicase domain of
YTHDC2 and then degraded m6A-containing transcripts (29).
In contrast to YTHDF2, YTHDC2 regulates RNA stability in an
RNA-independent manner through increasing the local
concentration of the RNA decay machineries.

Regulation in RNA Phase Separation
The main mechanism by which YTHDF proteins target m6A-
containing mRNAs to exact functions in various biological
processes is through liquid-liquid phase separation (LLPS).
Structurally, besides YTH domain at C-termini, all three
YTHDF proteins have a low complexity domain at their N-
termini, which seems to be Prion-like domain and has the
potential to undergo phase separation. YTHDF proteins bound
m6A-containing mRNA to undergo phase separation and
formed RNA-protein droplets. These RNA-protein droplets
partitioned into different endogenous phase-separated
compartments, such as P-bodies, stress granules and other
RNA-protein assemblies, where mRNAs could be stored or
degraded (47–49). In addition, YTHDF proteins play an
important role in promoting stress granule (SG) formation.
They functioned as SG shell proteins and promoted SG
formation by bringing together multiple SG core clusters to
form large granules under oxidative stress (50).

Regulation in Transcription
Knockout of METTL3 or YTHDC1 in mouse embryonic stem
cells was found to increase chromatin accessibility and activate
Frontiers in Oncology | www.frontiersin.org 4212
transcription in an m6A-dependent manner. Mechanistically,
nuclear reader YTHDC1 recognized m6A-modified
chromosome-associated regulatory RNAs (carRNAs) deposited
by METTL3 and promoted the decay of these RNAs through the
NEXT-mediated nuclear degradation (31). Nuclear exosome
targeting (NEXT) complex contains hMTR4, the Zn-knuckle
protein ZCCHC8 and the putative RNA binding protein RBM7
(51). YTHDC1 was involved in nuclear degradation by
interacting with the NEXT components RBM7 and ZCCHC8.
However, whether these carRNAs play a role in various types of
cancers warrants further studies. Currently, studies on m6A
function mainly focus on post-transcription regulation, more
precise mechanisms of m6A in regulating transcription are
needed to be further investigated.

Dispute on Regulation of YTHDF Proteins
in mRNA Metabolism
According to the prevailing mode for functions of YTHDF
proteins in regulating mRNA metabolism, YTHDF1 enhances
translation efficiency; YTHDF2 facilitates mRNA degradation;
and YTHDF3 promotes translation and degradation by
interacting with YTHDF1 and YTHDF2 (35, 43). Each
YTHDF paralog controls various physiologic processes and
diseases by targeting specific cohorts of m6A-containing
mRNAs. However, other studies suggested that these three
YTHDF proteins may have similar roles in mRNA degradation
by recruiting the main mRNA deadenylation complex CCR4–
NOT on m6A-containing mRNA (36, 52). In a recent study,
Zaccara et al. proposed a novel unified model that all YTHDF
paralogs bound to all m6A sites in a similar manner. The main
effect of three YTHDF proteins was to facilitate the degradation
of the same subset of mRNAs in a redundant manner, rather
than enhance translation as previous studies suggested (53).
Whether these three YTHDF proteins are functionally
redundant and whether YTHDF proteins enhance mRNA
translation are still disputed. Zaccara et al. thought that links
between YTHDF proteins and mRNA translation presented by
previous studies were affected by bioinformatic and technical
issues, which may lead to the incorrect view that a major function
of YTHDF proteins was to promote translation. So more
independent studies with careful experimental design are
needed to answer these questions in the future. In addition,
interplay between these YTHDF proteins in impacting mRNA
translation or degradation, and their interacting proteins
involved in different cellular processes still warrant
further research.
ROLES OF YTH FAMILY PROTEINS
IN CANCERS

YTH family proteins play important roles in physiological
processes through mediating metabolic process of targeted
RNAs (54), such as sex determination (32, 55, 56), oocyte
development (57), spermatogenesis (39), stem cell maintenance
and differentiation (55, 56), and stress response (55, 56, 58).
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Recently, the increasing evidences have shown that YTH family
proteins exert effects on multiple human diseases. In this part, we
focus on the roles of these YTH family proteins in various
cancers (Figure 2, Table 1).

Hepatocellular Carcinoma (HCC)
Hepatocellular carcinoma is one of the most aggressive
malignancies, which ranks as the fourth leading cause of
cancer-related deaths worldwide. In 188 clinical HCC tissues,
immunohistochemistry staining (IHC) results showed that the
positive rate of YTHDF2 was 35.6% and nearly 83.9% in grade III
HCC tissues, which revealed that YTHDF2 was closely associated
with HCC (80). YTHDF2 was found to promote the liver cancer
stem cell phenotype and cancer metastasis by enhancing OCT4
mRNA translation in a m6A-dependent manner (67). On the
contrary, YTHDF2 was reported to function as a tumor
suppressor in other studies, YTHDF2 inhibited the
proliferation and growth of HCC cells via promoting the
degradation of epidermal growth factor receptor (EGFR)
mRNA, which is the upstream of the ERK/MAPK pathway
(68). Moreover, silence of YTHDF2 escalated inflammation,
vascular remodeling and metastasis of HCC. Mechanistically,
YTHDF2 plays a suppressive role in HCC through promoting
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the degradation of inflammatory cytokines interleukin 11 (IL11)
and serpin family E member 2 (SERPINE2) mRNAs (69).

YTHDF1 acts as an oncogene in HCC. YTHDF1 was
overexpressed and positively correlated with pathology stage in
HCC patients by analyzing TCGA data. Up-regulation of
YTHDF1 was associated with poor prognosis in HCC patients
(81, 82). Mechanistically, YTHDF1 promotes the epithelial
mesenchymal transition (EMT) of HCC cells via promoting
the translation of snail family transcriptional repressor 1
(Snail) mRNA (59). Similarly, YTHDF1 was also observed to
promote HCC cell proliferation and metastasis by promoting the
translational output of frizzled5 (FZD5) mRNA in an m6A-
dependent manner and acts as an oncogene through activating
the WNT/b-catenin pathway (60). Accordingly, YTHDF1 can be
a potential biomarker for HCC diagnosis and prognosis.
Pancreatic Cancer
Pancreatic cancer is associated with extremely poor prognosis
and remains a highly lethal disease due to difficulties in early
diagnosis and metastasis. Interestingly, YTHDF2 plays the dual
role in pancreatic cancer progression. It promoted the
proliferation but suppressed migration and invasion of
FIGURE 2 | The role of YTH family proteins in human cancers. YTH family proteins are associated with various kinds of cancers including lung cancer, hepatocellular
carcinoma, pancreatic cancer, colorectal cancer, acute myeloid leukemia, gastric cancer, skin cancer, prostate cancer, bladder cancer, and ovarian cancer.
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pancreatic cancer cells, which is so called “migration-
proliferation dichotomy”. Mechanistically, silence of YTHDF2
inhibited proliferation through Akt/GSK3b/CyclinD1 pathway
and promoted EMT via up-regulation of yes-associated protein
(YAP), YAP serves as the core components of the Hippo
pathway, which can promote the proliferation and survival of
epithelial cells (70).

Gastric Cancer
Gastric cancer is the fifth most common cancer and ranks third
in cancer-related death worldwide. YTHDF1 acts as an oncogene
in gastric cancer. High expression of YTHDF1 was associated
with poor overall survival in gastric cancer patients. Suppression
of YTHDF1 inhibited the proliferation and tumorigenesis of
gastric cancer cells. Mechanistically, YTHDF1 recognizes m6A-
modified frizzled7 (FZD7) mRNA and accelerates its translation.
FZD7 is a key Wnt receptor and increased expression of FZD7
leads to hyper-activation of the Wnt/b-catenin pathway and
promotion of gastric carcinogenesis (61). In addition, YTHDF2
is down-regulated in gastric cancer tissues and cells.
Overexpression of YTHDF2 significantly inhibited the
proliferation, invasion and migration of gastric cancer cells by
negatively regulating forkhead box C2 (FOXC2), which acts as an
oncogene in various cancers such as nasopharyngeal cancer,
colorectal cancer and triple negative breast cancer (71, 83–85).

Colorectal Cancer
YTHDF1 acts as an oncogene in colorectal cancer (CRC) and is
associated with poor prognosis in overall survival. Down-
regulation of YTHDF1 inhibited CRC proliferation and
increased sensitivity to the exposure of fluorouracil and
oxaliplatin. Moreover, YTHDF1 is transcriptionally regulated
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by a well-known oncogenic transcription factor c-Myc in CRC
(86). Mechanistically, knockdown of YTHDF1 significantly
suppressed Wnt/b-catenin pathway activity in CRC. Wnt/b-
catenin pathway is one of the best-characterized cancer drivers
that can promote cancer progression and chemoresistance in
various cancers (87). YTHDF1 plays an essential oncogenic role
in CRC and is expected to be a therapeutic target for CRC.

YTHDC2 promotes the metastasis of colon cancer cells by
facilitating the translation of hypoxia inducible factor 1 subunit
alpha (HIF-1a) and twist family BHLH transcription factor 1
(Twist1) mRNA during hypoxia (79). In addition, METTL14
inhibits the malignancy of CRC by suppressing oncogenic long
non-coding RNA XIST. YTHDF2 recognizes m6A-modified
XIST and accelerated the decay of XIST (72). LncRNA GAS5
inhibits CRC progression via triggering phosphorylation and
ubiquitin-mediated degradation of YAP. YTHDF3 is a target of
YAP and furthermore plays a key role in YAP signaling by
promoting m6A-modified lncRNA GAS5 decay (77).

Lung Cancer
Lung cancer is the leading cause of cancer-related death
worldwide. YTHDF proteins play different roles in lung cancer
progression by controlling the metabolism of different targets in
a m6A-dependent manner. YTHDF2 is up-regulated in lung
cancer tissues and functions as an oncogene in lung cancer.
YTHDF2 promotes the proliferation of lung cancer cells and
facilitates the pentose phosphate pathway (PPP) flux, which is
critical in regulating cancer cell growth by supplying cells with
ribose-5-phosphate and NADPH. Mechanistically, YTHDF2
directly binds to m6A-modified 6-phosphogluconate
dehydrogenase (6PGD) mRNA and promotes 6PGD mRNA
translation. 6PGD is upregulated in lung cancer and elevated
TABLE 1 | Multiple functions exerted by YTH family proteins in various cancers.

Molecule Cancer type Target Effect on target Role in cancer Reference

YTHDF1 HCC Snail Translation Promote EMT of HCC cells (59)
HCC FZD5 Translation Promote cell proliferation and metastasis (60)
Gastric cancer FZD7 Translation Promote cell proliferation (61)
Lung cancer CDK2, CDK4, cyclin D1 Translation Promote cell proliferation (62)
Ovarian cancer EIF3C Translation Promote cell proliferation and metastasis (63)
Ovarian cancer TRIM29 Translation Enhance CSC-like characteristics (64)
Ocular melanoma HINT2 Translation Inhibit cell proliferation and migration (65)
MCC eIF3 Translation Promote cell proliferation (66)

YTHDF2 HCC OCT4 Translation Promote CSC phenotype and metastasis (67)
HCC EGFR Degradation Inhibit cell proliferation (68)
HCC IL11, SERPINE2 Degradation Inhibit inflammation, vascular remodeling and metastasis (69)
Pancreatic cancer YAP Expression Promote cell proliferation but inhibit migration and invasion (70)
Gastric cancer FOXC2 Expression Inhibit cell proliferation, invasion and migration (71)
CRC XIST Degradation Inhibit cell proliferation and metastasis (72)
Lung cancer 6PGD Translation Promote cell proliferation (22)
AML Tnfrsf2 Stability Promote LSC development and AML initiation (73)
Bladder cancer SETD7, KLF4 Degradation Promotes cell migration (74)
Prostate cancer LHPP, NKX3–1 Degradation Promote cell proliferation and migration (75)
Melanoma PD-1, CXCR4, SOX10 Degradation Inhibit cell proliferation and migration (76)

YTHDF3 CRC LncRNA GAS5 Degradation Promote CRC progression (77)
YTHDF1/3 Bladder cancer ITGA6 Translation Promote cell proliferation and migration (78)
YTHDC2 CRC HIF-1a,Twist1 Translation Promote cell metastasis (79)
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expression of 6PGD can promote lung cancer cel l
proliferation (22).

YTHDF1 promotes the proliferation of non-small cell lung
cancer (NSCLC) cells by enhancing the translational efficiency of
cell cycle regulators CDK2, CDK4 and cyclinD1. However, the
clinical correlation analysis showed the adverse result. YTHDF1
high expression correlated with better clinical outcome in
NSCLC and depletion of YTHDF1 rendered NSCLC cells
resistant to cisplatin (DDP) treatment. Mechanistically,
depletion of YTHDF1 can inhibit the translational efficiency of
m6A-modified Keap1 mRNA in an oxidative stress state induced
by DDP, and activated the antioxidant ROS clearance system
(Nrf2-AKR1C1) in turn, leading to DDP resistance and a worse
clinical outcome for NSCLC patients (62). According to above
findings, it may provide a potential strategy to improve the
clinical outcome of YTHDF1 low expressing NSCLC patients by
using AKR1C1 specific inhibitors together with platinum
based chemotherapy.
Acute Myeloid Leukemia (AML)
AML is a disorder characterized by a clonal proliferation derived
from primitive hematopoietic stem cells (HSCs) or progenitor
cells, resulting in blockade of myeloid differentiation and
generation of self-renewing leukemic stem cells (LSCs). It is
still a challenge to eliminate cancer stem cells while preserving
hematopoiesis in leukemia treatment. YTHDF2 is up-regulated
in AML and plays an essential role in leukemic stem cell (LSC)
development and AML initiation by decreasing the half-life of
tumor necrosis factor receptor TNF receptor superfamily
member 2 (Tnfrsf2), which contributes to the overall integrity
of LSC function. More importantly, YTHDF2 deficiency cannot
derail hematopoiesis and can enhance HSC activity. So YTHDF2
is a unique therapeutic target in AML whose depletion selectively
inhibits LSCs while accelerating HSC expansion (73).

Ovarian Cancer
Ovarian cancer ranks as the fifth leading cause of cancer-related
death in women worldwide and has the highest mortality rate
among gynecological cancers due to poor prognosis and high
relapse rate. YTHDF1 is frequently overexpressed in ovarian
cancer and up-regulation of YTHDF1 is associated with the
adverse prognosis of ovarian cancer patients. Silence of YTHDF1
inhibited the growth and metastasis of ovarian cancer in vitro
and in vivo. Mechanistically, YTHDF1 facilitates the malignancy
by binding to m6A-modified eukaryotic translation initiation
factor 3 subunit C (EIF3C) mRNA, which is a subunit of the
protein translation initiation factor EIF3, and promotes the
translation of EIF3C mRNA (63). In addition, cancer stem
cells (CSCs) are a population of cells with stem-like
characteristics that are able to cause chemoresistance and
recurrence. YTHDF1 was found to enhance the CSC-like
characteristics of the cisplatin-resistant ovarian cancer cells by
binding to m6A-modified TRIM29 mRNA and promoting its
translation (64). Thus, targeting YTHDF1 is expected to be a
promising candidate for ovarian cancer therapy.
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Bladder Cancer
In bladder cancer, three YTHDF proteins all act as oncogenes.
YTHDF1/YTHDF3 promotes the tumor growth and progression
by recognizing m6A-modified integrin subunit alpha 6 (ITGA6)
mRNA and promoting its translation (78). YTHDF2 facilitates
tumorigenesis through accelerating the degradation of tumor
suppressors set domain containing 7 (SETD7) mRNA and
Kruppel like actor 4 (KLF4) mRNA in bladder cancer (74).

Prostate Cancer
YTHDF2 was found frequently up-regulated in prostate cancer
through immuno-histochemical (IHC) staining and
chromogenic in situ hybridization (CISH). Knockdown of
YTHDF2 inhibited the proliferation and migration of prostate
cancer cells. MiR-493-3p was identified to be an upstream factor
of YTHDF2, which suppressed prostate cancer by targeting
YTHDF2 (88). Another study had the similar results, YTHDF2
mediated the degradation of tumor suppressors LHPP and
NKX3–1 mRNA and indirectly induced AKT phosphorylation
to promote prostate cancer progression in an m6A-dependent
manner (75). Above results suggest that YTHDF2 acts as an
oncogene in prostate cancer and YTHDF2 is expected to be a
potential biomarker for diagnosis or targeted therapy of
prostate cancer.

Skin Cancer
Melanoma is one of the most aggressive malignant skin tumors
and its incidence has been increasing worldwide in recent
decades. In melanoma, YTHDF2 suppresses the proliferation
and migration of melanoma cells by promoting the decay of
protumorigenic melanoma cell-intrinsic genes such as PD-1
(PDCD1), CXCR4 and SOX10 (76). In addition, YTHDF1
inhibits the growth and migration of ocular melanoma cells via
facilitating the translation of histidine triad nucleotide binding
protein 2 (HINT2) (65). Merkel cell carcinoma (MCC) is a kind
of highly malignant skin cancer, of which 80% cases are mainly
caused by the Merkel cell polyomavirus (MCPyV) (89). YTHDF1
is highly expressed in MCC, silence of YTHDF1 down-regulated
the translational initiation factor eIF3, leading to the reduction of
proliferative and clonogenic capacity in MCC cells (66).
POTENTIAL APPLICATION OF YTH
FAMILY PROTEINS IN CANCER THERAPY

YTH family proteins serve as the potential therapeutic and
prognostic targets in various cancers. For example, YTHDF2 is
a critical regulator for acute myeloid leukemia (AML) initiation
and propagation. Deficiency of YTHDF2 can limit leukemic stem
cells activity while enhancing hematopoietic stem cells expansion
and myeloid reconstitution. Thus, inhibition of YTHDF2 is
expected to be a potential therapeutic strategy for AML
treatment (73). In ovarian cancer, YTHDF1 acts as an
oncogene. Up-regulation of YTHDF1 is associated with the
poor prognosis of ovarian cancer patients and knockdown of
YTHDF1 can inhibit the stem cell-like features of cisplatin-
April 2021 | Volume 11 | Article 635329

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dai et al. YTH Family Proteins in Cancers
resistant ovarian cancer cells. YTHDF1 may have strong
potential as a therapeutic target for ovarian cancer (63, 64).

Nowadays, despite surgery, chemotherapy and radiotherapy,
immunotherapy has become a promising method in cancer
treatment. Immune check-point therapy based on cytotoxic T
lymphocyte-associated antigen 4 (CTLA4), programmed death-1
(PD-1), and programmed death ligand-1 (PD-L1) inhibitors has
a good effect in non–small-cell lung carcinoma and melanoma
(90, 91). YTHDF1 deficiency was found to exert antitumor
function by enhancing immunosurveillance. Loss of YTHDF1
facilitated the cross-presentation of tumor antigens on dendritic
cells (DCs) and increased cross-priming of CD8+ T cells.
Mechanistically, YTHDF1 recognizes m6A-modified
transcripts encoding lysosomal cathepsins in DCs and
promotes their translation, which inhibits the cross-
presentation of tumor neoantigens to achieve immune escape.
In addition, YTHDF1 deficiency improves the therapeutic
outcome of immune checkpoint inhibitor, which blocks the T
cell inhibitor receptor PD1. Combined with immune checkpoint
blockade, YTHDF1 can be a potential new target in cancer
immunotherapy (92).
CONCLUSION AND PERSPECTIVES

YTH family proteins, as the main m6A reader proteins, participate
in tumorigenesis, proliferation, invasion and metastasis of various
cancers through regulating almost the entire process of targeted
RNAs metabolism. According to the prevailing mode, the nuclear
reader YTHDC1 is involved in mRNA splicing and nuclear export.
YTHDF2 promotes mRNA degradation; YTHDF1 enhances
translation; and YTHDF3 both accelerates translation and
degradation through interacting with YTHDF1 and YTHDF2.
However, whether three YTHDF proteins have distinct or
redundant cellular functions has been disputed in recent studies.
Considering that the expression of YTHDF2 is more highly than
YTHDF1 and YTHDF3, effects of YTHDF1 or YTHDF3
deficiency may not be similar to YTHDF2 deficiency due to
compensation. So silencing all three YTHDF proteins and then
expressing one YTHDF protein exogenously may be a good way to
detect their redundant functions. These disputes need to be settled
through more careful experimental design in further studies.

YTH family proteins mainly act as oncogenes in different types
of cancer with few exceptions. For example, YTHDF2 inhibits the
progression of gastric cancer and melanoma. And YTHDF1 plays
a suppressive role in ocular melanoma. The different roles of YTH
family proteins act in various cancers may depend on their specific
recognition of different m6A-mdified transcripts, which act as
oncogenes or tumor suppressors. It is essential to identify more
m6A-modified transcripts recognized by YTH family proteins,
verify roles of these targets acted in cancer progression, and clarify
the mechanism by which YTH family proteins achieve selectivity
toward certain m6A-modified transcripts. In addition, different
researchers presented the opposite role of the same YTH family
protein acted even in the same cancer. Therefore, more large-scale
and multi-center researches are needed to explore the functions
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and underlying mechanisms of YTH family proteins in various
cancers, which provides basis for precise cancer treatment.

Studies on regulation of YTH family proteins in cancer
progression are few. Recently, an additional function of non-
coding RNAs in the control of YTH family proteins has been
reported. In hepatocellular carcinoma (HCC), miR-145
modulates m6A levels by targeting the 3′-UTR of YTHDF2
mRNA and inhibits the progression of HCC cells (93). In
prostate cancer, miR-493-3p is an upstream factor of YTHDF2
and exerts anti-tumor effects by targeting YTHDF2 (88). The
profound mechanism by which interplay between YTH family
proteins and non-coding RNA impacts cancer development
needs to be further studied. In addition, post-translational
modification plays an important role in regulating YTHDF
family proteins. The SUMOylation of YTHDF2 at the major
site of K571 significantly increases its binding affinity of m6A-
modified mRNAs and results in deregulated gene expressions
which accounts for cancer progression (94). Is there any other
post-translational modification to regulate YTH family proteins
and impact cancer progression? Whether there are external or
internal stimuli leading to alteration of post-translational
modification? These questions are worthy of further exploration.

The essential roles of m6A observed in various types of cancers
suggest that they are potential therapeutic targets for cancer
therapy. It has aroused great interest to develop small-molecule
inhibitors targeting m6A writers or erasers. For example,
meclofenamic acid (MA) and R-2-hydroxyglutarate (R-2HG),
which can inhibit the activity of FTO, are applied to treat
leukemia and glioma (95, 96). However, another approach that
can be explored is to target YTH family proteins pharmacologically.
Considering that YTH domain has a unique aromatic cage
structure, the aromatic cage forms a hydrophobic binding pocket
that is crucial for the specific recognition and binding of m6A. This
site may be suitable for developing small molecule inhibitors that
can compete with m6A-modified transcripts and counteract the
effects of YTH family proteins. Besides small molecule inhibitors
that target YTH family proteins directly, PROTAC (proteolysis
targeting chimera)-based inhibitors which can selectively decay
dysregulated m6A reader proteins may be a feasible method for
cancer therapy. Development of small molecule inhibitors for
targeting YTH family proteins could lead to a new way of cancer
therapy in the future.
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Breast cancer has the highest incidence among cancers and is the most frequent cause of
death in women worldwide. The detailed mechanism of the pathogenesis of breast cancer
has not been fully elucidated, and there remains a lack of effective treatment methods for
the disease. SUMOylation covalently conjugates a large amount of cellular proteins, and
affects their cellular localization and biological activity to participate in numerous cellular
processes. SUMOylation is an important process and imbalance of SUMOylation results in
the progression of human diseases. Increasing evidence shows that numerous
SUMOylated proteins are involved in the occurrence and development of breast
cancer. This review summarizes a series of studies on protein SUMOylation in breast
cancer in recent years. The study of SUMOylated proteins provides a comprehensive
understanding of the pathophysiology of breast cancer and provides evolving therapeutic
strategies for the treatment of breast cancer.

Keywords: SUMOylation, sentrin-specific protease, ubiquitin-proteasome system, breast cancer, cancer progression
INTRODUCTION

Breast Cancer
Breast cancer is the most common type of cancer (1). Approximately 1.2 million women worldwide
suffer from breast cancer every year in the world, and about one-half of these patients die within 10
years of diagnosis (2). According to the latest cancer data released by the National Cancer Center of
China and the American Cancer Society in 2019, breast cancer ranks first among all new cancer
diagnoses in women and second in terms of mortality, accounting for 15-30% of deaths from newly
diagnosed cancers (3–5). It is estimated that the incidence and mortality of breast cancer will
increase over the next 5-10 years (6). Furthermore, the morbidity of breast cancer is highest in
Europe, North America, New Zealand, and Australia, and its mortality is highest in sub-Saharan
Africa and some Asian countries (1, 7). These data suggest that breast cancer is still a global public
health problem.

Breast cancer is a heterogeneous disease that can be classified into four subtypes according to
histological features, including luminal A, luminal B, human epidermal growth factor receptor 2
(HER2)-positive and triple-negative breast cancer (TNBC). Luminal A and luminal B tumors are mostly
ER-positive, and the difference between them is that luminal A tumors are low grade tumors, while
April 2021 | Volume 11 | Article 6596611220
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luminal B tumors are high grade tumors. HER2-positive tumors
exhibit overexpression of ERBB2 genes (1, 8). TNBC is a
heterogeneous and aggressive form of breast cancer in which the
cells do not express estrogen receptor a (ERa), progesterone
receptor (PR), or HER2. TNBC accounts for 15% of breast
carcinomas and 70-80% of basal-like breast cancers, and it is
refractory to therapy (9, 10). Breast cancer is often accompanied
with gene mutations, which are mainly divided into two types-
functional gain mutations of oncogenes and functional loss
mutations of tumor suppressor genes. BRCA1 and BRCA2
mutation play an important role in genetic susceptibility of breast
cancer progression. Exon 4 and intron 3 of TP53 gene are frequently
mutated in breast cancer, especially in TNBC. Most breast cancer
cases have nothing to do with high penetrance mutations such as
BRCA1, BRCA2, and TP53. Genes with low penetrance such as
androgen receptor (AR), checkpoint kinase 2 (CHEK2), E-cadherin,
Nijmegen breakage syndrome 1 (NBS1), RAD50, BRCA1
interacting protein C-terminal helicase 1 (BRIP1), and partner
and localizer of BRCA2 (PALB2) are frequently mutated in the
general population and play an important roles in the occurrence of
breast cancer (11).

At present, the therapeutics of breast cancer mainly focus on
surgery (12), radiation therapy (13), chemotherapy (14),
endocrine therapy (15) and targeted therapy (16). Surgery is the
most significant treatment (17), and remains the most accurate
staging method for non-metastatic malignancies (12). Radiation
therapy reduces local recurrence and breast cancer mortality after
breast conservation after mastectomy (18), and radiation therapy
after mastectomy is the standard of care for advanced breast
cancer (13, 17). Chemotherapy is one of the main methods to
improve survival and prognosis of patients through destroy cancer
cells that have spread to various parts of the body. Current
chemotherapeutic agents for breast cancer include alkylating
agent cyclophosphamide (19), antimetabolic agent gemcitabine
(14), anthracycline agent doxorubicin and paclitaxel agent
paclitaxel (20). The advantage of endocrine therapy is that there
are fewer adverse reactions and long drug maintenance. At the
same time, endocrine therapy generally results in drug resistance,
which is an urgent problem that needs to be solved. Targeted
therapy can kill tumor cells efficiently and selectively with less
adverse effects than chemotherapy. The drugs currently used in
breast cancer include receptor tyrosine kinase inhibitor lapatinib,
HER2 monoclonal antibody trastuzumab, mTOR inhibitor
everolimus and the CDK4/6 inhibitor palbociclib (16). Although
there are numerous studies on the treatment of breast cancer,
many problems still need to be resolved.
SUMOylation
SUMO proteins, including SUMO1, SUMO2 and SUMO3,
constitute a class of proteins with a molecular weight of
approximately 11 KD that have similar structure with
ubiquitin. The mature SUMO proteins are activated by E1,
which is composed of two subunits, SAE1/Aos1 and SAE2/
Uba2. Subsequently, SUMOs are transferred to the Ubc9, the
single E2, and finally conjugated to the specific lysine residues of
the substrate protein with the help of E3 ligases, which includes
Frontiers in Oncology | www.frontiersin.org 2221
members of the protein inhibitor of activated STAT (PIAS)
family, Ran binding protein 2 (RanBP2), and a few other E3
ligases. SUMOylation is a dynamic and reversible process, and
the modification is reversible because of the regulation of
SUMO/sentrin-specific protease (SENP), which deconjugates
attached molecules from substrates and is required for the
maturation of SUMO proteins (Figure 1). The well-known
protease families include Ulp1 and Ulp2 in yeast and SENPs
(SENP1-3 and SENP5-7) in mammals, and they are involved in
embryonic development and human diseases (21, 22).
SUMOylation regulates a variety of biological processes
including cell division, DNA replication and repair, signal
transduction and cell metabolism (23). Typical SUMOylation
is observed during cellular activities because a rapid modification
of even a small portion of targets is sufficient to produce
significant functional changes (24).

In recent years, additional studies have shown that
SUMOylation and its pathways are associated with human
diseases (25–28). Various types of stress induce the upregulated
SUMOylation, making SUMOylation a critical mechanism to
protect cells from stress-induced apoptosis or cell death (29, 30).
The low survival rate of patients with hepatocellular carcinoma is
reported to be related to the overexpression of SUMO2 and E1
enzyme Uba2 subunits (31). The overexpression of E2 enzyme
Ubc9 was found in human lung and neck cancers (32). The E3
enzyme PIAS3 was overexpressed in prostate, lung, colon, brain
and breast cancers (33). Many recent reports have shown that
SENPs and other SUMO-related proteins regulate the occurrence
and development of breast cancer by modulating protein
modifications (23). This suggests that SUMOylation is likely to
play an important role in regulating breast cancer. In this review,
we focus on the linkage between breast cancer and SUMOylation
pathway to explore the role of SUMOylation in the occurrence and
development of breast cancer.
SUMOylation ENZYMES AND BREAST
CANCER

SAE2
SAE2 is a SUMO-activating enzyme (E1) in mammals (23). It
was found that the global SUMO-2/3 modification was increased,
but the SUMO2/3 modification of SAE2 was decreased in highly
metastatic breast cancer cells (34). These two seemingly
contradictory conclusions can be explained as follows: SAE2
can be SUMOylated at the K236 site, which alters its enzymatic
activity and inhibits SUMO transfer from E1 to Ubc9; as a result,
the decrease in SAE2 SUMOylation enhances global
SUMOylation to some extent (35). Furthermore, SAE2 is
required for Myc-dependent tumor growth in mice, and the
analysis of gene expression in Myc-high human breast cancer
suggests that low expression levels of SAE1 and SAE2 are
correlated with longer metastasis-free survival of breast cancer
patients (36). These results indicated that SAE1 and SAE2 may
inhibit the development of tumor metastasis in breast cancer
with high Myc expression (Table 1).
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Ubc9
Ubc9 is the only SUMO-conjugating enzyme (23). It was
observed that the expression of Ubc9 is 5.7-fold higher in
breast cancer tissues, and ectopic expression of Ubc9 promotes
tumor growth and invasion in an animal model (51, 52). In
addition, it was found that Ubc9 positively regulates Bcl2, a well-
known tumor promoter, indicating that Ubc9 may play a tumor
promoter role in breast cancer development (53). Additional
results showed that Ubc9 was downregulated by the tumor
suppressor miR-30e and upregulated by cell division cycle 2
(Cdc2) in breast cancer (51, 54). Moreover, Ubc9 gene variants
have been shown to be associated with the risk of grade 1 breast
cancer (55). Recently, it was shown that the expression and
activity of Ubc9 played a critical role in breast tumorigenesis and
responded to anticancer drugs. It was reported that ERa and NF-
Y bound directly to the proximal promoter of Ubc9 and were
essential for the in vivo expression of Ubc9 through
transcriptional regulation (41, 56), and the overexpression of
Ubc9 increased ERa-mediated transcriptional activity via
enhanced SUMOylation in MCF-7 breast cancer cells,
suggesting a possible synergy between Ubc9 and the promoting
factor during breast cancer development (57). These findings
contribute to a better understanding of Ubc9 regulation in breast
cancer cells and indicate that Ubc9 is a potential therapeutic
target in breast cancer.

PIAS1
PIAS1 is a SUMO-ligating enzyme (58). Some reports have
shown that PIAS1 is highly expressed in breast cancer and
regulates breast cancer tumorigenesis (59). It was found that
PIAS1 can enhance the expression of breast cancer signature
genes, including ESR1 and CCND2, and the oncogene AIB1 (59,
Frontiers in Oncology | www.frontiersin.org 3222
60). However, PIAS1 can also cooperate with TNFg to regulate
SnoN SUMOylation and suppress the EMT, inhibiting the
growth and invasion of MDA-MB-231 cell-derived organoids
(44, 61). The role of PIAS1 in breast cancer may be a double-
edged sword, and further investigations are required to clarify its
regulatory mechanism.
SENP FAMILY MEMBERS AND
BREAST CANCER

SENP1
Previous studies showed that SENP1 is highly expressed in
human prostate cancer cells (62), lung cancer and colon cancer
tissues (63, 64). SENP1 is also upregulated in TNBC tissues, and
depletion of SENP1 attenuates TNBC cell proliferation and
migration, tumor growth and metastasis (65). SENP1 may
function by deSUMOylating related substrates. For example, a
study found that SENP1 can deSUMOylate HIF-1a to enhance
HIF-1a stabilization and ultimately promote breast cancer
metastasis (66). Furthermore, SENP1 can deSUMOylate and
regulate the protein activity and oncogenic function of the
isomerase Pin1, which is an important regulator of cellular
processes involving Pro-directed phosphorylation in breast
cancer (67). These results suggest a critical role for SENP1 in
TNBC cell proliferation, breast cancer formation and migration.

SENP2
SENP2 plays important roles in embryonic development (21)
and myogenesis (22), and reversing SUMOylation of potassium
channels may present a novel approach for treating SUDEP
FIGURE 1 | The scheme of SUMOylation pathway. The SUMO protein precursor is cleaved and matured by SENP, then activated by E1, transferred to E2, and
ultimately ligated to the target protein by E3. SUMO1 modification is usually conjugated as a monomer, whereas SUMO2/3 modification is often form poly-chain. The
SENP family deconjugates the SUMO protein from the substrate to deSUMOylate target protein.
April 2021 | Volume 11 | Article 659661

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qin et al. SUMOylation and Breast Cancer
(sudden unexplained death in epilepsy) patients (25–27). SENP2
has been reported to play a crucial role in hepatocellular
carcinoma (HCC) cell growth by modulating b-catenin
stability (68). Moreover, SENP2 functions as a suppressor in
bladder cancer metastasis partially by inhibiting the expression
of MMP13 (69). Considering these reports, some studies have
focused on the correlation between SENP2 and breast cancer.
One study showed that SENP2 significantly represses estrogen-
dependent and estrogen-independent proliferation of MCF-7
cells and revealed a novel property of SENP2 as a typical
transcription coregulator (70). The polymorphic SENP2 genes
examined to date cannot be used as independent markers of
breast cancer, but studies using these forms may be useful in
identifying a set of clinical markers helpful for breast cancer
diagnosis and treatment (71). However, no in-depth studies on
the specific role and mechanism of SENP2 in the development
and progression of breast cancer have been reported, and further
Frontiers in Oncology | www.frontiersin.org 4223
studies need to be performed to determine the critical role of
SENP2 in breast cancer.
SENP5
Several studies have focused on the relationship between SENP5
and the development of breast cancer. One study showed that
SENP5 silencing inhibits breast cancer cell growth, proliferation,
migration and invasion by regulating the expression level of
TGFbRI (48). Recently, another study showed that the
expression levels of SENP5 were negatively correlated with the
survival of breast cancer patients, and suggested SENP5 as a
unique prognostic biomarker (72). These results were consistent
with other findings demonstrating that SENP5 silencing reduced
cell migration and invasion and indicating some interplay
between TGFbRI and SENP5 (48). These results suggest that
SENP5 acts as a tumor promoter in breast cancer development.
TABLE 1 | Effects of SUMOylation of protein substrates in breast cancer.

SUMO
substrates

Biophysical function Test models Biophysical and biological effects of SUMOylation

a-catenin An essential protein in adherent junctions, and is
critical for maintaining intercellular adhesion and
cellular polarity.

4T1, HEK293T, MCF-7, MD-
MBA-231, MD-MBA-157,
and T47D cells; nude mice

SUMOylation of a-catenin plays a key role in the suppression of the
NF-kB pathway, inhibiting breast cancer tumor growth and
migration (37).

b-catenin Maintains cell-cell adhesion at the membrane and
initiate gene transcription upon nuclear translocation.

MCF10-2A and MCF7 cells SUMOylated b-catenin transports to the nucleus and promotes
transcription of oncogenes, ultimately promotes metastasis and
invasion of breast cancer (38).

AMPK An anabolic pathway inhibitor found in all
eukaryotes, controlling fatty sugar and lipid
metabolism process.

BT-474, BT-549,
MDA-MB-231, MDA-MB-
453, MDA-MB-468, and
SKBR3 cells

SUMOylation of AMPK inhibits the response of AMPK towards
mTORC1 signaling, and inhibits breast cancer growth (39).

FOXM1B A well-known master regulator in controlling cell
cycle and cell proliferation.

MCF-7 and H1299 cells SUMOylation of FOXM1B promotes the expression of JNK1, and
represses the expression of MiR-200b/c and p21, ultimately
promotes MCF-7 cell proliferation (40).

FOXP3 A tumor suppressor. MCF-7 cells FOXP3 acts as a novel transcriptional activator of UBC9 gene, and
regulates the global SUMOylation (41).

NEMO Plays a regulatory role in NF-kB signaling through
activating the degradation of NFk-light polypeptide
gene enhancer in IkBa.

MCF-7 and MDA-MB-231
cells

The inhibition of NEMO SUMOylation leads to inhibition of IkBa
degradation and consequently a reduction of NF-kB activity, leading
to the downregulation of metastasis related genes (42).

PES1 Involved in the synthesis and maturation of ribosome
and chromatin stretch.

COS-7, MCF-7 and T47D
cells; nude mice

SUMOylation stabilizes PES1 by inhibiting its ubiquitination (43).

PIAS1 SUMO E3 ligase enzyme. MDA-MB-231 cells and nude
mice

PIAS1 SUMOylation regulates the invasive and metastatic potential
of malignant breast cancer cells (44, 45).

PML Plays a critical role in tumorigenesis and metastasis. MDA-MB-231and MDA-MB-
468 cells

Upregulation of PML SUMOylation is associated with increased
assembly of PML-NBs in metastatic cells (34).

SAE1/2 SUMO E1 activation enzyme. MCF-7, MDA-MB-231,
SKBR3, and SUM159 cells;
nude mice

Required to support Myc-dependent human breast cancer cells in
vitro and in mice (36).

Smurf2 The ubiquitin E3 ligase, suppresses TGFb-induced
EMT in non-transformed mammary epithelial cells.

MDA-MB-231 cells Smurf2 function in the control of EMT is regulated by PIAS3, which
associates with and triggers Smurf2 SUMOylation (46).

STAT5 Continuously activated in many human cancers, and
related to dysregulated cell proliferation and
apoptosis.

MDA-MB-231 cells DeSUMOylation of STAT5 results in phosphorylation of STAT5,
leading to inhibition of breast cancer cell growth and migration (47).

TGFbRI Governing metastasis and prognosis in breast
cancer through TGFb signaling.

MCF-7, MDA-MB-231, MDA-
MB-436, and T47D cells

TGFbRI SUMOylation regulates TGFb-MMP9 cascade and inhibits
anchorage-independence growth, proliferation, migration and
invasion in breast cancer cells (48).

TFAP2A TFAP2A activates transcription and regulates cell
proliferation and migration, and xenograft outgrowth.

HBL-100, MCF-7, MDA-MB-
231, MDA-MB-468, and
MDA-MB-453 cells

SUMOylation of TFAP2A is necessary to maintain basal breast
cancer phenotypes (49).

TP53 TP53 regulates the expression of numerous target
genes to induce cell cycle arrest, apoptosis,
senescence, and other anti-proliferative outcomes.

TNBC cells SUMOylation of p53 inhibits breast cancer cell proliferation (50).
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SENP7
Different SENP7 isoforms, including SENP7S and SENP7L, have
a different subcellular localizations and biological functions (73).
SENP7S and SENP7L are two isoforms that have been intensively
studied. SENP7S is mainly located in the cytoplasm and is highly
expressed in mammary epithelia but expressed at low levels in
precancerous ductal carcinoma and is lost in invasive breast
cancer (73). Another study revealed that deletion of SENP7S can
directly enhance the tumorigenicity of MCF-10-2A cells.
Mechanistically, SENP7 loss enhances the SUMOylation of b-
catenin, and SUMOylated b-catenin is transported to the nucleus
and promotes the transcription of oncogenes, including c-Myc,
cyclin D, and Aurora kinase, ultimately promoting metastasis
and invasion of breast cancer (38).

In contrast, SENP7L is highly expressed, promotes aberrant
proliferation and initiates the EMT and invasion of breast cancer
(73). It was reported that the SUMOylation of HP1a promoted
HP1a localization to promoters and subsequently silenced genes.
SENP7L deSUMOylated HP1a to release the inhibition of
downstream genes and ultimately promote the proliferation
and invasion of breast cancer cells (74, 75). Breast cancer
patients who express low SENP7L exhibit higher survival rates
after chemotherapy than patients who express high SENP7L
(74). These results indicated that SENP7S acts as a tumor
suppressor but that SENP7L plays a tumor-promoting role in
breast cancer.
SUMOylated PROTEINS AND BREAST
CANCER

a-Catenin
a-Catenin is an essential protein in adherent junctions, critical
for the maintenance of cellular adhesion and polarity (76, 77),
and has been recognized as a novel tumor suppressor gene (37,
78). a-Catenin plays a role in two different ways. In the
traditional way, loss of a-Catenin specifically causes the loss of
intracellular adhesion in E-cadherin-expressing breast cancer
cells and induces further resistance to anoikis (79, 80). Another
way is the adherent junction-independent pathway in which a-
catenin suppresses E-cadherin-negative basal-like breast cancer
by inhibiting NF-kB signaling (81). It was reported that a-
catenin is SUMOylated, and SUMOylation stabilizes its
interaction with IkBa, inhibiting the expression of NF-kB
target genes (37, 79). A survival analysis showed a significant
association between abnormal a-catenin expression and poor
survival of breast cancer patients (82). In conclusion, a-catenin
plays a significant role in breast cancer development, and its
abnormal expression is associated with severe symptoms of
breast cancer.
AMPKa1
AMPK is an anabolic pathway inhibitor found in all eukaryotes that
controls fatty sugar and lipid metabolism processes (39, 83).
Furthermore, the expression levels of AMPK are upregulated in
Frontiers in Oncology | www.frontiersin.org 5224
TNBC and can be regarded as biomarkers for TNBC (84). Many
targets are regulated by AMPK. Phosphorylated AMPK inactivates
the serine/threonine protein kinase Akt, which is involved in tumor
progression, thereby inhibiting anoikis and impairing autophagy,
ultimately inhibiting anchorage-independent growth and metastasis
(85). Furthermore, some reports revealed that the LKB1-AMPK axis
governs the mTORC1 pathway to regulate tumor growth (83).
AMPKa1 can be SUMOylated, and its SUMOylation inhibits the
response of AMPK towards mTORC1 signaling, suggesting that
suppression of AMPKa1 SUMOylation can be applied to regulate
AMPK activation and thus suppress breast cancer cell growth (39).
These findings indicate that the SUMOylation of AMPKa1 can be a
potential target for the treatment of breast cancer.
BRCA1
It was reported that women with BRCA1 germline mutations
usually develop TNBC (86). Researchers have identified a
consensus SUMO modification site localized in the amino-
terminal region of BRCA1. In contrast to the SUMO mutation in
this potential SUMO-acceptor site of the BRCA1 protein, the wild-
type BRCA1 protein can bind to the unique SUMOE2 Ubc9 (87). It
seems that BRCA1 may be SUMOylated; however, research has
shown that SUMO1 binds to the SUMO-binding motifs in BRCA1
and represses BRCA1-mediated transcription by recruiting HDAC
in a SUMO-independent manner (88). Taken together, these results
indicate that BRCA1 SUMOylation needs further investigation and
that BRCA1 may regulate breast cancer in a SUMO-dependent and
SUMO-independent manner.
FOXM1B
The transcription factor FOXM1 (forkhead box protein M1) is a
critical regulator governing cell cycle pathway essential for mitosis,
DNA replication, and cell proliferation (40). There are three main
subtypes of FOXM1, of which FOXM1B is closely related to tumor
growth and metastasis (89). FOXM1B can be SUMOylated on the
K463 residue, and SUMOylation of FOXM1B is mediated by PIASy,
and this SUMOylation is deconjugated by SENP2. SUMOylation of
FOXM1B is necessary for its transcriptional activity, thus promoting
the expression of its target gene JNK1 and repressing the expression
of its targets MiR-200b/c and p21, ultimately promoting MCF-7 cell
proliferation (40). Therefore, follow-up studies can be initiated
directed toward the regulatory action of the SUMOylation of
FOXM1B to explore strategies for the treatment of breast cancer.

FOXP3
Forkhead box protein P3 (FOXP3) is involved in regulatory T
(Treg) cell development and inhibits tumorigenicity by
downregulating oncogenes such as HER2/ErbB2 in breast
cancer (89). Tumor immunotherapy has been successfully
applied in the clinic. The role of Treg cells in immune
suppression is well defined, and FOXP3 is a pivotal marker of
Treg cells with immunosuppressive functions. In TNBC, the
increase in FOXP3-positive Treg cells is associated with an
improved survival rate (90). Furthermore, FOXP3 is modified
by phosphorylation and acetylation, and the removal of
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phosphate and acetyl groups from FOXP3 results in the
attenuated transcriptional activity of Ubc9 (41). Increasing
evidence has shown that FOXP3 mainly binds to the FOX
response element in the proximal promoter region to activate
the transcription of the Ubc9 gene. These results suggested that
FOXP3 may have physiological functions as a novel regulator in
global SUMOylation and in other post-translational
modification systems in breast cancer.

Myc
Myc is an oncogenic transcription factor and is frequently
dysregulated in human cancers. The overexpression of Myc
may contribute to the acquired drug resistance in ER-positive
breast cancer. One of the possible mechanisms is that Myc can
positively regulate HSP111, which is an estrogen-responsive gene
and is associated with the poor prognosis for patients (91). It has
been reported that Myc may be SUMOylated by SUMO1 and
deSUMOylated by SENP1. Myc SUMOylation can regulate its
stabilization. Furthermore, PIAS1 can enhance the stability of
Myc and promote Myc-driven tumorigenesis by recruiting JNK1
to phosphorylate Myc at S62 (92). SAE2 inhibition switches the
Myc transcriptional subprogram from promoting to suppressing
activity. SAE2 is necessary for Myc-dependent tumor growth in
mice, and a gene expression analysis of human breast cancer with
high Myc showed that lower SAE1 and SAE2 abundance in
tumors is associated with a longer survival period without
metastasis (36). Therefore, suppression of SUMOylation may
be worthy of study, and inhibition of Myc SUMOylation is a
potential treatment for Myc-driven breast cancer.

NEMO
The NF-kB essential modulator (NEMO) is a key activator of NF-
kB signaling and IL6 secretion (93, 94). Once the IL6 receptor is
activated, its downstream protein STAT3 is phosphorylated, and
phosphorylated STAT3 binds to the PML promoter to activate
PML expression (94). Several studies have shown that NEMO is
regulated by SUMOylation, and the inhibition of NEMO
SUMOylation suppresses the activation of NF-kB signaling in
cells (95). Doxorubicin is a chemical drug commonly used for the
treatment of breast cancer. However, breast cancer often develops
treatment resistance, which leads to the recurrence and poor
prognosis of the disease. Researchers found that SENP2
overexpression sensitized drug-resistant breast cancer cells to
doxorubicin therapy. Mechanistically, the overexpression of
SENP2 deconjugates the SUMOs of NEMO and inhibits NF-kB
activation, especially in drug-resistant breast cancer cells. More
importantly, when treated with an NF-kB pathway activator, the
SENP2 overexpression-induced sensitivity of drug-resistant breast
cancer cells to doxorubicin was eliminated (42). Taken together,
these results suggest SENP2 activators may be used to treat
doxorubicin-sensitive breast cancer patients, although this
finding needs to be confirmed in clinical trials.

PES1
PES1 is a component of the nucleolar PeBoW complex
(consisting of Pes1, Bop1 and WDR12) and is highly expressed
in several kinds of cancers, including breast cancer (43, 96). PES1
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promotes breast cancer development through multiple pathways.
PES1 can directly bind to telomerase reverse transcriptase
(TRET) and promote the formation of the TRET and TR
complex, resulting in enhanced telomerase activity and
telomere elongation, and inhibited cell senescence (96). In
addition, PES1 can increase the expression of tumor-
promoting ERa and decrease the expression of tumor-
suppressive ERb (97). Some studies demonstrated that in
breast cancer cells, PES1 can be SUMOylated on K517,
stabilizing PES1, which then promotes ERa transcription and
inhibits ERa ubiquitination (42). Hence, the ultimate effect of
PES1 SUMOylation is the acceleration of cell proliferation and
cell cycle progression.

PML
The promyelocytic leukemia (PML) protein is highly expressed in
TNBC. A report showed that PML inhibition led to cell proliferation
arrest and senescence by downregulating Myc and PIM1 kinase,
followed by the subsequent accumulation of p27 (98). Another
study found that PML can promote the expression of SOX9 and
thus enable breast cancer cells to acquire cancer-initiating cells
(CIC) properties (99). PML can be modified by SUMO1, SUMO2,
and SUMO3 at K65, K160, and K490, respectively (100). Previous
studies have shown that global SUMO2/3 modification is enhanced
in metastatic breast cancer. Consistently, the upregulation of PML
SUMO-2/3 modification has been observed in metastatic breast
cancer cells (34). Hence, it is likely that the upregulation of the PML
SUMO-2/3 modification may result in the increased metastatic
capacity of breast cells, a supposition that requires
further investigation.

Smurf2
Smurf2 (Smad ubiquitination regulatory factor 2) is a HECT
(homology to E6 carboxy-terminus domain)-containing
ubiquitin E3 ligase that mediates substrate proteins for
ubiquitination and degradation via the proteasome pathway
(101). Smurf2 is expressed at low levels in breast cancer,
especially in TNBC, and acts as a tumor suppressor. Smurf2 is
located in the nucleus in normal cells but exhibits significant
cytoplasmic sequestration in breast cancer cells (102, 103). Smurf2
can be SUMOylated at K29 and K369, and its SUMOylation
contributes to the downregulation of TGFb signaling and inhibits
the EMT in breast cancer cells. Mechanistic studies showed that
the SUMO E3 ligase PIAS3 maintains breast cancer organoids
through Smurf2 SUMOylation under noninvasive conditions
(101). Collectively, these findings identify a novel role for
PIAS3-mediated Smurf2 SUMOylation in the suppression of
breast cancer cell invasion (46). These findings identify Smurf2
SUMOylation as a novel biomarker and suggest the regulation of
Smurf2 SUMOylation as a targeted approach to breast
cancer therapy.

STAT5
Signal transducer and transcriptional activator (STAT) proteins,
in particular STAT3 and STAT5, are continuously activated in
many human cancers and are related to dysregulated cell
proliferation and apoptosis (104). Drug-targeted activation of
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STAT3 and STAT5 has been an active subject of cancer studies.
System XC-, a cysteine/glutamate antiporter, contributes to the
redox balance and facilitates the adaptation of aggressive cancer
cells to increased levels of ROS (reactive oxygen species) (105).
Protein xCT is the main impact factor in system XC- (105), and
insufficient xCT expression potentially blocks cancer cell
proliferation and metastasis (106). Previous studies have
shown that the acute blockade of STAT3 and STAT5 with SH-
4-54, a small-molecule inhibitor targeting the SH2 domains of
these two proteins, can increase xCT expression and thus
improve system XC- activity in breast cancer cells. However,
current studies have shown that the chronic treatment of SH-4-
54 followed by the cloning and selection of resistant MDA-MB-
231 cells leads to the opposite effects (107). In resistant MDA-
MB-231 cells, chronic treatment with SH-4-54 downregulates
constitutive STAT3 phosphorylation and thus increases
intracellular ROS levels, resulting in the deSUMOylation of
STAT5 and the subsequent phosphorylation of STAT5.
Activated STAT5 leads to a reduction in xCT mRNA and
protein, which eventually abrogates cell growth and migration
(47). Further studies addressing the relationship between STAT3
and STAT5 SUMOylation and the development of breast cancer
are still needed.

TFAP2A
Transcription factor activator protein-2 (TFAP-2) activates
transcription through GC-rich DNA sequences (108) and is
Frontiers in Oncology | www.frontiersin.org 7226
important for cell proliferation and migration and xenograft
outgrowth (49). Many solid cancers have an amplified CD44+/
CD24- cancer stem cell (CSC) population that is relatively
chemically resistant and leads to recurrence and metastasis. A
durable response requires the development of therapeutics
specific to CSCs (109). Recent evidence suggests that inhibiting
the SUMOylation pathway inhibits tumor growth and invasion.
It has been reported that in basal breast cancer, the inhibition of
the SUMO pathway suppresses the expression of MMP14 and
CD44, accompanied by decreased cell invasiveness and loss of
CSC function (110). Another report showed that TFAP2A
mediates SUMO pathway inhibition in breast cancer,
indicating that TFAP2A may act as an upstream regulator of
the SUMO pathway to regulate global SUMO modification in
tumor cells and thus influence the cellular phenotype (111).
Another study showed that SUMOylation of TFAP2A is
necessary to maintain basal breast cancer phenotypes (49),
suggesting that there may be a mutual regulatory relationship
between TFAP2A and the SUMO pathway.

TP53
TP53 (p53), a well-known tumor suppressor, is a critical
transcription factor that regulates the expression of numerous
target genes to induce cell cycle arrest, apoptosis, senescence, and
other anti-proliferative outcomes (50). p53 is the most frequently
mutated gene in breast cancer. The incidence of mutations
depends on the molecular subtype of breast cancer, most
FIGURE 2 | The regulatory mechanism of substrates SUMOylation in the occurrence and development of breast cancer. SUMO activating enzymes E1, conjugating
enzyme Ubc9, and ligating enzyme PIAS1, as well as SENP1, SENP5, and SENP7 regulate the progression of breast cancer. Increasing number of target proteins
are SUMOylated, and SUMOylation of substrates regulate the function and involved in the occurrence and development of breast cancer.
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common in the TN subtype and least in the Luminal A subtype
(112). A research showed that p53 was SUMOylated by SUMO1
(50), another research found that p53 was conjugated with
SUMO2/3 (113). Both SUMOylation promotes p53 bind to the
target gene promoter, thereby enhances p53-mediated
transcription. Meanwhile, it is found that SENP1 abolished
SUMOylation of p53 and promotes cancer cell proliferation
(50). These studies indicated that SUMO and SENP1
dynamically regulate the SUMOylation of p53, involving the
progression of breast cancer.
CONCLUDING REMARKS AND
PERSPECTIVES

SUMOylation has been studied since its discovery, and the
understanding of its biochemistry and enzymological
mechanisms has been advanced. SUMOylation is an important
factor in the regulation of intracellular protein function, and the
functional activity of other proteins can also be regulated by
various other mechanisms. Abnormal SUMOylation levels lead
to the occurrence and development of various human diseases.
Numerous important transcription factors have been reported to
be SUMOylated during the development of breast cancer (Figure
2), indicating that SUMOylation affects the occurrence and
development of breast cancer.

Global SUMOylation is greatly upregulated in metastatic
breast cancer cells compared with nonmetastatic control cells.
Substrates identified with altered SUMOylation levels are
involved in the cell cycle, migration, inflammation, and
glycolysis, suggesting that perturbations of SUMOylation might
Frontiers in Oncology | www.frontiersin.org 8227
contribute to cancer metastasis by affecting one or more of these
biological processes (34). Dysregulation of SUMOylation plays a
critical role in the metastasis of breast cancer. Although the
molecular details of how SUMOylation affects breast cancer
progression and metastasis are not well understood,
accumulating evidence has suggested that targeting the
SUMOylation pathway may be a strategy for targeting breast
cancer. Therefore, further studies into the mechanism of SUMO
modification in the process of gene transcription regulation are
necessary for providing new ideas and methods for the
prevention and treatment of breast cancer and important
references for clarifying the pathogenesis of other nuclear
receptor-related tumors.
AUTHOR CONTRIBUTIONS

YTQ and HW conceived the idea for the review. YYQ, HY, and
XC performed the retrieval and collection of relevant literatures.
ZX, XY, YS, WD, and SA provided suggestions. YYQ, HY, XC,
YTQ, and HW wrote the paper. YYQ designed and prepared the
figures. All authors contributed to the article and approved the
submitted version.
FUNDING

This research was funded by the National Natural Science
Foundation of China (81671294 and 81870241 to YTQ), and
the Fundamental Research Funds for the Central Universities
(GK201903066 to HW).
REFERENCES

1. Harbeck N, Gnant M. Breast cancer. Lancet (2017) 389(10074):1134–50.
doi: 10.1016/S0140-6736(16)31891-8

2. Leyrer CM, Berriochoa CA, Agrawal S, Donaldson A, Calhoun BC, Shah C,
et al. Predictive factors on outcomes in metaplastic breast cancer. Breast
Cancer Res Treat (2017) 165(3):499–504. doi: 10.1007/s10549-017-4367-5

3. Chen WQ, Zheng RS, Baade PD, Zhang SW, Zeng HM, Bray F, et al. Cancer
Statistics in China, 2015. Ca-a Cancer J Clin (2016) 66(2):115–32. doi:
10.3322/caac.21338

4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. Ca-a Cancer J Clin
(2019) 69(1):7–34. doi: 10.3322/caac.21551

5. Medina MA, Oza G, Sharma A, Arriaga LG, Hernandez Hernandez JM,
Rotello VM, et al. Triple-Negative Breast Cancer: A Review of Conventional
and Advanced Therapeutic Strategies. Int J Environ Res Public Health (2020)
17(6):2078. doi: 10.3390/ijerph17062078

6. Anastasiadi Z, Lianos GD, Ignatiadou E, Harissis HV, Mitsis M. Breast
cancer in young women: an overview. Updates Surg (2017) 69(3):313–7. doi:
10.1007/s13304-017-0424-1

7. Torre LA, Islami F, Siegel RL, Ward EM, Jemal A. Global Cancer in Women:
Burden and Trends. Cancer Epidemiol Biomarkers Prev (2017) 26(4):444–
57. doi: 10.1158/1055-9965.EPI-16-0858

8. Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH,
et al. Metastatic behavior of breast cancer subtypes. J Clin Oncol (2010) 28
(20):3271–7. doi: 10.1200/JCO.2009.25.9820

9. Badve S, Dabbs DJ, Schnitt SJ, Baehner FL, Decker T, Eusebi V, et al. Basal-
like and triple-negative breast cancers: a critical review with an emphasis on
the implications for pathologists and oncologists. Mod Pathol (2011) 24
(2):157–67. doi: 10.1038/modpathol.2010.200

10. Brenton JD, Carey LA, Ahmed AA, Caldas C. Molecular classification and
molecular forecasting of breast cancer: ready for clinical application? J Clin
Oncol (2005) 23(29):7350–60. doi: 10.1200/JCO.2005.03.3845

11. Sheikh A, Hussain SA, Ghori Q, Naeem N, Fazil A, Giri S, et al. The
spectrum of genetic mutations in breast cancer. Asian Pac J Cancer Prev
(2015) 16(6):2177–85. doi: 10.7314/APJCP.2015.16.6.2177

12. Matsen CB, Neumayer LA. Breast cancer: a review for the general surgeon.
JAMA Surg (2013) 148(10):971–9. doi: 10.1001/jamasurg.2013.3393

13. Castaneda SA, Strasser J. Updates in the Treatment of Breast Cancer with
Radiotherapy. Surg Oncol Clin N Am (2017) 26(3):371–82. doi: 10.1016/
j.soc.2017.01.013

14. Hassan MS, Ansari J, Spooner D, Hussain SA. Chemotherapy for breast
cancer (Review). Oncol Rep (2010) 24(5):1121–31. doi: 10.3892/or_00000963

15. Zelnak AB, O’Regan RM. Optimizing Endocrine Therapy for Breast Cancer.
J Natl Compr Canc Netw (2015) 13(8):e56–64. doi: 10.6004/jnccn.2015.0125

16. Gu G, Dustin D, Fuqua SA. Targeted therapy for breast cancer and
molecular mechanisms of resistance to treatment. Curr Opin Pharmacol
(2016) 31:97–103. doi: 10.1016/j.coph.2016.11.005

17. Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G. Breast cancer.
Lancet (2005) 365(9472):1727–41. doi: 10.1016/S0140-6736(05)66546-4

18. Boyages J. Radiation therapy and early breast cancer: current controversies.
Med J Aust (2017) 207(5):216–22. doi: 10.5694/mja16.01020

19. Bocci G, Tuccori M, Emmenegger U, Liguori V, Falcone A, Kerbel RS, et al.
Cyclophosphamide-methotrexate ‘metronomic’ chemotherapy for the
palliative treatment of metastatic breast cancer. A comparative
April 2021 | Volume 11 | Article 659661

https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.1007/s10549-017-4367-5
https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21551
https://doi.org/10.3390/ijerph17062078
https://doi.org/10.1007/s13304-017-0424-1
https://doi.org/10.1158/1055-9965.EPI-16-0858
https://doi.org/10.1200/JCO.2009.25.9820
https://doi.org/10.1038/modpathol.2010.200
https://doi.org/10.1200/JCO.2005.03.3845
https://doi.org/10.7314/APJCP.2015.16.6.2177
https://doi.org/10.1001/jamasurg.2013.3393
https://doi.org/10.1016/j.soc.2017.01.013
https://doi.org/10.1016/j.soc.2017.01.013
https://doi.org/10.3892/or_00000963
https://doi.org/10.6004/jnccn.2015.0125
https://doi.org/10.1016/j.coph.2016.11.005
https://doi.org/10.1016/S0140-6736(05)66546-4
https://doi.org/10.5694/mja16.01020
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qin et al. SUMOylation and Breast Cancer
pharmacoeconomic evaluation. Ann Oncol (2005) 16(8):1243–52. doi:
10.1093/annonc/mdi240

20. McArthur HL, Hudis CA. Breast cancer chemotherapy. Cancer J (2007) 13
(3):141–7. doi: 10.1097/PPO.0b013e318074dc6f

21. Kang X, Qi Y, Zuo Y, Wang Q, Zou Y, Schwartz RJ, et al. SUMO-specific
protease 2 is essential for suppression of polycomb group protein-mediated gene
silencing during embryonic development. Mol Cell (2010) 38(2):191–201. doi:
10.1016/j.molcel.2010.03.005

22. Qi Y, Zuo Y, Yeh ET, Cheng J. An essential role of small ubiquitin-like
modifier (SUMO)-specific Protease 2 in myostatin expression and
myogenesis. J Biol Chem (2014) 289(6):3288–93. doi: 10.1074/
jbc.M113.518282

23. Chang HM, Yeh ETH. SUMO: From Bench to Bedside. Physiol Rev (2020)
100(4):1599–619. doi: 10.1152/physrev.00025.2019

24. Kumar A, Zhang KY. Advances in the development of SUMO specific
protease (SENP) inhibitors. Comput Struct Biotechnol J (2015) 13:204–11.
doi: 10.1016/j.csbj.2015.03.001

25. Qi Y, Wang J, Bomben VC, Li DP, Chen SR, Sun H, et al. Hyper-
SUMOylation of the Kv7 potassium channel diminishes the M-current
leading to seizures and sudden death. Neuron (2014) 83(5):1159–71. doi:
10.1016/j.neuron.2014.07.042

26. Wu H, Chen X, Cheng J, Qi Y. SUMOylation and Potassium Channels: Links
to Epilepsy and Sudden Death. Adv Protein Chem Struct Biol (2016)
103:295–321. doi: 10.1016/bs.apcsb.2015.11.009

27. Chen X, Zhang S, Huang J, DongW, Xiao H, Shao H, et al. Hyper-SUMOylation
of K(+) Channels in Sudden Unexplained Death in Epilepsy: Isolation and
Primary Culture of Dissociated Hippocampal Neurons from Newborn Mice for
Subcellular Localization.Methods Mol Biol (2018) 1684:63–71. doi: 10.1007/978-
1-4939-7362-0_6

28. Zhao B, Zhang Z, Chen X, Shen Y, Qin Y, Yang X, et al. The important roles
of protein SUMOylation in the occurrence and development of leukemia
and clinical implications. J Cell Physiol (2021) 236(5):3466–80. doi: 10.1002/
jcp.30143

29. Guo C, Hildick KL, Luo J, Dearden L, Wilkinson KA, Henley JM. SENP3-
mediated deSUMOylation of dynamin-related protein 1 promotes cell death
following ischaemia. EMBO J (2013) 32(11):1514–28. doi: 10.1038/
emboj.2013.65

30. Saitoh H, Hinchey J. Functional heterogeneity of small ubiquitin-related
protein modifiers SUMO-1 versus SUMO-2/3. J Biol Chem (2000) 275
(9):6252–8. doi: 10.1074/jbc.275.9.6252

31. Rabellino A, Andreani C, Scaglioni PP. The Role of PIAS SUMO E3-Ligases in
Cancer. Cancer Res (2017) 77(7):1542–7. doi: 10.1158/0008-5472.CAN-16-2958

32. Bayer P, Arndt A, Metzger S, Mahajan R, Melchior F, Jaenicke R, et al.
Structure determination of the small ubiquitin-related modifier SUMO-1.
J Mol Biol (1998) 280(2):275–86. doi: 10.1006/jmbi.1998.1839

33. Wang L, Banerjee S. Differential PIAS3 expression in human malignancy.
Oncol Rep (2004) 11(6):1319–24. doi: 10.3892/or.11.6.1319

34. Subramonian D, Raghunayakula S, Olsen JV, Beningo KA, Paschen W,
Zhang XD. Analysis of changes in SUMO-2/3 modification during breast
cancer progression and metastasis. J Proteome Res (2014) 13(9):3905–18.
doi: 10.1021/pr500119a

35. Truong K, Lee TD, Chen Y. Small ubiquitin-like modifier (SUMO) modification
of E1 Cys domain inhibits E1 Cys domain enzymatic activity. J Biol Chem (2012)
287(19):15154–63. doi: 10.1074/jbc.M112.353789

36. Kessler JD, Kahle KT, Sun TT, Meerbrey KL, Schlabach MR, Schmitt EM,
et al. A SUMOylation-Dependent Transcriptional Subprogram Is Required
for Myc-Driven Tumorigenesis. Science (2012) 335(6066):348–53
doi: 10.1126/science.1212728.

37. Chen H, Xu Z, Li X, Yang Y, Li B, Li Y, et al. alpha-catenin SUMOylation
increases IkappaBalpha stability and inhibits breast cancer progression.
Oncogenesis (2018) 7(3):28. doi: 10.1038/s41389-018-0037-7

38. Karami S, Lin FM, Kumar S, Bahnassy S, Thangavel H, Quttina M, et al.
Novel SUMO-Protease SENP7S Regulates beta-catenin Signaling and
Mammary Epithelial Cell Transformation. Sci Rep (2017) 7:46477. doi:
10.1038/srep46477

39. Yan Y, Ollila S, Wong IP, Vallenius T, Palvimo JJ, Vaahtomeri K, et al.
SUMOylation of AMPKalpha1 by PIAS4 specifically regulates mTORC1
signalling. Nat Commun (2015) 6:8979. doi: 10.1038/ncomms9979
Frontiers in Oncology | www.frontiersin.org 9228
40. Wang CM, Liu R, Wang L, Nascimento L, Brennan VC, Yang WH.
SUMOylation of FOXM1B alters its transcriptional activity on regulation
of MiR-200 family and JNK1 in MCF7 human breast cancer cells. Int J Mol
Sci (2014) 15(6):10233–51. doi: 10.3390/ijms150610233

41. Wang CM, Yang WH, Liu R, Wang L, Yang WH. FOXP3 Activates SUMO-
Conjugating UBC9 Gene in MCF7 Breast Cancer Cells. Int J Mol Sci (2018) 19
(7):2036. doi: 10.3390/ijms19072036

42. Gao X, Wu Y, Qiao L, Feng X. SENP2 suppresses NF-kappaB activation and
sensitizes breast cancer cells to doxorubicin. Eur J Pharmacol (2019)
854:179–86. doi: 10.1016/j.ejphar.2019.03.051

43. Li S, Wang M, Qu X, Xu Z, Yang Y, Su Q, et al. SUMOylation of PES1
upregulates its stability and function via inhibiting its ubiquitination.
Oncotarget (2016) 7(31):50522–34. doi: 10.18632/oncotarget.10494

44. Chanda A, Chan A, Deng L, Kornaga EN, Enwere EK, Morris DG, et al.
Identification of the SUMO E3 ligase PIAS1 as a potential survival biomarker
in breast cancer. PloS One (2017) 12(5):e0177639. doi: 10.1371/
journal.pone.0177639

45. Chanda A, Ikeuchi Y, Karve K, Sarkar A, Chandhoke AS, Deng L, et al.
PIAS1 and TIF1gamma collaborate to promote SnoN SUMOylation and
suppression of epithelial-mesenchymal transition. Cell Death Differ (2021)
28(1):267–82. doi: 10.1038/s41418-020-00611-z

46. Chandhoke AS, Chanda A, Karve K, Deng L, Bonni S. The PIAS3-Smurf2
sumoylation pathway suppresses breast cancer organoid invasiveness.
Oncotarget (2017) 8(13):21001–14. doi: 10.18632/oncotarget.15471

47. Linher-Melville K, Nashed MG, Ungard RG, Haftchenary S, Rosa DA,
Gunning PT, et al. Chronic Inhibition of STAT3/STAT5 in Treatment-
Resistant Human Breast Cancer Cell Subtypes: Convergence on the ROS/
SUMO Pathway and Its Effects on xCT Expression and System xc- Activity.
PloS One (2016) 11(8):e0161202. doi: 10.1371/journal.pone.0161202

48. Cashman R, Cohen H, Ben-Hamo R, Zilberberg A, Efroni S. SENP5 mediates
breast cancer invasion via a TGFbetaRI SUMOylation cascade.Oncotarget (2014)
5(4):1071–82. doi: 10.18632/oncotarget.1783

49. Bogachek MV, Chen Y, Kulak MV, Woodfield GW, Cyr AR, Park JM, et al.
Sumoylation pathway is required to maintain the basal breast cancer subtype.
Cancer Cell (2014) 25(6):748–61. doi: 10.1016/j.ccr.2014.04.008

50. Chauhan KM, Chen Y, Chen Y, Liu AT, Sun XX, Dai MS. The SUMO-specific
protease SENP1 deSUMOylates p53 and regulates its activity. J Cell Biochem
(2021) 122(2):189–97. doi: 10.1002/jcb.29838

51. Wu F, Zhu S, Ding Y, Beck WT, Mo YY. MicroRNA-mediated regulation of
Ubc9 expression in cancer cells. Clin Cancer Res (2009) 15(5):1550–7. doi:
10.1158/1078-0432.CCR-08-0820

52. Zhu S, Sachdeva M, Wu F, Lu Z, Mo YY. Ubc9 promotes breast cell invasion
and metastasis in a sumoylation-independent manner. Oncogene (2010) 29
(12):1763–72. doi: 10.1038/onc.2009.459

53. Mo YY, Yu Y, Theodosiou E, Ee PL, Beck WT. A role for Ubc9 in
tumorigenesis. Oncogene (2005) 24(16):2677–83. doi: 10.1038/
sj.onc.1208210

54. Tomasi ML, Tomasi I, Ramani K, Pascale RM, Xu J, Giordano P, et al. S-
adenosyl methionine regulates ubiquitin-conjugating enzyme 9 protein
expression and sumoylation in murine liver and human cancers.
Hepatology (2012) 56(3):982–93. doi: 10.1002/hep.25701

55. Dunnebier T, Bermejo JL, Haas S, Fischer HP, Pierl CB, Justenhoven C, et al.
Polymorphisms in the UBC9 and PIAS3 genes of the SUMO-conjugating
system and breast cancer risk. Breast Cancer Res Treat (2010) 121(1):185–94.
doi: 10.1007/s10549-009-0530-y

56. Ying S, Dunnebier T, Si J, Hamann U. Estrogen receptor alpha and nuclear
factor Y coordinately regulate the transcription of the SUMO-conjugating
UBC9 gene in MCF-7 breast cancer cells. PloS One (2013) 8(9):e75695. doi:
10.1371/journal.pone.0075695

57. Sentis S, Le Romancer M, Bianchin C, Rostan MC, Corbo L. Sumoylation of
the estrogen receptor alpha hinge region regulates its transcriptional activity.
Mol Endocrinol (2005) 19(11):2671–84. doi: 10.1210/me.2005-0042

58. Kahyo T, Nishida T, Yasuda H. Involvement of PIAS1 in the sumoylation of
tumor suppressor p53.Mol Cell (2001) 8(3):713–8. doi: 10.1016/S1097-2765
(01)00349-5

59. Liu B, Tahk S, Yee KM, Yang R, Yang Y, Mackie R, et al. PIAS1 regulates
breast tumorigenesis through selective epigenetic gene silencing. PloS One
(2014) 9(2):e89464. doi: 10.1371/journal.pone.0089464
April 2021 | Volume 11 | Article 659661

https://doi.org/10.1093/annonc/mdi240
https://doi.org/10.1097/PPO.0b013e318074dc6f
https://doi.org/10.1016/j.molcel.2010.03.005
https://doi.org/10.1074/jbc.M113.518282
https://doi.org/10.1074/jbc.M113.518282
https://doi.org/10.1152/physrev.00025.2019
https://doi.org/10.1016/j.csbj.2015.03.001
https://doi.org/10.1016/j.neuron.2014.07.042
https://doi.org/10.1016/bs.apcsb.2015.11.009
https://doi.org/10.1007/978-1-4939-7362-0_6
https://doi.org/10.1007/978-1-4939-7362-0_6
https://doi.org/10.1002/jcp.30143
https://doi.org/10.1002/jcp.30143
https://doi.org/10.1038/emboj.2013.65
https://doi.org/10.1038/emboj.2013.65
https://doi.org/10.1074/jbc.275.9.6252
https://doi.org/10.1158/0008-5472.CAN-16-2958
https://doi.org/10.1006/jmbi.1998.1839
https://doi.org/10.3892/or.11.6.1319
https://doi.org/10.1021/pr500119a
https://doi.org/10.1074/jbc.M112.353789
https://doi.org/10.1126/science.1212728
https://doi.org/10.1038/s41389-018-0037-7
https://doi.org/10.1038/srep46477
https://doi.org/10.1038/ncomms9979
https://doi.org/10.3390/ijms150610233
https://doi.org/10.3390/ijms19072036
https://doi.org/10.1016/j.ejphar.2019.03.051
https://doi.org/10.18632/oncotarget.10494
https://doi.org/10.1371/journal.pone.0177639
https://doi.org/10.1371/journal.pone.0177639
https://doi.org/10.1038/s41418-020-00611-z
https://doi.org/10.18632/oncotarget.15471
https://doi.org/10.1371/journal.pone.0161202
https://doi.org/10.18632/oncotarget.1783
https://doi.org/10.1016/j.ccr.2014.04.008
https://doi.org/10.1002/jcb.29838
https://doi.org/10.1158/1078-0432.CCR-08-0820
https://doi.org/10.1038/onc.2009.459
https://doi.org/10.1038/sj.onc.1208210
https://doi.org/10.1038/sj.onc.1208210
https://doi.org/10.1002/hep.25701
https://doi.org/10.1007/s10549-009-0530-y
https://doi.org/10.1371/journal.pone.0075695
https://doi.org/10.1210/me.2005-0042
https://doi.org/10.1016/S1097-2765(01)00349-5
https://doi.org/10.1016/S1097-2765(01)00349-5
https://doi.org/10.1371/journal.pone.0089464
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qin et al. SUMOylation and Breast Cancer
60. Li S, Yang C, Hong Y, Bi H, Zhao F, Liu Y, et al. The transcriptional activity of co-
activatorAIB1 is regulated by the SUMOE3 ligase PIAS1.Biol Cell (2012) 104(5):287–
96. doi: 10.1111/boc.201100116

61. Chanda A, Ikeuchi Y, Karve K, Sarkar A, Chandhoke AS, Deng L, et al.
PIAS1 and TIF1gamma collaborate to promote SnoN SUMOylation and
suppression of epithelial-mesenchymal transition. Cell Death Differ (2021)
28(1):267–82. doi: 10.1038/s41418-020-0599-8

62. Cheng J, Bawa T, Lee P, Gong L, Yeh ET. Role of desumoylation in the
development of prostate cancer. Neoplasia (2006) 8(8):667–76. doi: 10.1593/
neo.06445

63. Wang RT, Zhi XY, Zhang Y, Zhang J. Inhibition of SENP1 induces
radiosensitization in lung cancer cells. Exp Ther Med (2013) 6(4):1054–8.
doi: 10.3892/etm.2013.1259

64. Xu Y, Li J, Zuo Y, Deng J, Wang LS, Chen GQ. SUMO-specific protease 1
regulates the in vitro and in vivo growth of colon cancer cells with the
upregulated expression of CDK inhibitors. Cancer Lett (2011) 309(1):78–84.
doi: 10.1016/j.canlet.2011.05.019

65. Wang Z, Jin J, Zhang J, Wang L, Cao J. Depletion of SENP1 suppresses the
proliferation and invasion of triple-negative breast cancer cells. Oncol Rep
(2016) 36(4):2071–8. doi: 10.3892/or.2016.5036

66. Jia Y, Guo Y, Jin Q, Qu H, Qi D, Song P, et al. A SUMOylation-dependent
HIF-1alpha/CLDN6 negative feedback mitigates hypoxia-induced breast
cancer metastasis. J Exp Clin Cancer Res (2020) 39(1):42. doi: 10.1186/
s13046-020-01547-5

67. Chen CH, Chang CC, Lee TH, Luo M, Huang P, Liao PH, et al. SENP1
deSUMOylates and regulates Pin1 protein activity and cellular function.
Cancer Res (2013) 73(13):3951–62. doi: 10.1158/0008-5472.CAN-12-4360

68. Goeres J, Chan PK, Mukhopadhyay D, Zhang H, Raught B, Matunis MJ. The
SUMO-specific isopeptidase SENP2 associates dynamically with nuclear
pore complexes through interactions with karyopherins and the Nup107-
160 nucleoporin subcomplex. Mol Biol Cell (2011) 22(24):4868–82. doi:
10.1091/mbc.e10-12-0953

69. Tan MY, Mu XY, Liu B, Wang Y, Bao ED, Qiu JX, et al. SUMO-specific
protease 2 suppresses cell migration and invasion through inhibiting the
expression of MMP13 in bladder cancer cells. Cell Physiol Biochem (2013) 32
(3):542–8. doi: 10.1159/000354458

70. Nait Achour T, Sentis S, Teyssier C, Philippat A, Lucas A, Corbo L, et al.
Transcriptional repression of estrogen receptor alpha signaling by SENP2 in
breast cancer cells. Mol Endocrinol (2014) 28(2):183–96. doi: 10.1210/
me.2013-1376

71. Mirecka A, Morawiec Z, Wozniak K. Genetic Polymorphism of SUMO-
Specific Cysteine Proteases - SENP1 and SENP2 in Breast Cancer. Pathol
Oncol Res (2016) 22(4):817–23. doi: 10.1007/s12253-016-0064-7

72. Jin ZL, Pei H, Xu YH, Yu J, Deng T. The SUMO-specific protease SENP5
controls DNA damage response and promotes tumorigenesis in
hepatocellular carcinoma. Eur Rev Med Pharmacol Sci (2016) 20
(17):3566–73.

73. Cai J, Wei X, Zhang G, Sui Y, Zhuang J, Liu Z, et al. Association of SENPs
single-nucleotide polymorphism and breast cancer in Chinese population.
Med (Baltimore) (2019) 98(6):e14168. doi: 10.1097/MD.0000000000014168

74. Lin FM, Kumar S, Ren J, Karami S, Bahnassy S, Li Y, et al. SUMOylation of
HP1alpha supports association with ncRNA to define responsiveness of
breast cancer cells to chemotherapy. Oncotarget (2016) 7(21):30336–49. doi:
10.18632/oncotarget.8733

75. Bawa-Khalfe T, Lu LS, Zuo Y, Huang C, Dere R, Lin FM, et al. Differential
expression of SUMO-specific protease 7 variants regulates epithelial-
mesenchymal transition. Proc Natl Acad Sci USA (2012) 109(43):17466–
71. doi: 10.1073/pnas.1209378109

76. Buckley CD, Tan J, Anderson KL, Hanein D, Volkmann N, Weis WI, et al.
Cell adhesion. The minimal cadherin-catenin complex binds to actin
filaments under force. Science (2014) 346(6209):1254211. doi: 10.1126/
science.1254211

77. Harris TJ, Tepass U. Adherens junctions: from molecules to morphogenesis.
Nat Rev Mol Cell Biol (2010) 11(7):502–14. doi: 10.1038/nrm2927

78. Hollestelle A, Elstrodt F, Timmermans M, Sieuwerts AM, Klijn JG, Foekens
JA, et al. Four human breast cancer cell lines with biallelic inactivating alpha-
catenin gene mutations. Breast Cancer Res Treat (2010) 122(1):125–33. doi:
10.1007/s10549-009-0545-4
Frontiers in Oncology | www.frontiersin.org 10229
79. Piao HL, Yuan Y, Wang M, Sun Y, Liang H, Ma L. alpha-catenin acts as a
tumour suppressor in E-cadherin-negative basal-like breast cancer by
inhibiting NF-kappaB signalling. Nat Cell Biol (2014) 16(3):245–54. doi:
10.1038/ncb2909

80. de Groot JS, Ratze MA, van Amersfoort M, Eisemann T, Vlug EJ, Niklaas
MT, et al. alphaE-catenin is a candidate tumor suppressor for the
development of E-cadherin-expressing lobular-type breast cancer. J Pathol
(2018) 245(4):456–67. doi: 10.1002/path.5099

81. Sun Y, Zhang J, Ma L. alpha-catenin. A tumor suppressor beyond adherens
junctions. Cell Cycle (2014) 13(15):2334–9. doi: 10.4161/cc.29765

82. Nakopoulou L, Gakiopoulou-Givalou H, Karayiannakis AJ, Giannopoulou I,
Keramopoulos A, Davaris P, et al. Abnormal alpha-catenin expression in
invasive breast cancer correlates with poor patient survival. Histopathology
(2002) 40(6):536–46. doi: 10.1046/j.1365-2559.2002.01392.x

83. Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: metabolism and
growth control in tumour suppression. Nat Rev Cancer (2009) 9(8):563–
75. doi: 10.1038/nrc2676

84. Huang X, Li X, Xie X, Ye F, Chen B, Song C, et al. High expressions of LDHA
and AMPK as prognostic biomarkers for breast cancer. Breast (2016) 30:39–
46. doi: 10.1016/j.breast.2016.08.014

85. Saha M, Kumar S, Bukhari S, Balaji SA, Kumar P, Hindupur SK, et al.
AMPK-Akt Double-Negative Feedback Loop in Breast Cancer Cells
Regulates Their Adaptation to Matrix Deprivation. Cancer Res (2018) 78
(6):1497–510. doi: 10.1158/0008-5472.CAN-17-2090

86. Roett MA, Evans P. Ovarian cancer: an overview. Am Fam Physician (2009)
80(6):609–16.

87. Xu J, Watkins T, Reddy A, Reddy ES, Rao VN. A novel mechanism whereby
BRCA1/1a/1b fine tunes the dynamic complex interplay between SUMO-
dependent/independent activities of Ubc9 on E2-induced ERalpha activation/
repression and degradation in breast cancer cells. Int J Oncol (2009) 34(4):939–
49. doi: 10.3892/ijo_00000220

88. Park MA, Seok YJ, Jeong G, Lee JS. SUMO1 negatively regulates BRCA1-
mediated transcription, via modulation of promoter occupancy. Nucleic
Acids Res (2008) 36(1):263–83. doi: 10.1093/nar/gkm969

89. Barger CJ, Branick C, Chee L, Karpf AR. Pan-Cancer Analyses Reveal Genomic
Features of FOXM1 Overexpression in Cancer. Cancers (Basel) (2019) 11(2). doi:
10.3390/cancers11020251

90. Kalaw E, Lim M, Kutasovic JR, Sokolova A, Taege L, Johnstone K, et al.
Metaplastic breast cancers frequently express immune checkpoint markers
FOXP3 and PD-L1. Br J Cancer (2020) 123(11):1665–72. doi: 10.1038/
s41416-020-01065-3

91. Fallah Y, Brundage J, Allegakoen P, Shajahan-Haq AN. MYC-Driven
Pathways in Breast Cancer Subtypes. Biomolecules (2017) 7(3):53. doi:
10.3390/biom7030053

92. Chen Y, Sun XX, Sears RC, Dai MS. Writing and erasing MYC
ubiquitination and SUMOylation. Genes Dis (2019) 6(4):359–71. doi:
10.1016/j.gendis.2019.05.006

93. Maubach G, Schmadicke AC, Naumann M. NEMO Links Nuclear
Factor-kappaB to Human Diseases: (Trends Mol Med. 23, 1138-1155;
2017). Trends Mol Med (2018) 24(7):654. doi: 10.1016/j.molmed.
2018.01.009

94. Elsarraj HS, Valdez KE, Hong Y, Grimm SL, Ricci LR, Fan F, et al. NEMO, a
Transcriptional Target of Estrogen and Progesterone, Is Linked to Tumor
Suppressor PML in Breast Cancer. Cancer Res (2017) 77(14):3802–13. doi:
10.1158/0008-5472.CAN-16-2794

95. Chen H, Xu Z, Li X, Yang Y, Li B, Li Y, et al. a-catenin SUMOylation
increases IkBa stability and inhibits breast cancer progression. Oncogenesis
(2018) 7(3):28. doi: 10.1038/s41389-018-0037-7

96. Cheng L, Yuan B, Ying S, Niu C, Mai H, Guan X, et al. PES1 is a critical
component of telomerase assembly and regulates cellular senescence. Sci Adv
(2019) 5(5):eaav1090. doi: 10.1126/sciadv.aav1090

97. Cheng L, Li J, Han Y, Lin J, Niu C, Zhou Z, et al. PES1 promotes breast
cancer by differentially regulating ERalpha and ERbeta. J Clin Invest (2012)
122(8):2857–70. doi: 10.1172/JCI62676

98. Arreal L, Piva M, Fernandez S, Revandkar A, Schaub-Clerigue A, Villanueva J,
et al. Targeting PML in triple negative breast cancer elicits growth suppression
and senescence. Cell Death Differ (2020) 27(4):1186–99. doi: 10.1038/s41418-
019-0407-5
April 2021 | Volume 11 | Article 659661

https://doi.org/10.1111/boc.201100116
https://doi.org/10.1038/s41418-020-0599-8
https://doi.org/10.1593/neo.06445
https://doi.org/10.1593/neo.06445
https://doi.org/10.3892/etm.2013.1259
https://doi.org/10.1016/j.canlet.2011.05.019
https://doi.org/10.3892/or.2016.5036
https://doi.org/10.1186/s13046-020-01547-5
https://doi.org/10.1186/s13046-020-01547-5
https://doi.org/10.1158/0008-5472.CAN-12-4360
https://doi.org/10.1091/mbc.e10-12-0953
https://doi.org/10.1159/000354458
https://doi.org/10.1210/me.2013-1376
https://doi.org/10.1210/me.2013-1376
https://doi.org/10.1007/s12253-016-0064-7
https://doi.org/10.1097/MD.0000000000014168
https://doi.org/10.18632/oncotarget.8733
https://doi.org/10.1073/pnas.1209378109
https://doi.org/10.1126/science.1254211
https://doi.org/10.1126/science.1254211
https://doi.org/10.1038/nrm2927
https://doi.org/10.1007/s10549-009-0545-4
https://doi.org/10.1038/ncb2909
https://doi.org/10.1002/path.5099
https://doi.org/10.4161/cc.29765
https://doi.org/10.1046/j.1365-2559.2002.01392.x
https://doi.org/10.1038/nrc2676
https://doi.org/10.1016/j.breast.2016.08.014
https://doi.org/10.1158/0008-5472.CAN-17-2090
https://doi.org/10.3892/ijo_00000220
https://doi.org/10.1093/nar/gkm969
https://doi.org/10.3390/cancers11020251
https://doi.org/10.1038/s41416-020-01065-3
https://doi.org/10.1038/s41416-020-01065-3
https://doi.org/10.3390/biom7030053
https://doi.org/10.1016/j.gendis.2019.05.006
https://doi.org/10.1016/j.molmed.2018.01.009
https://doi.org/10.1016/j.molmed.2018.01.009
https://doi.org/10.1158/0008-5472.CAN-16-2794
https://doi.org/10.1038/s41389-018-0037-7
https://doi.org/10.1126/sciadv.aav1090
https://doi.org/10.1172/JCI62676
https://doi.org/10.1038/s41418-019-0407-5
https://doi.org/10.1038/s41418-019-0407-5
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Qin et al. SUMOylation and Breast Cancer
99. Martin-Martin N, Piva M, Urosevic J, Aldaz P, Sutherland JD,
Fernandez-Ruiz S, et al. Stratification and therapeutic potential of
PML in metastatic breast cancer. Nat Commun (2016) 7:12595
doi: 10.1038/ncomms12595.

100. Maroui MA, Kheddache-Atmane S, El Asmi F, Dianoux L, Aubry M, Chelbi-
Alix MK. Requirement of PML SUMO interacting motif for RNF4- or arsenic
trioxide-induced degradation of nuclear PML isoforms. PloS One (2012) 7
(9):e44949. doi: 10.1371/journal.pone.0044949

101. Chandhoke AS, Karve K, Dadakhujaev S, Netherton S, Deng L, Bonni S. The
ubiquitin ligase Smurf2 suppresses TGFbeta-induced epithelial-
mesenchymal transition in a sumoylation-regulated manner. Cell Death
Differ (2016) 23(5):876–88. doi: 10.1038/cdd.2015.152

102. Emanuelli A, Manikoth Ayyathan D, Koganti P, Shah PA, Apel-Sarid L,
Paolini B, et al. Altered Expression and Localization of Tumor
Suppressive E3 Ubiquitin Ligase SMURF2 in Human Prostate and
Breast Cancer. Cancers (Basel) (2019) 11(4):506. doi: 10.3390/cancers
11040556

103. Liu X, Gu X, Sun L, Flowers AB, Rademaker AW, Zhou Y, et al.
Downregulation of Smurf2, a tumor-suppressive ubiquitin ligase, in triple-
negative breast cancers: involvement of the RB-microRNA axis. BMC Cancer
(2014) 14:57. doi: 10.1186/1471-2407-14-57

104. Yu H, Jove R. The STATs of cancer–new molecular targets come of age. Nat
Rev Cancer (2004) 4(2):97–105. doi: 10.1038/nrc1275

105. Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H, et al.
CD44 variant regulates redox status in cancer cells by stabilizing the xCT
subunit of system xc(-) and thereby promotes tumor growth. Cancer Cell
(2011) 19(3):387–400. doi: 10.1016/j.ccr.2011.01.038

106. Chen RS, Song YM, Zhou ZY, Tong T, Li Y, Fu M, et al. Disruption of xCT
inhibits cancer cell metastasis via the caveolin-1/beta-catenin pathway.
Oncogene (2009) 28(4):599–609. doi: 10.1038/onc.2008.414

107. Xiong A, Yang Z, Shen Y, Zhou J, Shen Q. Transcription Factor STAT3 as a
Novel Molecular Target for Cancer Prevention. Cancers (Basel) (2014) 6
(2):926–57. doi: 10.3390/cancers6020926
Frontiers in Oncology | www.frontiersin.org 11230
108. Paonessa F, Foti D, Costa V, Chiefari E, Brunetti G, Leone F, et al. Activator
protein-2 overexpression accounts for increased insulin receptor expression
in human breast cancer. Cancer Res (2006) 66(10):5085–93. doi: 10.1158/
0008-5472.CAN-05-3678

109. Bogachek MV, Park JM, De Andrade JP, Kulak MV, White JR, Wu T,
et al. A novel animal model for locally advanced breast cancer. Ann Surg
Oncol (2015) 22(3):866–73. doi: 10.1245/s10434-014-4174-8

110. Park SY, Lee HE, Li H, Shipitsin M, Gelman R, Polyak K. Heterogeneity for
stem cell-related markers according to tumor subtype and histologic stage in
breast cancer. Clin Cancer Res (2010) 16(3):876–87. doi: 10.1158/1078-
0432.CCR-09-1532

111. Bogachek MV, Park JM, De Andrade JP, Lorenzen AW, Kulak MV, White
JR, et al. Inhibiting the SUMO Pathway Represses the Cancer Stem Cell
Population in Breast and Colorectal Carcinomas. Stem Cell Rep (2016) 7
(6):1140–51. doi: 10.1016/j.stemcr.2016.11.001

112. Duffy MJ, Synnott NC, Crown J. Mutant p53 in breast cancer: potential as a
therapeutic target and biomarker. Breast Cancer Res Treat (2018) 170
(2):213–9. doi: 10.1007/s10549-018-4753-7

113. Stindt MH, Carter S, Vigneron AM, Ryan KM, Vousden KH. MDM2
promotes SUMO-2/3 modification of p53 to modulate transcriptional
activity. Cell Cycle (2011) 10(18):3176–88. doi: 10.4161/cc.10.18.17436

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Qin, Yuan, Chen, Yang, Xing, Shen, Dong, An, Qi and Wu. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
April 2021 | Volume 11 | Article 659661

https://doi.org/10.1038/ncomms12595
https://doi.org/10.1371/journal.pone.0044949
https://doi.org/10.1038/cdd.2015.152
https://doi.org/10.3390/cancers11040556
https://doi.org/10.3390/cancers11040556
https://doi.org/10.1186/1471-2407-14-57
https://doi.org/10.1038/nrc1275
https://doi.org/10.1016/j.ccr.2011.01.038
https://doi.org/10.1038/onc.2008.414
https://doi.org/10.3390/cancers6020926
https://doi.org/10.1158/0008-5472.CAN-05-3678
https://doi.org/10.1158/0008-5472.CAN-05-3678
https://doi.org/10.1245/s10434-014-4174-8
https://doi.org/10.1158/1078-0432.CCR-09-1532
https://doi.org/10.1158/1078-0432.CCR-09-1532
https://doi.org/10.1016/j.stemcr.2016.11.001
https://doi.org/10.1007/s10549-018-4753-7
https://doi.org/10.4161/cc.10.18.17436
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


MINI REVIEW
published: 21 April 2021

doi: 10.3389/fonc.2021.617597

Frontiers in Oncology | www.frontiersin.org 1 April 2021 | Volume 11 | Article 617597

Edited by:

Lorenzo Gerratana,

University of Udine, Italy

Reviewed by:

Federico Bocci,

University of California, Irvine,

United States

Minal Garg,

University of Lucknow, India

*Correspondence:

Mingqing Xu

xumingqing0018@163.com

Specialty section:

This article was submitted to

Molecular and Cellular Oncology,

a section of the journal

Frontiers in Oncology

Received: 15 October 2020

Accepted: 23 February 2021

Published: 21 April 2021

Citation:

Zheng X, Dai F, Feng L, Zou H, Feng L

and Xu M (2021) Communication

Between Epithelial–Mesenchymal

Plasticity and Cancer Stem Cells: New

Insights Into Cancer Progression.

Front. Oncol. 11:617597.

doi: 10.3389/fonc.2021.617597

Communication Between
Epithelial–Mesenchymal Plasticity
and Cancer Stem Cells: New Insights
Into Cancer Progression

Xiaobo Zheng 1, Fuzhen Dai 2, Lei Feng 3, Hong Zou 1,4, Li Feng 5 and Mingqing Xu 1,6*

1Department of Liver Surgery, West China Hospital, Sichuan University, Chengdu, China, 2Department of General Surgery,

The First People’s Hospital of Longquanyi District, Chengdu, China, 3Department of Biliary Surgery, West China Hospital,

Sichuan University, Chengdu, China, 4General Surgery Center of PLA, General Hospital of Western Theater Command,

Chengdu, China, 5Department of General Surgery, Hospital of Chengdu University of Traditional Chinese Medicine,

Chengdu, China, 6Department of Hepatopancreatobiliary Surgery, Meishan City People’s Hospital, Meishan Hospital of West

China Hospital, Sichuan University, Meishan, China

The epithelial–mesenchymal transition (EMT) is closely associated with the acquisition

of aggressive traits by carcinoma cells and is considered responsible for metastasis,

relapse, and chemoresistance. Molecular links between the EMT and cancer stem

cells (CSCs) have indicated that EMT processes play important roles in the expression

of CSC-like properties. It is generally thought that EMT-related transcription factors

(EMT-TFs) need to be downregulated to confer an epithelial phenotype to mesenchymal

cells and increase cell proliferation, thereby promoting metastasis formation. However,

the genetic and epigenetic mechanisms that regulate EMT and CSC activation are

contradictory. Emerging evidence suggests that EMT need not be a binary model

and instead a hybrid epithelial/mesenchymal state. This dynamic process correlates

with epithelial–mesenchymal plasticity, which indicates a contradictory role of EMT

during cancer progression. Recent studies have linked the epithelial–mesenchymal

plasticity and stem cell-like traits, providing new insights into the conflicting relationship

between EMT and CSCs. In this review, we examine the current knowledge about

the interplay between epithelial–mesenchymal plasticity and CSCs in cancer biology

and evaluate the controversies and future perspectives. Understanding the biology

of epithelial–mesenchymal plasticity and CSCs and their implications in therapeutic

treatment may provide new opportunities for targeted intervention.

Keywords: epithelial-mesenchymal plasticity, cancer stem cells, epithelial-mesenchymal transition,

mesenchymal-epithelial transition, metastasis, stemness

INTRODUCTION

Epithelial–mesenchymal transition (EMT) is the process through which epithelial cells alter their
phenotype, enabling them to lose their main epithelial cell traits and convert into cells expressing
mesenchymal cell markers (1, 2). Following the EMT, cells switch from polygonal to spindle-like
fusiform shape, lose cell polarity, and gain increased resistance to apoptosis and the ability to
migrate and invade (3–8). The EMT occurs in various physiological and pathological conditions,
including embryonic processes essential for normal development, tissue morphogenesis and repair,
tissue reconstruction, fibrogenesis, and tumorigenesis (9–12).
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EMT has been associated with cancer stemness, characterized
by an increase in the number of cancer stem cells (CSCs) (13–
16). CSCs are subclone cells in the tumor tissue that obtain
stem cell traits (17, 18). CSCs exhibit self-renewal, maintain
tumor formation ability, and can differentiate into various cells
to support the tumor; therefore, these cells are considered a
source of tumorigenesis, metastasis, and relapse (19–21). In
addition, CSCs are highly related to chemoresistance (22). Even
if most tumor cells are eliminated by chemotherapy, if CSCs
are not eradicated, relapse, metastasis, and chemoresistance still
commonly occur (23). Similar to normal stem cells, most CSCs
are quiescent and slow growing, which is why they are resistant
to anticancer drugs (24).

Previous studies have suggested that cells undergoing EMT
possess stem cell traits and that tumor cells retaining stemness
express markers of the EMT (25). However, several studies have
shown that stemness is coupled with the mesenchymal–epithelial
transition (MET) rather than the EMT and that regulation of
the EMT and stemness is distinct (26–30). Thus, the correlation
between the EMT and stemness is not clear. Recently, the EMT
was defined as a dynamic, hybrid epithelial/mesenchymal state
(31–33). Of note, this hybrid state is a coexistence of epithelial
and mesenchymal phenotypes, rather than the junction of
separate phenotypes; epithelial–mesenchymal plasticity was used
to describe this hybrid epithelial/mesenchymal state during EMT.
Importantly, epithelial–mesenchymal plasticity is involved in
cancer progression and associated with stem cell-like traits, which
may help explain the conflicting relationship between EMT and
CSCs (34, 35). In this review, we discuss the relationship between
EMT/MET/epithelial–mesenchymal plasticity and CSCs.

EMT CONFERS TUMOR CELLS WITH
TRAITS OF CSCS

Stemness acquired after the induction of the EMT provides
cells with the traits of increased migratory ability and antitumor
drug resistance and promotes tumor metastasis and recurrence
(36–38). Dang et al. (39) found that the EMT induced by
transforming growth factor (TGF) correlates with acquisition
of tumor-initiating stem cells (TISCs) in breast cancer. SNAIL
directly regulates the expression of Nanog in mesenchymal
cells generated by the EMT. Deletion of SNAIL influences
the growth but not the initial formation of the tumor. Kim
et al. (40) found that CD13+ liver CSCs can survive in
a hypoxic environment after chemotherapy and that EMT
enhances cell stemness by suppressing the activity of reactive
oxygen species. Garg suggested that CSCs could be classified
into two distinct functional transition states, one of which
is cyclic CSCs with predominant epithelial phenotype that
can self-renew and differentiate into mature cancer cells. The
other subset is autophagic/non-cyclic CSCs with predominant
mesenchymal phenotype that have the capacity to invade
and metastasize and that are majorly responsible for cancer
mortality (41). The EMT seems to work together with the
microenvironment to promote proliferation and homing of
CSCs. Cytokines are critical for regulating the microenvironment

and are necessary for initiating the EMT (42). It was reported that
the TGF-β/BMP signaling pathways regulate primary tumor and
metastasis microenvironments in colorectal and breast cancer
(43). Collectively, these studies point to the fact that CSCs can
be induced by EMT and exhibit a mesenchymal phenotype with
greater metastatic potential.

EMT and acquisition of CSC-like characteristics are key
steps in the metastasis and recurrence of a tumor after radical
resection. A study by Mani and colleagues (25) showed that
EMT induction in immortalized human mammary epithelial
cells led to increased mammosphere formation in vitro and
tumorigenicity in vivo, suggesting that the EMT process can
stimulate the acquisition of cell stemness. Moreover, the EMT
confers stem cell-like properties, consistent with the migratory
CSC concept. Several lines of evidence have supported the
relationship between EMT and stemness. For example, Morel
et al. (44) showed that CD44−CD24+ breast epithelial cells,
which are non-tumorigenic, can induce the EMT after activating
the RAS/mitogen-activated protein kinase pathway and acquire
the CD44+CD24− phenotype and stem cell traits. CD24+ cells
treated with TGF do undergo the EMT, as demonstrated by
the downregulation of E-cadherin and the upregulation of
vimentin, accompanied by acquisition of CD24− features. It is
thus tempting to speculate that the EMT may be an important
step in controlling the transition of CD44−CD24+ cells to
CD44+CD24− cells. In CSCs isolated from colorectal cancer
surgery samples and analyzed using gene chips, Hwang et al.
(45) found a high expression of CD44 and CD166, stem cell
markers that regulate the EMT-associated transcription factor
(TF) SNAIL. Subclones of basement-like breast cancer cells have
a high proportion of CD44+CD24− stem cell-like cells and
overexpress EMT-correlated genes (46). Another study found
that Fox2, an EMT-related TF, is highly expressed in breast
cancer and is closely linked with basement-like subclones (47).
Immunohistochemical analysis of 479 infiltrated breast cancer
samples revealed that basement-like breast cancers express high
levels of EMT-associated factors but low levels of E-cadherin (48).
Taken together, these studies confirmed the fact that stemness
and EMT are indeed intricately linked.

MET IN RECOVERING EPITHELIAL TRAITS
FOR ENHANCING STEMNESS TO
FACILITATE DISTAL COLONIZATION

Several results have linked the MET and stem cell-like traits,
challenging the view on the relationship between the EMT
and CSCs (31, 49–51). The general view suggests that EMT-
related transcription factors (EMT-TFs) must be downregulated
in order to convert mesenchymal cells into epithelial cells and
to increase proliferation, thereby promoting tumor metastasis
formation (52). In order to form clones, malignant tumor cells
need to assume an epithelial phenotype and maintain a state of
stemness (53). Interestingly, Padmanaban et al. revealed that the
expression of E-cadherin needs to be rescued via the inhibition
of TGFβ-receptor signaling during the detachment, systemic
dissemination, and seeding phases of metastasis in invasive breast
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ductal carcinomas (54). Fibroblasts must experience the MET to
complete their progression to induced pluripotent stem cells (29).
A study by Tsai et al. (27) clearly supported the role of the EMT
in dissemination and the subsequent MET for colonization and
macrometastasis. Additionally, a study by Ocaña et al. (28) also
supported the role of the EMT in dissemination and the necessity
of reversing the EMT for metastasis.

The mechanism underlying MET in recovering cancer cells
stemness is still complicated. Several studies have reported
that downregulation of traditional EMT-TFs cannot induce
stemness because the regulation of stem cell properties is
independent from that of epithelial plasticity (55). However,
stem cell properties can be acquired through inhibition of
Prrx1 (28, 56). Prrx1 and TWIST can both induce EMT
properties alone; however, while deletion of Prrx1 induces lung
metastasis, ablation of TWIST does not have the same effect.
Intriguingly, deletion of Prrx1 in BT-549 cells enhances stemness,
accompanied with increased mammosphere formation, self-
renewal ability, and CD24−/CD44+ CSC proportion (28).
Instead, downregulation of TWIST does not induce stemness,
suggesting that downregulation of traditional EMT-TFs is not
related to the occurrence of stemness and that regulation of the
EMT and CSCs is distinct. In addition, Prrx1 expression predicts
better prognosis and higher metastasis-free survival (57). Celià-
Terrassa et al. (58) illustrated that the EMT can inhibit TISCs,
suggesting that there are different subpopulations of EMT-TFs.
In addition, the EMT must be reversed to allow growth and
clonal expansion because invasive dedifferentiated tumor cells
from the EMT were found to be quiescent, whereas proliferation
was detected in redifferentiatedmetastatic tumor cells, suggesting
that the EMT should reverse to the MET.

It has been reported that the mesenchymal state is related
to early events in metastasis, such as dissemination, invasion,
and intravascular infiltration. EMT-TFs initiate the invasion–
metastasis cascade when aberrantly activated in tumors. A
recent study showed that CSC formation is an early and
frequent event in LSC progression (59). It has also been
suggested that the epithelial state with stemness is correlated
with later phases of metastasis (55). Moreover, the observations
that CSC plasticity is elevated in advanced cancers and that
regulation of the epithelial–mesenchymal states is increased
are highly relevant (35). Mesenchymal state-associated invasion
and dissemination are necessary, but not sufficient, to induce
metastasis, and additional epithelial state with stemness is
required to complete the full metastasis cascade (60). Therefore,
epithelial–mesenchymal heterogeneity with stemness plasticity is
involved in the entire process of invasion and metastasis.

EMERGENCE OF
EPITHELIAL–MESENCHYMAL PLASTICITY

Recently, epithelial–mesenchymal plasticity was recommended
as unified nomenclature by the EMT international association
and was termed as the ability of cells to adopt mixed
epithelial/mesenchymal (E/M) features and transit between EMT
and MET states (50, 61). This epithelial–mesenchymal plasticity

has been variably referred to as partial EMT, hybrid E/M status,
intermediate EMT, a metastable EMT state, EMT continuum,
and EMT spectrum, which were widely used in past studies
(62). The cells undergoing epithelial–mesenchymal plasticity
express a mixture of epithelial and mesenchymal features
and express both epithelial and mesenchymal markers (63).
Epithelial–mesenchymal plasticity also helps to account for the
reversibility of the EMT process. Epithelial cells going through
EMT give rise to cell populations that may enter reversibly into
states with various proportions of epithelial and mesenchymal
features (64, 65). Epithelial–mesenchymal plasticity is thought
to provide cells with the fitness and flexibility to fulfill the
diverse requirements during the course of either developmental
or pathological processes. These cell transitions allow them to
migrate from the primary tumor and invade the secondary site,
playing a fundamental role in cancer metastasis. Epithelial–
mesenchymal plasticity is associated with tumor cell migration,
invasion, colonization, stemness, and drug resistance (66).

Epithelial–mesenchymal plasticity has been reported in many
studies. The hybrid E/M phenotypes have been confirmed both
in vitro and in vivo. Huang et al. systematically analyzed the
protein levels of the epithelial and mesenchymal markers in 42
ovarian carcinoma cell lines. Among these 42 cell lines, 9 have
been characterized as epithelial cells, 7 as mesenchymal cells, and
the remaining 26 cell lines were characterized as hybrid E/M
phenotypes (67). The existence of hybrid E/M states has also
been observed in animal models. Pastushenko and colleagues
screened a large panel of cell surface markers, such as EpCAM,
vimentin, CD106, CD61, and CD51, in genetic mouse models of
skin andmammary primary tumors. They identified the existence
of multiple tumor subpopulations associated with different EMT
stages: from completely epithelial to completely mesenchymal
states, passing through intermediate hybrid states (68). The
hybrid E/M phenotypes were also detected in clinical samples.
Metastatic breast cancers were categorized as either having an
epithelial or hybrid phenotype using a prediction algorithm,
where the VIM:CDH1 gene expression ratio was combined with
the expression of CLDN7 (69). A partial EMT process including
the upregulation of mesenchymal genes in conjunction with the
downregulation of certain epithelial genes was confirmed in a
subset of HNSCC cells through single-cell RNA sequencing (70).
Taken together, the epithelial–mesenchymal plasticity in cancer
cells describes the presence of both epithelial and mesenchymal
markers in the same cancer cells. It might reflect a stable state
of cancer type or a transition phase of cancer cells while they
are switching their phenotype. Its correlation with aggressiveness
and metastasis further enforces the crucial role of epithelial–
mesenchymal plasticity in cancer progression.

THE INTERPLAY BETWEEN
EPITHELIAL–MESENCHYMAL PLASTICITY
AND CSCS

Distal tumor subclone formation is thought to be a multistep and
long-term process, which also explains why various subclones
have distinct proliferative abilities (71). Stemness is also a
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state of plasticity in tumor progression, allowing static and
migratory CSCs to coexist (72). These ideas are consistent with
the concept of epithelial–mesenchymal plasticity, a process that
is thought to be a hybrid state during metastasis. The shift
among the hybrid states of EMT may orchestrate the entire
process of distant metastasis formation, from acquisition of
invasive ability from primary tumor and dissemination via the
bloodstream, to seeding in distant organs, stemness recovery
for clonal expansion, and macrometastasis (73). Emerging
evidence from theoretical and experimental studies has revealed
the association of epithelial–mesenchymal plasticity with CSCs
(74–77). Pastushenko et al. reported that the earliest EMT
state already exhibits increased CSC frequency, and tumor
stemness does not increase further in later hybrid epithelial–
mesenchymal states (68). Francescangeli et al. reported that a pre-
existing population of ZEB2+ quiescent cells in colorectal cancer
showed both stemness and mesenchymal features and dictated
chemotherapy resistance (78). Co-expression of stem cell and
both epithelial and mesenchymal characters was also observed in
circulating tumor cells of bladder cancer patients (79). Epithelial–
mesenchymal plasticity was associated with miRNA let-7, which
was an important factor affecting the CSC phenotype in high-
grade serous ovarian carcinoma samples and could be correlated
with tumor growth and metastasis (80). Quan et al. reported
that ∼60% of the leader CSCs in collective invasion co-existed
with hybrid epithelial–mesenchymal states, indicating that CSCs
with epithelial–mesenchymal plasticity play a key role in cancer
cell collective invasion (81). Moreover, a previous study reported
that in response to microenvironmental signals, lung cancer
cells converted to CSC state through regulation of the balance
between epithelial andmesenchymal transition (82). Collectively,
the above results indicate that epithelial–mesenchymal plasticity
confers cancer cells with the traits of stemness.

Themechanism underlying epithelial–mesenchymal plasticity
and CSCs is still largely unknown. Recently, some factors that
regulate the epithelial–mesenchymal plasticity and stemness of
CSCs were reported. OvoL/Shavenbaby factors are a family of
key epithelial stabilizers and are critical for adult stem cell
homeostasis. Stemness and epithelial–mesenchymal plasticity
could be regulated by interaction of EMT transcription
factors and OvoL/Shavenbaby (83). A study reported that
the non-coding RNAs expressed on the DLK1-DIO3 locus
regulate the epithelial–mesenchymal plasticity in breast epithelial
progenitor cells, providing evidence of the interplay of epithelial–
mesenchymal plasticity and stemness (84). miRNAs, which
are important factors in tumorigenesis and progression of
cancers, are also involved in mediating interactions between
epithelial–mesenchymal plasticity and CSCs (85–88). Jiang et al.
reported that Prrx1 promotes epithelial–mesenchymal plasticity
and activates cell dormancy in head and neck squamous cell
carcinoma and that miR-642b-3p restoration rescues PRRX1-
induced phenotype and cell dormancy (85). Furthermore, You
et al. observed that miRNA-495 confers inhibitory effects on
CSCs, as well as EMT, in oral squamous cell carcinoma through
HOXC6-mediated TGF-β signaling pathway (86). The long non-
coding RNA H19 mediates epithelial–mesenchymal plasticity
by differentially sponging miR-200b/c and let-7b, wherein the

latter is a CSC regulator in colon cancer (88, 89). Several
studies have shown that cells with hybrid E/M states and CSC
phenotypes are spatially segregated in the primary tumor (90).
Bocci et al. observed through a mechanism-based dynamical
model that the diffusion of EMT-inducing signals such as TGF-
β, together with non-cell autonomous control of EMT and CSC
decision-making via the Notch signaling pathway, can explain
the experimentally observed disparate localization of subsets
of CSCs with varying EMT phenotypes in the tumor (74).
These results offer insights into the principles of spatiotemporal
patterning in epithelial–mesenchymal plasticity and identify a
relevant target during hybrid E/M states to alleviate multiple
CSC subsets. Using a mechanism-based model, Bocci et al.
explained how metformin can both inhibit EMT and blunt the
aggressive potential of CSCs simultaneously by driving the cells
out of a hybrid E/M stem-like state with enhanced Notch-Jagged
signaling (91).

The expression levels of EMT-TFs, such as SNAIL and
TWIST, in primary tumors are also fluctuant associated
with cancer cell stemness. The consecutive expression of
SNAIL, Prrx1, and TWIST also inhibits the formation of
metastasis because EMT-TFs must be downregulated to facilitate
stemness recovery and tumor formation (58). This is not
contradictory, but simply reflects epithelial–mesenchymal
plasticity and the dynamic process resembling the migration
of embryonic cell populations to distant organs/sites. Thus,
EMT-TFs are related to cell behavior rather than to cell
fate, and hence, their expression is dynamic. Accordingly,
as recommended by the EMT international association,
EMT-TFs alone cannot be used as markers of differentiated
cell populations, the equivalent of differentiated distant
metastases (92). Further investigation of the downregulation
of EMT-TFs in signaling pathways associated with the
formation of CSCs is needed, particularly with regard to
the interplay among the epithelial–mesenchymal plasticity,
invasion of the primary tumor, and stemness recovery
for tumor metastatic colonization. The complex interplay
between epithelial–mesenchymal plasticity, CSCs, and tumor
microenvironment gives rise to tumor heterogeneity that still
represents the major challenge hampering therapy for metastasis
and chemoresistance.

CONCLUSION AND PERSPECTIVES

This review suggests that epithelial–mesenchymal plasticity is
involved in the process of CSC development. The coexistence
of epithelial–mesenchymal plasticity and CSCs correlates with
poor prognosis and resistance to therapy (93). Furthermore,
emerging evidence has shown that targeting epithelial–
mesenchymal plasticity-induced CSCs can effectively regulate
tumor progression and drug resistance. Liu et al. reported that
metformin inhibits prostate cancer resistant to enzalutamide by
reducing the cells with hybrid E/M status and, thereby, restricting
the formation of CSCs (94). Nevertheless, the mechanism
underlying the relationship between epithelial–mesenchymal
plasticity and CSCs still remains poorly understood. Additional
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research is required at the molecular level to clarify, for
example, how TWIST and Prrx1 interact, and how Prrx1
inhibits the induction of stemness while not inhibiting the
EMT-promoting function of TWIST, as well as to elucidate
the roles of other potential EMT-related factors, such as
SNAIL and ZEB1. This will help to unveil the mechanisms
underlying CSC initiation and tumor metastasis. In addition,
it is plausible that non-CSCs can transition to CSCs during
the dynamic process of epithelial–mesenchymal plasticity.
Therefore, the plasticity of CSCs needs to be considered to
explore therapeutic strategies aimed at overcoming tumor
heterogeneity and chemoresistance by targeting CSCs. In
all, understanding these molecular mechanisms can help
improve the efficiency of the ongoing and planned therapeutic
trials to control cancer progression, treatment resistance, and
disease recurrence.
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Background: For pancreatic ductal adenocarcinoma (PDAC) patients, chemotherapy
failure is the major reason for postoperative recurrence and poor outcomes.
Establishment of novel biomarkers and models for predicting chemotherapeutic efficacy
may provide survival benefits by tailoring treatments.

Methods: Univariate cox regression analysis was employed to identify EMT-related
genes with prognostic potential for DFS. These genes were subsequently submitted
to LASSO regression analysis and multivariate cox regression analysis to identify an
optimal gene signature in TCGA training cohort. The predictive accuracy was assessed
by Kaplan–Meier (K-M), receiver operating characteristic (ROC) and calibration curves
and was validated in PACA-CA cohort and our local cohort. Pathway enrichment and
function annotation analyses were conducted to illuminate the biological implication of
this risk signature.

Results: LASSO and multivariate Cox regression analyses selected an 8-gene signature
comprised DLX2, FGF9, IL6R, ITGB6, MYC, LGR5, S100A2, and TNFSF12. The
signature had the capability to classify PDAC patients with different DFS, both in the
training and validation cohorts. It provided improved DFS prediction compared with
clinical indicators. This signature was associated with several cancer-related pathways.
In addition, the signature could also predict the response to immune-checkpoint
inhibitors (ICIs)-based immunotherapy.

Conclusion: We established a novel EMT-related gene signature that was capable
of predicting therapeutic response to adjuvant chemotherapy and immunotherapy.
This signature might facilitate individualized treatment and appropriate management
of PDAC patients.

Keywords: PDAC, EMT, adjuvant chemotherapy, sensitivity, disease-free survival, risk score, prognostic signature

Abbreviations: AUC, area under the curve; DFS, disease-free survival; EMT, epithelial to mesenchymal transition;
GOm Gene Ontology; ICGC, International Cancer Genome Consortium; ICIs, Immune-checkpoint inhibitors; KEGG, Kyoto
Encyclopedia of Genes and Genomes (KEGG); K-M, Kaplan-Meier; PDAC, pancreatic ductal adenocarcinoma; QRT-
PCR, quantitative real time polymerase chain reaction; ROC, receiver operating characteristic; TCGA, The Cancer Genome
Atlas; TNM, tumor, node, metastasis.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant
and devastating disease with a 5 years survival rate not exceeding
10% and its incidence increases about 1% per year in the
United States (Siegel et al., 2021). The dismal outcome of this
malignancy is primarily due to a frequently late diagnosis,
mostly at the metastatic and unresectable stage, and the
notorious chemoresistance (Kamisawa et al., 2016). Surgery
combined with adjuvant chemotherapy is the established therapy
option for resectable PDAC patients (Mizrahi et al., 2020).
Unfortunately, early postoperative recurrence in most patients
caused by the inherent resistance to adjuvant chemotherapy
limits the dramatic improvement of patient survival (Kleeff
et al., 2016). Currently, adjuvant chemotherapy is administrated
empirically, and individual survival benefit of this approach
is still questionable. In PDAC patients, the clinical benefit
response rates to regimens of chemotherapy are extremely
low (Han et al., 2021). Non-responding patients are likely to
suffer a variety of adverse events including asthenia and nausea
(Phua et al., 2018). These intractable issues have motivated
a number of groups to identify robust biomarkers that can
predict therapeutic response to chemotherapy in PDAC patients
(Kyrochristos et al., 2018).

As precision medicine has shown promising signs, a priori
prediction of treatment response may facilitate individual
management and maximize survival benefit of PDAC patients
(Tu et al., 2016). Multiple studies have reported that a
treatment-related decrease in serum CA19-9 can predict
response to treatment (Xu et al., 2018; Aoki et al., 2019;
Perri et al., 2020, 2021). Pre-clinical and clinical evidence
demonstrates that patients with specific PDAC subtypes response
differently to available treatments (Collisson et al., 2011; Aung
et al., 2018). Several genes participating in drug uptake and
metabolism have emerged as powerful predictors of drug
sensitivity (Bird et al., 2017; Raffenne et al., 2019; Okamura
et al., 2020). Recently, with the adventure of high throughput
sequencing and bioinformatic technology, more and more gene
expression signatures have been identified to evaluate drug
sensitivity in PDAC (Kaissis et al., 2019; Clayton et al., 2020;
Piquemal et al., 2020; Nicolle et al., 2021; Nishiwada et al.,
2021).

Epithelial to mesenchymal transition (EMT) program is
related to phenotypic conversion of epithelial cells into more
aggressive mesenchymal-like cells and suppression of EMT
results in enhanced gemcitabine sensitivity in PDAC mice (Zheng
et al., 2015). Compelling evidence has proved a strong association
between EMT-related gene expression and therapeutic resistance
(Shibue and Weinberg, 2017). For instance, Byres et al.
constructed a 76 gene signature based on EMT-related genes with
satisfactory accuracy in predicting clinical response to EGFR and
PI3K inhibitors for patients with non-small-cell lung carcinoma
(Byers et al., 2013). These studies suggest EMT represents an
under-explored source of credible biomarkers that could be used
to predict drug response.

We purposed to establish a model for predicting response
to adjuvant chemotherapy based on EMT-related genes in

PDAC. We measured the association between EMT-related
genes and disease-free survival (DFS), and established an
8-gene signature with excellent predictive performance in
both training and validation datasets. Functionally, this
signature is closely related to several pathways involved in
drug response. Interestingly, we found that this signature
also had potential to predict response to immune-checkpoint
inhibitors (ICIs). These findings may facilitate personalized
treatment and may potentially exempt patients from
heavy finical burden and unnecessary adverse effects
of overtreatment.

MATERIALS AND METHODS

PDAC Cohorts
Two public PDAC cohorts were included in this study. Among
them, TCGA cohort was used as the training set, while PACA-
CA cohort was used for external validation. Processed RNA-
sequencing data and corresponding clinical data of TCGA
cohort were downloaded from TCGA hub at UCSC Xena1.
In the cases of PACA-CA cohort, normalized RNA-sequencing
data and clinical information were retrieved and downloaded
from the International Cancer Genome Consortium (ICGC)2

database. In each cohort, the following criteria were used to
exclude unqualified samples: (a) follow-up time < 1 month;
(b) lack of survival and therapeutic data; (c) histopathological
type is not PDAC. After a careful review, 99 samples in TCGA
cohort and 105 samples in PACA-CA cohort were included
in this study. All patients received adjuvant chemotherapy
in both cohorts, and detail of chemotherapeutic drugs was
only available in TCGA cohort. Patients whose response to
chemotherapy is “clinical progressive disease” or “stable disease”
were defined as chemotherapy-resistant, while patients whose
response to chemotherapy is “complete response” or “partial
response” were defined as chemotherapy-sensitive. Given the
medium size of the cohorts we used, we additionally verified
the EMT signature in our own cohort (Ruijin cohort). 48
PDAC frozen samples were collected as previously reported
(Feng et al., 2020).

Construction of the EMT-Related Gene
Signature for DFS Prediction
A total of 1,184 EMT-related genes were obtained from a
previous article (Cai et al., 2020). In the TCGA training
cohort, EMT-related genes that were significantly associated
with DFS were screened using univariate cox regression
analysis (P < 0.01). Subsequently, LASSO regression
combined with multivariate cox regression analyses were
used to determine the optimal risk model. The risk score
was calculated as follows: Risk score = (coefficient 1 ∗

expression value of gene 1) + (coefficient 2 ∗ expression
value of gene 2) + . + (coefficient X ∗ expression
value of gene X).

1https://tcga.xenahubs.net
2https://icgc.org/
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Predictive Performance of the
EMT-Related Gene Signature
Patients in each cohort were classified into low- and high-risk
groups based on the medium value of risk scores. Kaplan–
Meier (K-M) survival curves were employed to evaluate the
DFS differences between low- and high-risk groups. Calibration
plots comparing the predicted and observed survival probabilities
were performed to assess the predictive accuracy. Receiver
operating characteristic (ROC) curves were utilized to compare
the efficiency of the signature with that of clinical predictors
for DFS prediction. In addition, univariate and multivariate

cox regression analyses were utilized to verify the independent
prognostic role of the signature.

Functional Annotation and Pathway
Enrichment
Aiming to clarify the biological function of the EMT signature, we
conducted Pearson correlation analysis to identify genes whose
expression levels were significantly (P < 0.05) correlated with
risk scores in TCGA training cohort. Top 1,000 positively and
negatively correlated genes were, respectively, submitted to Gene
Ontology (GO) analysis and The Kyoto Encyclopedia of Genes

FIGURE 1 | Establishment of the EMT-related gene signature in TCGA training cohort. (A) Cross-validation for tuning parameter (lambda) screening in the LASSO
regression model. (B) LASSO coefficient profiles of 35 prognostic EMT-related genes. (C) Forest plot of the eight EMT-related genes. (D) Distribution of the eight
genes and risk scores in patients stratified by the chemotherapy sensitivity.
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and Genomes (KEGG) pathway enrichment analysis on DAVID
online website (Huang et al., 2007).

Quantitative Real Time Polymerase
Chain Reaction (qRT-PCR)
Reverse transcription and qRT-PCR were performed as
previously reported (Feng et al., 2020). The mRNA primer
sequences are displayed in Supplementary Table 1.

Statistical Analysis
The statistical analysis and graphical work were done in the
R environment (version 3.5.2). cox regression analyses were
conducted by the “survival” package. K-M survival curves with
log-rank tests were produced by the “survminer” package. LASSO
regression analysis was done by the “glmnet” package. The ROC
curves were plotted by the “survivalROC” package. Boxplots
were depicted by the “ggpubr” package. Forest plot was derived

FIGURE 2 | Prognostic performance of gene signature in TCGA training cohort. (A) From top to bottom are the risk score distribution and survival status distribution.
(B) K-M survival curve for risk score. (C) ROC curve of the risk signature and clinical predictors. (D) Calibration curves for risk score. (E) Univariate and multivariate
cox regression analyses of clinical parameters and gene signature for DFS.
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from the “forestplot” package. Calibration curves were generated
from the “rms” package. A two-sided log-rank P < 0.05 was
considered significant.

RESULTS

Construction of the EMT-Related Gene
Signature
With the selection criteria of p < 0.01, a total of 35 credibly
prognostic EMT-related genes were identified through the
univariate cox regression analysis in the TCGA training
cohort. The LASSO regression algorithm was subsequently
applied, and 16 candidate genes with most powerful predictive
features were screened (Figures 1A,B). Then, multivariate

cox regression analysis was performed on the 16 genes
to avoid overfitting, and it finally determined an optimal
8-gene signature for DFS prediction (Figure 1C). Based
on the expression levels and corresponding coefficients
of these eight genes, we constructed a risk-score formula:
Risk score = (0.30407 × expression value of DLX2) −
(0.24245 × expression value of FGF9) − (0.40586 × expression
value of IL6R) + (0.214597 × expression value of ITGB6) −
(0.15683× expression value of LGR5)+ (0.638384× expression
value of MYC) − (0.12315 × expression value of S100A2)
− (0.44785 × expression value of TNFSF12). K-M analysis
illustrated that these eight individual genes adequately captured
the DFS differences between low- and high-expression groups
in the TCGA cohort (Supplementary Figure 1). In addition, the
risk scores of chemotherapy-resistant patients were significantly

FIGURE 3 | Prognostic validation in PACA-CA and Ruijin cohorts. (A,B) Distribution of risk score and survival status in PACA-CA and Ruijin cohorts, respectively.
(C,D) K-M survival curves estimating DFS difference in two cohorts. (E,F) ROC curves of risk signature and clinical indicators in two cohorts.
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higher than those of chemotherapy-sensitive patients, indicating
the hazardous role of the signature (Figure 1D).

Predictive Performance of the
EMT-Related Gene Signature in TCGA
Training Cohort
The distribution of the risk scores and survival status were shown
in Figure 2A. The results suggested that patients in high-risk
group had remarkably decreased DFS time.

K-M analysis illustrated that patients in the low-risk group had
longer DFS (Figure 2B). ROC analysis demonstrated that this
signature had high accuracy as the area under the curve (AUC)
value was 0.809. What’s more, the AUC value of this signature was
high than that of clinical predictors including histological grade
and TNM stage (Figure 2C).

The calibration curves proved the good agreement between
predicted DFS and observed DFS (Figure 2D). In addition, both
univariate and multivariate cox regression analyses certified that
the proposed EMT signature was an independent risk factor for
DFS (Figure 2E).

Predictive Performance of the
EMT-Related Gene Signature in Two
Validation Cohorts
We next verified the predictive accuracy of this signature in
another public PDAC cohort (PACA-CA) and our own cohort
(Ruijin). Figures 3A,B showed the distribution of the risk
scores and survival status in these two cohorts. We observed
that patients with a high-risk score had markedly increased
recurrence rates. K-M survival curves estimated significantly

FIGURE 4 | Subgroup analyses in TCGA and Ruijin cohorts. (A) K-M curves for the risk signature in patients stratified by age. (B) Survival difference in high- and
low-risk patients stratified by gender. (C) K–M curves evaluating the DFS between low- and high-risk patients stratified by histological grade.

FIGURE 5 | Relationship between risk score and chemotherapeutic regimes. (A) Relationship of risk score and chemotherapy sensitivity. (B) K-M curves for the risk
signature in patients receiving FOLFIRINOX. (C) K-M curves for the risk signature in patients receiving gemcitabine monotherapy.
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decreased DFS of high-risk patients in both PACA-CA and
Ruijin cohorts (Figures 3C,D). ROC curves demonstrated that
this signature outperformed clinical indicators in predicting DFS
(Figures 3E,F).

Subgroup Analyses of the EMT-Related
Gene Signature
With the purpose to investigate the stability of this signature, we
conducted subgroup analyses. As a small percentage of patients
in PACA-CA cohort did not have clinical information regarding
histological grade, we thus selected TCGA and Ruijin cohorts
for further analyses. K-M curves showed that our signature had
high-efficiency to distinguish patients with different DFS in every
subgroup divided by age (Figure 4A), gender (Figure 4B), and
histological grade (Figure 4C).

Relationship Between Risk Score and
Response to Chemotherapeutic Regimes
Figure 5A illustrated that PDAC patients with a low-risk
score had higher response rates to adjuvant chemotherapy than
patients with a high-risk score in TCGA training cohort (61 vs.
32%, p < 0.001). Currently, adjuvant chemotherapy in PDAC is
based on few regimes. Gemcitabine remains the most effective
monotherapy and is often applied to patient who are ineligible
for more aggressive treatments (Oba et al., 2020; Turpin et al.,
2020). As for patients in good status, the polychemotherapy

regimen including fluorouracil, leucovorin, irinotecan, and
oxaliplatin (FOLFIRINOX) is preferentially recommended in
the adjuvant settings (Marabelle et al., 2020). Among samples
receiving FOLFIRINOX chemotherapy, we found that patients
in low-risk group had a longer DFS, although the difference
was not statistically significant probably due to the limited
sample size (Figure 5B). For samples receiving gemcitabine
monotherapy, patients with a low-risk score had a significantly
longer DFS (Figure 5C).

Annotated Functions and Enriched
Pathways Associated With the
EMT-Related Gene Signature
As illustrated in Figures 6A,B, positively correlated genes with
risk scores were mainly involved in pathways associated with
response to treatment, such as DNA repair, DNA replication,
cell cycle and mismatch repair. Genes negatively correlated with
risk scores were closely associated with several immunological
pathways like adaptive immune response, T cell costimulation,
chemotaxis and chemokine signaling pathways (Figures 6C,D).

Relationship Between Risk Scores and
Expression Levels of Immune Check
Points
Above findings suggested that risk scores were inversely
correlated with T cell co-stimulation and immune response, so

FIGURE 6 | Function annotation and pathway enrichment analyses in TCGA training cohort. (A,B) Top 15 enriched biological processes in GO analysis (A) and
pathways in KEGG analysis (B) for genes positively correlated with risk scores. (C,D) Top 15 enriched biological processes in GO analysis (C) and pathways in
KEGG analysis (D) for genes positively correlated with risk scores.
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we wonder whether this signature could also predict response
to ICIs. Recently, ICIs-based immunotherapy has drastically
increased patient survival in certain cancers, but it is ineffective
in the vast majority of patients with PDAC (Leinwand and
Miller, 2020), biomarkers predicting response to ICIs thus are
important for personalized oncology. As shown in Figures 7A–
F, we observed that risk scores were negatively correlated with
several common immune checkpoints, including CD28, CTLA4,
PD1, TIGIT, TIM3, and VISTA. These findings indicated that
PDAC patients who were not predicted to be sensitive to
chemotherapy by our signature might be unsuitable for ICIs-
based immunotherapy.

DISCUSSION

PDAC is a very devastating disease with extremely poor
outcomes. As we all know, chemotherapy failure is one
of the major problems to cure this disease and improve
patient survival. PDAC features a notable intra- (Yachida
and Iacobuzio-Donahue, 2013) and inter-tumoral (Cancer
Genome Atlas Research Network, 2017) heterogeneity that
drives chemoresistance. As cancer treatment has entered
into the area of precision medicine, personalized therapy
is a very attractive and laudable strategy. Determining
the most effective drug to treat each patient with well
balance between potential side events and expected

survival benefits is definitely helpful to achieve the most
favorable outcome. However, compared with other cancers,
personalized treatments that translate the increased
understanding of tumor molecular profiles into the clinical
management are in their relative infancy for PDAC
(Santofimia-Castaño and Iovanna, 2021).

Molecular characterization and subtyping of PDAC is
providing a unique insight into predictive biomarkers for
individualized treatments. The transcriptomic data has
been a practical tool for PDAC subtyping and multiple
stratification systems have been proposed to date by analyzing
the transcriptional networks (Collisson et al., 2019). In addition,
combining transcriptomic data with genomic sequencing,
mutational landscape, immune infiltrate or genetic alteration can
identify additional subtypes with clinical relevance (Bailey et al.,
2016; Connor et al., 2017; Brunton et al., 2020; Rashid et al.,
2020). More importantly than predicting patient prognosis and
disease aggressiveness, recent studies find that transcriptomic
data is also good at predicting chemotherapy sensitivity for PDAC
(Deng et al., 2020; Nicolle et al., 2021; Nishiwada et al., 2021).

In this study, we initially analyzed the prognostic potential
of EMT-related genes in predicting DFS through univariate
cox regression analysis. Subsequently LASSO regression
analysis and multivariate cox regression analysis identified
an 8-gene signature for predicting response to adjuvant
chemotherapy. K-M survival curves, ROC curves and
calibration curves collectively proved the moderate accuracy

FIGURE 7 | Relationship between risk scores and expression levels of immune checkpoints in TCGA training cohort. (A–F) Relationship between risk scores and
CD28, CTLA4, PD1, TIGIT, TIM3, and VISTA, respectively.
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of the signature in predicting DFS. Functional analysis
indicated that this signature was closely related to several
cancer-related pathways. Subgroup analysis demonstrated
the cross-clinicopathology stability. Intriguingly, except from
chemotherapy, the signature also had great potential to predict
response to ICIs. In other words, patients with a high-risk score
predicted by our signature were very likely to be insensitive to
neither chemotherapy nor ICIs-based immunotherapy. In this
way, high-risk patients might be exempted from unnecessary
drug toxicity and heavy finical burden.

The EMT program plays an indispensable role in therapeutic
resistance in cancers. Mechanically, it inhibits multiple apoptotic
signaling pathways, enhances drug efflux, and gives rise to
cancer stem cells. These all contribute to cancer cells’ increased
resistance to anti-cancer drugs. In addition, EMT also upregulates
several pathways that allow cancer cells to stave off the
lethal effects of cytotoxic T cells, thus enhances resistance to
immunotherapy (Huang et al., 2007). Transcriptional prognostic
signatures based on EMT-related genes have been extensively
reported recently (Cao et al., 2020; Zhang et al., 2020; Zhong
et al., 2020; Cheng et al., 2021), but are rare in PDAC. Our study
firstly constructed a robust response prediction model based on
the eight EMT-related genes. We validated this signature in two
public cohorts including American and Canadian populations,
and our local cohort of Asian population, which enhanced the
reliability and clinical applicability of this signature.

Despite explicit validation and considerable clinical relevance,
this work is still based on retrospective data and has
many limitations. Firstly, the cohorts used in this study are
relatively small probably due to the low curative resection rates
for PDAC patients.

Predictive efficiency needs to be verified in more prospective
studies and larger cohorts. Second, owing to the limited sample
size, some subgroup analyses cannot be implemented. For
instance, 89 of 99 samples in TCGA cohorts are at stage II,
subgroup analysis on tumor stage is thus meaningless. Third,
detailed chemotherapy regimens are largely unknown in PACA-
CA cohorts and incomplete in TCGA cohorts. Fourth, more
in vivo and in vitro experiments are needed to elucidate biological
function of eight genes in PDAC progression.

In conclusion, we proposed an EMT-related gene signature
with satisfactory performance in predicting response to adjuvant
chemotherapy. Functionally, it was associated with cell cycle,
DNA repair and DNA replication. The signature outperformed
clinical indicators in predictive chemotherapy sensitivity. After

all, this signature was based on the retrospective cohorts and
needed to be further validated in more prospective cohorts.
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The cGAS (GMP-AMP synthase)-mediated senescence-associated secretory phenotype
(SASP) and DNA-induced autophagy (DNA autophagy) have been extensively
investigated in recent years. However, cGAS-mediated autophagy has not been
elucidated in cancer cells. The described investigation revealed that active DNA
autophagy but not SASP activity could be detected in the BT-549 breast cancer cell
line with high micronucleus (MN) formation. DNA autophagy was identified as selective
autophagy of free genomic DNA in the cytoplasm but not nucleophagy. The process of
DNA autophagy in the cytosol could be initiate by cGAS and usually cooperates with
SQSTM1-mediated autophagy of ubiquitinated histones. Cytoplasmic DNA, together with
nuclear proteins such as histones, could be derived from DNA replication-induced nuclear
damage and MN collapse. The inhibition of autophagy through chemical inhibitors as well
as the genomic silencing of cGAS or SQSTM1 could suppress the growth and survival of
cancer cells, and induced DNA damage could increase the sensitivity to these inhibitors.
Furthermore, expanded observations of several other kinds of human cancer cells
indicated that high relative DNA autophagy or enhancement of DNA damage could also
increase or sensitize these cells to inhibition of DNA autophagy.

Keywords: autophagy, cGAS, Micronuclei, cytoplasmic DNA, breast cancer
INTRODUCTION

cGAS is an enzyme that catalyzes GTP and ATP to form cyclic dinucleic 2′,3′-cGAMP to stimulate
stimulator of interferon gene (STING) and activate the kinases TBK1 and IKK, inducing the production
of proinflammatory factor type I interferon (1). cGAS-STING has been identified as an innate immune
mechanism, but many recent studies have shown that cGAS-STING plays amajor role in the activation of
the senescence-associated secretory phenotype (SASP), in which senescent cells secrete many cytokines,
growth factors, proteases and chemokines acting through either autocrine or paracrine mechanisms to
promote inflammation (2–6). The SASP is a crucial biological factor involved in aging-related diseases
such as chronic inflammation, tissue degeneration or organ retardation. More importantly, the SASP has
been revealed to be responsible for preventing the growth of cancer cells through its role as a tumor
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suppressor in the late stages of tumor progression via genomic
instability of cancer cells and remodeling of the tumor
microenvironment (7). More interestingly, recent studies have also
demonstrated that cGAS-STING could induce autophagy upon
binding to dsDNA through either the cGAS interaction with
Beclin-1 or STING-mediated LC3 lipidation. Nevertheless, either
SASP (proinflammatory) or autophagy is important in host innate
defense (8). However, cGAS-STING-mediated SASP or autophagy
have not been fully elucidated in cancer cells.

Activation of cGAS has been confirmed upon its binding to
DNA, and in vitro analysis proved that DNA could effectively recruit
cGAS through phase transition (9). In living cells, cytoplasmic DNA,
which can be exogenous, such as that from pathogenic organisms,
and endogenous DNA of host cells, is a trigger that activates cGAS.
Micronuclei (MNs) are small nuclei separated from the main
nucleus. Similar to the main nucleus, MNs are encapsulated by the
nuclear membranes and contain DNA and related substances (10).
MNs are prevalent in cancer cells and are believed to be a
consequence of DNA damage and aberrations in mitosis (11, 12).
Moreover, studies have suggested that the existence of cytosolic DNA
is closely related to MNs (6). MNs have been identified as the major
source of cytoplasmic DNA involved in the activation of the cGAS-
STING machinery to promote cancer progression and metastasis
(13–15). Moreover, free DNA derived from ecc rDNA
(extrachromosomal circular rDNA) could also trigger cGAS-
STING activity (16). In addition, endogenous cytoplasmic DNA
could be derived from mitochondria, which are injured under many
circumstances (17). Nevertheless, in contrast to its role in triggering
the SASP phenotype by free DNA, cGAS-STING-mediated DNA
autophagy in cancer cells has rarely been evaluated.

The mechanism by which the cGAS-STING pathway mediates
either SASP or autophagy in response to exogenous pathogens could
lead to their eradication. However, it is unclear how cGAS-STING
makes decisions in response to endogenous DNA in cells. In the
described investigation, we unexpectedly found that the BT-549
breast cancer cell line with a high frequency of MN formation
presented a low SASP phenotype but high autophagic activity, and
subsequent experiments showed that its high DNA autophagy
mediated by cGAS and cytosol-free DNA was closely related to
MN formation andDNAdamage, and inhibition of DNA autophagy
could suppress its growth and survival. Furthermore, expanded
observations indicated that enhancement of DNA damage or
cancer cells with high relative DNA autophagy could increase
DNA autophagy and sensitize the cells to autophagic inhibitors.
These results proved that SASP and autophagy were related to the
extent of DNA damage and that severe DNA damage or deficient
DNA damage repair could increase autophagy in cells. Our research
also clarified the potential therapeutic role of autophagic inhibition in
some kinds of cancer cells with extensive DNA damage.
MATERIALS AND METHODS

Reagents and Antibodies
The anti-Lamin B1 rabbit polyclonal antibody, anti-Beclin1 rabbit
polyclonal antibody, anti-STING (TMEM173, EPR13130) rabbit
Frontiers in Oncology | www.frontiersin.org 2250
monoclonal antibody, and anti-DNase2 rabbit monoclonal
antibody were purchased from Abcam (Cambridge, UK). The
Stat6 (D-1) mouse monoclonal antibody, Lamin B1 mouse
monoclonal antibody and cGAS (D-9) were purchased from
Santa Cruz Biotechnology, Inc. (CA, 95060, USA), and anti-
phospho-histone gH2AX mouse monoclonal antibody (Ser139)
and anti-RPA2 mouse monoclonal antibody were from Millipore
(Billerica, MA, USA). The anti-Lamin A/C (R386) rabbit
polyclonal antibody, anti-IRF3 rabbit polyclonal antibody and
anti-LAMP2 rabbit polyclonal antibody were from Bioworld
Technology, Inc. (MN, USA). Anti-SQSTM1 rabbit polyclonal
antibody and anti-LC3 rabbit polyclonal antibody were purchased
from MBL, Ltd. (Chiba, Japan). Anti-phospho-STING (Ser366)
rabbit monoclonal antibody and phospho-IRF3 rabbit monoclonal
antibody were purchased from Cell Signaling Technology
(Danvers, MA, USA). The information about antibodies were
summarized in Supplementary Table 1. Nuclear Fast Red
Staining Solution (0.1%; G1320), LysoTracker staining kit (Lyso-
tracker Red DND-99) (L8010) and DAPI (C0060) were purchased
from Solarbio (Beijing, China). The full-length expression
plasmids Flag-cGAS, Flag-SQSTM1 and Flag-Beclin-1 were
purchased from YouBio, Inc. (Beijing, China). Bafilomycin A1
and H-151 were purchased from Selleck (Shanghai, China), and
chloroquine (CQ) and 2,3’-cGAMP were purchased from Sigma
Aldrich (St. Louis, MO, USA). The protein marker (PM2510) was
purchased from SMOBIO (Taiwan).

Cell Culture and Treatment
MDA-231, MCF-7, BT-549, 786-0, DU145, PC-3M, HCT-116,
and HeLa cancer cell lines were maintained in 1640 or
Dulbecco’s modified Eagle’s medium with high glucose (Gibco,
Life Technologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum. The cells were incubated in a humidified
atmosphere with 5% CO2 at 37°C.

Small Interfering RNA
RNAi was designed and synthesized by GenePharma (Suzhou,
China). RNAi was performed by the transfection of siRNA oligos
using Lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer’s instructions. The sequences
are as follows: si-cGAS-1: Forward: 5 ’-GGCCUCUG
CUUUGAUAACUTT-3’, Reverse: 5’-AGUUAUCAAAGCA
GAGGCCTT-3’; si-cGAS-2: Forward: 5’-GGCUAUCCUUCU
CUCACAUTT-3 ’ ; Reverse : 5 ’ –AUGUGAGAGAAG
GAUAGCCTT-3’. si-LC3-1: Forward: 5’-GCUACAAGGG
UGAGAAGCATT-3’; Reverse: 5’-UGCUUCUCACCCUUG
UAGCTT-3’; si-LC3-2: Forward: 5’-GCGAGUUGGUC
AAGAUCAU TT-3’; Reverse: 5’-AUGAUCUUGACCAA
CUCGCTT-3 ’ ; s i-LC3-3: Forward: 5 ’ –GCUUCCUC
UAUAUGGUCUATT-3 ’ ; Reverse: 5 ’-UAGACCAUAU
AGAGGAAGCTT-3 ’ . s i - SQSTM1-1 : Fo rward : 5 ’ -
AGAUUCGCCGCUUCAGCUUTT-3 ’ ; R eve r s e : 5 ’ -
AAGCUGAAGCGGCGAAUC UTT-3 ’ ; s i-SQSTM1-2:
Forward: 5’-CGCUCACCGUGAAGGCCUATT -3’; Reverse:
5’-UAGGC CUUCACGGUGAGCGTT-3’; si-SQSTM1-3:
Forward: 5’-GCACUACCGCGAU GAGGACTT-3’; Reverse:
5’-GUCCUCAUCGCGGUAGUGCTT-3’; si-DNase II-1:
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Forward: 5’-GGCAGCCU GUAGACUGGUUTT-3’; Reverse:
5’ -AACCAGUCUACAGGCUGCCTT-3’; si-DNase II-2:
Forward: 5’-GCAUACAGCUGGCCUCAUATT-3’; Reverse: 5’-
UAUGAGGCCAGCUGUAUG CTT-3’. The control RNAi
(siNC) was composed of scrambled sequences.

Western Blotting
Total cell lysates were obtained by incubating the cells in 2× SDS
for 30 minutes at 4°C. After centrifugation at 10,000×g for 10
minutes at 4°C, the supernatant was collected and stored at -20°C
for subsequent analysis. For cell fractions, cytoplasmic and
nuclear proteins were extracted using nuclear and cytoplasmic
protein extraction kits (Sangon Biotech Co., Shanghai, China),
respectively. Equal amounts of cell proteins (20-40 mg/lane) were
separated by SDS-PAGE in 10% gels and transferred to PVDF
membranes (Millipore, Billerica, MA, USA) using a semidry
transfer cell (Bio-Rad,Hercules, CA, USA) at 25 V for 60
minutes. The membranes were then blocked for 1 hour with
TBS-T (20 mmol/L Tris-HCl pH 7.6, 137 mmol/L NaCl and 0.1%
Tween-20) containing 5% nonfat dry milk (Cell Signaling
Technology, Beverly, MA, USA) or with 1% BSA (Sigma
Aldrich) and incubated overnight with primary antibodies.
After the membranes were washed, they were incubated for 1
hour with peroxidase-conjugated goat anti-rabbit IgG or
peroxidase-conjugated goat anti-mouse IgG. The proteins were
visualized using an enhanced chemiluminescence kit (Bio-Rad,
CA, USA). Band images of three independent experiments were
quantified by optical density using Lab-Works 4.6 software (Bio-
Rad, CA, USA). b-actin was used as an internal control for each
protein. The antibodies included anti-LC3 (1:1000), anti-b-actin
(1:1000), anti-cGAS (D-9) (1:500), anti-SQSTM1 (1:1000), anti-
DNase2 (1:1000), anti-lamin A/C (R386) (1:500), anti-IRF3
(1:500), anti-TMEM173 (1:1000), and anti-LAMP2 (1:1000).

Immunofluorescence
Immunofluorescence staining was performed as described
previously (18). The results were observed and recorded using
a fluorescence microscope (Model CX51; Olympus, Tokyo,
Japan), and Photoshop version 7.0 (Adobe Systems, Inc.) was
used to analyze the results. The antibodies used included anti-
LC3 (1:1000), anti-b-actin (1:1000), anti-cGAS (D-9) (1:500),
anti-SQSTM1 (1:1000), anti-DNase II (1:1000), anti-lamin A/C
(R386) (1:500), IRF3 (1:500), anti-STING (1:1000), and anti-
LAMP2 (1:1000).

Senescence Associated-b-galactosidase
Staining (SA-b-gal)
Cells were subjected to SA-b-gal staining using an SA-b-gal
staining kit (GenMed, GenMed Scientifics, Inc., USA) according
to the manufacturer’s directions. Five hundred cells were
counted in random fields and the percentage of SA-b-gal-
positive cells was calculated and the mean was calculated from
independently repeated experiments at least five times.

Electron Microscopy
Cells were fixed with 0.1 mol/L sodium phosphate buffer (4%
paraformaldehyde and 0.1% glutaraldehyde) at 4°C overnight. The
Frontiers in Oncology | www.frontiersin.org 3251
samples were embedded with Lowicryl K4M (BioChemika), and
sections were prepared with the Leica EM UC7 ultramicrotome
and then stained with saturated uranyl acetate. The sections were
observed under a transmission electron microscope (JEOL-1230,
Japan) and recorded. The autophagosomes or autolysosomes are
double-membrane enclosed in EM observations with the
treatment of autophagy inhibitors.

Co-Immunoprecipitation
A total of 1x107 transfected cells were washed twice with PBS,
600 ml of precooled hypo-osmic buffer (25mmol/L Tris, pH 7.4, 85
mmol/L KCl) was added, and the samples were incubated on ice
for 30 minutes and centrifuged at 4°C at 12000 rpm for 10
minutes. The supernatant was saved and incubated with Flag
antibody-conjugated agarose beads (MBL, Chiba, Japan) and
gently shaken on a turntable overnight at 4°C. The beads were
washed with hypo-osmic buffer containing protease inhibitor
cocktail for 10 minutes; this process was repeated 4 times.
Finally, the beads were dissolved in 1.5×SDS loading buffer, and
30 ml of supernatant was analyzed by Western blotting. The
primary whole cytoplasmic supernatant was used as input.

IP-PCR
A total of 2×107 transfected cells were washed with preheated
PBS at 37°C 3 times, fixed with 1% formaldehyde in PBS in a
37°C incubator for 15 minutes, quickly washed with ice-cold PBS
5 times, scraped into an Ep tube, and centrifuged at 800 g at 4°C
for 3 minutes. Then, the supernatant was discarded, and 500 ml
of hypo-osmic buffer (25 mmol/L Tris, pH 7.4, 85 mmol/L KCl)
was added to isolate the cytoplasmic protein. Part of the
supernatant was saved as the input. The remaining part was
used for IP experiments. An appropriate amount of 500 ml
elution buffer (1% SDS, 0.1 mol/L sodium bicarbonate was
used to elute the protein-DNA complex on the beads for 10
minutes at room temperature. Then, RNase A was added, the
samples were heated at 37°C and shaken for 2 h, Proteinase K
was added, and the samples were heated at 55°C and shaken for
2~3 h. Then, the samples were heated at 65°C and shaken
overnight to isolate the protein-DNA complexes. Finally, the
IP DNA was extracted by the phenol and chloroform method,
and the results were analyzed by PCR.

Sucrose Density Gradient Centrifugation
Gradient concentrations of sucrose solution (5%-40%, the
concentration interval was 5%) with protease inhibitor cocktail
were established as described (19). The cytoplasmic proteins,
extracted by hypo-osmic buffer as described above, were carefully
dropped on the top layer and centrifuged at 40,000 rpm
(Beckman, Brea, CA, USA) for 4 hours at 4°C. After
centrifugation, the samples were carefully collected from a
500 ml aliquot of each fraction, and the aliquot of each fraction
was analyzed by Western blot. Cytoplasmic DNA was extracted
from 100 ml of each fraction and analyzed by PCR.

Acid Extraction of Cytoplasmic Histones
Cytoplasmic histones were isolated by acid extraction methods
with some modifications (20). Briefly, cytoplasmic proteins
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from 1×107 cells of each kind, extracted by hypo-osmic buffer as
described above, were slowly added to 0.4 N H2SO4 (500 ml of
H2SO4 to a 100 ml cytoplasmic solution) and incubated at 4°C
with intermittent rotation for 2 hours. After centrifugation at
5500 rpm for 5 minutes, the supernatants were gently added to
150 ml of 100% TCA (final concentration of 20%) and kept on
ice for at least 5 hours without agitation. After centrifugation,
the pellets were washed with 500 ml of acetone+0.1% HCl, and
the tubes were left open overnight to evaporate the acetone. The
pelleted histones were resuspended in 20 ml of ddH2O and
subsequently analyzed by SDS-PAGE and Western blotting.

PCR Detection
DNA in nuclear or cytoplasmic were separately extracted. The
cells were cultured in 10 cm dishes and counted. A total of 1×103

cells were treated with hypo-osmic buffer (25 mmol/L Tris pH
7.4, 85 mmol/L KCl) and centrifuged, and the supernatant (the
cytoplasmic components) was saved. Then, the cytoplasmic
DNA was extracted by the phenol and chloroform method.
The sediment (nuclear DNA) was extracted by Tigen Kits
(Beijing, China). PCR was performed with using Alu and
rDNA primers: Alu: sense: 5 ’-CCTGAGGTCAGGAG
TTCGAG-3’; antisense: 5’-CCCGAGTAGCTGGGATTACA-3’
(115 bp); 5.8S rDNA: sense: 5’- GAGGCAACCCCCTC
TCCTCTT-3’; antisense: 5’-GAGCCGAGTTCACCGCTA-3’
(136 bp); 18S rDNA: sense: 5’-CG CCGCGCTCTACCTTA
CCTA-3’; antisense: 5’ -TAGGAGAGGAGCGAGCGACCA-3’
(159 bp); 28S rDNA: sense: 5’ -CTCCGAGACGCGACCT
CAGAT-3’; antisense: 5’-CGGGTCTTCC GTACGCCACAT-3’
(173 bp). Quantitative real-time RT-PCR was performed on a
PCR system (Applied Biosystems, Inc., Carlsbad, CA, USA)
using SYBR Premix. The results were evaluated as the ratio of
cytoplasmic: nuclear DNA; cytoplasmic DNA was normalized to
nuclear DNA. The results were analyzed by GraphPad Prism 8.0.

FISH
The Alu probes were as follows: Alu-1: 5’-CCTGAGGTCAGGA
GTTCGAGACCAGCCT-3’; Alu-2: 5’-ACGCCTGTAATCCCA
GCACTTTGGGAGG-3’; Alu-3: 5’ –TCGCGCCACTGCACTC
CAGCCTGGGCGA-3’. They were synthesized and conjugated
with a single Quasar 570 molecule at the 5’ end (Sango Biotech,
Shanghai, China). Cells grown on cover slides were fixed in 3%
paraformaldehyde (pH 7.4) containing 0.1% Triton-X 100 for 30
minutes and permeabilized in 0.1% Triton X-100 for 20 minutes.
After denaturation at 95°C for 5 minutes, hybridization was
performed in a mixture of probes (20 ng/per slide) and 35%
deionized formamide, 10% dextran sulfate, 1× Dehart’s, and 2×
SSC for 20 hours at 42°C. The slides were washed for 40 minutes
in 2×SSC with several changes. Nuclei were stained with Hoechst
34580 (Sigma Aldrich) for 10 minutes, and the results were
observed and recorded using a fluorescence microscope (Model
CX51, Olympus, Tokyo, Japan), and Photoshop version 7.0
(Adobe Systems, Inc. San Jose, CA, USA) was used to observe
and analyze the results. At least 500 cells were evaluated, and the
results were evaluated as the ratio of the intensity in cytoplasmic
and nuclear DNA; cytoplasmic signals were normalized to those
of the nuclei.
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Comet Assay
The comet assay was performed using a comet assay kit
according to the manufacturer’s instructions. First, 1×105 cells
were prepared. Neutral or alkaline electrophoresis was
performed. The slides were viewed by epifluorescence
microscopy using a FITC filter. The results were analyzed by
Comet Score software (Version 2.0038).

The comet assay was performed using a comet assay kit
(Abcam, Cambridge, UK) according to the manufacturer’s
instructions. First, 1×105 cells were prepared. Comet Agarose
was pipetted onto the Comet Slide to form base layer cells, which
were combined with Comet Agarose at 37°C. Cell samples were
combined with Comet Agarose at a 1/10 ratio (v/v). We pipetted
the agarose/cell mixture on top of the base layer. The cells were
treated with lysis buffer and alkaline solution. Electrophoresis
was performed under alkaline or neutral conditions. Voltage was
applied to the chamber for 10-15 minutes at 1 volt/cm. The cells
were stained with DNA dye. The slides were viewed by
epifluorescence microscopy using a FITC filter. The results
were analyzed by Comet Score software (Version 2.0038).

BrdU Incorporation Assay
BrdU incorporation assays were performed as described
previously (18). Briefly, BrdU (10 µM) was added to the
culture medium for 30 minutes before analysis, and then, the
cells were fixed with 4% formaldehyde, permeabilized with 0.1%
Triton X-100, and denatured with 20 mmol/L HCl in 150 mmol/
L NaCl and 3 mmol/L KCl for 20 minutes at 25°C. The cells were
then incubated with a primary antibody mixture composed of
primary antibodies (BrdU and MCM7 or Lamin B1).

Trypan Blue Exclusion Assay
Cell growth was determined by Trypan blue exclusion assays
with a Trypan Blue Staining Cell Viability Assay Kit (Beyotime,
Shanghai, China). Cells (1 ×104 cells/per well) grown with or
without treatment with CQ, bafilomycin A1, or H-151 in 96-well
plates were harvested, and 50 ml of trypan blue was added to a
50 ml cell suspension according to the manufacturer’s protocol.
Viable cells were counted under a microscope with a
hemocytometer. The assays were performed in triplicate and
repeated at least three times.

Live/Dead Viability Assay
A live/dead assay was performed using a live/dead cell viability
assay kit (Abcam, Cambridge, UK). A total of 1×105 cells were
seeded in 12-well or 96-well plates and incubated for 24 hours.
The cells were treated with CQ or bafilomycin A1 and incubated
for the indicated times. Subsequently, the cells were rinsed twice
with PBS before the fluorochromes were added and incubated for
45 minutes. Fluorescence images were then taken (Model CX51,
Olympus, Tokyo, Japan), and live or dead cells were counted
and calculated.

MTS Assay
MTS assays were performed using an MTS assay kit (Bestbio,
Shanghai, China). A total of 1×104 cells were seeded in 96-well
plates and incubated for 24 hours. The cells were treated with CQ
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or bafilomycin A1 and incubated for the indicated times. Ten
microliters of MTS solution was added to each well and
incubated for 3 hours at 37°C. The absorbance was measured
at 490 nm, and cell viability was analyzed.

Statistical Analysis
All analyses were performed using software GraphPad Prism 8
(CA, USA), SPSS 27.0 (IBM, Armonk) and Excel 2010 (WA,
USA). Comparisons between groups were performed using
Student’s t-test and one-way ANOVA with Tukey post-hoc test
and Dunnett post-hoc test to correct for multiple testing. The data
were presented as mean ± SEM or mean ± SD. A P-value of less
than 0.05 was considered significant. All statistical tests and P
values were 2-sided, and the level of significance was set at <0.05
(*), <0.01 (**), <0.001 (***), or<0.0001 (****); ns indicates
no significance.
RESULTS

Detection of the Autophagy Activity in
Breast Cancer Cells
Recently, it has been revealed that MN formed in MDA-231 cells
could trigger SASP activity to promote metastasis and
progression (15). Like MDA-231, the BT-549 cells are also a
triple negative breast cancer (21), and beyond we noted that the
BT-549 cells usually present frequent spontaneous formation of
MN. The fact provoked our interest about relationship between
MN and SASP activity. We used the MDA-231 and BT-549 as
well as MCF-7 cells, another classis type of breast cancer cell line
(22), for analysis of spontaneous MN formation by
immunofluorescent staining of Lamin B1 and NAT10 as
described previously (18). The rate of spontaneous MNs in the
MCF-7 cells was approximately 5%, that in the MDA-231 cells
was approximately 15%, and that in the BT-549 cells was
approximately 35% (Figure 1A). However, the MNs formed in
three cell lines generally contained DNA and Lamin B1 or A/C,
nuclear lamina proteins, and other nuclear envelope
components, including LBR (Lamin B receptor), nuclear pore
complex components (MAB414, nucleoporin 153), the nuclear
basket protein TPR (translocated promoter region), and integral
membrane components (Sun2 and nesprin2), suggesting that the
nuclear membrane of MNs generally maintained structural
components similar to the membrane of the main nuclei
(Supplementary Figure 1A).

MNs are considered a major source of free DNA, which
triggers the activation of the SASP through DNA binding to
cGAS-STING pathway components (6). Therefore, the MDA-
231, BT-549, and MCF-7 cells were analyzed by SA-b-gal
staining, and the results indicated that the MCF-7 and MDA-
231 cells showed 4% and 8% SA-b-gal positivity, while the BT-
549 cells unexpectedly showed no SA-b-gal-positive cells even
with repeated staining (Figure 1B).

Subsequent Western blotting analysis showed the expression
of the STING, pSTING, IRF3, pIRF3, STAT6 in BT-549 cells is
lower than that of MDA-231 or MCF-7 cells, indicating that the
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activity of SASP in BT-549 cell line was significantly lower than
that in MDA-231 and MCF-7 cells (Figure 1C). The SA-b-gal
staining also showed that after treatment with the STING
antagonist H-151 (2 mmol/L) for 24 hours, the SA-b-gal
positive cells markedly decreased, confirming that the SASP
phenotype is mediated via cGAS-STING in the MDA-231 cells
(Supplementary Figure 1B). However, treatment with the
STING agonist cGAMP (1) and transfection with Flag-cGAS
or Flag-STING did not induce SA-b-gal staining, indicating
blockade of cGAS-STING signaling in the BT-549 cells.

Recently, the cGAS-STING pathway was shown to mediate
DNA autophagy. Therefore, autophagic activity was first
compared among the MCF-7, MDA-231 and BT-549 cells.
Western blotting showed that the BT-549 cells presented high
expression of LC3-II, SQSTM1, and LAMP2, which was not
obvious in the MDA-MB-231 or MCF-7 cells, and notably, a
high level of DNase II was detected in the BT-549 cells
(Figure 1D). The BT-549 cells were treated with the
autophagic inhibitors CQ (10 mmol/L) for 4 hours or
bafilomycin A1 (10 nmol/L) for 24 hours, and the levels of
LC3-II, SQSTM1 and LAMP2 were strongly increased,
(Figure 1E), while not for MCF-7, MDA-231 cells under the
treatment of CQ (10 mmol/L) (Supplementary Figure 1C),
confirming the autophagic activity in the BT-549 cells.
Moreover, the expression of DNase II was dose-dependently
enhanced by CQ treatment (10 mmol/L) in the BT-549 cells
(Figure 1E). Furthermore, the staining of LysoTracker, a
fluorescent probe for lysosome (23), showed that lysosomes
were more abundant in the BT-549 cells than in the MDA-231
cells (Figure 1F). The results suggested the involvement of DNA
autophagy in the BT-549 cells.

To further confirm the autophagic activity, we also performed
electron microscopy of the MDA-MB-231 and BT-549 cells after
treatment with bafilomycin A1 (10 nmol/L) for 32 hours, and the
results showed that there were many autophagic vesicles in the
BT-549 cells but not the MDA-MB-231 cells (Figure 1G).

Therefore, the above results demonstrated that breast cancer
cells with MNs could differentially present SASP and autophagy,
and cells with a high frequency of MNs presented an
autophagic phenotype.

Detection of Genomic DNA Autophagy in
the Cytoplasm of Breast Cancer Cells
High autophagic activity and frequent MN formation, as well as
DNase II expression, indicated the possibility of active DNA
autophagy in the BT-549 cells. First, SQSTM1 and LC3, the core
proteins of autophagy, were stained by immunofluorescence in
the MCF-7, MDA-231 and BT-549 cells. The results showed that
the BT-549 cells presented marked cytoplasmic SQSTM1-
positive granules or vesicles (~60% cells) (Figure 2A), but only
a few cells showed cytoplasmic staining for SQSTM1 in MCF-7
and MDA-231. All three kinds of cells presented SQSTM1
positive in occasional Lamin B1-outlined MNs (~5% MNs)
(Supplementary Figure 2A). Similarly, the BT-549 cells also
presented much more cytoplasmic LC3-positive vesicles than the
MDA-231 or MCF-7 cells (Figures 2A, B). However, almost no
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FIGURE 1 | High frequency of MNs in breast cancer cells was associated with an autophagic phenotype. (A) MN formation in breast cancer cells. Left panels: MDA-231,
BT-549 and MCF-7 cells were subjected to immunofluorescence staining for NAT10 and Lamin B1. Arrows indicate MNs. Right panel: the frequency of MNs in each kind of
cell was counted and calculated as the percentage of total cells. The micronuclei outlined by LaminB1 and DAPI were counted and at each time 500 cells were measured.
The experiments were repeated five times. The frequency of MN was calculated from independently repeated experiments. Data are presented as mean ± SEM. (B)
Senescent phenotypes of breast cancer cells. Left panels: Representative images of SA-b-gal staining in the MDA-231, BT549 and MCF7 cells. Right panel: SA-b-gal-positive
cells were counted and calculated as the percentage of total cells. The experiments were repeated five times. Data are presented as mean ± SEM. (C) The expression of
SASP-related factors in breast cancer cells. The MDA-231, BT549 and MCF-7 cells were assessed by Western blotting. Left panels: the levels of STAT6, cGAS, STING, and
IRF3. Right panels: p-STING and p-IRF3. The experiments were repeated three times. Data are presented as mean ± SD. (D) The expression of autophagy-related proteins in
the MDA-231, BT-549 and MCF-7 cells. Left panels: The cells were subjected to immunofluorescence staining of SQSTM1 or LC3. Right panels: Total cell proteins were
extracted, and LAMP2, SQSTM1, DNase II and LC3-II were measured by Western blotting. The experiments were repeated three times. Data are presented as mean ± SD.
(E) The analysis of autophagic flow in the BT-549 cells. The BT-549 cells were treated with 50 mmol/L CQ for 4 hours or 10 nmol/L bafilomycin A1 for 24 hours or with the
indicated concentrations of CQ for 4 hours, and total cell proteins were extracted and analyzed by Western blotting. Left panels: The levels of LAMP2 and LC3-II in the
bafilomycin A1-treated cells. Middle panels: The levels of SQSTM1 and LC3-II in the CQ-treated cells. Right panels: The levels of DNase II in the indicated concentrations of
CQ-treated cells. The experiments were repeated three times. Data are presented as mean ± SD. (F) The activity of lysosomes in the MDA-231 and BT-549 cells. After
treatment with 10 nmol/L bafilomycin A1 BA1) for 24 hours, the cells were stained with LysoTracker staining kit Solarbio, Beijing, China) according to the manufacturer’s
instructions. The experiments were repeated three times. (G) Electron microscopy of the autophagic activity in the MDA-231 and BT-549 cells. After treatment with bafilomycin
A1 BA1) for 32 hours, the cells were subjected to transmission electron microscopy. The double-membrane enclosed autophagosomes or autolysosomes are labelled by
stars. The experiments were repeated twice. b-actin was used as an internal standard in Western blotting. The level of statistical significance was <0.05 *),
<0.01 **), < 0.001 ***) and < 0.0001 ****). The images are representative of repeated experiments.
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LC3 was detected in the MNs of the three kinds of cells
(Supplementary Figure 2B).

Interestingly, the distribution of cGAS was shown to be
similar to that of SQSTM1 or LC3. The BT-549 cells presented
accumulation of cytoplasmic cGAS granules that colocalized
with SQSTM1 (~50%) and cytoplasmic LC3 (~40% cells),
while the MCF-7 and MDA-231 cells were faintly stained for
cGAS (Figures 2A, B). All three kinds of cells showed staining
for cGAS in occasional MNs (3%-5%) (Supplementary
Figure 2C). In addition, only a few cGAS-positive MNs (~3%)
were positive for SQSTM1 but not LC3 (Figures 2B, C). STING
staining showed that a few cytoplasmic puncta were detected in
the MCF-7 and MDA-231 cells but were distributed in the Golgi
apparatus in the BT-549 cells (~30%), while the staining was
generally weak (see Supplementary Figure 3C).

Further, Beclin-1, another autophagy mediator, was stained in
breast cancer cells, but few cytoplasmic positive vesicles were
detected and only occasional staining in cGAS positive MN
(Supplementary Figures 2D, E).

To further confirm the autophagic activity, we treated the
MDA-MB-231 and BT-549 cells with CQ (10 mmol/L) or
bafilomycin A1 (10 nmol/L) for 24 hours, and the results
showed that the BT-549 cells presented marked increases in
cytoplasmic cGAS, SQSTM1 and LC3, while the MDA-231 and
MCF-7 cells only showed slight increases in a few cells (Figures
2A, B). However, the MNs in the three kinds of cells presented
no significant increase in positive staining of cGAS, SQSTM1,
LC3 or Beclin-1 (data not shown). As expected, treatment with
bafilomycin A1 markedly increased not only the levels of
SQSTM1, LC3-II, and LAMP2 but also cGAS and STING in
the BT-549 cells (Figure 2D).

The colocalization and accumulation of SQSTM1, cGAS and
LC3 in the cytoplasm suggested the possibility of selective
cytoplasmic DNA autophagy. To directly verify the genomic
DNA in the cytoplasm, we independently isolated cytoplasmic
DNA from the MCF-7, MDA-231 and BT-549 cells and the
existence of genomic DNA was determined by PCR detection of
Alu- or rDNA (5.8S, 18S and 28S) repeated sequences. The gel
Frontiers in Oncology | www.frontiersin.org 7255
electrophoresis results showed that the cytoplasmic abundance
of Alu in the BT-549 cells was significantly higher than that in
the MDA-231 and MCF-7 cells (Figure 2E). Moreover, real-time
PCR confirmed the greater cytoplasmic abundance of Alu and
rDNA (5.8S, 18S and 28S) in the BT-549 cells than in the MCF-7
and MDA-231 cells (Figure 2E).

To explore the potential interaction between cGAS or
SQSTM1 and genomic DNA in the cytoplasm, co-
immunoprecipitation was carried out. Flag-SQSTM1 and Flag-
cGAS were transfected into the MDA-231 and BT-549 cells, and
the cytoplasmic fractions of Flag-SQSTM1 and Flag-cGAS were
immunoprecipitated. The sequences of Alu- or 5.8S rDNA could
be detected in either precipitated Flag-SQSTM1 or Flag-cGAS
and were more abundantly detected in the BT-549 cells than in
the MDA-231 cells (Figure 2F). Moreover, the sequences of Alu
DNA in the cytoplasm showed greater detection in the BT-549
cells than in the MDA-231 cells by FISH, and following
treatment with CQ and bafilomycin A1, the cytoplasmic
signals were enhanced in the BT-549 cells (Supplementary
Figure 2G), but the level of the LaminA/C or LBR in all three
kind of cells were not changed in the presence of CQ (50 mmol/L)
for 36 hours, (Supplementary Figure 2F).

Taken together, these data indicated that DNA autophagy in
breast cancer cells could be selective autophagy of cytoplasmic
free DNA but not nucleophagy and possibly involved cGAS,
SQSTM1 and LC3.

DNA Autophagy in the Cytoplasm Was
Involved in the Coordination of cGAS
and SQSTM1
To explore the autophagic flux in DNA autophagy, we
investigated the relationship between cGAS and SQSTM1 or
LC3. After knockdown of either LC3 or SQSTM1 by siRNA, the
level of cGAS was obviously increased in the BT-549 cells, as
shown by Western blotting (Figures 3A, B, left panels), and in
immunofluorescent staining (Figures 3A, B, right panels).
Moreover, depletion of LC3 increased the SQSTM1 levels
(Figure 3A, left panels). In contrast, after knockdown of cGAS
May 2021 | Volume 11 | Article 667920
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FIGURE 2 | Detection of genomic DNA autophagy in the cytoplasm of breast cancer cells. (A) The effects of autophagic inhibition on the expression and distribution
of SQSTM1 and cGAS in breast cancer cells. MDA-231 and BT-549 cells were treated with CQ 10 mmol/L) for 4 hours and subjected to double
immunofluorescence staining of SQSTM1 green) and cGAS red). The experiments were repeated three times. Data are presented as mean ± SD. (B) The effects of
autophagic inhibition on the expression and distribution of LC3 and cGAS in breast cancer cells. The MDA-231 and BT-549 cells were treated with CQ 10 mmol/L)
for 4 hours and subjected to double immunofluorescence staining for LC3 green) and cGAS red). The experiments were repeated three times. Data are presented as
mean ± SD. (C) Detection of SQSTM1 and cGAS in the MNs of breast cancer cells. The MDA-231, BT-549 and MCF-7 cells were doubly stained for SQSTM1
green) and cGAS red) by immunofluorescence, and MN colocalization is labeled with circles. The experiments were repeated three times. (D) Autophagic inhibition
increased the level of cGAS in the BT-549 cells. The BT-549 cells were treated with bafilomycin A1 BA1, 10 nmol/L) for 24 hours, and the levels of cGAS, SQSTM1,
STING, LAMP2, and LC3-II were measured by Western blotting. Data are presented as mean ± SD. (E) Analysis of cytoplasmic DNA in breast cancer cells. The
cytoplasmic or nuclear DNA of the MDA-231, BT-549 and MCF-7 cells was independently isolated, and Alu and rDNA 5.8S, 18S and 28S) were individually detected
by PCR from cytoplasmic or nuclear DNA, respectively, as described in the Materials and Methods. Left panels: The amplified Alu products are displayed by gel
electrophoresis. The experiment repeated three times. Data are presented as mean ± SD. Right panel: The summarized results of rDNA 5.8S, 18S and 28S) in real-
time PCR. The experiments were repeated three times. Results are expressed as mean ± SEM. (F) Immunoprecipitation analysis of genomic DNA and cGAS or
SQSTM1 in the cytoplasm. The BT-549 cells and the MDA-231 cells were transfected with Flag-cGAS or Flag-SQSTM1 or vector) for 36 hours. After fixation with
1% formalin for 10 minutes, cytoplasmic extracts were isolated as described in the Materials and Methods. The genomic DNA was measured by PCR amplification
of Alu- and 5.8S rDNA. Left panels: Flag-SQSTM1. Right panels: Flag-cGAS. b-actin was used as an internal standard in Western blotting. The experiments were
repeated three times. Data are presented as mean ± SD. The level of statistical significance was <0.001 ***) and < 0.0001 ****). ns, no significance. All experiments
were repeated three times independently, and the images are representative of repeated experiments.
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by siRNA, the levels of either LC3-II or SQSTM1 were decreased
in the BT-549 cells, as shown by immunofluorescence and
Western blotting (Figure 3C).

After knockdown of cGAS by interfering RNAs, gel
electrophoresis showed that the levels of cytoplasmic Alu- and
rDNA sequences increased obviously in the BT-549 cell lines but
not in the MCF-7 or MDA-231 cell lines (Figure 3D). Similarly,
knockdown of LC3 also resulted in the same findings
(Figure 3D).

To explore the potential autophagic complex of SQSTM1, we
further analyzed cGAS, LC3 and free DNA through cytoplasmic
fractioning in a density gradient fraction assay, in which the
detection of SQSTM1 partly overlapped in fractions containing
cGAS, LC3 and free DNA (Figure 3E). Moreover, a coprecipitation
analysis showed that genomic DNA could be detected in the MDA-
231 and BT-549 cells transfected with either Flag-SQSTM1 or Flag-
cGAS (Figure 2F). In addition, endogenous cGAS in the BT-549
cells coprecipitated with transfected Flag-SQSTM1 (Supplementary
Figure 3A, upper panel).

However, so far there are no evidences on the direct
interaction of SQSTM1 with either cGAS or DNA, and how
SQSTM1 participates in DNA autophagy needs to be addressed.
Generally, SQSTM1 recognizes ubiquitinated substances during
autophagy, and it has been reported that cGAS undergoes K48-
linked ubiquitination at K414, leading to SQSTM1-dependent
selective autophagic degradation (24). Thus, Flag-SQSTM1 was
transfected into the BT-549 cells, but K48-ubiquitinated cGAS
could not be detected by Western blotting (Supplementary
Figure 3A, lower panel).

Since DNA is usually coated with histones or other
chromatin-binding proteins, cytoplasmic free DNA was also
assumed to be bound to histones. To clarify this, we isolated
cytoplasmic histones from the BT-549 or MDA-231 cells by acid-
based extraction (20). Western blotting showed that cytoplasmic
histones could be detected in both the BT-549 and MDA-231
cells, but the BT-549 cells presented more cytoplasmic histones
than the MDA-231 cells (Figure 3F); these structures could be
detected by anti-K48 ubiquitin and FK2 antibodies (against poly-
or monoubiquitinated proteins) (Figure 3F). Moreover,
Frontiers in Oncology | www.frontiersin.org 9257
immunofluorescence staining showed that more intensive
staining of FK2 could be detected in the cytoplasm of the BT-
549 cells than in that of the MDA-231 cells (Supplementary
Figure 3B).

Taken together, the results suggested that free cytoplasmic
DNA autophagy could be mediated in a complicated process,
assumedly involving cGAS binding to DNA and recognition of
ubiquitinated histones by SQSTM1, respectively.

Genomic DNA in the Cytoplasm Could be
Derived From Either Damaged Nuclei
or MNs
Since the cytoplasmic DNA undergoing autophagy was genomic
DNA from the nuclei and nuclear membrane in the breast cancer
cells were not generally broken (Supplementary Figure 1A),
DNA damage was assumed to be involved. The level of DNA
damage in the BT-549, MCF-7 and MDA-231 cells was analyzed
by comet assays. Table 1 shows that the tail length of the BT-549
cells was substantially longer than that of the MDA-231 (76.83,
P<0.0001) and MCF-7 cells (70.59, P<0.0001), the tail intensity
of the BT-549 cells was greater than that of the MDA-231 (70319,
P<0.01), and MCF-7 cells (75513, P<0.0001), and the tail
movement of the BT-549 cells was also obviously higher than
that of the MDA-231 (13.09, P<0.0001) and MCF-7 cells (15.66,
P<0.0001). These results indicated that the DNA damage was the
most severe in the BT-549 cells (Table 1 and Figure 4A).

Following bafilomycin A1 treatment, the length, intensity and
movement of the tails in the BT-549 cells, but not in the MCF-7
and MDA-231 cells, increased significantly (182.47 (P=0.0008),
321391.66 (P=0.0002), and 60.12 (P=0.0024), respectively)
(Table 1 and Figure 4A). Similarly, knocking down cGAS and
LC3 in BT-549 cells by siRNA also increased the tail values in the
comet assay (Table 1, P<0.001) (Table 1 and Figure 4A). These
results indicated that inhibition of autophagy could influence the
status of DNA damage.

Moreover, TUNEL assays were performed to directly measure
DNA breaks in breast cancer cells. BT-549 cells presented more
TUNEL-positive cells than those of MCF-7, MDA-231, and the
percentage of TUNEL-positive BT-549 cells was approximately
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FIGURE 3 | DNA autophagy in the cytoplasm was involved in the coordination of cGAS and SQSTM1. (A) The depletion of LC3 increased the level of cGAS. After
knockdown by LC3 siRNA 1, 2, 3 in BT-549 cells, the level of cGAS was measured by Western blotting left panels), while the cellular distribution of LC3 (green) and
cGAS (red) in the LC3 siRNA 3-transfected cells was analyzed by immunofluorescence staining right panels). siNC: control iRNA. The experiments were repeated
three times. Data are presented as mean ± SD. (B) The depletion of SQSTM1 increased the level of cGAS but decreased LC3-II. After knockdown of SQSTM1 by
siRNA 1, 2, 3) in BT-549 cells, the levels of cGAS or LC3-II were measured by Western blotting left panels), and the c ellular distribution of cGAS and LC3 in the
SQSTM1 siRNA 3-transfected cells was analyzed by immunofluorescence staining right panels). siNC: control iRNA. The experiment repeated three times. Data are
presented as mean ± SD. (C) The depletion of cGAS decreased the level of LC3-II. After knockdown by cGAS siRNA 1, 2 in BT-549 cells, the levels of LC3-II or
SQSTM1 were measured by Western blotting. siNC: control iRNA. The experiment repeated three times. Data are presented as mean ± SD. (D) The silencing of
autophagic genes increased the level of cytoplasmic DNA. Cytoplasmic or nuclear DNA was extracted from the MCF-7, MDA-231 and BT-549 cells or their
corresponding cells with knockdown of SQSTM1 or LC3 by siRNA. The levels of cytoplasmic C) or nuclear N) DNA were measured by PCR amplification of Alu and
5.8S rDNA sequences, and the quantitative analysis was performed with the results of gel electrophoresis. The experiments were repeated three times. Data are
presented as mean ± SD. (E) Sucrose density gradient analysis of the cytoplasmic fractions of the BT-549 cells. Cytoplasmic extracts from the BT-549 cells were
isolated and fractioned through sucrose gradient centrifugation, and SQSTM1, cGAS, and LC3 II in each fraction were measured by Western blotting. Cytoplasmic
genomic DNA in selected fractions was analyzed by Alu-based PCR amplification and gel electrophoresis. The amounts of the indicated proteins were quantified
using ImageJ and plotted. The experiments were repeated three times. (F) Analysis of cytoplasmic histones and ubiquitination in breast cancer cells. Cytoplasmic or
nuclear extracts from the MDA-231 or BT-549 cells were independently isolated by acid extraction and analyzed by Western blotting. Left panels: Core histone;
middle panels: K48 antibody detection; right panels: FK2 antibody detection of mono- or polyubiquitinated proteins. The arrows indicate the putative histones.
C, cytoplasmic; N, nuclear. The level of statistical significance was <0.05 *), <0.01 **), < 0.001 ***) and < 0.0001 ****). ns, no significance. The experiments were
repeated three times, and the images are representative of repeated experiments.

Yao et al. DNA Autophagy Protects Cancer Cells
35%, and the percentage ofMDA-231 cells was 5% (P<0.05) (Figure
4B). Furthermore, the expression of ATM, ATR, and g-H2AX in the
MDA-231 and BT-549 cells further confirmed that the BT-549 cells
generally had lower levels of ATM, ATR, and g-H2AX, indicating a
failure in the DNA damage response (Figure 4C).

Interestingly, the TUNEL assay also showed that the BT-549
cells presented TUNEL positivity not only in the nuclei but also in
30% of the MNs (Figure 4B), while there were no differences in
53BP1 or g-H2AX staining in the MNs among the BT-549, MDA-
231 and/or MCF-7 cells (Supplementary Figure 4A). However, in
further DNA damage analysis, RPA2 (replication protein A2) and
PICH (PLK1-interacting checkpoint helicase), the factors involved
in DNA replication, were stained in breast cancer cells. Some MNs
in the BT-549 cells, but not MDA-231 and/or MCF-7 cells,
exhibited bright foci with RPA2 or PICH staining (Figures 4D,
E), indicating DNA single or double breaks owing to DNA
replication. Some MNs could be separately labeled by BrdU,
indicating unscheduled DNA replication in the MNs (Figure 4F).
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More interestingly, immunofluorescence staining of pHH3
(phosphorylated histone 3), a marker of chromatin condensation,
could be detected in some MNs, especially in the BT-549 cells,
similar to mitotic cells, and pHH3-stainedMNs were usually Lamin
B1 negative (Figure 4G), which indicated that this DNA damage
might be caused by a process similar to apoptosis in the MNs (25).
The results indicated that at least a portion of cytoplasmic DNA
possibly came from the collapse or degradation of MNs.

Taken together, the results suggested that free cytoplasmic
DNA was involved in the DNA damage response failure and its
consequential MN formation, part of which underwent collapse
owing to replication and DNA damage.

Inhibition of DNA Autophagy Induced
Growth Arrest or Cell Death of
Cancer Cells
The above results demonstrated that breast cancer cells
presented high DNA autophagic activity, which raised the
TABLE 1 | The results of the Comet assay.

Cell lines Tail length Tail intensity Tail movement

Mean SD Mean SD Mean SD

MDA-231 Control 76.83 45.00 70319.47 59133.3 13.09 14.16
Bafilomycin A1 87.43 43.28 69149.58 61988.6 16.14 20.33
NC 78.88 46.56 69820.57 59621.2 12.78 13.21
si-LC3 66.26 37.16 94829.15 116894 19.06 28.14
si-cGAS 74.13 61.62 72505.77 72552.6 13.19 11.86

BT-549 Control 109.94(****) 39.37 185572.14(****) 139055 42.63(****) 25.33
Bafilomycin A1 182.468(****) 71.71 321391.656(***) 183954 60.123(*) 51.03
NC 100.67 45.72 189102.12 139234 45.22 25.43
si-LC3 190.637(****) 81.25 484393.68(****) 136164 95.130(**) 35.25
si-cGAS 163.324(****) 68.48 392065.161(***) 111780 70.662(**) 47.03

MCF-7 Control 70.59 41.03 75513.63 102705 15.66 21.45
Bafilomycin A1 69.48 38.46 84516.05 114563 15.93 20.43
NC 68.23 40.92 79333.41 99012.3 16.01 21.22
si-LC3 59.94 30.88 95231.169(*) 100438 15.09 21.39
si-cGAS 77.88 55.12 87188.13 93316.8 15.54 21.37
May 2021 |
 Volume 11 | Article 6
Results are expressed as mean ± SD. (*p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001, ****p ＜ 0.0001).
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FIGURE 4 | Genomic DNA in the cytoplasm could be derived from either damaged nuclei or MNs. (A) Comet assays of the status of DNA damage in breast cancer cells.
The original MDA-231, BT-549 and MCF-7 cells, those in the presence of 10 nmol/L BAI bafilomycin A1) for 24 hours, or cells with silencing of cGAS or LC3 by transfection
with either si-cGAS or si-LC3 for 48 hours were subjected to comet assays. Their more detailed data are summarized in Table 1. The experiments were repeated three times.
(B) TUNEL analysis of breast cancer cells. A TUNEL assay was carried out on the MDA-231 and BT-549 cells, and positive staining in the nucleus and/or MNs was evaluated
in whole slides and is presented as percentages. The experiments were repeated three times. Data are presented as mean ± SEM. Arrows indicate positive MNs, while stars
label positive nuclei. (C) The status of DNA damage in breast cancer cells. The MDA-231 and BT-549 cells were stained for g-H2AX and p-ATM or p-ATR, respectively left
panels). The staining intensity was evaluated and plotted right panel). The experiments were repeated three times. Data are presented as mean ± SD. (D) Double staining of
RPA2 and Lamin B1 was performed in the MDA-231 and BT-549 cells. Solid circles label positive staining, and dashed circles indicate weak or negative staining. Arrow
indicates RPA2 foci in MNs. The experiments were repeated three times. (E) Double staining of PICH and RPA2 or 53BP-1 or g-H2AX or Lamin B1 was performed in the BT-
549 cells. Solid circles indicate positive staining, and dashed circles indicate weak or negative staining. Arrows indicate PICH foci in MNs. The experiments were repeated
three times. (F) BrdU incorporation assays. After incubation with BrdU for 30 minutes, the BT-549 cells were doubly stained with BrdU and MCM7. Arrows indicate
unscheduled replication in MNs. (G) Analysis of DNA damage in the MNs in breast cancers. Double staining of Lamin B1, RPA2 or g-H2AX and pHH3 was performed in the
BT-549 cells. Solid circles indicate highly stained MNs, and dashed circles indicate negative or weak staining of MNs. The experiment repeated three times. The level of
statistical significance was < 0.0001 ****). The images are representative of repeated experiments.
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question of whether autophagy influences the biological activity
of this kind of cancer cell.

To further determine the role of autophagy in breast cancer
cells, we grew MCF-7, MDA -231 and BT-549 cells in the
presence of bafilomycin A1 at various concentrations (0 nmol/
L, 1 nmol/L, 5 nmol/L, 10 nmol/L) for 72 hours, and the results
showed that the growth of both the MDA-231 and BT-549 cells
was inhibited in a dose-dependent manner (Figure 5A).
However, the BT-549 cells showed cytotoxicity in the presence
of 10 nmol/L bafilomycin A1. This finding was confirmed by
time course analysis, in which the BT-549 cells with high
autophagic activity died after treatment with 10 nmol/L
bafilomycin A1 for 72 hours, while the MDA-231 cells only
showed growth inhibition (Figure 5A).

Similarly, after further treatment of the MCF-7, MDA-231
and BT-549 cells with different concentrations of CQ (0 mmol/L,
5 mmol/L, 50 mmol/L, 100 mmol/L) for 72 hours, cell survival and
growth were evaluated (Figure 5B).

The effects of cGAS or SQSTM1 expression on cell growth
and survival of breast cancer cells were also clarified through
silencing of either cGAS or SQSTM1 in the MCF-7, MDA-231
and BT-549 cells. The viability of the BT-549 cells was markedly
reduced after either si-cGAS or si-SQSTM1 silencing. However,
the MCF-7, MDA-231 and HeLa cells were not affected
significantly (Figure 5C). Similarly, the BT-549 cells, but not
MDA-231 cells, were inhibited by treatment with the STING
antagonist H-151 (2 mmol/L, 10 mmol/L, 20 mmol/L) for 24 hours
(Supplementary Figure 5A).

To further clarify inhibition of autophagy to DNA autophagy
under enhanced DNA damage, MCF-7, MDA-231, HeLa cells
treated with Hydroxyurea (26) (0.5mmol/L) or Aphidicolin (27)
(1mmol/L), which could not only induce cytoplasmic
accumulation of cGAS/SQSTM1, but also became sensitive to
the inhibitors of CQ (50 mmol/L) or bafilomycinA1 (10 nmol/L)
(Figure 5D and Supplementary Figures 5B–D).

To further expand the observation of DNA autophagic
inhibition to cell activity, we screened a series of human cancer
cells with immunofluorescence double-staining of cGAS and
SQSTM1, and HCT116, 786-0, PC3M, and DU145 cells were
screened. Three categories of cancer cells—cells with high cGAS
and SQSTM1 (786-0 and PC3M), low cGAS and SQSTM1 (HeLa
and HCT116), and high SQSTM1 but low cGAS (DU145)—were
Frontiers in Oncology | www.frontiersin.org 13261
selected (Figure 5E). In further analysis, the survival of 786-0 cells
with strong cGAS and SQSTM1 expression was reversely to the
treatment of CQ or bafilomycin A1 in a dose-dependent way
(Figure 5F), and the PC3M cells were also reduced significantly in
the treatment of CQ (50 mmol/L) or bafilomycin A1 (10 nmol/L)
(Figure 5G). In contrast, HCT116 cells with low levels of cGAS
and SQSTM1 were not significantly affected with the treatment of
CQ (50 mmol/L) or bafilomycin A1 (10 nmol/L) (Figure 5G). In
similar, DU145 cells with high SQSTM1 but low cGAS levels were
not affected in above treatments (Figure 5G). The results implied
that the growth or survival of cancer cells with high DNA
autophagy was sensitive to autophagic inhibition.

To explore the cell death induced by DNA autophagic
inhibition, we analyzed the CQ- or bafilomycin A1-treated
MCF-7, MDA-231 and BT-549 cells, and the active form of
caspase-3 was not detected by staining (Figure 5H). Therefore,
caspase-independent cell death (CICD) was investigated.
Autophagy-related CICD could be achieved through lysosomal
membrane permeabilization (LMP), but because CQ is an LMP
inducer and bafilomycin A1 is an LMP inhibitor, LMP-induced
cell death could be ruled out. Alternatively, CICD is usually
mediated by increasing ROS (reactive oxygen species) owing to
mitochondrial outer-membrane permeabilization (MOMP). The
production of ROS was measured in the presence of CQ and
bafilomycin A1 by dihydroethidium (1 mmol/L), and the results
showed that either CQ or bafilomycin A1 could increase
ethidium-stained BT-549 cells but only slightly affected the
MDA-231 or MCF-7 cells (Figure 5I), confirming that CQ or
bafilomycin A1 treatment could induce caspase-independent cell
death in the BT-549 cells.

The results demonstrated that DNA autophagy could be
necessary for the survival of cancer cells by clearing cytoplasmic
free DNA to protect against cell death.
DISCUSSION

Autophagy is an important adaptive process to recycle substances
or clear damaged organelles. For decades, autophagy has been
thoroughly elucidated in terms of its process, forms, regulation
and biological roles (28). DNA autophagy has also been identified,
May 2021 | Volume 11 | Article 667920
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FIGURE 5 | Inhibition of DNA autophagy induced growth arrest or cell death of cancer cells. (A, B) The effects of autophagic inhibition on the survival and growth of
breast cancer cells. Left: MDA-231 and BT-549 cells were treated with the indicated concentrations of BA1 bafilomycin A1) or CQ for 36 hours, and cell viability was
measured. Right: The growth of the MDA-231 and BT-549 cells was analyzed in the presence of 10 nmol/L BA1 or 50 mmol/L CQ for the indicated days. Cell
viability was measured by Trypan blue exclusion assays. (C) The effects of downregulation of either cGAS or SQSTM1 on the survival of cancer cells. The MDA-231,
BT-549, MCF-7 and HeLa cells were transfected with si-cGAS and si-SQSTM1 for 48 hours, and the post-transfection cell viability was analyzed by live and dead
assays. (D) Enhancement of DNA damage sensitized cancer cells to autophagic inhibitors. The MCF-7, MDA-231, and HeLa cells were treated with hydroxyurea 0.5
mmol/L) or aphidicolin 1 mmol/L) for 4 hours and then further incubated in the presence of CQ 50 mmol/L) or bafilomycin A1 10 nmol/L) for 36 hours. Cell viability
was analyzed by live and dead assays. (E) Upper panel: Double staining of SQSTM1 green) and cGAS red) was performed in the 786-0, HCT116, DU145 and
PC3M cells. Lower panel: The quantification of immunofluorescence co-localization in three cells. (F) The 786-0 cells were treated with the indicated concentrations
of CQ or BA1 for 36 hours. Cell viability was measured by live and dead assays. (G) The effects of autophagic inhibition on the survival of cancer cells. The HCT116,
DU145 and PC3M cells were treated with CQ 50 mmol/L) or bafilomycin A1 BA110 nmol/L) for 36 hours, and cell viability was measured by MTS assays.
(H) Detection of the active form of caspase-3 in the autophagy-inhibited breast cancer cells. The MDA-231 and BT-549 cells were treated with either CQ 50 mmol/L)
or BA1 bafilomycin A1, 10 nmol/L) for 36 hours, stained for cl-caspase3 by immunofluorescence upper) and measured by Western blotting lower). (I) The inhibition
of autophagy induced caspase-independent cell death in the BT-549 cells. After treatment with either CQ 50 mmol/L) or BA1 bafilomycin A1, 10 nmol/L) for 36
hours, the BT-549 cells were incubated in vivo with dihydroethidium 1 mmol/L) for 30 minutes, and ethidium-stained cells were counted in a total of 500 cells. The
images are representative of repeated experiments. The level of statistical significance was <0.05*), < 0.01 **), < 0.001 ***), and < 0.0001 ****). Each of experiments
was performed in triplicate, and all experiments were independently repeated at least three times. The images are representative of repeated experiments. Results
are expressed as mean ± SEM.
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especially as a mechanism against exogenous invasion of
organisms, and is considered an innate immune mechanism
(29) However, apparently, unlike that of other substances,
autophagy of genomic DNA, the cellular genetic materials, is
difficult to be considered for multicellular organisms.
Nevertheless, in unicellular lower eukaryotes such as yeasts,
DNA autophagy, in which cell nuclei can undergo autophagy by
well-established regulatory pathways for nucleophagy through
either piecemeal microautophagy of the nucleus (PMN) or late
nucleophagy, has been identified (29). Even entire nuclei could be
degraded by macroautophagy in filamentous fungi. For
mammalian cells, MN-related nucleophagy has been described
occasionally, but mechanistically, its detailed process is still elusive.
Mammalian cells have a nuclear lamina structure, which is
different from that of lower eukaryotes, such as yeasts, with no
comparable lamins or a fibrous nuclear envelope scaffold (29).
Nevertheless, nucleophagy is considered to play an important role
in maintaining cellular genomic stability, detecting DNA damage,
and regulating cellular apoptosis, as well as cellular senescence (30,
31). MN assays showed increased MN frequencies in breast cancer
lymphocytes, which were correlated with the progression of breast
cancer (32). MNs are abnormal components that exists in the
cytoplasm, independent of the nuclear nucleus. Autophagy also
contributes to the elimination of MN (29). However, for most
cancer cells, MNs can persist, arguing the general elimination of
MNs by nucleophagy. In addition, similar to other studies, our
investigations showed that cGAS and/or SQSTM1 could be
detected in some MNs. However, the percentage of MNs with
colocalization was low even in the highly abundant MNs in the
BT-549 cells. Nucleophagy was not a prevalent event in cancer
cells. A previous report showed the interaction between Lamin B1
and LC3 and suggesting that it is a nucleophagic mechanism (25).
However, we still did not observe such interactions in our
experiments, for instance, in BT-549, MDA-231 or 786-0 cells,
all of which usually showed a relatively high frequency of MN
formation. Another possibility could not be ruled out: MNs
undergoing nucleophagy could directly fuse with lysozyme, but
this hypothesis needs to be further explored.
Frontiers in Oncology | www.frontiersin.org 15263
Selective DNA autophagy (33) has been well clarified in
mammalian cells. It has been demonstrated that free DNA or
RNA could directly mediate microautophagy via LAMP2
(lysosome-associated membrane protein 2) without the need
for LC3 or other autophagic factors, but the nucleic acid
transporter SIDT2 (SID1 transmembrane family member 2,
SIDT2) is an integral lysosomal membrane protein for
translocation into the lysosomal lumen (34). Nevertheless,
specific DNA sensors, such as cGAS-STING, have also been
revealed to participate in DNA autophagic initiation. cGAS binds
to DNA (in MNs or free) and recruits Beclin-1 and STING,
promoting autophagy. cGAS generates cGAMP and stimulates
the STING-Golgi apparatus, but some studies have also shown
that STING itself could mediate autophagy after its binding to
DNA, and the intrinsic domains of STING could directly interact
with LC3 (8). In a recent report, exogenous plasmids were first
recognized by DAI/ZBP1 (DNA-dependent activator of
interferon regulatory factors/Z-DNA binding protein 1) but
not cGAS (35). However, in our study, upon introducing
genomic DNA into the MCF-7, MDA-231 or BT-549 cells, we
found that cytosolic inclusions of various sizes were positive for
cGAS, LC3 and lysosomes, confirming DNA autophagy
(Supplementary Figure 6). However, few inclusions were
Beclin-1 positive (Supplementary Figure 6). Therefore, it
seemed that cytoplasmic DNA autophagy might involve
different forms owing to the source of DNA and especially the
DNA status and its level, nucleophagy, and selective autophagy.
Apparently, the molecular mechanism could be diverse, such as
LC3-dependent or LC3-independent DNA sensors. In actual
conditions, free DNA is not naked but is instead usually bound
to nuclear proteins. Therefore, genomic DNA from MN collapse
or nuclear release might trigger a more complicated autophagic
reaction to both DNA and proteins, especially ubiquitination
(see below).

In recent years, extensive research has demonstrated that SASP
is activated by the cGAS-STING pathway, and its
proinflammatory role has been demonstrated to be crucial for
the occurrence of autoinflammatory disorders, age-related diseases
May 2021 | Volume 11 | Article 667920
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and even cancer progression (8). However, either cGAS or STING
alone or their combination could mediate DNA autophagy (8).
The described data also indicated that cGAS could play an
important role in autophagy. These findings raise an important
question of how the decision to choose SASP or autophagy is
made in cells. Our research showed that autophagy was usually
found in cells with profound DNA damage, while increased DNA
damage could induce DNA autophagic activity, indicating that the
extent of DNA damage could be a factor influencing this
determination. cGAS-mediated SASP and autophagy could
respond to DNA damage. Severe DNA damage should be
cleared by autophagy, but relatively less severe damage triggers
SASP. Apparently, the cellular ability of DNA damage repair could
also be a factor. These findings raise the question of whether there
is any difference between cGAS inmediating SASP and autophagy.
The details of cGAS recognition of DNA to induce autophagy or
SASP are still unclear. However, more importantly, released
genomic DNA from the cytoplasm is not protein-free but is
instead bound with histones or other nuclear proteins (36). The
complex of DNA and protein could more easily activate
autophagic activity since histones are usually ubiquitinated and
generally recognizable by SQSTM1. To date, many studies have
observed that SQSTM1 could be detected in the cell nucleus by
either tagged SQSTM1 or immunohistochemistry (24). In fact, the
nuclear localization signal of SQSTM1 has been revealed, and its
nuclear translocation has been demonstrated to be involved in the
DNA damage response (37, 38). Therefore, the cytoplasmic or
nuclear distribution of SQSTM1 could be similar. Thus, it is more
likely that with severe DNA damage or repair failure, a relative
amount of genomic DNA with coated proteins is released into the
cytoplasm to trigger an autophagy-mediated clearance response.

Recent reports suggest that activation of cGAS upon binding
to DNA could trigger activation of STING, leading to either
SASP or autophagy, and MCF-7, MDA-231 and BT-549 cells
presented different endogenous levels of STING or
phosphorylated STING, which was consistent with their SASP
and autophagic phenotypes (Figures 1B, C). Moreover,
endogenous or exogenous STING was present in a few
cytoplasmic vesicles in the MCF-7 and MDA-231 cells but was
distributed in the Golgi apparatus in the BT-549 cells and could
be disrupted by brefeldin A (BFA) (Supplementary Figure 3C).
In the BT-549 cells, the level of STINGmarkedly increased in the
presence of bafilomycin A1 (10 nmol/L) (Figure 2D) or with
downregulation of DNase II (Supplementary Figure 3D).
However, after treatment of the BT-549 cells with either
the STING antagonist H-151 (2 mmol/L) or agonist cGAMP
(300 nmol/L) for 24 hours, SQSTM1 or LC3 presented no
change in immunofluorescence staining. Thus, degradation of
STING may be involved in the autophagic process, while its
activity in the regulation of autophagy in BT-549 cells requires
further exploration.

Cytoplasmic DNA can easily be derived from mitochondria,
organelles in the cytoplasm, but the mechanism by which genomic
DNA accumulates in the cytoplasm is still unclear. MN formation is
believed to be a major source since various reports have shown that
MNs from some cancer cells are not intact in their nuclear lamina
Frontiers in Oncology | www.frontiersin.org 16264
due to RB deficiency (39). Indeed, defects in nuclear membrane
assembly, either aberrant nuclear pore complexes NPCs) or nuclear
lamina defects owing to lamina gene mutations, have been shown to
result in nuclear irregularity, lobulation or MN formation to cause
cellular senescence and the SASP (6). More than 60% of MNs are
disrupted, and then, damaged DNA is released (6, 39) However, in
our investigation, as well as a previous report (18), MNs formed in a
variety of cancer cell lines, including breast, colorectal, cervical and
kidney cancer cell lines, generally had intact nuclear lamina
proteins, such as Lamin A/C or B or their receptor LBR, nuclear
pore complex Nup153), TPR blanked protein), and integral
membrane proteins Sun2, nesprin2) (40). Nuclear rupture did not
appear to be a prevalent event for cancer cells, and cytoplasmic
DNA from MNs needs to be further explored. Similar to its main
nucleus, MNs can undergo various activities, including replication,
transcription and DNA damage. Chromothripsis has been
demonstrated to be a consequence of DNA damage in MNs (10).
This research also showed that unscheduled DNA replication and
DNA damage could be detected in a portion of the MNs.
Interestingly, some BT-549 cells with abundant MNs more
frequently presented condensed focal staining of RPA2 or PICH,
both of which participate in the DNA damage response; the former
usually binds to single-stranded DNA, and the latter binds to
double-stranded DNA (41, 42). More importantly, some MNs
were frequently observed in pHH3-positive cells, similar to BT-
549 cells (Figure 4F). It has been acknowledged that pHH3 is
mainly found during chromatin condensation in mitosis and in
apoptotic nuclei of cells (43, 44). For determination of whether
pHH3-positive MNs undergo mitosis, cells were stained for Hec1
(45), a protein involved in kinetochore assembly. The results proved
that noMNs were positive, but only mitotic and apoptotic cells were
stained. In a cell-free apoptotic model, nuclear condensation could
sequentially proceed with condensation, a nuclear necklace, collapse
or disassembly (25, 35). Similarly, pHH3-stained MNs also
presented these morphological changes (Figure 4F), indicating
that MNs could undergo collapse owing to replication and
damage. Accordingly, a portion of the MNs in the BT-549 cells
showed positive staining of RPA2 and PICH, especially in the foci-
staining pattern (Figures 4D, E), indicating severe DNA damage in
these MNs. Apparently, the moreMNs formed, the more frequently
breakage was detected. In addition, the release of nuclear eccrDNA
extrachromosomal circular rDNA) should be another source of
cytoplasm see below).

Since MN formation can be generally induced by a variety of
genotoxic agents, DNA damage is reasonably considered a key
process, and aberrant mitosis is widely accepted (6, 12). However,
recent studies have suggested that for cancer cells, DNA
replication stress could be a likely common mechanism (41, 46–
48). Oncogenic mutations induce accelerated DNA replication
and trigger replication stress. The so-called common fragile sites in
the genome, such as rDNA, are difficult to replicate, and stalled or
collapsed replication forks usually induce the formation of UFBs
ultrafine bridges) or lagging chromosomes to result in MN
formation or to generate free DNA fragments, such as
eccrDNA, which are hard to enclose in the late phase of mitosis
during nuclear membrane assembly and are consequently released
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to the cytoplasm (16, 42). In our investigation, in addition to MNs,
cytoplasmic DNA from the genome, including Alu-repeated
sequences and rDNA, was easily detected, indicating a
replication stress-related mechanism. Moreover, intra-S phase
checkpoints mediated by ATR and ATM kinases are crucial to
replication stress, and their deficiency causes replication stress-
related DNA damage (49). The BT-549 cells generally had low
levels of pATM and pATR and high formation of MNs and
cytoplasmic DNA as well as strong TUNEL staining, suggesting
relationships between these factors.

Autophagy is a form of cellular activity that adapts to
endogenous and environmental changes. Although gene
mutations related to the regulation of autophagy have been
clarified in tumorigenesis, for some kinds of cancer cells,
inhibition of autophagy could promote their growth and
survival, indicating that autophagic activity could be necessary
for these cancer cell (50). However, how to determine the
sensitivity of cancers to autophagic inhibition is still not
established. Meanwhile, some studies have shown that the
inhibition of autophagy can affect the viability of cancer cells
(51). This investigation showed that inhibition of DNA
autophagy could decrease cell viability, suggesting its potential
Frontiers in Oncology | www.frontiersin.org 17265
therapeutic utility in cancer treatment, especially for cancer cells
deficient in DNA repair. In recent years, DNA damage
repair deficiency has been successfully used in cancer therapy;
for instance, cancers with MSI microsatellite instability)
can be treated with immune checkpoint blockade-based
immunotherapies, while genomic mutations of BRCA1/2 or
HRR homologous recombination repair) are targets of PARP
inhibitors. DDR deficiency has been considered a promising
anticancer target (52–54) Targeting autophagy could be another
approach to treat DDR-deficient cancers.

In summary (Figure 6), our investigation revealed DNA
autophagy in breast cancer cells with high MN formation.
Autophagy of genomic DNA in the cytosol could be mediated by
cGAS but is usually coordinated with other autophagic mediators.
Cytoplasmic DNA could be derived from DNA replication-induced
damage andMN collapse. The clearance of cytoplasmic DNA could
be necessary for cancer cell growth and survival. Thus, autophagic
inhibition could be a potential therapeutic approach for cancer cells
with high DNA autophagic activity. Nevertheless, we acknowledged
that our major evidences came from BT-549, there will be further
work in BT-549 like breast or other cancer cells to solid
our conclusions.
FIGURE 6 | Schematic summary of the main findings. Cytoplasmic DNA autophagy is initiated by the binding of cGAS to free DNA and may be coordinately
accompanied by the recognition of ubiquitinated Ub) histones H) or nuclear proteins NPs) by SQSTM1. ① Cytoplasmic DNA and proteins) could be derived from
either DNA replication-related nuclear damage ② and consequent MN formation ③, which would undergo collapse owing to its unscheduled replication ④. ⑤ The
degradation of STING could be involved in autophagy and result in a failure to activate SASP activity, but the role of STING in DNA autophagy still needs further
exploration. ⑥ Generally, in autophagy, free DNA and proteins are enclosed in autophagosomes via LC3 lipidation and degraded after fusion with LAMP2- and
DNase II-containing lysosomes. The clearance of cytoplasmic DNA by autophagy could play a protective role in maintaining the growth and survival of cancer cells,
and thus, disruption of the process could lead to caspase-independent cell death CICD).
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Resistance to first-line chemotherapy drugs has become an obstacle to improving the
clinical prognosis of patients with small cell lung cancer (SCLC). Exosomal microRNAs
have been shown to play pro- and anti-chemoresistant roles in various cancers, but
their role in SCLC chemoresistance has never been explored. In this study, we observed
that the expression of exosomal miR-92b-3p was significantly increased in patients
who developed chemoresistance. Luciferase reporter analysis confirmed that PTEN
was a target gene of miR-92b-3p. The PTEN/AKT regulatory network was related
to miR-92b-3p-mediated cell migration and chemoresistance in vitro and in vivo in
SCLC. Importantly, exosomes isolated from the conditioned medium of SBC-3 cells
overexpressing miR-92b-3p could promote SCLC chemoresistance and cell migration.
Furthermore, we found that plasma miR-92b-3p levels were significantly higher in
patients with chemoresistant SCLC than in those with chemosensitive SCLC, but the
levels were down-regulated in patients who achieved remission. Kaplan–Meier analysis
showed that SCLC patients with high miR-92b-3p expression were associated with
shorter progression-free survival. Overall, our results suggested that exosomal miR-
92b-3p is a potential dynamic biomarker to monitor chemoresistance in SCLC and
represents a promising therapeutic target for chemoresistant SCLC.

Keywords: exosome, miR-92b-3p, small cell lung cancer, chemoresistance, migration

INTRODUCTION

Lung cancer, one of the most common cancers worldwide, leads to high cancer-related death among
both men and women (Siegel et al., 2019). Small cell lung cancer (SCLC) is a neuroendocrine
tumor that accounts for approximately 15% of all lung cancers (Sun et al., 2017). SCLC is the
most aggressive lung malignancy, exhibiting a strong proliferative capacity, early distant migration,
and drug resistance, all of which lead to extremely poor outcomes for SCLC patients. The first
line of treatment regimen for SCLC is platinum-based chemotherapy, usually in combination
with the topoisomerase II inhibitor etoposide (William and Glisson, 2011; Borromeo et al., 2016).
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The treatment regimen shows a good initial response in
60–80% SCLC patients, but almost all patients relapse within
6–12 months of treatment due to the development of multidrug
resistance (MDR; Peng et al., 2016). The indicators currently
used for monitoring SCLC chemoresistance are imaging data and
traditional tumor markers, such as carcinoembryonic antigen,
pro-gastrin-releasing peptide, and neuron-specific enolase.
Owing to radiation hazards, imaging cannot be performed as
a routine examination during chemotherapy. Most traditional
tumor markers lack high sensitivity and specificity. Therefore, it
is urgent to find reliable predictors and elucidate the molecular
mechanism of SCLC chemoresistance.

MicroRNAs (miRNAs) are endogenously derived non-coding
RNAs with 19–22 nucleotides. Numerous studies have revealed
that miRNAs are involved in cell proliferation, apoptosis, drug
resistance, cancer migration, and progression (Wei et al., 2017;
Liu et al., 2019). The relationship between miR-92b-3p expression
and cancer development remains controversial. Some reports
suggest that miR-92b-3p expression is increased in most cancers,
including colorectal cancer (Gong et al., 2018), esophageal
squamous cell cancer (Wang et al., 2019), gastric cancer (Li C.
et al., 2019), non-SCLC (NSCLC; Lei et al., 2014), and clear cell
renal cell carcinoma (Wang et al., 2020). In contrast, miR-92b-3p
is confirmed as a tumor suppressor miRNA in pancreatic cancer
(Long et al., 2017) and triple-negative breast cancer (Li Y. Y. et al.,
2019). However, the specific function of miR-92b-3p in SCLC is
not yet understood.

Exosomes ranging from 30 to 150 nm in diameter are widely
present in various bodily fluids. Exosomes can be produced by
tumor, epithelial, T, B, and dendritic cells. Most studies have
demonstrated that the exosomes secreted by tumor cells could
migrate far away from their initial position and then transfer
various types of functional effectors, including miRNAs, proteins,
and lipids, to recipient cells. In addition, exosomal miRNAs have
been considered as the most effective biomarkers for disease
diagnosis and efficacy monitoring in the past few years (Joyce
et al., 2016; Mao et al., 2020). However, the relationship between
tumor-derived exosomal miRNAs and chemoresistance in SCLC
has not been elucidated.

In the present study, we first isolated total RNA from
plasma exosomes of two SCLC patients at the pre- and post-
chemoresistant stages and used next-generation sequencing
(NGS) to examine the differential expression of miRNAs. We
found that the levels of miR-92b-3p in plasma exosomes were
significantly increased in SCLC patients with chemoresistance
compared with patients without chemoresistance. Hence, we
focused on exosomal miR-92b-3p and studied its effect on SCLC
chemoresistance. The data showed that miR-92b-3p could be
transferred among cancer cells via exosomes to promote cell
migration and chemoresistance through the PTEN/AKT pathway
in vitro and in vivo. Additionally, miR-92b-3p was demonstrated
to be significantly up-regulated in both the plasma and plasma
exosomes of SCLC patients with chemoresistance. Our study
reveals novel details elaborating the molecular mechanism of
exosomal miR-92b-3p in SCLC chemoresistance and offers
theoretical basis for identifying effective targets to improve the
prognosis of SCLC chemoresistant patients.

MATERIALS AND METHODS

Cell Lines, Materials, and Antibodies
The human SCLC cell lines H82, SHP77, DMS273, and H69
were kept in our own laboratory. SBC-3 and H446 cells were
purchased from the Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China). Cells were
maintained in Roswell Park Memorial Institute (RPMI) 1640
medium (Life Technologies, CA, United States) supplemented
with 10% fetal bovine serum (FBS; Gibco, Australia) and
1% penicillin/streptomycin in a humidified incubator at 37◦C
in 5% CO2.

Cisplatin (DDP), adriamycin (ADM), and etoposide (VP16)
were purchased from MCE (Concord, CA, United States), and
stock solutions were prepared in dimethyl sulfoxide (Sigma-
Aldrich, Saint Louis, Mo, United States) at a concentration of
1 mg/ml. Antibodies against CD63, TSG101, PTEN, phospho-
AKT, and AKT were purchased from Cell Signaling Technology
(Danvers, MA, United States). GAPDH antibody was purchased
from TransBionovo (Beijing, China). The bicinchoninic acid
(BCA) protein assay was purchased from Thermo Fisher
Scientific (CA, United States).

MiR-92b-3p Transfection
SBC-3 and SHP77 cells were seeded 1 day before transfection.
Lentivirus vectors containing the miR-92b-3p mimic
(Lv3-miRNA-92b-3p mimics), miR-92b-3p inhibitor (Lv3-
miRNA-92b-3p inhibitor sponge), or NC (Lv-NC) were
amplified by GenePharma (Shanghai, China). All these
plasmids and oligonucleotides were transfected into cells
by Lipofectamine 3000 reagent (Invitrogen) following the
manufacturer’s instructions, and cells were continually
incubated with puromycin (2.5 µg/ml, Sigma) to develop
acquired resistance.

Western Blot and Immunohistochemistry
Assays
For the western blot assay, total proteins were extracted using
extraction buffer with a protease inhibitor cocktail (Thermo
Scientific), and their concentration was quantified with the BCA
assay. Protein of 50 µg was separated by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis and then transferred to
polyvinylidene fluoride membranes (Millipore). The membranes
were blocked and probed overnight with primary antibodies,
including CD63, TSG101, PTEN, and AKT (T/P). After
incubation with secondary antibodies, the protein band intensity
was quantified by densitometry using Image Lab software (Bio-
Rad, Hercules, CA, United States).

For the immunohistochemistry (IHC) assay, tissue blocks
were sectioned at a thickness of 4 µm, and the sections were
deparaffinized. Briefly, the sections were incubated in xylene,
followed by ethanol, and then washed with distilled water. For
antigen retrieval, the sections were boiled in 10 mM of sodium
citrate buffer for 10 min at 121◦C. After being rinsed with
distilled water, the sections were incubated in 3% peroxidase
before they were washed with distilled water followed by buffer.
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For staining, sections were exposed to primary antibody targeting
PTEN or p-AKT (1:800) diluted in an antibody diluent. For
antigen visualization, a peroxidase-labeled secondary antibody
(EnVision/HRP system, DAKO, Carpinteria, CA, United States)
was applied. Subsequently, the sections were rinsed in the buffer
provided in the kit and immersed in a 3,3′-diaminobenzidine
staining solution.

Quantitative Real-Time Polymerase
Chain Reaction
Total RNA was isolated from cells using TRIzol. RNA from
plasma or exosomes was isolated using the miRNeasy Micro
Kit (Qiagen). cDNA was synthesized with the TaqMan R© MiRNA
Reverse Transcription Kit (Applied Biosystems). Aliquots of
the reaction mixture were used for PCR on an LC480 PCR
Detection System. All primers were synthesized by RiboBio
(Guangzhou, China). All PCR experiments were performed in
triplicate. The U6 RNA levels for cellular miR-92b-3p, miR-
39 levels for plasma, and exosomal miR-92b-3p and GAPDH
levels for mRNAs were used as respective internal controls for
data normalization.

Exosome Purification and Identification
The isolation of SCLC supernatant exosomes was adapted
from a previous study (Lobb et al., 2015). For exosome
purification from cell culture supernatants, cells were cultured in
medium containing 10% exosome-depleted FBS. In brief, culture
supernatants were centrifuged at 300 × g for 10 min to remove
living cells and 2,000 × g for 20 min to remove cell debris
and dead cells. Microvesicles were pelleted after centrifugation
at 16,500 × g for 45 min at 4◦C (Beckman Coulter, J2-HS) and
resuspended in phosphate-buffered saline (PBS). Supernatants
filtered through a 0.22-µm membrane were then centrifuged
at 100,000 × g for 2 h at 4◦C (Beckman Coulter, Optima
XPN-100). The pelleted exosomes were resuspended in PBS
and collected by ultracentrifugation at 100,000 × g for 2 h.
To isolate exosomes from the peripheral blood, samples were
centrifuged at 2,000 × g for 10 min two times to separate the
plasma, and exosomes were isolated via ultracentrifugation as
described above.

Protein levels in exosomes were quantified by the BCA
assay, and western blot analysis of exosome-related proteins
CD63 and TSG101 was performed following standard
procedures. Exosomes suspended in sucrose gradients were
prepared as described above and resuspended in PBS.
Sample aliquots of 4 ml were pipetted onto 200 mesh
formvar/carbon grids (EMS), which had been subjected
to glow discharge for 15 s. Samples were incubated on
grids for 30 s and subsequently negatively stained with a
2% uranyl acetate solution. Data were acquired using a
Philips CM200F electron microscope operating at 200 keV
equipped with an UltraScan 1000 CCD camera (Gatan).
Exosomes were quantified by a NanosightNS300 instrument
(Malvern Instruments Ltd., United Kingdom) equipped with
NTA 3.0 analytical software (Malvern Instruments Ltd.,
United Kingdom).

Cell Viability, Apoptosis, Migration, and
Invasion Assays
For the cell viability assay, SCLC cells (1 × 104) were cultured in
96-well plates under the indicated experimental conditions. Cells
were incubated with different concentrations of chemotherapy
drugs, including DDP, ADM, and VP16. After 24 h, Cell Counting
Kit 8 (CCK8, Dojindo, Japan) was used to detect cell viability.
Then, the IC50 of each drug was calculated.

For the apoptosis assay, SCLC cells were treated with
3 µg/ml of DDP for 48 h and then collected. Annexin V/7-
AAD (eBioscience, United States) was used according to the
manufacturer’s protocol.

Wound-healing analysis was performed to test cell migration.
The artificial wounds were produced on aconfluent cell
monolayer in FBS-free medium. Cell invasion was assessed using
Transwell chambers according to the manufacturer’s instructions.
Briefly, SCLC cells (2 × 105 cells/well) were seeded in the upper
chambers on a Matrigel-coated membrane in FBS-free medium.
Meanwhile, the lower chambers were loaded with RPMI 1640
medium supplemented with 10% FBS. After incubation at 37◦C
for 48 h, cells remaining on the upper surface of the membrane
were cleaned with a cotton swab. The lower chamber was washed
with PBS, fixed with methyl alcohol, stained with 0.5% crystal
violet, washed three times with water, and viewed under an
inverted microscope.

Luciferase Reporter Assay
HEK 293T cells were co-transfected with miR-92b-3p mimics or
with a non-specific control (NC; GenePharma) and wild-type
or mutated PTEN 3′-untranslated region (3′-UTR) plasmids
(constructed by GenePharma) using Lipofectamine 3000
(Invitrogen, United States). Luciferase activities were measured
at 48 h post-transfection using a dual-luciferase analysis system
(Promega, Madison, WI, United States). Luminescence readings
were acquired using a FlexStation 3 Multiscan Spectrum
(Molecular Devices, Sunnyvale, CA, United States).

Co-cultured Assays
To investigate the role of AKT, SCLC cells were cultured in
6-well or 96-well plates treated with the p-AKT inhibitor MK-
2206 alone or in combination with DDP. After 48 h, cells were
harvested and subjected to cell viability, migration, qRT-PCR,
and western blot assays.

To investigate the potential transmission of chemoresistance,
SCLC cells were seeded in 6-well plates and incubated with
exosomes isolated from the culture supernatant of SCLC with
miR-92b-3p overexpression (SCLC OE) cells in RPMI 1640
medium with 10% exosome-depleted FBS. Then, the cells were
harvested for subsequent wound healing assays and measurement
of miR-92b-3p and PTEN levels.

Exosome Uptake Assay
Exosomes were labeled with the red fluorescent dye PKH26
(Sigma-Aldrich) according to the manufacturer’s protocol.
Briefly, exosomes isolated from the culture supernatant of SBC-3
OE cells were resuspended in 0.5 ml of Diluent C. Then, 2 µl
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of PKH26 was diluted in another 0.5 ml of Diluent C. The
samples were mixed for 5 min, and then 5 ml of 1% bovine serum
albumin was added to quench excess dye. Subsequently, the
mixture was ultracentrifuged at 100,000× g for 1 h, resuspended
in PBS, and finally incubated with sensitive cells for 12 h at
37◦C. Incorporation of exosomes into cells treated with DAPI was
visualized by fluorescence microscopy (Carl Zeiss, Germany).

Animal Experiments
Animal experiments were approved by the Institutional Animal
Care and Use Committees of Hefei Institutes of Physical Science,
Chinese Academy of Sciences. 4-week-old female BALB/c nude
mice were purchased from Beijing Vitong Lihua Laboratory
Animal Technology Co., Ltd (Beijing, China).

To evaluate whether miR-92b-3p could promote SCLC
tumor growth, SBC-3 NC, SBC-3 OE, and SBC-3 with miR-
92b-3p knockdown (SBC-3 KD) cells (5 × 106 cells per
point) were subcutaneously injected into the right upper and
lower flanks of nude mice. Tumor growth was monitored
two times per week. After 4 weeks, mice from each group
were sacrificed, and their tumor samples were prepared for
histological examination.

To evaluate whether exosomes isolated from the culture
supernatant of SBC-3 OE cells could promote SCLC
chemoresistance, SBC-3 cells (5 × 106 cells per mouse)
were injected subcutaneously into the right upper and lower
flanks of nude mice. 10 days later, when the tumors were
approximately 100 mm3 in size, purified exosomes (5 µg)
or PBS was then injected intratumorally twice weekly with
or without DDP (3.5 mg/kg). The tumor size was measured
twice per week. Tumor volume (mm3) was calculated as
0.5× width2

× length.

Clinical Small Cell Lung Cancer Patient
Samples
Fifty SCLC patients were enrolled in the Department of
Respiratory Oncology of the Western Branch of the First
Affiliated Hospital of University of Science and Technology
of China (Hefei, China) from January 2016 to July 2019. The
clinical and pathological characteristics of these patients are
listed in Table 1. All patients received routine platinum agents
combined with VP16 chemotherapy. The treatment response
was divided into responder and non-responder groups. The
responder group included patients who achieved a partial
response (PR) or complete response (CR), and the non-responder
group included patients with stable disease (SD) and progressive
disease (PD). This study was approved by the Ethics Committee
of the First Affiliated Hospital of University of Science and
Technology of China.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
software 8.5 (San Diego, CA, United States) and SPSS 21.0
(IBM Corporation, Armonk, NY, United States). The Mann–
Whitney U test was performed to compare the levels of
plasma and exosomal miR-92b-3p. The clinicopathological

TABLE 1 | Univariate and multivariate prognostic analyses of SCLC.

Variables Univariate
analysis

HR (95% CI)

P value Multivariate
analysis

HR (95% CI)

P value

Sex male vs
female

1.144 (0.621–2.108) 0.666

Age < 64 vs
≥64

1.003 (0.981–1.026) 0.797

Smoking yes
vs no

0.759 (0.455–1.266) 0.291

Stage LD vs
ED

2.029 (1.108–3.716) 0.022 1.737 (0.928–3.251) 0.084

MiR-92b-3p
high vs low

0.517 (0.341–0.851) 0.010 0.590 (0.353–0.988) 0.045

Note. SCLC, small cell lung cancer; LD, limited disease; ED, extensive disease.

parameters were compared using Fisher’s exact test. The
statistical significance between two groups was analyzed
using two-tailed unpaired Student’s t test. Survival curves
were constructed with the Kaplan–Meier method and
compared by log-rank tests. P < 0.05 was considered
statistically significant.

RESULTS

MiR-92b-3p Is Aberrantly Up-Regulated
in the Plasma Exosomes of Small Cell
Lung Cancer Patients With
Chemoresistance
Total RNA was isolated from plasma exosomes of two patients
at the pre- and post-chemoresistant stages. MiRNA sequencing
was performed to assess differential expression using NGS.
The data showed that the levels of plasma exosomal miR-
92b-3p were much higher in the post-chemoresistant stage
than in the pre-chemoresistant stage (Figure 1A). To further
explore the level of circulating miR-92b-3p in SCLC patients,
another 20 plasma samples from SCLC patients at the pre- and
post-chemoresistant stages was collected for exosome isolation.
Consistent with the sequencing data, plasma exosomal miR-
92b-3p levels were aberrantly increased after patients developed
chemoresistance (Figure 1B).

To identify SCLC cell lines with differential responses to
first-line chemotherapy drugs, a panel of six cell lines was
screened using the CCK8 assay. As shown in Figure 1C, there
was no significant difference in the IC50 of DDP among
the SCLC cell lines, whereas the IC50 values of ADM and
VP16 in SBC-3 and H446 cells were significantly lower than
those of other cell lines, especially of SHP77 cells. The data
indicated that SBC-3 and H446 cells were relatively sensitive
to chemotherapy drugs, while SHP77 cells were resistant to
these drugs. We further investigated miR-92b-3p expression
in these six cell lines. Consistent with the data in plasma
exosomes, miR-92b-3p expression was higher in chemoresistant
SHP77 cells, whereas the lowest expression was observed in
chemosensitive SBC-3 cells (Figure 1D). Our data implied

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 May 2021 | Volume 9 | Article 661602271

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-661602 May 25, 2021 Time: 20:6 # 5

Li et al. Exosomal miR-92b-3p Promotes SCLC Chemoresistance

FIGURE 1 | Circulating miR-92b-3p is aberrantly up-regulated in SCLC chemoresistant patients. (A) The heatmap shows the top miRNAs with the largest changes
(increased or decreased) in expression in plasma exosomes of two patients before and after developing chemoresistance. (B) The level of miR-92b-3p was higher in
plasma exosomes from chemoresistant patients than from chemosensitive patients. ***P < 0.001. (C) IC50 values of DDP, ADM, and VP16 in SCLC cell lines.
SBC-3 and H446 cells were relatively sensitive to chemotherapy drugs, while SHP77 cells were resistant to chemotherapy drugs. (D) MiR-92b-3p expression in
SCLC cell lines. MiR-92b-3p expression was higher in chemoresistant SHP77 cells than in the other cell lines, whereas the lowest expression was observed in
chemosensitive SBC-3 cells. (B–D) experiments were performed independently three times. SCLC, small cell lung cancer; miRNAs, microRNAs; DDP, cisplatin;
ADM, adriamycin; and VP16, etoposide.

the potential importance of miR-92b-3p in promoting SCLC
chemoresistance.

MiR-92b-3p Is Involved in
Chemoresistance Regulation in Small
Cell Lung Cancer Cells
We first used lentivirus transfection to construct SCLC cell
lines with stable overexpression or knockdown of miR-92b-
3p. After transfection, SCLC cells presented green fluorescence.

The mimic and inhibitor fragments of miR-92b-3p are shown
in Figure 2A. The expression of miR-92b-3p in SBC-3 OE
and SHP77 OE cells was 8 and 2.54 times than that in the
respective NC cells. Conversely, miR-92b-3p levels in SBC-3 KD
and SHP77 KD cells were 30% and 50% of that in NC cells,
respectively, (Figure 2B). After miR-92b-3p overexpression, the
IC50 values of DDP, ADM, and VP16 were significantly increased
in SBC-3 and SHP77 cells. Only the IC50 of DDP in SBC-3
KD cells was dramatically decreased, whereas the IC50 values
of all the chemotherapy drugs were not observably changed in
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FIGURE 2 | MiR-92b-3p promotes chemoresistance and inhibits apoptosis in SCLC cells. (A) Primer sequences of lentiviral miR-92b-3p. (B) The miR-92b-3p levels
were increased in SCLC OE cells and decreased in SCLC KD cells. (C) IC50 of DDP, ADM, and VP16 in SCLC cells. MiR-92b-3p promoted chemoresistance in
SCLC cells. (D) MiR-92b-3p inhibited SCLC cell apoptosis. OE, miR-92b-3p overexpression; KD, miR-92b-3p knockdown. (B–D) analyses were performed in
triplicate. SCLC, small cell lung cancer; DDP, cisplatin; ADM, adriamycin; and VP16, etoposide. *P < 0.05, **P < 0.01, ***P < 0.001.
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SHP77 KD cells (Figure 2C). Moreover, after treatment with
3 µg/ml of DDP, the apoptosis rate was significantly decreased
in SBC-3 OE cells and SHP77 OE cells. By contrast, the
apoptosis rate was dramatically increased in SBC-3 KD cells,
whereas the rate was not observably changed in SHP77 KD cells
(Figure 2D). Wound healing and transwell assays demonstrated
that SBC-3 KD cells showed significantly less migration and lower
invasion ability, whereas the effects were reversed after miR-
92b-3p overexpression (Figures 3A,B). The data shown above

revealed that miR-92b-3p overexpression markedly enhanced
chemoresistance in SCLC cells.

MiR-92b-3p Promotes Small Cell Lung
Cancer Chemoresistance Through the
PTEN/AKT Pathway in vitro and in vivo
We next explored the molecular mechanisms by which
miR-92b-3p promoted SCLC chemoresistance. Bioinformatics

FIGURE 3 | MiR-92b-3p promotes SCLC chemoresistance by targeting the PTEN/AKT pathway. (A,B) MiR-92b-3p promotes SBC-3 cell migration and invasion.
(C) The highly conserved miR-92b-3p binding motif in the 3′-UTR of PTEN. MiR-92b-3p only suppressed the luciferase activity in cells expressing the wild-type
3′-UTR of PTEN. (D) qRT-PCR data showed that PTEN expression was increased in SCLC KD cells but decreased in SCLC OE cells. (E) PTEN, AKT, and p-AKT
levels were detected by western blot. The p-AKT level was significantly decreased in SCLC KD cells, whereas the PTEN level was increased in SCLC OE cells.
(A,B,D,E) data points were determined three times. SCLC, small cell lung cancer. *P < 0.05, **P < 0.01.
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analysis showed that the PTEN 3′-UTR contains sites
complementary to miR-92b-3p (Figure 3C). To verify this
prediction, we separately cloned fragments of the PTEN 3′-UTR
that contained wild-type or mutated miR-92b-3p-binding
sequences into psi-CHECK2 luciferase reporter plasmids. As
shown in Figure 3C, the luciferase activities were significantly
inhibited by miR-92b-3p in the plasmid carrying wild-type target
sequences, whereas this inhibition was abrogated when the
predicted sequences were mutated. Western blot and qRT-PCR
data showed that the PTEN levels were increased in SBC-3 KD

and SHP77 KD cells, and the levels were observably decreased in
miR-92b-3p-overexpressing cells (Figures 3D,E). Additionally,
we found that the p-AKT levels were significantly decreased
in SBC-3 KD and SHP77 KD cells but were increased after
miR-92b-3p overexpression (Figure 3E).

To further investigate the effects of PTEN/AKT pathway
on SCLC cellular function and chemoresistance, we primarily
reduced p-AKT expression using the p-AKT inhibitor MK-2206
in SCLC cells. After inhibition of p-AKT activity, SBC-3 OE
and SBC-3 cells showed reduced migration ability (Figure 4A).

FIGURE 4 | p-AKT downregulation inhibited cell migration and chemoresistance of SCLC. (A) p-AKT downregulation inhibited SBC-3 OE and SBC-3 cell migration.
(B) p-AKT downregulation decreased the IC50 value of DDP in SBC-3 and SHP77 cells, whereas this decrease was attenuated in SCLC OE cells. (C) MiR-92b-3p
and PTEN levels as detected by qRT-PCR. p-AKT downregulation inhibited miR-92b-3p expression and enhanced PTEN levels in SCLC OE cells. (D) AKT, p-AKT,
and PTEN levels as detected by western blot. p-AKT knockdown reduced p-AKT levels and increased PTEN levels in SCLC cells, but this was reversed by
miR-92b-3p overexpression. All analyses were performed in triplicate. SCLC, small cell lung cancer and DDP, cisplatin. *P < 0.05, **P < 0.01, ***P < 0.001.
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In addition, p-AKT downregulation observably decreased the
IC50 values of DDP in SBC-3 and SHP77 cells, whereas
this decrease was attenuated in SCLC cells overexpressing
miR-92b-3p (Figure 4B). qRT-PCR data showed that p-AKT
downregulation markedly inhibited miR-92b-3p expression and
enhanced PTEN levels in SBC-3 OE and SHP77 OE cells
(Figure 4C). p-AKT knockdown significantly reduced p-AKT
levels in SBC-3 and SHP77 cells, whereas this reduction was
attenuated in SBC-3 OE and SHP77 OE cells. Conversely, the
PTEN levels in SCLC cells were enhanced after inhibiting p-AKT
expression, whereas this increase was attenuated in SCLC OE
cells (Figure 4D). These results indicated that p-AKT expression
mediated cell migration, chemoresistance, and miR-92b-3p and
PTEN levels in SCLC cells.

We finally studied the function of miR-92b-3p in SCLC in vivo.
We performed a tumorigenesis assay by subcutaneously injecting
cells (SBC-3 NC, SBC-3 OE, and SBC-3 KD) into the flanks of
nude mice. The results showed that tumor growth was slowed
by miR-92b-3p knockdown but was accelerated by miR-92b-
3p overexpression (Figures 5A,B). The expression of PTEN
and p-AKT was observed in the tumor tissue samples by IHC.

The data confirmed that PTEN expression was down-regulated
whereas p-AKT levels were increased in the SBC-3 OE group
(Figure 5C). Conversely, these proteins showed an opposite
trend in the SBC-3 KD group. Based on the above results, we
concluded that miR-92b-3p promoted SCLC development and
chemoresistance by regulating PTEN/AKT signaling.

MiR-92b-3p Is Transferred via Exosomes
to Promote Cell Migration and
Chemoresistance in Small Cell Lung
Cancer
To determine the function of exosomal miR-92b-3p in SCLC
development and chemoresistance, we conducted a series of
experiments. First, exosomes from the supernatant of cultured
SCLC cells were isolated. The isolated exosomes exhibited
typical cup-shaped morphology and size (Figures 6A,B) and
also positively expressed the protein markers CD63 and TSG101
(Figure 6C). The exosomes isolated from the conditioned
medium of SBC-3 OE cells were labeled with PKH26 and co-
cultured with SBC-3 cells for 24 h. Immunofluorescence was used

FIGURE 5 | MiR-92b-3p promotes SCLC development through the PTEN/AKT pathway in vivo. (A,B) The tumor-forming ability of SBC-3 cells with different
miR-92b-3p expression levels. MiR-92b-3p promoted the tumor growth in vivo. Compared with SBC-3 NC group, *P < 0.05, **P < 0.01, and ***P < 0.001.
(C) After miR-92b-3p overexpression, the IHC data confirmed that PTEN levels were down-regulated while p-AKT levels were up-regulated in tumor tissue. SCLC,
small cell lung cancer and IHC, immunohistochemistry.
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FIGURE 6 | Exosomes transfer miR-92b-3p to promote SCLC migration and chemoresistance. (A) TEM images of exosomes isolated from SCLC cells. (B) The size
and quantitation of exosomes isolated from SCLC cells were examined by nanoparticle tracking analysis. (C) The levels of CD63 and TSG101 were detected by
western blot. (D) Fluorescence microscopy images of SBC-3 cells after treatment with PKH26-labeled exosomes (green) stained with DAPI (blue). SBC-3 cells could
effectively uptake the exosomes. (E) MiR-92b-3p and PTEN levels as detected by qRT-PCR. SCLC cells showed higher levels of miR-92b-3p and lower levels of
PTEN after they were incubated with exosomes. (F) SCLC cells displayed higher migration ability after incubation with exosomes. (G) DDP treatment inhibited tumor
growth, whereas this inhibition was reversed after combination therapy with exosomes. Compared with SBC-3 NC group, *P < 0.05, **P < 0.01, and ***P < 0.001.
All experiments were performed independently three times. SCLC, small cell lung cancer and TEM, transmission electron microscopy.
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to analyze the distribution of exosomes. As shown in Figure 6D,
more PKH26-positive SBC-3 cells were observed, indicating that
SBC-3 cells could effectively uptake these exosomes.

We measured miR-92b-3p and PTEN expression in SCLC
cells after co-culturing with SCLC OE cell-derived exosomes and
found that cells showed higher miR-92b-3p levels and lower
PTEN levels (Figure 6E). We further assessed the effect of
exosomes on cell migration. As expected, SBC-3 cells displayed
high migration ability after incubation with SBC-3 OE cell
exosomes (Figure 6F). To explore the role of the exosomes
in vivo, we established a xenograft model. As shown in Figure 6G,
DDP treatment inhibited tumor growth, whereas combination
therapy with exosomes significantly reversed the antitumor effect
of DDP. Taken together, these findings demonstrated that miR-
92b-3p could be secreted by SCLC OE cells and then delivered

via exosomes to promote cell migration and chemoresistance by
mediating PTEN expression.

Plasma miR-92b-3p Expression Is
Associated With Chemoresistance and
Prognosis in Small Cell Lung Cancer
Patients
To better understand the clinical value of miR-92b-3p in
patients with SCLC, we measured the miR-92b-3p level in
plasma samples. We found that plasma miR-92b-3p levels were
significantly higher in patients with chemoresistant SCLC than
in patients with chemosensitive SCLC (Figure 7A). Receiver
operating characteristic (ROC) curves were plotted to determine
the diagnostic efficacy of plasma miR-92b-3p for monitoring

FIGURE 7 | MiR-92b-3p is a biomarker for monitoring the chemoresistance and prognosis of SCLC patients. (A) The expression of plasma miR-92b-3p in pre- and
post-chemoresistant SCLC patients. (B) ROC curve analysis of plasma miR-92b-3p in pre- and post-chemoresistant SCLC patients. ***P < 0.001. (C) The level of
circulating miR-92b-3p was particularly high in the plasma samples of SCLC patients who achieved disease remission. (D) Kaplan–Meier analysis showed that
miR-92b-3p is a risk factor for the prognosis of SCLC patients. SCLC, small cell lung cancer and ROC, receiver operating characteristic.
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chemoresistance in 50 SCLC patients. The area under the
ROC curve (AUC) of miR-92b-3p was 0.74 (Figure 7B),
indicating that miR-92b-3p was a potential biomarker that could
distinguish pre- and post-chemoresistant SCLC patients. We next
investigated whether miR-92b-3p could be used as a biomarker
for monitoring the chemotherapy response in 25 SCLC patients.
The relative levels of miR-92b-3p were significantly lower in
the disease remission group than in the initial diagnosis group
(Figure 7C), indicating that it has potential value for evaluating
the chemotherapy response. We further conducted a prognostic
Kaplan–Meier analysis of 78 SCLC patients. The progression-
free survival (PFS) of SCLC patients with high miR-92b-3p
expression was significantly shorter than that of patients with low
miR-92b-3p expression (6 vs 9 months, P = 0.007, Figure 7D),
indicating that miR-92b-3p was a risk factor for the prognosis
of SCLC patients.

DISCUSSION

Multidrug resistance is an essential factor contributing to
the high morbidity and mortality in SCLC. Therefore, it is
important to explore possible targets to prevent the occurrence of
chemoresistance (Huang et al., 2019; Peng et al., 2020). In recent
years, numerous studies have shown that miRNAs play a key role
in regulating the chemoresistance of cancer cells (Dong et al.,
2019; Farhan et al., 2019; Yu et al., 2019). Both oncogenic and
tumor-suppressive roles of different miRNAs have been reported
in various cancers (Gong et al., 2018; Li C. et al., 2019; Wang
et al., 2019). It is well recognized that several miRNAs, including
miR-495 (Ye et al., 2017), miR-335 (Tang et al., 2016), miR-30a-
5p (Yang et al., 2017), and miR-7 (Liu et al., 2015), are involved
in SCLC chemoresistance. In the present study, we first analyzed
the distribution of different miRNAs in plasma exosomes from
SCLC patients at the pre- and post-chemoresistant stages.
The data showed that miR-92b-3p levels were significantly
increased in patients with chemoresistant SCLC. Similarly, miR-
92b-3p expression was enhanced in chemoresistant SCLC cell
lines. As expected, miR-92b-3p overexpression reversed the
inhibitory effect of chemotherapy drugs on cell proliferation,
migration, and invasion and reduced the rate of apoptosis.
Moreover, miR-92b-3p overexpression promoted tumor growth
in animal experiments. These results suggested that miR-92b-3p
accelerated SCLC development and chemoresistance. However,
the molecular mechanisms through which miR-92b-3p exerts
these functions are still poorly understood.

MicroRNAs binding to the 3′-UTR of target mRNAs usually
resulted in translational suppression or mRNA degradation of
numerous target genes (Zhang et al., 2014). To gain insight into
the molecular mechanisms through which miR-92b-3p regulates
SCLC chemoresistance, bioinformatics was used to predict its
possible target genes. As shown in the database, PTEN was
found to be a target of miR-92b-3p. The PTEN/AKT pathway
has been shown as an important target in remodeling of the
nervous system. On the one hand, PTEN suppression reactivates
the PI3K/AKT/mammalian target of rapamycin pathway, which
leads to further neuron growth and protein synthesis (Goschzik
et al., 2014). AKT phosphorylation can also suppress the activity

of glycogen synthase kinase 3β and further modify microtubule
or actin assembly within the axon, thereby contributing to
axon regeneration (Liu et al., 2012; Berry et al., 2016). On the
other hand, Godena and Ning (2017) demonstrated that PTEN
downregulation could inhibit neuronal apoptosis through the
AKT pathway. In addition, several studies have shown that the
PTEN/PI3K/AKT pathway is involved in chemoresistance in
various cancers. Zhao et al. revealed that miR-3142 regulated
cell proliferation and chemoresistance through activating the
PTEN/AKT pathway in CML (Zhao et al., 2017). Yu et al. (2008)
demonstrated that the PI3K/AKT pathway played an important
role in the chemoresistance of gastric cancer cells to etoposide
and doxorubicin. Yang et al. (2020) reported that miR-1269b
promoted DDP resistance in human NSCLC by modulating
the PTEN/PI3K/AKT signaling pathway. Consistent with these
findings, we predict that the PTEN/AKT pathway is involved in
regulating SCLC chemoresistance. In our study, luciferase activity
analysis confirmed that miR-92b-3p could directly target PTEN.
We further observed that miR-92b-3p exerted the regulatory
function by decreasing PTEN levels and consequently promoted
phosphorylation of its downstream target, AKT, in vitro and
in vivo. Additionally, p-AKT downregulation observably reduced
cell migration and chemoresistance and promoted PTEN but
reduced miR-92b-3p expression in SCLC cells. These data
indicated that miR-92b-3p promoted SCLC chemoresistance
through the PTEN/AKT pathway.

As secreted miRNAs, exosomal miRNAs appear to be
appropriate as ideal biomarkers of cancers due to their non-
invasive features. Tumor-derived exosomes contain multiple
miRNAs involved in carcinogenesis, cell migration, invasion,
and chemoresistance in various cancers (He et al., 2019). One
probable explanation for these inconsistent effects may relate
to the complex interactions among intercellular environmental
factors, exosomes and recipient cells. Several serum exosomal
miRNAs serve as predictive markers for chemoresistance
in advanced colorectal cancer (Jin et al., 2019). Exosomes
derived from gemcitabine-resistant cells can confer malignant
phenotypes to target cells by delivering miRNA-222-3p (Wei
et al., 2017). Li D. et al. (2020) reported that exosomal miR-
613 could reverse resistance to DDP in NSCLC. Ma et al. (2019)
showed that exosomes could transfer DDP-induced miR-425-
3p to confer chemoresistance in NSCLC. However, few studies
have identified the role of exosomal miRNAs in SCLC. In the
present study, exosomes were extracted from the conditioned
medium of SCLC cells overexpressing miR-92b-3p. Our results
showed that these exosomes significantly promoted SBC-3 cell
migration and chemoresistance in vitro and observably reduced
the inhibitory effect of DDP on tumor growth in vivo. Moreover,
SCLC cells incubated with exosomes showed lower PTEN levels
and higher miR-92b-3p levels, indicating that miR-92b-3p could
be transferred via exosomes and then target PTEN to confer
chemoresistance in SCLC.

Since miRNAs are highly stable in plasma/serum, they
have great potential as the biomarkers in cancer screening
and monitoring (Mitchell et al., 2008). Serum levels of miR-
21 and miR-92 have been reported to predict recurrence in
colon cancer patients (Conev et al., 2015). Plasma miR-92a-2
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is a potential biomarker for SCLC diagnosis (Yu et al., 2017).
In our study, we found that plasma miR-92b-3p levels were
significantly increased in chemoresistant SCLC patients, and
the AUC was 0.74. Conversely, plasma miR-92b-3p expression
was decreased in patients who achieved disease remission.
Moreover, SCLC patients with high miR-92b-3p expression had
shorter PFS. These data indicated that the plasma miR-92b-3p
level has potential value for monitoring the chemoresistance,
chemotherapy response, and prognosis of SCLC patients.

Certainly, our study possessed some limitations. First, our
previous findings showed above indicated that circulating miR-
92b and miR-375 might be ideal non-invasive biomarkers
for monitoring the drug resistance during chemotherapy and
evaluating the prognosis of the patients with SCLC (Li M.
et al., 2020). The function and underlying molecular mechanism
involved in miR-375-regulated the chemoresistance of SCLC
remain unclear. Second, there are other potential target pathways
for the miR-92b-3p associated with SCLC chemoresistance. Thus,
more studies are needed to the unresolved areas in the future.

CONCLUSION

In summary, we investigated the involvement of the PTEN/AKT
regulatory network in miR-92b-3p-mediated cell migration and
chemoresistance in vitro and in vivo. In addition, our study
verified that exosomes could transfer miR-92b-3p to promote
the development of SCLC chemoresistance. Moreover, circulating
miR-92b-3p might be a potential dynamic biomarker to monitor
the chemoresistance, chemotherapy response, and prognosis of
SCLC patients. Our data will provide new insights for the SCLC
treatment and also lay a foundation for the clinical application of
exosomal miRNAs.
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Histone deacetylase 5 (HDAC5) is a class II HDAC. Aberrant expression of HDAC5 has
been observed in multiple cancer types, and its functions in cell proliferation and invasion,
the immune response, and maintenance of stemness have been widely studied. HDAC5 is
considered as a reliable therapeutic target for anticancer drugs. In light of recent findings
regarding the role of epigenetic reprogramming in tumorigenesis, in this review, we
provide an overview of the expression, biological functions, regulatory mechanisms, and
clinical significance of HDAC5 in cancer.

Keywords: HDAC5, cancer, biological function, clinical application, biomarker
INTRODUCTION

Covalent modification of chromatin regulates gene transcription during cell differentiation; this
includes histone acetylation and deacetylation, which modulate the binding of transcription factors
to DNA. Modifications can occur at various sites, including the N-terminal amino acid residues of
histones H3 and H4, and the N- and C-terminal amino acid residues of histones H2A, H2B, and H1.
Histone acetylation of the ϵ-amino group of lysine, one of the earliest and most common
posttranslational modifications of histones, is regulated by histone acetyltransferases and histone
deacetylases (HDACs) (1–5).

The HDAC family has 18 members that can be divided into 4 classess based on their structure
and function (6, 7). Class I includes HDAC1-3 and 8; class II includes HDAC4-7, 9, and 10; and
class III includes sirtuin enzymes (SIRT 1-7). These 3 classes constitute the classical HDACs. Class
IV comprises only HDAC11, which is structurally distinct from the other HDACs. Class II HDACs
are further divided into class IIa (HDAC4, 5, 7, and 9) and class IIb (HDAC6 and 10) based on their
subcellular localization and expression pattern (8).

Class IIa HDACs have a high degree of homology to yeast hda1 (HDAC-1). In addition to the C-
terminal catalytic core, all class IIa HDACs have a conserved N-terminal extension that can bind to
transcription factors and the chaperone protein 14-3-3. For example, when phosphorylated by
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calcium/calmodulin dependent protein kinase (CaMK) or
protein kinase D (PKD), class IIa HDACs bind to 14-3-3,
inducing its disaggregation from the transcription factor
myocyte specific enhancer factor 2 (MEF2) and bringing about
its shuttling from the nucleus to the cytoplasm (9).

As a class IIa HDAC, HDAC5 not only catalyzes the
deacetylation of nuclear histones, but also deacetylates or
forms complexes with other proteins in various physiologic
contexts including nerve regeneration and neuronal apoptosis
(10, 11), glucose metabolism (12), and insulin resistance (13).
Cancer is one of the leading causes of death worldwide, and the
identification of further specific molecular markers of cancer will
be useful for early diagnosis, therapeutic targeting, and treatment
response monitoring. This review highlights the current state of
knowledge of the roles and clinical significance of HDAC5
in tumorigenesis.
STRUCTURE AND DISTRIBUTION
OF HDAC5

Structure of HDAC5
HDAC5 was first identified in the mouse genome in 1999 (14).
The gene encoding HDAC5 (also known as HD5 or NY-CO-9)
in humans is located on chromosome 17q21 and spans 39,138
bp, comprising 26 exons. The protein consists of 1122 amino
acids, has a molecular weight of 121.9 kDa, and has C-terminal
deacetylase and N-terminal adapter domains. The former
domain, which is also referred to as the HDAC domain,
contains a nuclear export sequence(NES) and is highly
conserved (80% homology) across class IIa HDACs; it is
composed of 400-450 amino acids and shares 53% sequence
similarity with yeast hda1 (15). The conserved 450-600 amino
acid N-terminal adaptor domain has a nuclear localization
sequence (NLS) and binds to transcription factors such as C-
terminal-binding protein (CtBP), MEF2, and heterochromatin
P1 (HP1) (3).

HDAC5 also has a flexible zinc-binding element outside the
catalytic core. This element contains highly conserved cysteine and
histidine residues that form a hydrophobic pocket near the
substrate-binding channel. It may mediate substrate recognition
Frontiers in Oncology | www.frontiersin.org 2283
and regulate enzymatic activity and interactions with other proteins
(16). Moreover, HDAC5 also has a conserved histidine near the first
zinc-binding site whose side chain turns outward and is far away
from the catalytic active site (17). Thus, while HDAC5 by itself has
no deacetylase activity, it can be induced by interaction with
HDAC3 through the silencing mediator of retinoic acid and
thyroid hormone receptor (SMRT)/nuclear receptor corepressor
(NCoR) coinhibition complex (18). In other words, HDAC5
regulates gene expression by binding to transcription factors
through its N terminal adapter domain and targeting the SMRT/
NCoR-HDAC3 complex to a specific subcellular location through
its C-terminal deacetylase domain.

Distribution of HDAC5
HDAC5 protein is expressed in lung, brain, myocardium, skeletal
muscle, and placenta, and accumulating evidence indicates that it
has variable expression and functions in different types of tumor:
HDAC5 is overexpressed in breast cancer (19, 20), hepatocellular
carcinoma (HCC) (21), lung cancer (22), pancreatic
neuroendocrine cancer(pNET) (23) and colorectal cancer(CRC)
(24). In contrast, although HDAC5 was shown to induce tissue
invasion of gastric cancer cells (25), gene expression profiles of
histone modifiers indicate that HDAC5 is downregulated in gastric
cancer (26) (Table 1). These conflicting findings imply that HDAC5
exhibits dual functions in cancer development. Furthermore,
HDAC5 mRNA and protein have been detected in the blood of
patients with CRC (32, 33) and breast cancer (34), but not in that of
healthy subjects or patients with nonrecurrent cancer, suggesting
that circulating HDAC5 may serve as a potential biomarker for
cancer diagnosis and prognosis.
REGULATION OF HDAC5

Posttranslational Modification of HDAC5
Proteomics analysis combined with phosphomutant screening
has revealed that there are at least 17 phosphorylation sites in the
HDAC5 functional domains (35), highlighting that HDAC5 can
be phosphorylated at multiple conserved residues by a variety of
protein kinases. For example, PKD, CaMK II, and AMPK
phosphorylate Ser259 and Ser498 on both sides of the HDAC5
TABLE 1 | The expression of HDAC5 in various tumors.

Tumor types Expression status Detection methods References

Breast cancer Up-regulation IHC (20)
　 　 IHC, qRT-PCR (19)
Hepatocellular carcinoma Up-regulation IHC (21)
Lung cancer Up-regulation Western Blot, qRT-PCR (22)
　 　 qRT-PCR (27)
Melanoma Up-regulation IHC, Western Blot (28)
Pancreatic neuroendocrine cancer Up-regulation IHC (23)
Colorectal cancer Up-regulation qRT-PCR (24)
Glioma Up-regulation Western Blot, qRT-PCR (29)
Osteosarcoma Up-regulation Western Blot, qRT-PCR (30)
Wilms’ tumor Up-regulation Western Blot, qRT-PCR (31)
Gastic cancer Down-regulation qRT-PCR (26)
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NLS, which promotes the binding of 14-3-3 to HDAC5 and its
shuttling from the nucleus to the cytoplasm (36–38). In myocyte-
like cells, cAMP signaling prevents 14-3-3 binding to HDAC5 by
bringing about Ser498 hypophosphorylation (39). Protein kinase
C-related kinase 1/2 (PRK1/2) phosphorylate HDAC5 at Thr292
in the NLS, promoting its binding to 14-3-3 and preventing
HDAC5 nuclear entry (40). Additionally, minibrain-related
kinase (Mirk) phosphorylates HDAC5 at Ser279, preventing its
translocation from the cytoplasm to the nucleus (41) (Figure 1).

Non-Coding RNAs Modification to HDAC5
HDAC5 expression is regulated by miRNAs. miR-2861 was the
first reported miRNA to directly regulate HDAC5, which it does
by binding to the HDAC5 mRNA coding sequence (42). miR-9
suppresses HDAC5 activity (43) and inhibits the translation of
Frontiers in Oncology | www.frontiersin.org 3284
HDAC5 transcript by binding to the 3′ untranslated region (44).
Other miRNAs known to regulate HDAC5 are miR-124 (44, 45),
miR-125a-5p (46), miR-589-5p (27), and miR-217 (47). Many
miRNAs targeting HDAC5 have been identified using target
prediction software (Supplementary Table 1), although most of
these require experimental validation.

According to the competing endogenous RNA (ceRNA)
hypothesis, long noncoding RNAs (lncRNAs) inhibit miRNA
function by acting as endogenous miRNA sponges (48). The
lncRNA SENEBLOC acts as a sponge regarding miR-3175, thereby
upregulatingHDAC5 (49). Additional studies investigating the role of
lncRNAs in HDAC5 regulation are currently underway. The findings
to date indicate that HDAC5 is epigenetically modified and regulated
at the transcriptional level (Figure 2), providing new avenues for
HDAC5-based cancer therapy.
FIGURE 1 | The structure and modification sites of HDAC5.
FIGURE 2 | The regulation of HDAC5.
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HDAC5 IN CANCER

The functions of HDAC5 in tumorigenesis have been investigated
in a variety of cancers. HDAC5 plays distinct roles in different
cancer types. In this review, we summarize recent findings on the
biological activities of HDAC5 in several common cancers and
cancer-related processes (Table 2, Figure 3).
Frontiers in Oncology | www.frontiersin.org 4285
Role of HDAC5 in Cancer Metastasis
and Invasion
PCR and immunohistochemical analyses have shown that
HDAC5 was highly expressed in the cytoplasm of malignant
epithelial cells, and HDAC5 expression was positively associated
with distant metastasis and lymph node metastasis (65). HDAC5
expression was also found to be positively associated with
TABLE 2 | Multiple cellular processes of HDAC5 in cancer management.

Tumor type Expression status Target genes Effect upon cell lines References

Breast Cancer Up-regulation LSD1 Increase cell metastasis and invasion (50)
Up-regulation p53 inhibit cell proliferation (51)
Up-regulation RUNX3 increase cell stemness (46)
Up-regulation SOX9 increase chemoresistance (52)
Up-regulation miR-125a-5p, Sp1, survivin increase chemoresistance (53)

Neuroblastoma Up-regulation CD9 Increase cell metastasis and invasion (54)
Up-regulation N-myc promote cell proliferation (55)
Up-regulation N-myc block cell differentiation (55)

Medulloblastoma Up-regulation caspase-3 inhibit cell apoptosis (56)
Lung Cancer Up-regulation DLL4, Six1, Notch1, Twist1 promote cell proliferation (22)
Colorectal Cancer Up-regulation DLL4 promote cell proliferation (57)
Osteosarcoma Up-regulation Twist promote cell proliferation (30)
　 Up-regulation N/A maintain long telomeres’ length (58)
Fibrosarcoma Up-regulation N/A maintain long telomeres’ length (58)
Wilms’ tumor Up-regulation c-Met promote cell proliferation (31)
Glioma Up-regulation Notch1 promote cell proliferation (29)
Hepatocellular carcinoma Up-regulation Six1 promote cell proliferation (59)

Up-regulation p21, cyclin D1, CDK2/4/6 promote cell cycle (60)
Up-regulation p53, Bax, cyto C, caspase-3, Bcl-2 inhibit cell apoptosis (60)

Urothelial Carcinoma Down-regulation TGF-b hinder cell proliferation (61)
Lymphoma Up-regulation TNF-a, MCP-1 induce pro-inflammatory function (62)
Pancreatic Cancer Up-regulation Socs3, CCL2, TGF-b promote macrophage recruitment (63)
Ovarian Cancer Up-regulation YY1, miR-99a increase cell stemness (64)
June 2021 | Volume 11 | A
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intrahepatic metastasis and distant metastasis in HCC (21). In
vitro and in vivo experiments have demonstrated that HDAC5
knockdown blocked metastasis of melanoma cells (28). Elevated
HDAC5 expression is frequently observed in the luminal A and
B subtypes of breast cancer, and HDAC5 silencing suppressed
breast cancer cell motility and invasion (50). HDAC5 was also
shown to promote cell invasion and metastasis in neuroblastoma
(54), pancreatic cancer (66) and lung cancer (67).

In addition, HDAC5 enhanced the invasiveness of gastric
cancer cell lines by stimulating protein kinase C (PKC)/matrix
metalloproteinase 9 (MMP9) (25). Science MMP9 promotes
tumor invasion and metastasis through extracellular matrix
remodeling, regulation of cell adhesion, and degradation of
vascular basement membrane and perivascular matrix during
EMT (68, 69), the correlation between HDAC5 and EMT during
tumorigenesis has drawn a great attention (Table 3).

In HCC, HDAC5 was shown to be involved in T-box 3 (Tbx3)-
mediated EMT and metastasis, which was dependent on two
HDAC5-interacting motifs (71). During HCC progression,
application of the nonselective HDAC inhibitor (HDACi)
panobinostat increased the expression of E-cadherin, an epithelial
marker that is downregulated during EMT (74). HDAC5 was also
found to promote doxorubicin-induced EMT in glioma cells, which
could account for chemoresistance in glioma (73). On the other
hand, it is worth noting that HDAC5 induced EMT but inhibited
cell proliferation in urothelial carcinoma (UC) (61).

The basic helix-loop-helix transcription factor Twist1 can induce
EMT by negatively regulating the transcription of E-cadherin (75).
Twist1 is a downstream target of HDAC5 in osteosarcoma
progression (30). In non-small cell lung cancer, HDAC5 activity
was shown to induce the expression of EMT-related genes including
the transcriptional regulators E2F1, E2F3, and Twist1 (27),
providing evidence for its direct involvement in promoting EMT.
As dysregulation of energy metabolism also contributes to EMT
(76), it is possible that metabolic reprogramming is involved in
HDAC5-mediated EMT. It was recently demonstrated that HDAC5
together with HDAC4 enhanced glycolysis by inducing the
upregulation of hexokinase 2 (HK2), which was critical for EMT
induced by hypoexpression of 5′ AMP-activated protein kinase
(AMPK) in lung cancer (72).

Role of HDAC5 in Cancer Proliferation
and Apoptosis
The contribution of HDAC5 to cancer cell proliferation has been
investigated in many studies. For example, HDAC5
Frontiers in Oncology | www.frontiersin.org 5286
overexpression was shown to promote cell growth, while small
interfering RNA (siRNA)-mediated silencing of HDAC5 caused
cell cycle arrest at the G0 phase in medulloblastoma (56). In
neuroblastoma, HDAC5 promoted cell proliferation but had
little effect on cell death (55). Overexpression of HDAC5
increased the proliferation of lung cancer cells, possibly via
upregulation of downstream target genes (22). HDAC5 also
increased DLL4 expression in colorectal cancer (CRC) cells,
thereby enhancing their proliferation (57). HDAC5 induced
osteosarcoma cell proliferation in a Twist1-dependent manner,
highlighting the varied functions of the HDAC5/Twist1 axis in
tumor progression (30). HDAC5 also increased c-Met expression
to promote Wilms’ tumor cell proliferation (31). Notch1
signaling plays an important role in cancer cell proliferation
(77, 78); HDAC5 was shown to promote Notch1 expression in
glioma cells, leading to increased glioma cell proliferation (29).
In HCC, HDAC5 activated cell proliferation by inducing Six1
expression, providing the first evidence for the oncogenic role of
HDAC5 in HCC development and progression (59). However,
HDAC5 also inhibits tumor cell proliferation. For example,
elevated levels of HDAC5 in UC cells suppressed cell
proliferation, an effect that may involve transforming growth
factor b (TGF-b) (61).

Electron microscopy and immunohistochemical analyses of
HDAC5 subcellular localization revealed that HDAC5 was
associated with heterochromatin in S and G1 phases, suggesting
a role in DNA replication and cell cycle progression (79). For
example, HDAC5 silencing shielded cell-cycle of prostate cancer
cells from RB-mediated repression (80). Knockdown of HDAC5
also induced G1 cell cycle arrest, which hindered breast cancer
proliferation (50). Overexrpression of HDAC5 increased S phase of
non-small cell lung cancer (NSCLC), which demonstrated that
HDAC5 promote NSCLC proliferation through inducing DNA
replication (27).

Cancer occurrence and progression are caused not only by
abnormal cell proliferation and differentiation, but also by
dysregulation of apoptosis. In fact, inducing cell apoptosis has
become an important therapeutic strategy in cancer (81), and
clarifying the role of cell apoptosis in cancer can provide insight
into the molecular basis of tumorigenesis as well as a basis for the
development of effective therapies. Recent studies have
demonstrated the involvement of HDAC5 in cancer cell
apoptosis. HDAC5 knockdown in medulloblastoma cell lines
increased caspase-3 activity, which is important for apoptosis
induction (56); and upregulation of apoptosis-related proteins and
TABLE 3 | The involvement of HDAC5 in epithelial-mesenchymal transition (EMT) processes.

Tumor Type Up/down regulated Target Genes References

Hepatocellular carcinoma Up HIF1a (70)
Up Tbx3 (71)

Gastric cancer Up MMP9 (25)
Lung cancer Up E2F1, E2F3, Twist1 (27)

Up HK2 (72)
Up E2F1, E2F3, Twist1, MMP2, MMP9, Vimentin (27)

Glioma Down E-cadherin, Vimentin (73)
Urothelial Carcinoma Down Cytokeratin 5, E-Cadherin, Vimentin (61)
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morphologic changes associated with apoptosis were observed in
HeLa and MCF-7 cells transfected with a siRNA targeting HDAC5
(79). Overexpression of HDAC5 in HCC cells was correlated with
reduced expression of p21 and hyperactivation of cyclin D1 and
cyclin-dependent kinase 2/4/6 (CDK2/4/6), indicating that HDAC5
promotes cell cycle progression and blocks apoptosis in HCC
tumorigenesis (60). However, in another study, overexpression of
HDAC5 in MCF-7 breast cancer cells inhibited proliferation and
promoted apoptosis in a p53-independent manner (51). Thus,
HDAC5 may have opposite functions depending on the cellular
context and interaction partner.

HDAC5 and Immuno-Oncology
Malignant cells can escape immune surveillance and rapidly
proliferate to form a tumor. HDACs have been implicated in the
immune response (82–84), and the regulation of HDACs in cellular
immunity plays an important role in tumorigenesis. HDAC5
interacts with the immune system—including immune cells and
inflammatory cytokines—in cancer occurrence or progression.
HDAC5 was shown to be involved in macrophage differentiation
in lymphoma U937 cells (85), and HDAC5 depletion in U937 cells
reduced the levels of tumor necrosis factor a (TNF-a) and
monocyte chemoattractant protein 1 (MCP-1) via stimulation of
NF-kB activity, suggesting a regulatory function for HDAC5 in the
proinflammatory response of macrophages (62). In vitro and in vivo
experiments have shown that the suppressor function of regulatory
T cells (Tregs) was attenuated in HDAC5−/− mice. Meanwhile,
HDAC5 silencing suppressed the switch from CD4+ T cells to Tregs
under polarizing conditions and inhibited interferon g (IFN-g)
production by CD8+ T cells (86). Another study demonstrated
that HDAC5 recruited macrophages to the tumor
microenvironment through the Suppressor of cytokine signaling 3
(Socs3)/C-C motif chemokine ligand 2 (CCL2) axis and promoted
pancreatic cancer via TGF-b-dependent paracrine signaling (63).
These findings indicate that targeting HDAC5 is a promising cancer
immunotherapy strategy.

HDAC5 in Cancer Cell Differentiation
and Stemness
Aberrant differentiation plays an important role in tumorigenesis.
Epigenetic modifications including histone deacetylation are
involved in cell differentiation (87). As such, clarifying the role
and mechanisms of HDAC5 in cellular differentiation may provide
a basis for new therapeutic strategies in cancer.

HDAC5 overexpression inhibited murine embryonic kidney
(MEK) cell differentiation through transcriptional repression of
GATA-1 and prevented the colocalization of the 2 proteins
during erythroid differentiation (88). HDAC5 was also observed
to block N-myc-mediated differentiation in neuroblastoma cells
(55). MEF2 family proteins, which are recruited by HDAC5, include
MEF2A, MEF2B, MEF2C, and MEF2D (89). Alternative splicing
of MEF2 genes can yield protein isoforms with distinct functions
(90). MEF2Ca2 engaged in a weaker interaction with HDAC5 than
MEF2Ca1 in rhabdomyosarcoma (RMS) cell lines, which
nonetheless enhanced the ability of the MEF2Ca2 isoform to
promote RMS differentiation (91).
Frontiers in Oncology | www.frontiersin.org 6287
Cancer stem cells play a key role in tumorigenesis and can
significantly influence the response to tumor therapy (92). HDAC5
increased the stemness of human breast cancer stem cells through
inhibiting the binding of the Runt-related transcription factor 3
(RUNX3)/p300 complex to the promoter of target genes (46).
HDAC5 showed elevated expression in tumorspheres formed by
H460 lung cancer cells. Application of the HDAC5 inhibitor LMK-
235 reduced extracellular signal-regulated kinase 1/2 (ERK1/2)
phosphorylation in a dose-dependent manner, demonstrating that
the HDAC5-ERK1/2 axis plays an important role in maintaining
the stemness of lung cancer stem cells (93). Additionally, during
ovarian cancer (OC) progression, HDAC5 interacted with YY1 to
promote OC cell stemness by deacetylating the promoter of the
microRNA miR-99a (64). These results imply that HDAC5
regulates cancer cell differentiation and stemness through
interaction with different cofactors.

HDAC5 and Drug Resistance
Drug resistance is a major reason for cancer treatment failure.
The main mechanisms of resistance are enhanced anti-apoptotic
capacity, hyperactivation of cell proliferation, DNA replication,
and cell cycle progression (94). Given its important role in cell
proliferation, cell cycling, and apoptosis, HDAC5 may play a key
role in the development of therapeutic resistance.

HDAC5 knockdown was shown to increase the sensitivity of
MCF-7 and HeLa cells to doxorubicin and cisplatin by inducing
heterochromatin decondensation (79). HDAC5 was illustrated to be
involved in sorafenib resistance of HCC as well (95). Tamoxifen is a
first-line treatment for breast cancer, HDAC5 deacethylated SOX9
and made it localized in the nucleus, which was responsible for
tamoxifen resistant in breast cancer (52). HDAC5 expression was also
elevated in estrogen-independent breast cancer cells and induced
tamoxifen resistance via the miR-125a-5p/specificity protein 1 (Sp1)/
survivin axis (53). Additionally, formononetin inhibited HDAC5
expression to attenuate doxorubicin-induced EMT, thereby
promoting doxorubicin sensitivity in glioma cells (73).

Telomeres are small DNA-protein complexes located at the
end of linear chromosomes in eukaryotic cells that maintain
chromosome integrity and are involved in cell cycle regulation
(96). During tumorigenesis, telomerase stimulates the re-
synthesis of telomeric DNA, allowing cancer cells to proliferate
continuously, which reduces the efficacy of chemotherapy (97).
Telomeres are subject to various epigenetic modifications (98–
100). HDAC5 preferentially localized at long telomeres and
maintains their length, and HDAC5 silencing was found to
increase the sensitivity of osteosarcoma and fibrosarcoma cells
with long telomeres to chemotherapy (58).
HDAC5 AND ONCOGENETIC
SIGNALING PATHWAYS

Studies have indicated that HDAC5 participated in cancer
progression through various oncogenetic signaling pathways,
such as TAp63/maspin (21), HIPK2/HIF1a (70), and p65/NF-
kB pathways (95)(Figure 4).
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HDAC5 and TAp63/maspin Signaling
P63 is a new member of the p53 gene family. Although its
structure is highly homologous to p53, p63 encodes a special C-
terminal sequence, which contains sterile a group and a
transcriptional inhibition domain. The C-terminus can bind to
lipid membranes and inhibit transcription (101). Up to 14 p63
homologs have been identified, which are produced by
transcription from different promoters and selective cleavage.
The three p63 homologs that are produced through alternative
splicing of mRNA transcribed from the promoter upstream of
intron 1 are named TAp63a, TAp63b and TAp63g because they
contain a transcription domain (TA) (102). Many studies have
demonstrated that these homologs are important transcriptional
activators of mammary serine protease inhibitor (Maspin) (103,
104). Maspin (SERPINB5), a member of the serine protease
inhibitor superfamily, is not only a serine protease inhibitor gene,
but also a new soluble protein that is found in the cytoplasm. It
can inhibit angiogenesis, increase cell adhesion, induce apoptosis
and inhibit growth and metastasis of cancer cells (105, 106).

In our previous study, we explored the role of HDAC5 in
HCC and found that HDAC5 overexpression induced HCC
proliferation and tumorigenesis in vitro. We also knocked
down HDAC5 in Hep3B (p53-null) and HepG2 (p53-WT) cells
and investigated the expression levels of p53 family members. The
results indicated that HDAC5 downregulated p53, TAp63, and p73
at both the mRNA and protein levels. In addition, TAp63 gradually
decreased with HDAC5 overexpression in immortalized liver cell
line (THLE-3 cells). Chromatin immunoprecipitation (ChIP)
Frontiers in Oncology | www.frontiersin.org 7288
showed that HDAC5 knockdown increased the acetylation at the
TAp63 promoter (i.e., at Lys9 of histone H3 [H3K9ac]), which
indicated the suppressive effect of HDAC5 on TAp63 transcription.
Rescue experiments showed that HDAC5 promoted proliferation
and tumorigenesis via the Tap63/Maspin axis. In summary, our
findings demonstrated that HDAC5 knockdown increased
acetylation at the TAp63 promoter, resulting in TAp63
hyperactivation and Maspin overexpression, which blocked
HCC cell proliferation and tumorigenesis (21).

HDAC5 and HIPK2/HIF1a Signaling
Hypoxia plays an important role in tumorigenesis and
metastasis. Hypoxia inducible factor 1 (HIF1) is a key
transcription factor that can transmit the hypoxia signal and
mediate the effect of hypoxia. HIF1a is a functional subunit of
HIF-1. Under hypoxia, HIF1a activates downstream target genes
through interacting with hypoxia-response elements, which
thereby regulate proliferation, apoptosis, invasion, metastasis,
angiogenesis, energy metabolism, and chemoradiotherapy
resistance of cancer cells (107).

Epithelial-to-mesenchymal transition (EMT) is a process that
occurs under normal physiologic conditions such as embryonic
development and wound healing. During EMT, epithelial cells
lose their polarity and acquire mesenchymal-like features along
with the capacity to migrate and invade other tissues (108). An
increasing number of studies have reported that the change in
the oxygen level in cancer microenvironments and the HIF1a-
induced hypoxia signal transduction pathway acted as a vital
FIGURE 4 | DAC5 and oncogenic signaling pathways.
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regulator of EMT, which played a key role in hypoxia-induced
cancer invasion and metastasis (109, 110).

In our previous study, we illustrated that HDAC5 induced
HCC migration, invasion and EMT only under hypoxia but not
under normoxia. Although a dual luciferase reporter assay
indicated increased transcription of HIF1a after ectopic
HDAC5 expression under hypoxia, HDAC5 did not
transactivate HIF1a directly even if under hypoxia. Further
mechanistic analysis using ChIP assays unveiled that, under
hypoxia, HDAC5 was recruited to the HIPK2 promoter;
HDAC5 knockdown increased H3K9ac modification at this
promoter, and the resultant upregulated HIPK2 bound to the
HIF1a promoter to inhibit HIF1a expression. Our findings
revealed that the HDAC5/HIPK2/HIF1a axis contributed to
hypoxia-induced aggressiveness of HCC (70).

HDAC5 and LSD1 Signaling Pathways
Lysine-specific histone demethylase 1 (LSD1), also known as
KDM1A or AOF2, is the first identified histone specific
demethylase (111). LSD1 exhibits varying functions related to
cancer progression in different cancer types, as the LSD1 protein
is methylated in some cancer type and demethylated in others
(112). HDAC5 was positively associated with LSD1 levels in
breast cancer cells and tissue specimens. In vitro experiments
unveiled that HDAC5 promoted invasion, metastasis and
tumorigenic development via LSD1. Co-immunoprecipitation
(Co-IP) and deletion mapping studies demonstrated that the
NLS element was responsible for the HDAC5-LSD1 interaction.
Protein ubiquitination assays indicated that HDAC5 stabilized
LSD1 through blocking USP28 polyubiquitination. These results
suggest an important role for the HDAC5/LSD1 axis in
tumorigenesis (50).

In addition, HDAC5 also functioned as a downstream target
gene of various upstream factors and participated in the
regulatory pathways during cancer progression. For example,
USF1 transactivated HDAC5 by physically binding to the
HDAC5 promoter at −356 to −100 bp, thereby increasing the
stability of LSD1 to induce chemoresistance of breast cancer (113).

HDAC5 and p65/NF-kB Signaling
NF-kB is a transcription factor involved in cell proliferation and
transformation, apoptosis, immune responses and other
important biological activities (114). NF-kB protein usually
forms homodimer/heterodimer from p65 and p50, and is
inactivated in cytoplasm due to the formation of trimer
complex with inhibitor IKB (115). Therefore, the correlation
between HDAC5 and p65/NF-kBsignaling during tumor
progression has drawn researchers’ attention. Hu et al.
illustrated that CD13 promoted sorafenib resistance in HCC
via indirectly increasing p65 protein stability. Co-IP indicated a
strong interaction between CD13 and HDAC5. Truncation
assays demonstrated that the N-terminal region of HDAC5
protein (amino acids 1-684), and the N-terminal cytoplasmic
domain of CD13 (amino acids 2-8) accounted for the HDAC5-
CD13 interaction. Hence, CD13 interacted with HDAC5 to
increase the stabilization of LSD1, which demethylated p65
(50, 116) and thereby stabilized it and increased p65/NF-kB
Frontiers in Oncology | www.frontiersin.org 8289
signaling; this resulted in sorafenib resistance and HCC
progression (95).

HDAC5 and Myc Family
The Myc gene family is one of the most widely studied family of
nuclear oncogenes. This family includes three main members: c-
myc, N-myc and L-myc. N-myc protein can be stabilized with
phosphorylated at serine 62 (Ser62) or be degraded with
phosphorylated at threonine 58 (Thr58) (117). HDAC5
knockdown reduced N-myc at protein levels but had little
effect on N-myc mRNA levels, so HDAC5 upregulated N-myc
at the posttranscriptional level. HDAC5 overexpression
significantly upregulated total N-myc protein in cells with
Ser62 mutant N-myc but not in cells with Thr58-mutant N-
myc. This indicated that HDAC5 upregulates N-myc protein by
increasing N-Myc protein stability. Microarray and ChIP assays
revealed that HDAC5 knockdown led to the transactivation of
NEDD4 (an E3 ubiquitin–protein ligase). This illustrated that
HDAC5 stabilized N-myc protein through suppressing the
transcription of NEDD4 (55). Interestingly, HDAC5 was also
shown to interact with N-myc protooncogene protein (MYCN),
and the complex colocalized to the CD9 promoter and
attenuated CD9 expression in neuroblastoma cells, leading to
tumor cell invasion and metastasis (54).

In addition, C-myc transactivited HDAC5 though directly
binding to the −200/+20 bp region upstream of the transcription
start site of HDAC5, which contained C-myc-specific binding
sequence (CACGTG). In turn, HDAC5 promoted SOX9 nuclear
localization via interaction with its HMGB domain (amino acids
1–181) in estrogen receptor-positive breast cancer cells. These
results indicated that the C-myc/HDAC5/SOX9 axis is a
potential target for estrogen receptor-positive breast cancer
therapy (52).
CLINICAL SIGNIFICANCE OF HDAC5
IN CANCER

HDAC5 and Cancer Diagnosis
Cancer cells release proteins into the peripheral blood during
tumorigenesis. Thus, circulating proteins can serve as prognostic
biomarkers for predicting disease recurrence and informing
treatment decisions (118). Circulating HDAC5 is a potential
marker for cancer diagnosis, given that it is detected at different
levels in the peripheral blood of cancer patients as compared to
healthy subjects or patients with nonrecurrent disease. One study
found that the specificity of HDAC5 in distinguishing CRC patients
from healthy subjects was 96.3%, indicating that it can be a
diagnostic biomarker for CRC (32). Proteomic analysis with an
antibody array identified proteins that were differentially expressed
between breast cancer patients with and those without recurrence
(34); moreover, HDAC5 was detected at a significantly higher level
in the blood in patients with recurrent breast cancer than in those
with recurrent triple-negative breast cancer.

Tumor antigens can provide insight into antitumor immune
responses and the mechanisms of immune escape used by cancer
June 2021 | Volume 11 | Article 661620
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cells, which can aid cancer diagnosis and the establishment of
immunotherapy strategies. An antibody reactivity screen
revealed HDAC5 as the only serum antigen that differed
between CRC patients and healthy subjects (33). Thus, serum
HDAC5 has clinical utility as a diagnostic biomarker for cancer.

HDAC5 and Cancer Therapy
HDAC5 and HDAC Inhibitors
Molecular targeted therapies have specific antitumor effects,
which limits their toxicity. Some studies demonstrated that
HDAC5 is a potential therapeutic target for HDAC inhibitors
(HDACis) as anticancer drugs (17, 25, 46, 73, 74, 119–123)
(Table 4). HDACis can be divided into 4 groups according to
their chemical structure—namely, hydroxamic acids,
benzamides, cyclic peptides, and carboxylic acids. The basic
structural features of HDACis are a hydroxamic acid
complexed with Zn2+, intermediate fatty chain linker, and
lipophilic cap that engages in hydrophobic interaction with the
binding pocket (127). HDACis could be divided into pan-
HDACis and selective class IIA HDACis.

Trichostatin A (TSA)is the first identified pan-HDACis with
an inhibitory activity depends on Zn2+-dependent HDAC
enzymes. The crystal structure of TSA and HDAC analogues
showed that the conserved deacetylase active center were made
up by a tubular bag, a zinc binding region and two ASP his
(aspartate histidine) charge relay networks. The long fatty chain
of TSA bound to the inner part of the tubular bag, and the
hydroxime group at the end of the fatty chain showed connection
with the zinc binding region through carbonyl and hydroxyl
groups, which thereby inhibiting the ability of HDACs including
recognizing substrate, regulating enzymatic activity and
interacting with other proteins (128). TSA was illustrated to
inhibit HDAC5 to block malignant behavior of cancer cells,
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including chemoresistance (120), proliferation (124) and
invasion (25). Other HDACis such as belinostat, givenostat,
panobinostat and dacinostat have the same mechanism with
TSA as well. Among them, belinostat(PXD101) and
panobinostat(LBH589) were US FDA-approved for cancer
therapy (129, 130). Belinostat has been revealed to attenuate
chemoresistance in estrogen receptor positive breast cancer via
targeting class IIA HDACs including HDAC5 (119). Besides,
HDAC3 and HDAC5 had copy number gain during HCC
progression, panobinostat might inhibit HDAC3 and HDAC5
to decrease proliferation and induce apoptosis and autophagy of
HCC, and this anticancer effect could be augmented by
combination therapy with panobinostat and sorafenib (74).

Vorinostat(SAHA) is one of HDACis approved by FDA for
cancer therapy. The hydroxime group of SAHA, also bound to
Zn2+ in the way similar with TSA, but the fatty chain of SAHA
showed less connection to the tubular bag than that of TSA,
which indicated that the inhibitory activity of SAHA is lower
than TSA (131). Hence, combination therapy with SAHA and
other therapeutic drugs has drawn researchers’ attention.
Vasilatos et al. (122) explored the role of pargyline (an LSD1
inhibitor) and SAHA in breast cancer, the results demonstrated
that both pargyline and SAHA suppressed cell proliferation and
induced apoptosis through inhibiting HDAC5. Meanwhile,
combination therapy with pargyline and SAHA led to superior
anticancer effect. Interestingly, this anticancer effect was not
found in non-TNBC counterparts or non-tumorigenic breast
cells, which illustrated therapeutic efficacy of SAHA on breast
cancer was subtype-dependent.

LMK-235, a selective HDACi showed preferable interactions
with the catalytic zinc ion of class IIA HDACs, was illustrated to
decrease phosphohistone H3 and Ki-67 levels in pancreatic
neuroendocrine tumors (pNETs) while inducing pNET cell
TABLE 4 | Summary of HDAC5-targeted drugs in cancer therapy.

Agents Anti-tumor properties Reference

Trichostatin A (TSA) Inhibit proliferation of gastric cancer (25)
Reduce chemoresistance of cancer (120)
Inhibit proliferation of breast cancer (124)
Induce apoptosis in breast cancer (46)

Belinostat (PXD101) Block chemoresistance in estrogen receptor positive breast cancer (119)
Sodium butyrate Inhibit migration and EMT in HCC (71)
Panobinostat (LBH589) Suppress invasion and metastasis in neuroblastoma (54)

Decrease cell viability and proliferation declined,and increase apoptosis and autophagy in HCC (74)
Vorinostat Reduce chemoresistance of cancer (120)
Luotonin-A Cause apoptosis and senescence in Hela cells (17)
Formononetin Prevent EMT in glioma (73)
LMK-235 Reduce chemoresistance of cancer (120)

Induce apoptosis of pNET (125)
Induce apoptosis and reduce proliferation and migration of breast cancer (20)
Inhibit proliferation, metastasis and invasion of breast cancer (65)
Inhibit stemness of lung cancer (93)

AR-42 Induce apoptosis in HCC (121)
Vorinostat (SAHA) Induce apoptosis in breast cancer (122)
Ebselen Decrease cell viability of cancer cells (123)
Sulforaphane Inhibit proferation of breast cancer (113)
Simvastatin Suppress proliferation of pancreatic cancer (66)
　 Inhibit proliferation of CRC (126)
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apoptosis and histone H3 acetylation, making it an effective
targeted therapy for pNET that indirectly antagonizes the activity
of HDAC4/5 (125). Similar findings were reported in breast (20,
65) and lung (93) cancers. However, LMK-235 induced HDAC5
expression in UC cells, indicating that HDAC5 is not a suitable
therapeutic target in UC (132). Cao et al. (113) selected a series of
HDACis including SAHA, TSA, LBH-589, PXD-101, MS-275,
MC-1568, Romidepsin and Sulforaphane (SFN) to test their
inhibitory effect towards HDAC5 expression on breast cancer
cells. The results illustrated that SFN showed most significant
inhibitory effect on HDAC5 expression at both mRNA level and
protein level. Dual luciferase reporter assay indicated that SFN
hindered the transcriptional activity of HDAC5 via affecting the
region from −356 to −100 bp at HDAC5 promoter. In addition,
USF1 could block the downregulation of HDAC5 mediated by
SFN. These finding suggested SFN as a potential drug for breast
cancer therapy.

HDAC5 and Metabolism Inhibitors
Hendrick et al. (133) demonstrated that knock down of HDAC5
induced cancer apoptosis through an iron-dependent reactive
oxygen species (ROS) production. In addition, HDAC5-knock
down cells adapted oxidative stress through glucose and
glutamine metabolic reprogramming. Therefore, blocking glucose
and glutamine metabolism in HDAC5-knock down cancer cells
significantly induced cell death, which provided insight into a
combination therapy with HDAC5 inhibitors and various
inhibitors of metabolism as a new strategy for cancer treatment.

During tumorigenesis, cancer cells often undergone
deregulated lipid metabolism (134). Statins, a class of 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors, can modulate the cell cycle, signal transduction
pathways, and angiogenesis, and thus have therapeutic
potential in cancer treatment (135–139). Simvastatin was
shown to attenuate pancreatic cancer growth by inhibiting the
oxysterol binding-related protein 5 (ORP5)/HDAC5 axis (66).
Additionally, the combination of statins and other therapeutics
was shown to prolong survival in cancer patients (140). For
example, statins inhibited CRC cell proliferation by modulating
the expression of enhancer of zeste homolog 2 (EZH2) and
HDAC5, an effect that was enhanced in the presence of MC-
1568, a class II HDACi. The underlying mechanism involved the
upregulation of p27(KIP1) by statin via inhibition of EZH2; MC-
1568 further increased p27(KIP1) expression by suppressing
HDAC5, resulting in an antiproliferative effect in CRC (126).
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Collectively, these findings highlight the clinical significance
and utility of HDAC5 in targeted cancer therapy.
CONCLUSION

Accumulating evidence indicates that HDAC5 can serve as a
biomarker for tumorigenesis in a variety of cancer types. HDAC5
expression is correlated with clinicopathologic features of cancer
patients, highlighting its clinical value. Elucidating the targets
and mechanisms of action of HDAC5 will enhance our
understanding of the molecular basis of tumorigenesis and
provide novel markers for early diagnosis, treatment response
monitoring, and predicting disease prognosis, as well as an
empirical basis for the development of effective cancer treatments.
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Liquid–liquid Phase Separation (LLPS) of proteins and nucleic acids has emerged as
a new paradigm in the study of cellular activities. It drives the formation of liquid-like
condensates containing biomolecules in the absence of membrane structures in living
cells. In addition, typical membrane-less condensates such as nuclear speckles, stress
granules and cell signaling clusters play important roles in various cellular activities,
including regulation of transcription, cellular stress response and signal transduction.
Previous studies highlighted the biophysical and biochemical principles underlying
the formation of these liquid condensates. The studies also showed how these
principles determine the molecular properties, LLPS behavior, and composition of liquid
condensates. While the basic rules driving LLPS are continuously being uncovered,
their function in cellular activities is still unclear, especially within a pathological
context. Therefore, the present review summarizes the recent progress made on
the existing roles of LLPS in cancer, including cancer-related signaling pathways,
transcription regulation and maintenance of genome stability. Additionally, the review
briefly introduces the basic rules of LLPS, and cellular signaling that potentially plays a
role in cancer, including pathways relevant to immune responses and autophagy.

Keywords: liquid–liquid phase separation, biomolecular condensate, cancer mechanism, protein aggregation,
signaling transduction, genome stability

Abbreviations: ALS, amyotrophic lateral sclerosis; AD, Alzheimer disease; ATP, adenosine triphosphate; SV, synaptic vesicle;
cGAMP, cyclic GMP-AMP; cGAS, cyclic GMP-AMP synthase; CRL3, cullin3-RING ligase; DAXX, death domain-associated
protein; IDR, intrinsically disordered region; PTM, posttranslational modification; LAT, linker for the activation of T cells;
LLPS, liquid–liquid phase separation; m6A, N6-methyladenosine; PAS, pre-autophagosomal structure; PML, promyelocytic
leukemia; POZ, pox virus and zinc finger; RNP, ribonucleoprotein; SPOP, speckle-type POZ domain protein; CTD, carboxy-
terminal domain; TCR, T cell antigen receptor; TF, transcription factor; APC, antigen-presenting cell; PRM, proline-rich
motif; ATG, autophagy-related genes; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T lymphocyte antigen 4;
TIM-3, T-cell immunoglobulin and mucin domain 3; TORC1, target of rapamycin complex 1; RBP, RNA-binding protein;
DDR, DNA damage response; PARP1, Poly(ADP-ribose) polymerase 1; PARylation, poly(ADP-ribosyl)ation; ssDNA, single-
strand DNA; 53BP1, p53-binding protein 1; DSB, DNA double-strand breaks; SH3, SRC homology 3; WASP, Wiskott–Aldrich
syndrome protein; MATH, N-terminal meprin and TRAF-C homology.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 June 2021 | Volume 9 | Article 631486296

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.631486
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.631486
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.631486&domain=pdf&date_stamp=2021-06-21
https://www.frontiersin.org/articles/10.3389/fcell.2021.631486/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 2

Lu et al. Liquid–Liquid Phase Separation and Cancer

INTRODUCTION

Intracellular components are compartmentalized, respectively,
in living cells to facilitate the regulation of cellular activities
in time and space. Apart from the traditional membrane-
enclosed organelles, such as the mitochondria and endoplasmic
reticulum, many organelles do not have membranous structures
yet remain compartmentalized and can concentrate certain types
of molecules (Handwerger and Gall, 2006; Mao et al., 2011a;
Pederson, 2011). Such organelles include nuclear structures like
nuclear paraspeckles, the nucleolus as well as Cajal bodies and
cytoplasmic organelles such as the P-bodies, stress granules and
centrosomes. Notably, membrane-less organelles such as the
nucleolus, have been known since the 1830s when the structure
of the cell nucleus was first described (Wagner and Barry,
1836; David, 1964). Additionally, these structures and organelles
are usually composed of macromolecules such as proteins
and RNA and are in many cases known as ribonucleoprotein
(RNP) granules (Anderson and Kedersha, 2009). Moreover, the
membrane-less compartments in the cytoplasm are involved in
cellular signal transduction. For example, the Dvl protein family
was initially assumed to transmit the Wnt signals in response
to the binding of extracellular Wnt depending on membrane-
bound vesicles. However, it was later shown that they were
engaged without an enclosing membrane (Yanagawa et al., 1995;
Schwarz-Romond et al., 2005; Kim W. et al., 2013).

These membrane-less organelles or structures exhibit
significant liquid-like characteristics and are typically formed
through a physicochemical process called liquid–liquid phase
separation (LLPS) (Brangwynne et al., 2009). Given their liquid-
like features, all the membrane-less intracellular organelles,
structures and assemblies arising from LLPS are referred to
as biomolecular condensates (Banani et al., 2017; Shin and
Brangwynne, 2017). As with literal liquids, biomolecular
condensates have a spherical shape and can fuse into a
single large droplet upon contact with each other. Moreover,
compartmentalized condensates are able to dynamically
exchange components with the surrounding cytoplasm or
nucleoplasm and this can selectively accelerate or inhibit
biological reactions (Phair and Misteli, 2000; Snaar et al.,
2000). Therefore, LLPS is increasingly being recognized as
a fundamental process in the regulation of cellular activities
in time and space.

Notably, earlier research on the aberrant LLPS process and
formation of condensates, mainly focused on the molecular basis
of specific neurodegenerative diseases such as the Alzheimer
disease (AD) and amyotrophic lateral sclerosis (ALS) (Dormann
et al., 2010; Wegmann et al., 2018). For instance, it was
shown that ALS-derived mutations in RNA-binding proteins
(RBPs), such as TIA1, HNRNPA1 and FUS, facilitate abnormal
accumulation of the proteins in stress granules (which are
cytoplasmic condensates) (Kim H. J. et al., 2013; Mackenzie et al.,
2017). It was also suggested that this pathologic aggregation of
proteins in ALS patients was associated with an altered LLPS
process. In addition, in vitro experiments confirmed that these
proteins had undergone phase separation and condensed into
liquid-like droplets, and that over time they were converted

into solid-like aggregates, which is the foundation of age-
related diseases (Patel et al., 2015). Due to abundant proof that
LLPS-derived protein aggregates are responsible for age-related
diseases, the role of LLPS in cancer is also gaining increasing
attention. For example, RNA N6-methyladenosine (m6A), one
of the most prevalent epigenetic modifications on mRNAs, was
reported to be associated with diverse cancer biological activities
(Ma et al., 2019). Moreover, recent studies showed that m6A-
modified mRNAs can interact with its binding motifs and
phase separate into compartmentalized condensates, leading to
altered mRNA expression (Gao et al., 2019). Therefore, given the
indispensable role of m6A in cancer biology, it is likely that LLPS
participates in m6A-relavent tumor occurrence and development.
In addition to participation in epigenetic modifications, LLPS
is also involved in a wide range of cellular activities, such as
transcriptional regulation, maintenance of genome stability, and
signaling transduction, potentially contributing to tumorigenesis
and tumor development.

Therefore, the current article gives a comprehensive review
of existing research on LLPS, including a basic description
of the process, its known role in cancer and the biological
activities in which LLPS is involved that are potentially implicated
in cancer. This review also gives a simplified description of
the biophysics and biochemical mechanisms underlying LLPS,
readers interested in details will be referred to the published
literature (Alberti et al., 2019; Dignon et al., 2020).

MOLECULAR-LEVEL RULES AND
COMPONENTS OF LLPS

Varying degrees of weak non-specific interactions between
biomolecules are the driving forces behind phase separation
at the molecular level (Shin and Brangwynne, 2017; Youn
et al., 2019) (Figure 1A). In living cells, this interaction is
represented by protein–protein or RNA–protein multivalency
(Li et al., 2012). At a given temperature, phase separation
occurs above a saturated concentration, beyond which weak
transient interactions between biomolecules are stronger than
the unfavorable entropy of demixing (Banani et al., 2017; Wang
et al., 2018). Therefore, large biomolecules separate into two
phases above this concentration threshold, one of which is
dilute and the other is highly condensed. For biomolecules in
cellular solutions, both phases are typically in a liquid state; thus,
the process is termed LLPS (Youn et al., 2019). Furthermore,
the probability of a solution to undergo LLPS is not only
determined by its concentration and molecular multivalency, but
also by environmental conditions such as temperature, salt, and
pH (Riback et al., 2017). Additionally, the variety of physical
determinants for LLPS further indicate that it can occur due to
cellular stressors, like high temperature and hypoxia, which are
common inducers for tumorigenesis (Riback et al., 2017).

Proteins and nucleic acids (RNA and DNA) are major
components and mediators of LLPS. They can be altered by their
biophysical properties as well as phase separation behaviors to
form the highly multicomponent systems in condensates (Banani
et al., 2016). The initially established multivalent interactions for
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FIGURE 1 | The driving forces and regulation of liquid–liquid phase separation (LLPS) in cellular activity. (A) Scaffold proteins, such as FUS, concentrate low-valency
client proteins through multivalent interactions, which is key for driving LLPS. The intrinsically disordered regions in some scaffolds also promote this process.
Moreover, RNAs can further promote this process through interactions with RNA-binding regions. The thermodynamic force as well as cellular stressors, such as pH,
temperature, and salt, may also support the reversible LLPS process. Classical nuclear structures formed by LLPS include PML bodies, P-bodies, and RNP
granules. (B) LLPS is regulated by posttranslational and posttranscriptional modifications. Liquid condensates formed by Ddx4 are destabilized by its arginine
methylation, whereas interactions between poly m6A methylated mRNAs and m6A binding proteins promote LLPS. Each step corresponds to its numbering.

phase behaviors occur between proteins containing repeats of the
SRC homology 3 (SH3) domains and its binding proline-rich
motifs (PRMs) (Li et al., 2012). In in vitro experiments, Li et al.
(2012) demonstrated that these multi-valent, folded SH3/RPM
domains are the drivers of phase separation. Additionally, the
formation of liquid droplets was more evident at a higher SH3
concentration and valency (Li et al., 2012). Furthermore, Li
et al. (2012) constructed a system containing nephrin, neural
Wiskott–Aldrich syndrome protein (N-WASP) and NCK; they
showed (in vivo) that the repeated SH2/SH3 domains from
Nck and N-WASP, along with the phosphorylation of nephrin
promoted the formation of liquid condensates through LLPS,
which initiated the assembly of actins mediated by Arp2/3.
Notably, nephrin plays a critical role in regulating the formation
of glomerular filtration barrier, through actin assembly in kidney
podocytes (Rohatgi et al., 2001; Jones et al., 2006). In addition,
proteins that exhibit the same repetitive domains are often
thought to be involved in the formation of signaling complexes,
as in the case of T cell receptor (TCR) clusters in transmembrane
signaling (Su et al., 2016). The process will be discussed in detail
in subsequent paragraphs.

Proteins are the most common components of condensates,
and can be classified into scaffolds and clients according to
their functions (Banani et al., 2016). Scaffold proteins drive
LLPS and maintain the integrity of condensates, whereas client
proteins are low-valency molecules, which are concentrated
by scaffolds during LLPS and dynamically exchange with the
surrounding cytoplasm and nucleoplasm. Notably, members of
the FUS family are typical scaffold proteins. They drive the
accumulation of gel-like condensates, leading to the progression
of ALS and age-related diseases (Crozat et al., 1993; Patel
et al., 2015). Other scaffold proteins include HNRNPA1,
HNRNPA2, TAF15, and ESWR1 (Lin et al., 2015; Ryan
et al., 2018). In addition, scaffold proteins and RNP granules
usually possess intrinsically disordered regions (IDRs). Typically,
these regions are enriched with charged amino acids, which
constitute the backbone of different kinds of charged interactions
between RNA and proteins (Castello et al., 2012; Nott et al.,
2015; Uversky, 2017). Moreover, compared with structured
proteins with highly folded sequences, IDRs have low-sequence
complexity domains (LCDs). These structural features make
them energetically favorable and facilitate the occurrence of LLPS
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(Burke et al., 2015; Elbaum-Garfinkle et al., 2015; Molliex et al.,
2015; Conicella et al., 2016).

RNA is another significant component of condensates. It
acts in concert with proteins to regulate LLPS in living cells
(Zhang et al., 2015). Biomolecular condensates in the nucleus,
such as the nucleolus, paraspeckles, and RNP granules all
contain large amounts of both proteins and RNA as a result
of LLPS (Berry et al., 2015). Additionally, RNA is an ideal
scaffold element for its single-stranded, multivalent, and flexible
structures. For example, a reduction in RNA concentration or
a genetic depletion of RNA-binding in the nucleus accelerates
LLPS, leading to the accumulation of cytotoxic gel-like FUS and
TDP43 protein aggregates (Maharana et al., 2018). In contrast,
a high RNA/protein ratio inhibits LLPS and the formation
of biomolecular condensates. It was also suggested that RNA
can buffer the aberrant protein aggregates arising from LLPS.
Moreover, RBPs, such as RNA recognition motifs, were reported
to play a role in RNA stability and metabolism. These proteins
were shown to be responsible for interactions with RNAs during
LLPS, which leads to the formation of nuclear RNP bodies,
P-bodies, and stress granules (Clery et al., 2008). Furthermore,
Molliex et al. (2015) reported that LLPS, mediated by a low-
complexity sequence of HNRNPA1, was facilitated by RNA
recognition motifs in the presence of RNA, during the persistent
assembly of stress granules. This process was independent of
IDRs and highlighted the significance of RNA in LLPS (Molliex
et al., 2015). In most cases, proteins that contain both IDRs and
RNA recognition motifs interact with RNAs to promote LLPS
synergistically (Castello et al., 2012). This is now considered as
an RNA-induced lowering of saturation concentration for LLPS,
which is a prevalent effect on proteins (Lin et al., 2015; Molliex
et al., 2015; Saha et al., 2016).

REGULATION OF LLPS IN CELLULAR
ACTIVITIES

It remains unclear how the aging-related accumulation of protein
aggregates, such as HNRNPA1 TIA1, and TAU progresses from
liquid droplets into gel-like or solid-like particles and eventually
nucleate into amyloid fibers. Mechanistically, the production of
condensates by LLPS is reversible, although this reversibility
is compromised over time within a pathological context (Lin
et al., 2015; Zhang et al., 2015). Recent studies suggested that
the solid-like state of these proteins is likely to be regulated
by transcriptional activities that require the participation of
energetic substances, such as adenosine triphosphate (ATP) (Jain
et al., 2016; Mugler et al., 2016; Patel et al., 2017). Intriguingly,
several studies have shown that nucleolar subcompartments
and those within RNP granules have an apparent nucleolar
viscosity, which is highly dependent on ATP, and that the
fluidity of stress granules significantly decreases in the absence
of ATP (Brangwynne et al., 2011; Feric et al., 2016; Jain
et al., 2016). Moreover, it was reported that nucleoli undergo
LLPS and preferentially assemble in the organizing regions
of transcriptionally active rRNAs, in processes driven by
thermodynamics (Berry et al., 2015). In addition, nucleolar

components and structures show substantial changes after
inhibiting transcription upon nucleolar condensation (Shav-
Tal et al., 2005). Therefore, it is hypothesized that both the
irreversible transformation of condensates and the changes
in the viscosity of nucleolar subcompartments are driven by
thermodynamic forces, which are modulated by transcriptional
activities. The assumption is consistent with the findings
from previous studies which showed that RNA can co-
transcriptionally drive the assembly or nucleation of nuclear
organelles such as the nucleolus, paraspeckles, and stress granules
(Mao et al., 2011b; Shevtsov and Dundr, 2011). However, the
thermodynamic parameters modulated by RNA transcription
do not fundamentally alter the passive LLPS process. More
specific experimental methods that include parameters such as
temperature and pH could further elucidate the determinants of
LLPS in biological activities. Furthermore, targeting specific RNA
transcription or ATPase may be a new therapeutic strategy that
can reverse the irreversible process of protein accumulation in
cancer and aging diseases. Nonetheless, global ATP depletion or
inhibition of transcription can influence normal cell function.
Considering their multifaceted roles in cellular activities, targeted
RNA interference or specific ATPase abrogation might be
promising strategies for managing both diseases.

In addition, the metastability of biomolecular condensates
highlights that these molecular structures, represented by
proteins and RNAs, likely didn’t reach thermodynamic
equilibrium in most cases. Additionally, cells use functional
modification as another regulatory mechanism to control
the dynamics, composition and reversibility of phase
separation, including posttranslational modification (PTM) and
posttranscriptional modification (Figure 1B). Representatives of
PTM in LLPS include phosphorylation and arginine methylation,
which tend to facilitate or impair the formation of condensates by
altering the valence of scaffold and client proteins. For example,
it was reported that arginine methylation of Ddx4, whose IDRs
condense to form condensates through LLPS, could destabilize
the condensates and attenuate LLPS by altering its electrostatic
interactions (Nott et al., 2015). Moreover, arginine methylation
occurs within the nucleus of cervical cancer cells. In contrast,
phosphorylation can either promote or impair the formation
of condensates. For instance, synapsin, is a neurotransmitter-
containing synaptic vesicle (SV) that forms through LLPS. It was
previously shown to rapidly dissolve upon phosphorylation by
Ca2+/calmodulin-dependent kinase II to trigger the release of
neurotransmitters (Milovanovic et al., 2018). Similar phenomena
were observed in the low-sequence-complexity domains of FUS
and other amyloid proteins (Monahan et al., 2017; Carpenter
et al., 2018). Intriguingly, phosphorylation of the microtubule-
binding domain of the tau protein instead altered its valency
and facilitated the formation of liquid condensates, eventually
leading to the aggregation of amyloid tangles (Ambadipudi
et al., 2017). The modulatory effect of PTM on LLPS therefore
shows its potential in cancer treatment, by tampering with the
interaction between small molecules and target protein motifs.

Posttranscriptional modification is a newly identified
mechanism of regulating LLPS and research has mainly focused
on RNA m6A (Gao et al., 2019; Ries et al., 2019; Liu et al., 2020;
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Wang J. et al., 2020) (Figure 1B). m6A methylation is the most
prevalent epigenetic modification at the posttranscriptional
level and is widely involved in numerous cellular processes. Ries
et al. (2019) reported that LLPS is significantly facilitated by
mRNAs containing multiple m6A-modified domains through
the regulation of m6A readers. Moreover, polymethylated mRNA
can serve as a multivalent scaffold for the binding of YTHDFs
(the RBPs in the m6A reader family), and simultaneously
juxtapose their low-complexity domain to promote LLPS.
Eventually, the mRNA–YTHDF combinants phase separate
into compartmentalized droplets, forming liquid condensates
such as stress granules and P-bodies, resulting in altered mRNA
translation and degradation. Due to the prevalence of aberrant
m6A modification in tumor biology, therapies targeting m6A to
modulate LLPS and eventually, the expression of mRNA may
have considerable potential (He et al., 2019).

THE EMERGING ROLE OF LLPS IN
CANCER

Over the past decades, there has been great progress in
understanding of the malignant behaviors of tumors, and this
is represented by the proposal on the hallmarks of cancer
(Hanahan and Weinberg, 2011). Notably, during the multistep
development of tumors, cancer cells acquire six biological
capabilities that allow them to evolve progressively to a malignant
state. These include limitless proliferation, avoiding inhibition
of growth, resistance to death, replicative immortality, induction
of angiogenesis, invasiveness and distant metastasis, (Hanahan
and Weinberg, 2000). It was confirmed that cancer mutations
typically underpin the acquisition of these hallmarks, or they
interfere with the functions of inhibitors of these hallmarks.
However, it is still unclear why certain genetic mutations cause
cancer. Therefore, the emergence of phase separation offers a new
basis of interpreting and understanding cancer phenotypes, with
potentially novel therapeutic avenues.

P53 Protein Aggregation: Question to
Answer
As in the case of neurodegeneration, disease-linked genetic
mutations in RBPs promoted the accumulation of their respective
proteins, which forms membraneless-organelles in the cytoplasm
or nucleus through reversible phase separation (Kim H. J. et al.,
2013; Patel et al., 2015; Conicella et al., 2016; Mackenzie et al.,
2017). A higher concentration of these proteins in condensates
shifted the phase equilibrium toward a highly condensed state
and simultaneously promoted the formation of irreversible
protein aggregates (Patel et al., 2015; Wegmann et al., 2018).
This irreversible liquid-to-solid transition corresponds to the
formation of amyloid fibrils, which underlies the development
of aging diseases (Shin and Brangwynne, 2017). However, the
same mechanism is yet to be proven in cancer mutations. For
instance, TP53, one of the most studied tumor suppressor genes,
plays a critical role in maintaining genomic stability. It protects
cells against tumorigenesis by inducing cell cycle arrest and
binding to its target DNA sequence to initiate DNA repair or

apoptosis (Silva et al., 2014; Eischen, 2016; Mantovani et al.,
2019) (Figure 2A). Over 50% of human cancers exhibit TP53
gene mutations (Muller and Vousden, 2013). Previous studies
reported that p53 can be uptaken into nuclear bodies such as
the Cajal and PML bodies under conditions of stress responses
(Fogal et al., 2000; Guo et al., 2000; Cioce and Lamond, 2005).
In prostate cancer, p53, along with other proteins such as MYC
and CDKN2D, accumulates within significantly enlarged cancer
cell nucleoli (Dang and Lee, 1989; Wsierska-Gadek and Horky,
2003; Fischer et al., 2004; Pedrote et al., 2018). Moreover, mutant
p53 protein is known to form amyloid-like aggregates, which
abrogate its antitumor functions (Ghosh et al., 2017). It was
also reported that mutant p53 aggregates faster than the wild-
type, and the state transition is largely attributed to the p53
DNA binding domain, which has an amyloidogenic sequence
and is likely to associate into solid-like fibrils (Lee et al., 2003;
Ano Bom et al., 2012; Ghosh et al., 2017). Aggregated species of
mutant p53, or in another word, oligomerization of p53 mutants,
are highly expressed in cancer cells, and accumulate as amyloid
oligomers, which are associated with malignant phenotypes
such as chemoresistance and tumor growth (Melo Dos Santos
et al., 2019; Pedrote et al., 2020; Zhang et al., 2020). Although
oligomerization and phase separation are often coupled, they do
represent distinct process, and can be experimentally separated.
Therefore, notwithstanding the seemingly alike outcomes of
aging-associated amyloidogenesis and p53 aggregation, the
process they resulted from could be distinct.

Intriguingly, recent studies reported potential condensation-
like behaviors of mutant p53 that exhibited a number of unique
features, distinct from LLPS-originated liquid droplets. For
instance, Yang et al. (2020) reported that p53 R248Q, one of the
p53 mutants that strongly predicts poor outcomes in ovarian
cancer patients, forms condensate-like clusters by destabilizing
the structure of its core domain instead of interacting through
its disordered regions. Moreover, the formed p53 R248Q clusters
may lead to the misfolding and irreversible aggregation of
p53 itself, and consequently amyloid fibrils. The condensate-
like state was also observed in fluorescently tagged structural
mutant p53 in osteosarcoma cells, and they were independent
of PML or Cajal bodies (Lemos et al., 2020). Another study
reported that p53 itself was found to form liquid-like droplets
in vitro, at a neutral and slightly acidic pH environment, and
at low salt concentrations (Kamagata et al., 2020). Although
low-complexity domains that frequently being found in phase-
separated proteins was not identified in p53, the multivalent
electrostatic interactions between the C-terminal and N-terminal
domains of p53 mutant were proven to be the key drivers
for droplet formation (Kamagata et al., 2020). Additionally,
this process was found to be regulated by molecular crowding
agents, DNA, and PTM, while the effect of RNA on droplet
formation is still unclear (Kamagata et al., 2020). Given the
above studies, we presumed that the pathologic cancer-associated
p53 aggregation may proceed via a functional step of LLPS,
which explains why it shares similarities with LLPS yet exhibit
distinguishable characteristics. Nevertheless, more studies are
needed to ascertain the roles of p53 in cellular conditions, to
determine its relationship with LLPS and amyloid formation,
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FIGURE 2 | Aberrantly regulated liquid–liquid phase separation (LLPS) in cancer. (A) Tumor suppressor p53 forms liquid-like droplet upon mutations, and it
self-associates into oligomers through oligomerization. Consequently, p53 oligomers irreversibly aggregate into amyloid fibers. However, it is still unclear whether p53
undergoes reversible LLPS to form droplet. (B) Upon DNA damage, 53BP1 is recruited and assembles at the DNA damaged sites through phase separation. The
phase separated 53BP1 condensates dynamically recruit and stabilize downstream proteins such as p53 and its co-activator USP28, leading to the overexpression
of p53 target genes such as p21 and consequently arrest of cell cycle. (C) Highly ordered SPOP polymers and their binding protein substrates, such as DAXX,
undergo LLPS and are recruited toward nuclear speckles, where SPOP oligomers facilitates the ubiquitination of substrates such as Gli3 and other oncoproteins to
inhibit tumorigenesis. In cancers, this function is abrogated by SPOP mutation. (D) Transcriptional regulators, including super-enhancers, co-activators, transcription
factors, and RNA polymerase II, all undergo a phase separation that promotes cancer transcriptional activities, resulting in the aberrant expression of oncogenes and
facilitating tumor progression.

and to elucidate its possible involvement in the formation of
membraneless organelles such as the Cajal and PML bodies.

Maintenance of Genome Stability
Genetic mutations are usually accompanied by the disruption of
DNA damage response (DDR) and DNA repair, as exemplified in
p53. Recent studies indicate that DDR can induce the formation
of transient repair condensates at the sites of DNA damage
to concentrate repair proteins and activate repair signaling
(Jackson and Bartek, 2009; Kim et al., 2020). Poly(ADP-ribose)
polymerase 1 (PARP1), the founding member of the PARP
family, plays a crucial role in cancer biology, including chromatin
remodeling, replication, transcription, and most importantly,
DNA repair and genome maintenance (Ray Chaudhuri and
Nussenzweig, 2017; Hanzlikova and Caldecott, 2019; Kim et al.,
2020). Early studies also showed that it was overexpressed in a
variety of cancers (Rouleau et al., 2010). PARPs, such as PARP1,
that are capable of synthesizing negatively charged polymers
of PAR chains are called “writers” of poly(ADP-ribosyl)ation

(PARylation) (Kamaletdinova et al., 2019). PARylation is thought
to regulate the biochemical properties, assembly and catalyzation
of target proteins upon DNA damage in a spatio-temporal
confined manner (Kim et al., 2020; Pahi et al., 2020). Recently,
Altmeyer et al. (2015) demonstrated that the formation of
PAR chains, its nucleic-acid like properties, and its multivalent
anionic nature are prerequisite to trigger the assembly of
proteins containing IDRs at the damaged DNA sites, and thereby
initiate liquid demixing. Consequently, a transient and reversible
intracellular compartmentalization is achieved in response to
DNA damage, via selective recruitment of LCD-containing FET
proteins such as FUS, TAF15, and EWS (Altmeyer et al., 2015).
Moreover, the LLPS behavior driven by electrostatic interactions
between the positively charged LCDs and negatively charged
PARs is amplified by prion-like protein domains, facilitates
DNA repair (Altmeyer et al., 2015). In fact, PARP inhibitors
have been widely used in clinic as monotherapeutic agents
to block single-strand DNA (ssDNA) repair thereby inducing
the synthetic lethality in cancers including ovarian, breast, and
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pancreatic cancer (Jiang et al., 2019; Slade, 2020; Zhu et al.,
2020). With more functional complexity of PARPs revealed, such
as its role in LLPS, higher efficacy of clinical medicine may
be achieved through combinational treatment method targeting
both LLPS and DNA DDR.

Following PAR signaling studies, p53-binding protein 1
(53BP1) has also received attention for its important role in
maintaining genomic stability (Figure 2B). By binding with
p53, 53BP1 directly regulates the stability of p53 and affects
the expression of p53 target genes, and it has been reported
to regulate tumor cell behaviors in a variety of malignancies
such as esophageal, colorectal, and breast cancers (Misteli and
Soutoglou, 2009; Bi et al., 2015; Mirza-Aghazadeh-Attari et al.,
2019; Yang et al., 2019; Schochter et al., 2020). And reduction
of 53BP1 expression was reported to be associated with cell
cycle arrest in esophageal cancer cells (Yang et al., 2019).
Previous studies have reported that 53BP1, as a regulator of
the repair of DNA double-strand breaks (DSBs), facilitates
formation of chromatin domains around the damaged DNA,
where downstream effectors are simultaneously recruited to
shield the DNA lesions against nucleolytic reactions (Panier and
Boulton, 2014; Mirza-Aghazadeh-Attari et al., 2019). However,
the mechanism of how repair proteins assemble in time and
space at the DNA damaged sites was not revealed until
recently. Kilic et al. (2019) confirmed the liquid droplet-like
properties of 53BP1 assembly and proved their phase separated
behaviors, which was mainly contributed by its C-terminal
regions that highly enriched with tyrosine and arginine and
oligomerization domains. Addition of chemical 1, 6-hexanediol,
that disrupts hydrophobic interactions reversed LLPS processes
and the assembly of 53BP1 (Kilic et al., 2019). Additionally,
Pessina et al. (2019) demonstrated that long non-coding RNA
synthesized at DSB can also drive the formation of 53BP1
assemblies through LLPS, and the process was halted upon
transcription inhibition. Notably, the phase separated 53BP1
assemblies for repairing DNA damage dynamically recruit and
stabilize downstream proteins such as p53 and its co-activator
USP28 (Kilic et al., 2019). When the formation of assembly
is damaged, p53 stability is consequently impaired, and so as
its target gene p21, leading to cell cycle arrest (Kilic et al.,
2019). Although corresponding inhibitors of 53BP1 has not been
developed yet, its role in DNA damage repair by means of LLPS
makes it promising target for inducing cancer cell death. Given
their similar phase separated behaviors, 53BP1 might be used to
sensitize chemoresistance cancer cells in combination with PARP
inhibitors (D’Andrea, 2018).

SPOP
The speckle-type pox virus and zinc finger (POZ) domain
protein (SPOP) is a substrate adaptor that pairs with the cullin3-
RING ubiquitin ligase (CRL3). SPOP controls the ubiquitination
and subsequent proteasomal degradation of various protein
substrates such as the death domain-associated protein (DAXX),
androgen receptor (AR), epigenetic regulators and hormone
signaling effectors, therefore is involved in diverse cellular
activities, including cell cycle control, epigenetic modification
and hormone signaling (Mani, 2014). Mutation of SPOP and

the resulting dysregulation of ubiquitin-proteasome pathways
play an important role in the pathogenesis and progression of
endometrial and prostate cancers, whereas its overexpression and
mislocalization are correlated with kidney cancer (Li G. et al.,
2014; Geng et al., 2017; Cuneo and Mittag, 2019; Wang Z. et al.,
2020). SPOP is most frequently mutated in prostate cancer,
and across 21 various types of cancers (Lawrence et al., 2014).
In prostate cancer, SPOP mutation abrogates its interaction
with the SRC-3 protein and subsequent regulation on AR
transcription, leading to tumor progression and resistance to
androgen deprivation therapies (Geng et al., 2013, 2017).

Human SPOP is mainly composed of three domains, in
which the N-terminal meprin and TRAF-C homology (MATH)
domain is the core domain responsible for recognizing protein
substrates, while the other two synergistically promote the self-
association of SPOP into linear, high-order oligomers (Marzahn
et al., 2016). The size distribution of oligomers is highly
dependent on SPOP concentration (Marzahn et al., 2016).
Previous studies have proved that wild-type SPOP mainly
localizes onto membraneless liquid nuclear speckles, where
the interchromatin clusters are critically involved in mRNA
maturation, DNA repair, RNA metabolism, and chromatin
organization (Figure 2C) (Nagai et al., 1997; Galganski
et al., 2017). The highly ordered SPOP oligomer can recruit
substrates such as Gli3 and other oncoproteins to CRL3 for
ubiquitination and subsequent proteasomal degradation, which
mechanistically reduce tumorigenesis (Zhang et al., 2006, 2009;
Cheng et al., 2018). However, the mechanism about how
SPOP recruits oncogenic substrates to nuclear speckles remains
elusive. Recently, Bouchard et al. (2018) reported that SPOP
localizes onto liquid nuclear organelles through phase separation
with DAXX, which contains multiple SPOP-binding motifs
in intrinsically disordered domains. Moreover, they proved
oligomerization of SPOP instead of its monomeric state can
promote LLPS (Bouchard et al., 2018). In other words, the
multivalent interactions between highly ordered SPOP oligomers
and its binding substrate proteins can promote LLPS and their
co-localization. Additionally, prostate cancer-associated SPOP
mutants inhibit substrate ubiquitination by interfering with
the LLPS process (Bouchard et al., 2018). Therefore, it is
concluded that SPOP mutations can lead to the accumulation
of oncogenic proteins, which in turn disrupts the formation of
phase-separated condensates that regulate ubiquitin-dependent
proteostasis. This may provide a theory basis for prostate cancer
treatment that involves relocalizing SPOP to nuclear speckles
by decreasing its saturation concentration or inventing substrate
motifs compatible with SPOP, thereby restoring LLPS and the
ubiquitination balance to inhibit tumor progression.

Transcription and Super-Enhancers
The development of cancer involves the aberrant regulation of
downstream transcriptional networks, following the mutation of
driver genes. A variety of cancer phenotypes including tumor
growth, invasion, chemoresistance and distant metastasis, are
driven by deregulated transcription activities (Bradner et al.,
2017). Notably, RNA transcription requires the participation of
RNA polymerases (Pol) and transcription factors (TFs), which
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are both likely to be regulated by phase separation (Figure 2D).
For instance, the carboxy-terminal domain (CTD) of RNA Pol
II is a low-complexity domain with an IDR, which is vital for
mRNA processing and transcription. It was previously observed
that reducing the length of CTD led to a decrease in Pol
II clustering and the recruitment of transcriptional apparatus,
whereas extension of the CTD resulted in the opposite effect
(Boehning et al., 2018). Mechanistically, CTD droplets can
undergo phase separation to incorporate Pol II at gene promoters,
and phosphorylation of CTD releases the Pol II from clusters
for transcription elongation (Boehning et al., 2018). A similar
process was shown to occur in TFs. Moreover, the activation
domains from the TFs OCT4 and GCN4, when driven by weak
multivalent interactions are phase separated into liquid droplets.
Estrogen receptor, a ligand-dependent TF, also undergo LLPS
for gene activation (Boija et al., 2018). Most activation domains
on TFs contain intrinsically disordered low-complexity sequence
domains. Additionally, the interactions between low-complexity
sequence domains underlie LLPS and the subsequent stability
of DNA binding, polymerase recruitment, and transcriptional
activation (Chong et al., 2018). Moreover, phase separation of
TFs has been reported to be implicated in the regulation of
aberrant gene expression in cancers, as exemplified by EWS
and FLI1 in Ewing’s sarcoma, suggesting that disturbing the
interactions of specific TF domains is a potential drug therapy
(Chong et al., 2018).

Additionally, the emergence of LLPS provides a novel
framework for understanding the molecular mechanisms of
underlying dysregulated transcription, mediated by oncogenes
such as MYC, whose regulatory basis is yet to be revealed. Recent
researches have focused on a bunch of gene clusters called ‘super-
enhancers,’ which are essential for regulating MYC expression
levels in hematological tumors and colon cancer cells (Bahr et al.,
2018; Scholz et al., 2019). Literally, super-enhancers are clusters
of transcriptional enhancers or regulatory elements that mainly
consist of master TFs and mediators (Hnisz et al., 2013; Whyte
et al., 2013). Compared to conventional TFs, super-enhancers
drive more robust expression of genes that prominently modulate
cellular functions and determine cell identity. Therefore, they
are expected to play an important role in cancer (Sengupta
and George, 2017). Moreover, existing evidence shows that the
high-density transcriptional apparatus of super-enhancers has
the properties of biomolecular condensates, such as a sharp phase
transition, the dynamic exchange of substances, and collapsing
with the depletion of condensation, indicating the involvement
of LLPS in the clustering of super-enhancers (Loven et al., 2013;
Kwiatkowski et al., 2014; Hnisz et al., 2015; Proudhon et al.,
2016; Sengupta and George, 2017). Recently, Sabari et al. (2018)
reported that the transcriptional mediator co-activators BRD4
and MED1 are enriched by super-enhancers and can phase
separate into compartmentalized condensates and concentrate
the transcriptional apparatus to control gene expression.
Therefore, we speculated that IDR-driven phase separation of
super-enhancers or other transcriptional apparatus is a general
mechanism for gene activation at the promoters by TFs.

With better understanding of the role of LLPS in
transcriptional activities, Hnisz et al. (2017) proposed a

phase separation model that can predict key determinants
in transcriptional regulation. Upon epigenetic or chemical
modifications, the components of enhancers, including
multivalent proteins and nucleic acids (RNA and DNA),
can form chain-like structures, and the residues could potentially
interact with other chains, thus building cross-links (Hnisz
et al., 2017). After a cascade of reactions, molecules within this
system, such as master TFs, mediator co-activators, chromatin
regulators, and RNA polymerases, can achieve a dynamic balance
and phase separate into droplets, which cooperatively regulate
transcriptional activities (Hnisz et al., 2017). Based on this
theory, some mechanisms of transcriptional activities aberrantly
regulated by enhancers in cancer can be partially explained. For
instance, Mansour et al. (2014) demonstrated in T cell leukemias
that the mutation of TAL1 oncogene enhancer can create
binding motifs for master TF MYB, which recruits additional
parts of the transcriptional apparatus, such as co-activator
acetyltransferases CBP, as well as critical components of leukemic
transcriptional complex, including GATA-3, RUNX1, and TAL1.
Namely, the insertion of a single TF MYB has the potential to
bind other co-factors at the transcriptional domain, leading to
the initiation of super-enhancers upstream for the activation
of TAL1 oncogene, and consequently promote leukemogenic
progress (Mansour et al., 2014). From our perspective, the
step-wise manner of the recruitment of TAL1 super-enhancer
complex, and their spatio-temporal proximity on transcriptional
domains correspond to certain characteristics of the formation of
biomolecular condensates, indicating a potential role of LLPS in
this process. In addition, the genetic deletion of enhancers within
super-enhancers can reduce the recruitment of other co-factors,
and lead to the collapse of the entire super-enhancer (Mansour
et al., 2014). A reversible state of this process may further confirm
the association between LLPS and transcriptional regulation
in cancer. Thus, the LLPS model proposed by Hnisz et al.
(2017) might be used for the prediction of potential enhancers
aberrantly activated in cancers for downstream transcriptional
regulation at promoters, and for therapies targeting specific
driver genes such as MYB or MYC to block downstream gene
expression and protein translation.

TRANSMEMBRANE SIGNALING
TRANSDUCTION REGULATED BY LLPS:
IMPLICATIONS IN CANCER

Cancer cells are continually exposed to aberrant external signals
that are accepted by transmembrane receptors, which in turn
initiate diverse intracellular signaling cascades, resulting in the
malignant behaviors of cancer cells. Sustaining of proliferative
signaling, for example, one of the most fundamental traits of
cancer cells, is associated with classical cancerous signals such
as the PI3K/Akt, JAK/STAT, and NF-κB signaling pathways,
all of which involve membrane receptors assembling into two-
dimensional clusters with transmitted molecules. Intriguingly,
recent studies suggested that LLPS might be an essential
mechanism for the high-order assembly of these receptors driven
by weak, multivalent interactions. Therefore, we uncover two
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relevant signaling pathways not only play important roles in
tumorigenesis but also involve LLPS.

LLPS in Immune-Relevant Signaling
Pathways
The assembly of signaling clusters on the membranes of
immune cells has been observed for several decades. Previous
studies reported that receptors on both T and B cells are
assembled on membranes in response to external stimulation
(Schumacher, 2002; Bankovich and Garcia, 2003; Gold and
Reth, 2019). T cell antigen receptor (TCR) signaling is a well-
studied system to elucidate the formation of transmembrane
clusters (Figure 3A). Notably, linker for the activation of T
cells (LAT) is a transmembrane adaptor protein that centrally
modulates most downstream signals of the TCR at immune
synapses [the interface between bound immune cells, such as
when T cells bind with antigen-presenting cell (APC)] (Dustin
and Choudhuri, 2016). Upon TCR activation, the tyrosine
residues of LAT are phosphorylated by the membrane kinase

ZAP70 (Zhang et al., 1998). These phosphorylated tyrosine
residues are in turn necessary for attracting the multivalent
Src Homology protein family members including Grb2, Gads
and PLC-γ, and subsequent formation of membranous clusters
and signal transduction (Samelson, 2002; Balagopalan et al.,
2015). Thereafter, the PRMs of the adaptor proteins, such as
Sos1 and SLP76, bind accordingly to the multivalent domains
of Grb2 and Gads, and then initiate the recruitment of actin
effectors such as WASP, Nck, and the Arp2/3 complex for the
polymerization of actin filaments (Kumari et al., 2015; Huang
et al., 2016). Consequently, these actin regulators and kinases
induce TCR activation, calcium release, actin assembly and
stimulation of MAPK signaling.

Bunnell et al. (2002) have reported that if TCR binds to
stimulatory antibodies, clusters enriched with SLP-76, LAT,
ZAP-70 and other signaling partners could form, leading
to the generation of an immune synapse. Moreover, these
clusters are formed without lipid membrane structures, and the
components of clusters could be dynamically exchanged with the
surroundings. However, it was not until 2016, that the role of

FIGURE 3 | (A) Phosphorylated T cell receptors (TCRs) recruit and activate cytoplasmic tyrosine kinase ZAP70, which in turn phosphorylates the linker for the
activation of T cells (LAT). LAT drives the formation of clusters enriched with downstream proteins, such as Gads and Grb2, which recruit adaptor proteins, such as
Sos1 and SLP76. Phosphorylated Sos1 and SLP76 initiate the recruitment of actin effectors such as WASP, Nck, and Arp2/3 complex for polymerization of actin
filaments, consequently leading to calcium release, MAPK signaling activation, and the formation of an immune synapse. (B) In yeast cells, the Atg1 complex
consists of five subunits including Atg1, Atg13, Atg17, Atg29, and Atg31, which are abundant with IDRs for subsequent phase separation. The Atg13 is highly
phosphorylated by TORC1 under nutrient replete conditions, leading to the block of Atg1 complex formation. Upon nutrient deprivation, TORC1 is inactivated, and
Atg13 is therefore dephosphorylated by protein phosphatases 2C and 2A, whereas Atg1 is auto-phosphorylated. Atg13 serves as a scaffold protein to bind with
Atg1 and Atg17-Atg29-Atg31 to promote the phase separation of Atg1 complex, and consequently the formation of pre-autophagosomal structure.
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LLPS in this process was uncovered (Balagopalan et al., 2015;
Su et al., 2016). Su et al. (2016) biochemically reconstituted an
in vitro TCR signaling system and revealed that the biochemical
force-multivalency between molecules in LAT clusters interacted
and resulted in phase separation. Additionally, CD45, one of the
transmembrane phosphatases opposing TCR phosphorylation,
was excluded from the LLPS-derived clusters, indicating that
LLPS produces a specialized chemical environment by selectively
concentrating molecules in clusters. Therefore, it is reasonable to
speculate that other signaling pathways, or more specifically, the
activation of other immune cells, employ the same mechanisms
since clusters are prevalent on immune cell receptors.

Furthermore, it was assumed that a large proportion of
biomolecules in the transmembrane signaling receptors on
different T cells can phase separate into clusters to facilitate
the transduction of signals and to regulate immune responses
in cancers. Based on this assumption, therapies aimed at TCR
and LLPS could be generalized to other co-inhibitory receptors
on T cells, such as the programmed cell death protein 1 (PD-
1), the cytotoxic T lymphocyte antigen 4 (CTLA-4), and T-cell
immunoglobulin and mucin domain 3 (TIM-3) (Wei et al., 2018).
For instance, CD28, is one of the co-stimulatory factors for T
cells, and is mostly co-localized with PD1 clusters upon T cell
activation (Hui et al., 2017). In addition, PD1 frequently recruits
phosphatase Shp2, after being activated by its ligand PDL1, for
the preferential dephosphorylation of CD28 in order to suppress
T cell function (Hui et al., 2017). Therefore, T cells are selectively
activated for the regulation of downstream signaling. It is also
likely that the tumor-killing effects of immunotherapies may
be enhanced by reducing the aberrantly clustered checkpoints
binding to multivalent T cell adaptor proteins such as Grb2
or LAT through LLPS in ways such as tuning the biochemical
multivalences between interactive domains (Brooks et al., 2004).

In addition to the membrane signaling pathways, LLPS also
facilitates intracellular signaling transduction. Notably, cyclic
GMP-AMP synthase (cGAS) is a cytoplasmic DNA sensor that
catalyzes the generation of cyclic GMP-AMP (cGAMP) from
guanosine triphosphate and ATP by binding to double-stranded
DNA (dsDNA) (Gao et al., 2013; Sun et al., 2013; Ablasser
and Chen, 2019). On the other hand, the secondary messenger
cGAMP can activate the adaptor protein STING, which in turn
induces type I interferon and consequently, an innate immune
response. Du and Chen (2018) reported that double-stranded
DNA binding with cGAS prominently promoted their phase
separation and the formation of condensates, in which activated
cGAS changed the multivalence of DNA. Mechanistically, the
altered valence of the cGAS–DNA interaction and the increased
protein and DNA concentration cooperatively lowered the
saturation concentration. Therefore, the aberrant expression
of cGAS or other secondary messengers could make them
independent of ligands and constantly activate immune signaling
pathways, which might be a viable therapeutic target.

Autophagy-Relevant Signaling Pathways
Autophagy is an evolutionarily conserved catabolic process that
requires the formation of double-membrane vesicles known as
autophagosomes to capture intracellular wastes, such as cytotoxic

proteins and damaged organelles, and deliver it to the lysosome
for degradation and recycling. Environmental stress, such as
hypoxia and nutrient deprivation, activates autophagy-related
genes (ATGs) in order to initiate and enhance intracellular
autophagic degradation to fulfill the metabolic and energy
demands of cancer cells. Moreover, autophagosome precursor,
also known as the pre-autophagosomal structure (PAS) in yeast,
is a transient structure modulated by nutrient signals and
frequently forms on vacuoles upon starvation (Fujioka et al.,
2020). Formation of PAS starts with the assembly of multiple
Atg1/ULK complexes, which in turn recruit other ATG proteins
by forming a scaffold (Yamamoto et al., 2016). In yeast cells,
the Atg1 complex consists of five subunits, namely Atg1, Atg13,
Atg17, Atg29, and Atg31, which are abundant with IDRs for
subsequent phase separation (Yamamoto et al., 2016; Fujioka
et al., 2020) (Figure 3B). Additionally, the activation of Atg1
requires the phosphorylation of its kinase domain at Thr226,
which induces its clustering and makes it serve as a client protein.
Whereas Atg13 is dephosphorylated by protein phosphatases 2A
and 2C, then binds to the distinctive regions of Atg17 to form
scaffold droplets, thus facilitating the LLPS of the Atg1 complex
and the formation of autophagosome (Fujioka et al., 2014).
Although the initiation of autophagy in mammalian and cancer
cells remains unclear, important insights may be obtained from
this mechanism in yeast cells. For instance, target of rapamycin
complex 1 (TORC1), which covers most of the signaling pathways
relevant to autophagy, inhibits the formation of autophagosome,
and regulates cell metabolism as well as growth (Saxton and
Sabatini, 2017; Murugan, 2019). The Atg1/ULK complex is highly
phosphorylated by TORC1 under nutrient replete conditions,
leading to the block of downstream signaling and inhibition
of autophagy (Jung et al., 2010). In addition, rapamycin,
which is one of the most widely used immunosuppressors,
can effectively inhibit Atg1/ULK phosphorylation by targeting
mTORC1 (Li J. et al., 2014). Moreover, rapamycin can block the
PI3K/Akt/mTOR pathway to inhibit tumor growth (Dibble and
Cantley, 2015). Since rapamycin can promote autophagy, one
proposal is to develop synergistic small molecules to accelerate
cell autophagy, and to cooperatively induce the autophagic death
of cancer cells, thereby enhancing the tumor-killing effect of
rapamycin (Kim and Guan, 2015). These small molecules will
act as scaffold proteins binding to Atg1/ULK clusters to facilitate
their LLPS process.

Additionally, recent studies showed that p62, one of the
autophagic receptors targeting autophagosomal cargoes for
degradation, can assemble into liquid condensates by binding
with ubiquitinated proteins, and it is itself degraded through
autophagy (Sun et al., 2018; Zaffagnini et al., 2018). Furthermore,
the binding of p62 to the KEAP1 mutant and NRF2 stabilizes
NRF2-regulated transcription, which alters cell metabolism
and alleviates oxidative stress (Cloer et al., 2018). However,
when the role of p62 in selective autophagy is impaired, it
accumulates and regulates downstream signaling such as NRF2,
mTORC1, and NF-κB. This in turn leads to imbalanced cellular
oxidation, nutrition conditions and inflammatory responses,
consequently enhancing the progression of cancer (Sanchez-
Martin et al., 2019). Therefore, p62 is likely to play an important
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role in autophagy-relevant cancer signaling, whereas detailed
mechanism is needed to be determined in future experiments.

CONCLUSION

Tumorigenesis and cancer development are complex processes
involving multiple steps, such as gene mutation, alteration of
transcription, epigenetic modification, and abnormal protein
expression. In addition, all the aberrations in each step
collectively result in the occurrence and progression of cancer.
Moreover, understanding the roles of LLPS in oncogenic
activities, either individually or in combination with other
mechanisms, can potentially promote the translation of
fundamental research into novel cancer diagnosis and targeted
therapies. The biophysical and biochemical interactions between
every single biomolecule or their constituent structures underlies
the basic principles of LLPS. Mechanistically, thermodynamic
forces derived from various cellular activities, such as RNA
transcription, PTM, and m6A modification, cooperatively
regulate phase separation. The maintenance of genome stability
is also actively accompanied by LLPS. Since genetic mutations
underlying the acquisition of cancer hallmarks are usually
accompanied by genome instability, restoring LLPS may be
helpful to inhibit tumorigenesis. Deregulated transcriptional
activities might upregulate oncoproteins and lead to tumor
onset, which is closely related with LLPS. Furthermore, master
transcriptional regulators, such as super-enhancers, are crucial
for the assembly of co-activators, a process in which LLPS has
an important role. Therefore, it could be useful to interfere
with the aberrant activation of transcription in cancers by
targeting the biomolecules that trigger LLPS in condensates.

Additionally, signal transduction, though not directly linked
with cancer through LLPS, might be a potential target for
cancer therapy. Existing evidence has not only demonstrated
its regulatory effects on innate immune activation but also
its significance in autophagy, both of which are key drivers
for cancer progression. Overall, addressing the functionalities
of intracellular biomolecules that are associated with higher-
order organization, such as proteins, RNAs and DNAs, has
deepened our understanding of the biological behavior of
cancer. Nevertheless, more effort should be directed toward the
functional exploration of LLPS in cancer because many problems
remain unsolved.
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Tumor growth and metastasis are responsible for breast cancer-related mortality.
Andrographolide (Andro) is a traditional anti-inflammatory drug used in the clinic that
inhibits NF-κB activation. Recently, Andro has been found in the treatment of various
cancers. Andro inhibits breast cell proliferation and invasion and induces apoptosis
via activating various signaling pathways. Therefore, the underlying mechanisms with
regard to the antitumor effects of Andro still need to be further confirmed. Herein, a
MMTV-PyMT spontaneous luminal-like breast cancer lung metastatic transgenic tumor
model was employed to estimate the antitumor effects of Andro on breast cancer
in vivo. Andro significantly inhibited tumor growth and metastasis in MMTV-PyMT
mice and suppressed the cell proliferation, migration, and invasion of MCF-7 breast
cancer cells in vitro. Meanwhile, Andro significantly inhibited the expression of NF-κB,
and the downregulated NF-κB reduced miR-21-5p expression. In addition, miR-21-
5p dramatically inhibited the target gene expression of programmed cell death protein
4 (PDCD4). In the current study, we demonstrated the potential anticancer effects of
Andro on luminal-like breast cancer and indicated that Andro inhibits the expression
of miR-21-5p and further promotes PDCD4 via NF-κB suppression. Therefore, Andro
could be an antitumor agent for the treatment of luminal-like breast cancer in the clinic.

Keywords: luminal-like breast cancer, andrographolide, growth, metastasis, NF-κB/miR-21-5p/PDCD4 signaling
pathway
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INTRODUCTION

Breast cancer is the most common malignant tumor among
women with a rising incidence rate. It is one of the important
causes of female deaths worldwide (Siegel et al., 2020). According
to the gene expression profile, breast cancer can be divided into
five subtypes: luminal-like (A and B subtypes), HER-2+, normal
breast-like, and basal-like carcinomas (Sorlie et al., 2001, 2003).
Luminal-like breast cancer accounts for more than 75% of the
total incidence of breast cancer, and early luminal-like breast
cancer is very sensitive to hormone endocrine therapy (Rosati
et al., 2020). Luminal A and B breast cancers accounted for
37.1 and 8.6%, respectively, of patients with distant metastasis
(Ihemelandu et al., 2008). Therefore, lumi-like breast cancer has a
relatively high mortality rate due to distal metastasis. Monoclonal
antibodies, tyrosine kinase inhibitors, and immunotherapy are
commonly used to treat breast cancer in the clinic (Goldhirsch
et al., 2011). However, there is no effective target therapy
to treat metastatic luminal-like breast cancer. A recent study
indicated that nuclear factor-kappa B (NF-κB) can be considered
a valid drug target in cancers (Labbozzetta et al., 2020). The
expression of NF-κB is highly correlated with the occurrence,
late development, and metastasis of breast cancer (Yamamoto
et al., 2013). Inhibition of NF-κB effectively prevents the growth
and invasion of tumor cells (Liu et al., 2019). Therefore, whether
NF-κB could be an effective therapeutic target in metastatic
luminal-like breast cancer still needs to be further investigated.

Multiple cancer-related signaling pathways are involved in
tumorigenesis and considered as new targets for breast cancer
therapy (Li et al., 2017; Tewari et al., 2019, 2021). In recent
years, traditional Chinese medicine has attracted increasing
attention for anticancer therapy due to its potential to modulate
multiple cancer-related signaling pathways (Yan et al., 2017).
Andrographolide (Andro) is a diterpene lactone compound
extracted from Andrographis paniculata and acts as an NF-κB
inhibitor (Xia et al., 2004). A. paniculata is a classic Chinese
herb with anti-inflammatory properties. It was demonstrated
that Andro possesses anticancer activity by inducing tumor
cell apoptosis, inhibiting tumor angiogenesis, affecting tumor
cell cycle, and regulating autoimmune mechanisms (Zhang
et al., 2014a,b). Recently in vitro studies indicated that Andro
inhibits 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
MCF-7 luminal-like breast cancer cell migration and invasion
(Chao et al., 2013). Andro inactivates matrix metalloproteinase-
9 (MMP9) via inhibition of the extracellular signal-regulated
kinase (ERK) 1/2 and PI3K/Akt signaling that further suppresses
the DNA binding activity of activator protein-1 (AP-1) and
NF-κB (Chao et al., 2013). Meanwhile, Andro inhibits MDA-MB-
231 triple-negative breast cancer cell proliferation and metastasis
by suppressing MMP9 and induces apoptosis through arresting
cell cycle progression by inducing changes in the Bax/Bcl-2 ratio
(Zhai et al., 2015; Banerjee et al., 2016). However, in vivo research
on the anti-breast cancer effects of Andro and the underlying
mechanisms still needs to be further clarified.

MicroRNAs (miRNAs) have emerged as central
posttranscriptional regulators of gene expression and further
regulate tumor progression. It has been reported that miR-21-5p

overexpression promotes tumor growth and metastasis in
breast cancer (Zhang et al., 2014c; Petrovic, 2016). The
tumor suppressor programmed cell death 4 (PDCD4) is
downregulated in breast cancer and acts as a functional
target of miR-21-5p in breast cancer cells (Chen et al.,
2015; Tao et al., 2019). Furthermore, miR-21-5p/PDCD4
signaling has been reported to be involved in paclitaxel-
resistant breast cancer cells (Tao et al., 2019). NF-κB binds
to the promoter region of miR-21-5p and activates the
transcription of miR-21-5p, further enhancing the survival
of MDA-MB-231 cells (Polytarchou et al., 2011). In our
previous report, we demonstrated that Andro inhibits miR-
21-5p/TIMP3 signaling to suppress angiogenesis (Dai et al.,
2017). However, whether the interplay between miR-21-5p and
PDCD4 is involved in the Andro-induced inhibition of breast
cancer growth and metastasis of luminal-like breast cancer
remains undefined.

Here, we demonstrated that NF-κB promotes miR-21-5p
expression and then further inhibits PDCD4 expression in
luminal-like breast cancer. NF-κB/miR-21-5p/PDCD4 signaling
promotes the tumor growth and metastasis of luminal-like breast
cancer. Andro inhibits the tumor growth and metastasis of
luminal-like breast cancer in vitro and in vivo mainly by targeting
NF-κB/miR-21-5p/PDCD4 signaling.

MATERIALS AND METHODS

Reagents and Antibodies
Andro (365645) and ammonium pyrrolidinedithiocarbamate
(APDC; NF-κB inhibitor, P8765) were obtained from Sigma-
Aldrich (St. Louis, MO, United States) and were dissolved in
dimethyl sulfoxide (DMSO). Cell Counting Kit-8 (CCK-8) was
purchased from Beyotime (Shanghai, China). Rabbit anti-Ki67
(ab15580) was purchased from Abcam (Cambridge, MA, United
States), rabbit anti-GAPDH (2118) was purchased from Cell
Signaling Technology, Inc. (Danvers, MA, United States), rabbit
anti-PDCD4 (BM5208) and rabbit anti-EGN (endoglin, BA2227)
were both from Boster (Wuhan, China), and rabbit anti-NF-κB
p65 (abs131170) and rabbit anti-phospho-NF-κB p65 (Ser536,
abs130624) were purchased from Absin (Shanghai, China). All
the miRNA mimics and inhibitors and the negative control
(NC) RNAs were purchased from RiboBio Co., Ltd. (Guangzhou,
China). All the primers were synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China).

Patients and Tissue Samples
A total of 12 cases of tumor tissues of female patients with
luminal-like breast cancer, with a median age of 51.8 years
(ranging from 40 to 66 years), and their matched non-tumorous
breast tissues, as well as the corresponding clinical data, were
collected from the Department of Pathology, People’s Hospital
of Baoan District. Pathologic diagnosis was performed by
two independent pathologists based on the guidelines of the
International Union Against Cancer (UICC). The study has
been approved by the Institutional Ethics Committee of People’s
Hospital of Baoan District of Shenzhen (BYL20200902).
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Animal Manipulations and Treatment
MMTV-PyMT mice (stock no. 002374) were purchased from
the Jackson Laboratory (Bar Harbor, ME, United States) and
housed in the Undergraduate Laboratory Animal Center of
Guangdong Pharmaceutical University in an environmentally
controlled condition with a 12:12-h light/dark cycle, temperature
of 22 ± 2◦C, and humidity of 60 ± 5%. All animal
experiments were conducted according to the Guide for the
Care and Use of Laboratory Animals by the National Academy
of Sciences (NIH publication no. 80-23, revised 1996). The
protocols were approved by the Undergraduate Laboratory
Animal Center ethics committee of Guangdong Pharmaceutical
University (gdpulac2020014). All possible efforts were made to
minimize animal suffering.

MMTV-PyMT mice (9 weeks old, females) were randomly
divided into two groups with intraperitoneal injection of Andro
(5 µg/g) or DMSO twice a week for 4 weeks, in accordance
with previous reports (Handa and Sharma, 1990; Zhang et al.,
2014a,b; Peng et al., 2018). The length (L) and width (W) of
tumors were measured with calipers, and the tumor volumes
(V) were measured twice a week and calculated as follows:
V = (L×W2)× 0.5236. Mice were sacrificed after treatment, the
tumors were peeled off and weighted, and the lung tissues were
removed and fixed in Bouin’s solution.

Cells
MCF-7 cells were kindly provided by the Stem Cell Bank,
Chinese Academy of Sciences (Shanghai, China), and maintained
in a humidified incubator with 5% CO2 at 37◦C. All cells
were cultured in minimum essential medium (MEM; Invitrogen,
Carlsbad, CA, United States) supplemented with 10% fetal
bovine serum (FBS; Gibco, Waltham, MA, United States),
1% glutamax (Invitrogen), 1% non-essential amino acids
(NECC; Invitrogen), 0.01 mg/ml human recombinant insulin
(91077C, Sigma-Aldrich), 100 U/ml penicillin, and 100 µg/ml
streptomycin (Gibco).

Cell Viability Assay
MCF-7 cells (1.5 × 103 cells/well) were seeded into 96-well
plates and treated with the indicated concentrations of Andro
and DMSO. Cell viability and proliferation were detected at
the indicated time after treatment with Andro or DMSO using
the CCK-8 reagent (Beyotime Institute Biotechnology, Shanghai,
China). The CCK-8 reagent (10 µl) was added to each well
and further incubated at 37◦C for 3 h, and then the solution
absorption was read at 450 nm by a spectrophotometer.

Cell Proliferation Assay
The colony formation assay was used to assess the cell
proliferation ability. MCF-7 cells (3,000 cells/well) were seeded
into six-well plates and then Andro (70 µM) or DMSO was
added into the wells 24 h later. The colonies were fixed in 4%
paraformaldehyde, stained with 0.1% crystal violet solution after
7 days, and the number of colonies was counted. The data shown
were representative of three independent experiments, in which
each treatment was assayed in duplicate.

Wound Healing Assay
MCF-7 cells were seeded into 12-well plates at a density of
5 × 105 cells per well. After 12 h, a scratch was created with
a pipette tip in the center of the well and washed with phosphate
buffer saline (PBS) to remove the scraped cells. Then, the cells
were treated with Andro (70 µM) or DMSO and photographed
at 0 and 12 h posttreatment. The migrated distances of cells from
the wound edge since 0 h were measured.

Cell Migration and Invasion Assay
Transwell chambers (8 µM pores; Costar, Cambridge, MA,
United States) uncoated or coated with 50 µl Matrigel (1:20
dilution with serum-free MEM; BD Biosciences, San Jose, CA,
United States) were used to detect cell migration and invasion
ability. The uncoated or coated chambers were placed in a
24-well plate at 37◦C for 7 h. Then, the chambers were
removed from the well of the 24-well plate with 600 µl MEM
with 10% serum and the MCF-7 cells (2 × 105 cells)
mixed with Andro (70 µM) or DMSO were added into the
upper chambers. The membranes of the chambers were fixed
with methanol and stained with 1% crystal violet after 20 h
incubation, and then the cells on the upper membranes of the
chambers were wiped. The membranes were photographed and
the number of cells that migrated and invaded through the
membranes was counted.

Real-Time Quantitative PCR Assay
Total RNAs from MCF-7 cells and the tumor tissue treated
with Andro or DMSO were extracted using TRIzol reagent
(Invitrogen). Briefly, total RNA (1,000 ng) was used for reverse
transcription using a PrimeScriptTM RT Reagent Kit (TaKaRa,
Shiga, Japan). Then, real-time quantitative PCR was performed
using the SYBR R© Premix Ex TaqTM II (Tli RNaseH Plus) PCR
Kit (TaKaRa, Japan) on a LightCycler R© 96 PCR machine (Roche
Diagnostics, Basel, Switzerland). All the experiments were carried
out according to the manufacturers’ instructions. All samples
were tested in triplicate and repeated three times each. All the
primers that were used for reverse transcription and PCR are
presented in Supplementary Table 1.

Histological, Immunohistochemical, and
Immunoblotting Analysis
The fixed lung tissues of Andro- or DMSO-treated MMTV-
PyMT mice were embedded in paraffin, cut into 3-µM
sections, and stained with hematoxylin and eosin (H&E)
for histological analyses or incubated with ki67 antibodies
for immunohistochemical (IHC) assay. The total proteins
from the tumor tissues and MCF-7 cells were harvested
by RIPA buffer and separated by 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Then,
the proteins were transferred onto polyvinylidene fluoride
(PVDF) membranes and blocked with 10% non-fat milk in
Tris-buffered saline containing 0.2% Tween 20 (TBST) for
1 h at room temperature. The blocked membranes were
incubated with relevant primary antibodies and horseradish
peroxidase (HRP)-conjugated secondary antibody. The bands
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were visualized with an enhanced chemiluminescence (ECL)
reagent. GAPDH served as a loading control.

Statistical Analysis
All data are represented as the mean ± standard deviation
(SD). Student’s two-sided t-test was used to analyze statistical
differences between the two groups. The protein expression
levels in the IHC slices were determined using IPP software
(Media Cybernetics, Inc., Rockville, MD, United States) and
those in the immunoblotting bands were analyzed using Quantity
One software (Bio-Rad Laboratories, Inc., Hercules, CA, United

States). The protein band intensities were quantified to those of
GAPDH. P < 0.05 was considered the statistically significant
difference between the two groups.

RESULTS

NF-κB Is Highly Expressed in
Luminal-Like Breast Cancer Tissues
Previous reports indicated that Andro inhibits NF-κB activation
in inflammation and cancers (Xia et al., 2004). Therefore,

FIGURE 1 | Expression levels of NF-κB. Immunohistochemistry (IHC) assay analysis the expression levels of p65 and pp65(Ser536) in (A) human luminal-like breast
cancer tissues and the matched surrounding non-cancerous breast tissues (paracancerous, n = 12) and (B) tumor tissues of spontaneous luminal-like breast
cancer mice (MMTV-PyMT) and breast tissues of matched background mice (FVB, n = 3). (C) Immunoblotting analysis in mice breast tissue lysates.
(D) Expressions of p65 and pp65 (Ser536) in the tumor tissues of dimethyl sulfoxide (DMSO)- or andrographolide (Andro)-treated MMTV-PyMT mice (n = 3).
(E) Immunoblotting analysis of p65 and pp65 (Ser536) expression in MCF-7 cells. Quantitative data are expressed as the mean ± SD. Significant effect:
**P < 0.01; ***P < 0.001. Scale bar, 50 µM.
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we first randomly selected 12 pairs of luminal-like breast
cancer tissues and non-cancerous breast tissues (nine cases of
luminal-like A type and three cases of luminal-like B type) to
evaluate the expression of NF-κB in human luminal-like breast
cancer by immunohistochemical staining. The expressions of p65
and phospho-p65 [pp65(Ser536)] in human luminal-like breast
cancer were significantly higher than those of the matched non-
cancerous breast tissues (Figure 1A). In addition, we found
upregulated expressions of p65 and pp65(Ser536) in tumor
tissues of MMTV-PyMT mice than in FVB mice (Figures 1B,C).
Andro significantly inhibited the expressions of p65 and pp65
(Ser536) in the tumor tissues of MMTV-PyMT mice and MCF-7
cells (Figures 1D,E).

Andro Inhibits Tumor Growth of
Luminal-Like Breast Cancer in
MMTV-PyMT Mice
Female MMTV-PyMT mice were randomly divided into two
groups and treated with Andro or DMSO twice a week for
4 weeks. The tumor volume was calculated twice a week. Andro
significantly inhibited tumor growth after a 7-day treatment
compared to DMSO (Figure 2A). After treatment, the tumor
tissues were peeled off and weighed. The tumor weight of each
mouse was markedly suppressed by Andro treatment compared
to DMSO (Figure 2B). To explore the effect of Andro on
luminal-like breast cancer development, a detailed histological
analysis of the tumor tissues of DMSO- and Andro-treated
MMTV-PyMT mice was performed. As shown in Figure 2C,

Andro slowed down the pathological process of tumor tissues
in MMTV-PyMT mice. Advanced-stage cancer invaded the
tissues and extensive necrotic area were identified in the DMSO-
treated mice. However, the structure of most of the tumor tissue
basement membrane was complete in Andro-treated MMTV-
PyMT mice. We further detected the cell proliferation index in
the tumor tissues, and the results showed that cells expressing
Ki67, a cell proliferation marker, were notably decreased in
the Andro-treated group compared to the DMSO-treated group
(Figure 2D). In our previous report, we demonstrated that Andro
can inhibit angiogenesis, which can promote tumor growth
and metastasis (Dai et al., 2017). EGN (CD105), a marker of
angiogenic endothelial cells, is expressed specifically in tumor
angiogenesis, including breast cancer (Minhajat et al., 2006).
Therefore, we further examined the expression of EGN in tumor
tissues and found that Andro can significantly inhibit the number
of EGN-positive cells in tumor tissues. Furthermore, the vascular
density in tumor tissues was significantly suppressed by Andro
compared to treatment by DMSO (Figure 2E). Together, these
results revealed that Andro inhibits the tumor growth of luminal-
like breast cancer.

Andro Suppresses Tumor Metastasis of
Luminal-Like Breast Cancer in vivo
The MMTV-PyMT transgenic mouse model is a widely
used spontaneous luminal-like breast cancer mouse model
with metastasis to the lungs (Fluck and Schaffhausen, 2009).
Therefore, we further examined the anti-metastatic effect of

FIGURE 2 | Andrographolide (Andro) suppresses the tumor growth of MMTV-PyMT mice. (A) Tumor volume, (B) tumor weight, (C) tumor morphology, (D) Ki67, and
(E) EGN expression detected in treatment with Andro or dimethyl sulfoxide (DMSO). Quantitative data are expressed as the mean ± SD (n = 6). Significant effect:
*P < 0.05; **P < 0.01; ***P < 0.001.
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Andro in luminal-like breast cancer. After treatment with Andro
or DMSO, the lung tissues of mice were removed and fixed with
Bouin’s solution. Multiple large metastatic foci on the surface
of the lung tissues were observed in DMSO-treated MMTV-
PyMT mice, but not in the lung tissues of the Andro-treated
mice (Figure 3A). Then, the numbers of metastatic foci on the
surface of the lung tissues were counted; the results showed
that Andro significantly inhibits tumor metastasis to the lungs
compared to DMSO (Figure 3B). In addition, the lung tissues
were embedded in paraffin and stained with H&E. The metastatic
nodules on the tissue sections were larger in the DMSO-treated
group than that in the Andro-treated group (Figure 3C). All of
the data demonstrated that Andro inhibits the tumor metastasis
of luminal-like breast cancer.

Andro Inhibits Cell Proliferation of MCF-7
Cells in vitro
MCF-7 luminal-like breast cancer cells were further employed
to evaluate the inhibition effect of Andro on tumor cells
in vitro. MCF-7 cells were treated with different concentrations
of Andro. Andro significantly suppressed MCF-7 cell viability

in a dose-dependent manner, with an IC50 of 70 µM for 48 h
treatment (Figure 4A). In addition, the IC50 concentration
of Andro inhibited cell viability in a time-dependent manner
(Figure 4B). Next, colony formation assay was used to detect
the long-term effect of Andro on cell proliferation. MCF-7 cells
were seeded in a low density and treated with Andro (70 µM)
or DMSO. After 7 days of treatment, Andro-treated colonies
were smaller than the DMSO-treated ones (Figure 4C). Andro
significantly decreased the number of colonies compared to
DMSO (Figure 4D). All the results indicated that Andro could
significantly inhibit the cell proliferation of MCF-7 luminal-like
breast cancer cells in a dose- and time-dependent manner.

Andro Inhibits Cell Migration and
Invasion of MCF-7 Cells in vitro
As shown in Figure 5A, the cell migration distances were
markedly decreased at 12 h posttreatment with Andro
compared to DMSO. In addition, the MCF-7 cell migration
and invasion abilities were inhibited by Andro. The
migrated and invaded cells through the Matrigel-uncoated
or Matrigel-coated membranes of the chambers were less in

FIGURE 3 | Andrographolide (Andro) inhibits tumor metastasis to the lung in MMTV-PyMT mice. (A) Gross observation of metastatic foci on the surface of the lungs.
(B) Quantification of metastatic foci. (C) Histological images of hematoxylin and eosin (H&E)-stained lung tissue sections. Quantitative data are expressed as the
mean ± SD (n = 6). Significant effect: *P < 0.05.
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FIGURE 4 | Andrographolide (Andro) inhibits viability and proliferation of MCF-7 cells. (A) Dose-dependent effect of andrographolide (Andro) on MCF-7 cell viability at
48 h (IC50 = 70 µM). (B) Treatment duration effect of Andro (70 µM) on MCF-7 viability. (C) Colony formation assay. (D) Colony counts. Quantitative data are
expressed as the mean ± SD (n = 3). Significant effect: ***P < 0.001.

the Andro-treated group than those in the DMSO-treated
group (Figures 5B,C). These results demonstrated that Andro
suppresses the migration and invasion of MCF-7 luminal-like
breast cancer cells.

The NF-κB/miR-21-5p/PDCD4 Signaling
Pathway Is Involved in Andro-Mediated
Inhibition of MCF-7 Cell Proliferation,
Migration, and Invasion
It has been reported that NF-κB regulates multiple miRNA
expressions in various types of cancer cells (Shin et al.,
2011; Wei et al., 2014). As shown in Figure 6A, miR-21-5p
was significantly inhibited by the inactivation of NF-κB in
MCF-7 cells. Previous studies have reported that NF-κB binding
sites in the promoter of miR-21-5p transcription regulated the
expression of miR-21-5p (Polytarchou et al., 2011; Yang et al.,
2017). We demonstrated that Andro inhibits the expression of
NF-κB in luminal-like breast cancer; however, whether Andro
can inhibit miR-21-5p expression in luminal-like breast cancer
still needs to be confirmed. In addition, we also found that
the expression of miR-21-5p also decreased in MCF-7 cells and
MMTV-PyMT mice treated with Andro compared with DMSO
(Figure 6B). As shown in Figure 6C, inhibition of miR-21-5p
significantly inhibited MCF-7 cell proliferation, migration, and
invasion. Meanwhile, the overexpression of miR-21-5p in

MCF-7 cells abolished the Andro-mediated inhibition of cell
proliferation, migration, and invasion.

We further explored the target gene of miR-21-5p in breast
cancer cells. In a previous study, we has confirmed that
miR-21-5p directly binds to the 3′-UTR region of PDCD4
through dual-luciferase reporter assays (Yao et al., 2009). In this
study, we demonstrated that Andro significantly upregulated
the expression of PDCD4 in MMTV-PyMT mice and MCF-7
cells (Figures 6D–F). Andro treatment or miR-21-5p knockdown
markedly upregulated PDCD4 expression compared to the
control groups. Andro-induced PDCD4 expression in MCF-
7 was abolished by miR-21-5p mimic treatment (Figure 6F).
These results indicate that Andro inactivates NF-κB signaling
to inhibit the expression of miR-21-5p, and the inhibition of
miR-21-5p stimulates PDCD4 expression to inhibit luminal-like
breast cancer growth, metastasis, and invasion.

DISCUSSION

Cost-effective drugs for luminal-like breast cancer treatment are
still in high demand. In this study, we have demonstrated the
promising therapeutic potential of Andro for luminal-like breast
cancer and explored the underlying mechanisms (Figure 6G).
We verify that NF-κB was expressed at a higher level in tumor
tissues compared to that of matched non-cancerous tissues
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FIGURE 5 | Andrographolide (Andro) inhibits migration and invasion of MCF-7 cells. (A) Wound healing assay for MCF-7 cell migration. Transwell assay for the
migration (B) and invasion (C) potential of MCF-7 cells. Quantitative data are expressed as the mean ± SD (n = 3). Significant effect: ***P < 0.001. Scale bar,
100 µM.

of luminal-like breast cancer. In vivo and in vitro studies
demonstrated that Andro, a potent inhibitor of NF-κB, inhibits
the tumor growth and metastasis of luminal-like breast cancer.
Previous reports and our work further demonstrated that NF-κB
inhibits PDCD4 expression in breast cancer cells via regulating
miR-21-5p expression. These results indicate NF-κB/miR-21-
5p/PDCD4 signaling was involve in the inhibition of tumor
growth and metastasis by Andro in luminal-like breast cancer.
Andro, a potent NF-κB inhibitor, which could be a possible drug
to treat luminal-like breast cancer in the clinic.

Endocrine therapy is recommended as the first-line treatment
in the clinic for luminal-like breast cancer, which is a

type of hormone receptor-positive breast cancer (Cortes
et al., 2020). More than half of luminal-like breast cancer
patients exhibit treatment-related toxicity during chemotherapy,
and some patients develop drug tolerance during endocrine
therapy (Ignatiadis and Sotiriou, 2013). Both chemotherapy and
endocrine therapy are not effective for metastasized luminal
breast cancer (Kimbung et al., 2016). Therefore, this study aimed
to explore a possible new molecular target for luminal-like breast
cancer. A previous report has indicated NF-κB as a possible
therapeutic target for various cancers (Labbozzetta et al., 2020).
The tumor tissues of patients with luminal-like breast cancers
and MMTV-PyMT mice showed NF-κB overexpression. These
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FIGURE 6 | Andrographolide (Andro) inhibits breast cancer cell proliferation, migration, and invasion via NF-κB/miR-21-5p/PDCD4 signaling. (A) Heat map of the
qRT-PCR data of miRNA expression in MCF-7 cells with or without NF-κB inhibition. APDC: NF-κB inhibitor. (B) miR-21-5p expression in breast cancer tissue and
MCF cells was also detected using qRT-PCR. miR-21-5p was markedly suppressed by Andro in MCF-7 cells and MMTV-PyMT mice. (C) Colony formation, wound
healing, Transwell migration, and Matrigel invasion assay. Immunohistochemistry (D) and Immunoblotting assay (E) for PDCD4 expression in DMSO- and
Andro-treated MMTV-PyMT mice. (F) Immunoblotting analysis for PDCD4 expression in MCF-7 cells. (G) Schematic of the mechanisms of Andro-mediated effect on
luminal-like breast cancer growth and metastasis. Quantitative data are expressed as the mean ± SD, n = 3. Significant effect: *P < 0.05, **P < 0.01,
***P < 0.005. ns, no significant effect. Scale bar, 100 µM.

findings indicate NF-κB as a therapeutic target for luminal-
like breast cancer.

A targeted therapy strategy based on molecular characteristics
is well used for the treatment of hormone receptor- or HER2-
positive breast cancer (Ithimakin et al., 2013). Luminal-like breast

cancers, including the luminal A, luminal B HER2-negative,
and luminal B HER2-positive subtypes, are often resistant
to anti-hormone therapy (Santiago-Ortiz and Schaffer, 2016).
Although anti-HER2 therapies have been shown to improve
the outcomes of patients, these can only be used to treat
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the luminal B HER2-positive subtype in luminal-like breast
cancers (Tagliabue et al., 2010). A. paniculata Nees belongs to
the family Acanthaceae and is an important traditional herbal
medicine that is widely used in many Asian countries such
as China, India, and others in Southeast Asia (Sun et al.,
2019). Andrographolide (Andro), a diterpene lactone, is the
major bioactive component extracted from A. paniculata Nees,
which has been traditionally used for thousands of years to
treat bacterial infections and inflammatory diseases (Zhang
et al., 2020). In recent years, it has been demonstrated that
Andro also possesses anticancer, antidiabetic, antimalarial, anti-
HIV, and anti-angiogenic pharmacological effects (Sukardiman
et al., 2007; Di Leva et al., 2014; Kang et al., 2018). Previous
reports indicated that Andro inhibits cell growth, migration, and
invasion and induces apoptosis in multiple types of breast cancer
cells, including luminal-type (MCF-7 and TD-47) and triple-
negative (MDA-MB-231 and 4T1) breast cancer cells, through
various signaling pathways (Sukardiman et al., 2007; Chao et al.,
2013; Zhai et al., 2015; Kang et al., 2018). It has been reported
that Andro acts as an NF-κB inhibitor to suppress various
cancers (Zhang et al., 2014a,b). Andro-mediated inhibition of
NF-κB signaling has only been reported in MDA-MB-231 cells
(Zhai et al., 2015). In this study, we further demonstrated that
Andro inhibits the tumor growth and metastasis of luminal-
like breast cancer by suppressing cell viability and cell migration
and invasion in vivo and in vitro. Otherwise, our previous study
demonstrated that Andro inhibits angiogenesis, which is essential
for tumor growth and metastasis (Dai et al., 2017). We further
confirmed that tumor angiogenesis is inhibit by Andro in the
tumor tissues of MMTV-PyMT mice, which is consistent with
our previous report indicated above. All of the data showed
that Andro inhibits cancer development in luminal-like breast
cancer, which may be through not only inhibiting tumor cell
proliferation and invasion but also by suppressing angiogenesis.

Aberrant expressions of miRNAs are associated with breast
cancer pathogenesis. Recent studies have indicated that miR-21-
5p is an important oncogenic miRNA. miR-21-5p is consistently
overexpressed in many solid tumors, including breast cancer
(Zhang et al., 2014c). It has been shown that miR-21-5p
specifically targets and inhibits tumor suppressor expression to
promote cell proliferation, migration, and invasion in breast
cancer (Wang et al., 2019). PDCD4 is a significant functional
target of miR-21-5p in various types of cancers (Chen et al.,
2015; Tao et al., 2019). In vitro studies indicated that miR-
21-5p/PDCD4 signaling promotes cell proliferation in MCF-7
luminal-like breast cancer cells and induces the invasion and
metastasis of MDA-MB-231 triple-negative breast cancer cells
(Frankel et al., 2008; Zhu et al., 2008). Multiple miRNAs,
including miR-21-5p, are validated as transcriptional targets of
NF-κB (Polytarchou et al., 2011; Shin et al., 2011; Wei et al.,
2014). In this study, NF-κB-inactivated luminal-like breast cancer
cells demonstrated significant downregulation of miR-21-5p. In
addition, NF-κB/miR-21-5p/PDCD4 signaling was involved in
tumor growth and metastasis.

This study detected the crosstalk between NF-κB and miR-
21-5p. Andro showed an inhibitory effect on luminal-like breast
cancer growth and metastasis via the downregulation of NF-κB

and miRNA-21-5p. Reports from the literature indicated that
breast cancer development may be dependent on the crosstalk
between NF-κB and other signaling pathways, including signal
transducer and activator of transcription 3 (STAT3), glycogen
synthase kinase 3 beta (GSK3-β), tumor suppressor p53, miRNAs,
lncRNA, and the Wnt /β-catenin pathway (Moreau et al., 2011;
Schneider and Kramer, 2011; Keklikoglou et al., 2012; Yu
et al., 2014; Liu et al., 2015; Tewari et al., 2021). This is the
first study to demonstrate the therapeutic effect of Andro on
luminal-like breast cancer via targeting PDCD4 through the
downregulation of NF-κB/miR-21-5p signaling. However, the
interactions between NF-κB and other signaling pathways and
that of miR-21-5p and its other targets involved in Andro-
mediated tumor inhibition of luminal-like breast cancer need to
be further explored.
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Long non-coding RNAs (lncRNAs) play crucial roles in ovarian cancer (OC) development.

However, prognosis-associated lncRNAs (PALs) for OC have not been completely

elucidated. Our study aimed to identify the PAL signature of OC. A total of 663 differentially

expressed lncRNAs were identified in the databases. According to the weighted gene

coexpression analysis, the highly correlated genes were clustered into seven modules

related to the clinical phenotype of OC. A total of 25 lncRNAs that were significantly

related to overall survival were screened based on univariate Cox regression analysis.

The prognostic risk model constructed contained seven PALs based on the parameter

λmin, which could stratify OC patients into two risk groups. The results showed that

the risk groups had different overall survival rates in both The Cancer Genome Atlas

(TCGA) and two verified Gene Expression Omnibus (GEO) databases. Univariate and

multivariate Cox regression analyses confirmed that the risk model was an independent

risk factor for OC. Gene enrichment analysis revealed that the identified genes were

involved in some pathways of malignancy. The competitive endogenous RNA (ceRNA)

network included five PALs, of which four were selected for cell function assays. The four

PALs were downregulated in 33 collected OC tissues and 3 OC cell lines relative to the

control. They were shown to regulate the proliferative, migratory, and invasive potential

of OC cells via Cell Counting Kit-8 (CCK-8) and transwell assays. Our study fills the gaps

of the four PALs in OC, which are worthy of further study.

Keywords: ovarian cancer, lncRNA, weighted gene coexpression analysis, risk score model, cell function assays

INTRODUCTION

Ovarian cancer (OC) is a gynecological malignancy with the highest morbidity and mortality rates
worldwide (Stewart et al., 2019). Although the prognosis of patients in early cancer stages is better,
most patients are already in the late stages of OC during the first diagnosis (Kaldawy et al., 2016;
Eisenhauer, 2017). Thus, there is a need to identify novel biomarkers for predicting tumorigenesis
and clinical diagnosis in earlier stages and to develop new therapeutic strategies and targets for OC.

Long non-coding RNAs (lncRNAs) are endogenous RNA transcripts more than 200 nucleotides
in length that are not translated into polypeptides (Kopp andMendell, 2018). Previous studies have
found that lncRNAs could serve as strong prognostic biomarkers and play an important role in
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different cell processes such as cell migration, growth, invasion,
apoptosis, and differentiation in OC (Wang et al., 2019). For
example, SNHG9 was shown to serve as an anticancer biomarker
by regulating miR-214-5p (Chen et al., 2021). LINC01969 was
confirmed to be a cancer-promoting biological marker via the
miR-144-5p/LARP1 axis (Chen et al., 2020).

The pathogenesis of most cancers, including OC, are caused
by various genes rather than a single gene (Van Cott, 2020).
The risk model can estimate a set of risk genes in any given
cancer (Cintolo-Gonzalez et al., 2017; Tammemägi et al., 2019).
Weighted correlation network analysis (WGCNA) is a combined
method for analyzing clinical information and gene expression
data (Sun et al., 2017). Through the analysis of genemodules with
high correlation with clinical information, a series of key genes
with high connectivity in the modules were obtained, which
are potentially important for the occurrence and development
of tumors (Tian et al., 2017). Previous studies have identified
lncRNA-based signatures via WGCNA or by developing a risk
model for OC (Li and Zhan, 2019; Zhao and Fan, 2019). However,
these studies are still limited in their lack of cell function assays
and constantly updated databases.

Thereby, the purpose of our research was to identify a
prognosis-associated lncRNA (PAL) signature serving as a
noteworthy prognostic biomarker in OC by using WGCNA and
other comprehensive analyses. Two additional datasets from the
GEOwere used to check the accuracy of themodel. A competitive
endogenous RNA (ceRNA) network was established to explore
the mechanisms of candidate PALs. Finally, four candidate PALs
were selected for the in vitro assays.

MATERIALS AND METHODS

Data Extraction and Pre-treatment
The RNA data with corresponding clinical information were
downloaded from TCGA TARGET GTEx (https://toil.xenahubs.
net) (Goldman et al., 2020) and GEO (GSE32063 and
GSE17260, https://www.ncbi.nlm.nih.gov/geo/) (Yoshihara et al.,
2010, 2012). RNAs with expression levels >0 in 33% of
the samples were identified as messenger RNAs (mRNAs) or
lncRNAs based on annotation information from the GENCODE
database (https://www.gencodegenes.org/) (Harrow et al., 2012).
Differential gene analysis was based on linear regression
and empirical Bayes using the limma package (http://www.
bioconductor.org/packages/2.9/bioc/html/limma.html) (Ritchie
et al., 2015). Meanwhile, we evaluated the differences in multiple
and significance levels using Benjamini and Hochberg multiple
comparisons (P < 0.05, |logFC| > 2).

Screening Modules Related to Clinical
Phenotype
WGCNA considers not only the coexpression patterns
between two genes but also the overlap of neighboring

Abbreviations:GEO, Gene ExpressionOmnibus; HR, hazard ratio; K–M, Kaplan–

Meier; lncRNA, long non-coding RNA; OC, ovarian cancer; OS, overall survival;

PAL, prognosis-associated lncRNA; ROC, receiver operating characteristic; TCGA,

The Cancer Genome Atlas; WGCNA, weighted gene coexpression analysis.

genes (Langfelder and Horvath, 2008). A coexpression network
between differentially expressed mRNAs and lncRNAs was
established using WGCNA from the R package to identify
modular genes closely related to the clinical phenotype. Clinical
phenotypes in our study included age at initial pathological
diagnosis, clinical stage (stage I, II, III, or IV), lymphatic invasion
(no or yes), neoplasm histologic grade (grade I, II, III, or IV),
tumor residual disease (no macroscopic disease, 1–10mm,
11–20mm, or >20mm), venous invasion (no or yes), and vital
status (dead or alive).

The WCGNA analysis should be subject to scale-free
networks. Therefore, the applicable weight parameter β

(SoftPower) of the gene coexpression matrix was supposed to
conform to the scale-free distribution to the maximum extent.
The correlation coefficients (R) of connectivity k and p(k)
under each β were calculated, and then, β was selected when R2

reached 0.85 for the first time. The highly correlated genes were
clustered into modules based on clustering and dynamic pruning
methods (minModuleSize = 30; MEDissThres = 0.3). Finally,
the gene assembly modules closely related to the phenotype
were identified via the correlation between the module and
clinical phenotype.

Construction and Validation of Risk Model
The lncRNAs in the aforementioned modules were analyzed
by univariate Cox regression analysis based on their expression
values and overall survival (OS) of each OC sample (P <

0.05). Kaplan–Meier (K–M) analysis and log-rank test were
performed using the R package to select the PALs (P < 0.05)
for further analysis. Least absolute shrinkage and selection
operator (Lasso) regression of the glmnet package (version 2.0-
18) (Engebretsen and Bohlin, 2019) was carried out for further
dimensionality reduction to screen the more significant PALs
for risk model construction. According to multivariate Cox
regression analysis, a prognostic risk model was generated based
on the following formula:

Risk score =
∑

βlncRNA × ExplncRNA

In the risk score (RS) formula, βlncRNA represents the regression
coefficient for PALs, and ExplncRNA means the expression level
of homologous PALs. OC patients in the study were divided into
low- or high-risk groups according to the optimal cutoff point of
RSs gained from Survminer (version 0.4.3) from the R package,
and K–M survival analysis was performed between the two risk
groups using the log-rank test. In addition, GSE32063 (40 OC
samples) and GSE17260 (110 OC samples) were downloaded
from National Center for Biotechnology Information (NCBI)
GEO (Barrett et al., 2005) and used to develop a prognostic risk
model using the same method.

Furthermore, the RSs of different clinical indicators, including
age (age ≤60 years or >60 years), grade (grade II or III), and
stage (stage III or IV) were compared. Several clinical indicators,
such as age in GEO, grade I, grade IV, stage I, and stage II,
were excluded due to insufficient sample size. Tumor mutational
burden (TMB) scores were calculated for each OC patient from
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TCGA, and the relationship between the risk model and TMB
was also assessed.

Construction of ceRNA Network
The microRNAs (miRNAs) targeted by the corresponding PALs
were speculated by the DIANA-LncBase v2 (Paraskevopoulou
et al., 2016). The target mRNAs by the corresponding
miRNAs were speculated using miRTarBase (Hsu et al., 2011).
Subsequently, the ceRNA network based on the same miRNAs
of PAL–miRNA and miRNA–mRNA was constructed and
visualized using Cytoscape (Kohl et al., 2011).

Biofunctional Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
was performed on potential target mRNAs of clinical modules
or PALs based on clusterProfiler of R package (version:3.8.1,
pAdjustMethod= BH, pvalueCutoff= 0.05) (Yu et al., 2012).

In vitro Assays
With approval from the Ethics Committee, a total of 33
OC and 20 adjacent normal ovarian tissues were collected
from surgery OC patients between May 2019 and January
2021 at the Affiliated Hangzhou Hospital of Nanjing Medical
University (Hangzhou, China). The clinical features are shown in
Supplementary Table 1. The OC cell line SKOV-3 was supplied
by the Cell Bank of China Academic of Science (Shanghai,
China). The IOSE-80, HO-8910, and A2780 cells were purchased
from iCell Bioscience Inc. (Shanghai, China). SKOV-3 cells were
cultured in McCoy’s 5A medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. IOSE-80,
HO-8910, and A2780 cells were cultured in 90% Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS and 1%
penicillin-streptomycin. All cells were incubated in a 5% CO2

incubator at 37◦C.
After RNA extraction and reverse transcription, real-time

quantitative PCR (qPCR) analysis was performed using an ABI
7500 instrument to evaluate the expression value of alternative
PALs in cells and tissues based on the kit of Takara (Shiga, Japan).
Primer sequences are listed in Table 1.

The plasmids used for the experiment were constructed
by TSINGKE Biological Technology (Hangzhou, China) based

TABLE 1 | The primer sequences in PCR analysis.

Symbol Sequences (5′-3′)

hGAPDH-F GTCAACGGATTTGGTCTGTATT

hGAPDH-R AGTCTTCTGGGTGGCAGTGAT

hTCL6-F ACCATCCCAAAGCCAACG

hTCL6-R AAGTCATAAGGAACGGCATAAA

hVLDLR-AS1-F TCATCACAGCATCCTTCACAGCC

hVLDLR-AS1-R AACAAGCCACACTGACAGACCAT

hRP11-356I2.4-F AGCCTTGTTGCCACGGAGAC

hRP11-356I2.4-R ACGCATGACGCACAGAAGAGT

hLINC00893-F GCTGCTCCTCACTCTCACTCCT

hLINC00893-R CCTCTCCTCATCCGACCACAGA

on the known sequences of TCL6, VLDLR-AS1, RP11-356I2.4,
and LINC00893 from NCBI. SKOV-3 and HO-8910 cells
were transfected with homologous plasmids (pcDNA-NC,
pcDNA-TCL6, pcDNA-VLDLR-AS1, pcDNA-RP11-356I2.4, and
pcDNA-LINC00893) using the jetPRIME transfection reagent
(Polyplus Transfection, Shanghai, China), according to the
manufacturer’s instructions.

Subsequently, transfected SKOV-3 and HO-8910 cells were
made into cell suspensions and then transferred to a 96-well
plate or upper chamber (with or without Matrigel) of 24-well
transwell inserts (8µm pore size). For the Cell Counting Kit-
8 (CCK-8) assays, the old culture media were removed, and 10
µl cell counting kit-8 solution (MedChemExpress, China) with
90 µl media was added to each well for an additional 2 h on
days 1–4. At the wavelength of 450 nm, the OD value of each
well was detected by a spectrophotometer (Thermo Scientific,
Massachusetts, America). For the transwell assays, the lower
chambers were added with 500 µl medium containing 30%
FBS. The bottoms of the upper chamber were fixed with 4%
paraformaldehyde and stained with crystal violet for 10min on
day 1. The number of cells that invaded through the membrane
to the lower surface was counted using Image J software after
photographing using a microscope.

The experiments were conducted in triplicate, and each
experiment was repeated three times. Statistical analysis was
performed using GraphPad Prism version 8.0.1. The data were
analyzed by Student’s t-test or one-way analysis of variance
(ANOVA). P < 0.05 was considered statistically significant.

RESULTS

To facilitate the understanding of our entire study, we created a
flowchart, which is shown in Figure 1.

Screening Modules Related to Clinical
Phenotype
After the difference analysis, a total of 1,467 upregulated mRNAs
and 1,431 downregulated mRNAs were extracted (Figure 2A),
and 307 lncRNAs expressed at high levels and 356 lncRNAs
expressed at low levels were obtained (Figure 2B).

WGCNA analysis was further conducted based on 3,560
differentially expressed genes to screenmodules related to clinical
phenotypes. We assigned the β value to 7 when R2 was first
∼0.85, which ensured that the network connection was close
to the scale-free distribution and was the minimum threshold
for smoothing the curve (Figures 2C,D). The modules with
correlation coefficients >0.7 (the divergence coefficient was
<0.3) were consolidated after clustering (Figure 2E). A total
of seven modules (M1-yellow, M2-black, M3-green, M4-brown,
M5-blue, M6-turquoise, and M7-gray) were integrated, and
the gray module could not be gathered into other modules;
hence, the gray module would not be considered in subsequent
analysis (Figure 2F).

Two further methods were used to mine the modules
associated with clinical phenotypes. First, the correlation between
each module feature vector gene and the clinical phenotype
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FIGURE 1 | Flow diagram of our study.
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FIGURE 2 | Results of differential analysis and WGCNA. (A) Volcano map of differential mRNAs. (B) Volcano map of differential lncRNAs. (C) Selection graphs of β.

(D) Schematic diagram of the mean connectivity. (E) The module clustering result diagram. The vertical axis represents the difference coefficient, and the blue line

represents the difference coefficient of 0.3. (F) Systematic cluster tree of genes and gene modules generated by dynamic clipping method.
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FIGURE 3 | KEGG pathway enrichment analysis. (A) WGCNA modules. (B) lncRNAs.
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was calculated. The feature vector gene was the first principal
component gene E of a specific module, which represents the
overall level of gene expression in the module. Second, the
absolute value of the correlation between gene expression in
each module and the clinical phenotype was taken as the
correlation between the module and the clinical phenotype
(Supplementary Figure 1).

Furthermore, the mRNA in each module was subjected
to KEGG pathway enrichment analysis, which showed that
the black, blue, brown, turquoise, and yellow modules were
significantly enriched in 13, 21, 11, 5, and 48 KEGG pathways.
Nonetheless, no significant pathways were enriched in the
green module. The KEGG pathway of each module was ranked
according to the P-value, and the top five were selected for
display (Figure 3A). Some of these modules are associated
with important biological processes in tumor genesis and
development, such as Ras signaling pathway and mitogen-
activated protein kinase (MAPK) signaling pathway of the
blue module, p53 signaling pathway of the brown module,
and inflammatory mediator regulation of TRP channels in the
turquoise module.

Construction and Validation of Risk Model
A total of 25 PALs that were significantly associated with OS were
screened based on univariate Cox regression analysis, including
one upregulated lncRNA (HR > 1) and 24 downregulated

lncRNAs (HR < 1) (Table 2; Supplementary Figure 2).
Among the 25 PALs, KEGG pathways were enriched to
19 lncRNAs, and the top five pathways were selected for
display (Figure 3B). Some PALs were enriched in several
classic signaling pathways of tumors, such as Ras signaling
pathway, MAPK signaling pathway, Hedgehog signaling
pathway, and so on. Interestingly, several lncRNAs were
enriched in ovarian steroidogenesis or the GnRH signaling
pathway (VLDLR-AS1, RP11-356I2.4, LINC00893, and so on)
in OC.

Lasso regression was performed on the above 25 PALs to
determine the optimal modeling parameter (λ) (Figure 4A). The
two dashed lines indicate two special λ values: λmin on the left
and λ1se on the right. The λ values between these two values
was considered to be appropriate. The model constructed by λ1se

was the simplest, that is, it used a small number of genes, while
λmin had a higher accuracy rate and used a larger number of
genes. Hence, λmin was selected to build the model for accuracy
in our study.

The final model contained seven PALs, namely, CTD-
2540B15.13, LINC00893, MIR503HG, RP11-356I2.4,
RP11-386G11.10, TCL6, and VLDLR-AS1. A total of 418
TCGA samples were divided into two risk groups, of which 201
were high risk (≥the optimal cut point) and 217 were low risk
(<the optimal cutoff point). The results revealed that OS in the
high-risk group was markedly lower than that in the low-risk

TABLE 2 | Kaplan–Meier survival analysis of 25 lncRNAs.

Gene HR Lower 0.95 Upper 0.95 P-value Type Moudle

CH507-254M2.2 0.89782612 0.84229443 0.95701896 0.00093768 down_lnc brown

RP1-179N16.6 0.86639416 0.79455643 0.9447269 0.00116431 down_lnc turquoise

CTD-2595P9.4 0.93999785 0.90293072 0.97858666 0.00257416 down_lnc turquoise

RP11-386G11.10 0.92534363 0.87642424 0.97699356 0.00511256 down_lnc blue

RP11-500G22.4 0.95173106 0.91827361 0.98640754 0.00673863 down_lnc turquoise

RP11-356I2.4 0.86427736 0.77671338 0.96171302 0.0074451 down_lnc turquoise

CTD-2227E11.1 0.9271007 0.87607788 0.98109509 0.00877255 down_lnc turquoise

TCL6 0.94990532 0.9140781 0.98713678 0.0087936 down_lnc brown

CTC-564N23.2 0.923453 0.8685364 0.98184193 0.01090358 down_lnc yellow

LINC00893 0.89868222 0.82738124 0.97612767 0.01131416 down_lnc turquoise

RP5-1180E21.5 0.96699305 0.94185858 0.99279825 0.0124944 down_lnc turquoise

RP11-66N24.4 0.88211727 0.79714411 0.97614831 0.01522047 down_lnc turquoise

RP11-454E5.4 0.87249941 0.78102511 0.97468725 0.01579247 down_lnc turquoise

CTC-246B18.8 1.08022122 1.01397626 1.15079409 0.01685716 up_lnc blue

MIR503HG 0.91727562 0.85356375 0.98574308 0.01872699 down_lnc blue

CTD-2013N24.2 0.91086867 0.84264021 0.98462159 0.01876848 down_lnc turquoise

RP13-39P12.3 0.91678305 0.85080369 0.98787908 0.02260895 down_lnc turquoise

CTD-2540B15.13 0.89876543 0.81847421 0.9869331 0.02538823 down_lnc yellow

CTC-510F12.7 0.90586195 0.83058035 0.98796687 0.02551983 down_lnc turquoise

RP11-254F7.3 0.94196846 0.89291289 0.99371909 0.02846161 down_lnc turquoise

VLDLR-AS1 0.92027511 0.85239314 0.99356299 0.03357438 down_lnc turquoise

SPACA6P 0.88785293 0.79493949 0.9916262 0.03493912 down_lnc turquoise

RP11-45A17.2 0.94046304 0.8881824 0.99582105 0.03542486 down_lnc turquoise

RP11-203B9.4 0.88611018 0.79063991 0.99310854 0.03763039 down_lnc turquoise

ASMTL-AS1 0.92770067 0.86065926 0.99996429 0.04989104 down_lnc turquoise
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FIGURE 4 | Construction of the prognostic risk model. (A) The λ selection diagram in the Lasso model. (B) K–M survival curves of high- and low-risk groups for

TCGA database. (C) Risk score distribution and lncRNA expression heat map for TCGA database. (D) K–M survival curves of high- and low-risk groups for GEO

database. (E,F) Time-dependent receiver operating characteristic (ROC) curve for predicting OS of the risk model. (G,H) The nomogram based on the signature and

clinical information.

TABLE 3 | Univariate and multivariate Cox analyses of risk signature in TCGA and GEO dataset.

Variables Univariate Multivariate

Coefficient HR (95% CI) P-value Coefficient HR (95% CI) P-value

TCGA dataset

Risk score 1.038 2.824 (1.98–4.026) <0.001 0.887 2.427 (1.601–3.681) <0.001

Age 0.023 1.023 (1.01–1.036) 0.001 0.024 1.024 (1.011–1.038) <0.001

Grade 0.119 1.126 (0.786–1.614) 0.517 −0.011 0.989 (0.684–1.429) 0.952

Figo stage 0.178 1.195 (1.017–1.405) 0.031 0.169 1.184 (0.996–1.407) 0.056

GEO dataset

Risk score 1.000 2.718 (1.173–6.3) 0.020 0.816 2.262 (0.96–5.328) 0.032

Grade 0.481 1.618 (1.122–2.335) 0.010 0.373 1.452 (0.987–2.136) 0.058

Figo stage 0.313 1.368 (0.953–1.963) 0.090 0.236 1.267 (0.859–1.868) 0.233
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FIGURE 5 | Difference between groups. (A–E) Risk scores of clinical indicators. (F) TMB between risk groups.
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group (Figure 4B). The heat map and RS distribution map of
seven lncRNA expression values in each sample were drawn as
shown in Figure 4C, which showed that the lower the expression
level of the seven PALs, the higher the RS and the shorter survival
time. Two GEO datasets were utilized to verify the risk model
according to the same method described above, and the K–M
curve proved the validity of the model constructed by the seven
PALs in survival prediction (Figure 4D).

Univariate and multivariate Cox regression analyses of risk
model, grade, Figo stage, and age for TCGA and GEO datasets
demonstrated that the risk model was an independent risk factor
for OC patients (Table 3). The 1-, 3-, and 5-year survival ROC
curves predicted by the risk model were drawn (Figures 4E,F).
To better predict prognosis at 1-, 3-, and 5-year OS of OC
patients, we constructed a nomogram of variables such as the risk
score, grade, and Figo stage (Figures 4G,H).

We also found that OC patients with grade III and stage IVOC
had higher RSs, while RS was not related to age (Figures 5A–E).
As for TMB, OC patients in the low-risk group had lower TMB
scores, which indicated that they may be more likely to respond
to immunotherapy (Figure 5F).

Construction of a PAL-Associated ceRNA
Network
We predicted 19,630 miRNA–mRNA pairs and 129 PAL–
miRNA relationship pairs. PALs and mRNAs that were

regulated by the same miRNA were screened, and the
positively coexpressed PAL–mRNA pairs were combined. Finally,
347 PAL–miRNA–mRNA relationship pairs were obtained,
including 5 PALs (TCL6,VLDLR-AS1, RP11-356I2.4, LINC00893,
and MIR503HG), 70 miRNAs, and 199 mRNAs (Figure 6).
There were 71 PAL–miRNA relationship pairs, 341 miRNA–
mRNA relationship pairs, and 242 PAL–mRNA coexpression
relationships in the ceRNA network, which could be used to
explore the molecular mechanisms involved in the development
of OC.

In vitro Assays
Among the five PALs in the ceRNA network we constructed,
the functions of lncRNA MIR503HG involved in OC have been
investigated (Zhu et al., 2020); hence, the remaining four PALs
were preliminarily selected as candidate molecules to perform
cell function assays in vitro. Analysis of TCGA dataset (418
OC samples), GSE32063 (40 OC samples), GSE17260 (110 OC
samples), and our cohort (33 OC samples) showed that the
four PALs were evidently downregulated in OC tissues when
compared with normal controls (Figures 7A–P). The expression
of the four PALs in three OC cell lines (SKOV-3, HO8910, and
A2780) and the normal ovarian epithelial cell line IOSE-80 was
detected. As shown in Figures 8A–D, the expression of the four
PALs was significantly lower in OC cells than in IOSE-80 cells
(p < 0.05).

FIGURE 6 | ceRNA network of five PALs. Different colors represented different modules. Diamonds represented lncRNAs, circles represented mRNAs, and white

squares represented predicted miRNAs. Dotted green lines represented coexpression of lncRNAs and mRNAs, gray arrows represented miRNA regulated mRNAs,

and orange T-shaped lines represented competing binding mRNAs.
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FIGURE 7 | The expression of four PALs in normal and OC samples. (A–D) TCL6. (E–H) VLDLR-AS1. (I–L) RP11-356I2.4. (M–P) LINC00893. ****P < 0.0001.

***P < 0.001.

The K–M survival curves confirmed that higher expression
of the four PALs was associated with better OS, which indicated
that they may serve as tumor suppressor genes for OC
(Supplementary Figure 2). Subsequently, we confirmed that the
expression levels of the four PALs increased following plasmid
transfection in SKOV-3 and HO-8910 cells (Figures 8E–H).

Later, data from the CCK-8 assay illustrated that overexpression
of TCL6, RP11-356I2.4, and LINC00893 reduced the viability
of OC cells (Figures 9A,B). Nevertheless, the proliferative
abilities of SKOV-3 and HO-8910 cells increased after
VLDLR-AS1 overexpression (Figures 9A,B). In addition,
the number of migrated and invaded OC cells declined with
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FIGURE 8 | (A–D) The expression of four candidate PALs in IOSE-80 and OC cells. (E–H) The expression level of four candidate PALs under SKOV-3 and HO-8910

transfection.

the overexpression of TCL6, RP11-356I2.4, and LINC00893,
according to data from transwell assays (Figures 9C–H). On
the contrary, overexpression of VLDLR-AS1 increased the
invasive and metastatic abilities of SKOV-3 and HO-8910
cells (Figures 9C–H).

DISCUSSION

Recent studies have shown that lncRNAs play an important
role in regulating the growth, division, metastasis, invasion,
proliferation, and drug resistance of OC cells (Braga et al., 2020).
Abnormal expression of some lncRNAs in OC may provide
important reference information for the diagnosis, treatment,
and prognosis of patients (Salamini-Montemurri et al., 2020).
However, compared with miRNA, the study of lncRNAs for
OC is still in its infancy (Razavi et al., 2021). Therefore, it is
necessary to further study lncRNAs in OC. Previous studies have
inspired us to explore potential prognosis-associated lncRNAs
in OC.

WGCNA is the most representative systems biology algorithm
based on transcriptome data to construct gene coexpression

networks (Zhang and Horvath, 2005; Langfelder and Horvath,
2008). Using WGCNA, information on gene expression in
biological systems can be analyzed quantitatively and at different

levels. Although previous studies have applied WGCNA to

established an lncRNA-associated signature in malignant tumors
(Gong and Ning, 2020; Han P. et al., 2020; Li et al., 2020; Tian
et al., 2021; Yuan et al., 2021), research on its application in
OC is sparse. In our study, seven stable modules with highly
correlated 3,560 genes and correlations with specific clinical
factors were clustered. The prognostic risk model based on
seven PALs could divide OC patients into two risk groups
according to optimal cutoff point, which was validated using two
datasets from GEO. After construction of the ceRNA network,
four PALs (TCL6, VLDLR-AS1, RP11-356I2.4, and LINC00893)
in the network were selected for further cell function assays.
In the WGCNA analysis, TCL6 was gathered into the brown

module, and VLDLR-AS1, RP11-356I2.4, and LINC00893 were
gathered into the turquoise module. Therefore, TCL6 may be
related to the clinical stage and histological grade of OC.
Meanwhile, VLDLR-AS1, RP11-356I2.4, and LINC00893 may
be associated with the clinical stage. The KEGG pathway of
coexpression analysis showed that three PALs were enriched
in several biological functions of OC, such as glutamatergic
synapse, inflammatory mediator regulation of TRP channels,
and ovarian steroidogenesis, which indicated their potential
therapeutic targets.

A previous study revealed that lncRNA miR503HG was
downregulated in OC, and downregulation of miR503HG
predicted poor survival of OC patients (Zhu et al., 2020),
which coincided with miR503HG in our prognostic risk model
signature. Coincidentally, the expression of MIR503HG was
decreased in colon cancer (Chuo et al., 2019; Han H. et al., 2020),
triple-negative breast cancer (Fu et al., 2019; Tuluhong et al.,
2020), non-small cell lung cancer (Lin et al., 2019; Dao et al.,
2020; Xu et al., 2020), cervical squamous cell carcinoma (Zhao
et al., 2020), bladder cancer (Qiu et al., 2019), and hepatocellular
carcinoma (Wang et al., 2018). MIR503HG was also proved to
serve as a tumor suppressor in in vivo experiment. TCL6 had
been demonstrated to be a potential tumor suppressor in breast
cancer (Zhang et al., 2020), hepatocellular carcinoma (Luo et al.,
2020), renal cell carcinoma (Yang et al., 2018; Kulkarni et al.,
2021), and B-cell acute lymphoblastic leukemia (Cuadros et al.,
2019). Overexpression of TCL6 in corresponding cancer cell lines
impairs their oncogenic functions, such as cell proliferation and
migration/invasion. RP11-356I2.4 (also known as WAKMAR2,
lnc-TNFAIP3, or LOC100130476) has been shown to act as a
tumor suppressor gene in esophageal cancer and gastric cardia
adenocarcinoma. In addition, upregulation of RP11-356I2.4 led
to the inhibition of proliferation and invasiveness of cancer
cells (Guo et al., 2016a,b). LINC00893 was lowly expressed in
thyroid carcinoma tissues and papillary thyroid cancer (PTC)
cells. Furthermore, LINC00893 overexpression abrogated the
proliferation and migration abilities of PTC cells (Li et al.,
2021). In our prognostic risk model signature, lncRNA TCL6,
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FIGURE 9 | CCK-8 and transwell assays. (A) CCK-8 assays of transfected SKOV-3. (B) CCK-8 assays of transfected HO-8910 cells. (C–H) Transwell assays of

transfected SKOV-3 or HO-8910 cells.

RP11-356I2.4, and LINC00893 were all downregulated in OC
cells and tissues. In addition, downregulation of these genes
indicated poor OS in patients with OC. Through gain-of-
function assays, we determined that the overexpression of the
three PALs restrained the proliferation and migration abilities

of OC cells, which would fill the gap in their study in OC.
Hence, these three molecules are also tumor suppressor genes
for OC, suggesting their potential as biomarkers and therapeutic
targets. Previous studies and our cell function assays further
illustrate the accuracy of our risk score model. However,
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more in-depth molecular mechanisms are yet to be studied by
subsequent researchers.

Although lncRNA VLDLR-AS1 was downregulated and
downregulation of VLDLR-AS1 indicated poor survival in OC,
VLDLR-AS1 seemed to be an oncogene in terms of OC cellular
function. Previous studies showed that VLDLR-AS1 is highly
expressed in esophageal squamous cell carcinoma (Chen et al.,
2019) and hepatocellular carcinoma (HCC) (Yang et al., 2017).
Knocking down the expression of VLDLR-AS1 inhibited the
proliferation of HCC cells, which was consistent with our cell
function assays. The differences in VLDLR-AS1 expression were
not consistent with the cell function experiment in OC, which is
worthy of further study by subsequent researchers.

There are some limitations to our study. First, there were
only 33 OC patients without OS in our cohort; hence, more
time and more samples are needed for follow-up. Second,
the cell function assays of four candidate lncRNAs were
preliminary, which requires further investigation to provide a
better understanding.

CONCLUSIONS

In summary, we performed weighted gene coexpression analysis
on differentially expressed genes obtained from datasets to screen
for modules related to clinical phenotypes and established a
seven-PAL-based signature with a prognostic value for OC, which
could stratify OC patients into two risk groups with significant
differences in prognosis. Two additional datasets were used to
verify the accuracy of themodel. Meanwhile, four candidate PALs
were selected to perform cell function assays, which need further
studies of subsequent researchers.
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A., et al. (2020). Visualizing and interpreting cancer genomics data via

the Xena platform. Nat. Biotechnol. 38, 675–678. doi: 10.1038/s41587-020-0

546-8

Gong, X., and Ning, B. (2020). Five lncRNAs associated with prostate cancer

prognosis identified by coexpression network analysis. Technol. Cancer Res.

Treat. 19:1533033820963578. doi: 10.1177/1533033820963578

Guo, W., Dong, Z., Shi, Y., Liu, S., Liang, J., Guo, Y., et al. (2016a).

Aberrant methylation-mediated downregulation of long noncoding RNA

LOC100130476 correlates with malignant progression of esophageal squamous

cell carcinoma. Dig. Liver Dis. 48, 961–969. doi: 10.1016/j.dld.2016.05.010

Guo, W., Dong, Z., Shi, Y., Liu, S., Liang, J., Guo, Y., et al. (2016b). Methylation-

mediated downregulation of long noncoding RNA LOC100130476

in gastric cardia adenocarcinoma. Clin. Exp. Metastasis 33, 497–508.

doi: 10.1007/s10585-016-9794-x

Han, H., Li, H., and Zhou, J. (2020). Long non-coding RNA MIR503HG inhibits

the proliferation, migration, and invasion of colon cancer cells via miR-

107/Par4 axis. Exp. Cell Res. 395:112205. doi: 10.1016/j.yexcr.2020.112205

Han, P., Yang, H., Li, X., Wu, J., Wang, P., Liu, D., et al. (2020).

Identification of a novel cancer stemness-associated ceRNA axis

in lung adenocarcinoma via stemness indices analysis. Oncol. Res.

doi: 10.3727/096504020X16037124605559. [Epub ahead of print].

Harrow, J., Frankish, A., Gonzalez, J. M., Tapanari, E., Diekhans, M., Kokocinski,

F., et al. (2012). GENCODE: the reference human genome annotation for The

ENCODE Project. Genome Res. 22, 1760–1774. doi: 10.1101/gr.135350.111

Hsu, S. D., Lin, F.M.,Wu,W. Y., Liang, C., Huang,W. C., Chan,W. L., et al. (2011).

miRTarBase: a database curates experimentally validated microRNA-target

interactions. Nucleic Acids Res. 39, D163–D169. doi: 10.1093/nar/gkq1107

Kaldawy, A., Segev, Y., Lavie, O., Auslender, R., Sopik, V., and Narod, S. A. (2016).

Low-grade serous ovarian cancer: a review. Gynecol. Oncol. 143, 433–438.

doi: 10.1016/j.ygyno.2016.08.320

Kohl, M.,Wiese, S., andWarscheid, B. (2011). Cytoscape: software for visualization

and analysis of biological networks. Methods Mol. Biol. 696, 291–303.

doi: 10.1007/978-1-60761-987-1_18

Kopp, F., and Mendell, J. T. (2018). Functional classification and

experimental dissection of long noncoding RNAs. Cell 172, 393–407.

doi: 10.1016/j.cell.2018.01.011

Kulkarni, P., Dasgupta, P., Hashimoto, Y., Shiina, M., Shahryari, V., Tabatabai, Z.

L., et al. (2021). A lncRNA TCL6-miR-155 interaction regulates the Src-Akt-

EMTnetwork tomediate kidney cancer progression andmetastasis.Cancer Res.

81, 1500–1512. doi: 10.1158/0008-5472.CAN-20-0832

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for

weighted correlation network analysis. BMC Bioinformatics 9:559.

doi: 10.1186/1471-2105-9-559

Li, J., Zhou, J., Kai, S., Wang, C., Wang, D., and Jiang, J. (2020). Network-

based coexpression analysis identifies functional and prognostic long

noncoding RNAs in hepatocellular carcinoma. Biomed Res. Int. 2020:1371632.

doi: 10.1155/2020/1371632

Li, N., and Zhan, X. (2019). Identification of clinical trait-related lncRNA and

mRNA biomarkers with weighted gene co-expression network analysis as

useful tool for personalized medicine in ovarian cancer. EPMA J. 10, 273–290.

doi: 10.1007/s13167-019-00175-0

Li, S., Zhang, Y., Dong, J., Li, R., Yu, B., Zhao,W., et al. (2021). LINC00893 inhibits

papillary thyroid cancer by suppressing AKT pathway via stabilizing PTEN.

Cancer Biomark. 30, 277–286. doi: 10.3233/CBM-190543

Lin, H., Li, P., Zhang, N., Cao, L., Gao, Y. F., and Ping, F. (2019). Long non-

coding RNA MIR503HG serves as a tumor suppressor in non-small cell lung

cancer mediated by wnt1. Eur. Rev. Med. Pharmacol. Sci. 23, 10818–10826.

doi: 10.26355/eurrev_201912_19785

Luo, L. H., Jin, M., Wang, L. Q., Xu, G. J., Lin, Z. Y., Yu, D. D., et al. (2020).

Long noncoding RNA TCL6 binds to miR-106a-5p to regulate hepatocellular

carcinoma cells through PI3K/AKT signaling pathway. J. Cell. Physiol. 235,

6154–6166. doi: 10.1002/jcp.29544

Paraskevopoulou, M. D., Vlachos, I. S., Karagkouni, D., Georgakilas, G., Kanellos,

I., Vergoulis, T., et al. (2016). DIANA-LncBase v2: indexing microRNA

targets on non-coding transcripts. Nucleic Acids Res. 44, D231–D238.

doi: 10.1093/nar/gkv1270

Qiu, F., Zhang, M. R., Zhou, Z., Pu, J. X., and Zhao, X. J. (2019).

lncRNA MIR503HG functioned as a tumor suppressor and inhibited

cell proliferation, metastasis and epithelial-mesenchymal transition in

bladder cancer. J. Cell. Biochem. 120, 10821–10829. doi: 10.1002/jcb.

28373

Razavi, Z. S., Tajiknia, V., Majidi, S., Ghandali, M., Mirzaei, H. R., Rahimian,

N., et al. (2021). Gynecologic cancers and non-coding RNAs: epigenetic

regulators with emerging roles. Crit. Rev. Oncol. Hematol. 157:103192.

doi: 10.1016/j.critrevonc.2020.103192

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., et al. (2015). limma

powers differential expression analyses for RNA-sequencing and microarray

studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

Salamini-Montemurri, M., Lamas-Maceiras, M., Barreiro-Alonso, A., Vizoso-

Vázquez, Á., Rodríguez-Belmonte, E., Quindós-Varela, M., et al. (2020). The

challenges and opportunities of LncRNAs in ovarian cancer research and

clinical use. Cancers (Basel) 12:1020. doi: 10.3390/cancers12041020

Stewart, C., Ralyea, C., and Lockwood, S. (2019). Ovarian cancer: an integrated

review. Semin. Oncol. Nurs. 35, 151–156. doi: 10.1016/j.soncn.2019.02.001

Sun, Q., Zhao, H., Zhang, C., Hu, T., Wu, J., Lin, X., et al. (2017).

Gene co-expression network reveals shared modules predictive of

stage and grade in serous ovarian cancers. Oncotarget 8, 42983–42996.

doi: 10.18632/oncotarget.17785

Tammemägi, M. C., Ten Haaf, K., Toumazis, I., Kong, C. Y., Han, S. S., Jeon,

J., et al. (2019). Development and validation of a multivariable lung cancer

risk prediction model that includes low-dose computed tomography screening

results: a secondary analysis of data From the national lung screening trial.

JAMA Netw. Open 2:e190204. doi: 10.1001/jamanetworkopen.2019.0204

Tian, F., Zhao, J., Fan, X., and Kang, Z. (2017). Weighted gene co-expression

network analysis in identification of metastasis-related genes of lung squamous

cell carcinoma based on the Cancer Genome Atlas database. J. Thorac. Dis. 9,

42–53. doi: 10.21037/jtd.2017.01.04

Tian, S., Zhang, M., and Ma, Z. (2021). An edge-based statistical analysis

of long non-coding RNA expression profiles reveals a negative association

between Parkinson’s disease and colon cancer. BMC Med. Genomics 14:36.

doi: 10.1186/s12920-021-00882-6

Tuluhong, D., Dunzhu, W., Wang, J., Chen, T., Li, H., Li, Q., et al. (2020).

Prognostic value of differentially expressed lncrnas in triple-negative breast

cancer: a systematic review and meta-analysis. Crit. Rev. Eukaryot. Gene Expr.

30, 447–456. doi: 10.1615/CritRevEukaryotGeneExpr.2020035836

Van Cott, C. (2020). Cancer genetics. Surg. Clin. North Am. 100, 483–498.

doi: 10.1016/j.suc.2020.02.012

Wang, H., Liang, L., Dong, Q., Huan, L., He, J., Li, B., et al. (2018). Long

noncoding RNA miR503HG, a prognostic indicator, inhibits tumor metastasis

by regulating the HNRNPA2B1/NF-κB pathway in hepatocellular carcinoma.

Theranostics 8, 2814–2829. doi: 10.7150/thno.23012

Wang, J. Y., Lu, A. Q., and Chen, L. J. (2019). LncRNAs in ovarian cancer. Clin.

Chim. Acta 490, 17–27. doi: 10.1016/j.cca.2018.12.013

Xu, S., Zhai, S., Du, T., and Li, Z. (2020). LncRNA MIR503HG inhibits

non-small cell lung cancer cell proliferation by inducing cell cycle arrest

through the downregulation of cyclin D1. Cancer Manag. Res. 12, 1641–1647.

doi: 10.2147/CMAR.S227348

Yang, K., Lu, X. F., Luo, P. C., and Zhang, J. (2018). Identification of six potentially

long noncoding RNAs as biomarkers involved competitive endogenous

RNA in clear cell renal cell carcinoma. Biomed Res. Int. 2018:9303486.

doi: 10.1155/2018/9303486

Yang, N., Li, S., Li, G., Zhang, S., Tang, X., Ni, S., et al. (2017). The

role of extracellular vesicles in mediating progression, metastasis and

potential treatment of hepatocellular carcinoma. Oncotarget 8, 3683–3695.

doi: 10.18632/oncotarget.12465

Frontiers in Genetics | www.frontiersin.org 15 July 2021 | Volume 12 | Article 672674337

https://doi.org/10.1093/annonc/mdx443
https://doi.org/10.1186/s13148-019-0730-1
https://doi.org/10.1111/jcmm.14344
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1177/1533033820963578
https://doi.org/10.1016/j.dld.2016.05.010
https://doi.org/10.1007/s10585-016-9794-x
https://doi.org/10.1016/j.yexcr.2020.112205
https://doi.org/10.3727/096504020X16037124605559
https://doi.org/10.1101/gr.135350.111
https://doi.org/10.1093/nar/gkq1107
https://doi.org/10.1016/j.ygyno.2016.08.320
https://doi.org/10.1007/978-1-60761-987-1_18
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1158/0008-5472.CAN-20-0832
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1155/2020/1371632
https://doi.org/10.1007/s13167-019-00175-0
https://doi.org/10.3233/CBM-190543
https://doi.org/10.26355/eurrev_201912_19785
https://doi.org/10.1002/jcp.29544
https://doi.org/10.1093/nar/gkv1270
https://doi.org/10.1002/jcb.28373
https://doi.org/10.1016/j.critrevonc.2020.103192
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.3390/cancers12041020
https://doi.org/10.1016/j.soncn.2019.02.001
https://doi.org/10.18632/oncotarget.17785
https://doi.org/10.1001/jamanetworkopen.2019.0204
https://doi.org/10.21037/jtd.2017.01.04
https://doi.org/10.1186/s12920-021-00882-6
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2020035836
https://doi.org/10.1016/j.suc.2020.02.012
https://doi.org/10.7150/thno.23012
https://doi.org/10.1016/j.cca.2018.12.013
https://doi.org/10.2147/CMAR.S227348
https://doi.org/10.1155/2018/9303486
https://doi.org/10.18632/oncotarget.12465
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Zheng et al. Four PALs in OC

Yoshihara, K., Tajima, A., Yahata, T., Kodama, S., Fujiwara, H., Suzuki, M.,

et al. (2010). Gene expression profile for predicting survival in advanced-stage

serous ovarian cancer across two independent datasets. PLoS ONE 5:e9615.

doi: 10.1371/journal.pone.0009615

Yoshihara, K., Tsunoda, T., Shigemizu, D., Fujiwara, H., Hatae, M., Fujiwara, H.,

et al. (2012). High-risk ovarian cancer based on 126-gene expression signature

is uniquely characterized by downregulation of antigen presentation pathway.

Clin. Cancer Res. 18, 1374–1385. doi: 10.1158/1078-0432.CCR-11-2725

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package

for comparing biological themes among gene clusters. Omics 16, 284–287.

doi: 10.1089/omi.2011.0118

Yuan, C., Yuan, H., Chen, L., Sheng, M., and Tang, W. (2021). A novel three-

long noncoding RNA risk score system for the prognostic prediction of triple-

negative breast cancer. Biomark. Med. 15, 43–55. doi: 10.2217/bmm-2020-0505

Zhang, B., and Horvath, S. (2005). A general framework for weighted

gene co-expression network analysis. Stat. Appl. Genet. Mol. Biol. 4:17.

doi: 10.2202/1544-6115.1128

Zhang, Y., Li, Z., Chen, M., Chen, H., Zhong, Q., Liang, L., et al. (2020). lncRNA

TCL6 correlates with immune cell infiltration and indicates worse survival in

breast cancer. Breast Cancer 27, 573–585. doi: 10.1007/s12282-020-01048-5

Zhao, Q., and Fan, C. (2019). A novel risk score system for assessment of

ovarian cancer based on co-expression network analysis and expression

level of five lncRNAs. BMC Med. Genet. 20:103. doi: 10.1186/s12881-019-0

832-9

Zhao, S., Yu, M., and Wang, L. (2020). LncRNA miR503HG regulates

the drug resistance of recurrent cervical squamous cell carcinoma cells

by regulating miR-155/Caspase-3. Cancer Manag. Res. 12, 1579–1585.

doi: 10.2147/CMAR.S225489

Zhu, D., Huang, X., Liang, F., and Zhao, L. (2020). LncRNA miR503HG

interacts with miR-31-5p through multiple ways to regulate cancer

cell invasion and migration in ovarian cancer. J. Ovarian Res. 13:3.

doi: 10.1186/s13048-019-0599-9

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Zheng, Guo, Zhang, Cao, Xu, Zhang and Tong. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Genetics | www.frontiersin.org 16 July 2021 | Volume 12 | Article 672674338

https://doi.org/10.1371/journal.pone.0009615
https://doi.org/10.1158/1078-0432.CCR-11-2725
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.2217/bmm-2020-0505
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1007/s12282-020-01048-5
https://doi.org/10.1186/s12881-019-0832-9
https://doi.org/10.2147/CMAR.S225489
https://doi.org/10.1186/s13048-019-0599-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Marco Mina,

Sophia Genetics, Switzerland

Reviewed by:
Roopa Biswas,

Uniformed Services University of the
Health Sciences, United States

Shengying Qin,
Shanghai Jiao Tong University, China

*Correspondence:
Huijuan Wang

whj@nwu.edu.cn
Liang Wang

drwangliang@126.com
Chao Chen

cchen898@nwu.edu.cn

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal
Frontiers in Oncology

Received: 01 December 2020
Accepted: 22 March 2021
Published: 08 July 2021

Citation:
Zhao N, Zhang J, Zhao L, Fu X,

Zhao Q, Chao M, Cao H, Jiao Y, Hu Y,
Chen C, Wang L and Wang H (2021)

Long Noncoding RNA
NONHSAT079852.2 Contributes to

GBM Recurrence by Functioning as a
ceRNA for has-mir-10401-3p to
Facilitate HSPA1A Upregulation.

Front. Oncol. 11:636632.
doi: 10.3389/fonc.2021.636632

ORIGINAL RESEARCH
published: 08 July 2021

doi: 10.3389/fonc.2021.636632
Long Noncoding RNA
NONHSAT079852.2 Contributes to
GBM Recurrence by Functioning as a
ceRNA for has-mir-10401-3p to
Facilitate HSPA1A Upregulation
Ningning Zhao1, Jiajie Zhang1, Lili Zhao1, Xiaoni Fu1, Qian Zhao1, Min Chao2,
Haiyan Cao2, Yang Jiao2, Yaqin Hu2, Chao Chen1*, Liang Wang2* and Huijuan Wang1*

1 College of Life Sciences, Northwest University, Xian, China, 2 Department of Neurosurgery, Tangdu Hospital of Air Force
Medical University, Xian, China

Glioblastoma multiforme (GBM) is the most common brain malignancy and major cause of
high mortality in patients with GBM, and its high recurrence rate is its most prominent
feature. However, the pathobiological mechanisms involved in recurrent GBM remain
largely unknown. Here, whole-transcriptome sequencing (RNA-sequencing, RNA-Seq)
was used in characterizing the expression profile of recurrent GBM, and the aim was to
identify crucial biomarkers that contribute to GBM relapse. Differentially expressed RNAs
in three recurrent GBM tissues compared with three primary GBM tissues were identified
through RNA-Seq. The function and mechanism of a candidate long noncoding RNA
(lncRNA) in the progression and recurrence of GBM were elucidated by performing
comprehensive bioinformatics analyses, such as functional enrichment analysis, protein–
protein interaction prediction, and lncRNA–miRNA–mRNA regulatory network
construction, and a series of in vitro assays. As the most significantly upregulated gene
identified in recurrent GBM, HSPA1A is mainly related to antigen presentation and the
MAPK signaling pathway, as indicated by functional enrichment analysis. HSPA1A was
predicted as the target gene of the lncRNA NONHSAT079852.2. qRT-PCR revealed that
NONHSAT079852.2 was significantly elevated in recurrent GBM relative to that in primary
GBM, and high NONHSAT079852.2 expression was associated with the poor overall
survival rates of patients with GBM. The knockdown of NONHSAT079852.2 successfully
induced tumor cell apoptosis, inhibited the proliferation, migration, invasion and the
expression level of HSPA1A in glioma cells. NONHSAT079852.2 was identified to be a
sponge for hsa-miR-10401-3p through luciferase reporter assay. Moreover, HSPA1A was
targeted and regulated by hsa-miR-10401-3p. Collectively, the results suggested that
NONHSAT079852.2 acts as a sponge of hsa-mir-10401-3p and thereby enhances
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HSPA1A expression, promotes tumor cell proliferation and invasion, and leads to the
progression and recurrence of GBM. This study will provide new insight into the regulatory
mechanisms of NONHSAT079852.2-mediated competing endogenous RNA in the
pathogenesis of recurrent GBM and evidence of the potential of lncRNAs as diagnostic
biomarkers or potential therapeutic targets.
Keywords: recurrent glioblastoma multiforme, RNA-sequencing, lncRNAs, HSPA1A, ceRNA
INTRODUCTION

Glioblastoma multiforme (GBM) is one of the most common
and most aggressive primary adult brain tumors. Despite the
availability of aggressive treatments, including surgical tumor
removal and radiochemotherapy, GBM has a high recurrence
rate, and the median survival time of patients with GBM is only
15 months (1–3). Recurrent tumors are less sensitive to
chemotherapy than original tumors, and in most cases, a
second surgical resection cannot be performed due to invaded
functional brain areas. Currently, most research efforts are
focused on exploring the pathogenesis of primary GBM, and
few studies have emphasized the biology of recurrent GBM (4, 5).
Understanding the mechanism of GBM recurrence is of great
significance to the treatment of GBM.

Long noncoding RNAs (lncRNAs) are non-protein coding
transcripts that are longer than 200 nucleotides in length and
regulate gene expression during biological and pathological
processes at the epigenetic, transcription, and post-
transcription level (6, 7). Substantial evidence indicates
lncRNAs play critical roles in tumor initiation and malignant
progression. In particular, recent studies reported that lncRNA
can interact with miRNAs as a competing endogenous RNA
(ceRNA) to participate in expression regulation of target genes.
This newly presented model for gene expression regulation may
aid to identification of new targets for tumor treatment (8–10).

Recently, a number of lncRNAs have been implicated in the
oncogenesis of gliomas and associated with cell proliferation and
apoptosis of glioma and the prognosis of GBM patients. Some of
them are increasingly being considered potential therapeutic
targets (11, 12). Chen et al. reported that NEAT1 can promote
GBM cell growth and invasion via the WNT/b-catenin pathway
(1). Liu et al. confirmed that the lncRNA HOTAIR promotes
glioma progression by acting as a competing endogenous RNA
for miR-126-5p (13). Another study revealed that the expression
level of the lncRNA SPRY4-IT1 in human glioma tissues and cell
lines is upregulated and SPRY4-IT1 can suppress cell growth and
metastasis; thus, SPRY4-IT1 may be used as a therapeutic target
(14). Collectively, these lncRNAs are of great value as novel
biomarkers to clinical applications. However, most current
studies were performed using primary GBM clinical samples or
cells, and the biological roles and functions of lncRNAs in
recurrent GBM have not been fully explored.

Therefore, in this study, whole-transcriptome sequencing
(RNA-sequencing, RNA-Seq) of recurrent and primary GBM
specimens and subsequent comprehensive bioinformatics
analyses were performed for the identification of key lncRNAs
2340
associated with glioma. Then, the functional characterization of
the selected lncRNA in GBM pathogenesis was performed
through a series of in vitro biological assays.
MATERIALS AND METHODS

Sample Preparation
Six fresh tumor specimens from three cases of primary GBM (two
females and one male, sample serial numbers: 01, 02, and 03) and
three cases of recurrent GBM (two females and one male, sample
serial numbers: 04, 05, and 06) were obtained from the
Department of Neurosurgery in Tangdu Hospital of Air Force
Medical University. The patients with primary GBM were
treatment-naïve before surgery and the patients with recurrent
GBM had been treated with temozolomide plus radiotherapy
before relapse. The resected specimens were histologically
examined using hematoxylin and eosin (H&E) staining
(Supplementary Figure 1). The patients and/or their family
members understood the process of this study, and each patient
signed an informed consent. This study was approved by the
Medical Ethics Committee of Tangdu Hospital (TDLL-2017-172).

RNA Extraction, Library Construction, and
RNA-Seq
Total RNA was extracted using TRIzol reagent in accordance
with the manufacturer’s instructions, then the concentration and
purity of the RNA were measured with a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). cDNA libraries were constructed using rRNA-depleted
total RNAs as templates according to the protocol of the mRNA-
Seq sample preparat ion kit ( I l lumina, San Diego,
USA). The resulting libraries were sequenced on an Illumina
Hiseq 2500 platform (Illumina San Diego CA, USA). More than
200 million paired-end reads were generated. We obtained three
biological replicates to minimize experimental errors and the
number of false positives.

Differential Expressed Genes
Differentially expressed genes (DEGs) in recurrent GBMs
compared with primary GBMs were analyzed using the R
software DEGseq (15). A fold change (FC) of ≥2 and false
discovery rate (FDR) of <0.05 were considered as the criteria
for DEG selection. According to the obtained DEGs, ggplot2 in R
software was used in creating a volcano plot and heatmap for
drawing DEGs.
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Gene Function Annotation
The differentially expressed mRNAs (DEmRNAs) were
functionally annotated through Gene Ontology (GO) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis, which were performed using the R language
version 3.4.4 cluster Profiler. A P value of <0.05 was used as the
threshold value.

Protein–Protein Interaction Analysis
According to the DEG results and protein–protein interactions
included in the STRING database (https://string-db.org/),
protein–protein (PPI) pairs between DEmRNAs were obtained,
and Cytoscape (Version 3.7.2) was used in visualizing the
PPI network.

LncRNAs Target Gene Analysis
For a lncRNAs with a known gene symbol, the gene symbol was
used in searching information related to target genes in a
software database (starBase, http://starbase.sysu.edu.cn/index.
php; ChIPBase, http://rna.sysu.edu.cn/chipbase/; and nonecode,
http://www.noncode.org/). The correlation between the gene
expression levels of differentially expressed lncRNAs
(DElncRNAs) and DEmRNAs was evaluated using the Pearson
correlation method. mRNAs with absolute value of correlation
coefficients of >0.9 and P of <0.01 were considered potential
targets of lncRNAs.

miRNA Target Gene Prediction
On the basis of miRNA and human gene sequence information,
miRNAs targeting DEmRNAs were predicted using miRanda
(http://www.mirbase.orgmiRBase) and targetscan (http://www.
targetscan.org/), and miRNA–mRNA regulatory networks
were obtained.

Analysis of the NONHSAT079852.2-
Mediated Regulatory Network
LncRNA–miRNA and miRNA–mRNA relationships were
established, and lncRNAs and mRNAs that had at least five
co-bind miRNAs were defined as competitive RNAs, and ceRNA
was established with Cytoscape.

Histopathological Examinations
For H&E staining, fresh GBM tissues were fixed in 4%
paraformaldehyde for 24 h. Paraffin blocks were embedded
and then cut into sections. The paraffin sections were stained
with H&E. The rabbit anti-human HSPA1A (dilution fold; 1:100;
cat. no. A12948) and CPS1 (dilution fold; 1:100; cat. no. 4214)
antibodies were purchased from ABclonal Biotech Co., Ltd
(Cambridge, USA).

Cell Lines and Reagents
A human U251 cell line with short tandem repeat (STR)
analysis-based identification certificate was purchased from
Wuhan Punosai Life Science and Technology Co., Ltd.
GBM-W, a primary GBM cell line derived from a clinical
GBM specimen, was obtained from Tangdu Hospital and
identified through STR analysis (Supplementary Figure 2).
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The cells were cultured in DMEM (Wuhan Punosai Life
Technology Co., Ltd.) supplemented with 10% fetal bovine
serum and 1% penicillin. The shRNA plasmid used to knock
down the expression of lncRNA NONHSAT079852.2 was
purchased from Shanghai Jikai Gene Co., Ltd.

Cell Transfection
The U251 and GBM-W cells were divided into the control
(without treatment), shGFP (transfected with a negative
control plasmid against GFP), and shRNA (transfected with a
shRNA plasmid against NONHSAT079852.2) groups. The
plasmids were purchased from Shanghai Jikai Biotechnology
Co., LTD. (Shanghai, China). Lipofectamine 2000 (Invitrogen
Inc., Carlsbad, CA) was used for cell transfection according to
the manufacturer’s instructions. The shRNA targeting sequences
for NONHSAT079852.2 were listed in Supplementary Table 1.
Of three shRNA targeting sequences, shRNA-652 was validated
for the most efficient interference of NONHSAT079852.2 by
qRT-PCR and WB, and chosen for further study.

qRT-PCR Validation
Total RNA from the six GBM tissues and cells was isolated using
a TRIzol reagent (Invitrogen, USA), which was reverse-
transcribed to cDNA with EasyScript® All-in-One First-Strand
cDNA Synthesis SuperMix for qPCR (TransGen Biotech, Beijing,
China). The expression levels of selected mRNAs (HSPA1A,
CPS1 , CCL18 , CCL8 , and CCL5 ) and l n cRNAs
(MSTRG.224498.5, MSTRG.65777.2, and MSTRG.150858.14)
were determined through qPCR analysis with a Vii7 QRT-PCR
system (Thermo Fisher Scientific). Detailed primer sequences
were shown in Supplementary Table 2.

Fluorescence In Situ Hybridization (RNA
FISH) for NONHSAT079852.2
The subcellular location of the NONHSAT079852.2 was
determined using an RNA fluorescence in situ hybridization
kit (Shanghai GenePharma Co., Ltd.) according to the
manufacturer’s instructions. The GBM-W cells were washed
with PBS and fixed in 4% paraformaldehyde for 15 min. A
biotin-labeled probe was coupled with CY3 fluorescent dye was
used, and the cells were incubated at 37°C for 37 min.
Hybridization was performed at 37°C for 16 h, the slide was
washed, and nuclei were stained with DAPI for 15 min. The
images were examined through confocal microscopy with
original magnification of 1200× (Leica TCS SP5; Leica
Microsystems GmbH, Wetzlar, Germany). The probe
sequences were listed in Supplementary Table 3.

Western Blot Analysis
Proteins were extracted from the U251 and GBM-W cells, and
protein concentration was determined through the BCA method
(Pierce, Rockford, IL). Approximately 40 µg of protein was
separated using SDS-containing polyacrylamide gels and
transferred onto a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA). A nonspecific antibody was
incubated with 5% milk blocking solution for 2 h and then with
primary antibody against HSPA1A (cat. no. A12948; ABclonal
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Biotech; 1:1000) overnight at 4°C. The membranes were washed
with TBST buffer and incubated with peroxidase-labeled
secondary antibodies (cat. no. SA00001-1; Proteintech) for 2 h
at room temperature. The membranes were rinsed with TBST
buffer. Protein bands were exposed with an ECL luminescence
solution and detected with a chemiluminescence apparatus (Bio-
Rad Hercules, CA, USA).

CCK-8 and Colony-Formation Assays
The U251 or GBM-WCells at 5×104 cells/well were seeded in 96-
well plates. Cell proliferation was determined through Cell
Counting Kit-8 assay (Dojindo Laboratories, Kumamoto,
Japan) before transfection and 24, 48, and 72 h after
transfection. For cell colony formation assay, cells at 2000
cells/cm2 were seeded in six-well plates. After 2 weeks, cell
colonies were stained using crystal violet and counted.

Cell Migration and Invasion Assays
The ratio between the matrix glue and basic medium was set at
1:4, and 50 ml of the mixture was added to each upper chamber.
After 3 h, 50 ml of the medium containing 1% serum was added
to the upper chamber to hydrate the basement membrane, and
100 ml of cell suspension containing 5×104 U251 or GBM-W cells
were added. Exactly 400 ml of medium containing 10% serum
was added to the lower chamber. After 36 h, the medium was
discarded, the substrate glue in the upper chamber was erased,
and the cells on the lower surface of the upper chamber were
fixed with 4% paraformaldehyde. The cells were washed with
PBS and stained with 0.2% crystal violet. The number of
migratory/invaded cells from three different fields was
determined through microscopy.

Wound Healing Assay
The U251 and GBM-W cells were seeded in six-well plates and
transfected for 24 h. After the cells reached 80% confluence, a
0.5-mm-wide straight scratch was made on a monolayer of the
subconfluent cells with a 200 ml sterile pipette-tip. Cell
movement during wound closure was recorded through
photography with a phase-contrast inverted microscope at
three random fields and time points of 0, 24, and 48 h.
Migration rate was calculated as follows: migration rate (%)=
(original width−closure width)/original width×100%.

Flow Cytometry Analysis of Cell Cycle
and Apoptosis
After the cells were transfected for 48 h, the cells were collected
from the flow tube, and cell cycle (BD-Pharmingen Annexin V
PE) and apoptosis (BD Pharmingen™ 7-AAD) were detected
through flow cytometry (BD Biosciences, USA).

Luciferase Reporter Gene Assay
The binding sites of NONHSAT079852.2 and hsa-miR-10401-3p
were predicted using the miRanda database, and wild-type
NONHSAT079852.2-WT containing a binding site and
NONHSAT079852.2-MUT luciferase plasmid containing a
binding site mutation were constructed. The luciferase
plasmids NONHSAT079852.2-WT and NONHSAT079852.2-
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MUT were co-transfected with hsa-miR-10401-3p mimics into
U251 and GBM-W cells. After 48 h, the luciferase activities of the
glioma cells were detected using a dual-luciferase reporter gene
detection kit (Promega E1910) by Promega GloMax 20/20
Luminescence Detector (USA).

Statistical Analysis
Statistical analysis was performed using SPSS 20.0 (SPSS, Inc.
Chicago, USA). Pearson correlation analysis was used in
determining correlations between each pair of gene expression
levels. A scatter diagram was used for the linear analysis of gene
expression. The prognoses of patients with GBM were analyzed
using Kaplan–Meier curves. Quantitative values were expressed as
(mean ± SD). Each experiment was repeated at least three times.
An independent sample t test was used for comparison between
two groups. P<0.05 was considered statistically significant.
RESULTS

Identification of the DEGs Between
Recurrent and Primary GBM
Through the comparison of the RNA-seq data of three cases of
recurrent GBM and three cases of primary GBM, a total of 1025
DEGs were identified, of which 718 were lncRNAs (378 upregulated
and 340 downregulated), 293 weremRNAs (204 upregulated and 89
downregulated), 11 were circRNAs (all upregulated), and three were
miRNAs (two upregulated and one downregulated). Figures 1A–D
shows in detail the volcano plots of DElncRNA, DEmRNA,
DEcircRNA, and DEmiRNA expression profiles, respectively.
Unsupervised clustering analysis shows the expression profiles of
lncRNAs and DEmRNAs (Figures 1E, F).

HSPA1A Has Important Biological
Functions and Is Upregulated in
Recurrent GBM
GO enrichment analysis results showed that the DEmRNAs were
markedly enriched in molecular functions, including antioxidant
activity, receptor regulator activity, chemoattractant activity, and
morphogen activity (Figure 2A). The DEmRNAs were
significantly enriched in several KEGG signaling pathways,
including tumor signaling pathways, immune response, and
cytokine and receptor functions (Figure 2B). As the highest
upregulated DEmRNA in recurrent GBMs (nine times that of
primary GBM), HSPA1A, a member of the Hsp70 protein family
(Hsp70-1), was mainly related to antigen presentation and
MAPK signaling pathway regulation (Figure 2C). PPI analysis
results showed that carbamoyl-phosphate synthase 1 (CPS1) and
Hsp family member 13 (DNAJB3; a co-chaperone and member
of the Hsp40 family) are HSPA1A-interacting proteins
(Figure 2D). A significant correlative relationship was
observed between HSPA1A and other proteins, including CPS1
(r=0.996, P=0.002), CCL18 (r=0.927, P=0.008), CCL8 (r=0.993,
P<0.001), and CCL5 (r=0.919, P=0.010) (Figure 2E). Moreover,
the expression level of HSPA1A determined by qRT-PCR was
consistent with that obtained by RNA-seq (Figure 2F). IHC
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showed that the expression levels of HSPA1A and CPS1 in
recurrent GBM were significantly higher than those of primary
GBM (Figures 2G, H). Therefore, HSPA1A was selected as the
target mRNA for screening key lncRNAs.

NONHSAT079852.2 Targets mRNA
HSPA1A and Is Highly Expressed in
Recurrent GBM
According to the results of the analysis of lncRNAs and miRNA
target genes, 54 differentially expressed lncRNAs targeted
HSPA1A, of which 16 lncRNAs competed with HSPA1A in a
ceRNA mode. Meanwhile, 37 DEmiRNAs targeted HSPA1A,
and 3761 miRNAs targeted 16 lncRNAs. The 16 lncRNAs,
HSPA1A, and their co-targeted miRNAs formed a ceRNA
network (Figure 3A). The differential expression levels of the
16 lncRNAs were validated by qRT-PCR, and three lncRNAs
(MSTRG.224498.5, MSTRG.65777.2, and MSTRG.150858.14)
showed results that were consistent with those of RNA-seq
(Figure 3B). The lncRNA MSTRG224498.5 is also known as
lncRNAs NONHSAT079852.2 and belongs to intergenic
lncRNA. It is located on chromosome 20 with a length of 1657
bp. Lnclocator shows that lncRNAs NONHSAT079852.2 is
located in the cytoplasm (0.113725065505), nucleus
(0.0499335493761), ribosome (0.338593997721), cytosol
(0.449439437366), and exosome (0.0483079500317) (16). FISH
experiment showed that the subcellular location of the
NONHSAT079852.2 is the cytosol (Figure 3C). Therefore, we
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selected NONHSAT079852.2 as the key lcnRNA for
subsequent analysis.

NONHSAT079852.2 Can Promote the
Proliferation, Invasion, and Migration of
Glioma Cells
When the lncRNA MSTRG224498.5was knocked down by
shRNA, the mRNA and protein expression levels of HSPA1A
were reduced (Figures 4A–C). CCK-8 assay (Figure 4 D1, D2),
colony-formation assay (Figure 4E), cell migration and invasion
assay (Figure 4F), and wound healing assay (Figure 4G) showed
that cell proliferation, invasion, and migration were inhibited.

NONHSAT079852.2 Can Modulate the Cell
Cycle and Apoptosis of Glioma Cells
When NONHSAT079852.2 was knocked down by shRNA, flow
cytometry assay showed that the number of glioma cells in the
G1/G0 phase increased, whereas the number of glioma cells in the
G2/S phase decreased (Figure 5A). In addition, the apoptosis rate
of glioma cancer cells increased (Figure 5B).

NONHSAT079852.2 Functions as a ceRNA
for has-mir-10401-3p to Facilitate HSPA1A
Expression
CeRNA network analysis showed that five miRNAs co-targeted
lncRNA MSTRG224498.5 and HSPA1A, and two of them are
A B

D E F

C

FIGURE 1 | The DEGs between recurrent and primary GBM. (A–D) Volcano map of DElncRNAs, DEmRNAs, DEcircRNAs, and DEmiRNAs, expression profiles between
recurrent and primary GBMs. The x-axis represents an adjusted a log2FC and the y-axis represents the P-value. The green dots represent down-regulated DEGs, the red
dots represent up-regulated DEGs, and the black dots represent non-differentially expressed RNAs. (E, F) Unsupervised clustering analysis showing expression profiles of
lncRNAs and mRNAs between recurrent and primary GBMs. The color gradient from green to red shows a trend from low expression to high expression.
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known miRNAs (Figures 6A, B). The RegRNA2.0 database
( h t t p : / / r e g r n a 2 .mb c . n c t u . e d u . t w / ) s h ow ed t h a t
NONHSAT079852.2 can interact with miR_571 (novel), hsa-
miR-7110-5p, miR_299(novel), miR_956 (novel), and hsa-miR-
10401-3p through complementary base pairing. Therefore,
NONHSAT079852.2 was speculated to regulate the function of
glioma cells by acting as a ceRNA for these miRNAs. The binding
ability of NONHSAT079852.2 for the two known miRNAs (hsa-
miR-7110-5p and hsa-miR-10401-3p) was further confirmed in
glioma cells through an immunofluorescence reporter assay, and
the results showed that luciferase activity decreased in the glioma
cells that were co-transfected with has-mir-10401-3p and
NONHSAT079852.2 but was not reduced in cells containing
hsa-miR-7110-5p, Therefore, has-mir-10401-3p was used as a
candidate miRNA (Figure 6C). We constructed the fluorescent
reporter enzyme plasmids NONHSAT079852.2-WT and
NONHSAT079852.2-MUT, which contained has-mir-10401-3p
binding sites. The upregulation of has-mir-10401-3p
significantly reduced luciferase activity in glioma cells co-
transfected with NONHSAT079852.2-WT, whereas the
upregulation of has-mir-10401-3p had no effect on luciferase
ac t i v i ty when the ce l l s were co- t rans fec t ed wi th
NONHSAT079852.2-MUT. These results suggested that
NONHSAT079852.2 bound directly to has-mir-10401-3p
(Figure 6D). MiRanda and TargetsCAN were used in
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predicting the possible binding sites of miRNA target genes
and regulatory networks, and the results showed the binding sites
of has-mir-10401-3p that were co-targeted by lncRNA
MSTRG224498.5 and mRNA HSPA1A (Figure 6E).

High NONHSAT079852.2 Expression Is
Associated With the Poor Prognoses of
Patients With GBM
Forty-four patients with primary GBM (19 females and 25
males) who underwent surgery were followed up for 1-24
months. The expression levels of NONHSAT079852.2 in the
tumor tissues of 44 patients with GBM were detected through
qRT-PCR, and the patients were divided into high- and the low-
expression groups according to the median expression level
(Figure 7A). Kaplan–Meier curves showed that the overall
survival time of the high-expression group was significantly
lower than that of the low-expression group (Log Rank
P=0.000; Figure 7B).
DISCUSSION

To explore the role of lncRNAs in glioma recurrence, we detected
the differential transcriptome expression profiles of the recurrent
A B

D E F
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C

FIGURE 2 | Functional annotation of DEmRNAs and expression validation of selected genes by qRT-PCR and IHC. (A) GO classification map of DEmRNAs.
(B) KEGG functional enrichment map of DEmRNAs. (C) KEGG functional classification map of mRNA HSPA1A. (D) The PPI map of DEGS mRNA. The DEGs mRNA
was indicated by arrows. The up-regulated genes are indicated in red, while the down-regulated genes are indicated in green. (E) Correlation analysis of 47
DEmRNAs highly correlated to HSPA1A. (F) The differential expression of selected mRNAs was validated by qRT-PCR. (G) The IHC image of HSPA1A expression in
GBM sample. (H) The IHC image of CPS1 expression in GBM specimens. 01-03 represents primary GBM,04-06 represents recurrent GBM.
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GBM tissues through RNA-seq. After performing lncRNA–
mRNA–miRNA ceRNA network analysis, we selected
NONHSAT079852.2, which was upregulated in the recurrent
GBMs and associated with the poor prognoses of patients with
GBM. Through comprehensive bioinformatic analysis and in
vitro function assays, we found that NONHSAT079852.2 acts as
a sponge for has-mir-10401-3p to increase HSPA1A expression
and thereby promotes the proliferation, migration, and invasion
of glioma cells. Thus, it may be involved in the progression and
recurrence of GBM.

Although the functions of most lncRNAs remain unclear,
lncRNAs play an important role in tumor initiation and
progression by regulating gene expression through diverse
mechanisms (17–19). Therefore, through the identification of
DEGs and gene functional enrichment analysis, the target
mRNA selected was found to be an important factor in tumor
pathogenesis. Through mRNA–lncRNA network analysis, we
selected interacted lncRNAs that play key roles in recurrent
GBM. Using this strategy, we selected HSPA1A as the target
mRNA. The major stress-inducible protein HSPA1A is a highly
conserved protein of the heat-shock protein 70 (Hsp70) family
and plays an important role in protein folding, signal
transduction, and general response to stress factors (20–23).
Strong evidence suggests that HSPA1A is overexpressed in
various tumors, such as lung cancer, gastric cancer, and GBM,
and promotes tumor proliferation, metastasis, and drug
Frontiers in Oncology | www.frontiersin.org 7345
resistance (24–26). The correlation between increase in Hsp70
expression level and tumor development and progression has
prompted scientists to consider Hsp70 as a target for cancer
therapy (27–29). Recently, targeting Hsp70 in glioma cells with
magnetic nanoparticles has been found to increase the retention
of nanoparticles within tumor cells (30, 31). In our study, we
found that HSPA1A interacts with CPS1 and DNAJB13, and its
expression level was highly correlated with the expression levels
of CPS1, CCL18, CCL8, and CCL5. CPS1, a key enzyme in the
urea cycle, is highly expressed in different types of cancers and
promotes cell proliferation and metastasis (32–34). DNAJB13,
one of the HSP40 subfamily members, has a negative correlation
with HSPA1A. Hsp40s are cofactors of HSP70s and are involved
in various biological processes. The DNAJB1–Hsp70 complex is
a potential valuable target for tumor treatment (35, 36). As
chemokines, CCL8 and CCL5 are involved in tumor cell
proliferation and metastasis (37–39). Basing on the description
above, we selected HSPA1A as the target gene for the
identification of lncRNAs associated with GBM recurrence.

The lncRNA–mRNA regulatory network showed that HSPA1A,
a key gene in the development of GBM, is the targeting gene of
NONHSAT079852.2 (lncRNA MSTRG224498.5). The expression
of NONHSAT079852.2 significantly increased in recurrent GBM
relative to that in primary GBM. Moreover, the knocking down of
NONHSAT079852.2 inhibited the proliferation of glioma cells by
downregulating HSPA1A expression. These results indicated that
A B

C

FIGURE 3 | LncRNAs NONHSAT079852.2 targets mRNA HSPA1A and is highly expressed in recurrent GBM and main located in Cytosol. (A) The ceRNA network
construction of lncRNAs, miRNA and HSPA1A. lncRNAs is indicated by a circle. mRNA is indicated by an arrow. miRNA is indicated by a square. The up-regulated
genes are indicated in red, while the genes with insignificant changes are indicated in blue. (B) The comparison of qRT-PCR and RNA-seq detection of lncRNAs
expression levels in the recurrent GBM and primary GBM. (C) Fish experiment demonstrated that the LncRNA NONHSAT079852.2 was mainly distributed in the
cytoplasm of glioma cells. The results are presented as mean ± SD. NS, not significant.
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NONHSAT079852.2 contributes to GBM recurrence by
upregulatimg HSPA1A. NONHSAT079852.2 belongs to
intergenic lncRNA and is located on chromosome 20 with a
length of 1657 bp. FISH experiment revealed that
NONHSAT079852.2 was mainly distributed in the cytoplasm of
glioma cells. Therefore, NONHSAT079852.2 might regulate the
Frontiers in Oncology | www.frontiersin.org 8346
function of glioma cells through a ceRNA mechanism. Using
bioinformatics and luciferase reporter gene assay, we confirmed
that NONHSAT079852.2 competitively bound to hsa-miR-10401-
3p and thus upregulated HSPA1A expression. In addition, we
showed that the high expression of lncRNA MSTRG224498.5 in
GBM was associated with poor prognosis. Therefore,
A1 A2
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D1 D2
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FIGURE 4 | LncRNAs NONHSAT079852.2 can promote the proliferation, invasion and migration of glioma cells. (A) qRT-PCR analysis of HSPA1A in U251(A1) or
GBM-W(A2) cells after transfection for 48 hours. (B) Western blot analysis of HSPA1A in U251 or GBM-W cells after transfection for 48 hours. (C) IHC analysis of
HSPA1A in U251 or GBM-W cells after transfection for 48 hours. (D) Growth curve of U251(D1) or GBM-W (D2) cells after transfection for 48 hours by CCK8 assay.
(E) Proliferation of U251 or GBM-W cells after transfection for two weeks as determined by colony-formation assay. (F) Migration and invasion ability of U251 or
GBM-W cells after transfection for 48 hours. (G) Migration of U251(G1) or GBM-W(G2) cells after transfection for 48 hours as detected by wound healing assay.
Results were presented as mean ± SD. *p < 0.05, **p < 0.01, NS, not significant.
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A

B

FIGURE 5 | LncRNAs MSTRG224498.5 can adjust the cell cycle and apoptosis of glioma cells. (A) Flow cytometry analysis of the cell cycle of U251 or GBM-W
cells after transfection for 48 hours. (B) Flow cytometry analysis of the apoptosis rate of U251 or GBM-W cells after transfection for 48 hours. Results were
presented as mean ± SD. *p < 0.05, **p < 0.01.
A B
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FIGURE 6 | LncRNAs NONHSAT079852.2 Functions as a ceRNA for has-mir-10401-3p to facilitate HSPA1A Expression. (A) miRNA targeting HSPA1A and
lncRNA NONHSAT079852.2, respectively. (B) Co-targeting miRNAs of HSPA1A- lncRNA NONHSAT079852.2; LncRNAs is represented by a circle, miRNA is
represented by a diamond, mRNA is represented by an arrow, The up-regulated expression gene is indicated by red, and the gene without significant change is
indicated by blue. (C) Relative luciferase activity in U251 and GBM-W cells co-transfected with lncRNA MSTRG224498.5 reporter plasmid and candidate miRNAs.
(D) Relative luciferase activity in glioma cells transfected with wild-type lncRNA NONHSAT079852.2 vector, mutant-type vector or empty vector. (E) has-mir-10401-
3p and lncRNA NONHSAT079852.2 binding sequences and lncRNA NONHSAT079852.2 mutation sequences.
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MSTRG224498.5 might serve as a putative prognosis marker for
patients with recurrent GBM.

This is the first study to characterize the role of the
NONHSAT079852.2 in recurrent GBM. GBM clinical
specimens were used for RNA-seq analysis. The heterogeneity
of these specimens is strong, and this feature provides a reliable
foundation for exploring GBM recurrence and drug resistance
(40, 41). We established a GBM primary cell line, which
maintained the heterogeneity of tumor cells and thus ensured
the reliability of the research results (42, 43). In our next study,
by using a larger sample size and performing in vivo experiments,
we will conduct in-depth research and provide reliable evidence
for clinical practice.

In summary , our s tudy demonst ra ted tha t the
NONHSAT079852.2 enhances recurrence and promotes the
proliferation, invasion, and migration of glioma cells and these
features are related to the poor prognoses of patients with GBM.
The tumor-promoting effect of NONHSAT079852.2 may be
attributed to its competitive binding to hsa-mir-10401-3p, and
the resulting bond upregulates HSPA1A expression. Thus, the
NONHSAT079852.2/hsa–mir-10401-3p–HSPA1A axis may be
one of the potential mechanisms that promote GBM recurrence
and is a potential therapeutic target for controlling and
treating GBM.
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Background: As a critical organelle for protein and lipid synthesis, the dysfunction of
endoplasmic reticulum has a significant impact on multiple biological processes of cells.
Thus, in this study, we constructed an ER stress-related risk signature to investigate the
functional roles of ER stress in gliomas.

Methods: A total of 626 samples from TCGA RNA-seq dataset (training cohort) and
310 samples from CGGA RNA-seq dataset (validation cohort) were enrolled in this
study. Clinical information and genomic profiles were also obtained. The ER stress
signature was developed by the LASSO regression model. The prognostic value of the
risk signature was evaluated by Cox regression, Kaplan-Meier and ROC Curve analyses.
Bioinformatics analysis and experiment in vitro were performed to explore the biological
implication of this signature.

Results: We found that the ER stress-related signature was tightly associated
with major clinicopathological features and genomic alterations of gliomas. Kaplan-
Meier curve and Cox regression analysis indicated that ER stress activation was an
independent prognostic factor for patients with glioma. Besides, we also constructed
an individualized prognosis prediction model through Nomogram and ROC Curve
analysis. Bioinformatics analysis suggested that ER stress activation also promoted the
malignant progression of glioma and participated in the regulation of tumor immune
microenvironment,especially the infiltration of macrophages in M2 phase. These results
were further validated in IHC analysis and cell biology experiments.

Conclusion: The ER stress activation had a high prognostic value and could serve as
a promising target for developing individualized treatment of glioma.

Keywords: glioma, ER stress, signature, prognosis, tumor immune environment
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INTRODUCTION

Glioma is the most common and aggressive tumor in central
nervous system (Wen and Kesari, 2008; Ricard et al., 2012;
Jiang et al., 2016). Despite significant advances in conventional
therapies including surgical resection with concomitant
radiotherapy and chemotherapy, the clinical prognosis of
patients with malignant glioma were still unsatisfied, with a
five-year survival rate of 5–13% (Phillips et al., 2006; Nuno
et al., 2013; Reifenberger et al., 2017). In past decades, researches
were devoted to the targeted drugs and immunotherapy of
gliomas and produced very limited success (Osuka and Van
Meir, 2017; Cloughesy et al., 2019; Zhao et al., 2019). In order
to develop more effective treatment strategies to improve the
clinical prognosis of patients, a deeper understanding of the
molecular mechanisms underlying the genesis and malignant
progression of glioma is imperative. In this study, we focused
on the functional roles and prognosis value of endoplasmic
reticulum (ER) stress activation in gliomas.

Endoplasmic reticulum stress is imbalance of the ER
homeostasis induced by accumulation of unfolded or misfolded
proteins and alteration of the Ca+ concentration (Adamopoulos
et al., 2014, 2016; Leprivier et al., 2015). As a crucial organelle,
the dysfunction of ER has significant impact on multiple cellular
processes (Gutierrez and Simmen, 2014). Relevant researches
proved that ER stress participates in the genesis and malignant
progression of multiple human cancers (Joo et al., 2007; Obacz
et al., 2017). Besides, as a self-protective mechanism against
the exogenous or endogenous stress, ER stress was involved in
the proliferation of cancer cells in hypoxia environment and
the resistance to radiotherapy or chemotherapy (Yao et al.,
2020). However, excessive and sustained ER stress could also
trigger programmed cell death or apoptosis. According to former
research achievements, ER stress was tightly associated with
drug-induced apoptosis in lung carcinoma and glioma cells (Joo
et al., 2007; Chang et al., 2020). Moreover, cancer cells could
acquire drug resistance and survive chemotherapies through ER
stress mediated dormancy and immunosuppression (Hamanaka
et al., 2005; Lee et al., 2014; Cubillos-Ruiz et al., 2017). These
researches indicated that ER stress might be a valuable target
for the treatment of malignant tumors. However, the association
of ER stress with the biological characteristics and clinical
prognosis of glioma remains unclear, which was worth to
investigate thoroughly.

In this study, we divided patients into two subgroups based
on the profile of ER stress related genes in The Cancer Genome
Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA)
datasets and found that there were significant differences
in clinicopathological characteristics and prognosis between
stratified patients. Then, we constructed a risk signature to
evaluate the ER stress activation status and predict the clinical
outcome of glioma patients in TCGA dataset. Kaplan-Meier
(K-M) survival curve and Cox regression analysis suggested
that the ER stress related signature was a valuable prognostic
predictor. Besides, by applying nomogram plots, we developed an
individualized prediction model which could accurately predict
the 1-, 3- and 5-years survival for glioma patients. Bioinformatics

analyses were performed to elucidate the functional roles of
ER stress in glioma. Furthermore, the downregulation of ER
stress could significantly inhibit the proliferation and migration
of glioma cell lines in vitro. The IHC analysis also showed
that the activation of ER stress was tightly associated with
the infiltration of macrophages in M2 phase. The results
indicated that the risk signature was tightly associated with
malignant biological process and the regulation of tumor
immune microenvironment in gliomas.

MATERIALS AND METHODS

Samples and Datasets
A total of 626 glioma samples (including 460 low-grade glioma
and 166 GBM samples) with RNA sequencing data and clinical
information from the Cancer Genome Atlas (TCGA) dataset1

were used as discovery cohort. Similarly, 310 glioma samples
(including 172 low-grade glioma and 138 GBM samples) with
RNA sequencing data and clinical information were downloaded
from CGGA dataset2 as validation cohort (Zhao et al., 2017). The
establishment and management of CGGA dataset was described
in the previous study. The clinical characteristics of patients
from TCGA and CGGA datasets were summarized in Table 1

1http://cancergenome.nih.gov/
2http://www.cgga.org.cn

TABLE 1 | Characteristics of patients in cluster 1 and cluster 2 in TCGA dataset.

Characteristic N Cluster 1 Cluster 2 p value

Total cases 626 324 302

Gender 0.0933

Male 362 177 185

Female 264 147 117

Age (years) < 0.0001

≤40 241 169 72

>40 385 155 230

Grade < 0.0001

II 219 184 35

III 241 139 102

IV 166 1 165

Subtype < 0.0001

Classical 87 2 85

Mesenchymal 99 2 97

Proneural 224 165 59

Neural 104 93 11

IDH status < 0.0001

Mutation 383 305 78

Wildtype 234 18 216

MGMT promoter < 0.0001

Methylation 436 291 145

Unmethylation 153 32 121

1p19q < 0.0001

Codel 152 144 8

Intact 468 180 288
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and Supplementary Table 1, respectively. Besides, 270 GBM
samples with RNA sequencing data and specific tumor anatomic
structure information from Ivy Glioblastoma Atlas Project3 were
also enrolled in this study (Puchalski et al., 2018). All the RNA
sequencing data were log2-transformed for further analysis. This
study was approved by Institutional Review Board (IRB) of
Beijing Tiantan Hospital Affiliated to Capital Medical University.

Consensus Clustering and Construction
of Signature
Two ER stress-related gene sets (GO RESPONSE TO
ENDOPLASMIC RETICULUM STRESS and GO REGULATION
OF RESPONSE TO ENDOPLASMIC RETICULUM STRESS)
were downloaded from Molecular Signature Database v7.0
(MSigDB, 4). Overlapped genes were removed and the acquired
ER stress-related gene set contained 272 genes. Among them, 256
genes could be found in TCGA dataset (Supplementary Table 2).
Then, we performed univariate Cox analysis with these genes in
all glioma patients from TCGA dataset and found that there were
208 genes within the list have prognostic value in patients with
gliomas (Supplementary Table 3). The least absolute shrinkage
and selection operator (LASSO) analysis was employed to
identify the most valuable predictive genes (Bovelstad et al., 2007;
Hu et al., 2017). The genes and their coefficients were determined
by the best penalty parameter λ associated with the smallest
10-fold cross validation (Tibshirani, 1997; Bovelstad et al.,
2007). Then, these obtained genes were employed to construct
an optimal risk signature that was determined by a linear
combination of their expression levels weighted with regression
coefficients from LASSO analysis. The risk score for each sample
was calculated as following formula: Risk score =

∑n
i = 1 βixi.

In this formula, xi is the relative expression value of each selected
gene and βi is the coefficient obtained from LASSO analysis. For
validation, the same genes, regression coefficients and formula
were applied in CGGA dataset to calculate the risk score.

Immunohistochemistry
In this study, we performed immunohistochemical (IHC)
staining of the protein encoded by signature genes PDIA4
(Protein disulfide-isomerase A4) and P4HB (prolyl 4-
hydroxylase, β polypeptide), which were considered as the
important biomarker of ER stress. In brief, the sections
of glioma tissues were deparaffinized and boiled with
ethylenediaminetetraacetic acid (EDTA) antigen retrieval
buffer. Then, the sections were incubated with specific primary
antibodies overnight at 4◦C (anti-PDIA4, 1:500 dilutions; anti-
P4HB, 1:1,000; anti-CD163, 1:500; anti-IBA1, 1:2,000; Abcam,
Cambridge, United Kingdom). All the sections were then
incubated with secondary antibodies (ZSGB-Bio, China) at room
temperature for 1 h. Finally, the expression levels of each protein
in glioma tissues were defined as the portion of positively stained
cells against total counted cells in each scan field. IHC staining
was quantified by analysis of images from at least five high-power
fields. The measure was repeated three times for each section

3http://glioblastoma.alleninstitute.org/
4http://www.broad.mit.edu/gsea/msigdb/

and performed by two experienced pathologists, respectively.
Besides, to further validate the results of bioinformatics analysis,
IHC staining was also performed to analysis the expression
level of the biomarkers of macrophages, CD163 and IBA1
(van den Heuvel et al., 1999; Ohsawa et al., 2000). Patients were
divided into “low-risk” and “high-risk” groups according to the
median risk score in CGGA dataset. The positive expression
rates of IHC were compared among glioma patients in the low-
and high-risk score groups with a non-parametric test.

Cell Culture and Transfection
Human glioma cell line U-87MG (U87, RRID:CVCL_0022) and
LN229 (RRID:CVCL_0393) were purchased from the Institute
of Biochemistry and Cell Biology, Chinese Academy of Sciences.
Both of the cell lines were cultured in DMEM medium (Gibco;
Thermo Fisher Scientific, United States) supplemented with 10%
fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific) at
37◦C in a humidified atmosphere of 5% CO2. The P4HB and
PDIA4 small interference RNA (siRNA) and negative control
(NC) were synthesized by RiboBio Co., Ltd. (Guangzhou,
China). When the cell density reached 30–50%, LN229 or U87
cell lines was transfected with siRNA or NC (50 nM) at 37◦C
using the transfection reagent (Polyplus-transfection Co., Ltd.,
France). After 48 h, fresh medium without siRNA was added
to the cells. The sequences for PDIA4 and P4HB siRNA are
as follows: PDIA4 siRNA1 5′-GAGCAAGTTTATAGAAGAA-
3′; PDIA4 siRNA2 5′-GGAAGGCCTTATGACTACA-3′;
PDIA4 siRNA3 5′-GAGTCTTGGTCCTAAATGA-3′. P4HB
siRNA1 5′-GTCTGACTATGACGGCAAA-3′; P4HB siRNA2
5′-GGCCATCGATGACATACCA-3′; P4HB siRNA3 5′-
CCATCAAGTTCTTCAGGAA-3′. In this study, all experiments
were performed with mycoplasma-free cells and all glioma cell
lines have been authenticated using STR profiling.

Quantitative PCR and Western Blot
Quantitative PCR (qPCR) was performed using the SYBR
SuperMix kit (Bio-Rad Laboratories, Inc.) in the 7,500 Fast
Real-Time PCR system (Applied Biosystems, United States)
according to the manufacturer’s protocols. The relative mRNA
expression levels of PDIA4 and P4HB were normalized to
GAPDH and were calculated using the 2−11Cq method. The
primer sequences of PDIA4, P4HB and GAPDH were synthesized
by GENEWIZ Co. (Beijing, China). The primer sequences were
as follows: PDIA4, forward 5′-GGCAGGCTGTAGACTACGAG-
3′, and reverse 5′-TTGGTCAACACAAGCGTGAC-3′; P4HB,
forward 5′-GGTGCTGCGGAAAAGCAAC-3′, and reverse
5′-ACCTGATCTCGGAACCTTCTG-3′; and GAPDH, forward
5′-GGAGCGAGATCCCTCCAAAAT-3′, and reverse 5′-
GGCTGTTGTCATACTTCTCATGG-3′. Western blot (WB)
analysis was performed with rabbit anti-PDIA4 and anti-P4HB
polyclonal antibody (1:1,000 and 1:2,000, respectively, Abcam).
Mouse anti-GAPDH antibody (1:5,000, Abcam) was used
for loading control and goat anti-rabbit IgG-HRP (1:5,000,
ZSGB-Bio, China) was used as secondary antibodies.
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Cell Migration Assays
After transfection with PDIA4 siRNA, P4HB siRNA or NC
siRNA, 1 × 105 cells were seeded into upper chambers of a 24-
well transwell chambers (Corning, United States) with 150 µl
serum-free medium, while 600 µl medium contained 10% FBS
was added into the lower chamber. After that, the mentioned
U87 and LN229 cells were incubated at 37◦C for 2 or 4 h,
respectively. Then, cells on the upper surface of filters were
removed with cotton swabs and cells at the bottom surface were
fixed and stained with 0.5% crystal violet. Finally, the stained cells
were observed using the ×1 and ×10 objectives and measured
with× 20 objective.

Cell Scratch Assays
LN229 and U87 cells were seeded in 6-well plates (1 × 105

cells per well) and incubated at 37◦C. After adherence, cells
were transfected with specific siRNA for 48 h. Then, the cell
monolayer was scraped with a sterile 200-µL pipette tip. After
that, the medium in each well were replaced with fresh medium
without serum and the “zero point” of migration in each well
was photographed under computer-assisted microscopy (ZEISS,
Germany). At the end of 48 h incubation, the same scratch area
of each well was photographed again.

Cell Proliferation Assay
Cell proliferation in vitro was studied by cell counting kit-8
(CCK-8, Dojindo Laboratories, Japan). After the transfection
with specific siRNA, LN229 and U87 cells were plated in 96-well
plates and cultured at 37◦C for 1–5 days (1 × 103 cells per well).
At the same time of each day, 100 µl fresh culture medium and
10 µl CCK-8 reagent were thoroughly mixed and added to each
well. After 2 h incubation at 37◦C, the absorbances at 450 nm of
the medium were measured for further analysis. The measures
were performed in triplicate.

Clonogenic Assays
After transfection with specific siRNA, LN229 and U87 cells were
digested and seeded into a 6-well culture plate (400 cells per well).
Plates were maintained in a 37◦C, 5% CO2 incubator for 12 days.
To maintain a low-level of PDIA4 and P4HB in the whole assay,
siRNA transfection was repeated at the 6th day. After the 12 days
of incubation, cell colonies were stained with crystal violet and
photographed for further analysis.

Bioinformatic Analysis
In this study, we developed a nomogram prediction model to
predict the 1-, 3- and 5-year survival rate of glioma patients
using package “rms” in R Language. PCA was performed to
explore the transcriptomic differences within groups using R
package “princomp” (David and Jacobs, 2014). In TCGA and
CGGA datasets, the genes which were tightly correlated with
the risk signature (Pearson correlation analysis, |R| > 0.5)
were uploaded on DAVID website5. Then, Gene Ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes

5http://david.ncifcrf.gov/

(KEGG) pathway analysis were carried out to identified the
biological processes tightly related to the risk signature. Gene-
set enrichment analysis (GSEA) was applied to further identify
biological functions of statistical difference between high-
risk and low-risk groups by using the GSEA v3 software6

(Subramanian et al., 2005). CIBERSORT was also enrolled
in this study to estimate the abundances of immune cells
infiltrated in glioma tissue. In CIBERSORT analysis, a matrix
of reference gene expression signatures (proposed by Newman
et al.) was uploaded on the public website7 to estimate the
relative proportions of each cell type (Newman et al., 2015,
2019).

Statistical Analysis
The statistical analyses were mainly conducted using R language
(version 3.6.2) and SPSS (version 16.0). Student’s t-test and One-
way ANOVA were performed to compare differences among
groups. The Kaplan-Meier (K-M) survival curves analysis was
conducted to estimate survival distributions. Cox regression
analysis, nomogram model and time ROC curve analysis were
used to evaluate the prognostic value of the ER stress related
signature (Robin et al., 2011). In this study, p< 0.05 was regarded
as statistically significant.

RESULTS

Cluster Model of ER Stress in Glioma
Based on Consensus Clustering Analysis
In order to explore the association of ER stress status with the
clinical characteristics and prognosis of patients with diffuse
gliomas, consensus clustering analyses were performed with
ER stress related genes in TCGA and CGGA RNA sequencing
datasets. The results of consensus clustering suggested that
patients could be grouped into two robust clusters and the
optimal number of clusters (k = 2) was determined by cumulative
distribution function (CDF) curves and consensus matrices
(Supplementary Figures 1A,B). The heat map also showed
that there were significant differences in the expression of ER
stress related genes between these two clusters (Supplementary
Figures 1C,D). Besides, we further explored the difference of
clinical features between patients in different clusters through
Chi-square test. As shown in Table 1, in TCGA dataset, patients
in cluster 1 were mainly with younger age, lower grade of glioma,
IDH mutated, MGMT promoter methylated, 1p/19q co-deleted
and enriched in Neural and Proneural subtypes. Meanwhile,
the clinicopathological characteristics of patients in cluster 2
were completely opposite. Consistent results were also obtained
in CGGA dataset, with the exception of the MGMT Promoter
status (Supplementary Table 1). Survival analysis suggested
that the prognosis of patients in cluster 1 was much better
than those in cluster 2 (Supplementary Figures 1E,F). Besides,
considering the unique clinicopathological characteristics of IDH
wildtype GBM samples, we also performed similar analysis in

6http://www.broadinstitute.org/gsea/index.jsp
7https://cibersort.stanford.edu/
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these samples. After dividing these samples into two clusters
based on the expression level of ER stress related genes, the
survival analysis show the prognosis of IDH wildtype GBM
patients in two clusters tend to be different although the
difference was not statistically significant in TCGA dataset
(Supplementary Figures 1G,H, P = 0.13 and P = 0.03 for TCGA
and CGGA dataset, respectively). In addition, the prognosis
of IDH wildtype GBM patients is generally very poor, which
leads to the classification and prognostic value of ER stress
status were limited in these patients. In brief, these results
indicated that the ER stress may participate in the malignant
progression of glioma and have a significant impact on the
prognosis of patients.

Construction of ER Stress Related
Signature in Diffuse Glioma
Considering the prognostic value of ER stress in patients with
gliomas, we proposed to construct a risk score model to evaluate
the ER stress status of glioma samples more accurately. First,
we performed univariate Cox regression analysis with the 256
ER stress related genes and screened out 208 genes that were
significantly associated with the prognosis of glioma patients
in TCGA dataset (p < 0.05). After that, these 205 genes were
introduced into the LASSO Cox regression algorithm to select
the most valuable predictive genes with non-zero regression
coefficients and a six-gene risk signature was constructed
(Figures 1A–C). In TCGA and CGGA datasets, the risk score of
each patient was calculated by the formula “Risk score” mentioned
in Materials and Methods section. We found that the clinical
features of patients in the low-risk group and the high-risk group
were highly consistent with those of cluster 1 and cluster 2,
respectively (Figure 1D). Besides, the heatmaps exhibited an
overview of association between ER stress-related genes and
clinical characteristics, as the samples were ranked according to
their risk scores (Figure 1E). Furthermore, we performed IHC
staining of glioma samples from the CGGA dataset to evaluate
the association of the expression level of ER stress biomarkers
with risk score and WHO grade. Considering the significant
difference of pathological characteristics between lower-grade
glioma (LGG, WHO Grade II and III) and GBM, the IHC analysis
was performed in LGG and GBM, respectively. The results
suggested that the expression level of PDIA4 and P4HB were
higher in samples from high-risk group (Figures 1F,1G). Besides,
we also found that the expression level of PDIA4 and P4HB in
GBM samples was higher than that in LGG samples (Figure 1H).

Association of the Risk Signature With
Clinicopathologic Features and Genomic
Alterations in Glioma
Considering the histopathological heterogeneity of glioma, we
further investigate the association between risk score and
clinicopathologic characteristics of patients in TCGA and CGGA
datasets. We found that risk score was positively correlated with
WHO grade of glioma (Figure 2A). Besides, we also found
that the risk score of IDH wild-type glioma was higher than
IDH mutation glioma (Figure 2B). The higher risk score was

also detected in glioma samples with the molecular features
of MGMT promoter unmethylated or 1p/19q non-codeleted
(Figures 2C,D), which were generally thought to play a key
role in the progression of glioma. Additionally, among various
histopathologic types of glioma, GBM had the highest risk score
(Figure 2E). Furthermore, we comprehensively analyzed RNA
sequencing data for specific tumor anatomic structure in Ivy
Glioblastoma Atlas Project dataset. The results suggested that
glioma samples with high-risk score were mainly enriched in
the leading edge, hyperplastic blood vessels and microvascular
proliferation (Figure 2F), which are involved in the infiltration
and proliferation of glioma. The four molecular subtypes of
glioma defined by TCGA network have completely different
molecular biological features. In this study, we found that the risk
score was dramatically upregulated in gliomas of Mesenchymal
subtype, which is generally associated with poor prognosis
(Figures 2G,H). The ROC curve analysis also suggested that the
risk signature could serve as a biomarker for the Mesenchymal
subtype (Figures 2G,H). The association between the risk
score and Mesenchymal subtype was also validated in the
GBM samples (Figures 2I,J). In brief, these results indicated
that ER stress might play an essential role in the malignant
progression of gliomas.

Genomic instability including somatic mutations and copy
number alterations (CNAs) drives the origin and development
of gliomas. To further explore the molecular mechanisms
influencing ER stress in gliomas, samples with available mutation
and CNA information from TCGA dataset were analyzed.
After dividing cases into four groups according to the order
of increasing risk score. We found that higher incidence
of 1p/19q codeletion and mutations in IDH1, CIC, ATRX,
and FUBP1 were observed in low-risk group (Figures 3A,B).
Meanwhile, mutations in EGFR, PTEN, NF1, and SPTA1 were
mainly observed in high-risk group (Figures 3A,B). Besides,
the results also showed that the mutations in TTN, MUC16,
and RYR2 tended to be different between low-risk and high-
risk group. However, there was no significant difference in TP53
mutation between patients stratified by risk score (Figures 3A,B).
Furthermore, we also investigated the CNAs between cases in
low-risk and high-risk group. The results suggested that 1p/19q
codeletion, as a genomic hallmark of oligodendroglioma, tended
to be enriched in low-risk group (Figures 3C,D). However,
as a representative genomic alteration in GBM, chromosome
7 amplification accompanied chromosome 10 loss was mainly
observed in the high-risk group (Figures 3C,D). Besides, it is
worth mentioning that 7p11.2, which contains EGFR was one
of the most commonly amplified genomic regions in high-risk
group (Figure 3D). Meanwhile, the most frequently deleted
region associated with high-risk score was 10q23.3, which
contains the PTEN locus (Figure 3D).

Prognostic Value of the ER
Stress-Related Signature
Since the ER stress-related signature was tightly associated
with malignant progression of glioma, we further investigate
the prognostic value of the risk signature. As the survival
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overview shown in Figures 4A,B, the prognosis of glioma
patients deteriorated significantly as the risk score increases.
The K-M survival analysis also suggested that patients in
high-risk group experienced a shorter overall survival (OS)
time in whole grade gliomas. Furthermore, similar results
were also obtained in glioma patients of WHO grade II,
WHO grade III and WHO grade IV in both CGGA and
TCGA datasets (Figures 4C,D). K-M survival analyses were
also performed in patients stratified by IDH mutant, MGMT

promoter methylation or 1p/19q codeletion status. The results
indicated that patients with higher risk score had inferior
outcome in each subgroup (Supplementary Figure 2). In IDH-
wild-type GBM patients, due to the limitation of sample size,
the difference is not statistically significant, but it can still
be found that patients in the low-risk group tend to have
a better prognosis (Supplementary Figure 2). Besides, ROC
curve analysis was performed to estimate the predictive value
of risk signature for the survival rate. The results revealed

FIGURE 1 | Identification of the ER stress-related signature. (A) Cross-validation for tuning parameter screening in the LASSO regression model. (B) The coefficient
profiles of the LASSO regression model. (C) The six genes’ hazard ratios (HRs) and 95% confidence intervals (CIs) by univariate Cox regression analysis (right) and
the coefficients by multivariate Cox regression analysis using LASSO (left). (D) Sankey diagram exhibiting the association among cluster, risk score and clinical
features of glioma samples in TCGA and CGGA datasets. (E) Heat maps of six genes in the risk signature based on the risk score in TCGA and CGGA datasets.
(F) IHC staining and positive rate statistics of PDIA4 and P4HB in LGG samples from the CGGA dataset. (G) IHC staining and positive rate statistics of PDIA4 and
P4HB in GBM samples from the CGGA dataset. (H) Positive rate statistics of PDIA4 and P4HB between LGG and GBM samples from the CGGA dataset.
**p < 0.01, ****p < 0.0001.
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FIGURE 2 | Association between the ER stress-related signature and clinicopathologic features in TCGA and CGGA datasets. (A–E) The association between risk
score and WHO grade (A), IDH mutation status (B), MGMT promoter methylation (C), 1p/19q co-deletion status (D) and histopathologic classification (E) of glioma
patients. (F) The distribution of risk score in the different location of GBM in IVY GBM dataset. (G,H) In glioma samples, the Mesenchymal subtype had the highest
risk score among four molecular subtypes. ROC curves predicted ER stress activation as a biomarker of Mesenchymal subtype glioma. (I,J) In GBM samples, the
Mesenchymal subtype had the highest risk score among four molecular subtypes. ROC curves predicted ER stress activation as a biomarker of Mesenchymal
subtype glioma. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: no statistically significant.

that the risk signature had a favorable prognostic value with
high time-dependent AUC for 1−, 3− and 5−year survival
rate in both TCGA (86.61, 91.51, and 85.77%, respectively)

and CGGA (81.94, 90.01, and 95.15%, respectively) datasets
(Figures 4E,F). Considering that many clinicopathological
factors have influence on the prognosis of glioma patients,
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FIGURE 3 | Gliomas with different ER stress activation status have distinct genomic profiles. (A,B) Distinct somatic mutations identified by comparing gliomas with
low- and high-risk score. (C) CNV profiles with increasing order of the risk score of ER stress-related signature. (D) A distinct CNV spectrum defined by risk scores of
ER stress-related signature. The amplification (red) and deletion (blue) of chromosome segment are presented.
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FIGURE 4 | The prognostic value of the ER stress-related signature in TCGA and CGGA datasets. (A,B) The distribution of the risk score and survival overview of
patients with gliomas. (C,D) K-M survival analyses of the risk signature in glioma patients stratified by WHO grade. (E,F) The time ROC curve analyses were
performed to predict 1−, 3−, and 5-year OS according to risk score.

Cox regression analysis was performed to further explore the
clinical prognostic significance of the risk signature in gliomas.
The univariate analysis showed that the risk score, age at
diagnosis, WHO grade, TCGA subtypes, and the status of IDH
mutation, MGMT promoter methylation and 1p/19q codeletion
were significantly associated with OS in both TCGA and CGGA
datasets (Table 2 and Supplementary Table 4). After adjusting
these factors in the multivariate analysis, we found that the
risk signature was still a significant survival predictor in both
datasets. These results suggested that the ER-stress related
signature may serve as an independent predictor for the poor
prognosis of gliomas.

In order to predict the survival rate of specific glioma patients
more accurately, we constructed a nomogram model with the
independent prognostic factors identified by multivariate COX
analysis (Supplementary Figure 3A). Meanwhile, the calibration
curves were performed to validate the accuracy of the nomogram
model and the results showed a satisfactory concordance in the
prediction of 1−, 3−, and 5-year OS in TCGA and CGGA
datasets (Supplementary Figures 3B,C).

Biological Functions Related to the
6-Gene Signature
Considering the obvious difference in clinicopathological
characteristics defined by distinct status of ER stress, principal

components analysis (PCA) was performed based on the whole
genome expression data to further explore the differences of
gene expression pattern between patients in low− and high-risk
group (Figures 5A,B). The results showed that cases in low−
and high-risk group tended to distribute in different directions.
To explore the biological functions associated with the risk
signature in gliomas, A total of 4,975 and 2,572 genes which
were tightly correlated with the risk signature were selected by

TABLE 2 | Univariate and multivariate analysis of OS in TCGA sequencing dataset.

Variables Univariate analysis Multivariate analysis

HR (95% CI) p value HR (95% CI) p value

Risk score 5.999 (4.754–7.570) <0.001 2.242 (1.310–3.839) 0.003

Age at
Diagnosis

1.073 (1.061–1.085) <0.001 1.056 (1.040–1.073) <0.001

Gender 1.086 (0.818–1.440) 0.570 – –

WHO Grade 4.862 (3.839–6.157) <0.001 1.553 (1.059–2.276) 0.024

TCGA Subtype 2.022 (1.779–2.299) <0.001 1.040 (0.823–1.313) 0.745

IDH mutation
status

0.228 (0.158–0.329) <0.001 0.996 (0.474–2.091) 0.991

MGMT
methylation

0.320 (0.234–0.439) <0.001 0.745 (0.496–1.118) 0.155

1p/19q
co-deletion

0.227 (0.138–0.375) <0.001 0.628 (0.337–1.170) 0.143

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 July 2021 | Volume 9 | Article 619396359

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-619396 July 5, 2021 Time: 19:23 # 10

Huang et al. ER Stress Activation in Gliomas

FIGURE 5 | Biological functions and pathways analyses of the ER stress-related signature in TCGA and CGGA datasets. (A,B) There is a significant separation
between high-risk and low-risk groups in PCA analysis based on whole gene expression data. (C,D) GO analyses were performed to explore the biological
processes tightly related to the risk signature. (E,F) KEGG pathway analyses were performed to explore the signaling pathways tightly related to the risk signature.
(G,H) The heatmaps showed the association among risk score, clinicopathological features and ER stress-related biological functions and pathways.

performing Pearson correlation analysis (|R| > 0.5) in TCGA and
CGGA datasets, respectively. Then, these genes were uploaded
to DAVID website for GO analysis and KEGG pathway analysis.

We found that the genes positively correlated with the risk score
were mainly enriched in ER stress, inflammatory and immune
response, cell migration, cell proliferation and angiogenesis in

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 619396360

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-619396 July 5, 2021 Time: 19:23 # 11

Huang et al. ER Stress Activation in Gliomas

CGGA and TCGA datasets (Figures 5C,D). While the negatively
related genes were involved in normal biological processes such
as nervous system development, and others (Figures 5C,D).
Besides, KEGG pathway analysis showed that the risk signature
was positively related to PI3K-AKT and NF-kappaB signaling
pathway, which were thought to be involved in the malignant
progression of multiple cancers (Figures 5E,F). In addition,
the heat maps displayed the expression profiles of biological
processes related to the risk signature in TCGA and CGGA
datasets (Figures 5G,H). Meanwhile, we also performed GSEA
to verify aforementioned results and obtained similar conclusions
(Supplementary Figure 4). These findings suggested that the
risk score was positively corelated to the malignant biological
functions and signaling pathways in gliomas.

Association Between the Risk Signature
and Immunologic Events
Previous studies reported that ER stress played an essential
role in immune and inflammation response of multiple diseases
(Engin, 2016; Feng et al., 2017; Gerakis and Hetz, 2018). This
opinion was confirmed in glioma by our study. To further
investigate the relationship between ER stress and immune
response, several genes of immune checkpoints, such as B7-H3,
CTLA-4, TIM-3, PD-1, and others were enrolled in this study.
The results demonstrated that the risk signature was positively
correlated to most of the immune checkpoints in CGGA and
TCGA datasets, especially B7-H3 (Figure 6A and Supplementary
Figure 5A). It means that the excessive upregulation of ER
stress may inhibit anti-tumor immune response in gliomas
(Wang et al., 2016; Li et al., 2017). Besides, these results
were also verified in lower-grade glioma (LGG) and GBM
samples in two datasets (Figures 6B,C and Supplementary
Figures 5B,C). In addition, we also selected several representative
inflammatory genes to further investigate the association between
ER stress and inflammation response. We found that the risk
signature was positively correlated with IL-6, CCL2, and HLA-A
(Figures 6D–F and Supplementary Figures 5B,C), suggesting T
lymphocyte and macrophages mediated inflammatory response
were involved in samples from high-risk group (Kolls and
Linden, 2004; Germano et al., 2008). Considering that immune
cell infiltration is an important component of tumor immune
microenvironment (Gajewski et al., 2013; Gabrusiewicz et al.,
2016), we further evaluated the proportion of various types
of immune cell with CIBERSORT for CGGA and TCGA
datasets. As samples were sorted by risk score in increasing
order, the abundance of macrophages in M0 and M2 phase
which had been reported to play an immunosuppressive role
in cancers increased (Gabrusiewicz et al., 2016; Figure 6G
and Supplementary Figure 5G). To verify these results, we
also enrolled biomarkers of macrophages in different phases
and found that the risk signature was significantly correlated
to tumor-associated macrophage (TAM) and macrophages in
M2 (Figure 6H and Supplementary Figure 5H). Besides, IHC
staining was performed to further validate the infiltration of
macrophages in tumor tissue from glioma patients stratified by
risk score in CGGA dataset. We found that the expression levels

of CD163 and IBA1 significantly increased in LGG and GBM
samples from high-risk group, suggesting that the activation
of ER stress could promote the infiltration of macrophages in
M2 phase (Figures 6I,J). Besides, the results also suggested that
CD163 and IBA1 were overexpressed in GBM (Figure 6K). These
findings might provide a new insight into the suppression of
anti-tumor immune response in gliomas.

ER Stress Inhibition Attenuated Glioma
Progression in vitro
In this study, we performed experiments in vitro to further
validate the results of bioinformatics analyses. First, LN229
and U87 cell lines were transfected with specific siRNA to
knockdown the expression level of P4HB and PDIA4, which
were considered as important biomarkers of ER stress activation
(Joo et al., 2007; Kranz et al., 2017; Winship et al., 2017; Liu
et al., 2019; Wang et al., 2020). WB and qPCR assays showed
that both of the mRNA and protein expressions of PDIA4 and
P4HB could be significantly downregulated by specific siRNA
(Figures 7A–D). Then, the transwell migration assays and cell
scratch assays suggested that PDIA4 or P4HB knockdown could
significantly suppress cell migration of LN229 and U87 cells
in vitro (Figures 7E–H and Supplementary Figures 7A,B).
Besides, CCK-8 and clonogenic assays indicated that proliferative
capacity and clonogenicity of glioma cell lines were attenuated
after transfection with PDIA4 or P4HB siRNA (Figures 7I,J and
Supplementary Figures 7C,D). These results suggested that the
activation of ER stress played an essential role in malignant
progression of gliomas. Meanwhile, it is also indicated that anti-
PDIA4 and/or anti-P4HB therapy may be a novel approach for
glioma treatments.

DISCUSSION

As the most malignant primary neoplasms in the central nervous
system, the pathogenesis and progression of gliomas is a multi-
factor and multi-step process (Ricard et al., 2012; Gusyatiner and
Hegi, 2018). Due to the high invasiveness and heterogeneity of
glioma cells, the efficacy of traditional treatment strategies was
limited and the prognosis of glioma patients was dismal (Jiang
et al., 2016; Reifenberger et al., 2017). Thus, novel therapeutic
approaches and targets are urgently needed. In the past decade,
ER stress becomes an increasingly eye-catching research field
in various human cancers, which brings new hope for the
improvement of individualized treatment of gliomas.

Endoplasmic reticulum is the most important organelle for
protein synthesis and intracellular calcium storages, which is
also involved in the regulation of multiple cellular signaling
pathways (Tsai and Weissman, 2010; Schwarz and Blower, 2016).
Upon the induction of intracellular and extracellular stress, the
accumulation of unfolded or misfolded proteins can activate the
unfolded protein response (UPR) to restore the homeostasis of
ER (Namba, 2015). The PERK/ATF4/CHOP, IRE-1/XBP1, and
ATF6 signaling pathways have an essential role in regulating ER
stress-induced physiological responses in cells (Lee, 2005; Luo
and Lee, 2013). However, excessive and durable activation of
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FIGURE 6 | The ER stress activation related immunologic events in glioma samples in TCGA dataset. (A–C) Correlation analysis between risk score and immune
checkpoints in whole gliomas, low-grade gliomas and GBM, respectively. (D–F) Correlation analysis between risk score and inflammatory genes in whole gliomas,
low-grade gliomas and GBM, respectively. (G) CIBERSORT was performed to evaluate the proportion of various types of immune cell infiltrated into glioma samples.
(H) Correlation analysis between risk score and biomarkers of monocytes and macrophages. (I) IHC staining and positive rate statistics of CD163 and IBA1 in LGG
samples from the CGGA dataset. (J) IHC staining and positive rate statistics of CD163 and IBA1 in GBM samples from the CGGA dataset. (K) Positive rate statistics
of CD163 and IBA1 between LGG and GBM samples from the CGGA dataset. ****p < 0.0001.
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FIGURE 7 | ER stress activation promotes migration and proliferative capacity of glioma cell lines in vitro. (A,B) The real-time quantitative PCR (qPCR) assay of
PDIA4 and P4HB mRNA expression in LN229 and U87 cell lines after applying specific siRNA and negative control. (C,D) The western blot analysis of PDIA4 and
P4HB protein expression in LN229 (C) and U87 (D) cell lines after applying specific siRNA and negative control. (E–H) Transwell migration assay of LN229 (E,F) and
U87 (G,H) cell lines treated with specific siRNA and negative control. (I,J) CCK-8 assay displaying proliferation of LN229 (I) and U87 (J) cell lines treated with
specific siRNA and negative control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ER stress can also induce cell apoptosis (Szegezdi et al., 2006).
ER stress is involved in the process of many diseases, such as
Parkinson’s disease (PD), Alzheimer’s disease (AD), diabetes and

tumors (Engin, 2016; Mercado et al., 2016; Gerakis and Hetz,
2018). The in-depth study of ER stress provides an important
reference for the clinical treatment of these diseases.
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In malignancy tissues, cancer cells which are constantly
exposed to hypoxic tumor microenvironment and intracellular
DNA damage stress have a high risk of ER stress activation. These
mechanisms have been proved to participate in the malignant
progression and drug resistance of many human cancers (Dasari
and Tchounwou, 2014). The branch of PERK-ATF4 can activate
the epithelial-to-mesenchymal transition (EMT) response and
promote the metastasis of breast cancer cells (Feng et al., 2017).
In hepatocellular and prostate cancer, the transcription factors
from UPR can bind and activate the promoter of VEGF, which
resulting in the proliferation and migration of endothelial cells
(Pereira et al., 2014; Ramakrishnan et al., 2014). Besides, the
activation of ER stress can also induce the dormancy of cancer
cells. Cellular dormancy can block the division and proliferation
of cancer cells by arresting them in the G0/G1 phase of cell cycle
(Aguirre-Ghiso, 2007; Vera-Ramirez and Hunter, 2017). The
cancer cells which survive in a quiescent state are not sensitive
to radiotherapy or chemotherapy, which eventually lead to
tumor recurrence and poor prognosis of patients. Furthermore,
relevant studies have proved that IRE-1-XBP1 signaling pathway
could inhibit anti-tumor immune responses and provide an
opportunity for the formation of tumors (Cubillos-Ruiz et al.,
2015). These results suggested that ER stress plays a key role
in the remodeling of tumor immune microenvironment and h
serving as a novel target of immunological therapy. Although
serval studies have confirmed the therapeutic value of ER stress
in glioma, the biological functions of ER stress in glioma
have not been completely understood, especially the role of
ER stress in the regulation tumor immune microenvironment
(Chang et al., 2020).

In the present study, we constructed a risk signature to
evaluate the ER stress activation of glioma samples from
TCGA and CGGA datasets. Our findings showed that ER
stress activation was tightly correlated to the malignant
clinicopathological features and genomic alterations. These
results revealed the significance of ER stress and the molecular
mechanisms influencing ER stress activation in gliomas. It
was interesting to note that the low-risk score was tightly
associated with 1p/19q codeletion, suggesting the risk signature
may server as a marker of oligodendrogliomas. Besides, K-M
survival analysis and COX regression analysis suggested that
this risk signature was an independent prognostic factor of
patients with gliomas. Furthermore, both bioinformatics analysis
and in vitro experiments indicated that ER stress activation can
significantly promote the proliferation and migration of glioma
cells. Besides, we also found that ER stress was tightly associated
with the regulation of tumor immune microenvironment in
glioma, especially the infiltration of macrophages in M2 phase.
To further validated the results of bioinformatics analysis, IHC
analysis and cell biology experiments were performed. The results
suggested that ER stress activation promoted the malignant
progression of glioma.

According to the previous researches, protein disulfide
isomerase (PDI) family members play an essential role in ER
stress activation (Hsu et al., 2019; Zhang et al., 2019). The P4HB
(also known as PDIA1) and PDIA4, which were chosen from
the six-gene signature, belong to the protein PDI protein family

and have been proved to be related to ER stress activation in
human cancers (Joo et al., 2007; Kranz et al., 2017; Winship
et al., 2017; Liu et al., 2019; Wang et al., 2020), especially the
PERK signaling pathway (Kranz et al., 2017, 2020). Serval recent
researches has pointed out that P4HB and PDIA4 correlated
with the malignant progression of glioma, but these conclusions
have not been sufficiently verified by in vitro experiments (Zou
et al., 2018; Li et al., 2021). Besides, the P4HB and PDIA4,
which have significant prognostic value in gliomas, were also
the important components of the ER stress-related signature.
Thus, in in vitro experiments, P4HB and PDIA4 were selected as
biomarkers of ER stress activation. We found that knockdown of
the P4HB and PDIA4 could significantly reduce the proliferation
and migration of glioma cell lines in vitro. These findings
indicated that P4HB and PDIA4 may serve as promising target
for glioma therapy. However, we also recognized that the current
evidences were limited and future studies are necessary. Other
four genes in the risk signature (CASP4, CUL7, DNAJB12, and
SIRT1) were not directly participated in the three classic ER stress
signaling pathway mentioned before. According to the findings
in this study, we hypothesized that the other four genes may
be involved in the regulation of ER stress activation through
unknown molecular mechanisms, which is valuable for us to
further investigate and discuss.

In this study, we have confirmed the importance of ER
stress activation in the progression of glioma through sufficient
bioinformatics analysis and in vitro experiments. Although,
the prognostic value and biological functions of ER-stress in
gliomas were fully discussed, the specific molecular mechanism
underlying the interaction between ER stress and tumor
immune microenvironment remains unclear. Thus, more in-
depth exploration is needed. Taken together, our findings
revealed the functional roles of ER stress in glioma and provided
promising targets to enhance the individualized treatment of
patients with glioma.

CONCLUSION

In this study, we constructed a risk signature to evaluated the
ER stress activation status and prognosis of glioma patients.
Functional analyses suggested that the ER stress activation was
tightly correlated with cell migration and cell proliferation
gliomas, which were further verified in the experiments in vitro.
Besides, we also found that ER stress activation could promote
the infiltration of macrophages in M2. P4HB and PDIA4, which
played an essential role in the activation of ER stress, may serve
as a novel potential target to enhance the anticancer therapies.
Accordingly, these findings provided an important reference in
personalized clinical treatment for glioma patients.
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Supplementary Figure 1 | Consensus clustering for ER stress-related genes in
glioma patients from TCGA and CGGA dataset. (A) Consensus clustering CDF for

k = 2 to k = 10. (B) Consensus clustering matrix of glioma samples from TCGA
and CGGA dataset for k = 2, respectively. (C,D) Heatmap of two clusters
identified by the top 50 variable expression genes. (E,F) K-M survival curve
analyses of patients in two clusters. (G,H) By performing Consensus clustering
analysis, IDH wildtype GBM patients were also divided into two clusters, K-M
survival curve analyses was performed to evaluated the prognosis of IDH wildtype
GBM patients in two clusters.

Supplementary Figure 2 | K-M survival analysis of the risk signature in glioma
patients stratified by IDH mutation status, MGMT promoter methylation and
1p/19q co-deletion status in TCGA and CGGA datasets.

Supplementary Figure 3 | A nomogram model for predicting overall survival of
patients with glioma. (A) A nomogram model was constructed by integrating the
clinicopathologic features and risk score of patients in the TCGA dataset. (B,C)
The calibration curve of nomogram for predicting OS at 1-, 3- and 5-years in the
TCGA and CGGA datasets.

Supplementary Figure 4 | GSEA analysis was performed to investigate the
biological functions and pathways that were tightly correlated with the ER
stress activation.

Supplementary Figure 5 | The ER stress activation related immunologic events
in glioma samples in CGGA dataset. (A–C) Correlation analysis between risk score
signature and immune checkpoints in whole gliomas, low-grade gliomas and
GBM, respectively. (D–F) Correlation analysis between risk score and
inflammatory genes in whole grade of gliomas, low-grade gliomas and GBM,
respectively. (G) CIBERSORT evaluating the proportion of various types of
immune cell infiltrated into glioma samples. (H) Correlation analysis between risk
score and biomarkers of monocytes and macrophages.

Supplementary Figure 6 | K-M survival analysis of each independent gene in the
ER stress-related signature in TCGA and CGGA datasets.

Supplementary Figure 7 | ER stress activation promotes migration and
proliferative capacity of glioma cell lines in vitro. (A,B) Cell scratch assay of U87
and LN229 cell lines treated with PDIA4 siRNA, P4HB siRNA and negative control.
(C,D) Clonogenic assay of U87 and LN229 cell lines treated with PDIA4 siRNA,
P4HB siRNA and negative control.

Supplementary Table 1 | Characteristics of patients in cluster 1 and cluster 2
in CGGA databset.

Supplementary Table 2 | ER stress related gene list.

Supplementary Table 3 | Univariate Cox analysis of ER stress-related genes.

Supplementary Table 4 | Univariate and multivariate analysis of OS in CGGA
sequencing dataset.

REFERENCES
Adamopoulos, C., Farmaki, E., Spilioti, E., Kiaris, H., Piperi, C., and Papavassiliou,

A. G. (2014). Advanced glycation end-products induce endoplasmic reticulum
stress in human aortic endothelial cells. Clin. Chem. Lab. Med. 52, 151–160.

Adamopoulos, C., Mihailidou, C., Grivaki, C., Papavassiliou, K. A., Kiaris, H.,
Piperi, C., et al. (2016). Systemic effects of AGEs in ER stress induction in vivo.
Glycoconj. J. 33, 537–544. doi: 10.1007/s10719-016-9680-4

Aguirre-Ghiso, J. A. (2007). Models, mechanisms and clinical evidence for cancer
dormancy. Nat. Rev. Cancer 7, 834–846. doi: 10.1038/nrc2256

Bovelstad, H. M., Nygard, S., Storvold, H. L., Aldrin, M., Borgan, O., Frigessi, A.,
et al. (2007). Predicting survival from microarray data–a comparative study.
Bioinformatics 23, 2080–2087. doi: 10.1093/bioinformatics/btm305

Chang, C. Y., Li, J. R., Wu, C. C., Wang, J. D., Liao, S. L., Chen, W. Y., et al.
(2020). Endoplasmic reticulum stress contributes to indomethacin-induced
glioma apoptosis. Int. J. Mol. Sci. 21:557. doi: 10.3390/ijms21020557

Cloughesy, T. F., Mochizuki, A. Y., Orpilla, J. R., Hugo, W., Lee, A. H., Davidson,
T. B., et al. (2019). Neoadjuvant anti-PD-1 immunotherapy promotes a
survival benefit with intratumoral and systemic immune responses in recurrent
glioblastoma. Nat. Med. 25, 477–486. doi: 10.1038/s41591-018-0337-7

Cubillos-Ruiz, J. R., Bettigole, S. E., and Glimcher, L. H. (2017).
Tumorigenic and immunosuppressive effects of endoplasmic reticulum
stress in cancer. Cell 168, 692–706. doi: 10.1016/j.cell.2016.
12.004

Cubillos-Ruiz, J. R., Silberman, P. C., Rutkowski, M. R., Chopra,
S., Perales-Puchalt, A., Song, M., et al. (2015). ER stress sensor
XBP1 controls anti-tumor immunity by disrupting dendritic
cell homeostasis. Cell 161, 1527–1538. doi: 10.1016/j.cell.2015.
05.025

Dasari, S., and Tchounwou, P. B. (2014). Cisplatin in cancer therapy: molecular
mechanisms of action. Eur. J. Pharmacol. 740, 364–378. doi: 10.1016/j.ejphar.
2014.07.025

David, C. C., and Jacobs, D. J. (2014). Principal component analysis: a method
for determining the essential dynamics of proteins. Methods Mol. Biol. 1084,
193–226. doi: 10.1007/978-1-62703-658-0_11

Engin, F. (2016). ER stress and development of type 1 diabetes. J. Investig. Med. 64,
2–6. doi: 10.1097/jim.0000000000000229

Feng, Y. X., Jin, D. X., Sokol, E. S., Reinhardt, F., Miller, D. H., and Gupta, P. B.
(2017). Cancer-specific PERK signaling drives invasion and metastasis through
CREB3L1. Nat. Commun. 8:1079.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 July 2021 | Volume 9 | Article 619396365

https://www.frontiersin.org/articles/10.3389/fcell.2021.619396/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.619396/full#supplementary-material
https://doi.org/10.1007/s10719-016-9680-4
https://doi.org/10.1038/nrc2256
https://doi.org/10.1093/bioinformatics/btm305
https://doi.org/10.3390/ijms21020557
https://doi.org/10.1038/s41591-018-0337-7
https://doi.org/10.1016/j.cell.2016.12.004
https://doi.org/10.1016/j.cell.2016.12.004
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1007/978-1-62703-658-0_11
https://doi.org/10.1097/jim.0000000000000229
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-619396 July 5, 2021 Time: 19:23 # 16

Huang et al. ER Stress Activation in Gliomas

Gabrusiewicz, K., Rodriguez, B., Wei, J., Hashimoto, Y., Healy, L. M., Maiti,
S. N., et al. (2016). Glioblastoma-infiltrated innate immune cells resemble M0
macrophage phenotype. JCI Insight 1:e85841.

Gajewski, T. F., Schreiber, H., and Fu, Y. X. (2013). Innate and adaptive immune
cells in the tumor microenvironment. Nat. Immunol. 14, 1014–1022.

Gerakis, Y., and Hetz, C. (2018). Emerging roles of ER stress in the etiology and
pathogenesis of Alzheimer’s disease. FEBS J. 285, 995–1011. doi: 10.1111/febs.
14332

Germano, G., Allavena, P., and Mantovani, A. (2008). Cytokines as a key
component of cancer-related inflammation. Cytokine 43, 374–379. doi: 10.
1016/j.cyto.2008.07.014

Gusyatiner, O., and Hegi, M. E. (2018). Glioma epigenetics: from subclassification
to novel treatment options. Semin. Cancer Biol. 51, 50–58. doi: 10.1016/j.
semcancer.2017.11.010

Gutierrez, T., and Simmen, T. (2014). Endoplasmic reticulum chaperones
and oxidoreductases: critical regulators of tumor cell survival and
immunorecognition. Front. Oncol. 4:291. doi: 10.3389/fonc.2014.00291

Hamanaka, R. B., Bennett, B. S., Cullinan, S. B., and Diehl, J. A. (2005). PERK
and GCN2 contribute to eIF2alpha phosphorylation and cell cycle arrest after
activation of the unfolded protein response pathway. Mol. Biol. Cell 16, 5493–
5501. doi: 10.1091/mbc.e05-03-0268

Hsu, S. K., Chiu, C. C., Dahms, H. U., Chou, C. K., Cheng, C. M., Chang,
W. T., et al. (2019). Unfolded Protein Response (UPR) in survival, dormancy,
immunosuppression, metastasis, and treatments of cancer cells. Int. J. Mol. Sci.
20:2518. doi: 10.3390/ijms20102518

Hu, X., Martinez-Ledesma, E., Zheng, S., Kim, H., Barthel, F., Jiang, T., et al. (2017).
Multigene signature for predicting prognosis of patients with 1p19q co-deletion
diffuse glioma. Neuro Oncol. 19, 786–795. doi: 10.1093/neuonc/now285

Jiang, T., Mao, Y., Ma, W., Mao, Q., You, Y., Yang, X., et al. (2016). CGCG clinical
practice guidelines for the management of adult diffuse gliomas. Cancer Lett.
375, 263–273.

Joo, J. H., Liao, G., Collins, J. B., Grissom, S. F., and Jetten, A. M. (2007). Farnesol-
induced apoptosis in human lung carcinoma cells is coupled to the endoplasmic
reticulum stress response. Cancer Res. 67, 7929–7936. doi: 10.1158/0008-5472.
can-07-0931

Kolls, J. K., and Linden, A. (2004). Interleukin-17 family members and
inflammation. Immunity 21, 467–476. doi: 10.1016/j.immuni.2004.08.018

Kranz, P., Neumann, F., Wolf, A., Classen, F., Pompsch, M., Ocklenburg, T.,
et al. (2017). PDI is an essential redox-sensitive activator of PERK during the
unfolded protein response (UPR). Cell Death Dis. 8:e2986. doi: 10.1038/cddis.
2017.369

Kranz, P., Sanger, C., Wolf, A., Baumann, J., Metzen, E., Baumann, M., et al. (2020).
Tumor cells rely on the thiol oxidoreductase PDI for PERK signaling in order
to survive ER stress. Sci. Rep. 10:15299.

Lee, A. S. (2005). The ER chaperone and signaling regulator GRP78/BiP as a
monitor of endoplasmic reticulum stress. Methods 35, 373–381. doi: 10.1016/j.
ymeth.2004.10.010

Lee, B. R., Chang, S. Y., Hong, E. H., Kwon, B. E., Kim, H. M., Kim, Y. J., et al.
(2014). Elevated endoplasmic reticulum stress reinforced immunosuppression
in the tumor microenvironment via myeloid-derived suppressor cells.
Oncotarget 5, 12331–12345. doi: 10.18632/oncotarget.2589

Leprivier, G., Rotblat, B., Khan, D., Jan, E., and Sorensen, P. H. (2015). Stress-
mediated translational control in cancer cells. Biochim. Biophys. Acta 1849,
845–860.

Li, G., Wang, Z., Zhang, C., Liu, X., Cai, J., Wang, Z., et al. (2017). Molecular
and clinical characterization of TIM-3 in glioma through 1,024 samples.
Oncoimmunology 6:e1328339. doi: 10.1080/2162402x.2017.1328339

Li, H., Liu, Q., Xiao, K., He, Z., Wu, C., Sun, J., et al. (2021). PDIA4 correlates with
poor prognosis and is a potential biomarker in glioma. Onco Targets Ther. 14,
125–138. doi: 10.2147/ott.s287931

Liu, Y., Ji, W., Shergalis, A., Xu, J., Delaney, A. M., Calcaterra, A., et al. (2019).
Activation of the unfolded protein response via inhibition of protein disulfide
isomerase decreases the capacity for DNA repair to sensitize glioblastoma
to radiotherapy. Cancer Res. 79, 2923–2932. doi: 10.1158/0008-5472.can-18-
2540

Luo, B., and Lee, A. S. (2013). The critical roles of endoplasmic reticulum
chaperones and unfolded protein response in tumorigenesis and anticancer
therapies. Oncogene 32, 805–818. doi: 10.1038/onc.2012.130

Mercado, G., Castillo, V., Soto, P., and Sidhu, A. (2016). ER stress and Parkinson’s
disease: pathological inputs that converge into the secretory pathway. Brain Res.
1648(Pt B), 626–632. doi: 10.1016/j.brainres.2016.04.042

Namba, T. (2015). Regulation of endoplasmic reticulum functions. Aging 7, 901–
902. doi: 10.18632/aging.100851

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12, 453–457. doi: 10.1038/nmeth.3337

Newman, A. M., Steen, C. B., Liu, C. L., Gentles, A. J., Chaudhuri, A. A., Scherer, F.,
et al. (2019). Determining cell type abundance and expression from bulk tissues
with digital cytometry. Nat. Biotechnol. 37, 773–782. doi: 10.1038/s41587-019-
0114-2

Nuno, M., Birch, K., Mukherjee, D., Sarmiento, J. M., Black, K. L., and Patil, C. G.
(2013). Survival and prognostic factors of anaplastic gliomas. Neurosurgery 73,
458–465; quiz 65.

Obacz, J., Avril, T., Le Reste, P. J., Urra, H., Quillien, V., Hetz, C., et al.
(2017). Endoplasmic reticulum proteostasis in glioblastoma-from molecular
mechanisms to therapeutic perspectives. Sci. Signal. 10:eaal2323. doi: 10.1126/
scisignal.aal2323

Ohsawa, K., Imai, Y., Kanazawa, H., Sasaki, Y., and Kohsaka, S. (2000).
Involvement of Iba1 in membrane ruffling and phagocytosis of
macrophages/microglia. J. Cell Sci. 113(Pt 17), 3073–3084. doi:
10.1242/jcs.113.17.3073

Osuka, S., and Van Meir, E. G. (2017). Overcoming therapeutic resistance in
glioblastoma: the way forward. J. Clin. Invest. 127, 415–426. doi: 10.1172/
jci89587

Pereira, E. R., Frudd, K., Awad, W., and Hendershot, L. M. (2014). Endoplasmic
reticulum (ER) stress and hypoxia response pathways interact to potentiate
hypoxia-inducible factor 1 (HIF-1) transcriptional activity on targets like
vascular endothelial growth factor (VEGF). J. Biol. Chem. 289, 3352–3364.
doi: 10.1074/jbc.m113.507194

Phillips, H. S., Kharbanda, S., Chen, R., Forrest, W. F., Soriano, R. H., Wu, T. D.,
et al. (2006). Molecular subclasses of high-grade glioma predict prognosis,
delineate a pattern of disease progression, and resemble stages in neurogenesis.
Cancer Cell 9, 157–173. doi: 10.1016/j.ccr.2006.02.019

Puchalski, R. B., Shah, N., Miller, J., Dalley, R., Nomura, S. R., Yoon, J. G., et al.
(2018). An anatomic transcriptional atlas of human glioblastoma. Science 360,
660–663.

Ramakrishnan, S., Anand, V., and Roy, S. (2014). Vascular endothelial growth
factor signaling in hypoxia and inflammation. J. Neuroimmune Pharmacol. 9,
142–160. doi: 10.1007/s11481-014-9531-7

Reifenberger, G., Wirsching, H. G., Knobbe-Thomsen, C. B., and Weller, M. (2017).
Advances in the molecular genetics of gliomas - implications for classification
and therapy. Nat. Rev. Clin. Oncol. 14, 434–452. doi: 10.1038/nrclinonc.2016.
204

Ricard, D., Idbaih, A., Ducray, F., Lahutte, M., Hoang-Xuan, K., and Delattre, J. Y.
(2012). Primary brain tumours in adults. Lancet 379, 1984–1996.

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J. C., et al.
(2011). pROC: an open-source package for R and S+ to analyze and compare
ROC curves. BMC Bioinformatics 12:77. doi: 10.1186/1471-2105-12-77

Schwarz, D. S., and Blower, M. D. (2016). The endoplasmic reticulum: structure,
function and response to cellular signaling. Cell. Mol. Life Sci. CMLS 73, 79–94.
doi: 10.1007/s00018-015-2052-6

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A.
102, 15545–15550. doi: 10.1073/pnas.0506580102

Szegezdi, E., Logue, S. E., Gorman, A. M., and Samali, A. (2006). Mediators of
endoplasmic reticulum stress-induced apoptosis. EMBO Rep. 7, 880–885. doi:
10.1038/sj.embor.7400779

Tibshirani, R. (1997). The lasso method for variable selection in the Cox model.
Stat. Med. 16, 385–395. doi: 10.1002/(sici)1097-0258(19970228)16:4<385::aid-
sim380>3.0.co;2-3

Tsai, Y. C., and Weissman, A. M. (2010). The unfolded protein response,
degradation from endoplasmic reticulum and cancer. Genes Cancer 1, 764–778.
doi: 10.1177/1947601910383011

van den Heuvel, M. M., Tensen, C. P., van As, J. H., van den Berg, T. K.,
Fluitsma, D. M., Dijkstra, C. D., et al. (1999). Regulation of CD 163 on

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 July 2021 | Volume 9 | Article 619396366

https://doi.org/10.1111/febs.14332
https://doi.org/10.1111/febs.14332
https://doi.org/10.1016/j.cyto.2008.07.014
https://doi.org/10.1016/j.cyto.2008.07.014
https://doi.org/10.1016/j.semcancer.2017.11.010
https://doi.org/10.1016/j.semcancer.2017.11.010
https://doi.org/10.3389/fonc.2014.00291
https://doi.org/10.1091/mbc.e05-03-0268
https://doi.org/10.3390/ijms20102518
https://doi.org/10.1093/neuonc/now285
https://doi.org/10.1158/0008-5472.can-07-0931
https://doi.org/10.1158/0008-5472.can-07-0931
https://doi.org/10.1016/j.immuni.2004.08.018
https://doi.org/10.1038/cddis.2017.369
https://doi.org/10.1038/cddis.2017.369
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.18632/oncotarget.2589
https://doi.org/10.1080/2162402x.2017.1328339
https://doi.org/10.2147/ott.s287931
https://doi.org/10.1158/0008-5472.can-18-2540
https://doi.org/10.1158/0008-5472.can-18-2540
https://doi.org/10.1038/onc.2012.130
https://doi.org/10.1016/j.brainres.2016.04.042
https://doi.org/10.18632/aging.100851
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1126/scisignal.aal2323
https://doi.org/10.1126/scisignal.aal2323
https://doi.org/10.1242/jcs.113.17.3073
https://doi.org/10.1242/jcs.113.17.3073
https://doi.org/10.1172/jci89587
https://doi.org/10.1172/jci89587
https://doi.org/10.1074/jbc.m113.507194
https://doi.org/10.1016/j.ccr.2006.02.019
https://doi.org/10.1007/s11481-014-9531-7
https://doi.org/10.1038/nrclinonc.2016.204
https://doi.org/10.1038/nrclinonc.2016.204
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4<385::aid-sim380>3.0.co;2-3
https://doi.org/10.1002/(sici)1097-0258(19970228)16:4<385::aid-sim380>3.0.co;2-3
https://doi.org/10.1177/1947601910383011
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-619396 July 5, 2021 Time: 19:23 # 17

Huang et al. ER Stress Activation in Gliomas

human macrophages: cross-linking of CD163 induces signaling and activation.
J. Leukoc. Biol. 66, 858–866. doi: 10.1002/jlb.66.5.858

Vera-Ramirez, L., and Hunter, K. W. (2017). Tumor cell dormancy as an
adaptive cell stress response mechanism. F1000Research 6:2134. doi: 10.12688/
f1000research.12174.1

Wang, Z., Zhang, C., Liu, X., Wang, Z., Sun, L., Li, G., et al. (2016). Molecular
and clinical characterization of PD-L1 expression at transcriptional level via 976
samples of brain glioma. Oncoimmunology 5:e1196310. doi: 10.1080/2162402x.
2016.1196310

Wang, Z., Zhang, H., and Cheng, Q. (2020). PDIA4: the basic characteristics,
functions and its potential connection with cancer. Biomed. Pharmacother.
122:109688. doi: 10.1016/j.biopha.2019.109688

Wen, P. Y., and Kesari, S. (2008). Malignant gliomas in adults. N. Engl. J. Med. 359,
492–507. doi: 10.1056/nejmra0708126

Winship, A. L., Sorby, K., Correia, J., Rainczuk, A., Yap, J., and Dimitriadis,
E. (2017). Interleukin-11 up-regulates endoplasmic reticulum stress induced
target, PDIA4 in human first trimester placenta and in vivo in mice. Placenta
53, 92–100. doi: 10.1016/j.placenta.2017.04.007

Yao, X., Tu, Y., Xu, Y., Guo, Y., Yao, F., and Zhang, X. (2020). Endoplasmic
reticulum stress confers 5-fluorouracil resistance in breast cancer cell via the
GRP78/OCT4/lncRNA MIAT/AKT pathway. Am. J. Cancer Res. 10, 838–855.

Zhang, Z., Zhang, L., Zhou, L., Lei, Y., Zhang, Y., and Huang, C. (2019).
Redox signaling and unfolded protein response coordinate cell fate

decisions under ER stress. Redox Biol. 25:101047. doi: 10.1016/j.redox.2018.
11.005

Zhao, J., Chen, A. X., Gartrell, R. D., Silverman, A. M., Aparicio, L., Chu,
T., et al. (2019). Immune and genomic correlates of response to anti-PD-1
immunotherapy in glioblastoma. Nat. Med. 25, 462–469.

Zhao, Z., Meng, F., Wang, W., Wang, Z., Zhang, C., and Jiang, T. (2017).
Comprehensive RNA-seq transcriptomic profiling in the malignant progression
of gliomas. Sci. Data 4:170024.

Zou, H., Wen, C., Peng, Z., Shao, Y., Hu, L., Li, S., et al. (2018). P4HB and PDIA3
are associated with tumor progression and therapeutic outcome of diffuse
gliomas. Oncol. Rep. 39, 501–510.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Huang, Li, Wang, Wang, Zeng, Hu and Jiang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 July 2021 | Volume 9 | Article 619396367

https://doi.org/10.1002/jlb.66.5.858
https://doi.org/10.12688/f1000research.12174.1
https://doi.org/10.12688/f1000research.12174.1
https://doi.org/10.1080/2162402x.2016.1196310
https://doi.org/10.1080/2162402x.2016.1196310
https://doi.org/10.1016/j.biopha.2019.109688
https://doi.org/10.1056/nejmra0708126
https://doi.org/10.1016/j.placenta.2017.04.007
https://doi.org/10.1016/j.redox.2018.11.005
https://doi.org/10.1016/j.redox.2018.11.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fgene-12-657658 July 7, 2021 Time: 15:10 # 1

ORIGINAL RESEARCH
published: 12 July 2021

doi: 10.3389/fgene.2021.657658

Edited by:
Lorenzo Gerratana,

University of Udine, Italy

Reviewed by:
Jyoti Sharma,

Institute of Bioinformatics (IOB), India
Jinyan Huang,

Zhejiang University, China

*Correspondence:
Dongyan Zhao

zhaodongyanhappy@163.com

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal

Frontiers in Genetics

Received: 23 January 2021
Accepted: 22 June 2021
Published: 12 July 2021

Citation:
Zhang C, Zhao Z, Liu H, Yao S

and Zhao D (2021) Weighted Gene
Co-expression Network Analysis
Identified a Novel Thirteen-Gene

Signature Associated With
Progression, Prognosis, and Immune

Microenvironment of Colon
Adenocarcinoma Patients.
Front. Genet. 12:657658.

doi: 10.3389/fgene.2021.657658

Weighted Gene Co-expression
Network Analysis Identified a Novel
Thirteen-Gene Signature Associated
With Progression, Prognosis, and
Immune Microenvironment of Colon
Adenocarcinoma Patients
Cangang Zhang1, Zhe Zhao2, Haibo Liu3, Shukun Yao4,5 and Dongyan Zhao4,5*

1 Department of Pathogenic Microbiology and Immunology, School of Basic Medical Sciences, Xi’an Jiaotong University,
Xi’an, China, 2 Key Laboratory of Resource Biology and Biotechnology in Western China (Ministry of Education), College
of Life Science, Northwest University, Xi’an, China, 3 Department of Hematology, The First Affiliated Hospital of Xi’an Jiaotong
University, Xi’an, China, 4 Graduate School, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, 5 Department of Gastroenterology, China-Japan Friendship Hospital, Beijing, China

Colon adenocarcinoma (COAD) is one of the most common malignant tumors and
has high migration and invasion capacity. In this study, we attempted to establish a
multigene signature for predicting the prognosis of COAD patients. Weighted gene co-
expression network analysis and differential gene expression analysis methods were first
applied to identify differentially co-expressed genes between COAD tissues and normal
tissues from the Cancer Genome Atlas (TCGA)-COAD dataset and GSE39582 dataset,
and a total of 309 overlapping genes were screened out. Then, our study employed
TCGA-COAD cohort as the training dataset and an independent cohort by merging
the GES39582 and GSE17536 datasets as the testing dataset. After univariate and
multivariate Cox regression analyses were performed for these overlapping genes and
overall survival (OS) of COAD patients in the training dataset, a 13-gene signature was
constructed to divide COAD patients into high- and low-risk subgroups with significantly
different OS. The testing dataset exhibited the same results utilizing the same predictive
signature. The area under the curve of receiver operating characteristic analysis for
predicting OS in the training and testing datasets were 0.789 and 0.868, respectively,
which revealed the enhanced predictive power of the signature. Multivariate Cox
regression analysis further suggested that the 13-gene signature could independently
predict OS. Among the 13 prognostic genes, NAT1 and NAT2 were downregulated
with deep deletions in tumor tissues in multiple COAD cohorts and exhibited significant
correlations with poorer OS based on the GEPIA database. Notably, NAT1 and NAT2
expression levels were positively correlated with infiltrating levels of CD8+ T cells and
dendritic cells, exhibiting a foundation for further research investigating the antitumor
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immune roles played by NAT1 and NAT2 in COAD. Taken together, the results of our
study showed that the 13-gene signature could efficiently predict OS and that NAT1
and NAT2 could function as biomarkers for prognosis and the immune response in
COAD.

Keywords: colon adenocarcinoma, weighted gene co-expression network analysis, prognosis, NAT1, NAT2,
immune infiltration

INTRODUCTION

Due to a number of factors including environmental exposure
to carcinogens and genetic predisposition, the morbidity and
mortality rates of colorectal cancer are increasing rapidly, and
more than 2.2 million new cases are expected to be diagnosed,
accounting for 1.1 million cancer-related deaths by 2030 (Arnold
et al., 2017; Islami et al., 2018). Colon adenocarcinoma (COAD)
is the most frequently diagnosed histological subtype of colorectal
cancer, ranking fourth in terms of incidence and mortality
among all kinds of malignant tumors in 2018 (Bray et al., 2018).
Although considerable progress has been made in the early
diagnosis strategies and multidisciplinary cancer management
in recent decades, the invasion, migration, metastasis and
recurrence of COAD have been bottlenecks for improving the
long-term survival of patients, and these bottlenecks have kept
the 5-year survival rate for patients diagnosed with COAD from
exceeding 30% (Siegel et al., 2017; Watanabe et al., 2018; Li
et al., 2019). Conventional methods utilizing the American Joint
Committee on Cancer (AJCC) tumor node metastasis (TNM)
classification system, vascular invasion and other parameters are
widely employed to predict prognosis and guide treatment in
COAD. However, considering the high genetic heterogeneity of
COAD, disease metastasis, progression and clinical outcomes
cannot be accurately predicted based on conventional staging
methods (Weiser et al., 2011; Cancer Genome Atlas Network,
2012; Guinney et al., 2015). Although patients suffering from
COAD may be in the same TNM stage, their clinical outcomes
may differ considerably. Therefore, it is highly important to
identify accurate prognostic biomarkers to understand the
pathogenesis, predict clinical outcomes and devise personalized
therapies in COAD.

Genome-sequencing technological development has strongly
affected our understanding of the molecular mechanisms
of colorectal carcinogenesis, and an increasing number of
scientists have recognized the considerable potential of molecular
signatures at the genetic level in predicting COAD prognosis.
It has been reported that single genetic alterations, such as
DNA mismatch repair (MMR) genes, BRAF, and KRAS, might
represent as novel markers for predicting the prognosis of COAD
(Punt et al., 2017). COAD is a molecularly complex disease that
develops via the inactivation of tumor suppressor genes and
the activation of oncogenes, suggesting that a single prognostic
biomarker may differentiate COAD patients into different
prognostic subgroups less reliably than a multiparameter
molecular signature (Nguyen et al., 2020). Extensive studies
have been conducted to investigate multigene-based signatures
for the prediction of prognosis outcomes in COAD. For

example, Ge et al. (2020) established a five-gene prognostic
signature (SMAD4, MUC16, COL6A3, FLG, and LRP1B) that
discriminates patients with stage III COAD into good- and
poor-prognostic subgroups. Another study constructed a six-
gene signature (EPHA6, TIMP1, IRX6, ART5, HIST3H2BB, and
FOXD1) that accurately identified COAD patients at high risk
of death (Zuo et al., 2019). However, few of these models have
been widely applied in clinical practice, and a systematic study
integrating gene expression profiling data from multiple source
meta-analyses and improving statistical power for differentially
expressed gene (DEG) identification are highly important for
constructing more accurate and reproducible prognostic models.
In addition, since a growing number of studies have identified
hub genes that are increased in tumors tissues as compared
with normal specimens, the tumor suppressor roles played by
downregulated genes in tumors have largely been overlooked (Lv
and Li, 2019; Yuan et al., 2020b). It is also important to explore
the molecular mechanisms underlying hub genes that exhibit
weak expression in tumors and are involved in the occurrence
and development of COAD.

The overall goal of this study was to evaluate gene expression
changes between COAD and normal samples and identify hub
genes with prognostic value in COAD. Recently, considerable
gene expression information regarding multiple carcinomas has
been obtained from publicly available genomic datasets, such as
The Cancer Genome Atlas Cancer Genome (TCGA) and Gene
Expression Omnibus (GEO), and deep mining of both datasets
has good application prospects in exploring cancer biology and
identifying potential biomarkers for cancer diagnosis, treatment
and prognosis (Chibon, 2013). In the current study, the
transcriptomic expression data of the GEO GSE39582 dataset and
TCGA-COAD dataset were downloaded and subjected to DEG
analysis to evaluate gene expression changes between COAD
and normal samples. Weighted gene co-expression network
analysis (WGCNA) was employed to screen highly correlated
gene clusters with COAD tumorigenesis. WGCNA, a powerful
bioinformatic method, is widely used to detect potential modules
of highly correlated genes and hub genes associated with clinical
features on the basis of the theory that genes with similar
functions or involved in common biological regulatory pathways
may have similar co-expression patterns. Furthermore, univariate
and multivariate Cox regression analyses were performed to
select novel prognostic genes associated with the overall survival
(OS) of COAD patients among the above genes and establish a
stepwise 13-gene prognostic model. The prognostic performance
of the 13-gene model was characterized by using the TCGA-
COAD dataset and further validated in an independent dataset by
merging the GSE39582 and GSE17536 datasets. Finally, in-depth

Frontiers in Genetics | www.frontiersin.org 2 July 2021 | Volume 12 | Article 657658369

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-657658 July 7, 2021 Time: 15:10 # 3

Zhang et al. Gene-Based Signature in COAD

bioinformatic analyses were employed to identify the underlying
regulatory mechanisms of the identified prognosis-related genes.

MATERIALS AND METHODS

Data Sources and Processing
A workflow of this study was depicted in Figure 1. Three
independent human COAD datasets obtained from publicly
available genomic datasets were included in this study: two
expression microarray datasets (GSE39582 and GSE17536)
and an RNA-sequencing dataset (TCGA-COAD). From the
TCGA-COAD dataset1, gene mRNA expression data and the
corresponding clinical information from 480 tumor tissues
and 41 paracancerous tissues were downloaded, in which the
acquisition and application procedures aligned to the protocol.
The mRNA-seq data were produced using the Illumina HiSeq
2000 platform and converted to the gene symbols based on the
human reference genome hg38. For the expression microarray
datasets, original Series Matrix Files of GSE39582 and GSE17536
were collected from the GEO database2. GSE39582 was submitted

1https://portal.gdc.cancer.gov/repository
2https://www.ncbi.nlm.nih.gov/geo/

by Marisa et al. (2013) and contained 566 COAD tissues and
19 paracancerous tissues. GSE17536 was submitted by Smith
et al. (2010) and consisted of 177 tumor tissues. Owing to the
lack of normal tissues, GSE17536 dataset was not included in
the next DEG analysis. Detailed information on these datasets
is provided in Supplementary Tables 1–3. Standardized data
were mapped to the corresponding genetic symbols based on
the annotation file provided by the GPL570 platform (Affymetrix
Human Genome U133 Plus 2.0 Array). The batch effect of the
two-chip data was removed by using an SVA algorithm. Based
on the requirement for data integration, data were processed
according to the following criteria: (1) data from patients
with incomplete information on clinicopathological variables,
including survival status and survival time, were removed, and
(2) duplicated samples were removed by the average expression
values of all these genes.

Identification of Key Co-expression
Modules Using WGCNA
Gene co-expression network analysis was specifically performed
on the gene expression profiles of TCGA-COAD and GSE39582
using the “WGCNA” package. The analysis was conducted
according to a previous study (Langfelder and Horvath, 2008).

FIGURE 1 | Study design and workflow of this study.
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First, co-expression analysis was performed for all pair-wise genes
using Pearson’s correlation matrices. Subsequently, the weighed
adjacency matrix that described the correlation strength between
each pair of nodes was constructed by using a power function
amn = |cmn| β (amn encoded the strength of the correlation
between gene m and gene n; cmn represented Pearson’s
correlation coefficient between gene m and gene n; β represented
a soft-thresholding parameter). After selecting the optimal soft-
thresholding power based on the pickSoftThreshold function
in R language, the adjacency matrix was transformed into a
topological overlap matrix (TOM), which could quantitatively
describe the similarity in genes by comparing the weighted
correlation between two genes and other genes. Next, hierarchical
clustering was conducted to classify genes with similar expression
profiles into different gene co-expression modules using the
DynamicTreeCut algorithm based on TOM dissimilarity.

To identify candidate modules relevant to clinical
traits, module eigengenes (MEs) were obtained using the
moduleEigengenes function to indicate the principal component
of each module, and the module-trait associations between
MEs and clinical subtypes (normal and tumor) were calculated
using linear regression. Modules with the highest correlation
coefficient among all the selected modules were considered the
key modules significantly associated with clinical subtypes of
COAD and were subjected to further analysis.

Identification of DEGs
Screening of DEGs can identify the differences in gene
expression levels between tumor tissues and matched normal
tissues and identify the specific genes correlated with biological
characteristics in tumors. We employed the “edgeR” package
to analyze the differences between non-malignant samples
and COAD tissues in the TCGA-COAD dataset. The analysis
of DEGs in the GSE39582 dataset was conducted using the
“limma” package in R software. DEGs including significantly
downregulated and upregulated genes were selected for
further study with the cut-off criteria of false discovery rate
(FDR) < 0.05 and |log2 fold change (FC)| > 1 and visualized
as volcano plots by using the “ggplot2” package. Afterward,
the DEGs were intersected with the co-expression module
genes that were extracted from the above mentioned analysis
to obtain the overlapping candidate genes (OCGs). Finally,
the OCGs were visualized as a Venn diagram using the
“VennDiagram” package and subsequently applied to construct
a predictive gene signature.

Construction of Prognostic Signature
The TCGA-COAD dataset served as a training cohort to
establish a gene-based model for prognosis prediction
of COAD. To determine the feasibility and reliability of
survival-associated genes as prognostic markers in COAD,
univariate Cox proportional hazards regression analysis
was performed to evaluate the associations between the
expression of OCGs and patient OS by using the “survival”
package. Only those OCGs of the training set with P-values
less than 0.05 were selected for stepwise multivariate Cox
regression to build a prognostic predictive model. To

elucidate the underlying biological mechanisms of survival-
associated genes, pathway enrichment analysis including
gene ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways was performed using the
“clusterProfiler” package and “org.Hs.eg.db” package. GO terms
that consist of the three major classifications—biological
process (BP), cellular component (CC), and molecular
function (MF)—are able to provide a comprehensive
understanding of the biological properties of gene sets
for all organisms. The results of GO and KEGG pathway
analyses were considered to indicate significance at a cut-
off threshold of P-value < 0.05, and the “ggplot2” package
was applied to visualize the enrichment results to help
interpret the results.

Next, the risk score formula of each patient was constructed
based on a linear combination of a regression coefficient (β)
multiplied by the genetic expression level of significant OCG:
The risk score = (βgene1

∗ expression level of gene1) + (βgene2
∗ expression level of gene2) + (βgene3

∗ expression level of
gene3) + (βgenen

∗ expression level of genen). In addition,
univariate and multivariate analyses were performed to
determine whether the prognostic value of the prognostic
risk model was independent of other clinicopathological
parameters including age, gender, stage, and TNM status in the
TCGA-COAD dataset.

Evaluation of the Predictive Value of the
Prognostic Signature
To validate the robustness and transferability of the prognostic
risk model, the predictive power was validated on the testing
cohort. To increase the sample sizes, we merged the GSE39582
and GSE17536 datasets as the testing cohort. With the median
risk score as the cut-off value, patients were divided into high-
risk and low-risk cohorts according to the gene-based risk score
formula. Kaplan–Meier (KM) curves and log-rank tests were
plotted to compare two groups’ survival events. The ability of
the signature to predict patient survival was further assessed by
using receiver operating characteristic (ROC) curve methodology
and calculating the area under the curve (AUC) with the R
package “survival ROC.” Otherwise, the prognostic risk model
was visualized as a risk plot in the training and testing cohorts that
comprised the distributions of the risk score, the survival status
of each patient and the expression profiles of the screened OCGs.

Validation of Gene and Protein
Expression of Prognostic Genes
Based on the data from the TCGA database, the gene expression
levels of prognosis-related genes between COAD and normal
tissues were normalized using the “edgeR” package and drawn
as a box plot graph. The relationships among prognosis-related
genes were analyzed using Pearson correlation analysis and
plotted as co-expressed heatmaps in the COAD and normal
tissues, respectively. Moreover, the Human Protein Atlas (HPA3)
was utilized to validate the protein expression levels of prognosis-
related genes by immunohistochemistry (IHC).

3http://www.proteinatlas.org
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Genomic Alterations of Favorable
Prognostic Genes by the cBioPortal
Database
The cBioPortal Cancer Genomics Portal4 is a web-
based platform for performing multidimensional cancer
genomics data exploration, analytics, and visualization
(Gao et al., 2013). The gene alteration status of favorable
prognostic genes derived from the prognostic risk
model was analyzed using the cBioPortal tool regarding
COAD. OncoPrint was constructed in cBioPortal (TCGA
provisional) to directly provide an overview of genetic
alterations in each gene.

Survival Analysis of Favorable
Prognostic Genes Based on the GEPIA
Database
The Gene Expression Profiling Interactive Analysis (GEPIA)
database5 is a web-based tool for analyzing RNA sequencing
expression data and providing customizable functions such
as patient survival analysis, which includes 9736 tumors and
8587 normal samples from the TCGA and Genotype-Tissue
Expression databases (Tang et al., 2017). Survival curves were
plotted using the online tool GEPIA to evaluate the relationship
between OS and the expression of favorable prognostic genes
in COAD patients.

Immune Infiltrate Analysis Based on the
TIMER Database
TIMER6 is a web-based data-mining platform that includes
10,897 samples across 32 cancer types and applies a
deconvolution previously published statistical method to
determine the relative levels of six immune infiltrates from their
gene expression profiles (Li et al., 2017). The association of
immune infiltration levels in COAD with somatic copy number
alterations (SCNA) for prognostic genes was investigated by
the “SCNA module” in the TIMER database. SCNAs in TIMER
include deep deletions, arm-level deletions, diploid/normal
alterations, arm-level gains and high amplifications. The
distributions of each immune cell subset at each copy
number status in COAD were plotted by box plots and a
two-sided Wilcoxon rank sum test was utilized to compare
the immune infiltration level in each SCNA category with
that for normal samples. In addition, we further analyzed the
correlation of NAT1 and NAT2 expression with tumor purity
and levels of infiltrating CD8+ T cells and activated myeloid
dendritic cells.

Statistical Analysis
R software (version 3.6.1) was employed to implement the
statistical analyses in the study. P-values < 0.05 were considered
to be significant unless otherwise specified.

4http://cbioportal.org
5http://gepia.cancer-pku.cn/
6https://cistrome.shinyapps.io/timer/

RESULTS

Construction of Weighted Co-expression
Network and Identification of Key
Modules
After data preprocessing and quality assessment, we obtained the
expression matrices from the 521 samples in the TCGA-COAD
dataset and the 585 samples in the GSE39582 dataset. Using the
system biology method of WGCNA, co-expression modules in
COAD patients were identified by constructing the co-expression
networks from the TCGA-COAD and GSE39582 datasets. In
the present study, a soft power β = 5 (Figure 2A) was chosen
to build a scale-free network and 11 modules were generated
through average linkage hierarchical clustering in the TCGA-
COAD dataset (Figure 2B). Meanwhile, a total of 12 modules
(Figure 3B) were obtained by selecting an appropriate soft-
thresholding power = 5 in the GSE39582 dataset (Figure 3A).
Furthermore, we analyzed the association of modules between
each module and clinical subtypes (normal and tumor) to
identify key modules and construct the heatmaps of module-
trait relationships in Figures 2C, 3C. MEyellow in the TCGA-
COAD module (r = 0.88, p < 0.001) and MEbrown (r = 0.69,
p < 0.001) in the GES39582 module that were found to have the
highest association with normal tissues were selected as clinically
significant modules.

Identification of DEGs and OCGs
Under the cut-off criteria of FDR < 0.05 and | logFC| ≥ 1.0, the
“limma” algorithm identified 1461 DEGs in the GES39582 dataset
(796 upregulated and 665 downregulated genes, Figure 4B).
A total of 4021 DEGs in the TCGA-COAD dataset (1609
upregulated and 2412 downregulated genes, Figure 4A) were
obtained by the “edgR” package. As plotted in Figure 4C, the
brown module of the GES39582 dataset with 569 co-expression
genes and the yellow module of the TCGA-COAD dataset with
818 co-expression genes intersected with the DEGs, and 309
genes were screened as the OCGs for further analyzed.

Identification of a Gene-Based Signature
From the Training Dataset
All the OCGs in the training dataset (TCGA-COAD) were
subjected to univariate Cox analysis and a total of 18 genes
that were significantly associated with OS (Figure 5, P < 0.05)
were considered to be prognostic genes for multivariate Cox
regression analysis. To elucidate the underlying biological
mechanisms of 18 survival-related genes, GO and KEGG pathway
enrichment analyses were performed using the ClusterProfiler
package, and the results demonstrated that 5 KEGG pathways
and 241 GO terms were enriched for these prognostic genes
(Supplementary Tables 4, 5). The top ten terms in the three
functional groups (BP, CC, and MF) from the GO results are
demonstrated in Figure 6B. Among the BPs, the prognostic
genes were largely associated with metabolic biological processes,
including xenobiotic, fatty acid, and icosanoid metabolic
processes. For the CC results, it was demonstrated that the
prognostic genes were primarily located at zymogen granules,
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FIGURE 2 | Identification of modules associated with clinical information in the TCGA-COAD dataset. (A) Determination of soft-thresholding power in WGCNA
analysis. (B) Gene cluster tree. Based on the adjacency-based dissimilarity of the hierarchical clustering gene clustering chart, dynamic tree cutting method was
utilized to identify modules by dividing the tree diagram at significant branch points. Modules are assigned different colors in the horizontal bar immediately below the
tree diagram. (C) Module-trait relationships for normal and tumor. Each row in the table corresponds to a color module, and each column to a clinical trait. Numbers
in each cell reported the correlation coefficient between each module and clinical traits and the corresponding p-value.
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FIGURE 3 | Identification of modules associated with clinical information in the GSE39582 dataset. (A) Determination of soft-thresholding power in WGCNA analysis.
(B) Gene cluster tree. Based on the adjacency-based dissimilarity of the hierarchical clustering gene clustering chart, dynamic tree cutting method was utilized to
identify modules by dividing the tree diagram at significant branch points. Modules are assigned different colors in the horizontal bar immediately below the tree
diagram. (C) Module-trait relationships for normal and tumor. Each row in the table corresponds to a module eigengene, and each column to a clinical characteristic.
Numbers in each cell reported the correlation coefficient between each module and clinical traits and the corresponding p-value.
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FIGURE 4 | Identification of consensus differentially expressed genes (DEGs) among the TCGA-COAD and GSE39582 datasets of COAD patients. (A) Volcano plot
of DEGs in the TCGA-COAD dataset. (B) Volcano plot of DEGs in the GSE39582 dataset. (C) The Venn diagram showing the overlapping candidate genes among
DEG lists and co-expression modules.

euchromatin, tricarboxylic acid cycle (TCA) enzyme complexes
and peroxisomal matrices. Moreover, MF analysis indicated
that these genes were primarily involved in regulating the
biological functions of multiple enzymes and receptors, such
as N-acetyltransferase, prostaglandin receptor, hydrolase and
peroxisome proliferator activated receptor. According to KEGG
analysis (Figure 6A), these genes were correlated with drug
metabolism-other enzymes, chemical carcinogenesis and the
TCA cycle, which modulated the metabolic biological processes
to affect the tumorigenesis of COAD.

Next, 13 genes were further selected to establish a prognostic
gene signature, of which four genes were independent
prognostic factors associated with unfavorable overall
survival (FXYD3, FRMD3, LINC01133, and CHGA), and
nine genes were confirmed to be favorable prognostic factors
for COAD (TSPAN1, HRCT1, MIER3, NR3C2, SLC41A2,
NAT1, NAT2, ZG16, and PPARGC1A). The risk score
formula for assessing the prognosis of each patient was
calculated as follows: risk score = (–0.003) × (expression

value of TSPAN1) + 0.002 × (expression value
of FXYD3) + (–0.107) × (expression value
of HRCT1) + 0.136 × (expression value of
FRMD3) + (–0.039) × (expression value of
NR3C2) + (–0.072) × (expression value of SLC41A2) + (–
0.173) × (expression value of NAT1) + (–0.116) × (expression
value of NAT2) + (–0.033) × (expression value of
MIER3) + 0.076 × (expression value of LINC01133) + (–
0.021) × (expression value of ZG16) + 0.016 × (expression
value of CHGA) + (–0.074) × (expression value of PPARGC1A).
Detailed information on the multivariate Cox regression is
presented in Table 1.

Prognostic Role of the 13-Gene
Signature
The 13-gene based risk score was calculated for each patient
in the training and testing sets, and patients were stratified
into the low-risk and the high-risk subgroups with the median
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FIGURE 5 | Overall information of 18 prognostic DEGs screened out by univariate Cox proportional hazards regression in the TCGA-COAD dataset. Solid squares
represent the hazard ratio (HR) of death, and close-ended horizontal lines represent the 95% confidence intervals (CI).

FIGURE 6 | Functional enrichment analysis of the 18 survival-associated genes. (A) KEGG pathways in enrichment analysis of the prognostic genes; (B) GO
enrichment analysis results of the prognostic genes. Bubble color refers to the enrichment P-value, and the size of the bubble represents the gene number.

prognostic score of the training set serving as the cut-off point.
Next, we used the KM plot and ROC curve to describe the
performance of the 13-gene signature in predicting the survival
risk of COAD patients. The distribution of the risk score along
with the survival status of COAD patients and the heatmap of

the 13 prognostic genes in the two datasets are displayed in
Figure 7 (left panel), which indicates that patients with low scores
had lower mortality rates than did patients with high scores.
Consistent with these results, the KM analyses showed that the
high-risk group had a significantly shorter OS time than the
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TABLE 1 | Coefficients of 13 genes constituting gene-based risk signature that
were identified from multivariate Cox regression analysis.

Gene Coefficient HR HR.95L HR.95H P-value

TSPAN1 −0.003 0.997 0.993 1.001 0.140

FXYD3 0.002 1.002 1.001 1.002 0.001

HRCT1 −0.107 0.899 0.768 1.054 0.189

FRMD3 0.136 1.146 1.070 1.227 0.001

NR3C2 −0.039 0.962 0.915 1.011 0.128

SLC41A2 −0.072 0.931 0.864 1.002 0.06

NAT1 −0.173 0.841 0.734 0.965 0.014

NAT2 −0.116 0.890 0.751 1.056 0.181

MIER3 −0.033 0.968 0.927 1.011 0.138

LINC01133 0.076 1.079 1.042 1.117 < 0.001

ZG16 −0.021 0.979 0.960 0.998 0.032

CHGA 0.016 1.016 1.008 1.023 < 0.001

PPARGC1A −0.074 0.929 0.851 1.014 0.099

HR, Hazard ratio.

low-risk group (log-rank p < 0.001 in the training and testing
sets, Figure 7, right panel). The AUCs for the 13-gene signature
reached 0.789 and 0.868 in the training set and the testing set,
respectively, indicating the enhanced power of the signature in
predicting the survival outcomes of COAD patients (Figure 7,
right panel). In addition, we included age as a continuous
variable and gender and TNM stage as categorical variables for
univariate and multivariable Cox regression analyses to further
analyze the performance of our signature in the training set.
The results of the multivariate Cox regression analyses showed
that the 13-gene signature was an independent and unfavorable
prognostic factor in terms of OS after adjusting for age, gender,
and TNM stage (HR = 1.015, 95%CI = 1.008–1.022, p < 0.001,
Table 2).

Verification of the Expression Patterns of
the Prognostic Genes
To elucidate the role played by the prognostic genes derived
from the predictive signature in COAD, we explored the
gene expression levels of these genes among the patients
of the TCGA database and verified the protein expression
levels using the HPA database. As shown in the Figure 8A,
all the gene expression levels of prognostic genes were
significantly downregulated in COAD compared with non-
tumor tissues (All P-values < 0.001). The characteristic IHC
photos of prognostic genes in tumor and normal tissues are
presented in Figure 8B and the results indicated that six
of the prognostic genes showed significant downregulation
in COAD compared with normal tissue, including MIER3,
CHGA, SLC41A2, NAT1, NAT2, and ZG16. However, the
HPA dataset did not provide the immunochemical profiles of
HRCT1, LINCO1133, and PPARGC1A. Moreover, we employed
Pearson correlation analysis to explore the correlation between
the mRNA expressions of the 13 prognostic genes in the
TCGA dataset. The co-expression pattern in the normal tissues
(Figure 8C) was notably different from that in the tumor
tissues (Figure 8D).

Somatic Mutation Landscape and
Prognostic Values of Favorable
Prognostic Genes
Nine genes showing negative coefficients in the prognostic
signature were considered to be favorable prognostic genes.
Since the tumor genome pattern is reportedly associated with
tumorigenesis, we explored the somatic mutation for favorable
prognostic genes contained in the prognostic signature by
cBioPortal database analysis. Figure 9A illustrates the somatic
mutation landscape of the nine favorable prognostic genes in
COAD samples, with red and blue representing amplification and
deep deletion, respectively. Gene alterations in MIER3, NAT1,
and NAT2 were observed to occur in 5% of the sequenced
cases, and deep deletion accounted for the majority of alteration
types. Approximately 3% of genetic alterations of TSPAN1
were observed in COAD patients, including deep deletions and
missense mutations with unknown significance. Moreover, copy
number alterations (CNAs) were found in the most of COAD
patients. In addition, OS analyses of the nine favorable prognostic
genes were conducted by KM analyses based on the GEPIA
database to further confirm the prognostic values of these genes
in patients with COAD (Figure 9B). Among these genes, NAT1,
NAT2,NR3C2,ZG16, and PPARGC1A showed significant positive
correlations with OS and could be considered to be protective
genes in COAD. From the above mentioned analyses, we found
that only the two protective genes NAT1 and NAT2 underwent
the deep deletion and tended to be downregulated in COAD
tissues, suggesting that the two genes might play critical roles in
cancer development and progression. Furthermore, we compared
the differences in NAT1 and NAT2 among different subgroups
in COAD (Figure 10). NAT1 and NAT2 were significantly
differentially expressed in COAD patients with different AJCC
stages. Lower NAT1 and NAT2 expression was associated with
higher pathological stage.

Association of NAT1 and NAT2
Expression With Immune Infiltration
It is well-known that immune cells play an important anti-tumor
surveillance role. Thus, to elucidate the potential regulatory
mechanisms of NAT1 and NAT2 in the development of COAD,
the relationships between the SCNAs of NAT1 and NAT2
and immune infiltrates in the COAD microenvironment were
explored. Compared to the immune infiltrate levels of six cells,
deletion of NAT1 and NAT2 was associated with substantially
lower levels of four immune cell types, including B cells,
CD8+ T cells, neutrophils, and dendritic cells, which indicated
their influence on the tumor microenvironment (Figure 11A).
Furthermore, we observed that NAT1 and NAT2 expression was
significantly correlated with the infiltration levels of CD8+T cells
and dendritic cells (Figure 11B).

DISCUSSION

The molecular pathogenesis of COAD is multifaceted in
nature and characterized by a variety of genomic instabilities,
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FIGURE 7 | Risk score analysis, Kaplan–Meier survival curves and ROC curves for the 13-gene signature in COAD. Our study employed TCGA-COAD cohort as the
training dataset and an independent cohort by merging the GES39582 and GSE17536 datasets as the testing dataset. (A) The distributions of the risk score,
survival status and expression profiles, Kaplan–Meier curve and ROC curve of the 13-gene signature in the training set. (B) The distributions of the risk score, survival
status and expression profiles, Kaplan–Meier curve and ROC curve of the 13-gene signature in the testing set.

epigenomic alterations, gene expression dysregulation and
chromosomal aberrations, which are not separate events but
multiple cellular processes (Cancer Genome Atlas Network,
2012; Guinney et al., 2015). Although several advances

focusing on diagnostic and therapeutic techniques have
been identified to effectively reduce the mortality rates of COAD
patients, there are still a number of challenges facing early
diagnostic and therapeutic strategies, including a lack of the
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TABLE 2 | Identifying the independent prognostic parameters in the TCGA-COAD dataset.

Variables Univariable model Multivariable model

HR 95%CI of HR P-value HR 95%CI of HR P-value

13-gene risk score 1.016 1.009-1.023 < 0.001 1.015 1.008-1.022 < 0.001

Age 1.016 0.995-1.037 0.145 1.035 1.013-1.059 0.002

Gender 1.132 0.704-1.820 0.609 0.968 0.595-1.573 0.895

AJCC stage 3.883 2.309-6.530 < 0.001 1.993 0.595-1.573 0.047

ATCC T stage 7.330 1.791-29.996 0.006 3.163 0.743-13.475 0.119

AJCC N stage 4.512 2.790-7.294 < 0.001 2.788 1.590-4.888 < 0.001

AJCC M stage 3.721 2.300-6.019 < 0.001 1.598 0.903-2.829 0.108

HR, Hazard ratio; CI, confidence interval; AJCC, American Joint Committee on Cancer.

awareness of high-risk patients, a lack of clinically applicable
biomarkers to identify high-risk patients, and the high cost
of screening high-risk populations. Currently, genes can be
utilized to construct a prognostic risk model that helps to
assess tumor progression, prognosis and reaction to therapeutic
strategies, and a number of studies have established gene
signatures based on large-scale public datasets (Zuo et al.,
2019; Yuan et al., 2020a). Therefore, to accurately predict
survival time and identify high-risk patients, we conducted
a comprehensive screening of DEGs from two independent
datasets and subsequently constructed a 13-gene signature in
prognosis prediction for COAD patients. We also performed
validation analysis of the prognostic predictive signature and
found that this signature was credible in predicting the OS
of COAD patients.

Compared with the gene-based signatures constructed in
the previous study (Zuo et al., 2019; Yuan et al., 2020a), our
prognostic model was different. First, we adopted integrated
bioinformatic methods, WGCNA and DEG analysis, to select
significant DEGs related to the clinical traits from the GES39582
dataset and the TCGA-COAD dataset. Integrated bioinformatic
analysis tends to be an effective method to identify tumor-
specific genetic alterations associated with the occurrence
and development of tumors and guide patients’ personalized
therapy. Although traditional DEGs analysis is a powerful
analysis that can discover genetic alterations between control
groups and experimental groups, then generating highly valuable
information, only WGCNA, a data exploration tool, can be used
to determine the interactions among genes and find modules of
highly related genes that are significantly associated with clinical
features and biological tumor behavior. Second, numerous
studies have used WGCNA to select key modules associated with
clinicopathological parameters in multiple cancers. For example,
Xie and Xie (2019) identified genes significantly associated with
pathological M stage based on WGCNA and constructed a 6-
gene signature for the prognosis of non-small-cell lung cancer
patients. A previous study defined one gene module related to
tumor grades in colorectal cancer, and the putative representative
biomarkers associated with prognosis were identified (Yuan
et al., 2020b). Unlike traditional WGCNA, our study focused on
the modules notably correlated with normal tissues in the two
independent datasets and selected the module genes that might

play an important role in maintaining physiological function.
Thus, our study identified a brown module in the GES39582
dataset and a yellow module in the TCGA-COAD dataset, both of
which were significantly related to normal tissues compared with
tumor tissues. Furthermore, the 309 OCGs between DEGs and
the co-expression module genes were obtained and subjected to
univariate and multivariate Cox analyses for prognostic signature
construction. Our study employed TCGA cohort as the training
dataset and an independent cohort by merging the GES39582 and
GSE17536 datasets as the testing dataset. Moreover, to minimize
variability, an SVA algorithm was utilized to remove the batch
effect of the two GEO datasets.

In this study, a total of 18 survival-related genes was
firstly identified based on univariate Cox analysis in the
TCGA-COAD dataset. Functional annotation analysis indicated
that these genes were mainly involved in various metabolic
processes, which might affect the development of cancer. The
top activated pathway in the enrichment analysis was fatty
acid metabolic process, an essential cellular process that reflects
the function of mitochondria. Increased fatty acid synthesis
is crucial for the proliferation and growth of cancer cells by
new membrane biosynthesis and steroid hormone production,
thereby promoting tumorigenesis and tumor progression (Röhrig
and Schulze, 2016). Next, we constructed a novel gene-based
signature consisting of 13 genes (FXYD3, MIER3, LINC01133,
CHGA, TSPAN1, HRCT1, FRMD3, NR3C2, SLC41A2, NAT1,
NAT2, ZG16, and PPARGC1A) for predicting the OS of
COAD patients. Furthermore, the 13-gene signature could
categorize COAD patients into low-risk and high-risk groups
with statistically different survival outcomes, which was validated
by the ROC analysis and KM curve analysis in both TCGA and
the merged GEO datasets. Besides, to further clarify whether this
signature is an independent factor in COAD, multivariate Cox
regression analyses was performed and showed that it was able
to predict the survival of COAD patients without consideration
of other conventional clinicopathological variables, including
age, gender, and AJCC stage. Taken together, these findings
provide the evidence for translating the 13-gene signature into
clinical practice.

In the 13-gene signature, most genes were regarded as
favorable prognostic genes, while only FXYD3, FRMD3,
LINC01133, and CHGA were found to do the opposite. As

Frontiers in Genetics | www.frontiersin.org 12 July 2021 | Volume 12 | Article 657658379

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-657658 July 7, 2021 Time: 15:10 # 13

Zhang et al. Gene-Based Signature in COAD

FIGURE 8 | The expression of the 13 prognostic genes in COAD. (A) The expression profiles of the 13 genes in the TCGA-COAD dataset. Wilcoxon rank-sum tests
were conducted to compare the difference in the expression level of each gene between tumor and normal tissues. ***p < 0.001; N, normal tissues; T, tumor tissues.
(B) Protein levels of the 13 genes in the COAD and normal tissues based on the Human Protein Atlas. (C) Transcription-level correlation analysis of the 13 prognostic
genes in the normal tissues of TCGA-COAD dataset. (D) Transcription-level correlation analysis of the 13 prognostic genes in the tumor tissues of TCGA-COAD
dataset. Pearson correlation analysis was performed to analyze the relationships among prognosis-related genes. Numbers in each cell reported the correlation
coefficient between these genes.
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FIGURE 9 | The genomic mutations and prognostic values of the nine favorable prognostic genes in COAD. (A) The expression alteration profiles of the nine
favorable prognostic genes based on the cBioPortal database. The genetic alterations of the favorable prognostic genes in COAD, including copy number
amplification, deep deletion, amplification, and genomic mutation were assessed. The OncoPrint tab provides an overview of genetic alterations in each gene across
a sample set. Each row refers to a gene, and each column refers to a tumor sample. (B) The overall survival analyses of the 9 favorable prognostic genes using the
GEPIA online platform. Kaplan–Meier plotter was applied to evaluate the prognostic value of each gene. Hazard ratios (HRs) and log-rank p-values were calculated.

the survival time of cancer patients could be influenced by
aberrant expression of genes, we confirmed the gene and protein
expression patterns of the prognostic genes based on the TCGA
database and HPA database. All 13 genes were determined to be
downregulated at the genetic level in COAD tissues relative to
normal samples, among which six genes were consistent with
the IHC results in the HPA dataset and tended to be reduced at
the protein level in tumor specimens, including MIER3, CHGA,
SLC41A2, NAT1, NAT2, and ZG16, providing the vital function
of favorable prognostic genes in COAD. However, unfavorable
prognosis-related genes have also been reported to be involved
in tumor proliferation. FXYD3, a new regulator of Na-K-ATPase,
has been found to be expressed in normal colon tissues (Geering,
2006). A study on a total of 150 resected colorectal cancer

specimens measured the protein levels of FXYD3 by IHC staining
and demonstrated an association of downregulated expression
of FXYD3 proteins with cancer progression defined by Dukes’
staging (Widegren et al., 2009). Recent publications have
revealed that LINC01133 is significantly reduced in colorectal
cancer and is considered as a potential tumor suppressor in
cancer progression and metastasis (Kong et al., 2016; Zhang
et al., 2017). CHGA has been approved as a powerful biomarker
for the early detection of various digestive system carcinomas,
including gastric cancer (Yang and Chung, 2008), pancreatic
neuroendocrine tumors (Weisbrod et al., 2013), and colorectal
cancer (Zhang et al., 2019). The current research mechanism
of FRMD3 in COAD has not been reported to date, but it has
been reported that non-small cell lung carcinoma (NSCLC) is
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FIGURE 10 | NAT1 and NAT2 expression in subgroups of patients with COAD, stratified based on AJCC TNM stage. Wilcoxon rank sum tests were performed to
compare the difference of NAT1 and NAT2 expression among different subgroups of clinicopathological variables. (A) Boxplot showing relative expression of NAT1
and NAT2 in COAD patients in stage 1, 2, 3, or 4. (B) Boxplot showing relative expression of NAT1 and NAT2 in COAD patients in T1, 2, 3, or 4. (C) Boxplot showing
relative expression of NAT1 and NAT2 in COAD patients in N0, 1, or 2. (D) Boxplot showing relative expression of NAT1 and NAT2 in COAD patients in M0, or 1. The
central mark is the median; the edges of the box are the 25th and 75th percentiles.

highly correlated with reduced FRMD3 expression, which could
induce apoptosis by regulating the activity of caspases in NSCLC.
Therefore, further research is warranted to be carried out to
characterize the role of FRMD3 in COAD.

For the favorable prognostic genes, their genetic status was
further analyzed by the cBioPortal tool. The results showed
that deep deletion was the most common genetic alteration,
which could result in gene expression downregulation in tumors,
further indicating the credibility of our results. Various studies
have suggested that these favorable prognostic genes might play
important roles in tumor progression. A recent study showed
that MIER3 expression was significantly reduced in colorectal
cancer at the mRNA and protein levels and was negatively
correlated with aggressive tumors and poor clinical outcomes
(Peng et al., 2017). Moreover, overexpression of MIER3 could
inhibit the aggressive behaviors of colorectal cancer in vivo
and in vitro (Peng et al., 2017). In our study, the mRNA and
protein levels of MIER3 were significantly reduced in tumor
tissues, and deep deletion was the most common type of MIER3
mutation in COAD. However, no correlation was found between
the gene expression of MIER3 and the prognosis of COAD
patients in our survival analysis. TSPAN1, a member of the
transmembrane 4 superfamily, has been reported to be increased
in various cancers at the mRNA level, including prostate cancer
(Xu et al., 2000), gastric carcinoma (Chen et al., 2008), and
COAD (Chen et al., 2009). A clinical study indicated that COAD
patients with TSPAN1 overexpression had a significantly shorter
survival period than patients with weak expression, which was
not consistent with our survival study (Chen et al., 2009). An

in vitro study indicated that the downregulation of TSPAN1
significantly inhibited the proliferation and invasion of colon
cancer cells, suggesting that TSPAN1 might be a valuable
therapeutic target molecule in colon cancer (Chen et al., 2010).
Thus, the molecular mechanisms governing TSPAN1 in COAD
still need to be further investigated. Zymogen granule protein 16
(ZG16) is primarily expressed in mucus-secreting cells, including
goblet cells in the colon (Tateno et al., 2012). In a clinical
study with a small sample size, ZG16 expression was found
to be sequentially downregulated from normal colon tissues
and neoplastic precursor adenomatous polyps to COAD tissues
(Meng et al., 2018). A recent study showed that the expression
of ZG16 was associated with distant metastasis and lymphatic
invasion in colorectal cancer (Meng et al., 2020). In concordance
with previous studies, our study found that the gene and protein
expression levels of ZG16 were significantly reduced in tumor
tissues and correlated with poor prognosis, supporting the tumor
suppressor role of ZG16 in COAD progression. PPARGC1A
is a transcriptional coactivator of the PGC-1 gene family that
modulates the process of energy metabolism and mitochondrial
biogenesis (Seale, 2015). Based on the survival analysis in the
GEPIA database, we found that patients with higher PPARGC1A
expression had a better prognosis in COAD. However, the effect
of PPARGC1A on the initiation and progression of colorectal
cancer remains controversial. Accumulating studies have shown
that PPARGC1A promoted tumor growth (Bhalla et al., 2011;
Vellinga et al., 2015), whereas several studies have found that
the lower expression of this gene in COAD is associated
with an increased risk of cancer (Feilchenfeldt et al., 2004).
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FIGURE 11 | TIMER analyses of NAT1 and NAT2. (A) The associations of somatic copy number alterations (SCNAs) of NAT1 and NAT2 with immune infiltrates in
COAD. The SCNAs in TIMER included deep deletions, arm-level deletions, diploid/normal alterations, arm-level gains and high amplifications. The SCNA categories
of NAT1 and NAT2 were presented at the right bottom and the distributions of each immune cell subset at each mutation status were plotted by box plots.
Two-sided Wilcoxon rank sum test with calculated p-value was utilized to compare the immune infiltration level in each category with that for normal samples.
*P < 0.05; **P < 0.01; ***P < 0.001. (B) Correlation of NAT1 and NAT2 expression levels with tumor purity and infiltrating levels of CD8+ T cells and activated
myeloid dendritic cells. The Spearman method was used to determine the correlation coefficient. NAT1 and NAT2 expression levels were plotted on the y-axis, while
the abundance of immune infiltrating cells was plotted on the x-axis. Gene expression levels against tumor purity was displayed on the left-most panel.
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In another study, genetic polymorphisms in PPARGC1A
(rs3774921) increased the risk of colorectal cancer in individuals
fed a highly inflammatory diet (Cho et al., 2017). NR3C2 is
a mineralocorticoid receptor gene encoding mineralocorticoid
receptor (MR) that has been considered a tumor suppressor in
colorectal cancer, which is consistent with our study (Tiberio
et al., 2013). MR downregulation in colorectal cancer was
correlated with increased expression of the VEGF receptor,
indicating that NR3C2 exerted specific role in decreasing
angiogenesis in tumor (Tiberio et al., 2013).HRCT1 and SLC41A2
were not reported to be involved in the process of tumorigenesis.
Further studies are needed to decipher the biological functions of
HRCT1 and SLC41A2 in COAD.

NAT1 and NAT2 are two members of the N-acetyltransferases
(NAT) family that encode polymorphic enzymes catalyzing the
metabolic activation of heterocyclic aromatic amines (HCAs),
which have been considered established carcinogens in human
colorectal cancer and urinary bladder cancer (Kadlubar et al.,
1992; Cross and Sinha, 2004). GO enrichment analysis of
the prognostic genes showed that these genes were closely
related to N-acetyltransferase activity, which was consistent
with the biological functions of NAT1 and NAT2. Previous
studies have shown that individuals with polymorphisms in
NAT1 or NAT2 enzymes were susceptible to HCAs present in
tobacco smoke and high-temperature cooked meat (Keku et al.,
2003; Nöthlings et al., 2009). For example, NAT1 and NAT2
acetylator status might create predispositions to increased COAD
risk with exposure to tobacco smoke and meat consumption
(Lilla et al., 2006). Although most studies have focused on
the role of NAT1 and NAT2 genetic polymorphisms in COAD
risk, the potential role played by their aberrant expression
in COAD has largely been ignored and whether NAT1 and
NAT2 expression influences cancer patient survival remains
unknown. Liu et al. identified NAT1 and NAT2 as critical
downregulated genes for CRC, but this study was limited
by a small sample size (Liu et al., 2015). Consistent with
the previous study, we found that the expressions of NAT1
and NAT2 was significantly reduced in tumor tissues at the
mRNA and protein levels, possibly attributable to the highly
frequent deep deletion of both genes in COAD, which was
confirmed by cBioPortal analysis. Moreover, we used the online
tool GEPIA to analyze the prognostic values of NAT1 and
NAT2 expression and found that lower levels of NAT1 and
NAT2 expression were correlated with poorer prognosis in
COAD patients. These findings suggested that NAT1 and NAT2
might play novel tumor suppressor roles in the development
and metastasis of COAD and could be served as prognostic
biomarkers in COAD.

Previous studies have shown that NAT1 is expressed
predominantly on T cells while NAT2 is expressed in
macrophages and natural killer cells, responsible for the
adaptive and innate immune response (Salazar-González et al.,
2014, 2018). The possible roles played by NAT1 and NAT2 in
modulating the immune response in COAD have not been
determined to date. Hence, we explored the relationship between
NAT1 and NAT2 expression and the infiltration levels of immune
cells and found that deletion of NAT1 and NAT2 was associated

with substantially lower levels of immune cells, including B
cells, CD8+ T cells, neutrophils, and dendritic cells. Moreover,
positive relationships between NAT1 and NAT2 expression levels
and infiltration levels of CD8+ T cells and dendritic cells were
identified. It is well-known that neoantigens accumulating on
tumor cells are initially recognized and presented by dendritic
cells, subsequently promoting the production of CD8+ T cells,
which are considered the main executors of cancer destruction,
enhancing immune cell activities in the microenvironment,
and thus preventing the development of cancer (Chen and
Flies, 2013; Buoncervello et al., 2019). These results supported
the notion that NAT1 and NAT2 downregulation might
inhibit the antitumor immune response, enhancing tumor
cell invasion and metastasis and thus decreasing the survival
time of cancer patients. However, this hypothesis needs to be
further validated.

Inevitably, there are several limitations in the present
study. First, a major issue is that we did not collect patients
diagnosed with COAD with adequate information in our own
hospital to validate the predictive performance of the 13-
gene based signature. A GEO cohort was used to confirm
the robustness of this signature, which could make up for
it slightly. Second, all of our samples and clinical data were
based on the TCGA and GEO datasets, in which most patients
were Western patients. Cohorts with larger sample sizes from
other regions are warranted to extend our findings. Third,
the prognostic risk model comprised too many genes, which
might decrease the accuracy of the model and increase the
expenses of laboratory testing, thereby limiting its clinical
application. Moreover, although we performed a comprehensive
bioinformatic analysis to build a prognostic risk model, the
results of bioinformatic analysis can be biased to an extent
when analyzing the data that have fewer non-tumor tissues than
tumor tissues or addressing technical artifacts of WGCNA, which
is similar to the limitations of other bioinformatic methods.
Thus, large sample sizes of normal tissues will be important
for reliable interpretation of data. In consideration of the
credibility of the WGCNA results, TCGA data and IHC data
from the HPA database were employed to confirm the gene
and protein expression levels of the prognostic genes. However,
due to the limitations of the HPA dataset, the IHC results
of some prognostic genes in COAD patients were lacking.
A series of experiments should be performed to clarify the
underlying mechanism of the prognostic genes in the regulation
of tumorigenesis in COAD.

In this study, we identified a 13-gene prognostic signature
to predict the OS of COAD by using a series of bioinformatics
analyses, which could accurately separate COAD patients with
unfavorable prognoses from those with favorable prognoses.
Moreover, the prognostic genes derived from the predictive
signature have the potential to modulate the tumorigenesis and
progression of COAD, especially NAT1 and NAT2, which have
been implicated in modulating antitumor immunity. Therefore,
the results of the present study not only showed the value of the
13-gene signature as a promising classification tool for COAD
prognosis but also provided new insights into the role of NAT1
and NAT2 in the tumorigenesis and progression of COAD.
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Renal cell carcinoma (RCC) is one of the most commonmalignancies in the urinary system.
The mortality of advanced RCC remains high despite advances in systemic therapy of
RCC. Considering the misdiagnosis of early-stage RCC, the identification of effective
biomarkers is of great importance. Tissue inhibitor matrix metalloproteinase 1 (TIMP1),
which belongs to TIMP gene family, is a natural inhibitor of the matrix metalloproteinases
(MMPs). In this study, we found TIMP1 was significantly up-regulated in cell lines and RCC
tissues. Kaplan-Meier analysis revealed that high expression of TIMP1 indicated a poor
prognosis. Multivariate analysis further indicated that TIMP1 overexpression was an
independent prognostic factor of RCC patients. Furthermore, knockdown of
TIMP1 in vitro suppressed the proliferation, migration, and invasion of RCC cells, while
upregulating TIMP1 accelerated the proliferation, migration, and invasion of RCC cells. In
addition, we also found that TIMP1 prompted the progression of RCC via epithelial-to-
mesenchymal transition (EMT) signaling pathway. In conclusion, the present results
suggested that TIMP1 indicated poor prognosis of renal cell carcinoma and could
serve as a potential diagnostic and prognostic biomarker for RCC.

Keywords: TIMP1, renal cell carcinoma (RCC), tumorigenesis, biomarker, EMT-epithelial to mesenchymal transition

1 INTRODUCTION

Renal cell carcinoma (RCC) is one of the cancer types that originated from the renal epithelium,
which accounts for most cancer-related deaths (Hsieh et al., 2017). The main histological subtypes of
RCCs are clear cell (cc) RCC (~70% of RCCs), papillary (p) RCC (10%–15% of RCCs), and
chromophobe (ch) RCC (~5% of RCCs) (Morris and Latif, 2017). Cancer-specific survival rates at
5 years for the above three types of RCC are 68.9%, 87.4%, and 86.7%, respectively (Cheville et al.,
2003; Cinque et al., 2021). The five-year survival rate of early-stage RCC reaches 71%–88%. Still, the
survival rate at 5 years of RCC plummets to only 12% when metastasis occurs according to the latest
study (Leibovich et al., 2010; Cinque et al., 2021). Therefore, it is necessary to identify practical
biomarkers for the early diagnosis of RCC.

Tissue inhibitor matrix metalloproteinase (TIMP) family comprises four paralogous genes
(TIMP1, TIMP2, TIMP3, TIMP4) (Brew and Nagase, 2010). TIMPs participate in more
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protease-independent biological functions including anti-
apoptosis, anti-angiogenesis, cell cycle regulation, and
differentiation activities in epithelial or blood-derived cells
(Seo et al., 2003; Cruz-Munoz et al., 2006; Jung et al., 2006;
Taube et al., 2006; Grunwald et al., 2019). TIMP1 is a major
member of the TIMP family with a molecular weight of
23 KDa, which consists of a two-domain structure
possessing metalloproteinase-inhibitory and cytokine-like
signaling activities (Grunwald et al., 2019). Previous studies
showed that high expression of TIMP1 in tissue or blood
suggested poor outcomes in various cancers (Holten-
Andersen et al., 1999; Wang et al., 2013; Jackson et al.,
2017). Song revealed that TIMP1 promoted tumor
progression and suppressed apoptosis via FAK-PI3K/AKT
and MAPK pathway in colon cancer (Song et al., 2016).
Gong found that higher levels of TIMP1 expression were
associated with poor prognosis in triple-negative breast
cancer (Cheng et al., 2016). Hemmerlein investigated the
expression of matrix metalloproteinases and their inhibitors
in medulloblastomas and their prognostic relevance (Ozen
et al., 2004). In the field of RCC, Kugler’s study showed
that the balance of MMP-2 and MMP-9 to TIMP-1 and
TIMP-2 expression was an essential factor in the
aggressiveness of RCC (Kugler et al., 1998). Kallakury
pointed out that increased expression of TIMP1 correlated
with poor prognostic variables in RCC (Kallakury et al., 2001).
Hence, we aimed to explore the relationship between the
expression of TIMP1 and clinicopathological factors in
renal cancer. Furthermore, we investigated the functional
roles of TIMP1 and the underlying biological signal
pathway in renal cancer cells.

2 MATERIALS AND METHODS

2.1 RCC Tissue Samples
A total of 59 pairs of tumor and adjacent normal tissues were
obtained from the Department of Urology, Union Hospital,
Tongji Medical College (Wuhan, China) between January 2018
and January 2019. The normal kidney tissues were obtained from
2 cm away from the edge of lesions. The clinical information of
these samples was presented in Table 1. The samples were
divided into two groups. The first group was immediately
stored in liquid nitrogen for RNA and protein extraction. The
second group was fixed in formalin and embedded in paraffin,
then used for immunohistochemistry assays. Among these
samples, we randomly selected 8 pairs of tissues for protein
detection, 20 pairs of samples for quantitative real-time PCR
and 3 pairs of samples for immunohistochemistry. No patients
received anticancer therapy before surgery. All patients gave
written informed consent before inclusion in this study, and
the study was approved by the Human Research Ethics
Committee of Huazhong University of Science and
Technology. The study complies with the guidelines of the
Declaration of Helsinki.

2.2 Cell Culture
The human renal proximal tubular epithelial cell line HK-2, and 5
kinds of human renal cell carcinoma cell lines: 786-O, ACHN,
A498, CAKI-1, and OSRC-2, were used in this study and were
obtained from the American Type Culture Collection. These cell
lines were used for RT-qPCR and western blotting. The cells were
grown in Dulbecco’s modified Eagles medium containing high
glucose (4.5 g/L), fetal bovine serum (10%), and penicillin/
streptomycin solution (1%). All cells were cultured under
standard conditions: at 37°C in a 5% CO2 atmosphere.

2.3 Immunohistochemical Staining Assays
The paired RCC tissues and adjacent normal tissues were first
fixed in 4% formalin at room temperature for 12 h, dehydrated,
and embedded in paraffin. Then the tissue sections were
incubated with rabbit TIMP1 monoclonal antibody (Abcam,
ab109125, 1:1,000) overnight at 4°C. Tissue sections were
washed three times with phosphate-buffered saline and
incubated with secondary antibodies that were conjugated to
horseradish peroxidase at room temperature for 2 h. The sections
were scanned by a NanoZoomer S360 (Hamamastu Corporation)
and observed with NDP.view2 software (Hamamastu
Corporation). Random fields were selected to interpret the
expression of TIMP1 in tissue sections under 100x and 400x
magnification.

2.4 RNA Extraction and RT-qPCR
Total RNA was isolated from tissues or cells using TRIzol®
reagent (Thermo Fisher Scientific, Inc.). The concentration
and purity of the RNA solution were detected using a
NanoDrop 2000 spectrophotometer (NanoDrop Technologies;
Thermo Fisher Scientific, Inc.). Total RNA was then reverse
transcribed into cDNA using a Superscript II reverse

TABLE 1 | Clinical characteristics of 59 patients with renal cell carcinoma.

Characteristic Data

Age, mean ± SEM (years) 52.3 ± 13.8
Gender, male/female 31/28
Tumor size, mean ± SEM (cm) 5.5 ± 3.1
Location, right/left 27/32
T stage, n (%)
T1a 13 (22.03)
T1b 28 (47.46)
T2a 8 (13.56)
T2b 5 (8.47)
T3 2 (3.39)
T4 2 (3.39)
Unknown 1 (1.69)

N stage, n (%)
N0 54 (91.53)
N1 5 (8.47)

M stage, n (%)
M0 56 (94.92)
M1 3 (5.08)

Fuhrman grade, n (%)
1 14 (23.73)
2 27 (45.76)
3 9 (15.25)
4 4 (6.78)
Unknown 5 (8.47)
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transcription kit (Takara Bio, Inc.) according to the
manufacturer’s protocols. All the experiments were repeated
thrice for all the samples. The primers used to amplify TIMP1
and GAPDH were synthesized by TSINGKE Inc. The sequences
of forward and reverse primers were as follows: TIMP1-forward:
5′-CGC AGC GAG GAG GTT TCT CAT-3’; TIMP1-reverse: 5′-
GGC AGT GAT GTG CAA ATT TCC-3’. GAPDH-forward: 5′-
CGT GGA AGG ACT CAT GAC CA-3’; GAPDH -reverse: 5′-
GCC ATC ACG CCA CAG TTT C-3’.

2.5 Western Blot Assays
Total protein was extracted from RCC tissues and corresponding
adjacent normal tissues of 12 patients using RIPA lysis buffer
(Servicbio.Inc.) with protease inhibitor phenyl methane sulfonyl
fluoride (PMSF, 1%), and then the concentration was measured
with BCA protein assay kit (Beyotime Biotechnology, Jiangsu,
China). Primary rabbit polyclonal antibody against primary
antibodies (TIMP1 1:1,000, Abcam,Inc., ab109125; N-cadherin
1:5000, Abcam.Inc., ab76011; E-cadherin 1:10000, Abcam,Inc.,
ab40772) and β-actin (1:10000; Abclonal,Inc., cat.AC026) were
incubated overnight at 4°C. All the procedures were performed
according to the manufacturer’s instructions.

2.6 Small Interfering RNA and Plasmids
Construction, Transfections
Small interfering RNA (siRNA) oligonucleotide sequences
specifically targeting TIMP1 (si-TIMP1) and negative control (si-
NC) siRNA (cat. no. siBDM1999A) were obtained fromGuangzhou
RiboBio Co., Ltd. The plasmids harboring TIMP1 (ov-TIMP1) and
negative control (ov-NC) were constructed and supplied by Vigene
Biology (Vigene, China). Cells were collected for subsequent
experiments 48 h post transfection. The si-TIMP1 sequence was
as follows: 5′-GCC AAT GTG ATG GTG GAC A-3’. The
information about the plasmid that has been used for over
expression of TIMP1 was provided in Supplementary Figure S1.

2.7 Cell Proliferation Assay
One thousand transfected cells were added to each hole in the 96-well
plates. Cell proliferation was assessed by the CCK-8 assay (CCK8;
Dojindo Molceular Technologies, Inc.) at 24, 48, 72, and 96 h
following treatments, according to the manufacturer’s instructions.
Ten μl of CCK8 was added to each hole and incubated with cells for
2 h. Then the optical density values were measured by a
spectrophotometer at 450 nm to estimate the number of living cells.

2.8 Cell Migration and Invasion Assays
We planted 1 × 104 cells into the upper chambers in serum-free
medium for migration and 2 × 104 cells for invasion. Sixty μl
Matrigel (Thermo Fisher Scientific; Waltham, USA) had been
added into the upper chambers for invasion assays. The lower
chambers were filled with 600 μl DMEM added with 10% FBS.
After 24 h of incubation, the cells were fixed in 100% methanol,
then stained with 0.05% crystal violet. Finally, the results were
observed under a light microscope at 100x magnification, and the
cells passed through the membrane were counted in 3 randomly
chosen fields.

2.9 Bioinformatics Analysis
TIMP1, TIMP2, TIMP3, and TIMP4 mRNA expression and
clinical information of The Cancer Genome Atlas (TCGA)
clear cell renal cell carcinoma dataset (TCGA_KIRC) were
downloaded from the Xena Functional Genomics Explorer of
University of California Santa Cruz (https://xenabrowser.net/).
Beroukhim renal, Jones renal, and Yusenko renal datasets (Jones
et al., 2005; Beroukhim et al., 2009; Yusenko et al., 2009) were
obtained from the Oncomine database (https://www.oncomine.
org). The gene set enrichment analysis (GSEA) platform with the
Kyoto Encylopedia of Genes and Genomes and Gene Ontology
databases (c2.all.v6.2.symbols.gmt) was employed to find
pathways enriched in the gene set, based on the pathway
Enrichment Score (ES). STRING (Version11.0) was used to
explore the protein-protein reaction and biological function of
TIMP1(https://string-db.org/).

2.10 Statistical Analysis
All statistical analyses were processed by GraphPad Prism 7.0
(GraphPad Software, Inc., USA) and SPSS Statistics 22.0 software
(IBM SPSS, Chicago, IL, United States). Data of paired cases were
analyzed using a paired student t-test, while analysis of unpaired
cases was performed using a one-way analysis of variance
(ANOVA) or t-test. Pearson’s χ2 test was applied to analyze
the relationship between TIMP1 and TIMP3 expression and
clinical parameters. The Kaplan-Meier analysis was used to
estimate the correlation between TIMP1 and TIMP3 mRNA
expression with overall survival (OS) and disease-free survival
(DFS) times with the log-rank test. The TIMP1 mRNA levels
downloaded from the TCGA_KIRC dataset were first divided
into two groups according to different clinical parameters and then
applied to draw receiver operating characteristic (ROC) curves and
analyze the area under the curve (AUC) with GraphPad Prism 7.0.
The diagnostic value of TIMP1 mRNA expression in RCC was
evaluated by ROC curves and AUC. Finally, univariate and
multivariate Cox proportional hazard regressions were applied to
determine the prognostic significance of TIMP1 and TIMP3. All
experiments were repeated thrice independently and all data were
represented as mean ± SEM. A confidence threshold, p < 0.05, was
considered to be statistically significant. *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.

3 RESULTS

3.1 TIMP1 Was Upregulated in RCC
To determine whether TIMP expression was related to the
occurrence and progress of RCC, we downloaded the mRNA
of 4 members in this family (TIMP1, TIMP2, TIMP3, and
TIMP4) from TCGA_KIRC and drew a heatmap of them
according to their mRNA expression. The result showed that
TIMP1 was upregulated in RCC tissues (Figure 1). It was further
verified that TIMP1 was found in higher expression levels in
paired comparison (Figure 2A). To confirm these results, we
compared the mRNA expression of TIMP1 in Oncomine datasets
(Beroukhim, Jones, and Yusenko) and it was shown that TIMP1
was highly expressed in renal cancer samples (Figure 2B). All
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these results indicated that TIMP1 might play an important role
in RCC progression, which raised our interest to further study.

3.2 High Level of TIMP1 Indicated a Poor
Clinical Outcome in Subgroups of Patients
With Different Clinical Parameters
Kaplan-Meier survival analysis and log-rank test were applied to
determine the OS and DFS in patients with RCC. The result
showed that patients with higher levels of TIMP1 had a poorer
outcome (Figure 3A). Further Kaplan-Meier survival analysis for
subgroups of patients with different clinical parameters

demonstrated that TIMP1 was an ideal prognostic biomarker
for patients with the following characteristics: T1+T2 stage
(Figure 3B), N0 (Figure 3C), M0 (Figure 3D), G1+G2 stage
(Figure 3E), age<60 (Figure 3F), age≥60 (Figure 3G), male
(Figure 3H) and female (Figure 3I). The DFS survival
analysis revealed that patients with higher TIMP1 had a
shorter disease-free time (Figure 4A), and TIMP1 could act as
a biomarker for patients with the following characteristics: T1+T2
(Figure 4B), N0 (Figure 4C), age≥60 (Figure 4D), and female
(Figure 4E). Furthermore, we applied univariate and multivariate
regression models to assess the integrated prognostic value of
TIMP1. The results suggested that TIMP1 independently

FIGURE 1 | Heatmap of mRNA expression levels of TIMP family obtained from TCGA_KIRC. Red represented high expression and blue represented low
expression. TIMP, Tissue inhibitor matrix metalloproteinase; KIRC, kidney renal clear cell carcinoma; TCGA, The Cancer Genome Atlas.

FIGURE 2 | TIMP1 was upregulated in RCC. The mRNA expression level and clinical parameters were downloaded from TCGA_KIRC. (A) mRNA levels of TIMP
family proteins in RCC tissues and paired normal tissues. (B) TIMP1 was upregulated in three renal statistics downloaded from the Oncomine database, including
Beroukhim, Jones, and Yusenko renal statistics. TIMP, Tissue inhibitor matrix metalloproteinase; TIMP1, Tissue inhibitor matrix metalloproteinase 1; RCC, clear cell renal
cell carcinoma, TCGA, The Cancer Genome Atlas; KIRC, kidney renal clear cell carcinoma.
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correlated with the OS and DFS status of RCC patients (Tables 2,
3). In conclusion, the above results demonstrated that the high
level of TIMP1 indicated a poor clinical outcome and TIMP1
could serve as an ideal prognostic biomarker for RCC.

3.3 TIMP1 Expression LevelWas Associated
With Different Clinicopathological
Parameters
To clarify the expression pattern of TIMP1 in patients with different
clinical parameters, the present study analyzed the TIMP1
expression levels of 522 cases from the TCGA database. The
results confirmed that the high expression level of TIMP1 is
associated with patients’ gender, higher T stage, N stage, M stage,

TNM stage, and histological grade (Figures 5A–F). Besides, patients
with worse OS status and DFS status had a higher level of TIMP1
expression (Figures 5G,H). However, there were no obvious
differences between patients aged ≥60 years and those aged
<60 years (Table 4). These results demonstrated that TIMP1 was
upregulated and closely related to gender, T stage, N stage, M stage,
TNM stage, and histological grade in RCC.

3.4 The mRNA Expression Level of TIMP1
can Serve as a Biomarker for Clinical RCC
Diagnosis
To access the value of TIMP1 mRNA expression level in the
diagnosis of RCC, receiver operating characteristic (ROC)

FIGURE 3 | High level of TIMP1 indicated poor OS of patients with RCC. Kaplan-Meier curves for overall survival (OS) were performed in patients with RCC based
on the TCGA database. (A)OSwas closely associated with TIMP1 levels. OS subanalysis was applied in patients with different clinical parameters. (B) Patients at T1 and
T2 stage, (C) Patients at N0 stage, (D) Patients at M0 stage, (E) Patients at G1 and G2 stage, (F) Patient with age<60, (G) Patients with age≥60, (H) Male patients, (I)
Female patients. TIMP1, Tissue inhibitor matrix metalloproteinase 1; RCC, renal cell carcinoma; TCGA, The Cancer Genome Atlas.
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curves were applied for patients with different
clinicopathological variables. Area under curve (AUC) was
used to evaluate the diagnostic efficiency. The results
indicated that TIMP1 could adequately distinguish RCC
patients with an AUC of 0.8858 (p < 0.0001; Figure 6A).
Additionally, the TIMP1 expression level also exhibited
diagnostic value for subgroups of patients with RCC as
follows: T1+T2 vs. T3+T4 (AUC = 0.6414, p < 0.0001;
Figure 6B), G1+G2 vs. G3+G4 (AUC = 0.6307, p < 0.0001;
Figure 6C), M0 vs. M1 stage (AUC = 0.6375, p = 0.0001;
Figure 6D), TNM I + II vs TNM III + IV stage (AUC = 0.6546,

p < 0.0001; Figure 6E), OS good vs. OS poor (AUC = 0.6617,
p < 0.0001; Figure 6F), DFS good vs DFS poor (AUC = 0.7056,
p < 0.0001; Figure 6G) and male vs. female (AUC = 0.5875, p =
0.001; Figure 6H). Therefore, TIMP1 might act as a potential
biomarker for RCC diagnosis.

3.5 TIMP1 Was Upregulated in RCC Cell
Lines and Tissues
To further confirm the results from bioinformatics analysis, we
performed a quantitative real-time polymerase chain reaction

FIGURE 4 | High level of TIMP1 suggested poor DFS of patients with RCC. Kaplan-Meier curves for disease-free survival (DFS) were performed in patients with
RCC. (A)High level of TIMP1 indicated poor DFS. Kaplan-Meier curves for DFS as determined by different clinical parameters in RCC. (B)Patients at T1 and T2 stage, (C)
Patients at N0 stage, (D) Patients with age≥60, (E) Female patients. TIMP1, Tissue inhibitor matrix metalloproteinase 1; RCC, renal cell carcinoma; TCGA, The Cancer
Genome Atlas.

TABLE 2 | Univariate and multivariate analyses of TIMP1 mRNA level and patient overall survival.

Variable Univariate analysis Multivariate analysisa

HR 95% CI p-value HRb 95% CIc p-value

Overall survival (n = 522)
TIMP1 2.375 1.724–3.271 <0.001 1.528 1.080–2.161 0.017
Age (years) 1.786 1.312–2.450 <0.001 1.600 1.159–2.209 0.004
Gender 0.933 0.683–1.275 0.663
T stage 3.209 2.361–4.364 <0.001 1.572 1.089–2.270 0.016
N stage 3.944 2.135–7.285 <0.001 1.998 1.060–4.136 0.032
M stage 4.351 3.180–5.951 <0.001 2.521 1.766–3.599 <0.001
G grade 2.715 1.925–3.827 <0.001 1.477 1.009–2.162 0.045

aMultivariate models were adjusted for TIMP1, T, N, M, G classification, and age.
bHazard ratio, estimated from Cox proportional hazard regression model.
cConfidence interval of the estimated HR.
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(qRT-PCR) analysis and western blot in RCC cell lines and
tissues. We found a significantly higher level of TIMP1 mRNA
in RCC cells (786-O, ACHN, A498, CAKI-1, OSRC-2) relative
to HK-2 (Figure 7A). Western blot revealed that the
expression level of TIMP1 in RCC was higher compared
with HK-2 (Figure 7B). Then we studied the expression of
TIMP1 mRNA and protein in tissues. We detected 20 pairs of
RCC tissues and corresponding adjacent normal tissues for
qRT-PCR and found TIMP1 over-expression in RCC in 17
pairs of tissues (Figure 7C). Western blot for tissues showed a
similar result. TIMP1 expression was significantly higher in
RCC compared with adjacent normal tissues (Figure 7D).
Furthermore, IHC was conducted in 3 pairs of RCC tissues
and adjacent normal tissues. TIMP1 was primarily located in
the membranes and cytoplasm of cancer cells and renal tubular
epithelial cells (Figure 7E). The results proved that the
expression of TIMP1 was higher in RCC tissues again.
These findings confirmed that TIMP1 was upregulated in
RCC cells and tissues.

3.6 TIMP1 Promoted the Proliferation,
Migration, and Invasion of RCC Cells
In order to elucidate the function of TIMP1 in RCC, TIMP1
was knocked down by TIMP1-siRNA and was overexpressed
by transfecting plasmid into ACHN and 786-O cell lines. Then
we used qRT-PCR and western blot to test the efficiency of
transfection. The results showed that TIMP1-siRNA and
plasmid carrying TIMP1 could raise corresponding effects
on TIMP1 expression in cells (Figures 8A,B). CCK8 assays
revealed that TIMP1 knockdown could significantly repress
the proliferation rates of ACHN and 786-O, while
overexpression of TIMP1 accelerated cell proliferation
(Figures 8C,D). We applied transwell assays to detect the
influence of TIMP1 on RCC cells’ migration and invasion
ability. The results showed that TIMP1 knockdown suppressed
the migration and invasion ability of ACHN and 786-O, while
TIMP1 overexpression promoted these features (Figures
9E,F). In conclusion, TIMP1 facilitated the progression of
RCC by promoting the proliferation, migration, and
invasion of RCC cells.

3.7 TIMP1 Was Involved in Multiple
Biological Processes and Promoted RCC
via the Epithelial-To-Mesenchymal
Transition Pathway
To clarify the specific function of TIMP1 in RCC, GSEA based on
the TCGA database was performed. Besides, we retrieved the
biological process of TIMP1 in STRING (https://string-db.org/).
The results of GSEA have shown that TIMP1 was closely related
to tumorigenesis, metastasis, cell cycles, and epithelial-to-
mesenchymal transition (Figures 9A–F). The protein-protein
interaction network calculated by STRING displayed the
proteins interacting with TIMP1 (Figure 9G). The major GO
term included signaling transduction and cell migration
(Figure 9H; Table 5). The KEGG pathways TIMP1
participated in involved PI3K-Akt and JAK-STAT signaling
pathways (Figure 9I; Table 6). These results indicated that
TIMP1 might play a key role in the metastasis of RCC and
participate in extracellular signal transduction. According to the
information above, we examined the EMT pathway which was
proved to be critical in tumor metastasis by silencing TIMP1. The
results revealed that TIMP1 silencing led to the downregulation
of N-cadherin and upregulation of E-cadherin (Figure 9J). These
findings illustrated that TIMP1 facilitated the progression of RCC
via EMT transition.

4 DISCUSSION

RCC is one of the most commonmalignant tumors in the urinary
system and accounts for 1.8% of deaths from cancers (Bray et al.,
2018; Wan et al., 2019a; Wan et al., 2019b; Luo et al., 2019; Xu
et al., 2019; Zhang et al., 2019; Zhou et al., 2019). So far, there is no
effective systemic therapy. Due to the lack of effective tumor
markers for early screening and the mild symptoms of early-stage
RCC, 1/3 patients have ectopic metastases when diagnosed (Gong
et al., 2016). For patients with distant metastases, first-line
treatments mainly include surgical resections and TKI
inhibitors such as sunitinib, pazopanib, and axitinib (Rini
et al., 2011). There are also phase 3 clinical trials showing that
everolimus (a mTOR inhibitor), compared with placebo, has a

TABLE 3 | Univariate and multivariate analyses of TIMP1 mRNA level and patient disease-free survival.

Variable Univariate analysis Multivariate analysisa

HR 95% CI p-value HRb 95% CIc p-value

DFS (n = 428)
TIMP1 2.999 2.024–4.442 <0.001 2.104 1.364–3.245 0.001
Age (years) 1.364 0.956–1.946 0.086
Gender 1.421 0.957–2.112 0.082
T stage 4.571 3.164–6.603 <0.001 1.954 1.275–2.996 0.002
N stage 6.024 3.024–11.997 <0.001 2.833 1.390–5.774 0.004
M stage 8.522 5.870–12.372 <0.001 4.999 3.317–7.681 <0.001
G grade 3.426 2.269–5.172 <0.001 2.124 1.363–3.309 0.001

aMultivariate models were adjusted for TIMP1, T, N, M, G classification.
bHazard ratio, estimated from Cox proportional hazard regression model.
cConfidence interval of the estimated HR.
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longer disease-free survival (Choueiri et al., 2015; Motzer et al.,
2015; Cella et al., 2016). However, the development of drug
resistance leads to their failure and brings some adverse
reactions such as liver toxicity, hand-foot syndrome, etc
(Motzer et al., 2013). Thus, detecting RCC at early stage is of
most importance for improving patients’ survival by far.

Some most recent researches showed RAC2, LINC00160,
IGFL2-AS1, AC023043.1 could serve as biomarkers for
diagnosing RCC (Cheng et al., 2019; Liu et al., 2019; Cheng
et al., 2020). In the present study, we selected the members of the
TIMP family, which encoded the natural inhibitors for MMPs.

We found an independent prognostic factor for RCC, TIMP1, by
using bioinformatics analysis. We discovered that TIMP1 was
significantly up-regulated in RCC and patients with a higher level
of TIMP1 had worse clinical outcomes. ROC analysis revealed
that TIMP1 could distinguish RCC patients from normal people.
Meanwhile, TIMP1, as a secreted protein, could be detected in
blood and other body fluid. So TIMP1 might be an ideal
biomarker for RCC according to these findings.

Related research showed that TIMP1 could inhibit the
proteolytic activity of matrix metalloproteinases (MMPs) by
forming noncovalent 1:1 stoichiometric complex and regulate

FIGURE 5 | TIMP1 expression level was associated with different clinicopathological parameters. The mRNA expression levels of TIMP1 were downloaded from
the TCGA-KIRC database. TIMP1 was upregulated in (A) T stage, (B) lymph node metastasis, (C) distant metastases, (D) TNM stage, (E) G grade, (F) gender, (G) OS
status, (H)DFS status. ****p < 0.0001; ***p < 0.001; *p < 0.05. TIMP1, Tissue inhibitor matrix metalloproteinase 1; RCC, clear cell renal cell carcinoma; KIRC, kidney renal
clear cell carcinoma; TCGA, The Cancer Genome Atlas; TNM, Tumor-Node-Metastasis; OS, overall survival; DFS, disease-free survival.
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the balance of matrix remodeling during degradation of
extracellular matrix (Batra et al., 2012). However, the most
recent studies revealed other important biological functions of
TIMP1 including anti-apoptosis, anti-angiogenesis, cell cycle
regulation, and differentiation activities. TIMP1 activated

hepatic stellate cells via CD63 signaling to create a
premetastatic niche in pancreatic cancer (Grunwald et al.,
2016). Down-regulation of TIMP1 was found to enhance
gemcitabine sensitivity and reverse chemoresistance in
pancreatic cancer (Tan et al., 2020). TIMP1 was involved in

TABLE 4 | Correlation between TIMP1 mRNA expression and clinicopathological parameters of ccRCC patients.

Parameter Number TIMP1 mRNA expression p Value

Low (n = 261) High (n = 261)

Age (years) <60 244 119 125 0.599
≥60 278 142 136

Gender Female 180 105 75 0.006a

Male 342 156 186
T stage T1 or T2 335 190 145 <0.001a

T3 or T4 187 71 116
N stage N0 or NX 507 258 249 0.018a

N1 15 3 12
M stage M0 or MX 445 237 208 <0.001a

M1 77 24 53
G grade G1 or G2 or Gx 245 146 99 <0.001a

G3 or G4 277 115 162
TNM stage I + II 317 186 131 <0.001a

III + IV 205 75 130

ap < 0.05.

FIGURE 6 | The mRNA expression level of TIMP1 can serve as a biomarker for clinical RCC diagnosis. (A) TIMP1 could effectively distinguish RCC from normal
tissues (AUC = 0.8858; p < 0.0001). ROC analysis was performed in the following subgroups of patients with RCC: (B) T grade, (C)G stage, (D) distant metastases, (E)
TNM stage, (F) OS status, (G) DFS status and (H) gender. TIMP1, Tissue inhibitor matrix metalloproteinase 1; RCC, clear cell renal cell carcinoma; ROC, Receiver
operating curve, AUC, area under the curve; OS, overall survival; DFS, disease-free survival.
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FIGURE 7 | TIMP1 was upregulated in RCC cell lines and tissues. (A) Levels of TIMP1 mRNA in 5 renal cancer cell lines (786-O, ACHN, A498, CAKI-1, OSRC-2)
and a normal cell line (HK-2). (B) Levels of TIMP1 protein in 5 renal cancer cell lines (786-O, ACHN, A498, CAKI-1, OSRC-2) and a normal cell line (HK-2). (C) The mRNA
levels of TIMP1 in 20 RCC tissues and adjacent nonmalignant tissues. (D) The protein levels of TIMP1 in RCC tissues and adjacent nonmalignant tissues. (E)
Immunohistochemical (IHC) staining for TIMP1 in RCC tissues and adjacent nonmalignant tissues. The images are the lower magnification of the same tissue as that
presented in the larger image of each set. Magnification, ×100 and ×400. TIMP1 expression was normalized to β-actin expression. ****p < 0.0001; *p < 0.05. TIMP1,
Tissue inhibitor matrix metalloproteinase 1 RCC, clear cell renal cell carcinoma.
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FIGURE 8 | TIMP1 promoted the proliferation, migration and invasion of RCC cells. (A) Verification of TIMP1mRNA levels in transfected 786-O and ACHN cell lines.
(B) Verification of TIMP1 protein levels in 786-O and ACHN cell lines after knocking down or overexpressing TIMP1. (C,D) Cell growth curves of CCK8 assays for
transfected 786-O and ACHN cell lines to evaluate cell proliferation. (E,F) Transwell assays for transfected ACHN and 786-O cells to evaluate cell migration and invasion
ability (Magnification: ×100). All results were plotted as the means ± SEM from three independent experiments. ****p < 0.0001, ***p < 0.001, **p < 0.01. TIMP1,
Tissue inhibitor matrix metalloproteinase 1.
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FIGURE 9 | TIMP1 was involved in multiple biological processes and promoted RCC via EMT pathway. (A–F) GSEA analysis for the correlations between the
biological pathways with the levels of the TIMP1 mRNA based on TCGA database. FDR<25% and p < 0.05 were considered statistically significant. (G) The protein-
protein interaction network of TIMP1. (H,I) Biological processes and KEGG pathways in STRING. (J) Verification of N-cadherin and E-cadherin protein changes after
silencing TIMP1 in 786-O and ACHN. TIMP1, Tissue inhibitor matrix metalloproteinase 1, KEGG (Kyoto Encyclopedia of Genes and Genomes).
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TABLE 5 | GO enrichment of TIMP1 retrieved from the STRING database.

Term ID Term description Observed
gene
count

Background
gene
count

FDR Matching proteins

GO:
0030198

Extracellular matrix organization 7 296 4.32E-
12

TIMP1, MMP2, TGFB1, THBS1, MMP3, MMP14, MMP1,
MMP9, SPP1

GO:
0019221

Cytokine-mediated signaling pathway 11 655 5.25E-
08

TIMP1, MMP2, TGFB1, MMP3, MMP1, MMP9, IL6, IL10

GO:
0016477

Cell migration 7 812 6.15E-
06

TGFB1, THBS1, MMP14, MMP1, MMP9, IL6, IL10

GO:
0048522

Positive regulation of cellular process 11 4898 1.47E-
05

TIMP1, MMP2, TGFB1, THBS1, MMP3, MMP14, MMP1,
MMP9, SPP1, IL6, IL10

GO:
0008284

Positive regulation of cell population
proliferation

8 878 7.74E-
06

TIMP1, MMP2, TGFB1, THBS1, MMP9, IL6, IL10

GO:
0043170

Macromolecule metabolic process 9 7453 0.00039 TIMP1, MMP2, TGFB1, THBS1, MMP3, MMP14, MMP1,
MMP9, SPP1, IL6, IL10

GO:
0009966

Regulation of signal transduction 11 3033 0.00052 TIMP1, TGFB1, THBS1, MMP14, MMP9, SPP1, IL6, IL10

GO:
0031323

Regulation of cellular metabolic process 8 6082 0.0042 TIMP1, TGFB1, THBS1, MMP3, MMP14, MMP9, SPP1, IL6,
IL10

GO:
0005576

Extracellular region 9 2505 4.08E-
09

TIMP1, MMP2, TGFB1, THBS1, MMP3, MMP14, MMP1,
MMP9, SPP1, IL6, IL10

GO:
0012505

Endomembrane system 11 4347 0.0228 TIMP1, TGFB1, THBS1, MMP14, MMP9, SPP1, IL6

GO:
0004222

Metalloendopeptidase activity 7 110 2.39E-
07

MMP2, MMP3, MMP14, MMP1, MMP9

GO:
0005125

Cytokine activity 5 216 1.31E-
05

TIMP1, TGFB1, SPP1, IL6, IL10

GO:
0008083

Growth factor activity 4 160 1.77E-
05

TIMP1, TGFB1, IL6, IL10

GO:
0046872

Metal ion binding 7 4087 0.0097 TIMP1, MMP2, THBS1, MMP3, MMP14, MMP1, MMP9

GO:
0005488

Binding 11 11878 0.0143 TIMP1, MMP2, TGFB1, THBS1, MMP3, MMP14, MMP1,
MMP9, SPP1, IL6, IL10

GO:
0030141

Secretory granule 4 828 0.0078 TIMP1, TGFB1, THBS1, MMP9

GO:
0012505

Endomembrane system 7 4347 0.0228 TIMP1, TGFB1, THBS1, MMP14, MMP9, SPP1, IL6

GO, gene ontology; TIMP1, Tissue inhibitor matrix metalloproteinase 1; FDR, false discovery rate.

TABLE 6 | KEGG enrichment of TIMP1 retrieved from the STRING database.

Term ID Term description Observed gene
count

Background gene
count

FDR Matching proteins

hsa04657 IL-17 signaling pathway 4 92 3.45E-06 MMP3, MMP1, MMP9, IL6
hsa04668 TNF signaling pathway 4 108 5.13E-06 MMP3, MMP14, MMP9, IL6
hsa05205 Proteoglycans in cancer 4 195 3.19E-05 MMP2, TGFB1, THBS1, MMP9
hsa05200 Pathways in cancer 5 515 4.61E-05 MMP2, TGFB1, MMP1, MMP9, IL6
hsa04068 Fofo signaling pathway 3 130 0.00027 TGFB1, IL6, IL10
hsa05202 Transcriptional misregulation in cancer 3 169 0.00052 MMP3, MMP9, IL6
hsa04060 Cytokine-cytokine receptor interaction 3 263 0.0016 TGFB1, IL6, IL10
hsa04151 PI3K-Act signaling pathway 3 348 0.003 THBS1, SPP1, IL6
hsa04350 TGF-beta signaling pathway 2 83 0.0033 TGFB1, THBS1
hsa04512 ECM-receptor interaction 2 81 0.0033 THBS1, SPP1
hsa04912 GnRH signaling pathway 2 88 0.0034 MMP2, MMP14
hsa04066 HIF-1 signaling pathway 2 98 0.0038 TIMP1, IL6
hsa04620 Toll-like receptor signaling pathway 2 102 0.0039 SPP1, IL6
hsa04630 Jak-STAT signaling pathway 2 160 0.0072 IL6, IL10
hsa04933 AGE-RAGE signaling pathway in diabetic complications 3 98 0.00014 MMP2, TGFB1, IL6

KEGG, kyoto encyclopedia of genes and genomes; TIMP1, Tissue inhibitor matrix metalloproteinase 1; FDR, false discovery rate.
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angiogenesis in gastric cancer (Li et al., 2020). TIMP1 could even
regulate the adipogenesis of adipose-derived stem cells via the
WNT signaling pathway (Wang et al., 2020). Besides, TIMP1 was
associated with fibrosis and suppression of programmed cell
death of B Cells (Guedez et al., 1998; Arthur, 2000; LaRocca
et al., 2017). The upregulation of TIMP1 was relative to poor
prognosis of multiple cancers including colon cancer, breast
cancer, gastric cancer, melanoma, papillary thyroid carcinoma,
renal cell carcinoma, and so on (Hawthorn et al., 2004; Wang
et al., 2013; Cheng et al., 2016; Song et al., 2016; Zurac et al., 2016).

To further investigate the function of TIMP1 in RCC, we
applied qRT-PCR, WB, and IHC to confirm the upregulation of
TIMP1 in RCC cells and tissues. Next, we researched the effect of
TIMP1 on RCC cells by knocking down and overexpressing
TIMP1. The results revealed that TIMP1 promoted
proliferation, migration, and invasion of RCC cells. In order to
figure out how TIMP1 facilitated RCC progression, we applied
GSEA based on TCGA_KIRC and retrieved the biological
functions of TIMP1 via STRING. The discovery showed that
TIMP1 mainly participated in the regulation of extracellular
matrix and closely associate with metastasis, EMT pathway,
and some typical signal transduction pathways. Further study
indicated that knockdown of TIMP1 led to up-regulation of
E-cadherin and down-regulation of N-cadherin, which proved
TIMP1 accelerated the progression of RCC via EMT pathway in a
MMPs inhibitor-independent manner.

The EMT signal pathway was well known for its critical function
in wound healing, tumor metastasis and malignant progression
(Dongre and Weinberg, 2019; Brabletz et al., 2021). The cells
developed into a quasi-mesenchymal state from the original
epithelial state via the EMT pathway, which strengthens the
metastatic potential of malignant cells (Kalluri and Weinberg,
2009; Nieto, 2009; Thiery et al., 2009; Nieto et al., 2016). Recent
studies showed that TIMPs and MMPs were closely related to the
EMT pathway, which supported our findings (Argote Camacho
et al., 2021; Nayim et al., 2021). But studies involving the specific
mutual effect between TIMP1 and the EMT pathway were rare.

Taking the above findings into consideration, it was
reasonable to believe that the most critical function of TIMP1
was to enhance the metastatic ability of RCC cells via the EMT
pathway, while the effect of TIMP1 on proliferation might be due
to other minor functions of the EMT pathway. All these
discoveries showed TIMP1 might be a potential diagnostic and
prognostic biomarker for clear cell renal cell carcinoma that
facilitated tumor progression. There were still some limitations
in the present study. The effect of TIMP1 was not proved in vivo.
Besides, the specific mechanism causing the abnormal regulation
of TIMP1 was still unclear. Therefore, further study was required
to solve these problems.

5 CONCLUSION

The present research proved that a high level of TIMP1
expression was associated with a poor clinical outcome.
TIMP1 promoted the proliferation, migration, and invasion of
RCC cells and facilitated the progression of RCC via the EMT

pathway. We proved that the biological effects of TIMP1
mediated by signal transduction pathways were far more than
those previously known as MMP inhibitors. The aforementioned
results indicated that TIMP1 may be an ideal diagnostic and
prognostic biomarker for RCC, and molecular targets for TIMP1
might provide a new choice for RCC treatment.
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