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Editorial on the Research Topic
Angiogenesis and tumor metastasis

Angiogenesis, the process of forming new blood vessels from existing vasculature, allows
the delivery of oxygen and nutrients to the tumor and supports its progression. Therefore,
this necessary process has been recognized as one of the hallmarks of cancer (1). However, its
role in promoting and sustaining metastasis is not yet fully elucidated. In cancer, the balance
between pro- and anti-angiogenic factors is disrupted in favor of the former, leading to the
activation of the “angiogenic switch.” Cytokines such as VEGF and its inhibitor TNFSF15
that are secreted from the cells within the tumor microenvironment (TME) participate in the
regulation of angiogenesis (2). Different molecules, namely protein factors, exosomes, and
non-coding RNAs, can mediate the effect on different cells within the TME and activate
signaling pathways that are involved in the process of angiogenesis (3). The resulting new
blood vessels are usually leaky and permeable, and they promote the infiltration of immune
cells and the progression of the tumor. On the other hand, they can also provide a pathway
for the metastatic tumor cells to escape from the primary tumor and reach the circulation,
thus supporting metastasis.

The term “metastasis” refers to the migration of cancer cells from their primary site to
other organs in the body. This process requires that the metastatic cells become invasive
through intravasation into a lymphatic or blood vessel, survive in the circulation, and then
extravasate into the distant organ (4). These migratory and invasive properties require that
the epithelial-to-mesenchymal transition (EMT) process be activated. This allows the
metastatic cancer cells to disseminate and enter blood vessels recently formed by
angiogenesis. Once the cancer cell is lodged in the new environment, it must undergo the
opposite process of mesenchymal-to-epithelial transition (MET) in order to reacquire its
ability to proliferate and colonize the distant sites, which is necessary to form a metastatic,
secondary tumor in the distant organ (5). Another important transition of cells’ states is the
endothelial-to-mesenchymal transition (EndoMT), which contributes to both metastatic
extravasation and intravasation. During EndoMT, vasculature endothelial cells (ECs) lose
their endothelial cell-cell junctions, allowing the transendothelial migration of metastatic
cells. Once metastatic colonization has been achieved, further steps are needed to start a new
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round of angiogenesis to nourish the new tumor. This Research Topic
provides an updated overview of new regulatory mechanisms and
potential targets in tumor angiogenesis and metastasis.

Two papers suggest new mechanisms involved in inducing
angiogenesis. Gao et al. found that STAT6, which is activated by
IL-13, can bind to the neuropilin-1 (NRP1) promoter and increase
NRP1 expression in ECs, thus promoting tumor angiogenesis.
STAT6 inhibitor (AS1517499) and STAT6 siRNA could suppress
tumor angiogenesis and growth in tumor xenograft models,
suggesting that STAT6 may be a potential target for anti-
angiogenesis therapy. Park et al. demonstrated that radiation
stimulated angiogenesis in Glioblastoma multiforme (GBM) via
the growth/differentiation factor-15 (GDF15), which in turn
fosters the crosstalk between ECs and GBM cells. The radiation-
induced secretion of GDF15 from ECs activated the VEGFA
promoter in glioma cells through the pMAPKI/SP1 signaling
pathway, consequently promoting angiogenesis in GBM. Silencing
GDF15 ameliorated radiation-induced VEGFA upregulation in
glioma cells and increased the angiogenic activity of ECs.
Therefore, GDF15 is a potential target for radiation-induced
angiogenesis in GBM patients receiving radio-chemotherapy.

Increased migration and invasion of tumor cells are necessary
for tumor metastasis. Xue et al. found that mesenchymal stem cell-
transformed cancer-associated fibroblasts (MTCAFs) secreted more
ICAM-1 that could bind the LFA-1 receptors in colon cancer cells,
activate Akt and STAT3 signaling, and promote the migration,
invasion, and metastasis of the colon cancer cells, both in vitro
and in xenograft tumor models. Tyumentseva et al. revealed that the
chemotherapeutic agent dacarbazine changed the transcriptomic
profiling of melanoma cells and affected primarily genes related to
movement, migration, invasion, and adhesion pathways.
Specifically, the upregulation of plexin A2 (PLXNA2) reduced the
migratory and invasive capabilities of melanoma cells, establishing
PLXNA2 as a new marker for the invasion and migration of
melanoma cells.

Bai et al. reviewed how tumor-derived exosomes (TDEs) promote
tumor metastasis by reshaping the TME and the distant metastatic
niche. By delivering non-coding RNAs and proteins to tumor cells,
TDEs promote the EMT program and activate ECM-degrading
proteases to enhance tumor cell migration. TDEs can promote
angiogenesis by activating macrophages and ECs. Intravasating
tumor cells are protected by the layer of TDEs and by the ability of
TDEs to suppress circulating NK, T, and B cells. When extravasating,
TDEs prepare the pre-metastatic niche, and their integrins determine
organotropism. In brain metastasis, Geng et al. demonstrated that
exosomes derived from highly metastatic non-small cell lung cancer
(NSCLC) cells are internalized in brain microvascular ECs and release
the IncRNA LINCO01356 that targets junctional proteins such as
claudin-5, N-cadherin, Occludin, and ZO-1. This leads to the
disruption of the blood-brain barrier (BBB) and promotes brain
metastasis in lung cancer.

Presented next are three papers that describe a new mechanism of
osteosarcoma metastasis. Lee et al. implicated CXCL1, which
enhances the expression and nuclear translocation of NF-kB
through the CXCR2/FAK/PI3K/AKT pathway, resulting in the
upregulation of VCAM-1. This cascade enhances the migration,
invasion, and metastatic ability of osteosarcoma cells to the lung.
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Shao et al. found that tetraspanin-9 (Tspan9) can promote EMT and
lung metastasis of osteosarcoma cells and also interact with integrin
B1 and enhance the FAK-RAS-ERK1/2 signaling cascade in
osteosarcoma cells. The finding that the downregulation of Tspan9
could inhibit lung metastasis in a mouse model of osteosarcoma
suggests that Tspan9 may be used as a new therapeutic target in
osteosarcoma. Interestingly, Kuriyama et al. reported that the
pigment epithelium-derived factor (PEDF) increased osteosarcoma
cells’ extravasation to the kidneys and lungs by triggering MET and
inhibiting EndoMT through the PEDF-laminin receptor axis.
Collectively, these three studies highlight new mechanisms of
osteosarcoma metastasis and organotropism.

The search for useful and reliable biomarkers to determine
prognosis and the response to immunotherapy in cancer patients is
ongoing. Wang et al. implemented bioinformatics analyses to
determine a risk score based on the identification of 31 key,
differentially expressed angiogenesis-related genes (DE-ARG) in
GBM patients. This signature proved to be effective in predicting
the survival rate and the response to immunotherapy and useful in
providing a personalized program for GBM patients. Similarly, Li
et al. identified an angiogenesis score based on a pan-cancer analysis
across 33 human cancer types. Higher values of the score were
correlated with infiltration of macrophages and inducible Tregs,
and patients with lower score values had a favorable prognosis and
better responses to immunotherapy. Dong et al. identified another
potential biomarker, the macrophage-related secreted
phosphoprotein 1 (SPP1), for early lymph node metastasis in lung
adenocarcinoma. LncRNA AC037441, which was negatively
associated with SPP1 and infiltrating macrophages, was also
implicated in the regulation of early lymph node metastasis. Jiang
et al. constructed a scoring model based on the expression of 4 RNA-
binding proteins to predict the risk for peritoneal metastasis in gastric
cancer. The model could excellently predict TNM stage and
prognosis, and the generated nomograms could help in making
clinical decisions. Collectively, these studies suggest that data
mining could accelerate the evolution of cancer therapy in the era
of big data.

Myeloid-derived cells are key components of TME. Stefanescu
et al. found that TGFB/TGFBR2 signaling in myeloid cells could
differently regulate metastasis in tissue-specific ways, depending on
the specific TME. TGFp signaling in myeloid-derived cells promoted
lung metastasis of Lewis lung carcinoma cells by suppressing the
activity of CD8+ T cells, while the same signaling pathway increased
liver metastasis of colon cancer cells by enhancing M2-monocytic
polarization. An interesting case of pancreatic solid pseudopapillary
neoplasm (SPN) with peritoneal and hepatic metastasis is illustrated
by Wang et al. The identification of the mutation variants in the
PTEN and CTNNBI genes was used to stabilize the disease with the
targeted drugs sunitinib and everolimus. This report demonstrates
how molecular studies can help explain the mechanism of SPN
occurrence and contribute to the decision-making process for
precision treatments.

Collectively, this series of articles highlights the importance of
angiogenesis in tumor metastasis, sheds light on new mechanisms
that promote metastasis, and suggests new therapeutic targets to
decrease angiogenesis and the metastatic cascade in the treatment
of cancer.
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Lymph node metastasis is a major factor that affects prognosis in patients with lung
adenocarcinoma (LUAD). In some cases, lymph node metastasis has already occurred
when the primary tumors are still small (i.e., early T stages), however, relevant studies on
early lymph node metastasis are limited, and effective biomarkers remain lacking. This
study aimed to explore new molecular biomarker for early lymph node metastasis in
LUAD using transcriptome sequencing and experimental validation. Here, we performed
transcriptome sequencing on tissues from 16 matched patients with Stage-T1 LUAD
(eight cases of lymph node metastasis and eight cases of non-metastasis), and verified
the transcriptome profiles in TCGA, GSEB8465, and GSE43580 cohorts. With the
bioinformatics analysis, we identified a higher abundance of MO macrophages in the
metastatic group using the CIBERSORT algorithm and immunohistochemistry (IHC)
analysis and the enrichment of the epithelia-mesenchymal transition (EMT) pathway
was identified in patients with higher MO infiltration levels. Subsequently, the EMT
hallmark gene SPP1, encoding secreted phosphoprotein 1 (SPP1), was identified to
be significantly correlated with macrophage infiltration and M2 polarization, and was
determined to be a key risk indicator for early lymph node metastasis. Notably, SPP1
in the blood, as detected by enzyme-linked immunosorbent assay (ELISA) showed a
superior predictive capability for early lymph node metastasis [area under the curve
(AUC) = 0.74]. Furthermore, a long non-coding RNA (IncRNA, AC037441), negatively
correlated with SPP1 and macrophage infiltration, had also been identified and validated
to be involved in the regulation of early lymph node metastasis. In conclusion, we
revealed the potential role of macrophages in lymph node metastasis and identified
the macrophage-related gene SPP1 as a potential biomarker for early lymph node
metastasis in LUAD.

Keywords: lung adenocarcinoma, early lymph node metastasis, SPP1, macrophage, M2 polarization, epithelial-
mesenchymal transition (EMT)

INTRODUCTION

Lung cancer is the most common form (11.6%) of malignant tumors worldwide (Bray et al., 2018;
Ramos-Paradas et al., 2021). With advances in imaging technology and increased awareness of
physical examinations, an increasing number of patients have been diagnosed with early-stage
lung cancer. Lung adenocarcinoma (LUAD) represents a major form of lung cancer. Some LUAD
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patients experience lymph node metastasis or pathologically
indistinguishable micrometastasis when the primary tumors
are still small (that is, an early T-stage in the TNM staging
system for lung cancer) (Martinez-Zayas et al., 2021), which
seriously affects long-term survival (Allemani et al, 2018).
The underlying mechanisms of early-stage metastasis require
comprehensive exploration to identify effective biomarkers and
optimize personalized cancer treatments.

The dynamic tumor immune microenvironment (TIME)
plays a vital role in tumor proliferation, invasion, angiogenesis,
and even immune escape (Altorki et al., 2019; Sautes-Fridman
et al, 2019; Fane and Weeraratna, 2020). Studies exploring
early lung cancer have shown that immunoediting is relatively
common (Zhang et al., 2019b), and the immune system can
induce a variety of routes resulting in immune evasion (Rosenthal
etal., 2019). Single-cell analysis revealed that myeloid cell subsets
might impair the anti-tumor immunity of T cells in early-stage
LUAD (Lavin et al., 2017). In addition, the role of TIME in lymph
node metastasis has been explored in breast cancer (Gu et al,
2019). Therefore, the relevant molecular mechanisms associated
with early lymph node metastasis may be further elucidated in
LUAD through the TIME analysis.

Macrophages differentiate from mononuclear phagocytic
lineage cells, which reside in almost all tissues and participate
in the immune response and homeostasis maintenance (Gentek
et al., 2014). Macrophages can participate in tumorigenesis and
progression (Qian and Pollard, 2010; Cassetta and Pollard, 2018;
Wu et al,, 2020). Deng et al. (2010) found that the abundant
expression of tumor necrosis factor o (TNFa) and interleukin-
6 (IL-6) by macrophages can create a favorable inflammatory
environment for the occurrence of colonic adenocarcinomas.
Moreover, macrophages play a considerable role in the
acquisition of the epithelial- mesenchymal transition (EMT)
hallmarks observed in gastric cancer tissues (Guan et al., 2021),
pancreatic duct epithelial cells (Otto et al., 2021), and tracheal
epithelial cells (Li et al., 2021), and EMT signatures plays a vital
role in tumor metastasis (Lu and Kang, 2019). Macrophages are
heterogeneous cell clusters with intricate functions and forms.
The CIBERSORT algorithm can elucidate the gene expression
characteristics of three macrophage subtypes: unpolarized M0
macrophages and polarized M1 (pro-inflammatory) and M2
(anti-inflammatory) macrophages (Newman et al., 2015). Higher
MO infiltration is closely related to unfavorable overall survival
(OS) in LUAD patients (Yi et al, 2021; Zheng et al, 2021).
However, the role of macrophages in early lymph node metastasis
has not been elucidated.

Secreted phosphoprotein 1 (SPP1), a hallmark gene of the
EMT process, can participate in extracellular matrix (ECM)-
receptor interactions and the focal adhesion response pathway
to regulate tumor metastasis and invasion. SPP1 is significantly
associated with adverse survival outcomes in various cancers
(Wei et al.,, 2020; He et al., 2021; Wang et al.,, 2021). Notably,
higher SPP1 expression levels are related to a higher N stage
in LUAD patients (Guo et al., 2020), although the underlying
mechanism has not yet been studied fully. To explore the clinical
phenomenon in which some LUAD patients develop lymph node
metastasis at a very early T-stage, we revealed the crucial roles

played by macrophages in lymph node metastasis and identified
macrophage-related SPP1 as a potential biomarker for early
metastasis in lung cancer.

MATERIALS AND METHODS

Raw Data

To eliminate the influences of confounding factors (age, sex,
and differentiation grade) on early lymph node metastasis, we
selected eight patients with lymph node metastasis and matched
eight patients without metastasis from the biobank of Stage-T1
LUAD. Transcriptome sequencing was performed on the tumor
tissues and adjacent normal lung tissues from these 16 patients
(one case of normal tissue was missing). RNA sequencing (RNA-
seq) data and corresponding clinical information can be found
in the supplementary materials. Furthermore, the transcriptome
profiles of Stage-T1 LUAD patients from external validation
cohorts were obtained from The Cancer Genome Atlas (TCGA)
database (34 cases with lymph node metastasis, 131 cases without
metastasis), the GSE68465 dataset (35 cases with lymph node
metastasis, 114 cases without metastasis), and the GSE43580
dataset (11 cases of lymph node metastasis, 9 cases of no
metastasis). The study protocol was approved by the institutional
Ethics Committee of First Affiliated Hospital of Zhengzhou
University (No. 2019-KY-255). Written informed consent was
obtained from all study participants.

Bioinformatics Analysis

The relative proportion of 22 immune cells were determined
for Stage-T1 LUAD and adjacent lung samples using the
CIBERSORT algorithm'. The algorithm of random sampling
consisted of 1,000 permutations. Only samples with a
p-value < 0.05 were included for subsequent analysis.

The weighted gene co-expression network analysis (WGCNA)
package (Langfelder and Horvath, 2008) was used to construct
scale-free networks and identify gene sets related to lymph node
metastasis and macrophage infiltration (the minimum number of
genes was set to 15, the mRNA scale-free network was formed
when the soft threshold f was set to 10, and the long non-
coding RNA (IncRNA) network was constructed when f = 8).
Subsequently, hub RNAs in the modules were identified using
Cystoscope software version 3.7.1.

Enrichment Analysis of Biological

Processes and Underlying Pathways
Gene Set Enrichment Analysis (GSEA) was conducted for on the
hallmark gene sets of Molecular Signature Database (MSigDB)
to explore the potential regulatory mechanisms associated with
lymph node metastasis and MO infiltration. GSEA analysis was
performed using the software GESA version 4.01 (Subramanian
et al., 2005), and gene sets related to EMT and inflammatory
response (IR) hallmarks were also obtained from MSigDB.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed using

'https://cibersort.stanford.edu/
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FIGURE 1 | Analysis of the immune cell infiltration abundance in Stage-T1 lung adenocarcinoma (LUAD). (A) Comparison of the infiltration levels of 22 immune cells
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the clusterProfiler and enrichplot packages. Only terms for
which both the p-value and q-value < 0.05 were considered
significantly enriched.

Enzyme-Linked Immunosorbent Assay
The plasma SPP1 levels in Stage-T1 LUAD patients were
assayed using a commercial enzyme-linked immunosorbent

assay (ELISA) kit (ELH-OPN-1; R&D company, United States).
The 25-fold diluted plasma samples were directly transferred
to a 96-well plate coated with an antibody specific for
human SPP1 and assayed according to the manufacturer’s
instructions. The absorbance value was recorded at 450 nm
in a microtest plate spectrophotometer with the correction
wavelength set at 540 nm. SPP1 levels were quantified
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using a calibration curve based on a human osteopontin
standard. Both standards and samples were evaluated in
duplicate, and the results were adopted only when the
inter-assay variations were within the range provided by
the manufacturer.

Quantitative Reverse
Transcriptase-Polymerase Chain
Reaction

Total RNA was extracted from 25 other tumor samples (12
cases of lymph node metastasis, 13 cases of non-metastasis) in
the biobank of Stage-T1 LUAD using NcmZol Reagent (M5100;
NCM Biotech, China), according to the manufacturer’s protocol,
and cDNA was synthesized using the Reverse Transcription Kit
(R2020; US Everbright® Inc., China). For quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR) analysis,
PCR was performed using a reaction mixture containing a
cDNA template, primers, and a Universal SYBR Green qPCR
SuperMix (S2024; US Everbright® Inc.) in a Step One Plus
Real-Time PCR System (Thermo Fisher Scientific). The primers
for SPP1 were 5-ACAGCCAGGACTCCATTGAC-3" and 5'-
GGGGACAACTGGAGTGAAAA-3/, and the primers for the
IncRNA (AC037441) were 5-TCACTGAGCAGGGTTCACAC-
3’,and 5'-TCTTCACTGGCCTCCAAAAT-3'.

Immunohistochemical

Immunohistochemical (IHC) staining was performed in
paraffin-embedded continuous tissue sections. Tissue sections
were dewaxed and rehydrated with xylene and gradient
alcohol washes, and antigen retrieval was then performed at
121°C for 1 min using pH 6.0 citrate buffer. Subsequently,
sections were blocked with hydrogen peroxide for 20 min at
room temperature and incubated with primary antibodies
against CD68 (1:200; GB14043, Service bio, China), CD163
(1:500; GB113152, Service bio), inducible nitric oxide synthase
(INOS; 1:1,000; GB11119, Service bio), interleukin (IL)-18
(1:800; GB11113, Service bio), and SPP1 (1:100; A1499;
Abcam, United Kingdom) overnight at 4°C. After incubation
with the secondary antibody at room temperature for 1 h,
immunostaining with DAB and counterstaining of the slide
with hematoxylin, the entire stained sections were scanned
and analyzed in a panoramic view. After scanning the entire
sections with a tissue scanner, the Seville image analysis system
was used to identify and calculate the total tissue area, the
stained tissue area, and the staining intensity score (0 = no
color; 1 = faint yellow; 2 = light brown; and 3 = dark brown)
and the percentage of various staining intensity cells under
the panoramic view. CD68 antibody was used as a marker
for macrophages; iNOS-positive cells and IL-1B-positive cells
were regarded as M1 macrophages; and CD163—positive
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cells were regarded as M2 macrophages. In addition, the
immunohistochemical staining of CD68/CD163/iNOS/IL-18
was quantified by measuring the positive area ratio (stained
tissue area/total tissue area). SPP1 was quantified with a
histochemistry score (H-score) to examine differences between
samples from the early lymph node metastasis and non-
metastasis groups [H-Score = X (percentage of staining intensity
cells x staining intensity)].

Statistical Analysis

Statistical analyses were performed using R 4.0.3, GraphPad
Prism 9.0, and SPSS 22.0. The expression levels of SPP1 and
macrophage-related markers were compared between groups
by an unpaired t-test. Survival analysis was performed using
“survival” and “survminer” R packages. The Kaplan-Meier
method was used to generate survival curves, and the log-rank
test was used to determine significant differences in survival.
The median values of SPP1 expression, MO and M2 infiltration
levels were set as the cut-off point for grouping. The correlation
between SPP1 expression level and the abundance of immune
cell infiltration was analyzed by Pearson’s correlation test. The
predictive performance of SPP1 detected in tissues and plasma
for predicting early lymph node metastasis was evaluated using

receiver operator characteristic (ROC) curves. p < 0.05 was
considered significant.

RESULTS

MO Macrophages Present a High
Infiltration Level in Lung
Adenocarcinoma Patients With Early
Lymph Node Metastasis

First, based on the analysis of infiltration abundance among
immune cells in the 16 cases of Stage-T1 LUAD tissues and
the 15 cases of paired normal adjacent tissues, nine immune
cell subtypes were found to have distinct infiltration levels
(Figure 1A). The infiltration of plasma cells (p < 0.01),
follicular helper T cells (FTH; p < 0.01), regulatory T cells
(Tregs; p < 0.001), M1 macrophages (p < 0.001), and resting
dendritic cells (p < 0.05) in tumor tissues was higher than
that in normal lung tissues, whereas resting natural killer cells
(p < 0.01), monocytes (p < 0.01), MO macrophages (p < 0.05),
and neutrophils (p < 0.05) had lower infiltration levels. These
results suggested that the TIME presented a wide range of
variability in early LUAD.
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To identify the TIME characteristics associated with early
lymph node metastasis in LUAD, the infiltration abundances
of the nine immune cell subtypes were further analyzed in a
TCGA cohort (n = 165) and a GSE68465 cohort (n = 149).
MO macrophages identified as highly infiltrated in the metastatic
group (Figure 1B, p < 0.05), which was further validated
in our cohort (n = 16, p < 0.05, Figure 1C) and the
GSE43580 cohort (n = 20, p < 0.01, Figure 1D). Through the
joint analysis of four independent cohorts, we demonstrated
a correlation between MO infiltration and early lymph node
metastasis in LUAD.

Gene Set Enrichment Analysis and the
Weighted Gene Co-expression Network
Analysis Algorithm Identified Gene Sets
Related to Lymph Node Metastasis and
MO Infiltration

To further explore the underlying mechanisms of MO infiltration
and early lymph node metastasis, GSEA was performed in our
cohort, indicating that IR hallmarks were associated with early
lymph node metastasis (Figure 2A), and the EMT pathway
was significantly enriched in the MO high-infiltration group
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(Figure 2B). Moreover, the WGCNA algorithm was applied to
construct an mRNA scale-free network, which resulted in the
definition of 13 modules by average hierarchical clustering and
dynamic tree clipping (Figure 2C). The black, blue, magenta,
and red modules were negatively correlated with N stages and
MO infiltration, whereas the brown module showed a consistent
positive correlation (Figure 2D).

Finally, a Venn diagram was constructed to investigate the
intersections among the genes in the five modules and the genes
identified as EMT and IR hallmarks (the hallmark gene sets
were obtained from MSigDB). Compared with other modules,
the brown module had more intersections with EMT and IR
hallmarks and was selected for further analysis (Figure 3).

The Enrichment Analysis of the Selected
Gene Suggests Cell Adhesion Plays a
Key Role in Early Lymph Node

Metastasis

The biological processes associated with genes in the brown
module were primarily mapped to signal transduction, cell
adhesion, inflammation, and immune response (Figure 4A). The
KEGG enrichment analysis indicated the significant enrichment
of focal adhesion and ECM-receptor interactions (Figure 4B).
In addition, to further elucidate the potential regulatory
mechanisms associated with the EMT during early lymph
node metastasis, 19 EMT-related genes in the brown module
were specifically selected for enrichment analysis. The results

suggested that these 19 genes were primarily associated with
cell adhesion and extracellular matrix organization (Figure 4C)
and were enriched in the extracellular region (Figure 4D) and
the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway
(Figure 4E). These clues indicated that the changes in cell
adhesion might be key factors in early lymph node metastasis.

The Epithelial-Mesenchymal Transition
Hallmark Gene Secreted Phosphoprotein
1 Is Associated With Early Lymph Node
Metastasis and MO Infiltration as

Validated by Three External Cohorts

The association of 19 EMT-related genes with lymph node
metastasis and MO infiltration was further analyzed in three
external cohorts. First, SPP1 was identified through the
expression level analysis of 19 genes comparing the lymph
node metastasis group with the non-metastatic group in
both TCGA (p < 0.05, Figure 5A) and GSE68465 cohorts
(p < 0.05, Figure 5B). Subsequently, the correlation between
SPP1 expression and MO infiltration was further verified in
TCGA cases (r = 0.31, p < 0.001, Figure 5C) and the GSE68465
cohort (r = 0.38, p < 0.001, Figure 5D). In the GSE43580 cohort,
SPP1 was highly expressed in the lymph node metastasis group
(p < 0.01, Figure 5E), and the correlation between SPP1 and M0
was also analyzed (r = 0.35, p = 0.09, Figure 5F). Our results
suggested that macrophage-related SPP1 expression may be a
crucial risk indicator for early lymph node metastasis in LUAD.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

September 2021 | Volume 9 | Article 739358


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

Dong et al.

Study on Lymph Node Metastasis

A Our cohort B GSE43580 cohort Cc GSE68465 cohort D TCGA cohort
SPP1's predictive power for N staging SPP1's predictive power for N staging SPP1's predictive power for N staging SPP1's predictive power for N staging
ER 8 Z 8 ER
8 8 8 8
{ ] { 8 A
AUC: 0.73 AUC: 0.84 AUC: 0.64 AUC: 0.62
o 1A o - ,/ o =} o ks 7
T T T T T T T i T T T T T  § T T T T T T T T T T
100 80 60 40 20 0 100 80 60 40 20 0 100 80 60 40 20 0 100 80 60 40 20 0
Specificity (%) Specificity (%) Specificity (%) Specificity (%)
E 1.00 Strata =+ Nstage=N+ = Nstage=N- F 1.00 Strata =~ MO=H = MO=L G 1.00 Strata == SPP1=H = SPP1=L
2075 2075 2075
g g g
° o o
5050 S 0.50 G050 =-smmmmmnnnnes
5 ; : 3 h 2 :
2 1 1 = i i H '
3 0.25 : ; B 0.25 : ; 3 0.25 )
p < 0.0001 ! p=0.035 ! ! p=0.023 !
0.00 : : 0.00 : : 0.00 i
0 5 10 15 0 5 10 15 0 5 10 15
Time (years) Time (years) Time (years)
H GSE68465 cohort 1 Our cohort J TCGA cohort K strata == M2=H ==~ M2=L
. 10000 1.00
R=0.43,p=0.094 R=0.17,p=0.033
4000 4
o 7500 : 2075
Monocytes % % . ° O %
2 2000 3 . B 8
E = S 50001 o . S 0.50
- S oo 8 5 g ’ a 3
H 50 C ‘e = °l* *ea £
"™ P=0.1139 o e ° = o oo’ e’} 20z p=0.00016
£ = “ee ol & . . :
& — o ".-”-.f:ﬂr'fm'f' b TARR R - 0.00
M2 -
00 041 02 0.1 02 03 0.1 0.2 03 0 5 10 15
Infiltration_Abundance SPP1 SPP1 Time (years)
FIGURE 6 | Analysis of SPP1 for the prediction of lymph node metastasis and influence on the long-term survival of Stage-T1 LUAD patients. The receiver operating
curve (ROC) and area under the curve (AUC) were used to evaluate the predictive power of SPP1 for early lymph node metastasis in our cohort [(A) n = 16],
GSE43580 cohort [(B) n = 20], GSE68465 cohort [(C) n = 149] and TCGA cohort [(D) n = 165]. Kaplan-Meier curves of overall survival for patients with distinct N
stages (E), MO infiltration (F), and SPP1 expression (G). (H) Multipeaked mountain map displaying the infiltration abundance divergence among the monophagocytic
system (Monocytes, MO, M1, and M2) across groups with different levels of SPP1 expression in GSE68465 cohort. The correlation analysis of M2 infiltration and
SPP1 expression in our cohort (I) and TCGA cohort (J). (K) Kaplan-Meier curve to evaluate the influence of M2 infiltration on the OS in patients with Stage-T1 LUAD.

Secreted Phosphoprotein 1 Could
Predicts Early Lymph Node Metastasis
and Affects Prognosis in Stage-T1 Lung
Adenocarcinoma Patients, Which May

Be Related to the M2 Polarization

The predictive efficiency of SPP1 for early lymph node metastasis
was evaluated in four cohorts. In our patient cohort (n = 16,
Figure 6A) and the GSE43580 cohort (1 = 20, Figure 6B), the
area under the ROC curve (AUC) values were 0.73 and 0.84,
respectively. The AUCs for the GSE68465 (n = 149, Figure 6C)
and TCGA cohorts (n 165, Figure 6D) were 0.64 (95%
CI: 0.53-0.75) and 0.62 (95% CI: 0.52-0.72), respectively. In
addition, using the survival data for the GSE68465 cohort, we
demonstrated that early lymph node metastasis (p < 0.001,
Figure 6E), higher MO infiltration (p = 0.035, Figure 6F), and
higher SPP1 expression (p = 0.023, Figure 6G) were significantly

associated with the poor prognosis among patients with Stage-
T1 LUAD.

The correlation between SPP1 and the monophagocytic
system was systematically explored in early LUAD. In the
GSE68465 cohort, the M0 and M2 infiltration abundances
were significantly increased in the SPP1 high expression
group (p < 0.001), whereas differences in monocyte
(p = 0.283) and M1 infiltration (p = 0.114) were not significant
between groups (Figure 6H). The correlation between SPP1
expression and M2 infiltration was verified using data from
the cohorts from TCGA (r = 0.17, p = 0.033, Figure 6I)
and our patients (r = 0.43, p = 0.094, Figure 6]). Patients
with higher M2 infiltration had a shorter OS (p < 0.001,
Figure 6K). Therefore, we speculated that SPP1 might
induce the M2 polarization of macrophages in Stage-T1
LUAD, which could be closely related to the long-term
survival of patients.
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The IncRNA AC037441 Is Associated
With Early Lymph Node Metastasis, MO
Infiltration, and Secreted

Phosphoprotein 1 Expression

To explore the potential IncRNA/SPP1-macrophage axis
associated with early lymph node metastasis, the WGCNA
algorithm was used to construct an IncRNA co-expression
network based on our cohort. Thirteen modules were identified
by subsequent hierarchical clustering and dynamic tree clipping
(Figure 7A), among which the magenta, red and green modules
showed consistent negative correlations with early lymph node
metastasis, MO infiltration, and SPP1 expression (Figure 7B).
The maximal clique centrality (MCC) algorithm was used to
determine hub IncRNAs for three modules (Figures 7C-E).
In addition, further verification using TCGA cohort data
identified that the hub IncRNA (AC037441) was significantly
negatively correlated with SPP1 (r = —0.27, p < 0.05) and MO
infiltration (R = -0.31, p < 0.05; Figure 7F), and the expression
level of AC037441 in the early lymph node metastasis group
was significantly lower than that in the non-metastatic group
(p = 0.005, Figure 7G). The analysis of the two cohorts revealed

a potential RNA-immune cell axis (IncRNA AC037441/SPP1-
macrophage) associated with early lymph node metastasis.
However, further cell biological validation remains necessary.

Macrophage-Related Secreted
Phosphoprotein 1ls a Biomarker for
Early Lymph Node Metastasis, Validated
in Tissue and Plasma Samples From
Stage-T1 Lung Adenocarcinoma Patients

Following the bioinformatics analysis, the findings were verified
using tissue and plasma samples from Stage-T1 LUAD patients.
The qRT-PCR assay was performed on 25 cases of tumor tissues
(12 cases of lymph node metastasis, 13 cases of non-metastasis),
we confirmed the significantly increased expression of SPP1
(Figure 8A, p < 0.05) and the significantly decreased expression
of IncRNA (AC037441) (Figure 8B, p < 0.05) in the lymph node
metastasis group. The THC analysis of 12 tumor samples (six
cases of lymph node metastasis and six cases of non-metastasis)
and nine paracancerous samples showed that SPP1 had lower
H-scores in tumor tissues (Figures 8C,D, p < 0.05), and the
H-score of the lymph node metastatic group was significantly
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(E) The tumor sample scores distinction of SPP1 in the lymph node metastatic versus non-metastatic groups. (F) Comparison of the SPP1 concentration in the
plasma of Stage-T1 LUAD patients between patients with lymph node metastasis and those without metastasis. (G) The receiver operating curve (ROC) and area
under the curve (AUC) were used to evaluate the predictive efficiency of plasma SPP1 concentrations for early lymph node metastasis. *p < 0.05.

Specificity (%)

higher than that of the non-metastatic group (Figures 8C,E,
p < 0.05). The SPP1 concentration in plasma was quantified
by ELISA, which showed SPP1 concentrations in patients with
lymph node metastasis were significantly higher than in the non-
metastatic group (Figure 8F, p < 0.05), Moreover, the ROC
curve showed that the plasma SPP1 level had good efficiency for
predicting early lymph node metastasis (AUC = 0.74, Figure 8G).

Finally, the correlations between macrophages and lymph
node metastasis and SPP1 expression were validated through
the THC analysis of tumor samples. The results showed that the
positive area of macrophage marker (CD68) staining significantly
increased in the lymph node metastasis group compared with
the non-metastatic groups (p < 0.05), whereas the staining for
M2 (CD163) and M1 markers (IL-1f and iNOS) showed no

significant differences (P > 0.05; Figure 9A). In addition, the
H-score of SPP1 was significantly positively correlated with the
positive areas of CD68 staining (r = 0.70, p = 0.016) and CD163
staining (r = 0.68, p = 0.021); however, no significant correlation
was observed for the positive areas of IL-1B staining (r = 0.57,
p =0.070) and iNOS staining (r = 0.06, p = 0.851; Figure 9B).

DISCUSSION

The TIME can regulate the growth and metastasis of lung
cancer by promoting inflammation, angiogenesis, and immune
modulation (Altorki et al., 2019; Bonanno et al., 2019; Rosenthal
et al., 2019). In this study, we found that the infiltration of
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plasma cells, FTH, Tregs, M1 macrophages, and resting dendritic
cells in LUAD tissues were higher than those in normal lung
tissues, whereas resting natural killer cells, monocytes, MO
macrophages, and neutrophils had lower infiltration levels. Our
results further demonstrated the diverse TIME in LUAD. In
addition, the correlation between the TIME and lymph node
metastasis has been reported. Coffelt et al. (2015) demonstrated
that y3 T cell and neutrophil infiltration play important roles in
the lymph node metastasis of breast cancer. However, the TIME
changes that occur during LUAD lymph node metastasis have
not been studied. We revealed a significant correlation between
macrophages and lymph node metastasis through bioinformatics
analysis and experimental verification. The role of macrophages
in tumor metastasis has aroused broad concern, studies have
indicated that macrophages can promote the metastasis of
colorectal cancer cells by secreting miRNA-containing exosomes
(Li et al, 2019) or cytokines, including IL-10 and IL-17
(Lan et al., 2019).

Notably, some LUAD patients develop lymph node metastasis
when the diameter of the primary tumor remains very small.
Early lymph node metastasis significantly affects the long-term
survival of patients (Liu et al., 2019; Zhang et al., 2019a), and our
study verified that stage-T1 patients with lymph node metastasis
have a shorter OS. (Takada et al., 2020) demonstrated that early
lymph node metastasis in breast cancer is related to tumor-
infiltrating lymphocytes, whereas no relevant research has been

published on early lymph node metastasis of lung cancer. In
our study, GSEA showed that the IR pathway was significantly
enriched in the metastasis group. IR plays an important role
in tumorigenesis, progression, and metastasis (Diakos et al,
2014; Crusz and Balkwill, 2015). Moreover, the IR can also
be modulated by pro-inflammatory cytokines and chemokines
secreted by activated immune cells (Deng et al., 2010; Ferrari
etal., 2019).

The EMT process can endow tumor cells with aggressiveness
and mobility, which can be regarded as a sign of cancer metastasis
(Lu and Kang, 2019) and poor prognosis (Fazilaty et al., 2019).
We found that the EMT pathway was significantly enriched in
the Stage-T1 LUAD patients with higher macrophage infiltration
abundance. Wei C. et al. (2019) revealed that macrophages
could secrete IL-6 to regulate the EMT program of colorectal
cancer cells. Studies have also shown that EMT-related gene
SPP1 is a potent macrophage chemokine, and SPP1 blockade
can impair the macrophage recruitment ability of tumors (Wei J.
et al., 2019). In this study, SPP1 was identified based on the
exploration of the EMT hallmarks and macrophage-related genes
in multiple cohorts, and was validated as a potential biomarker
for early lymph node metastasis based on the tissue and plasma
samples. In addition, SPP1 was shown to be significantly related
to M2 macrophage infiltration in early LUAD, which was
significantly associated with poor prognosis. Zhu et al. (2019)
demonstrated that the number of tumor-associated macrophages
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and the expression level of M2 markers decreased significantly
in tumor tissues from SPP1 knockout mice compared with those
from the control group, and the effect of SPP1 on the M2
phenotype maintenance (Wei J. et al., 2019) and M2 polarization
(Zhang et al., 2017) had also been proved in many studies.
Furthermore, the inhibition of SPP1 protein activation can
prevent lung cancer metastasis by inactivating integrin/CD44-
associated signaling and rearranging the actin cytoskeleton
(Chiou et al., 2019). However, the correlation between SPP1 and
tumor lymph node metastasis has not yet been investigated.

It has been well documented that M2 macrophages promote
tumor growth and metastasis (Tao et al, 2020). On the
other hand, many studies indicated tumor cells stimulate
naive M0 macrophages to differentiate into M2 macrophages
(Liu et al, 2021). Macrophages are mainly M2 subtypes
in tumor microenvironment, especially in advanced stage of
tumors. However, the characteristics of macrophage subsets
remains unclear during the early stage of tumor metastasis.
Interestingly, we found high MO infiltration in LUAD with
early lymph node metastasis. Our results suggest that more
recruitment of naive MO macrophages and subsequent M2
polarization in LUAD are likely a key determinant for early lymph
node metastasis. Finally, a potential IncRNA (AC037441)/SPP1-
macrophage axis was identified through the application of the
WGCNA algorithm and correlation analysis, which has not
been previously reported. Moreover, a significant correlation
between IncRNA (AC037441) and early lymph node metastasis
was further confirmed experimentally.

Some limitations must be addressed in this study. First,
although a multi-cohort analysis and related experimental
validation were conducted, the number of patients with Stage-
T1 LUAD was relatively small, and more samples remain
necessary for further verification. In addition, the relationship
between SPP1 and macrophage infiltration was primarily based
on correlation studies, and additional biological experiments
remain necessary to explore the detailed underlying mechanism.

In summary, a correlation between macrophages and early
lymph node metastasis in Stage-T1 LUAD was identified through
a multi-cohort analysis and experimental validation. Patients
with high macrophage infiltration were showed to present the
significant enrichment of EMT pathway, and SPP1, an EMT
hallmark gene, was identified to be significantly associated with
macrophage infiltration and lymph node metastasis. In addition,
the predictive efficacy of SPP1 detection in plasma for early
lymph node metastasis was evaluated. Our study explored a
potential mechanism for early lymph node metastasis in LUAD
and identified and verified SPP1 as a potential biomarker.
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Background: Solid pseudopapillary neoplasm (SPN) of the pancreas shows an indolent
clinical behavior in cases undergoing surgical resection. The efficacy of combination
therapy in the metastatic extrapancreatic SPN treatment remains largely unknown and a
clinical challenge.

Case Presentation: We report a case of a metastatic pancreatic SPN in a 45-year-old
woman who presented with an aggressive peritoneal dissemination and hepatic
metastases and still showed an indolent clinical course with combination therapy with
repeated surgery and targeted therapy. Although the follow-up effect remains to be seen,
this is the first report of practical experience of the targeted agents sunitinib and
everolimus in metastatic SPN tumors based on the mutation status of PTEN
(.379G>A; p.G127R) and CTNNB1 (c.98C>G; p.S33C). To our knowledge, the PTEN
variant identified in this case has not been previously reported in SPN.

Conclusion: Evidence on variant genetics indicates that future molecular studies may not
only help to explain the mechanism of SPN occurrence and development but are also
more likely to direct to future precision treatments.

Keywords: targeted therapy, solid pseudopapillary neoplasm (SPN), metastasis, everolimus, sunitinib, pancreas

INTRODUCTION

Solid pseudopapillary neoplasm (SPN) of the pancreas is a rare low-grade malignant neoplasm that
usually occurs in young women. SPN has an indolent clinical behavior even for cases of large tumor
size, and long-term prognosis following surgical resection is generally excellent for both localized
and distant disease (1). Patients with SPN occasionally present with liver metastasis or invasion into
adjacent organs, relapse immediately after surgery, or cannot undergo surgical resection (2).
Combination therapy could help stave off this particularly refractory SPN that arises in response
to aggressive surgery. An important support for multidisciplinary comprehensive treatment strategy
may be rooted in recent research on cytogenetic analyses and specific molecular pathways of SPN
(3, 4).
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To the best of our knowledge, the therapeutic value of
targeted therapy compared with surgery and adjuvant therapy,
as well as their combination, has never been evaluated in patients
with metastatic SPN of the pancreas. In this study, we first report
a metastatic pancreatic SPN case that presented with refractory
peritoneal dissemination and hepatic metastases and maintained
stable disease by the targeted agents sunitinib and everolimus
based on the mutation status of PTEN and CTNNBI.

CASE PRESENTATION

The patient was a 45-year-old woman who received a distal
pancreatectomy with splenectomy for a huge mass, encapsulated
solid mass with cystic components (measuring 100 x 70 mm) in
the body and tail of the pancreas in the local hospital on March
10, 2010. The histologic examination established the
presumptive diagnosis of a well differentiated pancreatic
neuroendocrine tumor (pNET). Immunohistochemical analysis
showed positive staining for synaptophysin (Syn) and negative
for cytokeratin (CK), and chromogranin A (CgA). No adjuvant
therapy was administered. Metastasectomy of the lesions
(maximum size of 50 x 40 cm) in her pancreatic remnant and
adjacent peritoneum was performed with lymph node dissection
on March 3, 2014. The revised diagnosis was metastases of low-
grade pNET accompanied with SPN immunophenotype. The
specimen was positive for Syn, CD56, vimentin, progesterone
receptor (PR), and B-catenin immunostaining, whereas negative
for CgA. The second metastasectomy was performed to remove
recurrent nodules of the left adrenal gland (maximum size of
20 x 15 cm) on January 8, 2015 (Figure 1).

During the next 10 months the patient suffered some
additional metastatic recurrences (maximum size of 55 x 35
cm) in her left adrenal gland and peritoneum (Figure 1A) before
her first visit to our hospital on November 17, 2015. The patient
participated in a nation-wide clinical study, approved by our
hospital’s Ethics Committee, to evaluate the efficacy and safety of
sunitinib in the treatment of metastatic pNET in January, 2016.
Meanwhile, the pathological features of the tumors from the first
three operations were carefully reviewed in the glass slides and

paraffin blocks by our own pathologists. All of the tumors were
composed of relatively monomorphic polyhedral cells with
hyalinized fibrovascular cores. Neoplastic cells were discohesive
with round to oval nuclei. Mitotic figures were rare. The growth
pattern of the tumor was heterogeneous, with a combination of
solid and pseudocystic structures in varying proportions, even in
the primary tumor. Sparse vascular invasion was found in the
primary tumor with Ki67 index <1%. Immunohistochemical
analysis including CD-56, PR, CD10, E-cadherin, and B-
catenin was re-performed in the primary and recurrent
tumors. All of the tumors were immunopositive for -catenin
(nuclei), CD10, vimentin, PR and Syn and immunonegative for
E-cadherin. According to recently published data, a particular
dot-like paranuclei expression of CD99 appears to be highly
unique for SPN, and this distinctive staining pattern was present
in this case. Even in the primary tumor, CD99 expression was
punctate and granular positive in the cytoplasm (3+). CD99
accompanied by B-catenin definitely established the diagnosis of
SPN in the case (5). The patient was finally diagnosed with a
metastatic pancreatic SPN with low-grade malignant potential.
She rejected the reoperation for fear of harm from multiple
surgeries. According to RECIST 1.1 (response evaluation criteria
in solid tumors), the patient’s abdominal metastatic tumors were
in a stable state, and given that patients did not have any severe
comorbidities while taking sunitinib, the patient continued
targeted therapy during the following 2 years.

In the first quarter of 2018, the patient presented with some
new metastatic lesions in the peritoneum, pelvis, and
retroperitoneum, and the earlier lesions increased in size
significantly (Figure 1B). To obtain the evolutionary features
of the tumor immune phenotype, metastasectomy of the biggest
peritoneal lesion (maximum size of 75 x 55 cm) was performed
on April 18, 2018. The pathological analysis confirmed the
metastatic nature of the SPN as capsular with very few
capsular and vascular invasions (Figure 2). Grossly, the cross-
section of the peritoneal metastatic tumor revealed a round, well
demarcated mass measuring 75 x 50 mm that consisted of a
mixed component containing focal hemorrhage. The tumor
showed nested-to-diffuse growth of more poorly cohesive
monomorphic cells with scattered nuclear atypia and

March 2014
—  Surgery
=== Targeted therapy

Prior 10 evirolimus initiation

15 monihs after

7
i evirolimus treatment
H
H

October 2018

FIGURE 1 | Time axis of repeated surgery and targeted therapy for the metastatic pancreatic solid pseudopapillary neoplasm. Computed tomography scan showing
multiple tumors in the peritoneum and retroperitoneum (white arrow) prior to sunitinib treatment after repeated surgery (A). Tumors rapidly increased in size 24 months
after sunitinib treatment (B). There was a 52x36 mm, well-defined mass with heterogeneous contrast enhancement in the right lobe of the liver (white arrow) prior to
evirolimus treatment after extended metastasectomy (C), which maintained tumor volume stability 15 months (D) and 22 months (E) after evirolimus treatment.
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expression in immuonstaining.

FIGURE 2 | Microscopic and immunohistochemical findings in peritoneal lesions of the metastatic solid-pseudopapillary neoplasms (SPN). (A), The tumor had a
heterogeneous growth with predominantly pseudopapillary pattern (hematoxylin-eosin, original magnification x200). Note the capsular invasion (black arrow).
(B), Vascular invasion (black arrow). (C), Nuclear positivity for f—catenin. (D), Dot-like paranuclei positivity for CD99. (E), Negative for chromogranin A (CgA)

fibrovascular stalks in which mitosis was sparse with the Ki-67
index 5-10%. The cytologic features also included characteristic
myxoid clear material surrounding the papillae, the presence of
cercariform cells and sparse mitotic figure. Regional cystic
degeneration and haemorrhage were observed. Focal solid
areas extended towards the surrounding fat tissue with
prominent capsular and vascular invasion. No significant
nuclear atypia, abundant necrosis, or high mitotic rate was
found. The lesion showed typical immunohistochemical
features for SPN, such as nuclear expression of B-catenin,
paranuclei dot-like expression of CD-99, positive findings for
CD10 (focal region, 3+), vimentin and PR. Interestingly, Syn was
positive as always from the primary to the recurrent tumors. On
the presumption of disseminated peritoneal metastasis, an
extended metastasectomy was performed to remove the left
kidney, left adrenal gland, partial diaphragm muscle, small
liver nodules, several peritoneal nodules, and pelvic nodules in
an outside hospital on August 21, 2018.

Two months postoperatively, the patient presented with a
new metastatic lesion in the right hepatic lobe. She was admitted
to our hospital again. Computed tomography (CT) scan revealed
a well-defined hepatic encapsulated solid mass with cystic
components but no calcification (maximum size of 52 x 36
cm, Figure 1C). Genomic DNA was isolated from formalin-fixed
paraffin-embedded (FFPE) tissue for next-generation sequencing
(NGS) by llumina Genome Analyzer. The patient was positive
for CTNNBI c.98C>G (p.S33C), ATM ¢.5633C>T (p.S1878L),

and PTEN c.379G>A (p.G127R) point mutations with a germline
mutation in FANCD2 ¢.888+1G>T. On December 28, 2018, the
patient started treatment with everolimus for targeting PTEN
mutations. Assessment of response was performed by means of
computed tomography (CT) scan or magnetic resonance
imaging (MRI), every 12 weeks of therapy, according to
RECIST criteria 1.1. At present, the patient does not seem to
have any serious discomfort except for grade 1 cutaneous
vasculitis. She is well, and without any signs of disease
progression. The serial follow-up magnetic resonance imaging
examination on March 2020 (Figure 1D) and October 2020
(Figure 1E) showed that the patient’s tumor had partially
resolved and remained stable for more than 22 months after
the targeted treatment of everolimus.

It was also noted that the tumor immune phenotype might
have a certain degree of evolutionary characteristics over time
(Table 1). In accordance with the immunohistochemical
changes, we subdivided the lesions into early (first to third
operations) and late (forth to fifth) lesions. In the early
metastatic lesions, the tumors had almost no capsular or
vascular invasion with weakly positive immunostaining of -
catenin (nuclei, +). The Ki-67 labeling index was also very low
(<1%). In the late lesions, malignant histological features, such as
peritumoral infiltration into the fat tissue (from the fourth
lesion) and the organ, prominent capsular and vascular
invasion were observed (Figures 2A, B). The specimen
was strongly positive for immunostaining of B-catenin
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TABLE 1 | Evolutionary characteristics of clinicopathological data of the tumor.

Site vascular

invasion

Recurrence
interval (mo)

Operation
No.

Capsular
invasion

perineural
invasion

B-catenin PR

(nuclei)

Syn paranuclei dot-like

expression CD-99

Ki-67 labeling
index (%)

1. 0 Pancreas N Sparsely N

2 48 Pancreas N Y N
Peritoneum

Left adrenal N N N
gland

Peritoneum Y Y N
Grater

Omentum

Retroperitoneum

Peritoneum Y Y N
Grater

Omentum

Left adrenal

gland

Retroperitoneum

Pelvis

Liver

3 58

4 97

5 101

+/- Sparsely <1
+
NE

NE <1

NE + 3

e+ e+ +

++ + + +

Il pathological performance amended by our own pathologist.

NE, not evaluable; N, absent; Y, present; Syn, Synaptophysin; PR, progesterone receptor.
+, local expression; ++, moderate expression; +++, diffusively strong expression; +/-, sparse expression.

(nuclei, +++, Figure 2C). Furthermore, the average Ki-67
labeling index increased sharply (3%, 5-10%, and 15% in the
third, fourth, and fifth metastatic lesions, respectively).

DISCUSSION

As there are no specific staging or grading systems for the
malignancy of SPN, predicting its metastatic potential is
difficult. The evolutionary characteristics of the tumor immune
phenotype in this case might explain the aggressive behavior of
this tumor. Consistent to our finding, Walter et al. (6) also found
that the Ki-67 proliferation index was 2% in the primary tumor
of SPN, 10% in ovarian lesions, and 20% in liver metastases.
However, investigating the cause of the genetic variation of SPN
may have enabled us to describe the metastatic potential
molecular pathways involved in this disease (7). Compelling
evidences now demonstrate that differences in the molecular
pathology, of otherwise indistinguishable cancers, substantially
impact the clinical characteristics of the disease (3). The somatic
ATM gene mutation (c.5633C>T; p.S1878L) in this patient is a
variant of unknown significance (VUS) in ClinVar (8) and thus
ineligible for treatment. The germline FANCD2 mutation
(c.888+1G>T) is also irrelevant, as the mutation that we found
is not registered in common data bases such as LOVD3 (9) and
thus it might be considered at best as a variant of undetermined
significance. In fact, there are currently no US Food and Drug
Administration- (FDA)-approved antitumor drugs or related
drug-sensitivity studies for the ATM gene mutation and
germline mutation in FANCD?2 identified in this patient. We
focus on the other 2 significant mutations CTNNB1 (p.S33C)
and PTEN (q.G127R).

Activating somatic mutations in the B-catenin gene (CTNNBI
coding) on chromosome 3p occur in almost 100% of SPNs (10),

where CTNNBI mutations disrupt the phosphorylation and
degradation of the PB-catenin protein. All are missense
mutations leading to loss of binding sites for glycogen synthase
kinase-3beta (GSK-3b) phosphorylation, thereby interfering with
degradation of the 3-catenin protein (5). These mutations lead to
cytoplasmic and nuclear accumulation of B-catenin in most
SPNs. Deregulation of the pathway is closely linked to various
aspects of human carcinogenesis such as cell viability, regulation
of cell cycle, epithelial-mesenchymal transition, and
maintenance of stemness. Consequently, a genetic program is
switched on, leading to the uncontrolled growth, prolonged
survival, and acquisition of mesenchymal phenotype (11, 12).
A possible pathogenetic mechanism involving the interaction
between [-catenin and the activation of cell proliferation
machinery may also be hypothesized for SPN, although it
needs to be better studied and clarified. By viewing the
interconnections among each of the genes with variations in
SPN specimens, CTNNBI was identified as the core portion in
the network to regulate tumorigenesis (13). In addition, there is a
growing body of evidence suggesting that Wnt/B-catenin
signaling plays an essential role in the immune system. In
metastatic melanoma, activation of the Wnt/B-catenin
signaling pathway correlates with T cell exclusion (14). These
reports suggested that activated Wnt signaling mediates cancer
immune evasion and resistance to immunotherapies.
Nevertheless, these studies could not identify recurrent genetic
alterations in metastatic SPNs, which precluded us from
identifying common drivers of SPN progression. Recent
findings have also demonstrated that B-catenin, lymphoid
enhancer-binding factor 1 (LEF1), androgen receptor (AR),
and transcription factor E3 (TFE3), which are all expressed in
SPNs, interact with each other by diverse pathways, so they are
functionally closely interrelated (15). Using whole-exome
sequencing and copy number variation analysis it has recently
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been demonstrated that in metastatic SPNs, in addition to
CTNNBI-activating mutations, inactivating mutations of
epigenetic regulators (KDM6A, TET1, BAP1) are present in
both primary and related metastases, suggesting a role of these
genetic alterations in the metastatic dissemination of SPNs.
Conversely, most copy number variations were not shared
between primary and metastatic lesions from the same patients
(4). All of these findings suggest a complex genetic background
for SPNs. Future studies based on the molecular alterations of
metastatic SPNs will be able to further unveil the pathologic and
genetic enigma of metastatic SPN of the pancreas. There are no
FDA-approved drugs available for CTNNBI mutations, except
for a limited number of clinical trials in endometrial cancer.
Slomovitz et al. (16) stated that recurrent endometrial cancer
patients with CTNNBI mutations responded well to everolimus
and letrozole. CTNNB1 mutations were also associated with
longer progression-free survival (PFS) for advanced endometrial
cancer on temsirolimus (17). The signaling relationship between
Wnt and mTOR pathways remains an emergent area of study.
There is no similar study on SPN disease.

The phosphoinositide 3-kinase (PI3K)-v akt murine
thymoma viral oncogene homolog (AKT)-mechanistic target of
rapamycin (mTOR) signaling cascade is one of the most
important intracellular pathways that is frequently activated in
diverse cancers (18). The first identified genetic mechanism of
phosphoinositide 3-kinase (PI3K)-v-akt murine thymoma viral
oncogene homolog (AKT)-mechanistic target of rapamycin
(mTOR) signaling cascade was the loss of PTEN function by
point mutation or deletion (19). In many types of tumors, the
activation of the PI3K- AKT-mTOR pathway has been known as
the relation to tumorigenesis, cancer progression and the
acquired resistance to various anti-neoplastic agents. Although
rare activating somatic mutations in the PTEN gene have been
described, loss of PTEN expression is strongly associated with the
presence of invasive carcinoma and poor survival in patients with
intraductal papillary mucinous neoplasm of the pancreas (20).
PIK3CA/PTEN genomic aberrations have been suggested to be
strong predictors of everolimus sensitivity (21). The PTEN
variant identified in this case has not been previously reported
in SPN.

Based on the above, considering that our patient has a
CTNNBI mutation and a non-functional PTEN product, it is
reasonable to hypothesize that targeting mTOR may provide an
effective strategy to regulate SPN tumorigenesis in this patient.
This can also explain why she was partially relieved for more
than 2 years from refractory metastatic SPNs after five surgeries.
What confused us is that this patient actually had maintained
stable conditions for nearly 27 months with the target agent
sunitinib, a tyrosine kinase inhibitor (TKI) before her forth
operation. After that, not only did the original metastases
rapidly increase, but new peritoneal metastases appeared.
Sunitinib, which has been used to suppress angiogenesis in
cancer patients (22), has not been previously reported in
patients with SPN. In vitro studies showed that inhibition of
endogenous PTEN in cultured endothelial cells enhances
vascular endothelial growth factor (VEGF) signaling (23).

However, clinical reports describe cases in which, after
administration of sunitinib, tumor relapse has occurred with
severe growth and increased metastatic behavior (24). Treatment
with sunitinib led to upregulation of vegfaa in wild-type zebrafish
embryos and to a further upregulation of vegfaa expression in
mutant embryos lacking Pten (25), which may result in
hyperproliferation of endothelial cells, hence, explaining the
tumor relapse after sunitinib treatment. The signaling
relationship between Wnt and mTOR pathways remains an
emergent area of study (26); however, this molecular
relationship has not been explored in SPN disease. We
speculate that combined treatment with a PI3K inhibitor and
sunitinib suppresses hypervascularization without enhancing
vegfaa expression, suggesting a new approach for therapeutic
intervention in VEGFR-signaling-dependent tumors.
Combination treatment with TKI and mTOR inhibitors has
been evaluated in several phase I trials to date (27). Further
investigation using other genomic candidates and new-
generation mTOR inhibitors is also warranted in patients with
treatment-refractory cancer (28). This study suggests that by
targeting the Wnt/B-catenin and the PI3K-AKT-mTOR
pathways, it is possible to understand if that would either kill
more tumor cells or further delay SPN recurrence.

This case report was based on nonstandardized pathologic
report of each institutional pathologic examination during the
long time period. Therefore, there might be inconsistency in
reporting immunohistochemical characters among different
specimens in different hospitals, which can easily confuse the
readers. We admit that, in the past, many pathologists and
clinicians were unaware of pancreatic SPNs and had no
interest at all in these rare pathologic conditions; as such,
they just focused on the diagnosis rather than pathologic
characterization and oncologic outcomes. However, all the
pathological features of the tumors from the formalin-fixed
paraffin-embedded (FFPE) tissue were carefully reviewed by
our own pathologists. Furthermore, the focus of this case
report is to suggest that evidence on variant genetics
indicates that future molecular studies may not only help
to explain the mechanism of SPN occurrence and
development but are also more likely to direct to future
precision treatments.

CONCLUSION

In conclusion, this case depicted the aggressive peritoneal
dissemination and hepatic metastases of a metastatic
pancreatic SPN that still showed an indolent clinical course
when combination therapy with repeated surgery and targeted
therapy were applied. Although the follow-up effect remains to
be seen, this is the first report of practical experience of the
targeted agents sunitinib and everolimus in metastatic SPN
tumors based on the mutation status of PTEN and CTNNBI.
Future molecular studies are required to provide more precision
tools to guide preclinical and clinical therapeutic development
and treatment in metastatic SPN.
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Osteosarcoma, a common aggressive and malignant cancer, appears in the
musculoskeletal system among young adults. The major cause of mortality in
osteosarcoma was the recurrence of lung metastases. However, the molecular
mechanisms of metastasis involved in osteosarcomas remain unclear. Recently, CXCL1
and CXCR2 have been crucial indicators for lung metastasis in osteosarcoma by paracrine
releases, suggesting the involvement of directing neutrophils into tumor
microenvironment. In this study, overexpression of CXCL1 has a positive correlation
with the migratory and invasive activities in osteosarcoma cell lines. Furthermore, the
signaling pathway, CXCR2/FAK/PI3K/Akt, is activated through CXCL1 by promoting
vascular cell adhesion molecule 1 (VCAM-1) via upregulation of nuclear factor-kappa B
(NF-xB) expression and nuclear translocation. The in vivo animal model further
demonstrated that CXCL1 serves as a critical promoter in osteosarcoma metastasis to
the lung. The correlated expression of CXCL1 and VCAM-1 was observed in the
immunohistochemistry staining from human osteosarcoma specimens. Our findings
demonstrate the cascade mechanism regulating the network in lung metastasis
osteosarcoma, therefore indicating that the CXCL1/CXCR2 pathway is a worthwhile
candidate to further develop treatment schemas.
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CXCL1 Drives Osteosarcoma Lung Metastasis

INTRODUCTION

Among all bone malignancy diagnoses with children and young
adults, osteosarcoma is the most common primary and
aggressive malignant neoplasm (1, 2). Surgical excision,
neoadjuvant, and adjuvant chemotherapies are widely used to
treat osteosarcoma for the preservation of limb functions and
increase of the successful rate of treatment (3); in addition, less
than 70% of patients remain alive after 3 years with no clinical
metastasis at first diagnosis (4). Osteosarcoma has high
potentials of invasion and metastasis; subsequently,
osteosarcoma metastases in the lung are the main reason for
mortality rate (5). Approximately one-third of the patients
presenting with localized disease will relapse, and patients with
metastases at diagnosis are nearly three-quarters; approximately
90% of relapses occur because of lung metastases (6). In order to
prevent osteosarcoma lung metastasis, effective therapy is
urgently required.

Chemokines are low-molecular-weight proteins that have
diverse roles in human physiology including cellular
development, migration, immune surveillance, inflammation,
and various pathological conditions (7). Chemokines are
critical for mediating leukocyte trafficking and positioning,
stimulating endothelial cell migration, and activating signaling
pathways (8). Moreover, chemokines also regulate progression,
metastasis, apoptosis, and chemoresistance in cancer cells (9-
12). The chemokine (C-X-C motif) ligand 1 (CXCL1) has been
linked to the effects on inflammation, angiogenesis,
tumorigenesis, and wound healing (13). CXCR2, receptor of
CXCL1, is highly expressed on the surface of neutrophils (14)
and is involved in progression in several kinds of cancer, such as
lung, prostate, breast, colorectal, ovarian, and pancreatic cancer
(15). CXCLI1 could mediate several kinds of CXCR2-expressed
cells, such as neutrophils, macrophages, osteoblasts, and
fibroblasts, to regulate the tumor microenvironment (16-18).
Besides, the positive correlation of CXCLI levels depends on the
size of tumor, stage of advancing, and depth of invasion while
negative to survival rate of patients has been reported (19-21).
CXCL1 secretion could enhance the invasion and metastasis of
several types of cancer cells (22-25); in contrast, silencing or
knockdown of CXCL1 could inhibit tumor growth in
hepatocellular carcinoma (26) and colorectal cancer liver
metastasis (27). These studies conspicuously indicate that
CXCL1 is a crucial indicator in the progress of cancer invasion
and metastasis. However, the role and related mechanisms of
CXCL1 in osteosarcoma remain unclear.

Vascular cell adhesion molecule 1 (VCAM-1/CD106), an
inducible surface glycoprotein, belongs to the immunoglobulin
superfamily (28). VCAM-1 expressions influence numerous
biological activities in normal conditions including the
regulation of migration and invasion during the cancer
metastasis (28). Overexpression of VCAM-1 could occur in the
metastatic cancer cells and correlated with the stage of disease
including tumor progression in osteosarcoma enhancing the
connective tissue growth factor stimulation to promote
migration and metastasis (9, 29, 30).

The current study showed that the CXCL1 could signal the
CXCR2/focal adhesion kinase (FAK)/phosphatidylinositol-3-
kinase (PI3K)/Akt/nuclear factor-kappa B (NF-kB) pathway to
increase VCAM-1 expression and subsequently upregulate the
metastasis ability of human osteosarcoma cells. The strategy to
suppress the expression level of CXCL1 could effectively decrease
the VCAM-1 expression, which has the beneficial response for
inhibiting migration, invasion, and wound healing abilities in
osteosarcoma. This finding strongly suggests that CXCL1/
CXCR?2 signals act as indicators in metastatic osteosarcoma
and could be a therapeutic target for developing anticancer
medicine with their unique characteristics.

MATERIALS AND METHODS

Materials

All chemical reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The CXCL1, CXCR2, VCAM-1, p-FAK, FAK,
p-p85a, p85a., p-Akt, Akt, p-IKKa/B, IKKo/B, p-IkBa, IkBao, p-
P65, p65, and B-Actin specific anti-mouse and anti-rabbit IgG-
conjugated horseradish peroxidase antibodies were purchased
from GeneTex International Corporation (Hsinchu City,
Taiwan). Recombinant human CXCL1 was purchased from
PeproTech (Rocky Hill, NJ, USA). Short hairpin RNA
(shRNA) plasmid for CXCR2 and VCAM-1 were obtained
from the National RNAi Core Facility Platform (Taipei,
Taiwan). All siRNAs were ON-TARGETplus siRNAs, obtained
from Dharmacon Research (Lafayette, CO, USA). The NF-«B
luciferase report plasmid, pSV-B-galactosidase vector, and
luciferase assay kit were purchased from Promega (Madison,
WI, USA).

Cell Culture

The normal osteoblast cell lines (hFOB1.19) and human
osteosarcoma cell lines (MG63, U20S, and HOS) were
purchased from the American Type Cell Culture Collection
(Manassas, VA, USA). The hFOBI1.19 cells were cultured in
DMEM/F12 medium, U20S cells were cultured in McCoy’s 5A
medium, and MG63 and HOS cells were cultured in Eagle’s
minimum essential medium. All cell mediums were
supplemented with 20 mM HEPES, 10% heat-inactivated fetal
bovine serum, and 2 mM-glutamine. Cells were maintained at
37°C in a humidified atmosphere of 5% CO,/95% air. Migration-
prone MG63 cells were selected by their differential migration
abilities as described previously (9).

Establishment of Migration-Prone
Subclones From Osteosarcoma Cell Line
The MG63 (M10 and M20) migration-prone subclones were
established by using Transwell inserts. MG63 osteosarcoma cells
(1x10% suspended in 1 ml of serum-free medium were seeded
in the upper chamber, while 1 ml of growth medium contained
10% FBS was loaded into the lower compartment. After 24 h, the
cells that migrated across the Transwell insert to the bottom
of plate were detached by trypsin and cultured as MG63 (M1).
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The cells were cultured for 2 days for a second round of selection.
The MG63 migration-prone subclone continued migration
selection for 10 and 20 rounds to generate MG63 (M10) and
MG63 (M20), respectively.

Immunoblotting Assay

Total cell lysates were collected by using RIPA lysis buffer for
further immunoblotting assay. Afterward, equal amounts of the
protein were separated by SDS-polyacrylamide gel
electrophoresis and transferred to polyvinyl difluoride (PVDF)
membranes. Blots were blocked with 5% nonfat milk for at room
temperature for 1 h; moreover, blots were incubated for another
1 h with different primary antibodies at room temperature to
measure the levels of the targets. The peroxidase conjugated
secondary antibody (1:5,000) at room temperature for 1 h after
three washes to clear residue of primary antibodies. The signals
were detected on a charge-coupled device camera-based
detection system (UVP Inc., Upland, CA, USA), and the
Image] software (National Institutes of Health, USA) was used
for quantifying. At least three independent immunoblotting
datasets were collected from the experiments and a closer
figure pattern was selected for presentation.

RNA Extraction and Quantitative
Real-Time PCR

Total RNA was isolated from cells by using Total RNA
preparation kits (easy-Blue Total RNA Extraction kit, iNtRON
Biotechnology, Seongnam, Korea) following the manufacturer’s
protocol. The RNA was reverse transcribed to cDNA by reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). Quantitative real-
time PCR (qPCR) was used to determine the mRNA levels of
target genes by running on a StepOnePlus machine (Applied
Biosystems, Foster City, CA, USA). The SYBR Green fluorescence
probe system (KAPA Biosystems, Woburn, MA, USA) was used
for determining the threshold cycle (Cr) of target genes. Primers
of human VCAM-1 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were purchased from Sigma-Aldrich.
The expression levels of the target genes were normalized to
GAPDH levels and the formula of level ratio = 2724, where
AACt = (Ct ta\rg(-:t_ct GADPH)Sample_(Ct ta\rg(-:t_ct GADPH)Contmb was
used for calculation. The data were represented with three
independent experiments with triplicate of each sample.

Transwell Cell Migration Assay

The Transwell inserts (8-wm pore size; Costar, NY, USA) in 24-
well dishes were used for cell migration assay. Cells (2 x 10* cell/
well) were pretreated with the designated inhibitors for 90 min
and then incubated for 24 h in the culture supernatants. The cells
were seeded in the upper Transwell chamber, and 300 ul of
medium was prepared into the lower chamber. Cells were fixed
in 3.7% formaldehyde for 30 min and stained with 0.05% crystal
violet for 60 min after 24-h incubation was finished. Each
chamber was washed with PBS after removing upper side cells
by cotton-tipped swabs. The cells located on the underside of the
filter were examined and counted under a microscope. The data
were collected from at least three independent experiments.

Immunofluorescence Microscopy

MG63 cells (5 x 107 cell/well) were seeded on glass coverslips and
treated with designed conditions. Once PBS was rinsed, the cells on
the slice were fixed in 3.7% paraformaldehyde at room temperature
for 15 min. Then, cells were washed three times with PBS to remove
the residual of the fixed solution and then 4% BSA was used for
blocking with another 15 min. The cells were incubated with anti-
human p65 (1:100) at room temperature for 1 h. The cells were
further incubated with FITC-conjugated goat anti-rabbit IgG for
1 h after twice PBS washed. Leica TCS SP2 Spectral Confocal
System was used for photographing the mounted cells.

Reporter Assay

Cells (2 x 10 cell/well) were co-transfected with NF-kB report
plasmid and pSV-B-galactosidase vector for 24 h by using
Lipofectamine 3000 (Invitrogen). Cells were lysed with lysis
buffer (100 ul) and harvested by centrifugation (13,200 rpm for
15 min) for further luciferase assay. The supernatants with 1:4
luciferase assay buffer were reacted. Activities of luciferase were
measured by a microplate luminometer and normalized to -
galactosidase expression vector co-transfection efficiency.

Chromatin Immunoprecipitation Assay
Details of chromatin immunoprecipitation (ChIP) analysis were
described previously (9). In brief, DNA samples were
immunoprecipitated by the anti-p65 antibody. The
immunoprecipitated DNA after phenol-chloroform purification
was further amplified with PCR and separated by 1.5% agarose
gel electrophoresis. The signals were visualized and
photographed by ultraviolet illumination. The promoter region
of the NF-xB region (-2167 and —1967) in the promoter region
of human VCAM-1 was amplified with primers 5-ACAGA
GAGAGGAGCTTCAGCAGTGAGAGCA-3’ and 5-GTCT
GTGCTTTATAAAGGGTCTTGTTGCAG-3’.

CXCL1 Knockdown in Osteosarcoma

Cell Lines

The lentiviral expression system for CXCL1 knockdown was
purchased from the National RNAi Core Facility (RNAi Core,
Academia Sinica, Taiwan). The CXCL1 shRNA plasmid was
selected to knock down gene expression. The osteosarcoma cell
line MG63 was transfected with the CXCL1 shRNA plasmid. The
cells were puromycin-selected and the surviving cells were used
as stable gene-modified cell lines. MG63 cell lines that stably
expressed luciferase were established before transfection with the
CXCL1 shRNA vector or the control vector, and the in vivo
orthotopic model was analyzed using the In Vivo Imaging
Systems (IVIS, Xenogen, UK).

Orthotopic Animal Model and Imaging

Ethical approval was obtained for the use of the animals, and all
experiments were performed in accordance with the Guidelines for
Animal Care of the Institutional Animal Care and Use Committee
of College of Medicine, National Taiwan University (Approval No:
20150357). CB17/SCID mice were purchased from Lasco Inc.
(Taipei, Taiwan) weighing 20-30 g, and were acclimatized to a
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room maintained at 25°C and 50% * 10% humidity under a 12-h
day-night cycle for at least 3 days before experimentation.
Individual mice were anesthetized with isoflurane (1%-3%) and
oxygen (100%) inhalation. The cortex of the tibial crest was
penetrated using a 27-gauge needle, 10 Wl containing 1x10° cells
were injected. Four weeks after injection, the tumor growth and
local metastasis were monitored using IVIS Imaging System. The
mice were euthanized by CO, inhalation. The lung tissues were
removed and fixed in 10% formalin for further analysis. The
number of lung tumor nodules was counted under a dissecting
microscope. The experiment was repeated twice.

Histological Analysis of Lung Metastases

All of the lungs resected from mice were fixed with 10% buffered
formalin and embedded in paraffin. Thick sections of 7 um were
stained with hematoxylin and eosin by using histological analyses.

Immunohistochemistry Staining

Human osteosarcoma tissue arrays (consisting 11 cases of
normal bone, 7 cases of stage I osteosarcoma, 49 cases of stage
IT osteosarcoma, and 7 cases of stage III osteosarcoma) were
applied for investigating the expression level of CXCLI and
VCAM-1. The clinical specimens were rehydrated and incubated
in 3% hydrogen peroxide to block endogenous peroxidase
activity. The slices after antigen retrieval were incubated in 3%
bovine serum albumin and then the primary mouse polyclonal
anti-CXCL1 and VCAM-1 antibodies (1:100 dilution) at 4°C
overnight. After thrice PBS washes, slides were incubated with
biotin-labeled goat anti-mouse IgG secondary antibody (1:100
dilution) and signals were amplified with the ABC Kit (Vector
Laboratories, Burlingame, CA, USA). Sections on slides were
stained with the chromogen diaminobenzidine, washed,
counterstained with Delafield’s hematoxylin, dehydrated, and
treated with xylene, and then the bound signals were mounted
and photographed by microscope. Intensities of tumor cell
staining were scored from 0 to 5, where 0 = no staining or
unspecific staining, 1 = very weak (intensity), 2 = weak staining,
3 = moderate staining, 4 = strong staining, and 5 = very strong
staining. A pathologist scored staining intensity in all samples.

Statistical Analysis

Data were expressed as mean * standard deviation (SD).
Student’s t-test and one-way ANOVA, followed by post-hoc
Fisher LSD multiple comparisons (multiple groups), were used.
The coefficient of determination (*) was used to evaluate the
performance of a linear regression model and for modeling the
coefficient of signals. A p-value < 0.05 was considered significant.

RESULTS

CXCL1 Stimulates Migration,

Wound Healing, and Invasion

in Osteosarcoma Cells

CXCL1 has been integrated to migration and metastasis in various
types of cancer cells (21, 25, 26). To select the suitable human

osteosarcoma cell lines (MG-63, HOS, and U20S) and to further
investigate the role of CXCL1 on invasion and metastases, the
migration ability was measured. As shown in Figure 1A, MG63
has a rapid cell migration ability compared to other osteosarcoma
cell lines; furthermore, the CXCLI expression levels were also
consistent with the trend of migration ability (Figures 1B, C).

The previously established high-migration-prone sublines,
MG-63 (M10) and MG-63 (M20) (31), were also used to test
the correlation of CXCL1 expression and migratory activity.
Results showed that migration-prone sublines, MG-63 (M20)
and MG-63 (M10), had a better cell motility, CXCL1] mRNA,
and protein expression than the original MG63 cell line
(Figures 1D-F). These findings implied a relationship of
CXCL1 expression and metastasis in osteosarcoma cells. Next,
CXCLI (1-10 ng/ml) was applied to investigate whether CXCL1
expression influences cell motility in these three osteosarcoma
cell lines. Results suggested that a concentration-dependently
facilitated migration, wound healing, and invasive abilities
could be affected in all osteosarcoma cell lines (Figures 1G-I).
Furthermore, the pCDNA3.1-conjugated CXCL1 plasmid was
transfected into MG63 cells to evaluate the relationship of
CXCL1 levels and cell migration. Figures 1J, K indicated that
the CXCL1 mRNA and protein have enhanced the expression
level and the increases of migratory ability were also observed
(Figure 1L) after transfected with the pCDNA3.1-CXCL1
plasmid. According to these results, the expression of CXCLI
showed a positive regulation on the migratory, wound healing,
and invasive abilities in osteosarcoma cells.

CXCL1 Stimulates VCAM-1 Expression in
Osteosarcoma Cells

Cell adhesion molecules play critical roles during the
extravasation step, a situation where cancer cells adhere to the
vasculature endothelium of small capillaries and then migrate
through the vasculature wall to generate metastatic foci of tumor
metastasis (32), but few known in human osteosarcoma.
Previous studies suggested that VCAM-1-dependent motility is
an essential factor for tumor metastatic developments (33, 34).
To investigate tumor metastatic developments, the role of
VCAM-1 in CXCL1 upon osteosarcoma cell migration was
examined. Results (Figure 2A) showed that CXCL1 (1-10 ng/
ml) could increase the VCAM-1 expression in a dose-dependent
manner in MG63 cell, but no effects on intercellular adhesion
molecule-1 (ICAM-1). Furthermore, the mRNA and protein
levels of VCAM-1 were upregulated after CXCL1 stimulation
(Figures 2B, C). Cells with VCAM-1 shRNA transfection could
suppress CXCLI-induced VCAM-1 protein expressions and
migration in MG63 osteosarcoma cells (Figure 2D). These
results indicated that CXCL1 facilitated VCAM-1-dependent
cell migration in osteosarcoma.

CXCL1 Stimulates VCAM-1 Expression
and Cell Migration via CXCR2

Receptor in Osteosarcoma Cells

The CXCR2 is a specific receptor for CXCL1 and is involved in
CXCLI-mediated cancer progress (9, 15, 17). To further
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FIGURE 1 | CXCL1 increased migration, invasion, and wound healing in human osteosarcoma MG63, U20S, and HOS cells. (A) The cell migration ability of the
osteoblast cell line hFOB 1.19 and the osteosarcoma cell lines MG63, U20S, and HOS was assessed using the Transwell assay. (B, C) Total mRNA and protein
were collected from the indicated cell lines, and CXCL1 expression was detected using gPCR and Western blotting. (D-F) Migratory ability and CXCL1 expression of
the indicated cells (MG63, M10, and M20) were examined by Transwell, gPCR, and immunoblotting assays. (G-l) Cells were incubated with CXCL1 (1-10 ng/ml)
and the Transwell assay were used for detecting in vitro migratory, wound healing, and invasive activities after 18 h. (J-L) Cells were transfected with pcDNAS3.1-
conjugated CXCL1 plasmid and then CXCL1 mRNA, protein expression, and migratory potential were measured by immunoblotting, gPCR, and Transwell assays.
Results were expressed as mean + S.D. from at least three individual experiments. *p < 0.05 compared with the control group of each experiment.
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kappa-light-chain-enhancer of activated B cells (NF-xB), have
been considered the regulatory signaling pathways for migration
and invasion in several cancer cells (15, 35). Additionally, a
previous study also suggested that CXCL8 is activated through
the CXCR2 receptor to stimulate the downstream FAK, c-Src
protein tyrosine kinase activity (36). To investigate the potential
downstream signaling pathway by CXCL1 activation of CXCR2,
the candidate signals of FAK/PI3K/Akt were screened by
different inhibitors. Inhibitors of FAK (FAKi), PI3K (LY294002
and wortmannin), Akt (Akti), and NF-kB (TPCK and PDTC)
were applied and showed a clear suppression pattern of CXCL1-
triggered cell migration and VCAM-1 mRNA expression in
MG63 osteosarcoma cells (Figures 4A, B). Furthermore, the
phosphorylation of FAK, PI3K, Akt, and NF-kB were
upregulated by CXCL1 treatment (Figures 4C, D). Dominant-
negative mutants of several molecules in FAK/PI3K/Akt/NF-«B
abolished CXCL1-promoted MG63 cell migration and VCAM-1
mRNA expression (Figures 4E, F). Moreover, CXCL1-enhanced
VCAM-1 protein levels could be suppressed by pretreating
respective pathway inhibitors (Figures 4G-I). These findings
indicated that CXCLI-triggered cell migration and VCAM-1

expression were regulated through the FAK/PI3K/Akt/NF-«B
pathway in osteosarcoma cells.

The NF-xB Signals Are Involved

in CXCL1-Promoted Cell Migration

and VCAM-1 Expression

NEF-xB has been demonstrated as a crucial factor for cancer cell
migration and invasion (33, 37, 38). The NF-xB luciferase
promoter plasmid was used for evaluating the possibility of
CXCL1-mediated CXCR2/FAK/PI3K/Akt pathway on NF-kB
expression. As shown in Figure 5A, CXCLI could enhance the
luciferase activity of the NF-kB promoter as a reversed U pattern
and the peak located at 10 ng/ml. CXCL1-induced NF-kB
promoter luciferase activity could be suppressed by CXCR2/
FAK/PI3K/Akt/NF-kB pathway inhibitors, dominant-negative
mutants, and shRNA (Figures 5B, C). Expression level of
phosphorylated p65 and nuclear translocation with FAK, PI3K,
and Akt inhibitors pretreatment were measured to confirm the
signaling transduction cascade. The inhibitors of FAK, PI3K, and
Akt reversed CXCL1-induced p65 phosphorylation and nuclear
translocation (Figures 5D, E). In addition, transcriptional
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FIGURE 3 | The role of the CXCR2 receptor in CXCL1-mediated cell migration and VCAM-1 expression. (A, B) The CXCR2 antagonist, SB225002. (C, D) CXCR2-
shRNA transfection. (E, F) CXCR2 neutralizing antibody reduced CXCL1-induced cell migration and VCAM-1 expression in MG63 cells. The data were collected from
at least three individual experiments and expressed as mean = S.D. *p < 0.05 as compared to the control group; #p < 0.05 compared with the CXCL1-treated

shRNA-control and IgG groups.

activation of NF-kB was further investigated whether it
participates in CXCL1-promoted VCAM-1 expression. The
chromatin immunoprecipitation (ChIP) assay was examined
for evaluation and it was suggested that these pathway
inhibitors could abolish the binding ability of CXCL1-induced
p65 to the NF-xB binding element on the VCAM-1 promoter
(Figure 5F). These results demonstrated that the CXCL1-driven
CXCR2/FAK/PI3K/Akt pathway is involved in the regulation of
NF-kB expression and nuclear translocation, and subsequently
affected the expression of NF-kB-dependent VCAM-1.

Suppression of CXCL1 Expression

in Osteosarcoma Reduces

Metastatic Colonies Arising in

Pulmonary Vasculature In Vivo

To confirm findings that CXCLI1 is a positive regulator for
osteosarcoma metastasis to the lung, an in vivo animal study
was conducted. The transfection of CXCL1 shRNA could
significantly reduce the CXCL1 protein, mRNA expression
(Figures 6A, B), and cell migration ability of MG63
cells (Figure 6C).
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intervals (0, 10, 15, 30, or 60 min). (E, F) Transfecting dominant-negative mutants of FAK, PI3K, Akt, and IKK for 24 h could suppress CXCL1 increased cell
migration and VCAM-1 mRNA expression. (G-1) FAK, PI3K, Akt, and NF-kB inhibitors reduced CXCL1-induced VCAM-1 protein expressions. The data were
collected from at least three individual experiments and expressed as mean + S.D. *p < 0.05 as compared to the control group; #n < 0.05 compared with the
CXCL1-treated control or vector group.

An orthotopic mouse model was developed for osteosarcoma.
MG63 cells were transduced with luciferase and clonally selected
for orthotopic implantation and then orthotopically implanted
into the right leg tibia. After 4 weeks, IVIS findings showed that the
knockdown of CXCL1 reduced tumor metastasis to the lung
(Figure 6D). Furthermore, the appearance, histochemistry, and
number of metastasis nodules were significantly reduced in the
lung specimens from sacrifice sh-CXCL1 mice as compared with
their control group (Figures 6E-G). These results clearly suggested
that the CXCLI is a key regulator for osteosarcoma metastasis.

CXCL1 and VCAM-1 Levels

Are Positively Correlated in Human
Osteosarcoma Tissue

We next examined levels of CXCL1 and VCAM-1 expression in
osteosarcoma specimens, to determine the prognostic relevance of
CXCL1 and VCAM-1 in osteosarcoma progression. The IHC

results revealed higher levels of CXCL1 and VCAM-1 expression
in patients with a higher-grade osteosarcoma than in those with a
lower-grade osteosarcoma; the levels of CXCL1 and VCAM-1
expression were reflected by the tumor stage (Figures 7A-C).
These results illustrate how the levels of CXCL1 and VCAM-1
expression were significantly higher in higher-stage tumors than in
lower-stage tumors. A positive correlation observed between the
CXCL1 and VCAM-1 staining intensity of the human
osteosarcoma tissue (> = 0.562, Figure 7D) indicated that the
levels of these proteins were associated with the progression
of osteosarcoma.

DISCUSSION

Osteosarcoma is a common primary but aggressive with high
metastatic potential cancer in the musculoskeletal system of
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childhood and adolescence (1, 2). The high chemoresistance
development and lung metastasis propensities of osteosarcoma
imply that developing an effective adjuvant therapy for inhibiting
osteosarcoma metastasis is an important and urgent issue for
treating osteosarcoma. Chemokines have pro-inflammatory
functions and play various roles in regulations of cell
activation, differentiation, adhesion, and trafficking in immune
cells involved in reprogramming of somatic cells to pluripotent
stem cells (39-41). Moreover, upregulations of chemokines to
facilitate proliferation and manage apoptosis, survival, and
metastasis in several types of cancer are observed (10, 33).
Recently, evidence suggests that CXCL1 secreted from tumor
through the paracrine or autocrine mechanisms attracted various
inflammatory cells (10, 21, 32, 42) or stromal cells (43, 44) into
the tumoral microenvironment promoting tumor growth and
metastasis, such as bladder (16), lung (17), and liver metastasis
colorectal cancer (42). CXCL1 could directly recruit circulatory
CXCR2-expressing neutrophils and MDSCs into inflammatory
sites, developing a supportive metastatic microenvironment as
pre-metastatic niches (15-18, 21). A recent study suggested that
CXCL1 secreted from human pulmonary artery endothelial cells
played a homing role for osteosarcoma metastasis to the lung (9).
In the current study, our in vitro and in vivo studies showed that
CXCL1 directly facilitates cell migration and invasion abilities,
and metastasis nodule formation to the lung in osteosarcoma.
The result of the study firmly indicates that the CXCL1/CXCR2
is an essential axis for metastasis of osteosarcoma.

Overexpression of FAK mediating PI3K/Akt and MEK-
extracellular signal-regulated kinase 1/2 (ERK1/2) signal
transductions contributes to the antiapoptotic property for
cancer survival (45). It is well known that the PI3K/Akt pathway
is a critical regulatory signaling for almost all human cancers (46).
PI3K is a heterodimer consisting of a catalytic subunit (p110) and
an adaptor/regulatory subunit (p85) that could be activated by
receptors with protein tyrosine kinase or G protein-coupled
receptors and activated to its downstream Akt signals (47). The
PI3K/Akt pathway has been approved and associated with cell-
death regulation (such as suppression of Bad proapoptotic or
caspase-9 induced apoptotic activities; inducing of NF-xB
transcriptional activity), cell cycle progression, and cell growth
(such as modulation of mTOR activity and inhibition of GSK3
catalytic activity) (47). Findings from Kinome profiling and
genome-wide gene expression data showed a notable
phenomenon in that most osteosarcoma cell lines existed with
active Akt signals (48). This indicated that the PI3K/Akt-mediated
pathways also play important roles in osteosarcoma. Moreover,
serine/threonine kinases including the PI3K/Akt and MAPK
signaling cascades have been suggested, which could be activated
by CXCR2 receptor (36, 49). Integration of previous studies and
our findings shows that dysregulation of CXCL1/CXCR2 and their
downstream PI3K/Akt pathways is implicated in the metastasis
progresses of osteosarcoma (invasion, migration, etc.) including
several pathological progresses (tumorigenesis, proliferation,
angiogenesis, and chemoresistance).
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In this study, NF-xB expression and nuclear translocation
could be raised by activating the PI3K/Akt pathway. NF-xB is an
essential transcription factor that could bind the 5’-regulatory
region of VCAM-1 promoting expression level of VCAM-1 (9,
50). According to the current results, all NF-xB inhibitors
suppressed CXCL1-induced VCAM-1 mRNA, protein
expressions, and migratory and invasive activities of MG63
cells, indicating that the activation of NF-kB is essential for
these metastases’ progress. Furthermore, CXCL1 facilitates NF-
B luciferase activity and enhances NF-xB p65 subunit to bind to
the NF-xB binding site on the VCAM-1 promoter region. The
CXCLI-increased activities of NF-xB upon VCAM-1 expression
could be suppressed by inhibitors of CXCR2, FAK, PI3K, and
Akt, indicating that these expressions are regulated by the
CXCR2/FAK/PI3K/Akt pathway.

To establish the disseminated cancer cells that may finally
cause metastases, the cancer cells were released by primary
tumors into the circulation system at an early stage to adapt to
new environmental stress, and transmigration of cells across
endothelial capillary walls is the initial step (51).
Transendothelial migration was the followed step, which
occurred in monocytes or leukocytes that extravasate to the
endothelial cell wall at inner blood vessels of the underlying
tissues (52). VCAM-1 has been supported to associate with early
leukocyte transmigration to the circulation system and into the
extravasation to underlying tissues (52). Moreover, interactions
of VCAM-1 with stroma are key factors for survival of metastatic
cancer cells. A previous study has shown that lung metastatic
breast cancer cells aberrantly expressed ICAM-1- and VCAM-1-
promoted metastatic cells for survival in the parenchyma
microenvironment of lung (53). Although ICAM-1 has also
been shown to play roles during the initiation of the metastatic
cascade driving tumor progression (54), this development seems
to not involve the CXCL1-triggered metastatic cascade in
osteosarcoma cells. Our results suggested that CXCLI via the
CXCR2/FAK/PI3K/Akt/NF-xB pathway enhanced VCAM-1
expression to assist the migratory and invasive activity in
osteosarcoma cells. Evidence demonstrates that VCAM-1
advocated cascade relevance for tumorigenesis and metastasis
and may be associated with the survival of osteosarcoma
metastatic cells.

In conclusion, the current study demonstrates that
chemokine CXCLI plays a critical promotive factor via the
CXCR2/FAK/PI3K/Akt pathway to upregulate the NF-xB
expression and nuclear translocation, and further triggered the
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TGFPB overexpression is commonly detected in cancer patients and correlates with poor
prognosis and metastasis. Cancer progression is often associated with an enhanced
recruitment of myeloid-derived cells to the tumor microenvironment. Here we show that
functional TGFB-signaling in myeloid cells is required for metastasis to the lungs and the
liver. Myeloid-specific deletion of Tgfbr2 resulted in reduced spontaneous lung
metastasis, which was associated with a reduction of proinflammatory cytokines in the
metastatic microenvironment. Notably, CD8* T cell depletion in myeloid-specific Tgfbr2-
deficient mice rescued lung metastasis. Myeloid-specific Tgfbr2-deficiency resulted in
reduced liver metastasis with an almost complete absence of myeloid cells within
metastatic foci. On contrary, an accumulation of TgfB-responsive myeloid cells was
associated with an increased recruitment of monocytes and granulocytes and higher
proinflammatory cytokine levels in control mice. Monocytic cells isolated from metastatic
livers of Tgfbr2-deficient mice showed increased polarization towards the M1 phenotype,
Tnfoe and [I-1B expression, reduced levels of M2 markers and reduced production of
chemokines responsible for myeloid-cell recruitment. No significant differences in Tgfp
levels were observed at metastatic sites of any model. These data demonstrate that Tgf3
signaling in monocytic myeloid cells suppresses CD8" T cell activity during lung
metastasis, while these cells actively contribute to tumor growth during liver metastasis.
Thus, myeloid cells modulate metastasis through different mechanisms in a tissue-
specific manner.

Keywords: tumor microenvironment, metastasis, TGFp, mouse model, lung, liver, myeloid cells

INTRODUCTION

The main cause of cancer-related fatalities in patients is metastasis, a multistep process enabling
tumor cells to spread through blood circulation and to form metastasis in distant organs. Stromal
cells such as fibroblasts, endothelial and immune cells are integral parts of both primary tumor and
metastatic lesions (1, 2). Tumor cells together with stromal cells produce cytokines that orchestrate
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the formation of a tumor microenvironment, which promotes
cancer progression. The TGFP family of cytokines are directly
linked to tumorigenesis, where they actively promote
tumorigenesis through a modulation of the tumor
microenvironment during metastasis (3-5).

TGFp cytokines are involved in a wide range of biological
processes, such as cell proliferation, differentiation, wound
healing, and immune cell regulation (3). TGFB-signaling is
initiated by binding to TGFP receptor I (TGFBRI), which
recruits and phosphorylates TGFf receptor II (TGFBRII), and
results in activation of: the canonical pathway, involving SMAD
proteins regulating a wide range of genes; and the non-canonical
pathway that includes MAPK and PI3K signaling (4). In the
context of cancer, TGFP1 can act both as a tumor suppressor, in
the early stages of cancer, and as a tumor promoter, in the later
stages of tumor progression. In advanced cancers, however;
TGFp expression and activation strongly correlate with poor
prognosis due to metastasis (4, 6).

TGFP is an immunosuppressive cytokine produced by tumor
cells and immune cells that polarizes both the innate and the
adaptive immune system (7) and represents a primary
mechanism of immune evasion (8). TGFP inhibits NK cell
function by decreasing cytokine production and in dendritic
cells downregulates the expression of MHCII and co-stimulatory
molecules. Within the tumor microenvironment, TGFf
signaling promotes immune suppression of macrophages and
neutrophils, which results in alternatively polarized phenotypes
of M2 and N2, respectively. In the lymphoid compartment,
TGFB dampens the activity of CD4" T helper and of CD8"
cytotoxic T cells and promotes the activity of regulatory T (Treg)
cells (7).

Myeloid cells promote immune suppression and formation of a
metastatic niche and are abundantly present in cancer patients both
as circulating cells in the blood and in tumor tissues (9-12).
Systemic expansion of immature myeloid cells during cancer
progression can be divided into two subpopulations of
granulocytic (CD11b*/Ly6G") and monocytic (CD11b*/Ly6C™)
myeloid-derived suppressor cells (9). In the tumor
microenvironment TGFf is an important factor promoting
immune-suppressive polarization of myeloid-derived cells. Breast
cancer metastasis to the lungs was dependent on myeloid cell
recruitment and formation of pro-tumorigenic microenvironment
(13). Inhibition of TgfP in tumor bearing-mice resulted in increased
infiltration of cytotoxic CD11b"/Ly6G"-derived neutrophils and
reduced tumor growth (14). Initial studies in mice with Tgfbr2-
deficiency in myeloid cells showed reduced tumor growth, which
was associated with an increased anti-tumor polarization of
macrophages (15). Further studies in Tgfbr2-myeloid cell deficient
mice showed reduced lung metastasis in 4T1 mammary tumor
model (16, 17), which was ascribed to enhanced presence of
cytotoxic CD8" T cells (16). Tumor-associated myeloid cells
express CCL9 chemokine, which is upregulated in a TGFj-
dependent manner (17). The overexpression of CCL9 in Tgfbr2-
deficient myeloid cells enabled metastasis. In a recent study, the
CXCL1-CXCR2 axis was identified to mediate myeloid cell
recruitment to the pre-metastatic liver (10). However, the

contributing effects of TGFp signaling during liver metastasis
remain unclear.

The current study investigates and compares the tissue-
specific role of TGFf signaling in myeloid cells and its
influence on the metastatic microenvironment in lung and
liver metastasis using a LysMCre/ Tgﬂ?rZﬂ/ﬂ mouse model.

MATERIALS AND METHODS

Cell Culture

MC-38GFP murine colon carcinoma cell line (18), LLC1.1 Lewis
lung carcinoma, 3LL lung carcinoma, and B16-BL6 were grown
in DMEM high glucose medium (Life Technologies) containing
10% fetal bovine serum (FBS) as described previously (19).

Mice

LysMCre/Tgfbr2"" mouse in a C57BL/6] background was
obtained from M. Heikewilder (University of Zurich). The
mouse strain ROSA-STOP"-dTomato was obtained from The
Jackson Laboratory. All mice were in the C57BL76] background.
Both males and female animals in the age of 7-10 weeks of age
were used in all experiments. All animal experiments were
performed according to the guidelines of the Swiss Animal
Protection Law, and approved by the Veterinary Office of
Kanton Zurich.

Metastasis Models

Spontaneous lung metastasis. Lewis lung carcinoma cells LLC1.1
(300,000 cells) were subcutaneously (s.c.) injected into a right
flank of a mouse. The primary tumor was removed after 18 days
and the extent of lung metastasis was evaluated two weeks after
tumor removal. Experimental liver metastasis. MC-38GFP colon
cancer cells (300,000 cells) were injected into the spleen of an
anesthetized mouse. Splenectomy was performed three minutes
after the tumor cell injection. Mice were terminated on day 28
and liver metastasis was evaluated. Experimental lung metastasis.
MC-38GFP (300,000 cells) were intravenously injected and mice
were terminated 28 days after the injection. 3LL and B16-BL6
cells (150,000 cells) were intravenously injected and lungs
analyzed on day 14 (19). Surface metastasis were counted in
perfused lung and liver tissues.

Immunohistochemistry

Tissues paraffin sections (3 m) were stained with hematoxylin/
eosin or the anti-GFP antibody (Fitzgerald Industries Int.) Ki67
(NeoMarkers) and cleaved caspase-3 (BD). Quantification of
tumor cells in seven sections of lungs separated by 20 um was
performed. Staining was performed on a NEXES
immunohistochemistry robot using an IVIEW DAB Detection
Kit (Ventana Instruments, Switzerland). Images were digitalized
on Zeiss MiraxMidi Slide Scanner and analyzed with Panoramic
Viewer (3DHISTECH). For cryosections, tissues were fixed in 3%
paraformaldehyde for 1 hour at 4°C, incubated in 20% sucrose
overnight at 4°C, embedded in an OCT compound and snap-
frozen in a bath containing methylbutane and dry ice.
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Cryosections (10 pm) were blocked with phosphate buffer
saline (PBS) containing 5% FCS and 5% rat serum, and
incubated with AlexaFluor 647-coupled rat-anti-F4/80
antibody (Clone BMS, Biolegend). Slides were counterstained
with DAPI and embedded in Prolong and evaluated on Leica
Thunder Microscope.

Flow Cytometry Analysis

Mice were perfused with PBS and dissected tissues were minced
and digested with Collagenase A and D (1 mg/mL, both from
Roche), in 2 mL of RPMI medium containing 3% BSA for 1 hour
at 37°C. The cell suspension was prepared by passing the
homogenate five times through 18G needle followed by a
100um cell strainer. In case of liver, the cell suspension was
centrifuged at 500 rpm for one minute to separate the
parenchyma. After centrifugation of the single cell suspension,
erythrocytes lysed with ACK buffer and cells were passed
through a 70um cell strainer. The pellet was resuspended in a
FACS buffer (PBS/2% FBS/5mM EDTA) and stained with
Zombie Fixable Viability Kit (Biolegend), followed by
incubation with anti-mouse CD16/32 mAb for 10 min on ice.
Single cell suspensions were stained with the following
antibodies: anti-CD45 (clone 30-F11), anti-CD11b (clone M1/
70), anti-F4/80 (clone BMS8), anti-Ly6G (clone 1A8), anti-Ly6C
(clone HK1.4), anti-MHCII (clone M5/114.15.2), anti-CD31
(clone 390), CD4 (clone GK1.5), anti-CD8 (clone 53-6.7) and
anti-PD1 (clone 29F.1A12) (all from Biolegend) for 30 min on
ice. Data was acquired on a FACSCanto II (BD Biosciences),
during cell quantification together with CountBright absolute
counting beads (Life Technologies) and analyzed using Flow Jo
software v. 7.6.5 (Tree Star). Samples for CD8 cell activation
assessment were fixed and permeabilized using FoxP3/
Transcription Factor Staining Buffer Set (eBioscience).
Subsequently samples were stained for intra-cellular markers
with the following antibodies: anti-Granzyme B (clone GB11)
and anti-Perforin (clone S16009A) from Biolegend. CDS8 cell
activation was analyzed using the Cytek Aurora 5L - Spectral
Analyzer from the Cytometry Facility at the University of Zurich.

Cell Sorting and Quantitative PCR

Tissues were processed the same way as described for flow
cytometry analysis. Individual cell populations were sorted
using a BD Aria IIT in FACS buffer at 4°C using a 100 um
nozzle. From at least 100’000 sorted cells RNA was isolated using
the RNA Easy Plus Mini kit (Qiagen) and cDNA was prepared
using 250 ng of RNA using Omniscript RT kit (Qiagen)
according to the manufacturer’s instructions. Real-time PCR
was performed with KAPA Sybr FAST Universal (Sigma) using
intron-spanning primers (Supplementary Table S1) and
analyzed in a CFX96 Touch Real-Time PCR Detection System
(Biorad). GAPDH was used as an internal control.

Fluorescent Beads Uptake Assay

Red fluorescence beads (Sigma) were diluted 1:20 in PBS and 100
ul was intravenously injected through a tail-vein per mouse.
Mice were terminated after 9 hours, blood and organs were
collected and processed as described in flow cytometry analysis.

Reactive Oxygen Species (ROS)
Determination

Tumor bearing mice (subcutaneous LLC1.1 tumor) were
anesthetized, the lungs perfused with PBS and through heart
perfused with pre-warmed 5 uM CellIROX® Oxidative Stress
Green Reagent (Invitrogen) and the vessels clipped. After 30 min
of incubation, the lungs were again perfused with PBS, digested
with collagenase and single cell suspension stained with anti-
Ly6G antibody and the ROS signal was quantified by
flow cytometry.

Tumor Cell In Vivo Seeding Assay
MC-38-luciferase expressing cells (300,000) were injected
through spleen in mice and at indicated time points, mice were
anesthetized, subcutaneously injected with D-luciferin firefly
(150 pg/g mouse) and after 8 min terminated. Mice were
perfused with PBS and the luciferase activity in the liver was
determined using IVIS imaging. After the intravenous injection
of 300,000 MC-38GFP cells mice were terminated at indicated
time points; mice perfused with PBS and lungs processed for
histological analysis.

Antibody Depletion Experiments
Depletion of CD8" T cells in a lung metastasis model using
LLC1.1 cells was performed with 10 g anti-CD8 antibody (clone
2.43; BioXCell) i.v. injected one day prior to primary tumor
removal. Mice received another 15 pg of the antibody by i.v.
injection two days after the tumor removal. Control mice
received the isotype control antibody (clone 2A3, BioXCell) in
parallel. In the liver metastasis model, mice received 10 ug Ab
injection 1 day before tumor cell injection and the second
treatment with 15 pg Ab two days after tumor cell injection.
Neutrophil depletion was achieved by intraperitoneal
injection (ip.) of anti-Ly6G antibody (clone 1A8; BioXCell).
Initial injection of 500 pg/mouse was performed 24 hours prior
to intrasplenic injection of MC-38GFP cells. Mice were treated
three times weekly with 100 pg i.p. until the termination at day
27. Control animals were injected with isotype-control Ab (clone
2A3, BioXCell) in parallel.

Cytokine Analysis

Snap-frozen tissues were homogenized using Polytron® in lysis
buffer (FACS buffer containing 1x complete EDTA free proteinase
inhibitor cocktail from Roche). After 15 min centrifugation at
14’000 rpm at 4°C, was determined the protein concentration in
the supernatant was determined with BCA Protein Assay (Thermo
Fischer). Cytokine concentrations were measured in a total of 200-
500 pg of tissue lysate using the ProcartaPlex 23 Plex and the
LegendPlex Mouse Proinflammatory Chemokine panel (Thermo
Fischer) following the manufacturer’s instructions. TGF1 was
determined using the TGFP Platinum Elisa (Thermo Fisher),
where samples were activated with IN HCI for 10 min at RT in a
ratio of sample to HCI 5:1. The reaction was neutralized using 1 part
of IN NaOH/0.5M HEPES. Sorted tdT* Ly6C™ monocytes (20°000
cells/well) from livers of mice at day 14-post-intrasplenic injection
of MC-38GEFP cells were stimulated overnight (14 hrs) with PMA
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(20 ng/ml), ionomycin (1pg/ml) and LPS (1 ug/ml). Cytokine
production was detected in the supernatant after 14 h stimulation
as described above.

RESULTS

Myeloid-Specific Deletion of Tgfbr2
Attenuates Lung and Liver Metastasis
Myeloid cells are the dominant population of immune cells
associated with metastatic progression (20-22); and TGFp is an
immunosuppressive cytokine family that promotes metastases
through modulations of the tumor microenvironment (7). To
assess the role of TgfB-signaling in myeloid cells during lung and
liver metastasis, we generated a mouse with myeloid cell-specific
deletion of TGFB receptor IT (LysMCre"/ Tgfbr2™" mouse, hereafter
TR2™KO) by crossing the Tgfbr2™" mouse with a mouse
expressing Cre under the control of the Lysozyme promoter
(LysMCere). LysMCre“eg/Tgferﬂ/ﬂ (hereafter Ctrl) served as
a control.

First, we tested the role of myeloid cell-derived TgfB-signaling
during liver metastasis. We used an experimental liver metastasis
model, where MC-38 murine colon carcinoma cells stably
expressing GFP (MC-38GFP) were injected into the spleen.
Significant reduction of metastatic foci and liver-body mass
ratio was observed in TR2™KO mice when compared to Ctrl
mice (Figure 1A). The size of liver metastatic lesions was also
significantly reduced in TR2"™KO mice (Figure 1B). To test
whether myeloid cells affect tumor cell seeding to the liver in a
TgfB-dependent manner, we intrasplenically injected MC-38-
luciferase expressing cells and analyzed livers 9 and 24 hours
post-tumor cell-injection using bioluminescence imaging
(Figure 1C). No difference in tumor cell detection in the liver
was observed between TR2™KO and Ctrl mice, indicating that
TgftB-signaling pathway in myeloid cells is not affecting initial
tissue colonization.

Second, we tested whether TgfB-signaling deficiency in myeloid
cells affects lung metastasis. Myeloid cells were previously shown to
promote metastatic seeding to the lungs (22-24). Using three
different cell lines, MC-38, Lewis lung carcinoma 3LL and B16-
Bl6 melanoma in experimental lung metastasis models, we observed
reduced metastasis in TR2™KO mice (Figure 1D and
Supplementary Figures 1A, B). To assess the effect of myeloid
TgfB-deficiency on lung metastasis, we analyzed tissues sections
two, four and seven days post-tumor cell injection. While the
number of single tumor cells was similar in TR2™°KO and Ctrl
mice at every time point, we observed a significant reduction of
small clusters (2-10 tumor cells) and large cluster (more than 10
tumor cells) at day 4 and day 7 post-tumor cell challenge in
TR2™KO mice (Figure 1E). These findings indicate that the
metastatic outgrowth in TR2™KO mice has been greatly
hampered (2-10 cells foci) or impaired (>10 cells foci). Next, we
used the spontaneous lung metastasis model, where mice were
subcutaneously (s.c.) injected with Lewis lung carcinoma (LLCI.1)
cells. At day 18 the primary tumor was surgically removed and after
another 14 days lung metastasis was analyzed. While no difference

in the primary tumor growth between TR2™KO and Ctrl mice was
observed (Supplementary Figure 1C), a significant reduction of
lung metastasis was detected in TR2™KO mice (Figure 1F).

Increased Presence of Tgf-Responsive
Myeloid Cells During Liver Metastasis

To understand the role of myeloid cell TgfB-signaling during
liver metastasis, we analyzed these cells in metastatic livers at two
different time points after tumor cell injection: 14 days -
microscopic metastasis, 28 days — macroscopic metastasis, and
compared the changes to naive mice. We observed increased
numbers of inflammatory monocytes (Ly6C™) and neutrophils
(Ly6G™) in Ctrl mice, which were significantly reduced in
TR2™KO at day 28 (Figure 2A). There were no changes in
lymphoid CD4" or CD8" cells at any time point. Next, we
analyzed cytokine levels in metastatic livers (Figure 2B).
Increased levels of Ccl2, Ccl7, Cxcll, and Cxcll0 chemokines
both at day 14 and at day 28 in Ctrl mice correlated well with
respective increased cytokine levels (Figure 2C). Both lower
levels of cytokines and reduced myeloid cell number were
detected in TR2™KO mice. Increased amounts of Tgff1
cytokine were detected in metastatic livers at day 14,
irrespective of mouse genotype, which decreased to levels
observed in naive mice at day 28 (Figure 2D).

Next, we aimed to detect myeloid cells in liver metastatic lesions.
We prepared a mouse by breeding of LysMCre"/Tgfbr2™" strain
into a transgenic mouse, Ail4, carrying loxP-flanked STOP cassette
followed by tdTomato inserted into the ROSA26 locus. We
analyzed myeloid cells from naive LysMCre"/Tgfbr2""/tdT* mice
(TR2™KO/tdT) and LysMCre/Tgfbr2"'/tdT", wild-type allele (Ctrl/
tdT) mice, and detected over 90% tdT" Ly6G" and over 30% tdT" of
Ly6C™ cells in liver, lungs and spleen (Supplementary Figure 2).
When MC-38GFP tumor cells were injected intrasplenically into
TR2™KO/dT and Ctrl/tdT mice, we observed increased numbers
of both Ly6C" and Ly6G* cells in Ctrl/tdT mice by flow cytometry,
while in TR2™KO/tdT mice these myeloid cells were hardly present
in the metastatic lesions (Figure 3A). These results confirm our
previous data (Figure 2A). The histological analysis of liver sections
at day 14 and 28 days post-tumor cell injection substantiated the
finding of a pronounced reduction of tdT-positive cells within
metastatic foci in TR2"™KO/tdT when compared to Ctrl/tdT mice
(Figure 3B). Furthermore, large proportion of tdT-positive cells
were positive for an F4/80 antigen (Figure 3C), indicating
differentiation of myeloid-derived cells into macrophages.
Histological analysis of metastatic livers for proliferating cells
(Ki67" cells) and for apoptotic cells (cleave-caspase3™ cells)
revealed no obvious differences between Ctrl and TR2"™KO mice
(Supplementary Figure 3). These data show a reduced presence of
TgfB-responsive myeloid cells inside the growing metastatic foci,
which correlated with decreased amounts of chemokines in the
metastatic livers in TR2"™KO mice.

Tgfp-Mediated Polarization of Monocytic
Myeloid Cells Promotes Liver Metastasis
To assess how TgfP-responsive myeloid cells promote liver
metastasis, we first analyzed myeloid cells from metastatic
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FIGURE 1 | Attenuation of liver and lung metastases in mice with myeloid cell-deletion of Tgfor2. (A) Macroscopic quantification of liver metastatic foci and the ratio
of liver weight to the total body mass (%) in TR2™KO and control (Ctrl) mice 28 days after the intraspenic injection of MC-38GFP cells. (B) Representative
macroscopic liver images and hematoxylin/eosin (H&E) stained liver sections indicating liver metastasis. Dotted line represents the edge of metastatic foci (middle
panel). Bar = 500 um; bar zoom-in = 200 um. (C) Liver seeding of MC-38 luciferase-expressing cells determined at 9 and 24 hours post-intrasplenic injection of MC-
38 luciferase cells using quantification of luciferase signal in the perfused liver. (D) Macroscopic quantification of lung metastasis in TR2™KO compared to control

(brown). Bar = 1 mm. (E) Quantification of GFP™" cells in lung sections at 2, 4 and 7 days post-tumor cell injection as tumor cell clusters divided into: 1 cell, 2-10 cell
foci and >10 cell foci. Representative images of lung sections from day 4 and 7 stained for GFP (brown). n = 4-6 mice per time point and genotype. Bar = 50 um.

sections of respective genotype. Bar = 1 mm. For panels (A-D, F) each dot represents a mouse. Statistical significance was assessed using Mann-Whitney t-test:
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livers of TR2™KO and Ctrl mice. First, the phagocytic activity of
myeloid-derived (CD11b") cells was tested. We analyzed Ly6C"
monocytes and Ly6G'°/Ly6C™ macrophages isolated from livers
of mice intrasplenically injected with MC-38 cells at day 14,
during early metastasis. No differences in phagocytic capacity of
monocytic cells were observed between the respective mouse
genotypes (Figure 4A). A recent study using a murine breast
cancer model with 4T1 tumor cells in LysMCre"/Tgfbr2™" mice

showed that CD8" T cells control lung metastasis (16). Thus, we
depleted CD8" T cells to test whether myeloid cells modulate
CD8" T cells and thereby promote liver metastasis. While
efficient depletion of CD8" T cells in the blood liver and lungs
has been achieved (Supplementary Figure 4A), no effect on liver
metastasis has been observed (Figure 4B). This finding points to
a different mechanism of TgfB-stimulated pro-metastatic
myeloid cell involvement during liver metastases. To determine
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FIGURE 2 | Analysis of liver metastasis in Tgfor2-myeloid cell-deficient mice. (A) Flow cytometry analysis of Ly6C", Ly6G" myeloid-derived cells and CD4* and
CD8" lymphocytes in livers of TR2™KO and Ctrl mice upon intrasplenic injection of MC-38GFP cells that were terminated at day 14 or 28, respectively; and
compared to naive mice. (B) Determination of cytokine amounts in the perfused liver homogenates of TR2™KO and Ctrl mice at day 14 and 28 post-intrasplenic
injection with MC-38GFP cells. (C) Quantification of selected cytokines amounts with significant changes among TR2™KO and Ctrl mice samples. (D) TgfB1 levels in
the liver of mice after intrasplenic injection of MC-38GFP cells 14 and 28 days post-injection when compared to naive mice without any tumor cell injection. Statistical
significance was assessed using Mann-Whitney test: ns, not significant; *p < 0.05; **p < 0.01.

the subpopulation of myeloid cells involved in liver metastasis,
we depleted Ly6G" cells during experimental liver metastasis.
Depletion of neutrophils showed no difference in liver metastasis
neither in Ctrl nor in TR2™KO mice (Figure 4C), suggesting the
involvement of myeloid-derived monocytic cells.

The altered polarization of monocytes/macrophages and
neutrophils towards M2 and N2 phenotype, respectively, was
previously associated with cancer progression (25, 26).
Therefore, we sorted Ly6C™ monocytes and Ly6G* neutrophils
from metastatic livers of TR2™KO and Ctrl mice and analyzed
the gene expression associated with M1 and M2 polarization (27)

and N1 and N2 polarization (28), respectively. We observed an
increased expression in seven out of eight genes in monocytic
cells from TR2™KO mice, which were mostly M1 genes
(Figure 4D). Specifically, increased expression of ICAMI,
TNFo and SOCS3, and decreased expression of M2 genes,
CCL2 and Argl was detected in Ly6C™ cells from TR2™KO
mice (Figure 4D). However, we observed no significant changes
in polarization of Ly6G" cells, while only the ICAM1 was
increased in cells from TR2™KO mice. To confirm the altered
polarization of monocytes, we sorted Ly6C™ cells from
metastatic livers and measured cytokine production in vitro
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“p < 0.05; *p < 0.01.

(Figure 4E). Ly6Chi cells from TR2™KO mice showed increased
production of II-1B, and partially increased Tnfow levels when
compared to monocytes from Ctrl mice. Reduced levels of several
cytokines, such as I1-6, Ccl2, Ccl3, Ccl5, Cxcll and Cxcl10, but
also 11-10 were detected in Ly6C™ cells from TR2™KO mice
(Figure 4E and Supplementary Figure 4B). Changes in cytokine
production in Ly6C™ cells supports the active role of TgfB-
signaling in modulation of myeloid-derived cells that facilitates

monocytes, Ly6G" granulocytes and CD4" T cells were detected
between TR2™KO and Ctrl mice at any time point (Figure 5A).
However, we observed increased numbers of CD8" T cells in the
lungs of TR2™KO mice at day 32 (Figure 5A). Of note, reduced
numbers of F4/80" macrophages was observed in the lungs of
TR2™KO mice at day 21, but not at day 32, when compared to
control mice (Supplementary Figure 5A). Next, we analyzed
cytokine levels in metastatic lungs at day 21 (Figure 5B). There

liver metastasis.

Unchanged Levels of Myeloid Cells
During Lung Metastasis
We studied how the absence of Tgfb-signaling in myeloid cells
reduces lung metastasis. The cellular composition of metastatic
lungs in the LLC1.1 spontaneous metastatic model was analyzed.
We selected day 21, which is 5 days after the primary tumor
removal, as an early metastatic time point; and day 32, as a late
metastatic phase. No differences in the presence of Ly6C™

was an overall decrease in cytokines in TR2™KO mice when
compared to Ctrl mice, specifically a significant reduction of Ifny,
II-4, 1I-5,Ccl2 and Cclll was observed. Since tumor-associated
myeloid cells can inhibit immune cell functions (20), the observed
decrease in I1-4 and II-5 together with a tendency of II-10 in
TR2™KO mice suggests a possible reduced polarization of T cells.
The reduced Ccl2 levels detected in TR2™KO mice corresponds
well with reduced macrophages in the lungs. Finally, we measured
the amounts of TgfP1 cytokine in the lungs of tumor-bearing mice
and compared them with non-injected (naive) mice (Figure 5C).
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FIGURE 4 | Altered polarization of Tgfbr2-deficient monocytic cells resulted in reduced liver metastasis. Characterization of myeloid cells from TR2™KO and Ctrl mice at
day 14 post-intrasplenic injection of MC-38GFP cells. (A) The phagocytic capacity of Ly6C™ monocytes and Ly6C'%/LyBG™ macrophages isolated from metastatic livers 9
hours after the intravenous injection of fluorescent beads. (B) Liver metastasis of MC-38GFP cells upon anti-CD8 antibody or isotype control depletion in TR2™KO and
Ctrl mice. Mice were terminated at day 28 and liver metastasis quantified. (C) Liver metastasis of MC-38GFP cells upon anti-Ly6G (1A8) antibody or isotype control
depletion in TR2™KO and Ctrl mice. Mice were terminated at day 28, and liver metastasis quantified. (D) Gene expression analysis of Ly6C"/tdT" monocytes and Ly6G*/
tdT* neutrophils sorted from livers of tdT-reporter TR2™KO and Ctrl mice at day 14 post-tumor cell injection performed by gPCR. A panel of genes associated with M1
and M2 macrophage polarization and N1 and N2 neutrophil polarization was analyzed. (E) Analysis of cytokine production by tdT* sorted LyGCh' monocytes from livers of
TR2™KO and Ctrl mice 14 days post-intrasplenic injection of MC-38GFP cells. Cells were stimulated overnight and secreted cytokines were measured in supernatants.
Statistical significance was assessed using Mann-Whitney test: ns, not significant; *p < 0.05; **p < 0.01.

We observed an increase in TgfP1 levels in the lungs of tumor-  of TR2™KO/tdT and Ctrl/tdT mice were detected (Figure 5A).
bearing mice at day 14, while at day 28 there was no difference  First, the phagocytic activity of myeloid-derived (CD11b") cells
when compared to the lungs of naive mice. When we  was tested. We analyzed Ly6C* monocytes and Ly6G'/Ly6C”
analyzed metastatic lungs from TR2™KO/tdT and Ctrl/tdT  macrophages isolated from lungs of mice injected with LLC1.1
mice at day 32 days after LLC1.1 s.c. injection, we observed no  cells at day 21, during early metastasis. No changes in uptake of
changes in the presence of tdT-positive Ly6C™ and Ly6G* cells  beads neither in monocytic cells nor myeloid-derived
between mouse phenotypes as determined by flow cytometry  macrophages isolated from TR2™KO and Ctrl mice could be
(Supplementary Figure 5B). detected (Figure 6A). Second, we tested the production of

reactive oxygen species (ROS) by myeloid-derived Ly6G" cells,

which was similar in both mouse genotypes (Figure 6B). These

Lung Metas_tasis Are Contrqlled Through data indicate no functional changes in Tgfbr2-deficient myeloid
TgfB-Myeloid Cell Suppression of cells in metastatic sites. TGFf signaling is a critical mediator of
CD8* T Cells immune cell polarization (7). Therefore, we sorted Ly6C™

Next, we tested whether attenuated lung metastasis is associated ~ monocytes and Ly6G" neutrophils from the lungs at day 21,
with altered polarization of TgfB-signaling deficient myeloid  early metastasis, and analyzed their polarization status on a
cells, when no major changes in myeloid cell presence in lungs  transcriptional level. However, we detected no significant
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changes in expression of genes linked to respective polarization
patterns of myeloid cells (Figure 6C). Since we observed
enhanced infiltration of lungs metastasis with CD8" T cells in
TR2™KO mice (Figure 5A), we tested their role in control of
lung metastasis. Depletion of CD8" T cells in a LLC1.1 model 24
h before the primary tumor removal and during the metastatic
phase resulted in increased lung metastasis in TR2™KO mice to
similar levels as observed in Ctrl mice (Figure 6D), indicating
that TgfB-signaling-deficient myeloid cells control lung
metastasis through modulation of CD8" T cells. The analysis
of CD8" T cells from metastatic lungs (Supplementary Figure 6)
showed a significantly increased levels of perforin® CD8" T cells
in TR2™KO mice when compared to Ctrl mice (Figure 6E).
However, no major differences in granzyme B expression, nor

alteration in PDI1 expression has been observed. These data
provide evidence that the absence of TgfB-signaling in myeloid
cells results in increased levels of functional CD8" T cells, which
control metastatic outgrowth in the lungs.

DISCUSSION

Cytokines have a key role in orchestrating the tumor
microenvironment both during tumorigenesis and metastasis (29).
TGEp signaling affects primarily the immune compartment of a
tumor and stimulates immune suppressive polarization of myeloid-
derived cells (3). The abrogation of TGFp signaling in mammary
carcinoma resulted in an increased chemokine production;
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(panels) with significant changes among TR2™KO and Ctrl mice samples. (C) TgfB1 levels in the lungs of tumor-bearing mice at day 14 and 28 after subcutaneous
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mice perfused with the CellROX® dye in vivo. Data are presented in median fluorescent intensity (MFI). (C) Gene expression analysis of Ly6C"/tdT* monocytes and
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recruitment of myeloid cells and promotion of lung metastasis (22).
On contrary, the absence of TgfB signaling in myeloid cells
attenuated lung metastasis in a murine mammary tumor model
(16, 22). Here we confirmed that functional TGFp signaling in the
myeloid compartment is essential for lung metastasis and provided
the first evidence for its involvement also in liver metastasis.

The tumor microenvironment varies between primary
tumors and metastatic sites and the composition dynamically
changes throughout cancer progression (1, 30, 31). Therefore, we
analyzed composition of metastatic lungs and livers for the
presence of myeloid cells both in early metastatic phase and in
fully developed metastasis. A strong infiltration of tdTomato-
positive myeloid cells was observed in metastatic liver foci of Ctrl
mice. However, in the very few metastatic foci detected in
TR2™KO mice, we observed virtually no tdT" cells, indicating
that myeloid cells with non-functional TGF signaling are

unable either to get recruited or to survive in the liver
metastatic niche. Closer analysis of liver metastasis, revealed
that the majority of tdT" monocytic cells differentiate into
macrophages (F4/80" cells).

In a colon cancer mouse model, myeloid cells were shown to
promote liver metastasis (10). Tumor cell-triggered increased
production of CXCL1 by tumor-associated macrophages resulted
in increased myeloid cell recruitment to the premetastatic liver
tissue. In agreement with these data, we observed reduced levels
of CXCL1, CXCL10 but also CCL2, CCL3 and CCL5 in
monocytes (Ly6C" cells) from metastatic livers of TR2™KO,
with reduced liver metastasis, when compared with Ctrl mice.
Importantly, an overall reduction of chemokines responsible for
recruitment of myeloid cells was observed in TR2™KO mice that
correlated with a minimal number of myeloid cells, both
monocytic and granulocytic, in liver metastatic foci. Since
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depletion of neutrophils did not alter liver metastasis, the
presence of monocytic myeloid cells is expected to modulate
this process. TgfB-signaling deficiency in myeloid cells resulted
in increased anti-tumorigenic polarization, associated with
increased TNFa and decreased IL-6 production in
subcutaneous mammary and lung tumors (15). In a mammary
tumor model, increased production of II-6 was shown to be
responsible for myeloid cell recruitment to tumor
microenvironment (11). Likewise, we observed reduced
production of Il-6 and increased expression levels of TNFo in
monocytic cells from livers of TR2"™KO mice. High levels of
pro-inflammatory chemokines, e.g. CCL2 and CCL5, in
circulation are associated with poor prognosis for cancer
patients (32, 33). Particularly, CCL2 is an apparent key
immunosuppressive cytokine in tumors (34). We observed a
strong shift in polarization of monocytic myeloid cells in
TR2™KO mice, associated with reduced expression of CCL2,
CCL3, and CCLS5 that was confirmed on both transcription and
protein levels.

Attenuation of lung metastasis observed in a mammary
mouse model of Tgfbr2-deficient myeloid cells was associated
with decreased production of type II cytokines, TgfB1 and Ccl2
(16, 22). We observed similar reduction in Ccl2 amounts in
metastatic lungs. Interestingly, reduced amounts of Ccll1, II-4
and II-5 were also detected, which is in agreement with reduced
alternative polarization of immune cells. Myeloid cell
recruitment to the lungs during mammary carcinoma
metastasis resulted in a decreased IFN-y production and
increase proinflammatory cytokines (13). The gene expression
analysis of sorted monocytes (Ly6C") and neutrophils (Ly6G")
showed small differences in inflammatory genes between
TR2™KO and Ctrl mice. Finally, we provide evidence that
spontaneous lung metastasis of LLC1.1 cells is controlled by
CD8" T cells in TR2™KO mice.

The functional TgfP signaling in myeloid cells promotes lung
metastasis of mammary tumors through immunosuppression
(16, 22). We detected no significant difference in Tgf levels in
metastatic lungs nor livers between TR2™KO and Ctrl mice.
However, the increased Tgf} amounts during early metastasis
suggests that TgfP affects this phase of the metastatic process.
Both tumor cell lines, LLC1.1 and MC-38, produce significant
amounts of Tgf31 (Supplementary Figure 7). Interestingly,
MC-38 tumor cells deficient in TgfB1 production produced no
experimental metastasis irrespective of target tissue (data not
shown). Thus, tumor-derived TgfP appears to be essential during
the early stages of metastasis. How other cells in the metastatic
microenvironment, such as fibroblasts, contribute to TgfP levels
and thereby metastasis requires further investigation.

Taken together, these data indicate that TGFP modulates
monocytic myeloid cells, and thereby promotes metastasis both
in the lungs and the liver. While the function of myeloid cells
during lung metastasis results in suppression of CD8" T cells,
myeloid cells seems to contribute directly to liver metastasis. One
caveat of this study is the use of the experimental liver metastasis
model. Nevertheless, we observed pronounced differences in
myeloid cell infiltration in liver metastatic foci, which was

dependent on a functional TgfB-signaling in myeloid cells.
Recently, the inefficacy of immunotherapy on liver metastasis
was linked to the macrophage-assisted elimination of T cells (35),
which indicates an involvement of macrophages in liver
metastasis. Our findings demonstrate that monocytic myeloid
cell infiltration of the liver directly contributes to tumor growth
during liver metastasis. Further studies will show whether
targeting of TGFP-signaling during metastasis may lead to
therapeutic application in cancer patients.
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Melanoma is highly heterogeneous type of malignant neoplasm that is responsible for the
majority of deaths among other types of skin cancer. In the present study, we screened a
list of differentially expressed genes in two primary, drug-naive melanoma cell lines derived
from patients with melanoma following treatment of the cells with the chemotherapeutic
agent dacarbazine. The aim was to determine the transcriptomic profiles and associated
alterations in the cell phenotype. We found the vascular endothelial growth factor A/
vascular endothelial growth factor receptor 2, phosphoinositide 3-kinase/protein kinase B
and focal adhesion signaling pathways to be top altered after dacarbazine treatment. In
addition, we observed the expression levels of genes associated with tumor
dissemination, integrin 8 and matrix metalloproteinase-1, to be diminished in both cell
lines studied, the results of which were confirmed by reverse transcription-quantitative
polymerase chain reaction. By contrast, plexin A2 expression was found to be
upregulated in K2308 cells, where reduced migration and invasion were also observed,
following dacarbazine treatment. Plexin A2 downregulation was associated with the
promotion of migrative and invasive capacities in B0404 melanoma cells. Since plexin
A2 is semaphorin co-receptor that is involved in focal adhesion and cell migration
regulation, the present study suggested that plexin A2 may be implicated in the
dacarbazine-mediated phenotypic shift of melanoma cells. We propose that the
signature of cancer cell invasiveness can be revealed by using a combination of
transcriptomic and functional approaches, which should be applied in the development
of personalized therapeutic strategies for each patient with melanoma.

Keywords: migration, transcriptome, dacarbazine, PLNXA2, melanoma
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Tyumentseva et al.

Transcriptomic Profiling of Dacarbazine-Treated Melanoma

INTRODUCTION

Melanoma is a highly heterogeneous type of tumor in
which surgical excision in the early stages of the disease confers
high survival rates (1, 2). However, various treatment options,
including targeted therapy, immunotherapy and chemotherapy,
are not completely effective against advanced melanoma (3).
Dacarbazine (DTIC) is a chemotherapeutic agent that is used as
a form of monotherapy or combined chemotherapy for melanoma
(4, 5). However, the overall response rate to DTIC rarely exceeds
17.6% (4, 5). Mechanistically, DTIC is an alkylating agent that
promotes G;-phase cell cycle arrest (6). Alkylating agents favor the
formation of O6-alkylguanine derivatives, which bind to thymine
instead of cytosine during DNA replication, thereby blocking cell
division and causing cell death at the G; and S phases (7).

Drug resistance to alkylating agents develops in cancer cells
through a number of mechanisms. Induction of tumor
heterogeneity can be considered one such mechanism of this
process, which results in genetic differences among different cell
types within the tumor, in addition to the acquisition of
epigenetic alterations by cancer cells during tumorigenesis (8).
Indeed, a previous transcriptomic study revealed >70
differentially expressed genes between temozolomide-sensitive
and temozolomide-resistant glioma cells (9). In addition,
metabolic heterogeneity can give rise to differences in
responses by cancer cells to oxidative stress, lactate uptake and
pyruvate metabolism (10). It has been previously reported that
cancer cells with metastatic phenotypes tend to exhibit enhanced
rates of lactate transport, whilst oxidative stress suppresses
metastasis (11). Various types of tumors have demonstrated
the ability to create pro-tumorigenic hypoxic environments,
such that they can create physical barriers by altering blood
flow to reduce drug exposure (12). Pancreatic cancer cells
provide hypoxia-inducible factor 1ci-mediated sonic hedgehog
ligand secretion to form fibrous tissue deposition causing a poor
drug delivery (13). Non-small-cell lung cancer cells release
increased amounts of lactate to potentiate hypoxic-acidic
microenvironment and to suppress cytotoxic T-cell activation
(14). Drug resistance of melanoma cells to DTIC was reported to
be mediated by hypoxia through activation of the nodal signaling
pathway (15). The protein kinase B (AKT)/mechanistic target of
rapamycin (mTOR) signaling pathway was shown to be up-
regulated in DTIC-treated T24.6.9 melanoma cells (16).
Furthermore, insulin can weaken the sensitivity of melanoma
cells to DTIC by triggering the phosphoinositide 3-kinase
(PI3K)/mTOR signaling pathway (17). Therefore,
manipulations to various molecular signaling pathways may be
underlying the diminished efficacy of chemotherapeutic agents
that operate by alkylation.

In this study, we analyzed the effect of DTIC on the
melanoma transcriptomic profile. Specific focus was placed on
the signal pathways that can regulate cell migration, invasion and
adhesion, all of which are associated with shifts in their
metastatic phenotypes.

MATERIALS AND METHODS

Tissue Samples and Cell Culture

The present study was approved by the Ethics Committee of the
Krasnoyarsk State Medical University (protocol no. 73/2016;
approval date, 16 December, 2016) and the Krasnoyarsk
Regional Clinical Oncology Center named after A.L
Kryzhanovskiy (protocol no. 8, 14, June, 2017). All procedures
were performed according to the Institutional Safety
Instructions, which included biosecurity. All researchers are
trained in Institutional Safety/Biosafety and follow-up
instructions are provided periodically every 3 months, followed
by signature confirmation. The present study was also approved
by the Institutional Bioethical Commission (protocol no. 3;
approval date, 27 October 2017).

The operative samples were obtained from the Department of
General Oncosurgery of Krasnoyarsk Regional Clinical
Oncology Center named after A.I. Kryzhanovskiy and primary
cell lines were prepared as described previously (18). In the
present study, two primary melanoma cell populations were
obtained from two drug-naive melanoma patients. Written
informed consent was obtained from each patient before the
study. Inclusion criteria were as follows: pathologically
confirmed primary malignant melanoma and no know second
primary malignancies; age more than 18 years old; no systemic
treatment in the four weeks prior to surgical treatment. Tumor
tissues predominantly consisted of tumor cells that did not
contain an abundance of stromal or vascular cell types. They
were processed immediately after surgical excision and
melanoma cell suspensions were prepared within 3 h. Single
cell suspensions were obtained by mechanical dissociation of
tumor tissues. These two melanoma cell populations were named
K2303 and B0404 thereafter.

K2303 cells were obtained from a 30-year-old female patient
with the melanoma localized on the right leg. It exhibited a
superficial type of spreading with a Breslow’s depth of 2.2 mm.
B0404 cells were obtained from a 55-year-old male patient, the
melanoma was localized on the right shin with a superficial
spreading type and Breslow’s depth of 2.0 mm.

Cells were cultured in RPMI-1640 medium with L-glutamine
(Gibco, Thermo Fisher Scientific, Inc.) and 10% fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific, Inc.) in the
presence of antibiotics and antimycotics (10,000 U/ml
penicillin G, 10,000 pg/ml streptomycin and 25 ug/ml
amphotericin B; HyClone; Cytiva) at 37°C and 5% CO, using a
CO; incubator (Sanyo Electric Co., Ltd.).

DTIC Treatment and Cell Viability
Evaluation

To estimate the 50% inhibitory concentration (ICsy) of DTIC,
cells were treated with a series of DTIC (Sigma-Aldrich Co.,
USA) dilutions. For this purpose, melanoma cells were placed in
a 96-well plate at a density of 1x10* cells per ml and cultured for
48 h at 37°C. In total, four different concentrations of DTIC in

Frontiers in Oncology | www.frontiersin.org

55

December 2021 | Volume 11 | Article 732501


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

Tyumentseva et al.

Transcriptomic Profiling of Dacarbazine-Treated Melanoma

DMSO (Panreac Quimica S.A.) were added to the culture
medium to achieve the final concentrations of 250, 500, 750
and 1,000 mg/l. Since each dose also contains 1% DMSO, 1%
DMSO was used as the negative control. The cells were incubated
with DTIC for 72 h at 37°C and 5% CO,.

To evaluate cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Invitrogen; Thermo Fisher
Scientific, Inc.) assay was used. The culture medium was first
replaced with that without the drug before 0.5 mg/ml MTT was
added. After 4 h at 37°C the cells were lysed with DMSO and the
amount of formazan formed was evaluated using an EFOS-9305
spectrophotometer (Shvabe Photosystems, Jsc) at a wavelength of
560 nm to measure light absorbance. The experiment was
performed in triplicate. Using the dose-dependency curve of
DTIC-mediated inhibition, IC5, was calculated using the
GraphPad Software Prism 7.05/e (San Diego, CA, USA).

Evaluation of Apoptosis in Melanoma Cells
After DTIC Treatment

Melanoma cell lines were seeded into 24-well plates at a density
of 1x10” cells per ml. After 24 h the cells were treated with 5.5
mM DTIC or 1% DMSO. In parallel, 1% DMSO was used as the
negative control. After 72 h at 37°C and 5% CO, incubation the
cells were stained using an annexin V-fluorescein isothiocyanate
(FITC)/7-aminoactinomycin D (7-AAD) kit (Immunotech;
Beckman Coulter, Inc.) according to the manufacturer’s
protocol. For this, 10 ul of Annexin V-FITC and 20 pl of 7-
AAD were added to each sample containing 100 pl of melanoma
cell suspension in binding buffer at a concentration of 5x10°,
incubated for 15 min in the dark on ice, then 400 pl of binding
buffer was added followed by analysis using a Cytomics FC-500
flow cytometer (Beckman Coulter Inc.) with NAVIOS software
v.1.3. (Beckman Coulter, Brea, USA).

After detection, with the distribution of cells displayed in their
respective regions of two-parameter diagrams, living cells were
defined as unstained. By contrast, cells were defined to be in early
apoptosis if they stained positive for phosphatidylserine by
annexin V-FITC but negative for 7-AAD due to preserved
membrane integrity. Cells were defined to be at late-stage
apoptosis and necrotic if there is evidence of violation in the
integrity of the membranes and were stained simultaneously
with both fluorescent dyes. Cells that stained positive for annexin
V alone were defined as necrotic cells. The experiment was
performed in triplicate.

Migration and Invasion Assay of

Melanoma Cells Under DTIC Treatment
Melanoma cells were plated into six-well plates at a density of
1x10” cells per ml. After 24 h at 37°C and 5% CO,, the cells were
treated with 5.5 mM DTIC or 1% DMSO. After 72 h, the cells
were transferred to serum-free RPMI-1640 medium with 5.5 mM
DTIC and diluted to a final density of 1x10* cells per ml. Cell
migration and invasion assays were performed using
CytoSelect'™ 24-Well Cell Migration and Invasion assays (8
um, colorimetric format; Cell Biolabs, Inc.) according to the
manufacturer’s protocols. Briefly, a 300 pl suspension of
melanoma cells in RPMI-1640 medium without serum was

placed into the upper part of special chambers for migration
and invasion. The bottom layer of the chambers for migration
assays was made of a polycarbonate membrane with pores, whilst
for measuring invasion it was lined additionally with a layer of
Matrigel. The chambers containing the cell suspension were
incubated in a CO, incubator at 37°C and 5% CO, for 24 h in
the wells of a 24-well plate filled with RPMI-1640 medium
containing 10% FBS, which constitutes the lower part of the
chamber. After incubation, the chambers were removed and the
Matrigel was mechanically removed. Cells that did not migrate
or invade located on the membrane inside the chamber and the
invasive and migratory cells located on the outer side of the
membrane were fixed and, stained by Cell Stain Solution, washed
in dH20, dried at room temperature for 10 min and then lysed by
Extraction Solution. The color intensity levels of lysates were
measured on an EFOS-9305 spectrophotometer at a wavelength
560 nm, which were used to calculate the levels of cell migration
and invasion. The experiment was performed in triplicate.

Whole Transcriptome Assay

Total RNA was extracted using RecoverAll"" Total Nucleic Acid
Isolation kit (InvitrogenTM; Thermo Fisher Scientific, Inc.)
according to the manufacturer’s protocol, using on-column
DNase digestion. Extracted RNA was examined using a Qubit®
2.0 fluorimeter (Invitrogen; Thermo Fisher Scientific, Inc.) with
the use of a Qubit® RNA HS Assay kit (Invitrogen by Thermo
Fisher Scientific, Inc.). In total, 10 ng total RNA was amplified,
purified, reverse transcribed and labeled with biotin using the
GeneChip' ™ WT Plus kit (cat # 902280, Affymetrix; Thermo
Fisher Scientific, Inc.) following the manufacturer’s protocols.
The samples were then hybridized to GeneChip' " HuGene 2.1
ST Array Strips (cat # 902114, Applied Biosystems; Thermo
Fisher Scientific, Inc.). Post-hybridization staining and washing
were processed according to manufacturer’s protocol using
GeneAtlas"™ Hybridization, Wash, and Stain kit for WT array
strips (cat # 900720-C, Affymetrix; Thermo Fisher Scientific,
Inc.). The strips were scanned in a GeneAtlas' Imaging Station
(Affymetrix; Thermo Fisher Scientific, Inc.). Data were collected
using the Transcriptome Analysis Console software version 4.0.0
and subsequent releases (Thermo Fisher Scientific, Inc.).

A total of three replicates of each cell line before and after
DTIC treatment at 5.5 mM for 72 h were prepared. Quality
Control of the experiment was automatically estimated at the
imaging stage and all arrays passed the quality controls. The data
generated in the present study were deposited at the Array
Express repository (accession no. E-MTAB-10359; https://
www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-10359/).

The expression data were used to perform principal components
analysis using all probe sets by Transcriptome Analysis Console
Software v.4.0.1. (Thermo Fisher Scientific, Inc.). The expression
data were also used to cluster the samples using a hierarchical
clustering method (19). All P-values were false discovery rate-
corrected for multiple hypothesis testing. Differentially expressed
probe sets were defined using the threshold of absolute fold change
>2 and the Q-value <0.05. PANTHER " v.10.0 classification system
(URL: PanterDB.org) was used to interpret the biological function
of the difterentially expressed genes.
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RNA Isolation and Reverse Transcription-
Quantitative Polymerase Chain Reaction
(RT-gPCR) for Gene Expression Studies
The cells were seeded at a density of 2x10° cells per ml and cultured
for 24 h at 37°C and 5% CO,. The culture medium was then
replaced and the cells were treated with DTIC at a final
concentration of 5.5 mM, with 1% DMSO used as the negative
control. The cells were then incubated for 72 h, detached with 0.25%
trypsin-ethylenediaminetetraacetic acid and washed twice with cold
0.01 M phosphate buffered saline (Amresco LLC). Isolation of total
RNA was performed using the RecoverAll'" Total Nucleic Acid
Isolation kit (Ambion; Thermo Fisher Scientific, Inc.) according to
the manufacturer’s protocol. Total RNA was then subjected to
reverse transcription with random primers using the MMLV RT kit
(cat # SK021, Evrogen, Russia). The reaction was performed with
incubation at 40°C for 50 min, and the enzyme was subsequently
inactivated by incubation at 70°C for 10 min.

Amplification of the obtained cDNA in an amount of 2 pl was
performed in a StepOne ' Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.) in 20 pl reaction
mixture containing 1 Ul probe and primers for the detection of
integrin B8 (ITGB8), plexin-A2 (PLXNA2) and matrix
metalloproteinase-1 (MMP-1) from the TaqMan'" Gene
Expression Assay (Assay names, CYP1A1 Hs01054796_gl,
CYP1A2 Hs00167927_ml, CYP2E1 Hs00559367_ml, ITGB8
Hs00174456_ml, PLXNA2 Hs00300697_ml and MMP1
Hs00899658_ml; cat. no. 4331182; Applied Biosystems, Thermo
Fisher Scientific Inc.) and 8 pl 2.5X reaction mixture for RT-PCR
(Syntol, Russia) in the presence of the reference ROX dye (Syntol,
Russia), using the following thermocycling protocol: 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles of denaturation at 95°C
for 15 sec and annealing and elongation at 60°C for 1 min.
Endogenous normalizing controls were B-actin and hypoxanthine
phosphoribosyltransferase-1 (Assay names, ACTB Hs01060665_gl1
and HPRT1 Hs01003267_m1; TagMan' " Gene Expression Assay;
cat. no. 4331182; Applied Biosystems; Thermo Fisher Scientific,
Inc.). Relative expression levels were calculated using the 2441
method as previously described (20).

Statistical Analysis

Statistical analysis was performed using the non-parametric
Mann-Whitney U-test for comparisons between two
independent groups (DTIC-treated group vs. control untreated
group) using the Statistica 6.1 software (StatSoft, Inc.). P<0.05
was considered to indicate a statistically significant difference.

RESULTS

Sensitivity of Melanoma Cells Derived
From Different Patients to DTIC and
CYP1A1 Expression

According to MTT analysis, the ICsq value of DTIC for the K2303
melanoma cells was calculated to 4.2 mM, whilst the IC50 of DTIC
for B0404 melanoma cells equated to 10.3 mM (Figure 1A). The
final concentration of DTIC was chosen to be 5.5 mM. Overall,

K2303 melanoma cells were found to be more sensitive to DTIC
treatment compared with B0404 cells. As DTIC metabolized
extrahepatically by cytochrome P450 1A1 (CYP1ALl), it's mRNA
levels were estimated in K2303 and B0404 cells by qRT-PCR as
well as CYP1A2 and CYP2ELI levels which can metabolize DTIC
also (21). We determined CYP1ALl expression in both cell lines
studied, CYP1A2 expression in B0404 and CYP2E1 expression in
K2303 cells (Figure 1B). Relative expression level was.

DTIC Induces Apoptosis in Primary
Melanoma Cells

To evaluate the sensitivity of the primary melanoma cells
originated from the two patients to DTIC in vitro, the
proportions of live and apoptotic cells were measured using
flow cytometry before and after DTIC treatment. Both cell lines
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FIGURE 1 | (A) Sensitivity of melanoma cell lines K2303 and B0404 to
dacarbazine. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-
assay-based dose-response curves were used to estimate the 50% inhibitory
concentration. ICso was calculated using the GraphPad Software Prism 7.05/
e Data are presented as the mean + SEM. (B) Relative CYP1AT, CYP1A2
and CYP2ET gene expression levels according to reverse transcription-
quantitative polymerase chain reaction in K2303 and B0404 melanoma cells.
Data are presented as the mean + SEM. *P<0.05 by Mann-Whitney U test for
unpaired samples.
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FIGURE 2 | Effect of dacarbazine at 5.5 mM on the apoptosis of melanoma cells according to the results of the annexin V/7-aminoactomycin flow cytometry assay.
(A) The percentages of live, early-apoptotic, late-apoptotic and necrotic cells are shown in the two-parameter scatterplots for K2303 melanoma cells. (B) The
percentages of live, early-apoptotic, late-apoptotic and necrotic cells are shown in the two-parameter scatterplots for BO404 melanoma cells. Data are presented as

demonstrated notable responses to treatment, since DTIC
increased the percentage of cells in early apoptosis by two-fold
(Figure 2). The proportion of late apoptotic and necrotic cells
was not altered in K2303 and reduced in B0404.

DTIC Treatment Results in Differential
Migrative and Invasive Capacities in
Melanoma Cells

The rates of migration and invasion were altered following DTIC
treatment. We observed evident reductions in the migratory and
invasive capacities of K2303 cells, whilst B0404 cells exhibited
increased cell migration and invasion (Figure 3). Therefore,
melanoma cells appeared to respond differentially in terms of
the ability to disseminate in response to DTIC treatment in the
present study.

Transcriptomic Profile of Primary
Melanoma Cells Following DTIC Treatment
Is Characterized by Signaling Pathway
Induction Associated With Cell Motility

To reveal the phenotype of primary melanoma cells obtained from
the two different patients, we performed a transcriptomic study

(Figures 4A-C). We identified a total of 5,042 genes with altered
expression in K2303 cells and 8906 in B0404 cells after DTIC
treatment. Upregulated genes in K2303 were generally associated
with apoptosis (TNFRS 10D), DNA repair (TDP2), extracellular
matrix remodeling (TFPI2 and RPTN) and cell proliferation (EPGN,
GPRC5A, VASN, FOSB, SCUBE3 and SULFI). Among the list of
downregulated genes, we observed them to be associated with cell
proliferation (FRASI and ACAN) and extracellular matrix
remodeling (ACAN). In B0404 cells, it was found that the genes
that were upregulated following DTIC treatment were typically
associated with T-cell mediated immune response (GAGEI),
apoptosis and DNA repair (RHOB). By contrast, genes that were
associated with cell proliferation (AREG and DKKI) and
extracellular matrix remodeling (MXRA5, MMP-1, EDIL3,
CCDC80, TNC, ITGAS, FNI and CCBEI) were downregulated.
We next focused our attention on signaling pathways where
the differentially expressed genes were also components. We
observed the top downregulated genes in B0404 to be
components of the vascular endothelial growth factor A
(VEGFA)/vascular endothelial growth factor receptor R2
(VEGFR2), PI3K/AKT, focal adhesion, interleukin-18,
mitogen-activated protein kinase (MAPK), RAS and
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transforming growth factor (TGF)- signaling pathways. Genes
as components of PI3K/AKT, VEGFA/VEGFR2, focal adhesion,
endothelin pathway, transforming growth factor (TGF)-B and
hippo-Merlin signaling were downregulated in K2303 cells.
Since we found a clear dysregulation in the expression of
genes associated with cell adhesion and migration, the expression
levels of a number for these genes, components of up-regulated
pathways were subsequently validated by RT-qPCR. Pathway
Enrichment analysis was performed using the PANTHER
database (http://pantherdb.org/). Gene Ontology (GO) terms
associated with cancer cell biology (‘biological adhesion’,
‘biological regulation’, ‘cellular process’, ‘developmental
process’, ‘localization’, ‘locomotion’, ‘multicellular organismal
process’, ‘response to stimulus’ and ‘signaling’) were used to
identify six genes matched to selected criteria, namely ITGBLI,
NOV, PLXNCI, ITGB3, ITGB8 and PLXNA2. Subsequently,
ITGB8 and PLXNA2 were chosen as those most likely to be
involved in the regulation of melanoma cell migration and
invasion, as indicated in (22-24). MMPI was also selected as a
key dysregulated gene in both cells following DTIC treatment,

Cell migration

FIGURE 3 | Invasive and migratory potential of K2303 and B0404 melanoma cells after DTIC treatment. (A) Migration assay results of cells that were treated with
5.5 mM DTIC. Microscopic images of the polycarbonate membrane with migrated cells are shown. Migratory capacities of K2303 cells were reduced whilst B0404
cells exhibited increased cell migration. Data are presented as the mean + SEM. *P<0.05 by Mann-Whitney U test for unpaired samples. DTIC, dacarbazine (B)
Invasion assay results of cells that were treated with 5.5 mM DTIC. Microscopic images of the polycarbonate membrane with invasive cells are shown. Invasion rate
of K2303 cells was reduced whilst the level of invasion of BO404 was increased. Data are presented as the mean + SEM. *P<0.05 by Mann-Whitney U test for

B0404
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K2303 K2303_DTIC

o
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using the GO term ‘cellular process’. Thus, the mRNA levels of
ITGBS, plexin-A2 (PLNXA2) and MMP1 were measured in both
cell lines before and after DTIC treatment. ITGB8 and MMP1
downregulation were found in both cell lines. However, PLNXA2
mRNA expression was increased in K2303 cells, whereas
PLNXA2 expression was reduced in B0404 cells after DTIC
treatment (Figure 4D). The expression levels of all three of these
genes corresponded accurately with the microarray data in the
present study, although the MMP1 levels showed a tendency to
decrease according to the microarray result but a significant
decrease was observed in the RT-qPCR data. Thus, PLNXA2
down-regulation was associated with migrative and invasive
phenotype of primary melanoma cells.

DISCUSSION

Recently, a number of approaches have been implemented for
melanoma treatment to provide beneficial effects, including anti-
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FIGURE 4 | Results of whole transcriptome analysis of K2303 and B0404 melanoma cells. (A) Heatmaps showing differentially altered transcripts in K2303 and
B0404 melanoma cells after DTIC treatment. (B) Gene Ontology annotations for the two sub-trees, representing the biological process and protein class, for genes
with dysregulated expression after exposure to DTIC in K2303 and B0404 melanoma cells. Plots were made using the PANTHER™ v.16.0 classification system
(http://www.pantherdb.org). (C) The Venn diagram shows the total number of altered transcripts in K2303 and B0404 melanoma cells after treatment with DTIC.
(D) Changes in relative gene expression levels according to reverse transcription-quantitative polymerase chain reaction in K2303 and B0404 melanoma cells after
5.5 mM DTIC treatment. Data are presented as the mean + SEM. *P<0.05 by Mann-Whitney U test for unpaired samples. DTIC, dacarbazine.

programed death-1 antibodies, BRAF and MEK inhibitors (25).  melanoma cell lines obtained from two different patients.
However, chemotherapeutic agents remain to be in use in clinical =~ Before it, we analyzed cytochrome P1Al, cytochrome P1A2,
oncology. Cancer cells utilize a diverse of set of mechanisms to  and cytochrome P2E1 expression revealed by microarray and
mediate resistance to chemotherapeutic agents based on  RT-qPCR in terms of ability to activate DTIC. We revealed
alkylation, which explains why sensitivity can vary greatly (26).  cytochrome P1A1 expression in both cell lines, whereas
In the present study, we administered DTIC to primary  cytochrome P1A2 expressed in B0404 cells, cytochrome P2E1
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in K2303 cells. The cells exhibited response to DTIC in terms of
the levels of apoptosis. Indeed, K2303 and B0404 melanoma cells
responded by increasing the number of early apoptotic cells. In
addition, B0404 cells demonstrated enhanced migratory and
invasive capacities following DTIC treatment, which was
opposite to that observed in K2303 cells, where reduced rates
in both of these characteristics were observed. To unravel the
possible underlying mechanism of this finding we performed a
transcriptomic analysis in both of these cell lines before and after
treatment with DTIC.

Transcriptomic analysis revealed that 416 genes were
dysregulated significantly in both cell lines, which constituted
only 12% of all differentially expressed genes with a fold change
>2. Such modest uniformity is in the line with the phenotypic
diversity observed in response to DTIC. DTIC was also found to
trigger the expression of genes associated with DNA repair and
apoptosis. Among those that were upregulated after being treated
with DTIC were RHOB, GCLM and TGM2. In addition, a
number of downregulated signaling pathways such as growth
factor A (VEGFA)/vascular endothelial growth factor receptor
R2 (VEGFR2), PI3K/AKT, focal adhesion were found to be
associated with metastasis in both cell lines after treatment
with DTIC, including motility, migration, invasion and
adhesion, according to the transcriptomic profile analysis. This
caught our attention as these aforementioned characteristics may
affect the overall patient response and survival rates (27, 28).
Therefore, the expression levels of a number of these chosen
genes that were found to be associated with the aforementioned
processes related to metastasis were measured by RT-qPCR.
ITGB8 and MMP1 expression levels were reduced after DTIC
incubation, which concurred with results from transcriptomic
analysis. All three molecules have been previously shown to
be implicated in tumor progression and metastasis of various
cancer types including melanoma (22-24, 29, 30). ITGBS
is involved in TGF-B activation (31, 32), which was found
to be downregulated after DTIC treatment in the present
study. MMP1 is an important enzyme that is activated by
TGF-B and mediates extracellular matrix degradation, especially
those of collagen type I, II and IIT (33, 34). Therefore, ITGB8
and MMP1 may act unidirectionally following altered TGEF-
B signaling.

By contrast, we observed a reduction in PLXNA2 expression
in B0404 cells but elevated PLXNA2 expression in K2303 cells,
which is opposite to the trend observed in the migration and
invasion assays following DTIC treatment. PLXNA2 belongs to
the semaphorin family of proteins that is more synonymous with
nervous system development (35, 36). However, PLXNA2 has
been later reported to be implicated in the proliferation and
invasion of breast cancer cells (37). Melanoma is originated
from melanocytes, which are cells of neuronal origin. Therefore,
genes in the semaphorin/plexin signaling pathway may serve a
role in the biology of neoplastic melanocytes (18). Class A
plexins function as receptors for classes 3, 5 and 6 of
semaphorins (38). The signaling consequences of PLXNA2-
semaphorins have been extensively studied in cancers of the
nervous system (29, 39). Semaphorin 3C downregulation was

reported to be associated with a more metastatic phenotype
in neuroblastoma cells (40), consistent with our present findings
of increased B0404 melanoma cell invasion and migration.
In addition, recent study also showed that gene upregulation
specific for embryonic melanoblasts is necessary to facilitate
melanoma dissemination (41). The results of a previous
study demonstrated that PLXNA2 played a key role in the
regulation of perineural invasion of prostate cancer (42).
Moreover, Tivan TV et al. demonstrated that migration and
invasion were increased in prostate cancer cells treated with
PLXNA2 small interfering RNA (30). The use of PLXNA2-
knockout mice also revealed that PLXNA2 controls retinal cell
migration during retinal neurogenesis (43). However, the
underlying mechanisms by which this membrane-bound
molecule is involved in the regulation of cell migration remain
to be fully elucidated.

Transcriptomic profiling of tumors is under extensive
assessment as a potential prognostic tool and as a method for
predicting anti-cancer agent efficacy (44). However, the accuracy
for the application of tumor-based gene expression analysis
remains unverified and additional evidence is required prior to
its use in routine clinical practice (45). Tumor heterogeneity may
yet prove to be an obstacle to its clinical applicability, since the
genomic landscape within any single melanoma tumor is
characterized by significant differences. Melanoma remains a
type of skin cancer with a high rate of cancer-associated
deaths (46).

Nevertheless, this study has some limitations: the number of
cell lines was limited due to obtaining of operative material from
melanoma patients, efficacy of primary melanoma cells isolation
for experiments in vitro and costs of transcriptomic study.
Second, the microarray analysis was performed in three
replicates that was also limited because of aforementioned
reasons. The present study lacks PLXNA2-based mechanistic
experiments due to difficulties in the cultivation and transfection
of primary melanoma cells. However, all results discussed in this
paper were reaching statistical significance level. The role of
PLXNA2 in the regulation of melanoma cell invasion and
migration may be a novel marker for the characterization of
melanoma cells based on invasive or proliferative phenotypes.
Such phenotypes may be used in predicting patient prognosis.
Further studies should provide a more complete understanding
of melanoma resistance to chemotherapeutic agents and cancer
cell chemoresistance.

CONCLUSIONS

Our findings suggest that other therapeutic options would
need to be explored for melanoma. This is due to the
high heterogeneity in the genetic landscape of the tumor
and in the results from the functional study of cancer cells
derived from individual patients. Data from the present
study could be applied for further studies into phenotypic
alterations in the tumor following the administration of
anticancer agents.
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Background: Several new blood vessels are formed during the process of tumor
development. These new blood vessels provide nutrients and water for tumour
growth, while spreading tumour cells to distant areas and forming new metastases in
different parts of the body. The available evidence suggests that tumour angiogenesis is
closely associated with the tumour microenvironment and is regulated by a variety of pro-
angiogenic factors and/or angiogenic inhibitors.

Methods: In the present study, a comprehensive characterization of angiogenesis genes
expression was performed in a pan-cancer analysis across the 33 human cancer types.
Further, genetic data from several public databases were also used in the current study. An
angiogenesis score was assigned to The Cancer Genome Atlas (TCGA) pan-cancer data,
with one angiogenesis score as per sample for each tumour.

Results: [t was found that angiogenesis genes vary across cancer types, and are
associated with a number of genomic and immunological features. Further, it was
noted that macrophages and iTreg infiltration were generally higher in tumours with
high angiogenesis scores, whereas lymphocytes and B cells showed the opposite
trend. Notably, NK cells showed significantly different correlations among cancer
types. Furthermore, results of the present study showed that a high angiogenesis
score was associated with poor survival and aggressive types of cancer in most of the
cancer types.

Conclusion: In conclusion, the current study evidently showed that the expression of
angiogenesis genes is a key feature of tumour bioclogy that has a major impact on
prognosis of patient with cancers.

Keywords: angiogenesis, pan-cancer, prognosis, methylation, gene expression

Abbreviations: TCGA, The Cancer Genome Atlas; DEGs, Differentially expressed genes; OS, Overall survival; FDR, False
discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; HR, Hazard ratio; CI: Confidence
interval; See.
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INTRODUCTION

Given that malignant tumours need supplies of oxygen and
nutrients to survive and thrive, they require adequate
vascularization to access the blood circulation system
(Lugano et al.,, 2020). Previous studies have shown that rapid
growth of tumours requires a large supply of nutrients from the
blood as compared with dormant tumours. Therefore, it should
be noted that initiation of tumour angiogenesis is a major factor
for tumor development (Azoitei et al., 2010). Results of a
previous clinical trial showed that anti-angiogenic therapy
can be successfully used to treat cancer (Hurwitz et al,
2004). Recently, anti-tumour angiogenesis research has
evolved from the early non-specific embolisation and
severance of tumour vessels to a new level of specific and
targeted blockade of tumour vessels (Hida et al, 2008;
Mitsuhashi et al., 2015). However, it was found that the anti-
angiogenesis therapy only provided a short-term relief and
inhibition of tumour growth before resistance is developed
(Lugano et al., 2020). Further, emerging evidence shows that
angiogenesis and immunosuppression frequently occur
simultaneously in response to this crosstalk. Accordingly,
strategies combining both anti-angiogenic therapy and
immunotherapy have potential to tip the balance of the
tumor microenvironment and improve treatment response
(Solimando et al., 2020).

The present study provides a comprehensive assessment of
the genomic and clinical characteristics of angiogenesis genes
in 33 solid tumours. In addition, the angiogenesis score of each
patients with cancers was also assessed in the current study.
Results of this study found that angiogenesis is correlated with
distinct genomic and immunologic tumour characteristics.
Moreover, it was found that expression of angiogenesis
genes has prognostic and predictive value in outcomes of
both patients and their response to immunotherapy.
Therefore, the analyses reported in the current study
provide the first comprehensive survey of angiogenesis
genes expression across 33 cancer types.

Angiogenesis Gene in Pan-Cancers

MATERIALS AND METHODS

Datasets

The data of 33 tumors in The Cancer Genome Atlas (TCGA)
including the mRNA data, mutation data, and clinical data were
collected from UCSC Xena. The data on expression of gene for
different tissues were retrieved from GTEx, whereas the
angiogenesis relevant data was downloaded from the hallmark
gene sets of the msigdb database. The flow of this articles is as
presented in Figure 1.

Identification of Differential Genes

The present study analyzed differential expression of
angiogenesis genes in tumour samples (from TCGA database)
as compared with that of the normal samples (from TCGA and
GTEx database). The “limma” R package was used to identify
differentially expressed genes (DEGs), with FDR <0.05, and
[log2FC| > 1 as the cut-offs. Next, “ggplot” and “reshape” R
packages were used to generate a heatmap to visualize the results
obtained.

Survival Analysis of Angiogenesis Genes
The ‘Survival’ R package was used to conduct univariate Cox
regression analysis for angiogenesis genes. Further, the p-value
and HR-values were then extracted for heatmap presentation.
The number of genes was then counted for which Cox analysis
was significant in all tumours. Notably, a risk factor was
considered if the score was increased by 1, whereas a
protective factor was considered if the score was decreased by
1 and the final score was used as the risk score.

Genetic Correlation and Genetic Variation

In the present study, Pearson’s r was used to explore correlations
between different angiogenesis genes and the obtained results
were presented using a heatmap. Genetic variation data was
downloaded from the cbioportal database including mutations,
fusions, amplifications, deletions, and multiple variants.
Angiogenesis genes variants were then calculated for each
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tumour. Finally, mutation of angiogenesis genes in different
cancers was explored using Gene Set Cancer Analysis (GSCA)
(http://bioinfo life.hust.edu.cn/GSCA).

Gene Methylation Analysis and Copy

Number Variation Analysis

Previous studies have suggested that DNA hypomethylation
promote increased expression of many oncogenes, whereas
DNA hypermethylation has also been shown to silence
tumour suppressor genes (Wang et al, 2020). In the present
study, the mRNA expression and methylation data for the
angiogenesis genes were merged using the GSCA, followed by
the analysis of the differential methylation. Further, a Student’s
t test was performed to determine the methylation difference
between tumor and normal samples, and the p-value was adjusted
using the FDR. Notably, FDR <0.05 was considered statistically
significant. Pearson’s or Spearman’s correlation was then
performed to explore the association between methylation and
expression levels. Finally, HR for prognostic value of gene
methylation status was calculated using Cox regression
analysis. The information of copy number variations (CNVs)
of the 33 types of tumors from the TCGA database and
determined using GISTIC 2.0 software were also totally
collected. In addition, the percentage of CNVs and CNVs
correlation with mRNA were calculated by Spearman
correlation analyses by corrplot package. The CNVs were
classified into 2 categories (homozygous and heterozygous),
including amplification and deletion, which represents the
presence of CNVs on only one chromosome or two
chromosomes. It is worth noting that only genes with CNV
>5% in cancer were discussed in the present study. The
associations between paired mRNA expression and paired
CNV percentage samples were explored based on the Person’s
product moment correlation coefficient and t-distribution
(Schlattl et al., 2011). The statistical significant threshold was
set as FDR p-value <0.05.

Angiogenesis Score

The angiogenesis score for each sample in the present study was
calculated using the “GSVA” R package (Kim et al., 2020). The
size of the angiogenesis score in each tumour and explored the
differences in angiogenesis score across clinical stages. Data
visualization was done using “ggplot” R package (Shatalova
et al., 2020). Next, the relationship between the angiogenesis
score and prognoses in patients with cancer was explored.
Survival estimates were calculated using Kaplan-Meier (KM)
and Cox regression models. The “GSVA” R package was used
to perform GSVA analysis, with t value >2 and FDR <0.05 as the
cut-offs. Notably, the gene set used in this study was MsigDB
dataset, HALLMARK pathway of the database. Single-sample
gene set enrichment analysis (ssGSEA) was also employed to
evaluate the enrichment scores for each sample. Therefore, the
present study also evaluated the correlation between angiogenesis
score and pathways. Finally, the correlation was visualized using
“ggplot” R package (Shatalova et al., 2020).

Angiogenesis Gene in Pan-Cancers

Tumor Microenvironments and

Immunotherapy

Immune and stromal scores were calculated using the ESTIMATE
algorithm with the help of “limma” and “estimate” R packages. The
relationship between the angiogenesis score and tumor
microenvironment in accordance with a previous study was also
assessed to validate the results obtained in the current study (Zeng
et al,, 2019). Finally, the data was plotted using the “pheatmap” R
package. Considering the association of immune infiltration level
with survival and prognosis in cancers, the correlation between
angiogenesis score and immune infiltration level was hence explored.
On the other hand, the CIBERSORT algorithm was used to estimate
data on tumor-infiltrating immune cells (Thorsson et al, 2018;
Huang et al, 2021). Immune Cell Abundance Identifier and
TIMER2 were used to evaluate the correlation of angiogenesis
score with immune infiltration across all tumors in the TCGA
database. Plots were then performed using “ggplot” R package
(Shatalova et al, 2020). The use of immunotherapy in cancer
treatment has evolved rapidly and several therapeutic antibodies
have reached the clinical practices in recent years (Hultqvist et al,,
2017; Wu and Shih, 2018). Therefore, the present study used
immunotherapy data to explore the impact of high or low
angiogenesis score on the prognosis of immunotherapy patients.
Specifically, immunotherapy data was used from IMvigor210
dataset, GSE78220, GSE135222, and GSCA.

Correlations Between Angiogenesis Score

and Immunological Genes

The correlation between immune genes and angiogenesis score was
also analyzed in the present study. The analyzed target genes
included MHC genes, chemokines, chemokine receptors, and
immunosuppressive genes. Recently, tumor mutation burden
(TMB) has emerged as a predictive indicator for tumor
immunotherapy, which aids in prognostic prediction of
immunotherapy in some tumors such as lung cancer, malignant
melanoma, and colon cancer (Kelley et al., 2020; Saeed and Salem,
2020). Microsatellite instability (MSI) is a genetic change that has
been shown to be closely associated with tumor prognosis (De
Palma et al., 2019; Li et al., 2020a). In the present study, the TMB
score was calculated using R software and corrected by dividing the
total length of the exon. In addition, the MSI scores for all samples
were obtained from the somatic mutation data which was
downloaded from TCGA database. Finally, Spearman correlation
analysis was performed to assess the correlation of angiogenesis
score with TMB and MSI scores.

RESULTS

Dysregulated Angiogenesis Genes in
Various Cancer Types Are Associated With

Prognosis
Using TCGA and GTEx datasets, we evaluated the differential
expressions of angiogenesis-related genes between cancers
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FIGURE 2 | (A): Differential expressions of angiogenesis-related genes. We found the angiogenesis genes were aberrantly expressed in 31 tumor types. (B).
Univariate Cox regression analysis of angiogenesis-associated genes in pan-cancer. Grey denotes p > 0.05, red represents p < 0.05 HR > 1while blue denotes HR <
1 (C). The number of genes with significant cox analysis in all tumors was counted. As a risk factor +1, as a protective factor -1, the final score as risky score.

and normal tissues. The angiogenesis genes were aberrantly
expressed in 31 tumor types (p < 0.05, Figure 2A). We found
that angiogenesis genes tended to be significantly
downregulated in BRCA (Breast invasive carcinoma) and
UCES(Uterine Corpus Endometrial Carcinoma), but
upregulated in PAAD (Pancreatic adenocarcinoma), GBM
(Glioblastoma multiforme). These findings are consistent
with several previous studies (Ardito et al., 2008; Liu et al.,
2019). For example, SPP1 was upregulated in most tumor
types. SPP1 enhances tumor development and its
overexpression is associated with poor prognostic
outcomes for melanoma, while its silencing suppresses
melanoma cell proliferation, migration, as well as invasion
(Komatsu et al., 2012; Deng et al., 2020). These findings imply
that dysregulated expressions of angiogenesis-associated

genes are involved in cancer initiation and development.
Since angiogenesis-related genes play critical roles in
cancer metastasis (Firestone and Sundar, 2009), we
evaluated the associations between their expression levels
and survival outcomes. In at least one cancer type, all
angiogenesis-related genes were associated with overall
survival outcomes (Figure 2B). In many cancer types,
patients with elevated angiogenesis-associated gene levels
have significantly poor survival outcomes, compared to
those with suppressed levels. Risk scores revealed that most
genes were unfavourable for patient prognosis. These findings
imply that angiogenesis-related gene levels are associated
with prognostic outcomes in many human cancer types,
with suppressed levels exhibiting protective effects
(Figure 2C).
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Analysis of Angiogenesis Gene Variants and
Methylation

The relationship between angiogenesis genes was established to be
positively significant (Supplementary Figure S1A), suggesting that
these genes could function individually or cooperatively. Notably,
BRCA samples exhibited the highest number of variant genes.
Genetic variabilities of STCI1 and LPL genes were highest, and
they were dominated by deletions while gene fusions were
dominant among the other gene variants (Supplementary Figure
S1B). The development of many tumors has been associated with
point mutations and deletions (Agirre et al, 2006). The single
nucleotide variation (SNV) was dominated by C>T (50%)
(Supplementary Figures S2A-S2B). Supplementary Figure S2C
show the frequencies of deleterious mutations in pan-caner. For
instance, elevated VCAN levels in gastric cancer independently
predict poor prognostic outcomes, and patients with VCAN
mutations have a lower tumor grade, compared to those without
(Li et al., 2020b; Li et al., 2020c). Moreover, Supplementary Figure
S$2D shows survival differences between mutant (deleterious) and
wild type in the selected cancers. Aberrant methylation status are
correlated with the development of various diseases, including
cancer (Shao et al,, 2017). Evaluation of the methylation status of
angiogenesis-associated genes in this study was aimed at identifying
epigenetic regulation. Supplementary Figure S2E shows the
differences between tumor and normal samples with regards to
gene methylation. In different tumors, the methylations of
angiogenesis-associated genes were highly heterogeneous. Relative
to hypomethylated genes, there were more hypermethylated genes in
BRCA, prostate adenocarcinoma (PRAD), uterine corpus
endometrial carcinoma (UCEC), and colon adenocarcinoma
(COAD). In addition, in most cancers, PGLYRP1, KCNJS, and
LPL were hypermethylated while OLRI1, VEGFA, and SPPI were
hypomethylated (Supplementary Figure S2E). Correlation analysis
revealed that mRNA levels of angiogenesis-associated genes were
negatively correlated with their methylation levels. However, in
PRAD, skin cutaneous melanoma (SKCM), BRCA,
hepatocellular carcinoma (LIHC), and uveal melanoma (UVM),
PTK1 exhibited positive correlations between methylation and
mRNA expression levels (Supplementary Figure S2F). Survival
analysis showed that in most cancers, hypermethylations of
PGLYRP1, PTK2, THBD, and CCND2 as well as
hypomethylations of VAV2, OLRI, and ITGAV were associated
with poor survival outcomes (Supplementary Figure S3).
Hypermethylation of CCND2 was associated with female lung
cancer and lung adenocarcinoma (Hung et al, 2018).
Hypermethylation of CCND2 in lung and breast cancer is a
potential biomarker and drug target (Hung et al., 2018).

liver

CNV of Angiogenesis Genes Are Associated
With Prognosis

CNV has been confirmed to have diagnostic, prognostic or
therapeutic significances in various types of cancer (Su et al,
2018). In the present study, heterozygous amplifications and
deletions were the main CNV types (Supplementary Figure
S4A). For instance, CNV percentage analysis revealed that

Angiogenesis Gene in Pan-Cancers

homozygous amplifications of PTK2 in OV, ESCA, BRCA LIHC,
and UVM as well as CCND2, KCNJ8, and OLRI in TGCT were all
greater than 35% (Supplementary Figure S4B). Homozygous
deletions of LPL and STCI in PRAD were all greater than 35%
(Supplementary Figure S4B). Heterozygous analysis showed that
the amplified gene (PTGFA) in TGCT, READ, GBM, and KIRP was
greater than 35% in all cases, while STCI deletion in OV, LUSC, and
LUAD was greater than 35% in all cases (Supplementary Figure
$4C). Supplementary Figure S5 shows the differences in survival
outcomes between CNV and wild types for selected cancers. These
results imply that the CNV of angiogenesis-associated genes mediate
their abnormal expressions, suggesting that it plays a significant role
in cancer development.

Associations Among Angiogenesis Scores,

Clinical Stage and Patient Outcomes

For the 33 tumors, the highest angiogenesis scores were in PAAD
while the lowest were in LAML (Supplementary Figure S6A). The
scores in ACC, BLCA, BRCA, COAD, ESCA, LUSC, SKCM, STAD,
and UVM varied across clinical stages. As clinical staging increased,
so did the angiogenesis scores (Supplementary Figures S6B-J).
Supplementary Figures S7A-D shows the associations between
angiogenesis scores and pan-cancer overall survival (OS), disease
free interval (DFI), progression-free interval (PFI), as well as disease-
specific survival (DSS). Notably, HR was evaluated in the Cox
proportional hazard models. In most cancers, high angiogenesis
scores were associated with poor survival outcomes (Supplementary
Figure S8). These results suggest a close association between
angiogenesis scores and patient outcomes.

Pathway Activity Analysis and Enrichment
Analysis

The related pathways network indicated that angiogenesis scores
were significantly involved in cancer-related signaling pathways,
including Kras signaling, TGF-beta signaling, apoptosis, IL-2 STAT5
signaling, TNF-a signaling via NFK-b, inflammatory responses, IL-6
JAK STAT3 signaling, notch signaling, and the P53 pathway
(Figure 3A). However, these associations differed among tumors.
For instance, in all cancer types, the IL-2 STATS5 signaling pathway
was positively correlated with angiogenesis scores, while the DNA
repair pathway exhibited the opposite trend. Besides, some
pathways, such as those in pancreatic beta cells, exhibited
different associations in different tumors. Using breast cancer as
an example, enrichment analysis revealed a predominant
enrichment in the PI3K-Akt signaling pathway, proteoglycans in
cancer, human papillomavirus infections, and the relaxin signaling
pathway (Figure 3B).

High Angiogenesis Scores Are Associated

With Hot Tumor Microenvironments

The tumor microenvironment (TME) modulates tumor progression
and treatment efficacy (Blanco-Fernandez et al., 2021). Therefore, we
evaluated the relationship between the angiogenesis score and the
TME. Angiogenesis was significantly correlated with the TME
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(immune and stromal) (Figure 4A) while angiogenesis scores were
strongly correlated with immune and stromal/metastasis-related
pathways (Figure 4B). Next, the association between angiogenesis
scores and infiltration levels of different immune cell types in 33
cancer types were evaluated. Most of the cancer types showed
significant positive associations between angiogenesis scores and
infiltration levels of macrophages, NK cells, as well as CD4" T cells
(Figures 5A,B), implying that angiogenesis scores are associated
with a hot TME. For instance, THYM revealed a highly significant
positive correlation between angiogenesis scores and infiltration
levels of NK cells. In contrast, NK cells exhibited significant
negative correlations with angiogenesis scores in TGCT, and
weak or no correlations in ACC (Figures 5A-C).

Angiogenesis Scores Were Associated With
Immune-Related Genes in Many Cancer
Types

The core function of the immune system is to recognize self and
eliminate non-self antigens to maintain normal physiological

activities and fight disease (Bai et al, 2020; Forster and
Radpour, 2020). This function is largely mediated by the
major histocompatibility complex (MHC). The significance of
MHC in tumor diagnosis and treatment is being evaluated in
immunotherapy (Baba et al, 2007; Marcu et al, 2021).
Chemokines are also involved in responses to cancer therapies,
therefore, they are potential targets for immunotherapy and
chemokine-targeted therapy (Samaniego et al, 2018). We
found strong associations between angiogenesis scores and the
above related genes (Supplementary Figures S9A-C). Then, we
investigated the correlation between angiogenesis scores and
expressions of immune checkpoints. In 33 cancer types, the
angiogenesis score was positively correlated with expression
levels of most of the immune checkpoints (Supplementary
Figure S9D). A previous study revealed that TMB is
associated with immunotherapeutic responses (Abou Khouzam
etal., 2020). We found that angiogenesis scores were significantly
correlated with TMB in STAD, HNSC, LUAD, KIRP, LIHC,
CHOL, THYM, LAM, and LGG (Supplementary Figure S9E).
MSI are repeated DNA sequences (Page and Graham, 2008).
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FIGURE 6 | The impact of angiogenesis scores on the prognostic outcome of immunotherapy patients was analysed using multiple datasets (A-l). Patients with
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Impaired mismatch repair-associated MSI may be a mechanism
in gastric cancer development, therefore, its significance is being
evaluated by various studies. Our results showed a strong

Figure S9F).

correlation between angiogenesis scores and MSI in BRCA,
LUAD, LUSC, STAD, HNSC, and TGCT (Supplementary
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Angiogenesis Scores Were Correlated With

Immunotherapeutic Responses

During the evaluation of angiogenesis-associated TME
characteristics, we observed strong positive correlations
between immune checkpoint levels and angiogenesis genes.
Due to advances in cancer immunotherapy, we evaluated the
expressions of angiogenesis-associated genes in immunotherapy-
treated patients. We collected three datasets containing pre-
treatment samples and immunotherapeutic data. These
datasets had various patient information, including clinical
manifestations (complete responses (CR) or partial responses
(PR)) or no clinical benefits (progressive disease (PD) or
stable disease (SD)). Compared to patients with
angiogenesis scores, patients with high angiogenesis scores
exhibited poorer prognostic outcomes after immunotherapy.
Higher scores were observed in progressive phase patients
(Figure 6).

low

Drug Sensitivity Analysis

Currently, surgery and chemotherapy are the main therapeutic
strategies for cancer, however, resistance to chemotherapeutic
drugs and molecularly targeted therapies is a major barrier to
cancer treatment (Wu et al, 2020). Spearman’s correlation
analysis showed that drug sensitivity towards YM155, ZG-10,
GW843682X, and S-Trityl-L—cysteine correlated with APP
levels (positive correlation with IC50). However, resistance
towards EHT 1864 and lisitinib correlated with expressions of
APOH (negative correlation with IC50) (Supplementary Figure
$10). In conclusion, dysregulated expressions of angiogenesis-
associated genes may be involved in resistance to cancer
therapies.

miRNA and IncRNAs Regulation Analysis
Non-coding RNAs (ncRNAs) are involved gene expression
regulation. To ascertain whether angiogenesis genes are
modulated by some ncRNAs, first, we predicted upstream
miRNAs that have the potential to bind angiogenesis-
associated genes. Network visualization was achieved using the
Cytoscape software (Supplementary Figure S12). Hsa-miR-
106a-5p was regulated and was central to most angiogenesis-
associated genes. Therefore, in pan-cancer, hsa-miR-106a-5p
might be a potential regulatory miRNA of angiogenesis-
associated genes. Next, upstream IncRNAs of hsa-miR-106a-5p
were predicted using the starbase database. Sixty eight potential
IncRNAs were identified. Relationships visualization was
performed using the Cytoscape software (Supplementary
Figure S12). These results indicate that ncRNAs regulation of
angiogenesis-associated genes might be involved in cancer
progression.

DISCUSSION

Angiogenesis, the formation of new blood vessels, is important
for tumor progression (Lin et al, 2010). In 1971, Folkman
proposed that tumor growth is dependent on angiogenesis and
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that inhibition of angiogenesis is a potential therapeutic paradigm
for solid tumors (Folkman, 1971). To trigger angiogenesis,
tumors overexpress various angiogenic factors and cytokines,
as well as endogenous angiogenesis enhancers (Folkman,
1996). Various angiogenic factors have been identified, their
corresponding inhibitors developed, and their efficacies in
cancer treatment demonstrated (Cao, 2010; Cao and Langer,
2010; Cao et al,, 2011; Cao, 2014). Therefore, to understand
tumorigenesis, and to investigate potential targets for clinical
treatment, elucidation of angiogenesis in cancer is necessary.

In this study, we reveal multiple potential mechanisms of
angiogenesis in cancer, including common angiogenesis-
associated cancer pathways. According to the results of this
study, we found a high frequency of CNVs of angiogenesis-
associated genes. Moreover, the CNVs were positively correlated
with angiogenesis-associated gene expressions, indicating that
copy number variations may affect angiogenesis-associated gene
expressions, contributing to tumorigenesis. For example, S100A4
was frequently amplified in PAAD and was associated with poor
patient survival outcomes, consistent with findings from previous
studies (Matsubara et al, 2005; Li and Bresnick, 2006).
Hypermethylated CCND2 was associated with poor survival
rates of KICH, implying that hypermethylated CCND2 may be
a driver gene for KICH progression. This is in tandem with
findings from previous studies that concluded that
hypermethylation of CCND2 is associated with the progression
of various cancers (Hung et al., 2018; Ding et al., 2019). However,
in this study, there were inconsistencies between methylation
levels and prognostic outcomes, therefore, we postulated that in
certain contexts, genetic and epigenetic alterations of
angiogenesis-associated genes might result in angiogenesis
dysfunctions and promote tumorigenesis. Therefore, studies
should be conducted to assess this postulate.

The TME is hypoxic and acidic in nature, and in this
environment, tumor cells recruit a number of innate immune
cells, the most representative of which are tumor-associated
macrophages (TAMs), neutrophils, myeloid-derived suppressor
cells (MDSC) and natural killer cells (NK) (Hamaguchi et al,
2020). TAMs are involved in every step of tumor angiogenesis
(Komohara and Takeya, 2017). In early stages of tumor
development, neutrophils play a key role in promoting
angiogenesis. Neutrophils can release MMP-9 to activate
endothelial cell growth signals and to promote angiogenesis
(Eyileten et al, 2016). They also secrete myeloperoxidase
(MPO), which is important for macrophage recruitment and
platelet activation (Heslop et al., 2010). In addition, reduction in
neutrophil counts significantly inhibits the link between VEGF
and its receptors (Li et al., 2012).

Despite its significance in tumor therapy, immunotherapeutic
responses are suboptimal, which may be attributed to
immunosuppressive tumor microenvironments (Chan et al,
2020). The tumor vasculature carries essential nutrients and
oxygen to the tumor tissue and plays an important role in the
growth as well as progression of malignant tumors. Abnormal
blood vessels can form a physical barrier that limits
immunotherapeutic efficacies (Jain, 2005). Abnormal tumor
vasculature may inhibit immunotherapeutic effectiveness
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through hypoxia and development of an acidic microenvironment,
which enhances immunosuppression (Jain, 2005). In addition, it
can induce a decrease in micro-environmental pH, affecting
immune cell functions, therefore, anti-tumor immune cells, such
as T lymphocytes and NK cells can become unresponsive in acidic
environments and subsequently, undergo apoptosis (Huber et al,
2017). In contrast, immunosuppressive components (such as
myeloid and Treg cells) enhance tumor growth in acidic
environments (Huber et al, 2017). The combination of anti-
angiogenic therapy and immunotherapy has improved
prognostic outcomes for patients with different cancer types,
including liver, kidney and breast cancers (Rini et al, 2019;
Finn et al, 2020; Liu et al, 2020), resulting in improved PFS
and OS. This combination provides additional clinical options for
patients with liver metastases and positive driver genes (Finn et al.,
2020). In addition, this combination has not increased toxicity but
has an increased efficacy, while the overall safety profile is
manageable.

Drug sensitivity analyses were performed to identify potential
drugs that can modulate angiogenesis-associated genes. For
instance, a positive correlation was found between APP and
YM155, ZG-10, GW843682X, and S-Trityl-L—cysteine,
suggesting that patients with elevated APP gene expressions
may be resistant to these drugs. Thus, we postulate that
targeting angiogenesis-associated genes may be an effective
anticancer treatment approach. Our findings, which revealed
variations in angiogenesis at all regulation levels, elucidate on
regulation of angiogenesis-associated genes in tumors. These
variations may in turn lead to differences in drug efficacies,
treatment responses and patient survival outcomes. However,
more studies should comprehensively investigate cancer
heterogeneity and individual-based treatment approaches.

CONCLUSION

This study provides the first comprehensive description of
angiogenesis-associated gene expressions in various tumor
types. Moreover, we systematically investigated the impact of
changes in expressions of all angiogenesis-associated genes on
clinical outcomes of various cancer types. Angiogenesis-
associated gene expressions were correlated with different
genomic and immunological tumor characteristics, implying
that they have prognostic values in both immunotherapeutic
and standard settings.
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Pigment Epithelium Derived Factor
Is Involved in the Late Phase of
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Cell-Cell Adhesion
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Organ tropism of metastatic cells is not well understood. To determine the key factors
involved in the selection of a specific organ upon metastasis, we established metastatic
cell lines and analyzed their homing to specific tissues. Toward this, 143B osteosarcoma
cells were injected intracardially until the kidney-metastasizing sub-cell line Bkid was
established, which significantly differed from the parental 143B cells. The candidate genes
responsible for kidney metastasis were validated, and SerpinF1/Pigment epithelium
derived factor (PEDF) was identified as the primary target. Bkid cells with PEDF
knockdown injected intracardially did not metastasize to the kidneys. In contrast, PEDF
overexpressing 143B cells injected into femur metastasized to the lungs and kidneys.
PEDF triggered mesenchymal-to-epithelial transition (MET) in vitro as well as in vivo.
Based on these results, we hypothesized that the MET might be a potential barrier to
extravasation. PEDF overexpression in various osteosarcoma cell lines increased their
extravasation to the kidneys and lungs. Moreover, when cultured close to the renal
endothelial cell line TKD2, Bkid cells disturbed the TKD2 layer and hindered wound healing
via the PEDF-laminin receptor (lamR) axis. Furthermore, novel interactions were observed
among PEDF, lamR, lysyl oxidase-like 1 (LoxI1), and SNAI3 (Snail-like transcription factor)
during endothelial-to-mesenchymal transition (EndoMT). Collectively, our results show
that PEDF induces cancer cell extravasation by increasing the permeability of kidney and
lung vasculature acting via lamR and its downstream genes. We also speculate that PEDF
promotes extravasation via inhibiting EndoMT, and this warrants investigation in
future studies.

Keywords: osteosarcoma, pigment epithelium derived factor (PEDF), metastasis, mesenchymal to epithelial
transition (MET), extravasation
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INTRODUCTION

Despite being a rare type of cancer, osteosarcoma (OS) is the
most common bone cancer, and occurs mainly in children and
young adults. Most of the currently used surgical treatments that
are combined with multiple-agent chemotherapy had been
established during the 70s-80s. The survival rate of OS
patients had improved at that time; however, further
significant treatments have not been developed (1, 2). OS has
heterogenous characteristics, and lacks any consistent unifying
event that could lead to its pathogenesis (1). High-grade
osteosarcomas have a high propensity for pulmonary
metastasis; over 75% of metastatic OS cases involve the lung.
Other organ metastases are extremely rare; however, the renal
metastasis of OS is often found with pulmonary metastasis after
death (3), and the hepatic metastasis of OS is found
microscopically after chemotherapy (4). Usually the OS
metastasize hematogeneously to lung and bones but rarely to
lymph nodes (5). It is crucial to determine the mechanism by
which osteosarcomas prefer to metastasize to specific organs, as
may be applicable to other cancers. However, most established
OS cell lines were found to be non-metastatic.

A v-Ki-ras-transformed cell line derived from the human
osteosarcoma (HOS) cell line 143B showed better growth and
survival in mice than HOS. It has been reported that 143B cells
form pulmonary metastases from orthotopic transplantations into
the tibia (6-8), even from a cutaneous tumor (9). Therefore, we
designed an experiment in which the orthotopic implantation of
143B caused distant metastatic lesions in the various organs.
However, our 143B cells did not show such strong phenotypes
from the knee joint injection or subcutaneous injection (data not
shown). We then tried to examine the intracardiac injection to
mimic circulating OS. In the orthotopic experimental model, OS
partially digests the bone, which may provide TGF-{3, subsequently
experiences neovascularization, intravasation, migration toward the
distant organ, anoikis resistance, and extravasation. Finally, OS
proliferates in the secondary site (10). However, OS can start as the
circulating population in the intracardiac injection model.
Therefore, the key function would be to elucidate the mechanism
of OS survival, arrest on a particular organ, extravasation, and
proliferation under suitable conditions. Anoikis resistance and
anchoring on the particular sites of the endothelial cells could be
mediated by various molecules, but it is ultimately consolidated into
the Akt pathway (10). Additionally, SDF1-CXCR4 could be
involved in the lung preference of OS metastasis (11, 12).
However, the cell surface anchor between OS and endothelial cells
remains unclear.

We successfully created metastatic sub-cell lines, and
identified the genes potentially responsible for the specificity of
metastasized organ. The details are presented in the following
result section. Furthermore, we identified SERPINF1/pigment
epithelium-derived factor (PEDF) as the gene responsible for the
renal metastasis from the established renal metastatic cell
line, Bkid.

PEDF is a Serine protease inhibitor family protein displaying
no inhibitory activity against serine protease (13). PEDF has
strong anti-angiogenesis activity, and its signaling is mediated by

laminin receptor (lamR), which is also known as RPSA (40S
ribosomal protein SA) (14, 15). PEDF is multifunctional, and has
another PEDF receptor, which is also known as PNPLA2, and is
a membrane-bound lipase molecule (16, 17). PEDF has been
reported to have anti-angiogenesis, anti-tumor, and anti-
metastasis properties in cancer (18-20). Particularly in OS,
PEDF was tested using SaOS-2, and it was found that PEDF
overexpression reduced the volume of the tumor and
microvessels in a mouse model (20). Furthermore, the
administration of recombinant PEDF protein in the orthotopic
spontaneous metastasis model using SaOS-2 showed therapeutic
effects in the primary and secondary OS lesions (21, 22).
However, a recent study reported that the role of endogenous
PEDF in cancer metastasis remains controversial and dependent
on the context of cancer cell types (23). Furthermore,
endogenous PEDF expression was observed in almost all
osteosarcomas (Supplemental Figure 1A). Therefore, we
hypothesized that endogenous PEDF may play an unknown
role in cancer metastasis.

In the present study, loss of PEDF function in Bkid tumors
blocked renal metastasis, and gain-of-function exhibited
pulmonary and renal metastasis. We also found that PEDF
expression increased the potency of mesenchymal-to-epithelial
transition (MET); however, we expected that MET might block
extravasation before forming nodules in the organs. Contrary to
this expectation, PEDF overexpression increased extravasation in
various osteosarcomas. Therefore, we examined the mechanism
underlying the extravasation. As it was expressed in the kidneys
and lungs, we further investigated the downstream signaling of
lamR, which is one of the receptor of PEDF (14) in the renal
endothelial cell line TKD2. As a result, lysyl oxidase-like 1
(LoxI1) (24) and SNAI3 (25) worked through the PEDF-lamR
axis in TKD2, and we elucidated that their direct molecular
interactions, while Snail2 and the other EMT/MET factors were
regulated in cancer. Collectively, these results suggest that PEDF
might increase extravasation, which is controlled by endogenous
receptor expression. Therefore, it exhibited organ specificity, and
extravasated cancer cells may undergo MET to form secondary
lesions. This study demonstrated a new role for endogenous
PEDF, particularly in the late phase of metastasis.

MATERIALS AND METHODS

Cell Lines and Culture Methods

We obtained 143B cells from the RIKEN BRC Cell Bank (Cat#
RCB0701, RRID: CVCL_9W36). Other osteosarcoma cell lines
were obtained from our collaborator (26). The osteosarcoma
cells were maintained in Eagle’s modified essential medium
(EMEM) (Millipore Sigma, Burlington, MA, USA) with 10%
fetal bovine serum (FBS) and sodium pyruvate at 37°C and 5%
CO,. The modified or subcloned cell lines of 143B and the other
osteosarcoma cell lines with lentivirus/retrovirus constructs (see
Supplemental Text) were also cultured in EMEM+10% FBS
along with the selection antibiotic G418 sulfate (800 pg/mL,
Inalco Pharmaceuticals, CA, USA), puromycin (2 pg/mL), or
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hygromycin B (400 pg/mL, Wako-Fujifilm, Osaka, Japan).
Mouse kidney endothelial TKD2 cells (RCB Cat# RCB0752,
RRID: CVCL_5598) were maintained in Dulbecco’s modified
essential medium (DMEM) containing 4500 mg/mL L-glucose,
2% FBS, sodium pyruvate, ITS-X supplement (x1 from x100
stock solution, Wako-Fujifilm), and 2.5 pg/mL EGF at 33°C, and
5% CO,.

Lentivirus and Retrovirus Preparation

A modified CSII-CMV-vector with a puromycin-resistant gene
was used to establish the 143B cell line, as described previously
(27). The selection of the cells with antibiotics and the information
on the vector are described in the Supplemental Text.

Animal Experiments and /n Vivo Imaging
All animal experiments were approved by the Akita University
Ethical Committee for Experimental Animals. The 143B cells
were cultured until subconfluent, rinsed with PBS, resuspended
in Hank’s buffered saline (HBSS), and injected into the left
cardiac ventricle of nude mice (Balb/c Slc, SLC JAPAN, five-
weeks-old) using 31G needle syringes containing 4 x 10° cells/
100 pL. The tumors were monitored once per week by
administering aLuciferin (250 pL/25 g nude mouse, 15 mg/mL
in PBS) (Avidin Ltd, Szeged, Hungary) and were observed using
the IVIS imaging suite (IVIS Lumina, Perkin-Elmer, Waltham,
MA, USA). In a separate experiment, mice were anesthetized
using isoflurane vapor, and 5 x 10* cells, 2 x 10° cells in 10 uL
were injected into their knee joints using a Hamilton syringe.

Microarray Analyses

RNA was obtained from established cell lines, and gene
expression was analyzed using a Gene Chip (Human v.2.0, GE
Healthcare, Chicago, IL, USA). Gene expression analyses and
drawing of the graphs or charts were performed using
Transcriptome Analysis Console 4.0 software (Affymetrix
Transcriptome Analysis Console Software, RRID : SCR_018718).

RNA Extraction, cDNA Synthesis, and
Quantitative Polymerase Chain Reaction
The cells were cultured under the appropriate conditions for
each experiment. RNA was extracted using PureLink RNA Mini
Kit (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
synthesized using the PrimeScript 1st strand cDNA Synthesis Kit
(Takara Bio Inc., Shiga, JAPAN). Quantitative PCR was
performed on a LightCycler Nano system (Roche Molecular
systems Inc, Pleasanton, CA, USA) using Brilliant III Ultra-
Fast SYBR Green master mix (Agilent Technologies, Santa Clara,
CA, USA). The sequential steps of reverse transcript and
quantitative PCR will be referred as qRT-PCR.

Oligonucleotides
All gqRT-PCR primers and oligonucleotides used for gene editing
are listed in the Supplemental Text.

The guide RNAs were transcribed using an all-in-one
CRISPR/Cas9 system (Thermo Fisher Scientific). Human and
mouse laminin receptor genome sequences were edited using
the PITCh method (Precise Integration into Target
Chromosome) (28, 29). The target sequences were also listed
in Supplemental Data.

Western Blots and Antibodies

The cells were lysed using PLC buffer (100 mM Tris-HCI, 1%
TritonX-100, 10% glycerol, 50 mM sodium vanadate, 1 mM PMSF,
and 1 x protease inhibitor cocktail). Before obtaining their organs,
the mice were perfused with PBS to remove blood from the organs.
Each mouse organ was dissected briefly using scissors and
homogenized in PLC buffer. Large fragments were removed by
centrifugation, and the cleared samples were treated as described
above. The antibodies used in this study were follows: Anti-PEDF/
SerpinF1 (R&D Systems Cat# AF1177, RRID : AB_2187173), Anti-
Cadherin-11 (R&D Systems Cat# MAB1790, RRID : AB_2076970),
Anti-N-cadherin (BD Biosciences Cat# 610920, RRID :
AB_2077527), Anti-K-cadherin (Millipore Cat# MAB2013,
RRID : AB_11210468), Anti-CD31 (Abcam Cat# ab28364, RRID :
AB_72636), Anti-SPARC (Sigma-Aldrich Cat# HPA003020, RRID :
AB_1079531), Anti-laminin receptor (RPSA/67LR) (GeneTex Cat#
GTX23099, RRID : AB_367077), Anti-PNPLA2 (R&D Systems
Cat# AF5365, RRID : AB_2165678), Anti-phosphor-Akt (Ser473
(D9E)XP, Cell Signaling Technology Cat# 5012, RRID :
AB_2224726), Anti-Akt (CST, Cat# 9272, RRID : AB_329827),
Anti-phospho p38 (CST, Cat# 9210, RRID : AB_330710), Anti-p38
MAPK (CST, Cat# 9212, RRID : AB_330713), Anti-phospho p42/
44 MAPK (CST, Cat# 4094, RRID : AB_10694057), Anti-p42/44
MAPK (CST, Cat# 9102, RRID : AB_330744), Anti-Slug (Snail2)
(CST, Cat# 9585, RRID : AB_2239535), Anti-MMP9 (Millipore
Cat# AB19016, RRID : AB_91090), Anti-MMP14 (Abcam Cat#
ab51074, RRID : AB_881234), Anti-MMP15 (Abcam Cat# ab15475,
RRID : AB_301885), Anti-Lipoma preferred partner (LPP) (Abcam
Cat# ab63621, RRID : AB_956113) Anti-f3-catenin (Abcam Cat#
ab79089, RRID : AB_1603423), Anti-alpha-tubulin (Sigma-Aldrich
Cat# T5168, RRID : AB_477579).

Immunohistochemistry (IHC) and
Immunofluorescence (IF)

The procedures of immunostaining have been described
previously (30). The preparation of the paraffin-embedded
samples and sectioning of the paraffin blocks were provided by
Akita University Bioscience Education-Research Support Center.

Miles Assay

We followed the procedure described in the text and video of a
previous study (31). The stock solution (5%) of Evans blue (EB)
(Wako-Fuyjifilm) was prepared in PBS, and the diluted (0.5%)
solution was sterilized using a 0.45 um syringe filter (SARSTEDT
AG&Co.KG, Niimbrecht, Germany). EB was introduced through
the tail vein of mice injected with MG63 cells two weeks ago.
After each organ was dissected, the weights of each organ were
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measured, and the EB in each organ was extracted using
formamide solution for 24 h. The absorbance of EB was
measured at 610 nm using a Multiskan FC system (Thermo
Fisher Scientific).

Double-Sided Culture of Cancer Cluster
and the Endothelial Layer

GFP-expressing TKD2 (TKD2-GFP) cell line was established. The
TKD2-GFP cells were cultured on the bottom side of the culture
insert by flipping the atelocollagen membrane insert (AteloCell
CM-24, Koken, Japan). Next, 143B and 143B+PEDF cells were
separately cultured on low-adherent culture dishes for 2 days, and
143B/143B+PEDF spheroids were prepared. After obtaining the
confluent layer of TKD2-GFP cells, the culture insert was flipped
again, and a few spheroids of 143B/143B+PEDF were placed on the
opposite side of the membrane over the TKD2-GFP cell layer (see
schematic diagram in Figure 6E). After 2 days, the culture inserts
were briefly fixed with 4% PFA, washed and permealized by PBS
+0.01% TritonX-100, and immuno-stained with anti-3-catenin
antibody. Next, the membranes were cut out from the culture
insert, and the samples were mounted on a slide with Mowiol
(Sigma). The images were obtained under the confocal microscope
LSM780 (Carl Zeiss Microscopy GmbH, Jena, Germany), and the
Z-stack images were reconstructed by IMARIS software (Imaris,
RRID : SCR_007370).

Cell Proliferation and Wound

Healing Assay

To obtain data on cell proliferation and wound healing assays, we
performed experiments on the Holomonitor M4 (HoloMonitor
system, RRID : SCR_019231). For cell proliferation counting, six-
well plates were used (SARSTEDT), the multiple positions were
imaged, and the cell numbers were analyzed using Hstudio
software (version 2.7.3, PHI AB). For wound healing assay of
TKD2, we used the culture-insert two-well plate to separate the
monolayer of the culture cells (ibidi #80206, Martinsrid,
Germany). The cell-free area of the wound was imaged, and the
reduction in the area was also analyzed using Hstudio software.

Immunoprecipitation and

HaloTag Pulldown

For FLAG-tag immunoprecipitation (IP), cells were lysed using
RIPA buffer (50mM TrisHCI, 150mM NaCl, 0.5% Sodium
Deoxycholate, 0.1% Sodium dodecyl sulfate, 1% NP-40). The
input was taken before IP. FLAG-M2 affinity agarose gels (Sigma,
A2220) were washed by RIPA buffer several times until washing
solution became clear, blocked using 0.1% BSA in RIPA buffer
for 30 minutes, washed once, and mixed with 0.5 mg/mL protein
lysates for 3 hours at 4°C. The agarose bed was washed using
RIPA buffer three times for 5 minute at 4°C. The washed agarose
bed was incubated with 100pg/mL of 3xFLAG peptides (Sigma)
in TBST buffer for 1 hour. The eluates were separated from the
bed by centrifuge. For HaloTag purification, cells were lysed
using HaloTag purification buffer (50mM HEPES, 1mM
Dithiothreitol, ImM EDTA, 1mM EGTA, 0.05% NP-40).
HaloTag acryl beads were rinsed twice with HaloTag

purification buffer, and mixed with 0.5 mg/mL protein lysate
for 30 minutes at room temperature. The beads were washed
with HaloTag purification buffer three times for 5 minutes at
room temperature. The beads was boiled for 3 minutes to extract
the proteins.

RESULTS

Establishment of the Sub-Cell Lines From
the Intracardiac Injections of 143B

According to the previous paper, 143B, an osteosarcoma cell line,
could metastasize into lung even from the cutaneous tumor (9).
We were especially interested in the highly metastatic potential
of 143B; therefore, we prepared our own 143B +mCherry-IRES-
luciferase2 sub-cell line (referred to as 143B). However, 143B did
not show pulmonary metastasis for four-six weeks, both from
orthotopic or subcutaneous injection (data not shown).
Therefore, we performed intracardiac injection of 143B; the
cells were monitored by luciferase imaging and were soon
observed in the adrenal glands (Figures 1A-D). We further
followed the secondary metastatic lesions (data not shown) and
enhanced the organ-tropism of metastasis by repeated injections
to establish different sub-cell lines (Figure 1E). Once 143B cells
consistently metastasized into the liver (called Bliv), they were
used for several repeated injections, following which the cells
were suddenly biased to renal metastasis (Figure 1F) or lymph
node metastasis (Figure 1G). The initial metastasis in the specific
organ was observed very weakly after four to five weeks from the
cardiac injection, however, the repeated injections increased the
aggressiveness of these sub-cell lines, and the luciferase signals
could be observed within three weeks after the third time
injection since the sub-population was detected in the specific
organs (data not shown). Finally, we established two biased
metastatic sub-cell lines from 143B: the renal-specific Bkid and
lymph node-specific Blym.

PEDF Is Upregulated in Sub-Cell Lines
That Frequently Infiltrate into the Kidney
After establishing the sub-cell lines of 143B, we performed gene
chip (Human Gene 2.0 ST array, Affymetrix) analyses of 143B
+mCherryIRES-luc2 (143B), Bkid (renal metastasis), and Blym
(lymph node metastasis). A total of 48226 transcript clusters (tc)
were analyzed; 523 tc (> 2.0-fold increase) was found in the
comparison between Bkid and 143B, whereas 273 tc (> 2.0-fold
increase) was found in the comparison between Blym and 143B.
Therefore, Bkid was considered the most significantly different
subclone of 143B. We then selected genes that were increased in
Bkid compared to 143B. The results are summarized in
Table 1. A hierarchy plot between 143B and Bkid revealed the
most effectively upregulated genes in Bkid (Figure 2A). We
further validated these results using quantitative real time
polymerase chain reaction (qQRT-PCR) (Figures 2B-G). The
levels of SLC14A1 (32), LAMC2 (33), LURAP1 (34), and
DDIT4 (35) were slightly different from the results of the
microarray analyses (Figures 2A-D). Serin proteinase inhibitor
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FIGURE 1 | Establishment of osteosarcoma sub-cell lines. (A) In vivo luciferase imaging of 143B expressing mCherry-IRES-Iuciferase 2 (143B) after four weeks.
Signals in the adrenal glands were detected after two-three weeks. (B) Kidneys dissected with the adrenal gland of 143B-injected mice. (C) There was no renal
metastatic lesion on the left side of (B). (D) Cancer cells infiltrated the adrenal gland, while no renal metastasis was observed. (E) Schematic diagram of repeated
intracardiac injections of osteosarcoma cells. (F, G) Results of intracardiac injections of the aggressive cell line. (F) The lesions quickly spread throughout the nude
mice within three weeks. The cells metastasized to the liver three times and started to infiltrate the kidney. Note that the renal signals of luciferase appeared before
the adrenal gland signal became dense. (G) Metastatic lesions in the shoulder lymph node after two-repeated injections gathered from lymph node metastasis. The

family F1/Pigment epithelium derived factor (SERPINF1/PEDF)
(36), slit-related kinase 6 (Slitrk6) (37), and Amelotin (38) (data
not shown) remained as candidates (Figures 2F, G). Further
validation of the gene expression profiles of these upregulated
genes showed that PEDF was expressed in various osteosarcoma
cell lines (Supplementary Figure 1A), whereas Slitrké protein
was truncated in the SaOS-2 cell line (Supplementary
Figure 1B). Bkid cells were derived from the hepatic
metastasized sub-cell line (Bliv), as described above. Thus, we
examined whether PEDF was acquired by 143B cells
(Figure 2H). Immunoblot analysis revealed that PEDF did not
increase in Bliv and accumulated after Bkid differentiation
(Figure 2H). Thus, PEDF was considered the best candidate
gene for kidney-specific metastasis in 143B cells.

Regarding cell morphology, Bkid formed a cohesive sheet
compared to 143B (Figure 2I). Thus, we searched for cell-cell
adhesion molecules in the microarray and found that R-, K-, and
N-cadherin were upregulated in Bkid cells (Figure 2J). N-
cadherin upregulation was unique to Bkid cells (Figure 2K).
To choose the target of interest among the candidates, we
examined them by overexpressed them in 143B cells (data not
shown), and found that N-, OB-, and K-cadherin were increased
when PEDF was overexpressed in 143B cells (Figure 2L).
Therefore, we investigated the role of PEDF in Bkid cells.

PEDF Knockdown in Bkid Cells Blocks
Renal Metastasis

To determine whether PEDF is responsible for the renal
metastasis of Bkid cells, we performed loss-of-function
analyses. PEDF protein was mostly reduced by transfection
with the microRNA (miR) expression vector (Figure 3A).
Next, we examined the renal metastasis of Bkid cells with
PEDFmiR, and confirmed that Bkid cells had metastasized into
the kidney 20 days after their cardiac injection (Figure 3B, left),
whereas PEDF-knockdown Bkid cells (Bkid+PEDFmiR cells) did
not metastasize to the kidney (Figure 3B, right column).
However, PEDF knockdown did not block the hepatic
metastasis (Figure 3C). A tumor was found inside the kidney
of Bkid-injected mice (Figure 3D, left, met), but not in Bkid+
PEDFmiR-injected mice (Figure 3D, right). In the liver, both
cells formed nodules (Figure 3E), with no difference in the
number or size between the hepatic lesions of Bkid and Bkid
+PEDFmiR cells. First, the overall levels of PEDF were tested in
the Bkid tumor compared to Bkid+PEDFmiR (Figure 3F). The
specificity of PEDF-IHC was tested by staining the gel-embedded
cells (Figure 3G). To determine whether the cells still have
osteosarcoma properties, we examined SPARC/osteonectin
expression (39) in the kidney (Figures 3H, I). SPARC
expression was observed in both the kidney and adrenal glands
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TABLE 1 | Gene expression comparison between 143B and Bkid cells.

ID Bkid Avg 143B Avg Fold Change Gene Symbol Description
16852179 8.68 3.75 30.51 SLC14A1 solute carrier family 14 (urea transporter),
16674845 8.94 4.36 23.76 LAMC2 laminin, gamma 2

16829570 9.18 5.08 17.16 SERPINF1 pigment epithelium derived factor), member 1
16967513 7.04 3.45 12.07 AMTN amelotin

16670185 9.03 5.55 11.15 LOC284561 uncharacterized LOC284561

16996415 6.51 3.14 10.38 ACTBL2 actin, beta-like 2

17083614 8.52 5.3 9.37 LURAP1L leucine rich adaptor protein 1-like

16705961 8.34 5.38 7.79 DDIT4 DNA damage inducible transcript 4

16803754 7.08 4.29 6.93 CEMIP cell migration inducing protein

16686271 8.68 5.89 6.92 RNU5F-1 RNA, USF small nuclear 1

16766578 6.52 3.9 6.15 DDIT3 DNA-damage-inducible transcript 3

16942367 4.43 1.85 5.98 Unknown

16780133 6.18 3.64 5.84 SLITRK6 SLIT and NTRK-like family, member 6
17088446 6.71 4.18 5.8 LOC105376235 uncharacterized LOC105376235

17117867 7.71 5.34 5.18 Unknown

16734877 4.85 7.3 -5.46 HBE1 hemoglobin, epsilon 1

17001985 212 4.62 -5.68 LINC01470 long intergenic non-protein coding RNA 1470
17088527 3.76 6.35 -6.03 TLR4 toll-like receptor 4

16708796 3.3 6.03 -6.66 INA internexin neuronal intermediate filament protein, alpha
17070482 3.77 6.67 -7.44 Unknown

16940203 3.69 6.62 -7.61 RTP3 receptor (chemosensory) transporter protein 3
16734902 3.81 6.78 -7.85 OR5111; olfactory receptor, family 51, subfamily I,
16865782 4.71 7.72 -8.05 RFPL4ALA1 ret finger protein-like 4A-like 1

16921456 5.47 8.56 -8.52 Unknown

16853375 4.34 7.65 -9.91 Unknown

17024315 3.18 7.1 -156.35 Unknown

16734898 2.23 6.22 -15.88 OR51B2 olfactory receptor, family 51, subfamily B, member 2 (gene/pseudogene)
16734886 3.37 7.57 -18.31 HBG?2; HBE1 hemoglobin, gamma G; hemoglobin, epsilon 1
17020497 3.01 7.37 -20.54 Unknown

16734883 3.18 7.9 -27.2 OR51B4 olfactory receptor, family 51, subfamily B, member 4

Gene chips (Human Gene 2.0 ST array, Affymetrix) were hybridized with 143B, Bkid, and Blym RNA each other. Total 48226 transcript clusters (tc) were analyzed, and the results were
initially cut by the threshold 2.0 offold increase. Bkid vs 143B showed unique 523 tc, and Blym vs 143B showed unique 273 tc. Thus, Bkid cells were most differentiated cell line. We further
increased the threshold to 5, and cut off the genes in the comparison between Bkid vs 143B. The results were listed in the table.

of Bkid (Figure 3H, left, arrows), whereas only in adrenal gland
of Bkid+PEDFmiR (Figure 3H, right).

PEDF Ligands Are Found on the Cellular
Surface of Kidney or Kidney Vein Cells

Next, we investigated the expression of PEDEF-related genes
(Figures 3], K). PEDF expression was diffusible, which was
mostly observed in the cavity of the adrenal gland lesions
rather than in the cancer cells (Figure 3F). Close observation
revealed that PEDF expression was localized on the surface of
podocytes around the glomerulus and inside the glomerulus
(Figure 3]). We presumed that the PEDF ligand might be
anchored to the cell surface receptor. In a similar section, we
found that one of the PEDF receptor molecules, laminin
receptor/67lr (lamR) (14), accumulated on podocytes and
glomeruli (Figure 3K); however, PEDF and lamR were faint or
negative in the kidneys of Bkid+PEDFmiR-injected mice
(Figures 3], K, right columns). Therefore, PEDF proteins may
be secreted from infiltrated cancer cells and attached to kidney
podocytes or kidney vascular cells (Figure 3L).

PEDF Reduced Blood Vessels in

Liver Tumors

Both Bkid and Bkid+PEDFmiR cells were able to infiltrate the
liver (Figures 3C, E), possibly because the acquisition of PEDF in

Bkid occurred after differentiation from Bliv cells (Figure 2H).
PEDF is known to inhibit angiogenesis or tumor
neovascularization (13, 20). We were not able to compare this
function in the kidney because only Bkid had renal metastasis;
thus, we performed IHC of CD31 in liver tissues (Figures 3M, N)
(40). In Bkid-injected mice, CD31-positive cells did not shape the
closed blood vessels (Figure 3M, above), while the closed vessels
were observed in Bkid+PEDFmiR tumors (Figure 3N, above),
and the tumor-liver tissue border showed it more clearly
(Figures 3M, N, below). The number of closed vessels was
significantly lower in the Bkid tumors (Figure 30).

Therefore, these data suggest that either Bkid or Bkid lacking
PEDF could form hepatic metastatic lesions in the 143B nature;
however, the function of PEDF as a neovascularization inhibitor
was intact in the liver tumor. Moreover, hepatic phenotypes were
not involved in the PEDF acquisition in Bkid.

143B+PEDF Quickly Causes Pulmonary
Metastasis

The most common destination for osteosarcoma metastasis is
the lung; thus, to test the lung infiltration ability of 143B or 143B
+PEDF, we performed knee-joint injections of these cell lines
and monitored them using in vivo imaging (Figure 4A). The
143B +PEDF cell line metastasized to the lung within 28 days
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FIGURE 2 | Gene expression profile between 143B parental (143B) and 143B renal metastatic cells (Bkid). (A) The hierarchy plot of the gene expression profiles of
the comparison between 143B and Bkid. (B-G) The validations of gene-tip analyses by quantitative RT-PCR (qRT-PCR). The results of gPCR with the primer sets:
(B) SLC14A1, urea transporter gene (C) laminin C2 chain gene (LAMC2). (D) LURAP1 (E) DDIT4 (F) Serin protease inhibitor F1/pigment epithelium derived factor
(PEDF) (G) Slit related kinase 6 (Slitrk6) (H) Immunoblot by anti-PEDF antibody or anti-alpha tubulin among sub-cell lines. Blym is a cell line from lesion of lymph
node. Bliv is a cell line from hepatic metastasis, later developed as Bkid. (I) The morphological changes between 143B and Bkid cells. (J) The scatter plot of the
gene expression profiles of cadherin family genes between 143B and Bkid. Cdh6 (K-cadherin), Cdh2 (N-cadherin) and Cdh4 (R-cadherin) expression levels were
upregulated. (K) The endogenous N-cadherin increased in Bkid cells. (L) PEDF overexpression in 143B reproduced Bkid phenotypes. OB-cad, N-cad, and K-cad
were increased co-incidentally with PEDF overexpression.
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+PEDFmIR cells. The adrenal metastasis was observed. Also, by Bkid cell injections, the renal metastasis was observed frequently (left, 12-positive/12), while no
renal nodule was observed in Bkid+PEDFmIR injected mouse (right, 17-negative/18). The ruler is Tmm square. (C) The hepatic metastases of both cells were not
inhibited with or without PEDF. (D) The section Hematoxylin/Eosin (H&E) staining of the similar samples to (B). The adrenal hypertrophy was observed both in Bkid-
and Bkid+PEDFmIR-injected mouse organs. The renal metastatic lesion (met) was seen as the lighter color. The scale is 2 mm. (E) The hepatic metastasis. Both
tumors had the cavity. (F) PEDF-immunohistochemistry (IHC) of the section (D). PEDF staining was observed inside of the adrenal gland cystic vesicle of Bkid
tumors. The overall staining level of PEDF in Bkid tumor was higher than Bkid+PEDFmIR cells. The scale is 1 mm. (G) IHC for PEDF on paraffin sections of collagen
gel-embedded 143B and 143B+PEDF cells. (H-L) The renal section IHC by various antibodies. (H) Anti-SPARC (osteonectin)-IHC indicates that the lesions are
derived from the injected osteosarcoma. In the section of kidney from Bkid-injected mouse, there is SPARC-positive tumor both in kidney and adrenal gland sides.
On the right, the kidney from Bkid+PEDFmiR-injected mouse had SPARC-positive cells only in adrenal gland. The scale indicates 100 um. (I-L) The scale indicates
20 pm. (I) The higher magnified picture of the tissue surrounded glomerulus. There is SPARC-positive cells were seen around the glomerulus of Bkid-injected mouse
(arrow), while no signal was seen in Bkid+PEDFmIR-injected mouse, (J) PEDF-IHC. PEDF was accumulated in the podocytes around the glomerulus. (K) 67kDa
laminin receptor (lamR)-IHC. lamR is a potential PEDF receptor. Arrows indicated lamR signals in the podocytes around and the vein in the glomerulus. (L) CD31-IHC
in glomerulus. (M, N) The liver section IHCs with CD31 antibody. The vascular formation was observed. (M) No closed blood vessel was seen in Bkid tumor (above).
Near the tumor-liver boundary in Bkid sample (below). (N) The blood vessels could be seen as the closed oval form in Bkid+PEDFmMIR tumor (above). Tumor-liver
boundary of Bkid+PEDFmIR (below). There were a lot of the closed blood vessels (arrowheads). (O) The closed shapes of CD31-staining were counted only in the
tumor regions, and the results were normalized by CD31-positive area. PEDF expression severely disturbed the formation of blood vessels (p=0.015). ad, adrenal
gland; kid, kidney; met, metastatic lesion; liv, liver.
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FIGURE 4 | PEDF overexpression promoted the MET-like behavior in pulmonary metastasis. (A-K, M) The results of higher doses (2 x 10° cells) injections into the
knee joints. (A) In vivo luciferase-imaging of 143B/143B+PEDF cells after 28 days from the injection. The signals were observed in the lung of 143B+PEDF cell-
injected mice (right, six positive/10: one dead), while no signal was seen in thorasic region of 143B-injected mice (left, zero positive/nine). (B, C) The H&E stain of
knee joint and femur section. The scale bar indicates Tmm. (B’, C’) SPARC-IHC of the adjacent section of (B, C). The scale bar indicates 1 mm. (B) The 143B cells
(ca; arrow) were mainly observed outside of the knee bone. (B’) SPARC-IHC. The cells outside of the joint were osteosarcomas. (C) 143B+PEDF cells were
observed inside of the bone (ca; arrow). (C’) SPARC-IHC of (C). The SPARC-positive cancer cells were seen both in the bone marrow (bm) and the joint. The
opened arrowheads mean the position of the bone. (D) The H&E stain of the pulmonary metastatic lesion of the 143B+PEDF-injected mouse. The square of the
broken line is the region of interest in (E-G). (E-G) The lung vascular border in 143B+PEDF cell-injected mouse at higher magnification. The cancer cells inside and
outside the vasculature are connected with each other. The scale bar indicates 50 pm. (E) shows H&E staining of these sections. (F) shows IHC for CD31 on a
similar section. The endothelial cell layer is very thin. (G) shows IHC for PEDF. PEDF-positive cells are present both inside and outside the vein. (H-K, M) The 143B
+PEDF tumor in the lung at higher magnification. The scale bar indicates 50 um. (H) shows H&E staining of the inside and outside of vasculature. () shows IHC for
CD31 indicating the endothelial layer. (J) shows IHC for B-catenin on both sides of the boundary. (K) shows IHC for PEDF also on both the sides. (L) IHC for B-
catenin-in the normal bronchial tube near the tumor lesion. (M) IHC for B-catenin in the tumor far away from the vascular boundary. Arrowheads indicate strong
staining on cell—cell junctions. (N) Immunoblot of 143B and Bkid cell lysates. OB-cadherin and K-cadherin was upregulated, whereas Snail2 was downregulated. The
ratios of phosphorylated to whole Akt for each sample are shown between the blots. The ratio of phosphorylated to whole p38MAPK, and the ratio of
phosphorylated to whole ERK1/2 are also shown between each blot. Expression of MMP9 was diminished in Bkid cells, whereas that of MMP14, MMP15, and LPP
was decreased. (0) Comparisons between Bkid and Bkid+PEDFmIR cell lysates. The amount of PEDF were reduced. The ratios of phosphorylated to whole Akt and
phospho-p38MAPK to whole p38 are also shown between the blots. The phosphorylation level decreased upon PEDF knockdown. Snail2 was upregulated in Bkid
+PEDFmIR, whereas K-cadherin was downregulated. (P) Zymography indicating that metalloprotease activity was increased upon PEDF knockdown. The
upregulated MMP was mainly MMP9.
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(Figure 4A, right; six positive out of nine mice, one died earlier),
whereas 143B parental cell lines did not show any metastasis
during the same period (Figure 4A, left; zero positive in thorasic
level out of nine mice). The 143B cells were observed around the
knee joint (Figure 4B), whereas 143B +PEDF cells efficiently
invaded the bone marrow of the femur (Figure 4C), which was
confirmed by SPARC staining (Figures 4B, C). We also analyzed
the pulmonary metastatic lesions (Figures 4D-G) and found
that 143B cells were not seen in the lungs (data not shown),
whereas the 143B +PEDF cells infiltrated the lung tissues or
blood vessels (Figure 4D). The vascular wall (endothelial cells)
had already been thin in the metastatic lesion (Figures 4E, F);
further, PEDF staining was observed in these tumors
(Figure 4G). We closely observed the cell-cell adhesions inside
and outside the blood vessels (Figures 4H-K, M). The
endothelial layer was shown by CD31 staining (Figure 4I), and
both B-catenin and PEDF signals were observed on both sides of
the vascular boundary (Figures 4], K), and 3-catenin IHC was
accumulated in the cell-cell junctions (Figure 4], arrow). When
we looked at the position far away from the blood vessels, many
143B +PEDF cells formed cell-cell adhesions in the lung
(Figure 4M), while the bronchial tube showed similar staining
(Figure 4L). Therefore, these data suggest that PEDF may
promote mesenchymal-to-epithelial transition (MET)
after extravasation.

PEDF Promotes Mesenchymal-to-
Epithelial Transition (MET)

To understand why PEDF increased metastatic lesions, we
analyzed the protein expression of 143B/Bkid. As mentioned
above, K- and OB-cadherins were upregulated by PEDF
(Figure 4N). Phosphorylation of Akt and p38MAPK signaling
was also upregulated in Bkid cells (Figure 4N). We found that
epithelial-to-mesenchymal transition (EMT)-related markers,
such as Snail2, MMP9, and MMP14, were downregulated in
Bkid cells (Figure 4N). Moreover, we previously reported that
MMP15, under the control of the transcriptional co-factor LPP,
digests N-cadherin in lung cancer cells, and that loss of LPP
function caused abnormal stabilization of N-cadherin (27).
Similarly, in Bkid cells, MMP15 and LPP were downregulated
(Figure 4N). Thus, these results indicate that Bkid partially
promotes MET. To determine if this MET phenotype is due to
PEDF expression, we compared Bkid cells and PEDEF-
knockdown cells (Figure 40). PEDF-knockdown in Bkid cells
resulted in a reduction in the phosphorylation of Akt and
p38MAPK, and upregulation of Snail2 (Figure 40). Moreover,
K-cadherin expression was reduced (Figure 40). Further,
zymography of Bkid and PEDFmiR cell supernatants showed
that the activity of MMP-9 was also upregulated in PEDEF-
knockdown cells (Figure 4P). Therefore, PEDF expression in
Bkid cells promoted MET phenotypes, at least partially.

PEDF Delays Cell Delamination Without
Affecting Cell Proliferation

The experiments above showed that PEDF caused an MET-
promoting phenotype; thus, we examined the MET marker

expression to determine the general role in the osteosarcomas;
however, the basal expressions of osteosarcomas were very
different from each other (data not shown). Therefore, we
examined whether PEDF overexpression had similar effects on
other osteosarcomas. First, the effect of PEDF on cell
proliferation was tested in 143B, MG63, and U20S cells
(Figures 5A-C). The proliferation of PEDF-overexpressing
cells was slightly higher than that of the control cells
(Figure 5A-C). Furthermore, we examined the autocrine
effects of PEDF in Bkid cells (Figure 5D). Neither PEDF
knockdown nor laminin receptor knockout affected cell
proliferation (Figure 5D). We also examined the wound
healing abilities of each cell line because PEDF might
block cell delamination by increasing the epithelial-like
character (Figures 5E-H). PEDF significantly delayed
wound healing in MG63 and U20S cells, similar to that in
143B cells (Figures 5E-G). Loss-of-PEDF or lamR showed faster
healing (Figure 5H), while only the targeted protein was reduced
(Figure 5I). Therefore, PEDF expression caused MET-
promoting phenotypes in other osteosarcoma cells without
changing cell proliferation.

Low Numbers of 143B+PEDF Cells
Infiltrate Into the Liver and Kidney

As mentioned above, the orthotopic injection of PEDF-
overexpressing 143B caused pulmonary metastasis (Figure 4),
and the mice died of respiratory failure before showing renal
metastasis. Thus, we injected smaller amounts of cancer cells and
observed them for a much longer period (Supplementary
Figure 2). The leg tumors of 143B +PEDF were larger than
those of 143B (Supplementary Figures 2A, B). While the hepatic
metastasis was not obvious because the superficial nodules did
not appear (Supplementary Figure 2C), and the renal phenotype
was clearly observed (Supplementary Figure 2D). In the liver
sections, the inflammatory cells accumulated around the central
vein; however, no apparent metastatic tumor was observed
(Supplementary Figures 2E-H). On the other hand, a renal
metastatic tumor was observed (Supplementary Figures 2I, J),
and the cancer cells surrounded the glomerulus in 143B +PEDF
cell-injected mice (Supplementary Figures 2K-N). Therefore,
PEDF overexpression in 143B could also bias metastasis toward
the kidney.

PEDF-R and Laminin Receptor Expression
in the Kidney, Liver, and Lung

To understand why Bkid cells prefer to infiltrate the kidney or
lung, an understanding of endogenous receptor expression in
mouse organs is necessary. The phospholipase molecule
PNPLA2 is a putative PEDF receptor (41). The other receptor
molecule laminin receptor/67Ir (lamR) (14), has already been
described above. Thus, we performed western blot analyses of the
endogenous protein levels of these genes in mouse organs
(Figure 6A). PNPLA2 was strongly expressed in the liver and
weakly expressed in the lungs and kidneys (Figure 6A, arrow).
LamR was clearly expressed in the kidneys and lungs (Figure 6A,
arrow), whereas it was truncated in the liver (Figure 6A,
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FIGURE 6 | The effects of PEDF on extravasation and inhibition of EndoMT. (A) Immunoblot of mouse spleen (Sp), kidney (Kd), liver (Lv), and lung (Lu) lysates by anti-
PEDF receptor molecules. PNPLA2/PEDF-R was expressed in liver and lung. Laminin receptor/67Ir (lamR) was expressed in the kidney and the lung (arrow). The lamR in
liver sample was truncated (open arrow). The endogenous PEDF was not significantly different among these organs. (B) The cells extravasated in the lung of tail intravenous
injected U20S+mCherry (above). The cells extravasated in the lung of U20S+PEDF (+mCherry) injected mouse. The mCherry-positive cells were observed everywhere in
the lung (below). (C) After two weeks of the intracardiac injection of MG63Neo or MGE3+PEDF, Evans Blue (EB) dye was injected from the tail vein two hours before the
sacrifice. EB dye was visualized as the red fluorescence, and when the vascular permeability was increased, the EB dye remained in the organs (See Materials & Methods).
In MG63+PEDF-injected mouse lung, the large puncta of EB remained (right) while the small vein was stained in control (left). (D) The quantitative analyses of Milles assay
shown in (C). The remained EB dyes were extracted from each dissected organ by the heated formamide and quantified by ODggo. (E) The schematic illustration of the
double-sided cell culture on the atelocollagen membrane. The mouse kidney endothelial cell line, TKD2 cells expressing GFP (TKD2-GFP) were cultured on the one side of
the chemically cross-linked atelocollagen membrane, and the appropriate size of 143B cell cluster was transferred on the other side of the membrane. We could see the
localized effects of PEDF because only secretory molecules could go across this cross-linked membrane (See Material and Methods). (F, G) The Z-stack images were taken
under the confocal microscopy. The nucleus of the cells (blue), TKD2-GFP (green), osteosarcomas (red), and B-catenin immunofluorescence (IF) (white) images were
merged. (F) TKD2 layer was disturbed by 143B+PEDF. The optical section of TKD2 side (above). The projection image of cancer side (below). (G) B-catenin IF of TKD2
layer. B-catenin staining was disappeared from the region where the opposite side were occupied by the cancer cells. (H) The schematic diagram of the wound healing
assay of TKD2-derived cell layers. TKD2 cell layers were formed inside of the silicon molds. The cancer cells were cultured around the mold, and time-lapse images were
captured after removing the mold. (I) Westem blot analyses of TKD2-laminin receptor knockout cells (lamRKO). The PEDF or its receptor expressions were not changed.
W, K) [TKD2 migrations with Bkid (red)], [TKD2 with Bkid+PEDFmIR (pink)], [TKD2-lamRKO cell migrations with Bkid (blue)] and [TKD2-lamRKO with Bkid+PEDFmIR (dark
blue)], [TKD2 with Bkid-lamRKO(purple)] and [lamRKO-TKD2 with Bkid-lamRKO (green)]. (K) The graph indicated the cell free area at 14 hours after the start. PEDF
knockdown in Bkid cells or lamR knockout in TKD2 accelerated the endothelial cell migration. NS, Not significant. The symbol *** means 4 digit below the decimal point,
enough significant difference according to the result of t-test.
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open arrow). Thus, the phenotype of Bkid in the kidney may be
mediated by the laminin receptor.

PEDF Overexpression Induces
Extravasation of Osteosarcoma Cell Lines
We hypothesized that MET phenotypes caused by PEDF
overexpression might obstruct extravasation. Then, we
performed tail vein injection of U20S+mCherry cells with or
without PEDF, and fixed the lung two hour after injection
(Figure 6B). Contrary to our initial expectation, PEDF
increased the extravasation of cells in the lung (Figure 6B). To
confirm these results, we injected MG63+Neo (MOC vector)
cells or MG63+PEDF cells in the heart, and after two weeks, we
injected Evans Blue (EB) dye from the tail vein, and then
dissected the lung (Figure 6C). Because the molecular weight
of EB dye is almost the same as the membrane pore size, the
Milles assay can be used to indicate increased vascular
permeability (31). MG63 could not survive for more than two
weeks (data not shown), suggesting that PEDF overexpression
increased vascular permeability (Figure 6C, right). We further
quantified the remaining EB in each organ (Figure 6D). The
estimated amounts of EB seemed to be increased in the kidneys
and lungs by PEDF overexpression (Figure 6D), while the liver
did not show such an increase. These data suggest that PEDF
overexpression in osteosarcoma may increase vascular
permeability in the kidneys and lungs.

PEDF Inhibits Endothelial Cell Layer
Formation via Laminin Receptor

To determine how PEDF affects extravasation, we focused on the
layer-forming ability of TKD2, a kidney endothelial cell line.
TKD2 could be a model for the glomerular endothelial cells (42),
which may be suitable for testing the extravasation. Thus, we
designed the assay to observe the interaction between the
endothelial layer and the cancer cells (Figure 6E). A confluent
TKD2 cell layer was prepared on the bottom side of the culture
insert, and a cancer cluster was prepared separately, which was
then placed on the atelocollagen membrane. The membrane is
chemically cross-linked; thus, the cells never across the
membrane. However, the effect of the secretory molecules can
be distinctly observed (Figure 6E). The cluster of 143B+PEDF
reduced the number of TKD2 cells on the opposite side of the
cancer cluster (Figure 6F, below), whereas the cluster of 143B
did not disturb theTKD2 layer (Figure 6F, above). The f3-catenin
immuno fluorescence staining showed the cell-cell adhesions of
TKD2 were highly disturbed by PEDF overexpression
(Figure 6G, below). We conducted similar assay with Bkid and
Bkid+PEDFmiR cells (Supplementary Figure 3A, B), and
observed that Bkid+PEDFmiR cells did not disturb the TKD2
layer (Supplementary Figure 3B). Therefore, we inferred that
the close contact between PEDF-overexpressing and endothelial
cells might have increased cell permeability. Next, to analyze the
cell-cell interactions more quantitatively, TKD2 and 143B cells
(or derivative cells) were separated using a silicon mold, and the
cell-free area between TKD2 layers was then observed
(Figure 6H). TKD2 migrated rapidly when co-cultured with

143B cells, whereas PEDF overexpression delayed their
migration over time (Supplementary Figure 3C). We
established a TKD2-lamR knockout cell line without changing
the expression of PNPLA2 or PEDF (Figure 6I). Next, we tested
various combinations of TKD2 with or without lamR, and Bkid
with or without PEDF (Figure 6J). When lamR expression in
TKD2 cells and PEDF expression in Bkid cells was inhibited, the
endothelial cells migrated at the highest speed (Figure 6], dark
blue). The results at 14 h were compared (Figure 6K,
PANOVA=3.37E-15), and the t-test of each pair was also
performed (Figure 6K, ***p<0.001). These data suggest that
PEDF expression in Bkid cells effectively inhibited the layer
formation process in renal endothelial cells, and the signals for
this inhibitory process might be mediated by lamR in TKD2 cells.

PEDF-lamR Downstream in
TKD2-Endothelial Cells

The PEDF-lamR axis is known to be mediated by Akt
phosphorylation (43). First, we analyzed the expression of
Snail2 or the other MET-related markers by western blotting,
as shown in Figure 4; however, mouse Snail2 was not detected by
this method (data not shown). Therefore, we investigated the
genes targeted by lamR using the Akt inhibitor wortmannin
(WMN) (Figure 7A). The condensed Bkid supernatant (Bkid
sup) increased Akt phosphorylation, and the basal level of
phosphorylation was high because TKD2 culture medium
supplemented with epidermal growth factor. WMN treatment
reduced Akt phosphorylation (Figure 7A), and the expression of
various genes involved in this process was analyzed (Figure 7B).
Lysyl oxidase-like 1 (LoxI1) expression was upregulated by Bkid
stimulation and inhibited by the addition of WMN. We analyzed
the expressions of Snaill and 2, however, no significant change in
their expression was observed (Figure 7B, data not shown). We
found that SNAI3 expression was inhibited by the Bkid
supernatant and upregulated by the addition of WMN. Thus,
we identified LoxI1 and SNAI3 as candidate LamR downstream
genes. SNAI3 overexpression in TKD2 cells increased the
expression of marker associated with endothelial-to-
mesenchymal transition (EndoMT), and co-expression SNAI3
with PEDF cancelled the EndoMT-upregulation by SNAI3
(Figure 7C). Tcfl2 is an osteopontin upstream gene that is
involved in EndoMT (44). S100A4 and ACTA2 are both
fibroblastic markers (45, 46), and their upregulation may
indicate transient EndoMT. SM-22a, also known as transgelin,
is a smooth muscle cell protein, which serves as an EndoMT
marker (47). SM-22a upregulation by SNAI3 overexpression was
not inhibited by co-expression of PEDF; thus, we inferred that
strict regulation of SNAI3 expression was required for the
maintenance of the endothelial cell layer. We also found that
the known EMT marker, metadherin (48), was expressed with
the occurrence of EndoMT. Endogenous SNAI3 levels in SNAI3
overexpressing TKD2 cells was monitored; however, no
significant difference was observed in SNAI3 levels
(Figure 7C). We established Loxl1-overexpressing TKD2 and
conducted the same assay, as shown in Figure 6E. TKD2-Loxl1
blocked the effects of PEDF-knockdown Bkid cells (Figure 7D).
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FIGURE 7 | PEDF-lamR downstream in TKD2 endothelial cells. (A) The phosphorylation of Akt in TKD2 cells were stimulated by Bkid supernatant and inhibited by
wortmanin (WMN) treatment. The numbers showed the ratio of phosphorylated Akt to Akt. (B) The gPCR of the same sample as (A). Lysyl-oxidase like 1(LoxI1) was
increased by Bkid stimulation and blocked by WMN. Conversely, SNAI3 (Snail3) expression was downregulated by Bkid and increased by Bkid+WMN, while Lox/2
and Snail2 were not affected by such stimulations. MMP2 were regulated similarly to SNA/3. (C) The gene expressions of PEDF-overexpressing, SNAI3-
overexpressing and SNAI3+PEDF-coexpressing TKD2. Endothelial-to-mesenchymal Transition (EndoMT) markers were tested. Tcf12, ST00A4 (fibroblastic), ACTA2
(fibroblastic) markers indicated that SNAI3 overexpression promoted the EndoMT, and SNAI3 function was blocked by PEDF-coexpression. SM-22a (smooth muscle
protein) was not inhibited by PEDF. The known EMT marker, Metadherin (MTDH) was also upregulated by SNAI3 overexpression. The endogenous SNAI3 was not
significantly changed by the overexpression. (D) TKD2+LoxI1 cell line was established. The layer formation of TKD2 with Bkid+PEDF-KD was promoted, however,
TKD2+LoxI1 with Bkid+PEDF-KD was inhibited as same as that of TKD2+Bkid. (E, E’) The co-immunoprecipitation between 3xFLAG-LoxI1 and EGFP-ETV1
(negative control of EGFP-tag) and EGFP-SNAI3. FLAG-tagged bovine alkaline phosphatase (3xFLAG-BAP) was negative control of FLAG-tag. LoxI1 pulled down
SNAI3 while LoxI1 lacking Lox domain (LoxI1AL) could not bind to SNAI3 same way as full-length LoxI1, thus, the center of binding between SNAI3 and LoxI1 is the
Lox domain of LoxI1. (E’) The co-expression of lamR protein did not affect on the binding between LoxI1 and SNAI3. (F) The binding between HaloTag-fusion
protein of laminin receptor (Halo-lamR) and 3xFLAG-LoxI1 was tested with or without Bkid stimulations. LoxI1 could bind to lamR (lane 2), while Bkid stimulation
released LoxI1 from Halo-lamR (lane 5). Non-specific binding was slightly increased after adding Bkid proteins (lane 4).

We infer that SNAI3 promotes EndoMT, and its expression is  other; For this purpose, we first examined the binding affinity
enhanced by Akt inhibition. In contrast, Loxl1 inhibits EndoMT,  between Loxl1 and SNAI3 (Figure 7E). SNAI3 mainly bound to
and its expression is promoted by Bkid cell stimulation. Next, we ~ the Lox domain of Loxl1 (Figure 7E), and lamR expression did
tested whether SNAI3 and Loxll directly interacted with each ~ not disrupt the binding affinity between SNAI3 and Loxll
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(Figure 7F’). Next, we then tested the binding affinity between
lamR and Loxl1 (Figure 7F). In absence of Bkid sup stimulation,
Loxl1 bound to lamR (Figure 7F, lane 2). However, the binding
affinity was disrupted under the Bkid sup stimulation (Figure 7F,
lane 5). In summary, Loxl1 may associate with lamR until Bkid
cell stimulation, and the released Loxl1 may bind to SNAI3 and
inhibit EndoMT upon endothelial layer formation.
Collectively, our results suggest that PEDF expression
increases the permeability of kidney and lung vasculature
owing to its association with endogenous lamR expression.
Thus, the PEDF-lamR axis may promote the extravasation of
cancer cells and may be involved in target organ specificity.

DISCUSSION

We sought to identify the mechanisms underlying the organ
tropism of metastasis in osteosarcoma; however, the candidate
for the renal metastasis-specific gene was unexpectedly an anti-
cancer molecule, PEDF. Until now, PEDF function has been
examined in a wide range of cancers, including osteosarcoma,
prostate cancer, breast cancer, and hepatocellular carcinoma (19,
20, 43, 49-51). PEDF shows anti-angiogenic, anti-tumor, and
anti-metastatic effects (18, 19, 22, 23, 52). However, the role of
endogenous PEDFs in cancer cells has not been thoroughly
investigated. Here, we discuss the differences between previous
studies and the present study. Interestingly, we found that PEDF
only affected renal and pulmonary metastases; therefore, we
could conclude that the PEDF-lamR axis also controlled
organ tropism.

PEDF is a promising candidate for anticancer drugs.
However, we observed contrasting effects of PEDF in
osteosarcoma cell lines, possibly because of the following
reasons. First, the anti-angiogenic activity of PEDF was shown
to inhibit tumor vascular formation (49, 53). Similar to previous
observations, the inhibitory effect of PEDF on tumor vasculature
was observed (Figure 30); however, it did not interfere with
hepatic metastasis (Figure 3C). This study suggests that organ
vascular inhibition by PEDF may promote extravasation into the
target organ (Figures 6B-D). At least some part, the phenotype
of the extravasation was reproduced by the co-culture assay
shown in Figures 6E-G.

The anti-tumorigenic activity of PEDF in OS has been
previously reported in SaOS-2 (18). The synthetic peptide of
PEDF has been demonstrated to exert anti-tumorigenic activity
(52, 54). In addition, the administration of recombinant PEDF
protein showed the therapeutic effects on the primary OS and the
secondary pulmonary tumor in an orthotopic animal model
using SaOS-2 (22). However, the researchers also reported that
there were no significant differences in the mean number of
pulmonary micrometastasis between treatment and non-
treatment groups (22), and the similar observation from the
synthetic peptides test was also reported (52). It was speculated
that the proliferation in the secondary lesions may be involved in
these phenotypes (22). In our study, PEDF overexpression in
143B increased the pulmonary metastatic lesions (Figure 4D)

and MET (Figure 4M), which may be favorable for the local
growth of metastasized cells in the lung. Moreover, PEDF also
exerted anti-oxidative stress activity (16, 55). In fact, the cell
survival signal was increased in Bkid cells but reduced following
PEDF knockdown, as evidenced by the increase in the
phosphorylation of Akt and p38MAPK (Figures 4N, O). Cell
proliferation was slightly increased in three different cell lines
(Figure 5), whereas PEDF inhibited proliferation and induced
apoptosis in SaOS-2 (19). Additionally, PEDF causes necrosis in
prostate cancer (49). Although Fas or death receptors are
frequently negative in the pulmonary metastatic lesions of OS
(1), cell death is still involved in the development of the
secondary lesions. Therefore, the effects of endogenous PEDF
on micrometastasis, cell survival, cell death, and the cell type-
dependent differences should be carefully analyzed in
future studies.

Third, PEDF has shown anti-metastatic effects in epithelial
cancer cells (14, 19, 20). Notably, we showed that Bkid cells
showed a decrease in EMT factors, which were reversed by PEDF
knockdown (Figures 4N, O). It was reported that PEDF
downregulated MMP9 and inhibit invasion in malignant U251
glioma (53), MMP downregulation is same as our result, but the
output is opposite. Our study was performed in osteosarcoma,
which is mesenchymal, and we skipped the early phase of
metastasis, such as EMT and intravasation, by intracardiac
injection (Figures 1, 3). If PEDF blocked EMT in epithelial
cancer cells in the early phase of metastasis, we also concluded
that PEDF had anti-metastatic function; however, the same
function could be used for MET after extravasation (Figure 4).

We also found novel molecular interactions among PEDEF-
lamR-Loxl1-SNAI3 (Figure 7). In Bkid cells, gain-of-function
and loss-of-function analyses of PEDF showed the regulation of
Snail2 (Figures 4N, O). We examined gene expression in TKD2,
a renal endothelial cell line, but Snail2 expression was not
detected in TKD2 using the same antibody used in Figure 4N
(data not shown). We found the RNA expression of mouse
Snail2 later in the qRT-PCR (Figure 7B); however, it still did not
respond to PEDF stimulation (Figure 7B, data not shown). Thus,
we once examined Snaill; however, it did not work as well (data
not shown). Finally, we found that SNAI3 responded to Bkid
stimulation and WMN treatment (Figures 7A, B). It has been
reported that lysyl oxidase-like 2 (Loxl2) interacts with Snail
(56). Again, Loxl2 did not respond to PEDF stimulation
(Figure 7B). We examined Loxl1-4 expression (data not
shown), and found that Loxll responds to stimulation
(Figure 7B). The laminin receptor can bind to laminin and
PEDF in the extracellular space, and it is also known as
ribosomal protein SA (Rpsa) (15), which works at the inner
cellular. Loxl proteins are extracellular enzymes involved in
matrix modification (24), which work upon EMT (57-59);
however, their cellular function has also been reported.
Therefore, both Loxls and lamR have multi-distribution
properties. We found that lamR could bind to Loxl1, and Bkid
stimulation released Loxl1 freely. Because lamR did not interfere
with the binding between Loxll and SNAI3 (Figure 7E), free
Loxll may bind to SNAI3. We also found that LoxI1
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overexpression was like PEDF overexpression in terms of
inhibition of TKD2 migration (Figures 6], 7D), and that LoxI1
is promoted by Bkid stimulation under the control of lamR/Akt
signaling (Figures 7A, B). Conversely, SNAI3 gene regulation
was opposite to that in Loxl1, while SNAI3 enhanced EndoMT
gene expression (Figure 7C). Therefore, it is reasonable to
conclude that LoxI1 binds to SNAI3 to block transcription, and
subsequently blocks EndoMT. Recently, the extracellular roles of
lysyl oxidase (LOX) and these Loxl proteins have been reported
(24, 58-61). LOX antibody-conjugated liposome was used for
cancer-targeting drug deliverly because cancer cells secrete LOX
during EMT (60). Further study on the inner cellular and
extracellular roles and the potential feedback regulation of
Loxl1 via PEDF is encouraged. Interestingly, pseudoexfoliation
syndrome was associated with LoxI1 gene function (62), and it
has been recently shown that PEDF expression level was also
correlated with pseudoexfoliation (63). So far, there is no direct
relationship between these studies, however, our finding may
give them some connection.

Further study on patient specimens is a viable direction for
future research. Our data suggested that the signal flow from
PEDF to SNAI3 and its downstream molecules may control the
extravasation and reorganization of tumor in specific target
organs. In addition, the various combinations of these proteins
may be key to predicting organ tropism of metastasis.
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Object: At present, there are few effective treatment options available to patients suffering
from osteosarcoma (OS). Clarifying the signaling pathways that govern OS oncogenesis
may highlight novel approaches to treating this deadly form of cancer. Recent
experimental evidence suggests that the transmembrane protein tetraspanin-9 (Tspan9)
plays a role in tumor development. This study was thus formulated to assess the
molecular role of Tspan9 as a regulator of OS cell metastasis.

Methods: Gene expression in OS cell lines was evaluated via gRT-PCR, while CCK-8,
colony formation, Transwell, and wound healing assays were used to explore the in vitro
proliferative, invasive, and migratory activities of OS cells. The relationship between
Tspan9 and in vivo OS cell metastasis was assessed by injecting these cells into the tail
vein of nude mice. Interactions between the Tspan9 and integrin B1 proteins were
explored through mass spectrometric and co-immunoprecipitation, and Western
blotting to assess the functional mechanisms whereby Tspan9 shapes OS pathogenesis.

Results: Both primary OS tumors and OS cell lines commonly exhibited Tspan9
upregulation, and the knockdown of this tetraspanin suppressed the migration,
invasion, and epithelial-mesenchymal transition (EMT) activity in OS cells, whereas
Tspan9 overexpression resulted in opposite phenotypes. Tumor lung metastasis were
significantly impaired in mice implanted with HOS cells in which Tspan9 was
downregulated as compared to mice implanted with control HOS cells. Tspan9 was
also found to interact with B1 integrin and to contribute to OS metastasis via the
amplification of integrin-mediated downstream FAK/Ras/ERK1/2 signaling pathway.

Conclusion: These data suggest that Tspan9 can serve as a promising therapeutic target
in OS.

Keywords: osteosarcoma, Tspan9, EMT, integrin B1, metastasis, FAK-Ras-ERK1/2 pathway
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Tspan9 Promotes Osteosarcoma Progression

INTRODUCTION

Osteosarcoma (OS) is the most prevalent form of primary bone
malignancy affecting children and adolescences, most commonly
manifesting in the epiphyseal region of the proximal tibia and
distal femur (1). The treatment of OS is currently primarily
focused on a combination of surgical resection, adjuvant
chemotherapy, and postoperative chemotherapy (2). However,
as OS tumors are highly malignant and aggressive, patients
generally exhibit poor 5-year survival rates, particularly in
individuals with early lung metastases in whom these rates are
<30% (3). Efficacious OS treatment is hindered by the emergence
of chemoresistant OS tumors (4) and by chemotherapy -induced
organ damage (5). At present, no biomarkers or therapeutic
targets specific for OS have been identified or leveraged in a
clinical context, and there is thus a clear need to further explore
the molecular mechanisms governing OS pathogenesis and
metastasis in order to design more effective treatments capable
of prolonging the survival of affected patients.

The tetraspanin family of conserved 4-transmembrane
proteins (TM4SF) proteins each harbor a small extracellular
loop (EC1), a large extracellular loop (EC2), N- and C-
terminal cytoplasmic tails, and four hydrophobic
transmembrane domains (TM1-4) (6). To date, 33 human
tetraspanins have been identified and found to be expressed in
most tissues, including Tspan8, CD63, CD82, and CD151 (7).
These tetraspanins can bind with surface proteins and other
molecules at the plasma membrane in tetraspanin-enriched
membrane microdomains (TEMs). By interacting with
integrins, receptor molecules, and other signaling
intermediaries, tetraspanins can activate downstream signaling
to control key physiological processes including apoptosis,
adhesion, differentiation, oncogenesis, and metastatic tumor
progression (8-10).

Tspan9 (NET-5, PP1057) is a tetraspanin that has been
shown to promote platelet aggregation (11) and alphavirus
transport (12). Prior evidence also suggests that Tspan9 can
suppress the development of gastric cancer. Indeed, Li et al. (13)
determined that Tspan9 was able to inhibit SGC7901 cell
proliferation via suppressing the G1/S phase transition while
simultaneously promoting MMP-9 downregulation via the
ERK1/2 pathway to compromise cellular migratory and
invasive activity. The overexpression of Tspan9 can also impair
FAK-Ras-ERK signaling and EMT induction to hamper
metastatic gastric cancer progression (14). Tspan9 can further
enhance tumor cell 5-fluorouracil resistance via the inhibition of
the PI3K/Akt/mTOR pathway and the induction of autophagic
activity (15). Given that different TM4SF proteins play distinct
roles as suppressors or promoters of oncogenesis in a context-
dependent manner, however, it is impossible to reliably predict
the functional role of Tspan9 as a regulator of OS tumor cell
survival, migration, or metastasis. For example, both CD9 and
CD82 are tetraspanins that function to primarily suppress
tumor growth, whereas Tspan8 and CD151 are primarily
oncogenic. However, in ovarian cancer and invasive lobular
breast cancer, CD151 can bind to integrin o3Pl to regulate
signaling pathways downstream of this complex, ultimately

impairing tumor progression (16, 17). Tspan7 can similarly
inhibit bladder cancer, liver cancer, and multiple myeloma, yet
it promotes non-small cell lung cancer. No studies to date have
clarified the functional importance of Tspan9 in OS, and the
mechanistic role of this tetraspanin in this cancer remains to be
elucidated, particularly in the context of EMT induction and
tumor metastasis.

Distant tumor cell metastasis remains a major barrier to
effective OS patient treatment. Epithelial-mesenchymal
transition (EMT) is a process integral to metastatic progression
wherein tumor cells shed their epithelial-like properties and
instead acquire more motile mesenchymal characteristics. EMT
induction is critical to malignant cell dissemination in the
context of OS progression (18, 19), and EMT-regulating
transcription factors including the zinc-finger- binding
transcription factors Snail and Slug, zinc finger E-box
-binding homeobox 1 (ZEB1), and the Twistl and Twist2
basic helix-loop-helix (bHLH) factors have been shown to
control this process in OS cells and to regulate associated
metastasis (20-22). Integrins, which are heterodimeric
receptors with o and B subunits that bind to the extracellular
matrix, also regulate tumor malignancy. For example, the ov33
and PB1 integrins have been linked to worse clinical outcomes and
to enhanced metastasis in OS (23-25). By binding to specific
ECM ligands and cell surface molecules, integrins can trigger
context-appropriate intracellular signaling that can shape a
variety of physiological or pathological processes (26). The
focal adhesion kinase (FAK) and extracellular regulated protein
kinases (ERK) enzymes are essential mediators of proliferative
and migratory activity in cancer cells, and they are also directly
involved in signaling downstream of integrin activation (27-29).
As molecular scaffolds, tetraspanins such as CD9, CD63, CD81,
CD82, CD151, and Tspan8 commonly bind to specific integrins
within TEM domains. However, whether Tspan9 can interact
with integrins and whether these interactions are related to OS
cell aggression remain to be established.

Herein, we assessed Tspan9 expression in OS and found it to
be upregulated in both OS patient tumor tissues and in OS cell
lines. Through in vitro and in vivo analyses of the mechanistic
importance of Tspan9 in OS, we found that it was able to not
only promote EMT induction as a means of driving tumor cell
metastasis, but also to interact with integrin f1 and to thereby
enhance FAK-Ras-ERK1/2 signaling activity within tumor cells.
Overall, our study offers new insight into the role of Tspan9 in
OS and highlights its promise as a potential diagnostic biomarker
and therapeutic target in this oncogenic context.

MATERIALS AND METHODS

Microarray Data Collection

Microarray datasets related to gene expression profiles in OS
samples were downloaded from the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo). These
include the GSE12865 dataset [2 normal osteoblast (OB)
samples and 12 OS tissue samples], the GSE33383 dataset [11
normal mesenchymal stem cells (MSC) samples, 3 OB samples,
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and 84 primary OS tissue samples], and the GSE42352 dataset
(11 MSC samples, 3 OB samples, and 19 primary OS cell lines),
all of which were used for differential gene expression analyses.

Cell Culture

HEK293T cells and the human hFOBI1.19, HOS, U20S, and
Mg63 OS cell lines were obtained from the Chinese Academy of
Cell Resource Center and were cultured in DMEM/MEM (Gibco,
CA, USA) containing 10% fetal bovine serum (ScienCell, USA)
and penicillin/streptomycin in a 5% CO, incubator at 37°C.

RNA Extraction and Quantitative
Real-Time Polymerase Chain Reaction
(GRT-PCR)

A gRT-PCR approach was used to assess change in gene
expression. Briefly, a total of 1x10° cells in 6-well plates were
lysed to prepare RNA with a MiniBEST Universal RNA
Extraction kit (Takara, Dalian, China), after which a First
Strand ¢cDNA Synthesis kit (Takara) was used to prepared
cDNA based on provided directions. SYBR Premix Ex Taq
(Takara) and a Step-One Plus RT-PCR System (Applied
Biosystems, Shanghai, China) were used to perform gRT-PCR
reactions with the following settings: 30 s at 95°C; 40 cycles of 5 s
at 95°C and 34 s at 60°C. The 2"**“* method was used to assess
relative gene expression, with GAPDH being used for
normalization. Primers used in this study are listed in Table 1.

Transfection

To knockdown Tspan9, OS cells were transfected with Tspan9-
specific siRNA oligonucleotide duplexes (siTspan9#1,
siTspan9#2, siTspan9#3) or a control siNC construct
purchased from Biolino Nucleic Acid Technology Co., Ltd.
Briefly, cells were grown to 30-50% confluency, at which time
they were transfected with siNC or siTspan9 (100 nM) in serum-
free Opti-MEM using Lipofectamine 3000 (Thermo Fisher
Scientific, Inc.) based on provided directions. At 6 h post-
transfection, Opti-MEM was exchanged for complete media,

TABLE 1 | The siRNA and shRNA sequences used in this study.

Name Sequences

Tspan9 Forward AACGAGAACGCCAAGAAGGA
Reverse CGTTGTTCTCGGTGTGGTACA

GAPDH Forward ATGGAAATCCCATCACCATCTT
Reverse CGCCCCACTTGATTTTGG

Tspan9 siRNAs

siTspan9#1 Sense UGGACAAGGUGAACGAGAATT
Antisense UUCUCGUUCACCUUGUCCATT

siTspan9#2 Sense CUGAAGAACGCCUGGAACATT
Antisense UGUUCCAGGCGUUCUUCAGTT

siTspan9#3 Sense CCAAGAAGGACCUGAAGGATT
Antisense UCCUUCAGGUCCUUCUUGGTT

Negative Control (siNC) Sense UUCUCCGAACGUGUCACGUTT
Antisense ACGUGACACGUUCGGAGAATT

Tspan9 shRNAs

shTspan9#1 5-3 TGGACAAGGTGAACGAGAA

shTspan9#2 5'-3 CTGAAGAACGCCTGGAACA

Negative Control (shNC) 5-3 TTCTCCGAACGTGTCACGT

and knockdown efficiency was subsequently confirmed via
qRT-PCR.

Stable Cell Line Establishment
To stably knock down Tspan9, two shRNAs specific for this gene
and one control shRNA were purchased from Shanghai
GenePharma Co.,Ltd. HOS cells were then transduced with
lentiviruses encoding shTspan9#1, shTspan9#2, or shNC
sequences in media supplemented with 10% FBS and 8 pg/mL
polybrene. At 48 h post-transduction, puromycin (2 mg/mL) was
added to cells, which were then cultured for 1 week to yield stably
transduced cell lined as confirmed based upon fluorescence
microscopy analyses of green fluorescent protein (GFP) positivity.
A FLAG-tagged PGMLV-6946 Tspan9 expression vector was
purchased from GenePharma Technology Co., Ltd (Shanghai,
China). U20S cells were transduced with prepared lentiviral
particles encoding this construct, and stably transduced cells
were then selected with blasticidin (2 mg/mL). In addition, stable
Tspan9 overexpression and knockdown were confirmed through
qRT-PCR and Western blotting. All shRNA sequences used
herein are listed in Table 1.

RNA-Sequencing (RNA-Seq)

Total RNA was extracted from HOS cells stably transduced with
shTspan9 or shNC, and an Agilent Bioanalyzer 2100 (Agilent
Technologies, Inc., USA) was used to confirm RNA integrity. An
Mumina HiSeq 2000 instrument (Illumina, Inc., USA) was then
used to perform deep RNA-sequencing of these samples.
Differentially expressed genes (DEGs) were then identified (P <
0.05, and fold-change > 2) and subjected to Gene Ontology (GO;
http://www.geneontology.org) and KEGG (https://www.genome.
jp/kegg) enrichment analyses aimed at identifying the signaling
pathways whereby Tspan9 influences the development of OS.

Viability and Proliferation Assays

A CCK-8 assay was used to evaluate cell viability. Briefly, siRNA-
treated cells were seeded in 96-well plates (2000/well) in
triplicate, and after 72 h, 10 uL of CCKS8 solution (Dojindo
Molecular Technologies, Inc., China) was added per well. After a
1 h incubation in the dark, absorbance at 450 nm was measured
via microplate reader (Thermo Fisher Scientific, Inc.). Colony
formation assays were also used to evaluate OS cell proliferation.
Briefly, cells were added to 6-well plates (5000/well) and
subjected to siRNA transfection. After incubation for 10-14
days, colonies were fixed for 15 min with methanol, stained for
30 min with 0.1% crystal violet, rinsed using distilled water, and
colony numbers were then quantified.

Migration and Invasion Assays

Wound healing and Transwell assays were conducted to evaluate
OS cell migration. In wound healing assays, OS cells stably
expressing shTspan9 or shNC were grown to 95% confluency
in 6-well plates. Following starvation for 24 h in serum-free
media, three horizontal and three vertical scratch wounds were
generated in the cell monolayer using a sterile 1 mL pipette tip.
Wounds were imaged at 0, 24, and 48 h in at least 16 fields of
view per well via microscopy, and Image] was used to quantify
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migration as follows: migration rate (%) = [1 - (wound area at 24
h or 48 h/wound area at 0 h)] x 100%. The mean value was
calculated based on 10 random fields of view. In Transwell
migration assays, 2 x 10* cells in 150 uL of serum-free media
were added to the upper chamber of a 24-well Tranwell insert
(#3464, Corning, USA), while the lower chamber was filled with
600 UL of media supplemented with 10% FBS. Following an 18 h
incubation, PBS was used to wash cells two times, and they were
then fixed with methanol, stained with crystal violet, and non-
migratory cells were removed with a cotton swab. Transwell
invasion assays were conducted via a similar approach using
Matrigel-coated Transwell inserts (#354480, BD, USA). IN those
assays, 500 UL of serum-free medium containing 1x10° cells was
added to the upper chamber of this insert in a 24-well plate, while
the lower chamber was filled with 700 UL of media containing
10% FBS. Following a 20 h incubation, non-invasive cells were
removed, while invasive cells were fixed and stained. For both
Transwell assays, cells in 6 random fields of view were imaged via
microscopy and counted.

Western Blotting

Cells were grown to ~95% confluence in cell culture plates, at
which time chilled RIPA buffer (Roche Applied Science,
Penzberg, Germany) was used to extract proteins from cells for
10 min, after which samples were sonicated to facilitate lysis
(Ningbo Scientz Biotechnology, Zhejiang, China). After
centrifugation for 1 min at 12,000 rpm, supernatant protein
levels were measured via BCA assay (Biyuntian Biotechnology,
Shanghai, China). Next, 6-12% SDS-PAGE was used to separate
protein samples prior to their transfer onto 0.45 um PVDF
membranes (Millipore, USA). Blots were then blocked for 1 h at
room temperature with 5% non-fat milk in TBST, followed by
overnight incubation with appropriate primary antibodies at 4°C
and a subsequent 45 min incubation with secondary antibodies.
Tanon Image Software v1.0 (Tanon Science and Technology Co.,
Ltd.) was then used to detect protein bands, with B-actin serving
as a loading control. Primary antibodies specific for Tspan9
(1:300, #ab106412, Abcam), B-Catenin (1:1000, #8480, CST), N-
Cadherin (1:1000, #13116, CST), FN1 (1:1000, #A12932,
ABclonal), Vimentin (1:1000, #5741, CST), Snail (1:1000,
#3879, CST), total-FAK (1:1000, #ab40794, Abcam), phospho-
FAK (1:500, #AP0302, ABclonal), Ras (1:1000, #ab52939,
Abcam), total-ERK1/2 (1:1000, #4695, CST), phospho-ERK1/2
(1:1000, #4370, CST), Flag (1:1000, #F7425, Sigma), and integrin
B1/ITGB1 (1:500, #A2217, ABclonal) were utilized, while anti-
rabbit and anti-mouse IgG (1:5000, CST) were employed as
secondary antibodies.

Immunoprecipitation (IP) Assay

U20S cells expressing FLAG-tagged Tspan9 or control
constructs were cultured in 10 cm dishes and then lysed using
chilled RIPA buffer supplemented with protease inhibitors. The
resultant lysates were subjected to sonication, centrifuged for 1
min at 12,000 rpm, and supernatants were transferred to a fresh
tube. For IP assays, 250 UL of anti-Flag M2 agarose beads
(#A2220, Sigma) were rinsed three times using PBS (2 min/
wash), collected via centrifugation at 8,000 rpm, and combined

with lysates. These samples were then incubated at 4°C for 2 h
under constant agitation. Precipitates were then collected,
washed three times using PBS, combined with sample loading
buffer, boiled, and used for Western blotting analyses as above.

Mass Spectrometric Analysis

HEK 293T cells were transfected with FLAG-Tspan9 or FLAG
empty vector. At 48 h post-transfection, cells were
immunoprecipitated with anti-FLAG M2 agarose beads. The
Tspan9-interacting proteins were identified by mass spectrometry.

Ras Inhibition

U20S cells stably expressing the MOCK or OE-Tspan9
constructs were treated for 48 h with the Ras inhibitor
Salirasib (50 uM; #HY-14754), after which they were used in
assays of migratory and invasion activity. Changes in
intracellular signaling proteins were assessed via
Western blotting.

In Vivo Metastasis Assay

The Animal Ethics Committee of the Third Affiliated Hospital of
Soochow University approved this study. Female BALB/c nude
mice (5-6 weeks old, Qinglong Mountain Animal Breeding
Center, Nanjing, China) were housed in a climate-controlled
animal facility (26 °C, 12h light/dark cycle) with sterile bedding,
food, and water that were replaced every other day. To establish a
model of murine lung metastasis, these mice received an
intravenous injection of HOS cells (shNC or shTspan9#1) via
the lateral tail vein (2.0 x 10° cells/animal). After 4 weeks, all
animals were euthanized and lungs were collected, immersed for
24 h in phosphate-buffered formalin, and metastases visible on
the lung surface and bottom were counted by eye. Whole lungs
were then embedded, cut into sections, and subjected to
hematoxylin-eosin (H&E) staining. Prepared sections were
imaged at 5 x and 10 x magnification.

Statistical Analysis

SPSS v 21.0 (IBM Corp., NY, USA) was used for all statistical
testing. qRT-PCR data are given as means + standard error
values, while other data are given as means + standard deviation.
P < 0.05 was the threshold of significance, and all studies were
repeated in duplicate or triplicate.

RESULTS

Human OS Tissue Samples and Cell

Lines Exhibit Tspan9 Upregulation

We began by evaluating extant microarray datasets from the
GEO database (GSE12865, GSE33383, and GSE42352) to analyze
the expression of Tspan9 in human OS samples. In the
GSE12865 dataset, we observed significant Tspan9
upregulation in OS tissues relative to normal osteoblast cells
(OBs) (fold-change = 2.131, P = 0.0037) (Figure 1A). It was also
upregulated in OS tissues compared to healthy mesenchymal
stem cells (MSCs) (fold-change = 1.9651, P =0.0004) and OBs
(fold-change = 3.5611, P =0.0005) according to the GSE33383
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FIGURE 1 | Human OS cells and tumor tissue samples exhibit Tspan9 upregulation. (A-C) Tspan9 mRNA levels were significantly elevated in OS tumor tissues and
cell lines in the GSE12865, GSE33383, and GSE42352 datasets relative to levels in normal MSCs and OBs. (D) Relative Tspan9 mRNA levels were markedly
increased in HOS cells relative to control hFOB1.19 cells, whereas no changes were evident in U20S or Mg63 cells as assessed via gRT-PCR. GAPDH served
as a normalization control. (E) Western blotting results revealed that Tspan9 protein expression in HOS but not U20S and Mg63 was significantly higher compared to
hFOB1.19 cells. B-actin was used as a loading control and for normalization. Data are means + SD from two independent experiments. (F) ROC curves and AUC values
were determined using the GSE33383 and GSE42352 datasets. *P < 0.05; **P < 0.01; **P < 0.001; Student’s t-test. Tspan9, Tetraspanin-9; MSC, mesenchymal stem
cell; OB: osteoblast; OS: osteosarcoma; GEO: Gene Expression Omnibus; gRT-PCR, quantitative reverse -transcription polymerase chain reaction; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; SD, standard deviation; ROC, receiver operating characteristic; AUC, area under the curve.

(Figure 1B). Similarly, in the GSE42352 dataset, Tspan9 was
significantly upregulated in OS cell lines as compared to
corresponding MSC (fold-change = 1.9787, P = 0.0037) and
OB (fold-change = 3.5857, P = 0.0054) control samples

(Figure 1C). We further evaluated Tspan9 expression levels in
a series of human OS cell lines and found that HOS cells
exhibited significantly higher Tspan9 mRNA and protein levels
relative to the normal osteoblast hFOB1.19 cell line when
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analyzed via qRT-PCR (Figure 1D) and Western blotting assays
(Figure 1E). Receiver operating characteristic (ROC) curves were
then generated using the GSE33383 and GSE42352 datasets, and
analyses of these curves indicated that Tspan9 can serve as a
valuable biomarker capable of differentiating between OS tumors
or cells and corresponding normal control samples (Figure 1F).
Prior research has indicated that Tspan9 can play an anti-
oncogenic function in gastric cancer. In contrast, our present
results suggest that Tspan9 is upregulated in OS, suggesting that
it may serve as a positive regulator of OS progression.

Tspan9 Knockdown Suppresses the
Proliferation of OS Cells

To clarify the functional role of Tspan9 as a regulator of OS cell
proliferation, we utilized three siRNA constructs specific for this
tetraspanin (siTspan9#1, siTspan9#2, siTspan9#3) to knock
down its expression in HOS cells, with gqRT-PCR being used to
confirm Tspan silencing at 72 h post-transfection relative to the
siNC control group (Figure 2A). We then conducted a CCK-8

assay to evaluate the viability of these HOS cells, and found that
Tspan9 knockdown was associated with a significant decrease in
HOS cell survival over a 72 h period relative to control treatment
(Figure 2B). Colony formation assays were further conducted to
explore the relationship between Tspan9 expression and the
proliferation of HOS cells. On day 12 post-transfection,
significantly fewer colonies were observed in the siTspan9
group relative to the siNC group (Figure 2C). These results
thus suggest that Tspan9 may play an oncogenic role in OS cells.

RNA-Seqg-Based Identification of
Downstream Tspan9 Target Genes

To determine the targets downstream of Tspan9 in OS cells, we
next conducted an RNA-seq analysis of cells in which this
tetraspanin had been stably knocked down (shTspan9#1 and
shTspan942) and compared these cells to control (shNC) cells.
This approach revealed 211 genes that were differentially
expressed, including 96 and 115 that were upregulated and
downregulated, respectively, following Tspan9 knockdown (P <
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FIGURE 2 | Tspan9 knockdown suppresses OS cell proliferation. (A) Tspan9 mRNA levels in siTspan9 cells (siTspan9#1, #2, and #3) were significantly lower than
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Tspan9 knockdown on HOS cell proliferation was measured via colony formation assay. Statistical results of colony formation numbers normalized to shNC were
presented. *P < 0.05; **P < 0.01; **P < 0.001; Student’s t-test. NC, negative control; si, small interfering RNA.

1.5+ HOS

2

)

K.

S

o

S

2

&

E

=

]

2

£

5

£

c

L

E

B

©

c

o

(&) %
O N v £
SF&FS

& & &

&N 4R R
% 2 %

Frontiers in Oncology | www.frontiersin.org

99

February 2022 | Volume 12 | Article 774988


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

Shao et al.

Tspan9 Promotes Osteosarcoma Progression

0.05, fold-change > 2) (Figures 3A, B). Notably, fibronectin 1
(FN1), which is an interstitial biomarker related to EMT
induction, was found to be significantly downregulated in OS
cells in which Tspan9 had been knocked down as compared to
shNC cells, indicating that this tetraspanin may regulate this
EMT-related gene (Table 2). To further elucidate the functional
role of Tspan9 in this oncogenic setting, we performed a GO
enrichment analysis (including cellular component, biological
process, and molecular function) of these identified DEGs and
found the downregulated DEGs to be enriched in the regulation
of ERK1/2 cascade (GO:0070372), leukocyte migration
(GO:0050900), extracellular structure organization
(GO:0043062), extracellular matrix organization (GO:0030198),
positive regulation of cell growth (GO:0030307) and cell
adhesion (GO:0045785), and integrin activation (GO:0033622)
(Figure 3C). Upregulated DEGs were mostly associated with the
response to lipopolysaccharide (GO:0032496) and response to
molecule of bacterial origin (GO:0002237) (Figure 3D). Besides,
to explore the potential pathways enriched in DEGs, a KEGG
pathway enrichment analysis of these DEGs was additionally
performed (Figure 3E; cutoff: P < 0.05). we revealed these
downregulated DEGs to be enriched in the HIF-1 (hsa04066),
Rapl (hsa04015), and PPAR (hsa03320) signaling pathways, and
upregulated DEGs were significantly related to IL-17 signaling
pathway (hsa04657), TGF-beta signaling pathway (hsa04350),
and Kaposi sarcoma-associated herpesvirus infection
(hsa05167) (Figure 3F).

Tspan9 Enhances the In Vitro Migratory
and Invasive Activity of OS Cells

The above RNA-seq results highlighted a potential role for
Tspan9 as a regulator of OS cell migration and invasion. To
analyze the metastatic role of this gene, highly metastatic HOS
and U20S cells were thus utilized for subsequent assays. We
began by knocking down Tspan9 in HOS cells, which expressed
high basal levels of this gene, and confirmed stable knockdown
therein by fluorescent microscopy, qRT-PCR, and Western
blotting (Figure 4A). In subsequent woundhealing and
Transwell assays, we found that this reduction in Tspan9
expression was associated with significantly impaired
migratory activity (Figures 4B, C). Similarly, Tspan9
knockdown decreased HOS cell invasivity in a Matrigel-based
invasion assay relative to control cells (Figure 4C). We
additionally overexpressed Tspan9 in U20S cells which
expressed low endogenous Tspan9 levels (Figure 4D), and
found that the upregulation of this tetraspanin increased
tumor cell migratory (Figures 4E, F) and invasive (Figure 4G)
activity. Together, these data suggest that Tspan9 serves as a
positive regulator of in vitro OS cell metastasis.

Tspan9 Knockdown Impairs EMT
Induction and In Vivo OS Cell Metastasis
The EMT process is an early and essential step in the metastatic
process that enables tumor cells to migrate away from the
primary tumor site. Several prior reports have demonstrated
that tetraspanins are closely linked to EMT initiation (30, 31).

Our RNA-seq analysis, notably, identified FN1, which is a
mesenchymal EMT marker, as an important regulatory target
of Tspan9. FN1 is also involved in certain cancer metastasis-
related GO processes such as regulation cell adhesion and
extracellular structure organization. Through Western blotting,
we found that Tspan9 overexpression was associated with
marked FN1 upregulation in these OS tumor cells
(Figures 5A, B). To test the ability of Tspan9 to control EMT
induction in this oncogenic context, we thus analyzed the
expression of EMT-related proteins. Western blotting analysis
revealed that Tspan9 knockdown was associated with a decrease
in the expression of both mesenchymal markers (N-cadherin and
Vimentin) and EMT-regulating transcription factor (Snail)
(Figures 5A, B), while related to an increasing in epithelial cell
marker (B-catenin). In contrast, the expression of mesenchymal
markers and Snail were elevated while the epithelial marker B-
catenin was downregulated after overexpressing Tspan9 in U20S
cells (Figures 5A, B). Furthermore, the changes in ZEB and
Twist families as EMT transcriptional factors are shown in
Figure S1. RT-PCR analysis revealed that the mRNA levels of
ZEB1, ZEB2 and Twist1 were not affected by Tspan9 knockdown
and overexpression.

HOS cells in which Tspan9 had been stably knocked down
exhibited impaired migratory and proliferative activity, together
with impaired EMT initiation, whereas these changes were
reversed when this Tspan9 protein was overexpressed in U20S
cells. To further confirm the ability of Tspan9 to similarly
regulate metastatic progression in vivo, we injected shNC and
shTspan9 HOS cells into the lateral tail vein of female BALB/c
nude mice and then assessed pulmonary metastases. Following a
4-week period, 4 mice in the control group developed metastatic
lung nodules, whereas they were evident in just 2 mice in the
shTspan9 group. Representative lung images are shown in
Figure 5C, while corresponding H&E-stained tissue sections
are shown in Figure 5D. Statistical analyses revealed that there
were significantly fewer pulmonary metastases in mice that were
injected with HOS cells expressing shTspan9 as compared to
mice injected with control tumor cells (Figure 5E). Lung weight
values were also significantly lower in the shTspan9 group
relative to the control group (Figure 5F), although body
weight was comparable between these groups (Figure 5G).
Together, these results provided robust evidence for the role of
Tspan9 as a driver of OS cell metastasis in vitro and in vivo in
part owing to its ability to initiate the EMT process.

Tspan9 Regulates OS Cell Metastasis
Through Interactions With Integrin 1 and
the Activation of Downstream FAK-Ras-
ERK1/2 Signaling

Distant metastases of OS, especially lung metastases, are difficult
to control and usually have a poor prognosis. As such, we sought
to further understand the mechanisms whereby Tspan9
influences OS cell metastasis at the molecular level.
Tetraspanins are known to form TEM complexes with a
variety of different proteins at the plasma membrane, including
integrins. These tetraspanins further serve as essential regulators
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TABLE 2 | Eleven of 82 differential genes enriched in certain cancer metastasis-related GO processes (regulation of cell adhesion and extracellular matrix organization)

based on RNA-Seq.

Gene Expression value Expression value Expression value Expression value Log? fold p-

names -shTspan9#1 -shTspan9#2 -shNC#1 -shNC#2 change value
PDGFB 2.026756025 1.684725714 2.268746532 3.530040241 -4.528380789  p<0.05
TGFB2 0.722634952 0.559786978 1.872658528 0.826405003 -3.186123662  p<0.05
ITGA8 1.023664948 1.196609075 1.978711921 1.449654294 -2.254178833  p<0.05
TEK 0.722634952 0.559786978 1.361928673 1.35788392 -2.34444508  p<0.05
FN1 3.546946779 3.470766925 3.595974438 4.341457148 -1.998509785 p<0.05
COL7A1 3.551294849 3.251163207 3.958601588 4.015726844 -1.864478412  p<0.05
LCP1 1.826926919 1.735878237 1.908130846 2.513041272 -1.733824821  p<0.05
COL5A1 3.712021197 3.592540008 4.045844797 4.211975531 -1.595678527  p<0.05
CITED2 3.19830614 3.026160239 3.047824772 3.759892291 -1.37840773  p<0.05
DYSF 1.938234753 1.480605732 2.095430327 2.24800893 -1.349043777  p<0.05
GAS6 2.722014088 2.60641219 2.904711187 3.053262573 -1.051382751  p<0.05

The significance of row given in bold in the table is to highlight the direction of research.

of integrin compartmentalization and signal transduction.
Through a mass spectrometry approach (Table S1) and co-IP
analyses (Figure 6A), we found that Tspan9 can interact with
integrin PB1. Integrin 1 binding to collagen triggers intracellular
signaling via FAK, which becomes autophosphorylated at the
Tyr397 or Tyr925 residues to generate SH2-bearing sites capable
of further triggering Ras-dependent MAPK signaling (32). To
explore the relationship between integrin Pl signaling and
Tspan9, we evaluated FAK and ERK1/2 expression and
phosphorylation levels, as well as Ras in OS cell lines in which
Tspan9 had been knocked down or overexpressed. Western
blotting results showed that Tspan9 knockdown in HOS cells
was associated with reduced pFAK (Try397), Ras, and pERK1/2
levels as compared to control cells, whereas Tspan9
overexpression in U20S cells yielded the opposite effect
(Figures 6B, C). To further determine whether these migratory
and invasive changes were linked to Tspan9-B1 complex
mediated cell signaling, we treated these cells with a Ras
inhibitor (Salirasib) and then analyzed the relative signaling
proteins involved in FAK-Ras-ERK1/2 and the metastatic
activity of OS cells. This treatment approach resulted in the
marked suppression of ERK1/2 phosphorylation downstream of
Ras (Figure 6D). Ras inhibitor treatment also decreased OS cell
migration and invasion relative to that observed for control cells
(Figure 6E). In addition, we established stable 1 integrin-
knockdown cells by shRNA in Tspan9-overexpression U20S
cells. Compared with shControl, shintegrin B1 resulted in a
reduce in the expression of Ras (Figure S2A). Also, highly
invasive OE-Tspan9 U20S cells stably down-regulating
integrin B1 exhibited impaired capacity of migration and
invasion as compared with their counterparts (Figure S2B).
Together, these data indicate that Tspan9 at least partially
promotes OS cell invasive and migratory activity via binding to
integrin B1 integrin and thereby inducing integrin B1 mediated
downstream FAK-Ras-ERK1/2 signaling (Figure 6F).

DISCUSSION

Tetraspanin-9 is a 27 kD protein encoded on chromosome
12p13.33-p13.32 in humans, and is expressed at high levels in

renal, cardiac, and placental tissues. Recent studies of Tspan9
have highlighted its function as a suppressor of migratory,
invasive, and autophagic activity in gastric cancer cells. The
mechanisms whereby Tspan9 achieves these regulatory activities,
however, have yet to be defined, particularly in other tumor
types. This study is the first to have clarified the functional role of
Tspan9 in the context of OS development.

Herein, we evaluated the expression of Tspan9 in OS cell lines
and tissues and found it to be significantly upregulated in both
analyses of extant GEO datasets. When Tspan9 expression was
knocked down in OS cells, this suppressed their viability and
proliferation, suggesting that Tspan9 plays an oncogenic role
distinct from its function as a tumor suppressor in gastric cancer.
We subsequently generated HOS and U20S cell lines in which
Tspan9 was stably knocked down or overexpressed, respectively,
and further confirmed that the stable knockdown of this
tetraspanin inhibited OS cell migration and invasion in vitro
and in vivo. Conversely, the overexpression of Tspan9 enhanced
the metastasis of these cells, confirming its carcinogenic role in
this cancer type.

To better explore the role of Tspan9 as a regulator of OS onset
and progression, we conducted an RNA-seq analysis in which we
identified 96 and 115 genes that were respectively up- and
downregulated in cells in which Tspan9 was stably knocked
down. FN1 was notably detected among these downregulated
DEGs, and is associated with GO terms including regulating cell
adhesin, extracellular structure organization, and cell-matrix
adhesion, suggesting that Tspan9 may play an important role
as a regulator of OS cell migratory and invasive activity. In
addition, FN1 serves as an important biomarker associated with
EMT induction that is known to influence adhesion, invasion,
and migration (33, 34). Metastatic progression is a primary cause
of death among OS patients, and EMT induction is central to the
initiation of invasive pro-metastatic activity. During the EMT
process, epithelial-like cells acquire mesenchymal characteristics
including increased motility and reductions in cell-cell adhesion
(35). A growing body of evidence suggests that many
tetraspanins can shape oncogenic processes through the
suppression or induction of the EMT process. For example, Qi
et al. (14) reported that the knockdown of Tspan9 in gastric
cancer cells led to increases in the levels of N-cadherin,
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FIGURE 4 | Tspan9 promotes in vitro OS cell migration and invasion. (A) GFP expression was indicative of stable lentiviral transduction of HOS cells with shTspan9
(shTspan9#1 or shTspan9#2) or shNC constructs at near 100% efficiency (fluorescent microscopy). Tspan9 knockdown efficiency was also confirmed via qRT-PCR
(lower left panel) and Western blotting (lower right panel). (B) OS cell migration was assessed in a wound-healing assay using cells stably expressing shTspan9
or shNC. (C) The impact of Tspan9 knockdown on OS cell migration and invasion was assessed via a Transwell approach. (D) GFP expression was indicative of
successful Tspan9 overexpression, as confirmed via qRT-PCR and Western blotting relative to Mock control. Wound-healing (E) and Transwell assays (F, G)
were conducted to assess the impact of Tspan9 on the migratory and invasive activity of OS cells. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001; Student’s
t-test. GFP, green fluorescent protein; sh, short hairpin RNA.
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Vimentin, Twist, and ZEB1 in these cells, together with  Lee etal. (37) also found that CD82 was able to suppress prostate
decreased E-cadherin expression, thus suggesting that Tspan9  cancer cell EMT induction and metastasis via disrupting TGF-
regulated gastric cancer cell metastasis in part via modulating ~ B1/Smad and Wnt/B-catenin signaling activity. Other
EMT induction. CD82 is a tetraspanin that, when expressed at  tetraspanin proteins including CD63, CD73, CD151, and
low levels and in the context of elevated Vimentin expression,  Tspan8 have also been shown to modulate the EMT process
was associated with a worse lung cancer patient prognosis (36).  and tumor progression in colorectal cancer, gastric cancer,
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melanoma, and renal cell carcinoma (38-41). In light of the
above findings, we further analyzed FN1 expression in our
experimental model system and found FNI1 to be upregulated
following Tspan9 overexpression in U20S cells, with these
changes also correlated with the increased expression of EMT
markers and transcription factors including N-cadherin,

FIGURE 6 | Tspan9-B1 interactions promote FAK-Src-Ras-ERK1/2 pathway signaling and OS metastasis. (A) Interactions between Tspan9 and integrin 1 were
detected in a co-IP assay. (B) FAK-Ras-ERK1/2 pathway proteins (FAKY397, total-FAK, Ras, pERK1/2, and total-ERK1/2) were analyzed via western blotting, with B-
actin as a loading control. (C) Quantification of the Western blotting results presented in (B). (D) Western blotting was used to assess Ras downstream signaling in
OE-Tspan9 U20S cells following Salirasib treatment (50uM). (E) Following treatment with Salirasib (50uM), OE-Tspan9 cells were analyzed in migration and invasion
assays, with representative cells being shown. (F) Schematic presentation of mechanism underlying Tspan9-mediated OS metastasisis. All analyzes were repeated

Vimentin, and Snail. In contrast, the opposite findings were
observed upon Tspan9 knockdown. Together, our findings thus
suggest that Tspan9 can promote the migratory and invasive
activity of OS cells at least in part by promoting EMT induction.

Tetraspanins exhibit a unique ability to form TEM membrane
structures wherein they interact with specific enzymes and/or
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receptors to influence intracellular signaling activity via the
control of the functionality or trafficking of these molecules and
the facilitation of interactions between specific molecules (42).
Herein, we explored the relationship between key integrins known
to promote OS cell metastasis and Tspan9. Li et al. (25) previously
demonstrated the ability of integrin B1 to inhibit OS cell apoptosis
and to thus enhance the migratory activity of these cells, while
Jiang et al. (24) further observed increased EMT induction and
invasive activity in OS cells upon integrin B1 upregulation. Ren et
al. (43) found that the ovf33 integrin was able to induce ERK1/2
signaling in OS cells to promote their invasion and migration, and
specific interactions between tetraspanin proteins and this integrin
have been shown to govern tumor metastasis (44). These prior
findings suggest that integrins can serve to stimulate OS cell
metastasis via ERK signaling and/or EMT induction.
Interactions between particular tetraspanin proteins and integrin
B1 have also been explored, as in the case of CD82, which can
suppress tumor metastasis by interacting with integrin 31 in TEM
domains and thereby disrupting the ability of this integrin to
interact with the fibronectin matrix, impairing associated
intracellular signaling (45, 46). In contrast, the migration and
invasion of glioma cells are enhanced by the CD151-a3B1
complex, which promotes FAK***” activation and associated
GTPase signaling (47). Herein, we confirmed that Tspan9 was
able to directly interact with integrin Bl through mass
spectrometry and co-IP analyses, while we further identified a
role for Tspan9 as a regulator of ERK1/2 pathway activation
through RNA-seq assays. The recruitment of integrin B1 to the
ECM promotes FAK"**” autophosphorylation, in turn leading to
the recruitment of Src family kinases and the consequent
phosphorylation of other FAK residues including Try925,
thereby triggering downstream Ras-ERK signaling (32, 48, 49).
Lee et al. determined that CD82 can interact with the o331/a5p1
integrins in prostate cancer cells, ultimately impairing EMT
induction by inhibiting FAK/Src signaling (46). Wang et al.
further demonstrated that in cholangiocarcinoma cells, Tspanl
can drive the EMT process through interactions with integrin
06P1 and the consequent amplification of downstream signaling
(31). The Ras-ERK pathway and associated downstream factors
are closely tied to the EMT (50, 51). Interactions between Tspan9
and integrin B1 may thus strongly impact the ability of OS cells to
proliferate and metastasize by shaping intracellular signaling
activity. Herein we evaluated FAK and ERK1/2 phosphorylation,
and found that these, together with Ras expression, were positively
correlated with Tspan9 expression. The Ras inhibitor Salirasib was
also able to inhibit Tspan9 overexpression-induced ERK1/2
phosphorylation, migration, and invasion in OS cells.
Furthermore, compared with highly invasive Tspan9-
overexpression group, stable integrin 1-knockdown in OE-
Tspan9 U20S cells showed inhibited Ras expression, reduced
migration and invasion ability. As such, Tspan9 may promote OS
cell metastatic progression by binding to integrin B1 and thereby
promoting FAK-Ras-ERK1/2 signaling activity, thus leading to
EMT induction. However, further research will be necessary to
explore the mechanisms whereby Tspan9 modulates this EMT
process in OS cells.

CONCLUSION

We herein found for the first time that Tspan9 can function to
promote human OS progression. Both OS tumor tissue samples
and cell lines exhibited marked Tspan9 upregulation, and the
overexpression of this gene was associated with enhanced
proliferation, EMT induction, and metastasis in OS cells
through a mechanism whereby Tspan9 interacts with integrin
B1 to augment downstream integrin-mediated FAK-Ras-ERK1/2
signaling. Together, our results provide a firm foundation for
future analyses of the specific mechanisms governing OS
progression and may highlight novel approaches to improving
OS patient therapeutic outcomes.
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Glioblastoma multiforme (GBM), the most aggressive cancer type that has a poor
prognosis, is characterized by enhanced and aberrant angiogenesis. In addition to
surgical resection and chemotherapy, radiotherapy is commonly used to treat GBM.
However, radiation-induced angiogenesis in GBM remains unexplored. This study
examined the role of radiation-induced growth/differentiation factor-15 (GDF15) in
regulating tumor angiogenesis by promoting intercellular cross-talk between brain
endothelial cells (ECs) and glioblastoma cells. Radiation promoted GDF15 secretion
from human brain microvascular endothelial cells (HBMVECs). Subsequently, GDF15
activated the transcriptional promoter VEGFA in the human glioblastoma cell line U373
through p-MAPK1/SP1 signaling. Upregulation of vascular endothelial growth factor
(VEGF) expression in U373 cells resulted in the activation of angiogenic activity in
HBMVECs via KDR phosphorylation. Wound healing, tube formation, and invasion
assay results revealed that the conditioned medium of recombinant human GDF15
(rhGDF15)-stimulated U373 cell cultures promoted the angiogenic activity of
HBMVECs. In the HBMVEC-U373 cell co-culture, GDF15 knockdown mitigated
radiation-induced VEGFA upregulation in U373 cells and enhanced angiogenic activity
of HBMVECs. Moreover, injecting rhGDF15-stimulated U373 cells into orthotopic brain
tumors in mice promoted angiogenesis in the tumors. Thus, radiation-induced GDF15 is
essential for the cross-talk between ECs and GBM cells and promotes angiogenesis.
These findings indicate that GDF15 is a putative therapeutic target for patients with GBM
undergoing radio-chemotherapy.

Keywords: GDF15, glioblastoma, endothelial cells, radiotherapy, angiogenesis

Abbreviations: CM, Conditioned medium; ECs, Endothelial cells; GBM, Glioblastoma; HBMVECs, Human brain
microvascular endothelial cells; H-E, Hematoxylin and Eosin; IR, Ionizing radiation; KDR, Vascular endothelial growth
factor receptor 2; rhGDF15, Recombinant human GDF15; RT, Room temperature; VEGF, Vascular endothelial growth factor.
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Radiation-Induced GDF15 in Tumor Angiogenesis

INTRODUCTION

Glioblastoma multiforme (GBM), which is the most common
malignant brain tumor in adults, is characterized by enhanced
vascularization and a complex vascular phenotype (1, 2).
Angiogenesis plays an important role in the progression of
glioma (3, 4). To maintain proliferation, cancer cells secrete
multiple factors that promote the formation of new blood
vessels, which supply oxygen and nutrition to them (5, 6).
Therefore, anti-angiogenesis drugs are commonly used to treat
GBM (2, 4, 7). Additionally, GBM is treated using radiotherapy to
inhibit angiogenesis. However, angiogenesis is reactivated within a
short duration of treatment cessation (8, 9).

Vascular endothelial growth factor (VEGF) is an essential
paracrine factor involved in maintaining vascular homeostasis
and mediating pathological angiogenesis. Generally, endothelial
cells (ECs) produce VEGF only in response to radiation doses of > 10
Gy (10). However, radiation activates hypoxia-inducible factor-1
(HIF1) in tumors and promotes the survival and proliferation
of ECs through the induction of VEGF expression (11).

Growth/differentiation factor-15 (GDF15), a 34 kDa secretory
protein belonging to the transforming growth factor-beta (TGFf3)
superfamily, is involved in the development and regulation of
cardiac vascular diseases, as well as in hormone responses that
maintain systemic homeostasis (12, 13). Previous studies have
reported that upregulated GDF15 expression protects against
ischemia/reperfusion injury (also called acute EC apoptosis)
during heart transplantation (14). In ECs, irradiation
upregulates GDF15 levels, which leads to enhanced oxidative
stress and cellular senescence (15). Although GDF15 has been
well characterized, its role in cancer progression remains unclear.
Inhibition of the p38/MEK signaling pathway mitigates the
GDF15 overexpression-induced invasion and proliferation of
ovarian cancer cells (16). Osteocyte-derived GDF15 enhances
prostate cancer cell proliferation and invasion by promoting the
interaction between osteocytes and prostate cancer cells (17). In
non-small cell lung cancer cells, GDF15 arrests the cell cycle at the
GO/GI1 phase, leading to cellular apoptosis (18). However, the role
of GDF15 in cancer progression has not been elucidated as its
expression levels vary among patients and cancer types (19, 20).

In this study, we hypothesized that irradiation-induced GDF15
promotes angiogenesis in glioblastoma by functioning as a cytokine
in the tumor microenvironment. This study aimed to examine the
role of GDF15 in the cross-talk between a human GBM cell line
(U373) and human brain microvascular endothelial cells
(HBMVECsS; representative ECs). In addition, the mechanisms
underlying GDF15-mediated regulation of angiogenesis in GBM
were examined.

MATERIALS AND METHODS

Materials

Recombinant human GDF15 (rhGDF15) was purchased from
PeproTech (#120-28C, Cranbury, NJ, USA). U0126, a MEK/
MAPKI1 specific inhibitor, was obtained from Promega Co.

(#V112A, Madison, WI, USA). Anti-VEGF antibody
(#MAB293) was obtained from R&D Systems (Abingdon, UK).

Cell Culture

HBMVECs purchased from iXCells Biotechnologies (CA, USA) were
cultured in EGM' -2 Endothelial Cell Growth Medium-2 BulletKit
(#CC-3162, Lonza, MD, USA) at 37°C and 5% CO, in a humidified
incubator. Cells passaged for 5-7 times were used for the experiments.
For conducting ionizing radiation (IR) experiments, the cells were
irradiated with y-rays at a dose of 3.5 Gy/min using a '*’Cs y-ray
source (Atomic Energy of Canada, Ltd., ON, Canada). U373 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS; #35-015-CV, Corning, NY, USA) and
1% penicillin-streptomycin (#15240-062, Thermo Fisher Scientific,
UK). To analyze cell growth, U373 cells were cultured in 12-well plates
(5 x 10* cells/well) for 3 days. Cells cultured under different serum
concentrations (2% and 10%) were counted daily.

Wound Healing Assay

U373 cells (3 x 10° cells/well) and HBMVECs (1.5 x 10° cells/
well) were seeded in 12-well cell culture plates and incubated
overnight. A scratch was introduced in the monolayer using a
pipette tip. The culture medium was replaced to remove cell
debris. After washing, three or more images were taken, and then
the cells were cultivated for 24 h with rhGDF15 (#120-28C,
PeproTech, NJ, USA). The next day, images of the same location
as that of the previous day were taken. Using Image] line tool, a
line was drawn along the area newly filled by proliferated cells.
The areas calculated by Image] were averaged (three or more
images per group) and normalized to the control group.

Tube Formation Assay

Individual wells of a 24-well cell culture plate were coated with
250 pL of Matrigel (#354234, Matrigel® Basement Membrane
Matrix, LDEV-free, Corning, NY, USA) for 1 h before cell
seeding. HBMVECs (1 x 10° cells/well) were seeded in the
coated wells and cultured for 12 h. The tube shapes were
analyzed using Image] software (ver.1.52a with angiogenesis
analyzer plugin).

Co-Culture of HBMVECs and U373 Cells
HBMVECs and U373 cells were cultured in a co-culture system.
A 12-mm Transwell with a polycarbonate membrane insert
(pore size: 0.4 um; #CLS3413, Corning, NY, USA) was used. In
the upper well, U373 cells (5 x 10* cells) were seeded in culture
medium supplemented with 2% FBS. HBMVECs (1.5 x 10° cells)
were seeded in the bottom well containing EC culture medium
supplemented with 2% FBS. The monolayer of HBMVECs was
scratched with a tip to introduce a wound. The culture medium
was replaced with a fresh culture medium. Next, the cells were
irradiated with 8 Gy IR.

Quantitative Reverse Transcription
Polymerase Chain Reaction (QRT-PCR)
Total RNA was extracted using QIAzol Lysis Reagent (#79306,
Qiagen, Hilden, Germany), following the manufacturer’s
instructions. The isolated RNA was reverse-transcribed into
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cDNA using amfiRivert cDNA Synthesis Platinum Master Mix
(#R5600, GenDEPOT, Barker, TX, USA). qRT-PCR analysis was
performed using the SYBR Green 2x Master Mix kit (#18303,
Mbiotech, Inc., Gyeonggi, Korea) and a CFX96 Touch™ Real-
Time PCR detection system (Bio-Rad, Hercules, CA, USA). The
PCR conditions were as follows: initial denaturation at 95°C for 2
min, followed by 45 cycles at 95°C for 10 s, 60°C for 5 s, and 72°C
for 12 s. The results were analyzed using CFX Manager  software,
version 2.1. The expression of target genes was normalized to that
of 185 RNA. The following primers were used: GDFI5, 5'-
GACATCACTAGGCCCCTGA-3' (forward) and 5'-
CCCGTAAGCGCAGTTCC-3" (reverse); VEGFA,
5-TCAGTTCGAGGAAAGGGAAA-3' (forward) and 5'-
GAGGCTCCAGGGCATTAGAC-3’ (reverse); kinase insert
domain receptor (KDR), 5'-CGGTCAACAAAGTCGGGAGA-3'
(forward) and 5-CAGTGCACCACAAAGACACG-3’ (reverse);
and 18S RNA, 5-GGCCCTGTAATTGGAATGAGTC-3’
(forward) and 5-CCACGATCCAACTACGAGCTT-3’ (reverse).

Western Blotting

Cells were lysed in ice-cold protein extraction solution (#EBA-
1049, ELPIS-BIOTECH, Daejeon, Korea). Equal amounts of
protein (40 pg) were subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. The resolved
proteins were transferred to a nitrocellulose membrane. The
membrane was probed with the following primary antibodies:
anti-GDF15 (1:1000, #SC66904, Santa Cruz Biotechnology, Inc.,
TX, USA), anti-MAPK1 (1:1000, #9102, Cell Signaling
Technology, Inc., MA, USA), anti-p-MAPKI1 (1:1000, #9101,
Cell Signaling Technology, Inc.), anti-SP1 (1:1000, #SC14027,
Santa Cruz, CA, USA), anti-VEGF (1:1000, #SC1836, Santa Cruz
Biotechnology, Inc.), anti-KDR (1:1000, #9698 Cell Signaling
Technology, Inc.), anti-p-KDR (1:500, #3817, Cell Signaling
Technology, Inc.), and anti-ACTB (1:3000 #SC47778, Santa
Cruz Biotechnology, Inc.) antibodies. ACTB was used as the
loading control. Immunoreactive signals were developed using
enhanced chemiluminescence.

Promoter Assay

Variant VEGF constructs were used as luciferase-based reporters
for the VEGFA promoter region (pGL4.10-VEGFprom —1000 to
-1, -950 to —700, —1000 to —500, and —500 to —1 bp). The
following VEGFA constructs were purchased from Addgene (MA,
USA): pGL4.10-VEGFprom —-1000 to —1 (plasmid #66128);
pGL4.10-VEGFprom —950 to —700 (plasmid #66133); pGL4.10-
VEGFprom -1000 to —500 (plasmid #66129); and pGL4.10-
VEGFprom -500 to —1 (plasmid #66130). The constructs were
transfected into 293T cells, and the cells were treated with 50 ng/
mL of thGDF15. The cells were lysed using the Nano-Glo® Dual-
Luciferase® Reporter Assay System (Promega, WI, USA). The
luminescence intensity in the lysate was measured using a
GloMax® Discover System.

Chromatin Immunoprecipitation (ChlP)

U373 cells were treated with 10 uM U0126 for 1 h, followed by
treatment with 100 ng/mL rhGDF15. The cells were harvested,
lysed in SDS with 50 mM Tris-HCl (pH 8.1) and 1 mM

ethylenediaminetetraacetic acid (EDTA), and sonicated for 1 h
at 4°C. The supernatant was evenly split and incubated with 2 pg
of anti-SP1 antibody overnight at 4°C with rotation. The reaction
mixture was incubated with protein A beads (60 LL/reaction) for
1 h at 4°C. The beads were then washed thrice. The eluted
supernatants and input DNA samples were incubated at 65°C for
4 h to allow de-crosslinking. The DNA was then precipitated
with ethanol and treated with proteinase K for 30 min at 37°C.
The samples were extracted with phenol/chloroform,
precipitated with ethanol, and resuspended in 20 pL of
distilled water. The promoter-binding activity was measured
using qRT-PCR analysis with specific promoter primers
(forward, 5'-GGGTAGCTCGGAGGTCGT-3’; reverse, 5'-
GGGAATGGCAAGCAAAAA-3").

Immunocytochemistry

HBMVECs were seeded in 12-well dishes on coverslips. The cells
were fixed in 3.7% formaldehyde/phosphate-buffered saline
(PBS) for 10 min at room temperature (RT) and permeabilized
with ice-cold 0.5% Triton X-100/PBS for 10 min. The
permeabilized cells were blocked with 0.5% bovine serum
albumin (BSA)/PBS for 1 h at RT and incubated with anti-
GDF15 antibodies overnight at 4°C. Next, the cells were treated
with goat anti-rabbit IgG (H+L) Alexa Fluor® 488 (#A27034,
Invitrogen Inc., Carlsbad, CA, USA) for 1 h. The coverslips were
mounted on glass slides with Fluoromount-G'" Mounting
Medium (#0100-01, Southern Biotech, AL, USA).

Enzyme-Linked Immunosorbent

Assay (ELISA)

To analyze the concentration of soluble proteins (GDF15 and
VEGFA), the cultured media were passed throu%h 0.45-um filter
membranes and concentrated using Vivaspin~ 20 centrifugal
concentrators (Sartorius, Gottingen, Germany). ELISA was
performed using commercial kits (GDF15, #DGD150; VEGF,
#DVEO00; R&D Systems, Inc., MN, USA), following the
manufacturer’s instructions. Briefly, the standard was prepared
by serially diluting recombinant proteins. The samples were then
loaded into the plates with anti-GDF15 or anti-VEGFA
antibodies for 2 h at RT. Next, the plate wells were incubated
with the substrate solution for 30 min, followed by incubation
with a stop solution. The absorbance of the reaction mixture was
measured at 450 nm.

Small Interfering RNA (siRNA) Transfection
To knockdown GDFI15, HBMVECs were transfected with GDFI15
siRNAs (siGDF15; 50 nM, ON-TARGETplus siRNAs, Dharmacon
Inc., CO, USA) or control siRNA (siCon) using Lipofectamine
2000 (Invitrogen Inc., CA, USA), following the manufacturers’
instructions. Briefly, 1 x 10° cells were seeded in a 60 mm culture
dish and cultured overnight. Lipofectamine was incubated with 50
ng/mL siRNA for 20 min. The cells were washed twice with PBS,
and the culture medium was replaced with EBM" -2 Endothelial
Cell Growth Basal Medium (#CC-3156, Lonza). Next, the cells
were incubated with the siRNA/Lipofectamine mixture for 6 h.
The medium was then replaced with EGM ™-2 Endothelial Cell
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Growth Medium-2 BulletKit ™' (#CC-3162, Lonza). The cells were
harvested 48 h after transfection.

Orthotopic Brain Tumor Model

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the Korea Institute of Radiological
and Medical Sciences (Approval no. KIRAMS2018-0079).
Athymic BALB/c nu/nu mice were purchased from Orient Bio
Inc. (Seoul, Korea). The mice were provided standard food and tap
water under specific pathogen-free conditions. Prior to injecting
the U373 cells into the mouse brain, the cells were treated with
GDF15 by adding rhGDF15 to the culture medium for 14 days.
The culture medium was changed every three days with fresh
thGDF15-containing medium. For injecting U373 cells (1 x 10°/3
L), the head of each mouse was fixed on a stereotactic device. The
cells were injected into the left frontal cortex using a microinjector.
On day 10 post-injection, mouse brain samples were harvested,
fixed in 4% paraformaldehyde solution, embedded in paraffin, and
cut into 5 pm-thick sections using a microtome (Leica,
Nussloch, Germany).

Tumor Size Evaluation

The brain tissue was coronally sectioned to a thickness of 5 um
using a microtome (Leica, Nussloch, Germany). The sections
were hydrated and stained with hematoxylin and eosin (H-E).
The area of the tumor with the greatest longitudinal diameter
and transverse diameter was measured. The U373 cell-derived
tumor was manually traced along the tumor margin, and the area
was measured using Image].

Immunofluorescence Analysis of

Brain Tumor

The embedded brain tissues were sectioned to a thickness of 5 um
using a microtome (Leica, Nussloch, Germany). The sections were
mounted on coated slides (#631-1349, Adhesion slides, Menzel
Glaser, Polysine®, Thermo Fisher Scientific, UK), hydrated, and
boiled in citrate buffer (pH 6.0) for antigen retrieval. After washing
twice with 0.1% Triton X-100/PBS for 5 min, the sections were
blocked with 1.5% normal horse serum for 1 h at RT to inhibit non-
specific signals. The sections were subsequently incubated overnight
at 4°C with anti-VEGFA (1:200, #SC1836, Santa Cruz
Biotechnology), anti-CD31 (1:200, # AF3628, R&D Systems, MN,
USA), anti-p-MAPKI (#9102, Cell Signaling Technology, Inc), and
anti-SP-1 antibodies, followed by incubation with the appropriate
secondary antibodies for 1 h at RT. The slides were observed using an
Olympus BX53 fluorescence microscope with DP73 digital camera
(Olympus, Tokyo, Japan). Three fields were arbitrarily photographed
for each tumor, and the average value of the three fields was used as a
representative value for one tumor. The fluorescence intensity was
analyzed by Image J using the following formula: Corrected Total Cell
Fluorescence (CTCF) = Integrated Density — (Area of selected cell x
Mean fluorescence of background readings).

Statistical Analysis

All data are presented as mean + standard deviation. The means
between two groups were compared using Student’s t-tests,
whereas those among more than two groups were compared

using one-way or two-way analysis of variance. Differences were
considered significant at p < 0.05. All statistical analyses were
performed using GraphPad Prism Software version 8.3
(GraphPad Software, La Jolla, CA, USA).

RESULTS

IR Upregulates GDF15 and Promotes Its
Secretion From HBMVECs

The effect of different doses of IR (2, 4, and 8 Gy) on GDFI5
mRNA expression in HBMVECs was examined 24 h post-
irradiation. GDF15 mRNA levels in cells irradiated with IR at
doses of > 4 Gy were significantly upregulated compared to those
in the nonirradiated cells (Figure 1A). Consistent with its effect on
GDFI15 mRNA levels, IR increased intracellular GDF15
immunofluorescence signals (Figure 1B). qRT-PCR analysis
revealed that the upregulation of GDF15 mRNA levels was
significant 4 h post-irradiation onward (Figure 1C).
Immunoblotting analysis revealed that GDF15 protein levels
were upregulated in cell lysates and cell culture media (secreted
GDF15) 24 h post-irradiation (Figure 1D). Consistently, ELISA
results revealed that IR promoted GDF15 secretion into the culture
medium of HBMVEC:s (Figure 1E). These results indicate that IR
upregulated endogenous/cytosolic GDF15 expression and
secretion in HBMVECs. The cytosol and extracellular milieu are
important components of the tumor microenvironment.

GDF15 Promotes VEGFA Expression in
U373 Cells But Not U373 Cell Invasion

or Proliferation

To investigate the role of GDF15 in glioblastoma, the effect of GDF15
on the in vitro proliferation and invasion of U373 cells was examined.
GDF15 is reported to promote cancer cell growth (16, 17). Hence, the
effect of rhGDF15 on the proliferation and migration of U373 cells
was examined in this study. U373 cells were cultured for up to 3 days
in the presence of thGDF15 (in the medium supplemented with 10%
serum or a serum substitute); thGDF15 did not affect the proliferation
rate of U373 cells (Figure 2A). The results of the wound healing assay
revealed that rthGDFI15 increased the migration of U373 cells,
although the change was not statistically significant (p =
0.4248; Figure 2B).

GDF15, which has a structure similar to that of TGFf, is a
member of the TGFfB superfamily. The TGFpB superfamily
members can stimulate cytokine-inducible factors, including
HIFla, C-X-C motif chemokine ligands (CXCLs), and VEGF,
in cancer cells (4). Thus, the effect of GDF15 on VEGFA
expression in U373 cells was examined. The mRNA and
secretory levels of VEGFA in thGDF15-treated U373 cells were
examined. Interestingly, VEGFA mRNA levels in the rhGDF15-
stimulated U373 cells were upregulated by 1.78-fold compared to
those in the control U373 cells (p = 0.0032; Figure 2C).
Meanwhile, soluble VEGFA levels in the culture medium of
rhGDF15-treated cells were significantly higher than those in the
culture medium of control cells (p = 0.0131 and p = 0.0008 at
days 2 and 3 post-thGDF15 treatment, respectively; Figure 2D).
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We also examined the effect of GDF15 on HBMVECs. We
observed that GDF15 increased the viability, wound recovery
ability, and tube formation ability of these cells; however, these
observations were not statistically significant. Additionally, we
observed no significant effect on pMAPK by western blotting
(Supplementary Figure S1).

GDF15 Stimulates VEGFA Promoter
Activity in U373 Cells via the p-MAPK1/
SP-1 Pathway

To investigate the mechanism underlying GDF15-mediated
regulation of VEGFA expression, the effects of rhGDF15 on
the luciferase activity of various VEGFA promoter-reporter
constructs were examined. GDF15 activated the GC-rich
VEGFA promoter containing an SP1-binding site (from —500
to —1) (Figure 3A). Transcription factors, such as NF-xB and
STAT3 can bind to the GC-rich VEGFA promoter (21).
However, GDF15 did not activate NF-xB and STAT3
expression in U373 cells (Supplementary Figure S2). This
indicated that VEGFA is induced by the MAPKI signaling
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FIGURE 1 | Effect of ionizing radiation (IR) on GDF15 expression in human brain microvascular endothelial cells (HBMVECs). (A) Effect of different doses of IR on
GDF15 mRNA expression in HBMVECs. Cultured cells were harvested 24 h post-IR exposure, and GDF75 mRNA levels were analyzed using quantitative reverse
transcription polymerase chain reaction (qRT-PCR). (B) Effect of different doses of IR (0 — 8 Gy) on GDF15 protein levels in HBMVECs. GDF15 protein expression
was detected by immunofluorescence analysis using anti-GDF15 antibody (green). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue)
(Magnification: 400x); (C) Time course of GDF15 mRNA expression after irradiation with 4 Gy of IR. GDF15 mRNA levels measured using gRT-PCR at the
indicated time points. (D) Immunoblotting analysis of GDF15 in the cell lysate and culture medium reveals that IR upregulated GDF15 protein levels. Cells and
culture media were harvested at 24 h post-IR exposure. (E) IR promotes the secretion of GDF15. The secretion of GDF15 into the culture medium was
measured using a human GDF15 enzyme-linked immunosorbent assay kit at 24 and 48 h post-irradiation with 4 or 8 Gy of IR. Data are presented as the
mean =+ standard deviation of three experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control. *p < 0.05 compared with 4 Gy.

pathway through the transcription factor SP1 (22, 23). In order
to inactivate MAPK1, U373 cells were treated with U0126 1 h
before the addition of recombinant hGDF15. The cells were
incubated for 6 h and then harvested for western blotting.
rhGDF15 treatment increased MAPK1 phosphorylation and
SP1 levels in U373 cells (Figure 3B). U0126 suppressed SP1
expression and MAPK1 phosphorylation in rhGDF15-
stimulated and control U373 cells (Figure 3B). To confirm the
role of GDF15-induced VEGFA expression, VEFGA expression
was examined by qRT-PCR analysis 12 h after incubation with
rhGDF15 and/or U0126. qRT-PCR analysis revealed that U0126
mitigated the GDF15-induced upregulation of VEGFA mRNA
levels (Figure 3C). Next, the effect of GDF15 on the direct
binding of SP1 to the VEGFA promoter was examined using a
ChIP assay to confirm the GDFI15-mediated regulation of
VEGFA expression through MAPK1/SP1 signaling. The results
of a series of ChIP assays using anti-SP1 antibodies revealed that
GDF15 promoted the binding of SP1 to the VEGFA promoter
and that U0126 mitigated the GDF15-induced SP1 promotor
binding (Figure 3D). These data suggest that GDF15 activates
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FIGURE 2 | GDF15 promotes VEGFA expression in U373 glioblastoma cells but not proliferation and migration of U373 cells. (A) U373 cells were treated with 100
ng/mL rhGDF15 protein for 3 days in a medium with different serum concentrations (2% or 10% fetal bovine serum) and the cells were counted daily. (B) The cells
were seeded on 12-well plates (3 x 10° cells/well) and cultured for 1 day. The monolayer was scratched and incubated for 24 h in a medium containing 2% serum.
Subsequently, the cells were stained with a fixation solution containing trypan blue. (C) The VEGFA mRNA levels in rhGDF15-stimulated U373 cells were measured
using quantitative reverse transcription polymerase chain reaction. (D) Soluble VEGF was quantified in the enriched culture medium containing 2% serum using
enzyme-linked immunosorbent assay from days 1-3. Data are presented as the mean + standard deviation of three experiments. *p < 0.05, **p < 0.01, and **p <

0.001 compared with control group. ns, no significance.

transcription of the VEGFA promoter through p-MAPK1/
SP1 signaling.

GDF15 Modulates the Interaction Between
ECs and Glioblastoma Cells

To investigate the role of GDF15 in the interaction between ECs
and glioblastoma cells, GDF15-induced VEGFA expression in
glioblastoma cells and its effects on ECs were examined. The
effect of conditioned medium (CM) derived from rhGDFI15-
stimulated U373 cell cultures (GDF15-CM) on HBMVEC
cultures was examined (Figure 4A). As GDF15-CM contains
secreted VEGFA, KDR levels were examined in HBMVECs.
GDF15-CM upregulated KDR mRNA levels and increased
KDR phosphorylation in HBMVECs (Figure 4B, C). Next,
HBMVECs cultured in GDF15-CM were subjected to wound
healing and tube formation assays. The migration (2.3-fold; p <
0.05) and tube formation (1.2-fold; p < 0.001) abilities of
HBMVECs cultured in GDF15-CM were significantly higher
than those of HBMVECs cultured in Con-CM (control CM,
culture media derived from U373 cells not treated with
rhGDF15) (Figure 4D, E). Further, to validate GDF15-induced

VEGF secretion, we performed would healing assay and tube
formation assays using a neutralizing VEGF antibody (0.-VEGF).
We added neutralizing VEGF antibody (1 ng/mL) to Con-CM
and GDF15-CM, which were incubated with HBMVECs for 24
h. By neutralizing VEGF, the migration (27%, p < 0.05) and tube
formation (53%, p < 0.01) abilities of both cultures were notably
blocked compared to those in the absence of o.-VEGF (Figure 5).

SiRNA-Mediated Knockdown of GDF15
Suppresses Radiation-Induced

HBMVEC Migration

In addition to ablating cancer cells, IR promotes angiogenesis. IR
stimulates the angiogenic activity of ECs in the tumor (24, 25).
To examine the involvement of GDF15 in IR-induced tumor
angiogenesis through VEGFA regulation, the effect of GDF15
knockdown on HBMVEC angiogenic activity was examined
using the HBMVEC-U373 co-culture system (Figure 6A). We
confirmed that siGDF15 treatment inhibited the protein levels of
GDF15 in HBMVECs (Figure 6B). IR-induced GDF15
expression in siCon-transfected HBMVECs was upregulated
2.49-fold (p = 0.0027) compared with that in siGDF15-
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transfected HBMVECs. In contrast, IR did not affect GDF15
expression in siGDF15-transfected HBMVECs (Figure 6C). IR-
induced VEGFA expression in U373 cells co-cultured with
siCon-transfected HBMVECs (p = 0.0198) was 1.87-fold higher
than that in U373 cells co-cultured with siGDF15-transfected
HBMVEGCs. Irradiation with IR did not affect VEGF expression
in U373 cells co-cultured with siGDF15-transfected HBMVECs
(Figure 6D). To investigate the effects of GDFI5 knockdown
on angiogenic activity mediated by the interaction between
glioblastoma cells and ECs, the effect of IR on wound healing in
siCon-transfected or siGDF15-transfected HBMVECs co-cultured
with U373 cells was examined. Transfected HBMVECs in the lower
well were scratched, irradiated with IR, and incubated with U373
cells for 24 h. Irradiation with IR did not affect the wound recovery
rates in siGDF15-transfected HBMVECs (Figure 6E). In contrast,
the wound recovery rates in siCon-transfected HBMVECs
increased 1.33-fold compared to those in siGDF15-transfected
HBMVECs (p = 0.0268).

GDF15 Accelerates In Vivo Glioma
Angiogenesis by Stimulating

VEGFA Secretion

To investigate the effect of GDF15 on brain tumors in vivo,
orthotropic brain tumors were injected with rhGDF15-
stimulated U373 cells (1 x 10° cells; cultured in the presence of
50 ng/mL rhGDF15 for 2 weeks). Mice with orthotropic brain
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FIGURE 3 | GDF15 upregulates VEGFA transcription by promoting the binding of SP1 to its promoter. (A) 293T cells were transfected with a luciferase construct
containing different VEGFA promotor regions or control vectors and treated with recombinant human GDF15 (hGDF15). Data are presented as the mean + standard
deviation of three experiments (“p < 0.05). (B) For immunoblotting analysis of MAPK1, p-MAPK1, and SP1 in U373 cells, the cells were incubated for 1 h in the
presence or absence of a MAPKT inhibitor (U0126) and treated with rhGDF15 for 6 h. (C) Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
analysis of VEGFA mRNA expression in U373 cells treated with rhGDF15 and/or U0126. gRT-PCR analysis was performed using samples extracted 12 h post-
rhGDF15 treatment. For inhibition studies, U373 cells were incubated with 10 pM U0126 for 1 h before treatment with 100 ng/mL rhGDF15. (D) Cells were
incubated with or without rhGDF15 and U0126 and subjected to chromatin immunoprecipitation (ChlP) assay using anti-SP1 or IgG isotype control antibodies. Bar
graphs represent the qRT-PCR results for immunoprecipitated VEGFA promoter. Data are presented as the mean + standard error (*p < 0.01 and ***p < 0.001
compared with control group; *p < 0.05, #p < 0.01, **p < 0.001 and ***p < 0.0001 compared with rhGDF15-treated group.

tumors injected with control U373 cells (not treated with
rhGDF15) served as a control group. The VEGFA mRNA
expression levels in rhGDFI15-stimulated U373 cells were
confirmed using qRT-PCR before stereotactically injecting
the cells into the brain tumors (Supplementary Figure S3). The
mice were euthanized, and the tumor size was measured in the H-
E-stained brain sections on day 10 post-injection. The tumor size
was significantly higher in the rhGDF15-stimulated U373 cell-
injected group than in the control U373 cell-injected group
(Figure 7A). Immunofluorescence analysis of the tumor sections
revealed that the EC density (represented by CD31-positive
vessels) in the rhGDFI15-stimulated U373 cell-injected tumors
was significantly higher than that in the control U373 cell-
injected tumors. VEGFA-positive signals in both cancer cells and
ECs of the rhGDF15-stimulated U373 cell-injected tumors were
significantly higher than those in both cancer cells and ECs of the
control U373 cell-injected tumors (Figure 7B). We also performed
immunofluorescence analysis of p-MAPK1 and SP1 levels in the
control- and GDF15-treated tumors. Consistent with the in vitro
results, the ThGDF15-treated U373 cell-injected tumors exhibited
higher levels of both p-MAPKI and SP1 than control tumors
(Figure 7C). We also analyzed the expression GDFI5 and VEGFA
mRNA in the tumors from the control and rhGDFI15-treated
groups using qQRT-PCR. The mRNA expression of both GDFI5
and VEGFA was higher in the thGDF15-treated group than in the
control group (Supplementary Figure S4).
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FIGURE 4 | GDF15-induced VEGFA activates angiogenesis. (A) Schematic representing human brain microvascular endothelial cells (HBMVECs) cultured in control
conditioned medium (Con-CM; conditioned medium from U373 cells) or GDF15-CM (conditioned medium from rhGDF15-stimulated U373 cells); (B) KDR mRNA
expression in HBMVECs was measured using quantitative reverse transcription polymerase chain reaction (QRT-PCR). (C) Phosphorylation of KDR was examined
using western blotting (B-actin as used as loading control); (D) Wound healing assay results. The day before the experiment, HBMVECs were seeded in 12-well
plates (1.5 x 10%well). The monolayer was scratched to introduce a wound and treated with Con-CM or GDF15-CM. The migration of cells into the wound area was
analyzed after 24 h (significance compared with the cells cultured in Con-CM). (E) Tube formation assay results. HBMVECs (1.5 x 10° cells) were incubated on
Matrigel matrix for 3 days with Con-CM or GDF15-CM. The tube length was measured using ImageJ angiogenesis analyzer (significance was compared with the
cells cultured in Con-CM). (*p < 0.05 and ***p < 0.001 compared with the cells cultured in Con-CM).
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FIGURE 5 | Anti-VEGF antibody blocks GDF15 mediated angiogenesis. (A) Wound healing assay was performed using human brain microvascular endothelial cells (HBMVECS)
in the absence/presence of anti-VEGF antibody. The day before the experiment, HBMVECs were seeded in 12-well plates (1.5 x 10%Awel). The monolayer was scratched to
introduce a wound and cells were cultured with control conditioned medium (Con-CM; conditioned medium from HBMVECSs) or GDF15-CM HBMVECs (conditioned medium
from rhGDF15-stimulated HBMVECS) with added control antibody or a-VEGF (1 ng/mL each). The wounded areas were photographed at 0 h and 24 h and the cell migration as
percent mean distance migration was assessed. (B) Representative photographs of tube formation assay. HBMVECs (1.5 x 10° cells) were incubated on Matrigel matrix for 12 h
with Con-CM or GDF15-CM in the presence or absence of o-VEGF (1 ng/mL). The tube length was measured using ImageJ angiogenesis analyzer (significance was compared
with the group Con-CM in the absence of a-VEGF). Data are presented as the mean + standard error (o < 0.01 and **p < 0.001 compared with the non-treated CM control;
#n < 0.05 and **p < 0.001 compared with hGDF15- CM group).
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FIGURE 6 | GDF15 knockdown suppresses ionizing radiation (IR)-induced wound recovery. (A) Graphic experimental scheme; for the co-culture of U373 cells and human
brain microvascular endothelial cells (HBMVECs), U373 cells were seeded on the upper well and the siGDF15-transfected or siCon-transfected HBMVECs were seeded on the
bottom well. After irradiation with 8 Gy IR, U373 cells and HBMVECs were co-cultured for 24 h. (B) In HBMVECs, the protein levels of GDF15 were examined by
immunoblotting analysis 24 h post-IR exposure. (C) In HBMVECs, the levels of GDF15 mRNA were determined using quantitative reverse transcription polymerase chain
reaction 24 h post-IR exposure. (D) In U373 cells, the levels of VEGFA mRNA were determined using gRT-PCR 24 h post-IR exposure. (E) For the wound healing assay, the
HBMVECs on the plate were scratched and incubated for 24 h after irradiation with 8 Gy IR. The wound recovery rates were assessed using Imaged. Data are presented as
the mean + standard deviation of three experiments. *p < 0.05 and *p < 0.01 compared with siCon-transfected and nonirradiated HBMVECs. ns, no significance.

DISCUSSION

As angiogenesis is a key event for the progression of GBM,
various studies have proposed chemotherapy, radiation, or
combined treatment modalities to inhibit this process in GBM
(3, 4). However, radiation can stimulate angiogenesis by
promoting the release of various cytokines from different cell
types, including cancer cells, immune cells, and ECs, into the
glioma microenvironment (26, 27). To inhibit radiation-induced
angiogenesis, the interactions between various components of
the tumor microenvironment must be elucidated. Therefore, this
study examined the role of GDF15, which is one of the cytokines
released from the tumor microenvironment, in the cross-talk
between ECs and glioma cells irradiated with IR. The findings of
this study indicated that radiation-induced HBMVEC-derived
GDF15 promoted VEGFA production in U373 glioma cells and
consequently enhanced angiogenesis in glioma.

In this study, IR directly upregulated GDF15 expression and
secretion in HBMVECs (Figure 1). The upregulated GDF15
levels in the blood or cerebrospinal fluid are reported to be

correlated with poor survival in patients with GBM (28). Hence,
the effect of rhGDF15 on the proliferation and migration abilities
of glioma cells was examined in this study. Ideally, the CM
should be collected from the ECs following IR. However,
radiation stimulates the release of diverse angiocrine factors
from ECs post IR (29). Since the irradiated CM would contain
other cytokines in addition to GDF15, we cannot be certain
whether the induction of VEGF expression is caused by GDF15
alone or by other factors. Therefore, we determined whether
GDF15 directly modulated proliferation/migration of glioma
cells or induced VEGF expression in U373 cells (Figure 2).
GDF15 is reported to promote the growth of ovarian and
prostate cancers (16, 17). However, thGDF15 treatment did
not affect the proliferation and migration of U373 cells in this
study but markedly promoted VEGFA production in U373 cells
through the p-MAPK1/SP1 pathway. This finding is consistent
with that of Griner et al. (16) who reported that exogenous
GDF15 treatment and endogenous GDF15 overexpression
stimulated the phosphorylation of p38, Erkl/2, and Akt.
Consistent with the findings of this study, Mielcarska et al.
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FIGURE 7 | GDF15 promotes angiogenesis by stimulating VEGFA secretion in the brain tumor. (A) Representative section of the brain tumors from mice injected
with control U373 cells and rhGDF15-stimulated U373 cells. The brain sections were stained with hematoxylin and eosin. The brain tumor area was measured using
Imaged. (B) VEGFA (green) and CD31-positive endothelial cells (red) in mouse brain tumor tissues were analyzed using immunofluorescence staining. Microvessel
density was counted as the number of CD31-positive vessels. Scale bar = 100 pm. (C) Representative image of immunofluorescence analysis of the phosphorylation
of MAPK1 (p-MAPKT; upper panel; green) and expression of SP1 (upper panel; green) counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar =
100 pm. Fluorescence intensity was calculated using ImagedJ as follows: Corrected total cell fluorescence = integrated density — (area of selected cell x mean
fluorescence of background readings). Data are presented as the mean + standard (control group, n = 5; rhGDF15-treated group; n = 6), * p < 0.05 and ** p < 0.01

reported that increased GDF15 levels were correlated with
VEGFA production in colorectal cancer. These findings
demonstrate the mechanism of GDF15 in radiation-induced
angiogenesis in glioma. As shown in Figure 8, GDF15
promotes tumor angiogenesis through a positive feedback loop
comprising EC-secreted GDF15, glioma-derived VEGFA, and
KDR on ECs. IR promotes GDF15 secretion from the ECs, which
leads to the secretion of VEGF from the glioma cells. VEGF
activates ECs by binding to KDR and consequently promotes
angiogenesis. To the best of our knowledge, this is the first study
to propose a mechanism for GDF15-mediated angiogenesis
involving the cross-talk between ECs and glioma cells.
Furthermore, this study demonstrated the in vivo effect of
GDF15 on brain tumor angiogenesis. Consistent with the in vitro
results, we observed that orthotopic brain tumors injected with
rhGDF15-exposed glioma cells showed increased VEGF
expression and enhanced angiogenesis than control tumors.
However, this study has some limitations. First, to validate
whether the observed angiogenesis in the tumors is mediated
by an increase in VEGF expression levels in U373 cells, further in

vivo studies using VEGF inhibiting agents or VEGF-knockdown
U373 cells are needed. Second, this study only examined the
interaction between ECs and glioma cells using rhGDF15.
Generally, IR dose fractionation is administered to brain tumor
patients over several weeks. In fact, brain tumor cells are
continuously and repeatedly exposed to the GDF15-secreting
ECs. We treated U373 cells with rhGDF15 for 2 weeks prior to
injecting them into the mouse brains to mimic the secretion of
GDF15 from ECs to the tumor microenvironment. Therefore,
our method does not sufficiently mimic the actual tumor
microenvironment in vivo. Nevertheless, we can reveal the
association of tumor growth and angiogenesis with GDF15
alone. Finally, complex intercellular communication is involved
in tumor progression and angiogenesis. Therefore, further
studies are required to examine the interaction of GDF15 with
other components of the tumor microenvironment, including
macrophages and fibroblasts.

In summary, this study demonstrated that IR directly
promotes the secretion of GDF15 from brain ECs and that
GDF15 activates the VEGFA promoter in glioma cells through
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Radiation

Glioblastoma

angiogenesis in glioblastoma through p-KDR on ECs.

FIGURE 8 | Role of GDF15 in ionizing radiation (IR)-induced angiogenesis in glioblastoma. Radiation upregulates GDF15 expression in the endothelial cells (ECs).
EC-derived GDF15 activates the p-MAPK1/SP1 pathway in glioblastoma cells. SP1 stimulates the promoter activity of VEGF. The upregulated VEGF levels induce

the p-MAPK1/SP1 pathway and consequently enhances
angiogenesis in orthotopic brain tumors. These results suggest
that radiotherapy-induced GDF15 secretion may contribute to
tumor recurrence or therapy resistance by mediating the cross-
talk between brain cancer cells and ECs. Therefore, GDF15 is a
potential therapeutic target for glioblastoma.
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"Longgang District People’s Hospital of Shenzhen, The Second Affiiated Hospital of The Chinese University of Hong Kong,
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Tumor-derived exosomes (TDEs) are actively produced and released by tumor cells and
carry messages from tumor cells to healthy cells or abnormal cells, and they participate in
tumor metastasis. In this review, we explore the underlying mechanism of action of TDEs in
tumor metastasis. TDEs transport tumor-derived proteins and non-coding RNA to tumor
cells and promote migration. Transport to normal cells, such as vascular endothelial cells
and immune cells, promotes angiogenesis, inhibits immune cell activation, and improves
chances of tumor implantation. Thus, TDEs contribute to tumor metastasis. We summarize
the function of TDEs and their components in tumor metastasis and illuminate
shortcomings for advancing research on TDEs in tumor metastasis.

Keywords: tumor-derived exosomes, metastasis, pre-metastatic niche, angiogenesis, immunosuppression

BACKGROUND

Exosomes are extracellular vesicles, approximately 30-150 nm in diameter, that contain
functional biomolecules, such as proteins, RNA, DNA, and lipids, and can interact with
recipient cells (Balaj et al., 2011; Choi et al., 2013; Peinado et al., 2011; Raposo and Stoorvogel,
2013; Skog et al., 2008; Thakur et al., 2014; Thery et al., 2009; Valadi et al., 2007). Exosomes are
present in various body fluids and are regarded as a key component of intercellular
communication. Tumor cell-, stromal cell-, or even normal cell-derived exosomes play an
important role in tumor progression and can induce angiogenesis and accelerate metastasis
(Hood etal., 2011; Luga et al., 2012; Peinado et al., 2012). The components and functions of the
exosomes depend on the cell types; some studies have shown many differences in the contents
and release rate in different types of cells. But, the complete mechanism and process have not
yet been elucidated and need to be further explored. Metastasis is the leading cause of tumor-
induced death and is a complex process involving local invasion, survival, and evasion from
immunosurveillance, invasion into circulation, and extravasation at secondary organs (Fidler
and Kripke, 2015; Wan et al.,, 2013). Tumor-derived exosomes (TDEs) are a significant
component of the tumor microenvironment and are involved in promoting tumor
metastasis through several mechanisms, including acquiring primary tumor migration
capacity, tumor angiogenesis, escaping immune system organotropic metastasis, forming
the pre-metastatic niche, and metastatic tumor growth in the secondary site.

In this review, we summarize the function of exosomes in every aspect of cancer metastasis
(Figure 1) to provide a better systematic comprehension of the role of exosomes in tumor
metastasis and propose practical implications of early diagnosis, treatment, and prognostic
methods for cancer.
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FIGURE 1 | Function of TDEs in tumor metastasis. TDEs are mainly
involved in tumor metastasis through five aspects. Step 1: acquisition of tumor
migration ability; Step 2: angiogenesis; Step 3: immunosuppression; Step 4:
localization of metastatic sites; and Step 5: enhancement of proliferation
ability of tumor cells after migration.

TUMOR-DERIVED EXOSOMES ENHANCE
THE MIGRATION ABILITY OF TUMOR
CELLS

Tumor-Derived Exosomes Promote
Epithelial-Mesenchymal Transition to

Initiate Metastasis

Epithelial-mesenchymal transition (EMT) frequently initiates
the metastatic process (Li et al, 2021). Epithelial tumor cells
acquire mesenchymal characteristics under the influence of
cancer-associated fibroblasts (CAFs) in the tumor stroma
(Diepenbruck and Christofori, 2016). Epithelial markers,
including E-cadherin, zona occludens 1 (ZO-1), cytokeratins,
desmoplakin, and laminin, are downregulated, and
mesenchymal markers, including N-cadherin, B-catenin, and
vimentin, are upregulated (Sommers et al., 1994; Li Y. et al,
2019). During EMT, tumor cells lose their apical-basal polarity,
basement anchoring, and cell-cell junctions and switch to a low
proliferation state with enhanced migratory and invasion
capabilities (Basil et al., 2020). Once the tumor cells reach a

Tumor-Derived Exosomes Regulate Metastasis

distant pre-metastatic niche, the reversed process takes place
(Maren, 2016). This so-called mesenchymal-epithelial transition
(MET) returns tumor cells to a high proliferative state and
enables the formation of micrometastases (Bakir et al.,, 2019).
TDEs play an important regulatory role in mediating the EMT
and MET transformation (Bigagli et al., 2019). There has been
increasing research showing the signaling pathway involved in
inducing cancer-related EMT. We propose that the critical
components in TDEs can serve to promote EMT.

The latest hypothesis is TDEs may be conduits for initiating
signals for EMT. For example, TDEs carry EMT derivers, such as
transforming growth factor-beta (TGF-f), tumor necrosis factor-
alpha (TNF-a), hypoxia-inducible factor 1 alpha (HIF-la),
protein kinase B (AKT), caveolin-1, platelet-derived growth
factors (PDGFs), and B-catenin Wnt pathway modulators, that
directly enhance the process of EMT (Aga et al, 2014
Kucharzewska et al., 2013; Luga et al., 2012; Ramteke et al,
2015). TDEs transmit non-coding RNA, such as, miR-128-3p,
miR-27, LINC00960, 1inc02470, circ-PVT1, and circ-CPA4, that
upregulate EMT (Huang C.-S. et al., 2020; Liu et al., 2019; Wang
J. et al,, 2018). Therefore, many studies have shown that tumor

Proteins:TGF-B, TNF-a, AKT...
miRNAs: miR-128-3p...
IncRNAs: linc00960...

circRNAs: circ-PVT1...

FIGURE 2 | TDEs enhance the migration ability of tumor cells by
promoting EMT and degrading the ECM. (A): Exosomes carry proteins,
miRNA, IncRNA, and circRNA to promote the occurrence and development of
EMT. (B): TDEs carry proteins or non-coding RNA to initiate degradation

of the ECM.
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FIGURE 3| Exosomes directly or indirectly promote angiogenesis. TDEs
promote macrophages to release TNF and VEGF to promote angiogenesis
factors by carrying miRNAs or proteins. In addition, TDEs carry proteins,
miRNAs, INncRNA, or circRNA to promote angiogenesis directly by
targeting endothelial cells.

cells can secrete exosomes into the extracellular space and
promote the EMT through their effectors: proteins, miRNAs,
circRNAs, and IncRNAs (Figure 2A).

Tumor-Derived Exosomes Promote

Extracellular Matrix Degradation
The extracellular matrix (ECM) is a scaffold for tissues and
organs (Eble and Niland, 2019). The ECM is a complex
network combined with proteins, proteoglycans, and
glycoproteins that can regulate cell growth, survival, motility,
and differentiation through specific receptors, such as integrin,
syndecan, and discoidin receptors (Leitinger, 2011; Xian et al.,
2010). Cancer-associated ECM is not only an integral feature of a
tumor but also actively contributes to its histopathology and
malignant behavior (Levental et al, 2009; Provenzano et al,
2008). From tumor initiation to metastasis, ECM molecules
bind with cell surface receptors and activate intracellular
signaling pathways. ECM adhesion-induced signals promote
self-sufficient growth through mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K) (Pylayeva
et al,, 2009). Focal adhesion kinase (FAK) signaling inhibits
pl5 and p21, which are growth suppressors, and p53 to limit
the induction of apoptosis (Kim et al., 2008). TGF-p and RhoA/
Rac signaling promote EMT induction and enhance
promigratory pathways (Leight et al., 2012). The ECM can
also enhance angiogenesis and strengthen vascular endothelial
growth factor (VEGF) signaling in endothelial cells (Liu and
Agarwal, 2010).

TDEs mediate tumor-tumor and tumor-host cell crosstalk
(Kalluri, 2016). TDEs interact with and regulate the synthesis of

Tumor-Derived Exosomes Regulate Metastasis

ECM components and are involved in ECM remodeling (Rackov
et al., 2018). The proteins on the surface of TDEs promote the
activation of membrane-associated proteinases, such as Adamts1,
Adamts4, and Adamts5, thus improving proteolytic activity
(Ginestra et al., 1997; Lo Cicero et al., 2012). In addition,
matrix metalloproteinases (MMPs) derived from TDEs
participate in localized degradation and ECM proteolysis
during cellular migration and metastasis (Ginestra et al., 1997;
Atay et al,, 2014). However, besides exosomal surface proteins,
non-coding RNA also mediates ECM degradation. For example,
breast cancer—derived exosomes carry miR-301 to regulate matrix
modulation (Morad et al.,, 2020). Gastric cancer cell-derived
exosomal miR-27a reshapes the ECM at adjacent sites and
promotes tumor progression by downregulating CSRP2
expression and upregulating a-SMA expression (Wang et al,
2018). Currently, there are no direct reports on other non-coding
RNAs, such as IncRNA and cicrRNA, but TDE-derived IncRNA
and circRNA can influence fibroblast, chondrocyte, and epithelial
cell function, secreting ECM components into the extracellular
space (Tan et al,, 2020).

Some data suggested that the ECM is a prerequisite for tumor
cell invasion and metastasis (Tan et al., 2020). When the tumor
cells metastasize, they detach from the ECM. Furthermore, the
exosomes participate in this process (Figure 2B).

TUMOR-DERIVED EXOSOMES PROMOTE
ANGIOGENESIS DIRECTLY OR
INDIRECTLY

Regardless of tumor size, metastasis may occur; however, in most
cases, metastasis is associated with large primary neoplasms
(Fidler and Kripke, 2015). If a tumor mass exceeds 1 mm in
diameter, angiogenesis is bound to occur (Folkman, 1971; Nagy
and Dvorak, 2012). Therefore, exploring tumor angiogenesis is an
important way to understand tumor metastasis.

Tumor-Derived Exosomes Promote
Angiogenesis by Activating Macrophages
Cancer-derived exosomes stimulate macrophage infiltration and
polarization for establishing a pre-metastatic niche. For example,
exosomes derived from CT-26, a colon cancer cell, can provoke
macrophages to secrete significantly high levels of monocyte
chemoattractant protein-1 (MCP-1) and TNF, thus promoting
the growth and migration of colorectal cancer cells. Lung cancer
cell-derived exosomes containing miRNA-103 upregulate
angiogenic VEGF-A and angiopoietin-1 expression from M2
macrophages (Hsu et al., 2018; Wu et al, 2019). Therefore,
TDEs can motivate the angiogenic property of macrophages
such as secretion of VEGF (Wu et al, 2019). It can induce
angiogenesis by tumor cells. In addition, other immune cells
also contribute to tumor angiogenesis, such as neutrophils,
myeloid precursor cells (MPCs), and dendritic cells (DCs)
(Albini et al., 2018). But, there are no reports about TDE-
educated neutrophils, MPCs, or DCs to promote angiogenesis
in metastasis.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 752818


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

Bai et al.

—v [ N
ADP . ‘:‘ LS
cre HMGB1 Platelets 4
s Thrombus
j & ﬂ
'I.’DEs Exosomes i
of

@ B lymphocyte
@ T lymphocyte

FIGURE 4 | Role of TDEs in protecting CTCs. TDEs from CTCs and
activated platelets suppress NK cell, T cell, and B cell function. In addition,
activated platelets can form thrombi that adhere to the surface to protect
CTCs.

Tumor-Derived Exosomes Carry
Non-coding RNA and Proteins to Promote
Angiogenesis Directly
TDEs carry non-coding RNAs, including microRNA, IncRNA,
and circRNA, that play an indispensable role in angiogenesis.
TDEs carry miR-25-3p that regulates VEGFR2, ZO-1, occludin,
and claudin5 expression in ECs by targeting KLF2 and KLF4 and
eventually promotes vascular permeability and angiogenesis
(Felcht et al., 2012; Wu et al., 2019). TDEs deliver miR-130a
to vascular cells to promote angiogenesis by targeting c-MYB
(Yang et al, 2018). Exosomal miR-155-5p can induce
angiogenesis through the SOCS1/JAK2/STAT3 signaling
pathway (Zhou X. et al., 2018). Exosomal miR-135b promotes
angiogenesis by inhibiting FOXO1 expression. Exosomal miR-
23a induces angiogenesis by targeting TSGAI0, prolyl
hydroxylase, tight junction protein ZO-1, and SIRT1 (Sruthi
et al., 2018; Bai et al, 2019). Exosomal miR-1229 promotes
angiogenesis by targeting HIPK2. Exosomal miR-21 promotes
angiogenesis by targeting STAT3 (Liu and Cao et al,, 2016). In
addition, IncRNA containing IncCCAT?2, IncMALAT]I, IncRNA-
p21, and IncPOU3EF3 or circRNA, such as TDE-derived circRNA-
100338, also promote angiogenesis (Castellano et al., 2020; Huang
X.-Y. et al,, 2020; Lang, Hu, & Chen et al,, 2017; Lang, Hu, &;
Zhang Z. et al., 2017; Qiu J.-J. et al., 2018). LncRNA and circRNA
are often used as “sponges” to regulate miRNA expression in cells.
Moreover, TDEs carry a variety of angiogenic proteins, such as
VEGF, IGFBP3, MMP2, ICAM-1, and IL-8, thus enhancing
angiogenesis through in vitro and in vivo ligand/receptor
signaling (Ludwig and Whiteside, 2018). Therefore, a
combination of multiple non-coding RNAs and exosomal
proteins promotes tumor angiogenesis.

The importance of angiogenesis in tumor metastasis cannot be
understated, TDEs can carry proteins and non-coding RNAs that

Tumor-Derived Exosomes Regulate Metastasis

directly promote angiogenesis or they can mediate angiogenesis
indirectly by “educating” macrophages to release proangiogenic
factors (Figure 3).

TUMOR-DERIVED EXOSOMES CAN
PROTECT TUMOR CELLS DURING
METASTASIS

Tumor cells shed from primary or secondary tumors are called
circulating tumor cells (CTCs) (Paoletti and Hayes, 2016). CTCs
invade the bloodstream and attach to the endothelium in the
target organ. They then invade the surrounding parenchyma to
form new tumors (Garcia et al., 2018). Blood is an unfavorable
environment for CTCs, and they struggle with circulating
immune cells (Agarwal et al, 2018). TDEs help CTCs
metastasize smoothly by inhibiting immune cell activity and
conferring a protective layer on them, thus maintaining
cellular integrity (Figure 4).

Tumor-Derived Exosomes can Suppress

Immune Cells to Protect CTCs

The immune system inhibits the progression of cancer cells.
Many immune cells are found circulating in human blood,
including T lymphocytes, natural killer (NK) cells, and B
lymphocytes (de la Cruz-Merino et al, 2008; Grivennikov
et al,, 2010; McCarthy, 2001). These immune cells play crucial
roles in immune surveillance, immunosuppression, and killing
effects and mainly act on CTCs (Deepak and Acharya, 2010; Pahl
and Cerwenka, 2017; Wernersson and Pejler, 2014; Ye et al,
2017). Immune cells can recognize and attack CTCs under
normal circumstances; therefore, immunosuppression is
necessary for the metastasis of CTCs (Guo et al,, 2019). Many
researchers have found that TDEs can suppress immune cells.
Exosomes carry bioactive molecules that can impair immune cell
function (Becker et al., 2016; Kalluri, 2016; Robbins and Morelli,
2014). Programmed cell death receptor ligand 1 (PD-L1) can bind
to programmed cell death protein 1 (PD-1) to inactivate T cells
through its extracellular domain (L. Chen and Han, 2015; Chen
et al,, 2015; Garcia-Diaz et al., 2019). TDEs carry PD-L1 on their
surface and suppress CD8" T cell function in metastatic
melanoma (Chen et al,, 2018). In addition to PD-1, TDEs can
also carry others to inhibit T cell function, and prolyl hydroxylase
can inhibit CD4"and CD8" T cell functions by oxygen sensing
(Clever et al., 2016). TDEs block T cell activation and enhance
T cell apoptosis (Czernek and Dutchler, 2017; Ludwig et al,
2017). TDEs can also cause NK cell dysfunction. NK cells do not
express PD-1; however, TDEs interfere with the TGFB/TGFBRI/II
pathway and other common molecular pathways, such as the
adenosine pathway, eventually driving NK cell responses (Hong
etal., 2017). In addition, TDEs can inhibit NK cell cytotoxicity by
suppressing STATS5 activation (Zhang et al., 2007). B cells play a
critical role in immunoglobulin, antigen, and proinflammatory
cytokine secretion (Mauri and Bosma, 2012). TDE HMGBI1
regulates the proliferation of T cell Ig and mucin domain-1*
(TIM-1") B cells and fosters cancer cell immune evasion (Ye et al.,
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TABLE 1 | Chart for organotropic metastasis with respect to cancer types.

Cancer type

Acute myeloid leukemia
Breast cancer

Bladder cancer

Colon cancer

Cervical cancer

Gastrointestinal stromal

tumor

Gastric cancer

Glioblastoma

Hepatocellular carcinoma

Head and neck cancer

Lung cancer

Melanoma

Multiple myeloma (BM-MSC)

Mesothelioma

Ovarian cancer

Organotropic
metastasis

Liver metastasis

Bone metastasis

Lung metastasis

Brain metastasis
Lymph node metastasis
Liver metastasis

Bone metastasis
Lymph node metastasis
Lung metastasis

Liver metastasis
Mediastinum

Adrenal gland

Liver metastasis

Lung metastasis
Lymph node metastasis
Brain metastasis

Lung metastasis

Brain metastasis
Lymph node metastasis
Bone metastasis

Liver metastasis

Liver metastasis

Bone metastasis
Lymph node metastasis
Brain metastasis

Lung metastasis

Lung metastasis

Brain metastasis
Lymph node metastasis
Bone metastasis

Liver metastasis

Lung metastasis

Lymph node metastasis
Bone metastasis

Liver metastasis

Bone metastasis
Lymph node metastasis
Stomach and colon
Brain metastasis

Lung metastasis

Lung metastasis

Brain metastasis
Lymph node metastasis

Bone metastasis
Liver metastasis
Liver metastasis
Bone metastasis
Lymph node metastasis
Brain metastasis
Liver metastasis
Bone metastasis
Lymph node metastasis

Brain metastasis
Lung metastasis
Liver metastasis
Liver metastasis
Bone metastasis
Lymph node metastasis
Brain metastasis
Lung metastasis
Brain metastasis
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TABLE 1 | (Continued) Chart for organotropic metastasis with respect to cancer types.

Cancer type Organotropic

metastasis

Lymph node metastasis
Bone metastasis
Liver metastasis
Lung metastasis
Brain metastasis
Lymph node metastasis
Bone metastasis
Liver metastasis
Lung metastasis
Brain metastasis
Lymph node metastasis
Bone metastasis
Liver metastasis

Pancreatic cancer

Prostate cancer Polistina et al. (2020)

2018). We can design therapeutic modalities to enhance immune
cell surveillance and killing of these tumors by understanding
these signaling pathways.

CTCs Activate Platelets Directly or by

Releasing Exosomes

Platelets play major roles in hemostasis and coagulation and
regulate the efficiency of canceration, tumor angiogenesis, tumor
metastasis, and chemotherapy (Sharma et al., 2014). Platelets and
cancer cells interact, thus affecting tumor growth and metastasis
(Sharma P. et al, 2018). During blood circulation, other
nontumor help is essential, for example, platelets can protect
CTCs from blood flow shear forces by providing a protective
layer. CTCs release soluble mediators, such as adenosine
diphosphate (ADP), thromboxane (TX) A2, or high-mobility
group box 1 (HMGBL1), that can ligate toll-like receptor 4
(TLR4) to instigate localized platelet activation and form
thrombus encasing tumor cells, thus protecting them from
cytolysis by NK cells (Aitokallio-Tallberg et al, 1985;
Nieswandt et al., 1999; Yu et al., 2014; Zucchella et al., 1989).

The interaction between platelets and CTCs can lead to
platelet activation, and platelets release cytokines conducive to
the survival and proliferation of tumor cells. When platelets
combine with circulating tumor cells, platelet-derived soluble
factors (TGF B and PDGF) mediate and prevent NK cells from
detecting and dissolving tumor cells (Lambert et al., 2017; Lee J.-
K. et al,, 2013).

Finally, platelets prevent tumor cells from being eliminated by
the immune system. Platelet-derived TGF-f can downregulate
NKG2D expression and inactivate NK cells (Y. Chen et al., 2015;
Kopp et al., 2009). The platelet expression profile in tumor and
nontumor patients varies substantially (Santarpia et al., 2018).
The interaction between CTCs and platelets can protect CTCs
from immune surveillance during circulation and help tumor
cells adhere to the endothelial cells at the metastasis site
(Santarpia et al.,, 2018). Kuznetsov et al. showed that luminal
breast cancer cells carried platelets that loaded factors with the
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effect of pro-inflammatory and pro-angiogenic activities and
confirmed that these factors were released at distant tumors
sites (Kuznetsov et al., 2012). Platelets are essential for
releasing proangiogenic cytokines and recruiting angiogenic
vascular endothelial growth factor receptor 2 (VEGFR2") cells
that promote malignant progression (Schlesinger, 2018).
Moreover, studies have shown that platelets may not just have
a secondary role but may also drive malignant progression (or
metastasis) (Kuo et al., 2011).

In human blood, platelets are considered to be the major
contributors of exosomes (Caby et al., 2005). Goetzl et al. showed
that endothelial cells absorb platelet-derived exosomes and
enhance their adhesion by increasing endothelial cell adhesion
protein expression and anti-adhesion factor production, thereby
promoting CTC adhesion in vascular endothelial cells (Goetzl
et al, 2016). Platelet-derived exosomes also increase platelet
adhesion to monocytes and consequently monocyte activation,
thus promoting the formation of inflammatory phenotypes
(Goetzl et al.,, 2016).

Therefore, many researchers believe that blood platelets may
be a potential source of biomarkers to aid cancer diagnosis.
Nonetheless, the mechanism using which CTC-educated
platelets mediate CTCs to avoid damage in the circulatory
system still needs further research. We firmly believe that
these CTC-educated platelet-derived exosomes play an
important role in preventing damage to CTCs.

INTEGRINS OF TUMOR-DERIVED
EXOSOMES DETERMINE ORGANOTROPIC
METASTASIS

That different types of cancer cells preferentially colonize and
metastasize to different organs is the salient feature of metastasis
(Nguyen et al., 2009). Current research shows that tumors mainly
metastasize to lung, brain, lymph node, bone, and liver tissues.
We have summarized organotropic metastasis with respect to
cancer types (Table 1). Many studies focus on tumor cell
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FIGURE 5 | Choice of metastatic organs. The integrin on the surface of
the exosome determines where the tumor metastasizes.

adhesion function, and extracellular matrix molecules, such as
integrins, have been determined to be related to the choice of
organotropic metastasis (Valastyan and Weinberg, 2011).

Integrins, a large family of adhesion molecules, can mediate
cell-cell and cell-extracellular matrix interactions (Desgrosellier
and Cheresh, 2010). Many integrins are associated with tumor
angiogenesis, such as avp3, avp5, and a5p1 (Cascone et al., 2005;
Lee et al,, 2013a; Huang and Rofstad, 2018). B1 integrins bind to
vascular cell adhesion molecule 1 (VCAM-1) on ECs and play an
important role in trans-endothelial migration (Klemke et al,
2007). Integrins participate in tumor angiogenesis by
interacting with the VEGF-VEGFR and ANG-TIE pathways
(Klemke et al, 2007). avP3 integrin binds to the adhesion
molecule L1 on ECs driving trans-endothelial migration
(Voura et al,, 2001). avp3 integrin is the most abundant and
influential receptor among integrins on ECs and can regulate
angiogenesis (De et al., 2005; Mahabeleshwar et al., 2008; Shattil
and Ginsberg, 1997). It can be activated and colocalized with
VEGEFR-2 on ECs of proliferating blood vessels (Mahabeleshwar
etal., 2008). VEGF-stimulated c-Src can be the phosphorylate 33
subunit on ECs, promoting VEGFR-2 phosphorylation and
activation (De et al., 2005; Mahabeleshwar et al., 2008;
Mahabeleshwar et al., 2007). In addition, avp3 is necessary for
the survival and maturation of new blood vessels, and
proliferative angiogenic EC apoptosis occurs after treatment
with avB3 antagonists (Brooks et al., 1994). Briefly, integrin
subunits al, a2, a3, a4, a5, a6, a9, av, B1, B3, and P5 are
involved in physiological or pathological angiogenesis.
Exosomes affect several steps of angiogenesis including
motility, cytokine production, cell adhesion, and cell signaling
(Taverna et al, 2012). These can improve the tumor survival
environment before metastasis.

Although integrins are secreted by tumor cells, it is transported by
exosomes to a distant organ (Peinado et al,, 2017). Lyden et al.
showed that tumor exosome integrins can determine organotropic
metastasis. They suggested that tumor exosome integrins can fuse
with organ-specific resident cells and activate Src phosphorylation

MET

{——omuooon

Proliferation

FIGURE 6 | TDEs promote tumor growth at the metastasis site. MET
and TASCs promote tumor growth at metastatic sites, and TDEs can derive
MET and TASC formation.

and proinflammatory S100 expression to establish a pre-metastatic
niche (Hoshino et al,, 2015). In addition, more bodies of evidence
identified that different integrins on the surface of exosomes play
varied roles in metastasis to specific organs (Alderton, 2015; Hoshino
et al, 2015; Paolillo and Schinelli, 2017). For instance, exosomal
integrins a634 and a6p1 preferentially direct tumor cells to the lungs,
and avP5 induces liver metastasis (Hoshino et al., 2015). Tumor
exosomes can prepare pre-metastatic niches to facilitate organ-
specific metastasis, even for cancer cells equipped to metastasize

(Figure 5).

TUMOR CELL GROWTH AT THE
METASTASIS SITE

Once tumor cells migrate to tissues and organs, TDEs provide
them with a good growth environment and the ability to promote
their growth.

Tumor-Derived Exosomes Promote

Pre-metastatic Niche Formation
A pre-metastasis niche is a primary tumor in secondary organs and
tissues that creates a favorable microenvironment for subsequent
metastasis. Tumor-derived molecules secreted by primary tumors
play a key role in preparing distant sites for the formation of new
pre-metastasis niches, promoting metastasis and even determining
the orientation of metastatic organs. These major tumor-derived
molecules are usually tumor-derived secretory factors, extracellular
vesicles (EVs), and other molecular components (Minciacchi et al.,
2015). Exosomes containing protein, mRNA, or DNA fragments
promote the pre-metastasis niche formation by mediating the
communication between tumor cells and surrounding
components or transferring their contents to recipient cells (Chin
and Wang, 2016; Zhou et al., 2014).

Tumor cells are “seeds”. With tumor-secreting factors, tumor
cell-secreting vesicles, and exosomes acting as catalysts, tumor
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TABLE 2 | Role and target of the components of TDEs in tumor metastasis.

Cancer type

AML

Breast cancer

Bladder Cancer
CML

Colon cancer

Cervical cancer

GIST

Gastric cancer

Glioblastoma

Exosome component

TGF-B
DPP4
TGFB/TGFRRII
miR-10b

miR-122

RN7SL1

miR-200c, miR-141
miRNA-503
Caveolin-1
miR-193b

CEMIP

hsa-miR-940
miR-126a
miR-222
miR-130a-3p
miR-939

miR-770
miR-4443
miR-210

miR-1910-3p

miR-146a

miR-4443

LINC02470, LINCO0960
miR-92a

hsp 70
KRAS mutation

TF
miR-193a

miR-92a-3p

IncRNA H19
miR-21-5p; miR-155-5p
miR-182-3p

GDF15

MCP-1; TNF
miR-25-3p

miR-1229
Survivin

Cicr-PVT1
miR-221-3p

miR-663b
KIT

miR-27a

miR-130a
miR-135b
EGFR vlll

matrix metalloproteinases, IL-

8, PDGFs, and caveolin 1

Target cells

NK cells

Bone

NK-92

Mammary epithelial
cells

Lung fibroblast
neurons

Breast cancer cells
Breast cancer cells
Microglia

Breast cancer cells
Breast cancer cells
Brain endothelial and
microglial cells
Osteoblastic

Lung

Breast cancer cells
Breast cancer cells
Breast cancer cells

TNBCs
Breast cancer cells
Endothelial cells

Breast cancer cells
CAFs

Liver

Bladder cancer cells
EC

MDSC
Colon CA cells

EC
Colon cancer cells

Colon cancer cells
Colon cancer cells
Colon cancer cells
Colon cancer cells
HUVECs
Macrophages
ECs

ECs
Cervical cancer cells

Cervical cancer cells
HLEC

Cervical cancer cells
Progenitor muscle
cells

CAFs

ECs

ECs

Glioblastoma cells
Glioblastoma cells

Potential regulation

NKG2D

HOXD10 and KLF4
PKM

PRR RIG-I
FOXP3-KAT2B

RAB22A

ARHGAP1 and FAM134A

S100A8/A9
NF-xB
RAB5B
VE-cadherin

STMNT1
TIMP2

MTMR3
TXNIP

Integrin a5

STAT3

Caprint

miR-141
BRG1
FOXO4
Smad

VEGFR, ZO-1, occludin,

and claudinb
HIPK2

MiR-1286
VASH1

MGAT3
MMP1

C-MYB

FOX1

VEGF, Balx (L), p27
PIBK/AKT

Tumor-Derived Exosomes Regulate Metastasis

Roles in
metastasis steps

Step 3: immunosuppressive
Step 5

Step 3: immunosuppressive
Step 1: enhance invasion ability

Step 2: non-coding RNA
influence angiogenesis

Step 5

Enhance metastases

Step 3: immunosuppressive
Enhance metastases

Step 1: enhance invasion ability
Step 2: angiogenesis

Step 5

Step 2

Step 1

Step 1

Step 2: non-coding RNA
influence angiogenesis
Decrease metastases

Step 4

Step 2: non-coding RNA
influence angiogenesis

Step 1: enhance invasion ability
Step 5

Step 1: enhances invasion ability
Step 1: EMT

Step 2: non-coding RNA
influence angiogenesis

Step 3: immunosuppressive
Step 5: tumor growth

Step 3: platelet activation

Step 5: decrease the growth of
cells

Step 1: EMT

Step 5: MET

Step 5

Step 1: EMT

Step 2

Step 2: activating macrophages
Step 2: angiogenesis

Step 2: angiogenesis
Step 5: tumor growth

Step 1: EMT

Step 2: Lymphatic vessel
formation

Step 1: EMT

Step 1: Influence the relationship
between tumor cells and cell
matrix

Step 1: EMT

Step 2: angiogenesis

Step 2: angiogenesis

Step 5: tumor growth

Step 1: EMT

References

Szczepanski et al. (2011)
Namburi et al. (2021)
Hong et al. (2017)
Singh et al. (2014)

Fong et al. (2015)

Nabet et al. (2017)
Zhang G. et al. (2017)
Xing et al. (2018)
Campos et al. (2018)
Sun et al. (2018)
Rodrigues et al. (2019)

Hashimoto et al. (2018)
Deng et al. (2017)
Ding et al. (2018)
Kong et al. (2018)
Di Modica et al. (2017)

Li Y. et al. (2018)
Wang H. et al. (2020)
Kosaka et al. (2013)

Wang B. et al. (2020)
Yang et al. (2020b)
Wang J. et al. (2020)
Huang et al. (2020b)
Umezu et al. (2014)

Chalmin et al. (2010)
Demory Beckler et al.
(2013)

Garnier et al. (2012)
Teng et al. (2017)

Hu J. L. et al. (2019)
Ren et al. (2018)
Lan et al. (2019)

Liu et al. (2019)
Zheng et al. (2020)
Chen et al. (2016)
Zeng et al. (2018)

Hu H.-Y. et al. (2019)
(Khan et al., 2009; Khan
etal., 2011)

Wang H. et al. (2020)
Zhou et al. (2019)

You et al. (2021b)
You et al. (2021b)

Wang J. et al. (2018)
Yang et al. (2018)

Bai et al. (2019)
Al-Nedawi et al. (2008)

Kucharzewska et al. (2013)

L1CAM Glioblastoma cells FAK; FGFR Enhance metastases Pace et al. (2019)
miR-148a Glioblastoma cells CADM1 Step 1 Cai et al. (2018)
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TABLE 2 | (Continued) Role and target of the components of TDEs in tumor metastasis.

Tumor-Derived Exosomes Regulate Metastasis

Cancer type Exosome component Target cells Potential regulation Roles in References
metastasis steps
LncRNA CCAT2 ECs - Step 2: angiogenesis Lang et al. (2017a)
LncRNA POU3F3 ECs - Step 2: angiogenesis Lang et al. (2017b)
HCC miR-584, 517¢, 378 HCC cells TAKA Step 5: tumor growth Kogure et al. (2011)
miR-1247-3p Fibroblasts B4GALT3 Step 5: TASCs Fang T. et al. (2018)
miR-122 HCC cells Step 5: tumor growth Qian and Pollard, (2010)
miR-27b-3p/miR-92a-3p HCC cells IGF1R Step 5: tumor growth Basu and Bhattacharyya
et al. (2014)
miR-103 ECs VE-cadherin Step 2: non-coding RNA Basu and Bhattacharyya
influence angiogenesis et al. (2014), Fang J. H.
et al. (2018)
miR-21, miR-10b HCC cells - Step 1 Tian et al. (2019)
SMAD3 HCC cells ROS Step 4: attach Fu et al. (2018)
Step 5: tumor growth
LOXL4 HUVECs FAK/Src Step 2: angiogenesis Li R. et al. (2019)
Vps4dA HCC cells B-catenin Step 1: EMT Han et al. (2019)
miR-320a HCC cells CDK2, MMP2 Step 1: EMT Zhang Z. et al. (2017)
Step 5: TASCs
INcRNA FAL1 HCC cells miR-1236 Enhance metastases Li B. et al. (2018)
p120-catenin HCC cells STAT3 Enhance metastases Cheng et al. (2019)
miR-372-3p HCC cells Rab11a Enhance metastases Cao et al. (2019)
Alpha-enolase HCC cells Integrin a6p4 Enhance metastases Jiang et al. (2020)
circ_MMP2 HCC cells MMP2 Enhance metastases Liu et al. (2020)
miR-92a-3p HCC cells PTEN/Akt Step 1: EMT Liu et al. (2020)
LincO0161 HUVECs miR-590-3p/ROCK Step 2: angiogenesis You et al. (2021a)
miR-30a; miR-222 HCC cells MIA3 Enhance metastases Du et al. (2021)
S100A4 HCC cells STAT3 Enhance metastases Sun et al. (2021)
miR-1290 ECs SMEK1 Step 2: angiogenesis Wang et al. (2021b)
circRNA-100338 HUVECs - Step 2: angiogenesis Huang et al. (2020b)
TIM11 B cells TLR/MAPK Step 3: immunosuppressive Ye et al. (2018)
HNC FasL T cells Jurkat Step 3: immunosuppressive Kim et al. (2005)
miR-23a HUVECs TSGA10 Step 2: angiogenesis Bao et al. (2018)
- NK cells NKG2D Step 3: immunosuppressive Ludwig et al. (2017)
Lung Cancer miR-103 M2 macrophages VEGF-A Step 2: angiogenesis (Hsu et al., 2018; Wu et al.,
2019)
miR-23a ECs Z0-1 Step 2: angiogenesis Hsu et al. (2017)
miR-21 HUVECs - Step 2: angiogenesis Liu et al. (2016a)
LncRNA-p21 HUVECs - Step 2: angiogenesis Castellano et al. (2020)
Melanoma MET BM progenitor cells - Step 5: tumor growth Peinado et al. (2012)
PD-L1 T cells PD-1 Step 3: immunosuppressive Chen et al. (2018)
snRNA Lung epithelial cells TLR3 Step 5: TASCs Liu et al. (2016b)
CD151 Lung, lymph node - Step 4: location Malla et al. (2018)
and stromal cells
Fas T cells MMP9 Step 3: immunosuppressive Cai et al. (2012)
miR-191; let-7a Melanoma cells - Step 1: EMT Xiao et al. (2016)
Immunomodulatory, Melanoma cells - Step 2: angiogenesis Ekstrom et al. (2014)
proangiogenic factors Step 3: immunosuppressive
HSP70 NK cells - Step 3: immunosuppressive Elsner et al. (2007)
uPAR HMVECs; ECFCs ERK1,2 Step 2: angiogenesis Biagioni et al. (2021)
miR-106b-5p Melanoma cells EphA4 Step 5: MET Luan et al. (2021)
miR-155-5p CAFs SOCS1/JAK2/STAT3 Step 2: angiogenesis Zhou X. et al. (2018)
Multiple myeloma  miR-15a MM cells FAK Step 1: enhance invasion ability ~ Roccaro et al. (2013)
(BM-MSC) miR-let-7¢ ECs - Step 2: TDEs promote Tian et al. (2021)
angiogenesis by activating
macrophages
miR-135b EC HIF-FIH Step 2 Umezu et al. (2014)
Mesothelioma TGF-p Fibroblasts SMAD Step 1: influence the relationship ~ Webber et al. (2010)
between tumor cells and cell
matrix
NPC HIFta NPC cells LMP1 Step 1 Aga et al. (2014)
miR-23a EC TSGA10 Step 2: angiogenesis Bao et al. (2018)
MMP13 NPC cells - Step 1 You et al. (2015)
Step 2: angiogenesis
circMYC NPC cells - Enhance metastases Luo et al. (2020a)
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TABLE 2 | (Continued) Role and target of the components of TDEs in tumor metastasis.

Cancer type

Ovarian cancer

Pancreatic
cancer

Prostate cancer

Exosome component

LMPA

FasL

ATF2; MTA1; ROCK1/2
GNA12; EPHA2; COIA1
CD44

circWHSC1

miR-375

miR-7

LncRNA FALA1
miR-6780b-5p
circRNA051239
LncRNA MALATA
MIF
miR-301a-3p
circ-IARS
Lin28B
miR-501-3p

INcRNA Sox2ot

CD151, Tspan8
miR92a-3p

CD44v6/C1QBP

avp6 Integrin

miR-1246

miR-940

miR-26a

PKM2

PSGR

TGF-p2, TNF1a, IL6,
TSG101, Akt, ILK, B-catenin

Target cells

NPC cells
T cells
HUVECs
MSCs; ECs
HPMCs
HPMCs

Ovarian cancer cells
EOC

Ovarian cancer cells
Ovarian cancer cells
Ovarian cancer cells
HUVECs

Liver Kupfer cells
Macrophages
HUVECs

CAFs

Pancreatic ductal
adenocarcinoma
Pancreatic ductal
adenocarcinoma
ASML

Pancreatic ductal
adenocarcinoma
Pancreatic ductal
adenocarcinoma
Prostate cancer cells
Prostate cancer cells
Osteoblastic
Prostate cancer cells
BMSCs

Prostate cancer cells
Prostate cancer cells

Potential regulation

CD3-zeta

miR-145; miR-1182

CA-125
EGFR, AKT, ERK1/2
PTEN/AKT

PTEN/PI3Ky
let-7, HMGA2, PDGFB
TGFBR3, TGF-

PTEN/Akt

N-cadherin; vimentin
ARHGAP1, FAM134A
CXCL12

Tumor-Derived Exosomes Regulate Metastasis

Roles in
metastasis steps

Step 1: EMT

Step 3: immunosuppressive
Step 2: angiogenesis

Step 5

Step 1

Step 2

Enhance metastases
Decrease metastases
Enhance metastases
Step 1: EMT

Step 5

Step 2: angiogenesis
Step 5: tumor growth
Step 2: active macrophages
Enhance metastases
Step 5

Enhance metastases

Step 1: EMT

Step 1: matrix degradation
Step 1: EMT

Step 5

Step 4

Step 1: EMT

Enhance metastases

Step 1: EMT

Step 5

Step 1: EMT

Step 1: matrix degradation
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cells

can promote

the formation of the

“soil”

(host

involves the change of the ECM. Niche formation before transfer is

microenvironment) in a distant metastasis site and promote
the growth of cancer cells. Cancer metastasis is preceded by
the interaction between the seed and soil (Y. Chen et al., 2015;
Lambert et al., 2017; Liu and Cao, 2016; Minciacchi et al., 2015).
Primary tumor cells influence and change the microenvironment
at secondary organs by promoting pre-metastasis niche factor
before tumor cells arrive (Chin and Wang, 2016; He et al., 2017).

The characteristics of a pre-metastasis niche include the
following six aspects. First, pre-metastasis niche formation is
accompanied by the recruitment of bone marrow-derived cells
(BMDC) (Y. Chen et al., 2015; Minciacchi et al., 2015). Literature
suggests that extracellular matrix metalloproteinase inducer
(EMMPRIN) in cancer cells can induce the secretion and
expression of many factors, such as SDF and VEGF, which
mediate the recruitment of BMDC to the liver and lungs (Y.
Chen et al., 2015; Minciacchi et al., 2015). Second, the immune
cells involved in the pre-transfer niche formation are heterogenous.
Pre-metastasis niche formation involves not only the recruitment
of foreign cells but also the reprogramming of resident stromal
cells, promoting metastasis. Pre-metastasis niche formation also

accompanied by a change in the vascular system. Metastatic breast
cancer cells reduce tight junctions between endothelial cells by
secreting exosomes containing mir-105, thus inducing systemic
vascular leakage and promoting metastasis (Kong et al,, 2019).
Breast cancer cells secrete exosomes containing miR-122, which are
absorbed by niche cells, and reduce glucose consumption by
targeting pyruvate kinase, thus increasing the proliferation rate
and survival rate of cancer cells and promoting metastasis (Fong
et al, 2015). Pancreatic cancer-derived exosomes, rich in
macrophage migration inhibitory factors, recruit macrophages
and induce pre-metastasis niche formation in the liver (Costa-
Silva et al, 2015). Modulation of the pre-metastatic niche
formation by controlling TDEs is a new area for future
chemotherapy research.

Tumor-Derived Exosomes Promote the

Growth of Metastasis Tumor
The growth of metastatic tumors requires suitable “soil”. MET
returns the cancer cells to a highly proliferative state but with the
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loss of their migration characteristics, enabling tumor growth at
the metastasis site (Li K. et al., 2019). The characteristics of MET
are increased expression of mesenchymal markers, such as
vimentin, and decreased expression of epithelial markers, such
as E-cadherin, compared with that of EMT (Wells et al., 2008).
MET supports the reacquisition of epithelial features to promote
metastasis (Brabletz et al., 2001). Several signaling pathways are
involved in regulating MET, including transforming growth
factor (TGF), fibroblast growth factors (FGFs), bone
morphogenic protein (BMP), epidermal growth factor receptor
(EGFR), hepatocyte growth factor (HGF), Wnt/B-catenin, and
Notch pathways (Said and Williams, 2011). TDEs can support
tumor progression and remodel surrounding parenchymal
tissues at the metastatic site (Greening et al., 2015). TDEs play
an important regulatory role mediating EMT and transforming
MET (Bigagli et al., 2019). Gastric cancer cell-derived exosomes
can mediate the stimulation of proinflammatory cytokine IL-13
secretion and activate the Akt and MAPK pathways to promote
tumor growth at the metastatic site (Che et al., 2018; Wang et al.,
2019¢). In addition, TDEs can transform stromal cells into
tumor-associated stromal cells (TASCs) that can secrete many
pro-tumorigenic factors, including IL-6 and IL-8. These factors
can enhance the proliferation ability of tumor cells (Bussard et al.,
2016). Hence, TDEs can enable tumor cells to acquire
proliferation capacity directly through the MET process or
promote tumor proliferation by inducing TASC formation and
releasing related factors (Figure 6). Nevertheless, there is still a
dearth of research on exosomes and their contribution to MET.
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CONCLUSION

Exosomes play an important role in every step leading to tumor
metastasis. Although there are many reports on the role of exosomes
in metastasis, much is left to be explored of the potential mechanisms
underlying metastasis. Although a few studies still have unclear
results, we have summarized the published literature on the
substances that exosomes carry, their main functions in different
tumors, the target cells affected, and steps involved in metastasis.
(Table 2). Exploring these underlying mechanisms will enlighten us
about cancer biology and contribute to the prevention of and
therapeutic strategies for malignancies. We can manipulate TDEs
to impede not just metastasis formation but even established
metastases.
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Angiogenesis-Related Gene
Signature-Derived Risk Score for
Glioblastoma: Prospects for
Predicting Prognosis and Immune
Heterogeneity in Glioblastoma
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"Department of Neurosurgery, The First Affiliated Hospital of China Medical University, Shenyang, China, “Department of
Rheumatology and Immunology, ShengdJing Hospital of China Medical University, Shenyang, China

Background: Glioblastoma multiforme (GBM) is the most common malignant tumor in the
central nervous system with poor prognosis and unsatisfactory therapeutic efficacy.
Considering the high correlation between tumors and angiogenesis, we attempted to
construct a more effective model with angiogenesis-related genes (ARGS) to better predict
therapeutic response and prognosis.

Methods: The ARG datasets were downloaded from the NCBI-Gene and Molecular
Signatures Database. The gene expression data and clinical information were obtained
from TCGA and CGGA databases. The differentially expressed angiogenesis-related
genes (DE-ARGs) were screened with the R package “DESeq2”. Univariate Cox
proportional hazards regression analysis was used to screen for ARGs related to
overall survival. The redundant ARGs were removed by least absolute shrinkage and
selection operator (LASSO) regression analysis. Based on the gene signature of DE-ARGs,
a risk score model was established, and its effectiveness was estimated through
Kaplan—-Meier analysis, ROC analysis, etc.

Results: A total of 626 DE-ARGs were explored between GBM and normal samples; 31
genes were identified as key DE-ARGs. Then, the risk score of ARG signature was
established. Patients with high-risk score had poor survival outcomes. It was proved that
the risk score could predict some medical treatments’ response, such as temozolomide
chemotherapy, radiotherapy, and immunotherapy. Besides, the risk score could serve as a

Abbreviations: ARG, angiogenesis-related gene; AUC, area under receiver operating characteristic curve; Ang, angiopoietin;
bFGF, basic fibroblast growth factor; BP, biological processes; CC, cellular component; CGGA, Chinese glioma genome atlas;
DE-ARG, differentially expressed angiogenesis-related gene; GBM, glioblastoma multiforme; G-CIMP, glioma CpG island
methylator phenotype; GO gene ontology; HGF, hepatocyte growth factor; IDH, isocitrate dehydrogenases; IFN, interferon;
KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least absolute shrinkage and selection operator; MF, molecular
function; MMP, matrix metalloproteinase; OS, overall survival; pDC, plasmacytoid dendritic cell; PDGF, platelet-derived
growth factor; PPI, protein-protein interaction; ROC, receiver operating characteristic curve; TCGA, The Cancer Genome
Atlas; TGF-p, transforming growth factor-B; TIDE, tumor immune dysfunction and exclusion; uPA/uPAR, urokinase/uro-
kinase-type plasminogen activator receptor; VEGF, vascular endothelial growth factor; WHO, World Health Organization.
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promising prognostic predictor. Three key prognostic genes (PLAUR, ITGA5, and FMOD)
were selected and further discussed.

Conclusion: The angiogenesis-related gene signature-derived risk score is a promising
predictor of prognosis and treatment response in GBM and will help in making appropriate

therapeutic strategies.

Keywords: glioblastoma, angiogenesis, gene signature, prognostic model, risk score

BACKGROUND

Glioblastoma, also known as glioblastoma multiforme (GBM),
which is classified by the World Health Organization (WHO) as
a grade IV glioma, is a highly heterogeneous and aggressive
type of nervous system tumor, with a 5-year survival rate of
less than 7% (Ostrom et al, 2019). There has been great
progress in surgical resection, radiotherapy, and chemotherapy.
Immunotherapy, as a new promising treatment, has particularly
caught worldwide attention (Bush et al., 2017; Xu et al,
2020). Nevertheless, the prognosis for GBM patients remains
dismal.

Angiogenesis, which refers to the process of
neovascularization  from  existing vessels, has been
substantiated to be highly related to tumorigenesis, metastasis,
and migration in glioblastoma (Onishi et al., 2011). Some
angiogenesis regulators, including vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), hepatocyte
growth factor (HGF), platelet-derived growth factor (PDGEF),
transforming growth factor-p (TGF-B), matrix
metalloproteinases (MMPs), and angiopoietins (Angs), are
demonstrated to modulate several important cancer-related
pathways and are promising prognostic biomarkers of GBM
patients (Ahir et al, 2020). Inhibition of growth factors/
signaling pathways necessary for tumor angiogenesis is viewed
as one of the most practical approaches to hinder tumor
progression (Ahir et al., 2020; Bazan et al., 2021).

Recently, with the advancement of next-generation
sequencing technology, numerous studies have focused on the
molecular changes underlying GBM. In 2016, for the first time,
the World Health Organization (WHO) incorporated molecular
marker-based classification into diagnosis, indicating that the
treatment and diagnosis of GBM have entered a molecular era
(Komori, 2017). Although increasing molecular studies in GBM
have been reported recently, the appropriate prognostic
biomarkers and predictors of therapeutic responses are still
not clear. Increasing studies have investigated the roles of
angiogenesis-related genes (ARGs) in the development and
progression of glioma. The expression of ARGs is dysregulated
in GBM and correlated with prognosis (Fei et al., 2015; Rostami
et al, 2019; Simon et al., 2020). Therefore, ARGs are promising
therapeutic targets and prognostic predictors in GBM.

In the present study, based on the global gene expression
profile, we aimed to develop an angiogenesis-related gene
expression signature and a nomogram model to predict
prognosis and therapeutic targets in GBM. The related
immunological features are also evaluated.

MATERIALS AND METHODS

Gene Expression and Clinical Data
Acquisition

The study was carried out according to the workflow shown in
Figure 1A. The ARG sets were downloaded from the NCBI-Gene
(https://www.ncbi.nlm.nih.gov/gene) and Molecular Signatures
Database (MSigDB, http://www.broad.mit.edu/gsea/msigdb). A
total of 1,603 ARGs were obtained from NCBI-Gene with the
keyword “angiogenesis” in Homo sapiens and 48 ARGs were
downloaded from MSigDB (Supplementary Table S1).

The level III gene expression profiles and corresponding clinical
information of GBM patients were downloaded from The Cancer
Genome Atlas (TCGA, https://portal.gdc.cancer.gov) and the
Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn)
databases, respectively. The TCGA-GBM cohort containing 167
tumor samples and 5 normal samples was used as the training
set (Figure 1B), while the CGGA cohort containing 388 GBM
samples was selected as the validation set. A total of 219 GBM
samples in The Repository for Molecular Brain Neoplasia Data
(REMBRANDT, http://caintegrator-info.nci.nih.gov/REMBRANDT)
and 159 GBM samples in GSE16011 database (https://www.ncbi.
nlm.nih.gov/geo/) were also obtained and used as the validation set.
The expression data regarding the efficacy of angiogenesis
inhibitors in GBM was obtained from the GSE79671 database
(https://www.ncbi.nlm.nih.gov/geo/). Protein-protein interaction
(PPI) network data were obtained using the STRING database
(http://string-db.org) (Szklarczyk et al., 2021). No ethical approval
or informed consent was required in this study due to the public
availability of the data.

Identification of Differentially Expressed

Genes and Functional Enrichment Analysis
The differentially expressed angiogenesis-related genes (DE-ARGs)
between GBM and normal samples in the TCGA cohort were
screened with the R language package “DESeq2”, using a cutoff of
log2 fold change (log2FC) >1 and adjusted p < 0.01 (Love et al,
2014). GO and KEGG pathway enrichment analyses were
performed using the R package “clusterProfiler” (Yu et al., 2012).

Development and Validation of Prognostic
Signatures Based on ARGs

Univariate Cox proportional hazards regression analysis was used
to screen for ARGs related to overall survival (OS). Then, the
redundant ARGs were removed by least absolute shrinkage and
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FIGURE 1 | Workflow chart and the clinicopathological features of the data. (A) The workflow chart of the whole analysis in this study. (B) Heatmap of
clinicopathological features of the TCGA-GBM data.

selection operator (LASSO) regression analysis using the R package ~ Assessment of the Immune Landscape
“glmnet”; thus, only 31 key ARGs remained (Friedman etal, 2009).  of GBM

The LASSO regression coefficients were weighted with mRNA 1 the present study, we analyzed the specific gene expression
expression levels to calculate the risk score. signature of immune and stromal cells in GBM tissues using the R

By the risk score, patients were divided into high- or low-risk  package “estimate” (Yoshihara et al, 2013). By calculating the
groups, respectively. With the R package “survival” and  purity score, and immune and stromal scores with ESTIMATE
“survminer”, Kaplan-Meier survival analysis was carried out  algorithm, the infiltration of tumor microenvironment cells
to compare the prognostic difference between the two groups,  was predicted. Then, based on the normalized gene expression
and then the results were verified by ROC analysis. data, the proportions of 16 types of infiltrating immune cells
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FIGURE 2 | DE-ARGs between GBM and normal brain tissues. (A) Heatmap of the DE-ARGs. (B) Volcano plots presenting the differences between GBM and

normal brain tissues. The blue dots represent DE-ARGSs (adj. p-value < 0.01 and |log2(FC)| > 1). DE-ARGs, differentially expressed angiogenesis-related genes.

were calculated by the CIBERSORT algorithm (Newman et al.,
2015).

Evaluation of the Prediction Efficiency of the
Risk Score on Chemotherapy and

Immunotherapy

We evaluated the distribution of the non-responding group and
the responding group in high- and low-risk groups separately by
analyzing the data from GSE79671. Tumor immune dysfunction
and exclusion (TIDE) algorithm was used to predict tumor
immune evasion (Jiang et al., 2018). The prognostic value on
immunotherapy was verified by ROC analysis.

Construction and Evaluation of the

Nomogram

Furthermore, we plotted a nomogram based on the risk score
groups and clinical traits by the multivariable Cox regression
analysis. Then, validations were conducted utilizing the R
package “rms” (version 6.2-0; http://cran.r-project.org/web/
packages/rms). The calculation of concordance index
(C-index) is to estimate the probability that the predicted
result is consistent with the actual outcome.

Identification of Key Genes

The network of 74 DE-ARGs was constructed by Cytoscape
software (version 3.8.2) and the top hub genes were selected
through the MCODE plugin. The prognostic value was
examined by Kaplan-Meier survival analysis through the
GlioVis data portal (http://gliovis.bioinfo.cnio.es) (Bowman

etal., 2017). A Venn diagram analysis was carried out between
the 31 key ARGs, 10 hub genes, and 8 prognostic hub genes
previously identified; ultimately, 3 key genes were identified using
venn tools in Hiplot (https://hiplot.com.cn) (Hiplot: A Free and
Comprehensive Cloud Platform for Scientific Computation and
Visualization, 2021).

Statistical Analysis

Differences between the high- or low-risk groups were
compared with the Wilcoxon test. Survival curves were
generated by the Kaplan-Meier method and compared with
the Log-rank test. Experiments were conducted three times
independently and data were presented as mean + SEM. p <
0.05 (*), p < 0.01 (**), and p < 0.001 (***) represent statistical
significance. ~ The time-dependent receiver operating
characteristic (ROC) curves were built using the R package
“pROC” to test the prognostic performance of the ARG-risk
signature (Robin et al., 2011). All statistical analyses were
conducted with SPSS 19.0 (IBM, Armonk, New York),
GraphPad Prism 8.0 (GraphPad Software, La Jolla,
California), or R software (www.r-project.org).

RESULTS

Identification of Differentially Expressed

Genes and Functional Enrichment Analysis
The TCGA-GBM dataset was screened to identify the
differentially expressed angiogenesis-related genes (DE-ARGs)
between GBM and normal samples with the R language package
“DESeq2”, using a cutoff of |log2FC| >1 and adj.p < 0.01. As
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shown in Figure 2, there were 626 DE-ARGs in total; 243
genes were upregulated and 383 genes were downregulated
(Figure 2).

GO and KEGG pathway enrichment analyses were
performed with a cutoff of p < 0.05. The top 20 most
enriched terms are shown in Figure 3. GO analysis showed
that the DE-ARGs were mainly enriched in cellular
components like collagen-containing extracellular matrix,
focal adhesion, and cell-substrate junction; biological
processes like regulation of angiogenesis, regulation of
vasculature  development, and ameboidal-type cell
migration; and molecular functions like cell adhesion
molecule binding, signaling receptor activator activity, and
receptor-ligand activity (Figures 3A-C). Meanwhile, KEGG
analysis showed that the proteoglycans in cancer, focal
adhesion, and PI3K-AKT signaling pathway were highly
enriched. All the results suggested that the genes had a
broad impact on tumor progression via angiogenesis
regulation.

Identification of Prognostic ARGs and
Establishment of the ARG-Related

Prognostic Model
Univariate Cox regression analysis was conducted to detect
prognostic DE-ARGs. Seventy-four DE-ARGs were shown to
be highly related with prognosis. The expression levels and OS
curves of the top 6 are shown in Figure 4. Subsequently, 31 genes
were selected as key factors from the above 74 DE-ARGs by
LASSO Cox regression analysis (Figure 5).

With the 31 key factors, we established an ARG-related risk
score model to predict the prognosis. The formula of the risk
score of ARG signature reads as follows:

n

riskscore _ CZkzlck exp ressiony

In the above equation, # is the number of selected key ARGs, e
refers to the natural constant, k represents the kth prognostic gene
with a non-zero dimension reduction coefficient of Lasso, ¢ is its
coefficient, and expression;, is its expression value.
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o
Coefficients

Hereafter, we sought to explore the relationship between
the risk score and prognosis. We used the median value of the
risk score as a cutoff to divide the patients into high- and low-
risk groups (Figures 6A,B). Compared to the low-risk group,
the high-risk group has a significant low OS, suggesting a
worse prognosis (Figure 6C). Receiver operating characteristic
(ROC) curve analysis showed that the ARG-related risk score
had good predictive accuracy for prognosis in the TCGA cohort
(Figure 6D). For independent validation, we further assessed

the risk score model using the CGGA, Rembrandt, and
Gravendeel database (Figure 6E). Consistent results were
obtained.

Association Between the Risk Score and
Clinical Features

In order to explore the correlation between ARG-related risk
score and clinical features, we respectively compared the
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differences between the high- and low-risk groups in survival (IDH) mutant status, etc. It was shown that the risk score did
time, Glioma CpG island methylator phenotype (G-CIMP)  reveal a relationship with some clinical traits, especially in
status, gene expression subtype, isocitrate dehydrogenase  G_CIMP status and IDH mutant status (Figure 7).
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The Risk Score Predicts the Infiltration of

Tumor Microenvironment Cells

We analyzed the specific gene expression signature of purity,
immune, and stroma scores in GBM tissues using the R package
“estimate”. As shown in Figure 8, there was no difference
between the two groups in tumor purity. Even though the
differences were not significant, the high-risk group did show
a higher stroma score and immune score, indicating a poorer
prognosis (Figure 8). To estimate the immunological functioning
in the high- and low-risk groups, the proportions of 16 types of
infiltrating immune cell and 13 types of immune-related
functions were calculated by the CIBERSORT algorithm using
the TCGA database. High-risk score was shown to be correlated
with many immune-related functions, especially type I interferon
(IEN) antiviral response and para-inflammation function.
Furthermore, the distribution of immune cell also differed; the
high-risk group had higher proportion of plasmacytoid dendritic
cells (pDCs) and neutrophils (Figure 9).

The Risk Score Predicts the Medical

Treatment Response

The targeted drug bevacizumab, which is well known as an anti-
angiogenesis drug, has been proven effective on many malignant
tumors. Nevertheless, not all the patients could benefit from it. In
order to examine the prognostic ability on anti-angiogenesis
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treatment, the efficacy of bevacizumab was compared between the
two groups. As shown in Figure 10, there were more patients who
responded to the drugs in the low-risk score group. Meanwhile,
the non-responding group has higher risk scores relatively
(Figures 10A,B).

Predictive potential of immunotherapy responsiveness among
the two groups in TCGA-GBM was estimated by TIDE algorithm.
The high-risk group revealed a higher TIDE score (Figures
10C,D).

The Risk Score Was an Independent

Prognostic Predictor

To access whether the angiogenesis-related risk score is a
promising prognostic predictor, univariate and multivariate
Cox regression was conducted with the TCGA-GBM dataset.
The results revealed that the risk score, G-CIMP status, IDH
mutant status, 1p/19q co-deletion, chemotherapy, and radiation
therapy were significantly correlated with clinical outcome and
prognosis (Figure 11). Similar results were obtained with the
CGGA dataset. Taken together, the angiogenesis-related risk
score was validated to be an independent prognostic predictor.

Build Nomogram Combined the Risk Score
With Clinical Features

In order to explore a new model for predicting, a nomogram was
generated with the above independent prognostic clinical features
to predict the probability of the 12- and 24-month OS in the

TCGA cohort (Figure 12A). As is shown in Figure 12, the
predicted OS was closely related to the actual OS (Figure 12B).

Identification of the Key Prognostic Genes
The prognostic 31 DE-ARGs’ interaction network was
constructed by Cytoscape software (Figure 13A), and the top
10 hub genes were identified through the MCODE plugin
(Figure 13B). The Kaplan-Meier survival analysis was
conducted and 8 genes were shown to be prognostic on OS
(Figures 13C-L). Venn diagram analysis indicated that 3 key
genes [PLAUR (plasminogen activator, urokinase receptor),
ITGA5, and FMOD (fibromodulin)] were the intersection of
the 31 DE-ARGs, 10 hub genes, and 8 prognostic hub genes
(Figure 14).

DISCUSSION

GBM is a highly heterogeneous malignant tumor, and despite the
great advances in multimodality therapy, the overall prognosis
remains poor. Recently, numerous studies have focused on the
molecular changes underlying GBM, supplying abundant high-
throughput data. Based on the data, people tried to explore
molecular characteristics to facilitate predicting the prognosis
and improving individualized treatment (Cao et al., 2019; Wang
et al,, 2019; Niu et al., 2020). Nevertheless, the most appropriate
models remain controversial to date. It is widely believed that
angiogenesis is highly related to tumorigenesis, metastasis, and
migration; anti-angiogenesis therapy has been viewed as a
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promising treatment for GBM patients (Ahir et al., 2020), but a
prediction model concerning angiogenesis has not been
developed yet. In the current study, we established an
angiogenesis-related gene signature-derived risk score for the
first time.

The performance evaluation analysis revealed that the risk
score worked well in predicting OS in both the training set and
the validation set. The correlations between the risk score and
clinical traits were also estimated. Many existing studies
demonstrated that non-G-CIMP and IDH wild type were

associated with worse prognosis (Tan et al., 2020). Our risk
score showed high correlation with G-CIMP and IDH status,
which further implied its potential in predicting prognosis.
Tumor microenvironment, as one of the hottest topics, has
received extensive attention these past few years. In our study, the
high-risk score group revealed a close correlation with type I IFN
antiviral response and a higher infiltration proportion of
plasmacytoid dendritic cells (pDCs) and neutrophils. It is well-
known that both innate and adaptive immune response could
promote angiogenesis through releasing pro-angiogenic
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mediators and then activating endothelial cell proliferation and
migration (Ribatti and Crivellato, 2009). The type I IEN family
was capable of exerting its anti-tumor activity via regulating a
wide range of immune cells and inhibiting angiogenesis (Hong
etal., 2000; Enomoto et al., 2017; Snell et al., 2017). pDCs, as an
important class of antigen-presenting cells (APCs), play a
critical role in regulating the immune response to antigens
(Megjugorac et al, 2004). Depending on the different
microenvironments or stimuli, they could induce either
immunogenicity or immune tolerance (Villadangos and
Young, 2008; Panda et al., 2017; Waisman et al., 2017). pDC
dysfunction induced by impaired IFN-a secretion and
upregulation of immune checkpoint mediators was often
observed in tumors, including gliomas (Gousias et al., 2013;
Aspord et al., 2014; Mitchell et al., 2018). As for neutrophils,
they are the most abundant white blood cells in the human
circulatory system, involved in the innate immunity (Amulic
et al.,, 2012). Recent studies have demonstrated their complex
role in promoting angiogenesis and tumorigenesis (Kim and
Bae, 2016; Wu et al., 2020). Both pDCs and neutrophils play a
critical role in pro-angiogenesis and immunosuppression

(Stockmann et al., 2014; Albini et al., 2018). It is for this
reason that our ARG-related risk score has a satisfactory
prognostic efficiency.

Chemotherapy, such as anti-angiogenic therapy and
immunotherapy, has been expected to be a promising
adjunct to traditional surgery and radiotherapy for GBM
treatment (Tan et al., 2020). Anti-angiogenic therapy using
bevacizumab is a type of targeted anti-cancer therapy that aims
to inhibit tumor growth via controlling tumor vessel growth.
Some studies found that bevacizumab prolonged progression-
free survival in both newly diagnosed and recurrent GBM. On
the other hand, not all patients could benefit from it because of
its increased toxicity (Chinot et al., 2014; Gilbert et al., 2014).
Here, we found that the high-risk group had a higher rate of
non-response, indicating that the risk score could serve as an
attractive stratification tool to screen suitable patients.
Likewise, the risk score was applied to predict the efficiency
of immunotherapy. In recent years, there is a growing interest
in immunotherapeutic treatments and their intrinsic
mechanisms. Though immunotherapy has apparently
improved the management of many other tumors, GBM
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exhibits a high resistance to it (Lim et al., 2018). As discussed
above, there is a cross-talk between immune responses and
tumor angiogenesis (Albini et al., 2018). Potential response to
immune checkpoint blockage therapy was estimated with
TIDE algorithm. The results confirmed the potential
prognostic efficiency of the risk score on immunotherapy.
In general, the risk score we presented would help with
providing individualized regimens on GBM.

Furthermore, a nomogram incorporating the angiogenesis-
related gene signature, gender, G-CIMP status, IDH status, 1p19q
co-deletion status, etc. was generated to predict the OS of GBM.
The efficiency was validated by ROC curve. As expected, the
performance of the nomogram was satisfactory, which implied a
good prospect in clinical practice.

It should be noted that the model has been examined only in a
few databases; further validation in multicenter, prospective
clinical trials is still needed. Besides, it is derived from 31
genes; the quantity of genes is larger than those of other
models, which may hinder its application. Henceforth, we
would make further efforts in optimizing and simplifying this
angiogenesis-related prognostic model and verifying it in
prospective studies.

In the present study, three genes (PLAUR, ITGA5, and
FMOD) were finally identified to be key hub genes through

construction of a PPI network and screening hub genes with
Cytoscape software. PLAUR, which is also known as CD87,
UPAR, URKR, and U-PAR, is found to be overexpressed in
multiple cancers including GBM, and contributes to tumor
angiogenesis, cell migration, and invasion (Raghu et al., 2011;
Raghu et al.,, 2012; Schuler et al., 2012; Hu et al., 2015; Loft
et al,, 2017). It encodes urokinase-type plasminogen activator
receptor (uPAR), a GPI-anchored cell membrane receptor,
which could bind with urokinase (uPA) and stimulate the
intracellular signals associated with tumorigenesis. Raghu
et al. validated its over-expression in glioma cell lines and
found that specific knockdown of uPA/uPAR could attenuate
tumor growing and invasion via Notch-1 signaling pathway
(Raghu et al., 2011). Besides, some other pro-oncogenic
factors like sphingosine-1-phosphate and nitric oxide
synthase are also reported to exert their effects through the
uPA/uPAR system in glioma (Young et al., 2009; Zhuang et al.,
2013). ITGAS5, which forms heterodimers together with
integrin P1, is known as an important subtype of the
integrin « chain family. It was validated to be
overexpressed in glioma and play a role in predicting
prognosis and therapeutic response (Cosset et al., 2012;
Blandin et al., 2021; Chen et al., 2021). FMOD was an
epigenetically regulated gene, encoding extracellular matrix
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FIGURE 14 | Venn diagram for identifying the key factors. The pink circle
represents the 31 DE-ARGs. The blue circle represents the 10 hub genes. The
orange circle represents the 8 prognostic genes selected by Kaplan-Meier
survival curves. The overlap area represents the 3 genes that were
predicted to play central roles.

small leucine-rich proteoglycans. It has been demonstrated to
promote cell migration in GBM via inducing filamentous
actin stress fiber formation, depending on the TGF-p1
pathway (Mondal et al., 2017). It was also suggested to be a
mediator in VEGF expression and associated with
angiogenesis (Chen et al, 2018). Overall, the current
findings indicate that the three genes have a complex
relationship with GBM. The underlying mechanisms of the
three hub genes demand further explorations.
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CONCLUSION

In conclusion, we established a reliable angiogenesis-related risk
score model that is verified to be effective in predicting the OS and
therapeutic responses, suggesting a high likelihood of making
individualized treatment strategies for GBM patients. Further
studies are needed to optimize the model and explore the inner
mechanisms of the key genes in tumorigenesis, metastasis, and
migration.
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Gastric cancer (GC) is the third leading cause of tumor related mortality worldwide.
Peritoneal metastasis (PM) occurs in more than half of advanced GC patients, leading to
poor prognosis. Therefore, the GSE62254 cohort was used to construct a signature
consisting of four RNA-binding proteins (RBP) to predict the possibility of PM in GC
patients. Then, ROC curves were plotted followed by calculation of AUCs, showing that
the signature had a similar predictive accuracy compared with the TNM staging system.
Importantly, the capability of prediction was enhanced by combining the classifier and
TNM staging. In order to validate the expression of the four RBPs in GC tissues with and
without PM, immunohistochemistry was further performed on samples from 108 patients.
The differential expression of COL14A1, TNS1, NUSAP1 and YWHAE was in accordance
with the emergence of PM. Afterwards, we produced Kaplan-Meier curves according to
the signature and differential expression of the RBPs in patients. Finally, CCK-8 assays
were performed to verify the effect on cell proliferation, finding that COL14A1 and TNST
promoted cell proliferation, while NUSAP1 and YWHAE led to suppressed cell
proliferation. In conclusion, the four-RBP-based signature, combined with TNM staging,
has the potential to predict risk of PM in GC.

Keywords: gastric cancer, RNA-binding protein, peritoneal metastasis, prediction model, survival analysis

INTRODUCTION

Gastric cancer (GC) is one of the most common malignant tumors as well as the third leading cause
of mortality all over the world (1). The incidence of GC ranks third among all malignant tumors in
China, being next to lung and hepatic cancer (2). According to a global survey, there were over one
million new GC cases in 2020, with 769000 estimated deaths (3). While surgery, radiotherapy,
chemotherapy and biological treatment have been adopted heretofore, the 5-year overall survival
rate of GC is still poor. Nearly 50% of GC patients have unspecific gastrointestinal symptoms and
debilitating features are usually present at advanced stages in most cases (4). Peritoneal metastasis
(PM) occurs in about 53-66% of advanced GC patients, leading to poor prognosis (5). Regrettably,
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effective treatments for peritoneal metastases are still lacking due
to little understanding of the underlying mechanisms.

RNA-binding proteins (RBPs) are key players in post-
transcriptional events which regulate the process of tumorigenesis,
and each step leading to the initiation of malignancy may involve one
or more RBPs (6). Mechanisms of RBPs regulation have been
identified in cancer cells, including alternative splicing,
polyadenylation, stability, subcellular localization, translation and so
on (7). Several studies have provided immunohistochemical evidence
that RBPs are abnormally expressed in cancers relative to adjacent
normal tissues, and this expression correlates with patient prognosis
(8-10). Besides, RBPs also interact with different coding or non-
coding RNAs, such as microRNAs (miRNAs), long non-coding
RNAs (IncRNAs) and circular RNAs (circRNAs) (11).

In consideration of the enormous influence of PM on the
prognosis of GC patients, prediction of the risk has recently been
a research focus. In clinical practice, miRNAs, IncRNAs,
circRNAs and pathological factors including TNM staging and
lymph node status have been gradually used to assess GC
prognosis (12). Recently, studies have revealed that RBPs were
associated with the prognosis of GC patients (13-15). Therefore,
we proposed to recognize several RBPs as potential biomarkers
based on transcriptome analysis to predict whether peritoneal
metastasis would occur on GC patients. As a result, a 4-RBP-
based classifier was constructed by use of Lasso Logistics, which
could optimize the predictivity in combination with the current
TNM staging system. Our results demonstrated that the 4-RBP-
based classifier could be used as a reliable prognostic predictor of
peritoneal metastasis in GC patients.

MATERIALS AND METHODS

Data Acquisition

Transcriptome profiling data of tumor tissues in 300 GC samples
with and without peritoneal metastasis were obtained from the
GSE62254 cohort. For the purpose of analyzing the correlation
between gene expression signatures and the occurrence of PM in
GC patients, we filtered out 79 samples whose first sites of
recurrence were not peritoneal seeding or ascites. Finally, 221
patients were selected and divided into training set (n = 147) and
validating set (n = 74) randomly at a 2:1 ratio for further analysis.
A total of 846 genes coding for RBPs were summarized from the
published literature.

Data Processing and Risk Score
Calculation

737 RBPs examined in the GSE62254 cohort were subjected to
Univariate Logistics analysis to select RBPs relevant to the
occurrence of PM in GC patients. We selected the top 100
RBPs into Lasso Logistics analysis to acquire the coefficients.
Then, four significantly correlated RBPs weighted by their
coefficients were recognized to establish the prediction
signature. After comparison and combination with TNM
staging, a risk score formula for risk of PD in GC was
constructed and demonstrated by a nomogram.

Pathway Enrichment Analysis

DAVID (version 6.7) (https://david-d.ncifcrf.gov/), an online
bioinformatics analysis tool was used to perform the gene-
Gene Ontology (GO) term and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis. Metascape
(https://metascape.org/gp/index.html#/main/stepl) offered
complementary annotation.

Patients and Tissue Samples

We went through the pathology database of Renmin Hospital of
Wuhan University for GC patients with PM, finding 36 cases in
the period from 2014 to 2021. Then we randomly chose 72 GC
patients without PM in the year of 2016 as the control group. As
a result, a total of 108 formalin-fixed, paraffin-embedded GC
tissue samples were obtained. All the patients underwent surgical
treatment at Renmin Hospital of Wuhan University and there
were none previous chemotherapies, radiotherapies, or other
treatments before surgery on these patients. The study was
approved by the Ethics Committee of Renmin Hospital of
Wuhan University.

Immunohistochemical (IHC)

The paraffin tissues were cut into 4 um-thick sections, dried,
dewaxed in xylene, and dehydrated in ascending series of
ethanol. Antigen retrieval was conducted by microwave
heating with citrate buffer (pH 6.0) for 20 min. Subsequently,
paraffin sections were rinsed with PBS (3x5 min) and then
blocked with 3% hydrogen peroxide at room temperature for
endogenous peroxidase ablation for 25 min. Then the samples
were exposed to Bovine Serum Albumin (BSA) at room
temperature for 30 min to decrease nonspecific antibody
binding after rinsing in PBS. The tissue sections were
incubated overnight at 4°C with the primary antibody (anti-
COL14A1, 1:200, ThermoFisher, America; anti-TNS1, 1:200,
Abcam, British; anti-NUSAP1, 1:100, Abcam, British; anti-
YWHAE, 1:500, Abcam, British);. After rinsing in PBS, the
tissue sections were incubated with horseradish peroxidase-
labeled anti-rabbit antibodies at room temperature for 30 min.
Then, the tissue sections were rinsed with PBS for 4 times and
then dripped with freshly prepared 3,3-diaminobenzidine
(DAB). Microscopically, the staining was terminated when the
tissue sections were brown-yellow or brown. Subsequently, all
the tissue sections were restrained with hematoxylin for about 3
min. Finally, the slices were dehydrated with ethanol and toluene
and then sealed with neutral gum. PBS was used to replace the
primary antibody as a negative control. The slides were viewed
via Olympus BX53 (Tokyo, Japan) microscope. IHC staining was
evaluated independently by two pathologists under the double-
blind condition. The staining intensity was classified as four
grades as follows: 0 (no staining), 1 (light yellow), 2 (brown-
yellow), and 3 (dark brown). The percentage of positive cells was
classified as five grades as follows: 0 (0%), 1 (<30%), 2 (31-50%),
3 (51-80%), and 4 (=80%). Five most representative fields of high
magnification (400x) were selected to calculate the final score.
The final immunohistochemical score was the product of
staining intensity and extent, theoretically from 0 to 12. Scores
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less than 4 were defined as low expression, and scores greater
than or equal to 4 were described as high expression.

Cell Lines

AGS cell line and MGC-803 cell line were bought from American
Type Culture Collection (ATCC, Manassas, USA). AGS cell line
was maintained in Dulbecco’s Modified Eagle Medium
(DMEM)/F-12 (Servicebio, Wuhan, China) while MGC-803
cell line was maintained in DMEM-H (Servicebio, Wuhan,
China), supplemented with 10% fetal bovine serum
(ThermoFisher, America) and 1% antibiotics (Servicebio,
Wuhan, China). Cells were maintained in a 37° C incubator
with 5% CO2. All cell lines tested negative for mycoplasma.

Cell Transfection

The siRNA vectors against COL14A1 or TNSI were utilized for
knockdown of COL14A1 or TNS1 with scrambled siRNA (siNC) as
negative control. Sequences of the siRNAs were as follows:
siCOL14A1-1: 5'-GUGGUGGUAGAUGGAACUGUATT-3";
siCOL14A1-2: 5'-CUCAGGUUACCUGAUCCUUUATT-3";
siTNS1-1: 5-CAGGUCUUACUCACCUUAUGATT-3’; siTNSI-
2: 5-GCAACUACCUGCUGUUCAATT-3". For upregulation of
NUSAPI or YWHAE, the full length of NUSAP1 or YWHAE was
inserted into pcDNA3.1 vectors (Invitrogen) and the empty
plasmids were served as negative control.

Cells were plated in 6-well plates with DMEM/F-12 medium
supplemented with 10% medium FBS for 24 h before
transfection. Transfections of siRNAs and indicated plasmids
were both performed using Lipofectamine 2000 (ThermoFisher,
America) according to the manufacturer’s instruction.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA from cells was extracted by TRIzol reagent
(ThermoFisher, America) following the supplier’s instructions.
Reverse transcription was conducted with the First Strand cDNA
Synthesis Kit (Servicebio, Wuhan, China). PCR was
implemented with SYBR Green qPCR Master Mix (Servicebio,
Wuhan, China). The conditions for qRT-PCR were as follows:
95°C for 3 min, followed by 40 cycles of 10 s at 95°C, 10 s at 60°C,
and 15 s at 70°C, followed by heating from 65°C to 95°C.

The sequences of main primers were as follows: COL14A1 (forward):
5-AGTGGGTGAGAAGGCAATGA-3', COL14A1 (reverse): 5'-
CTCTCAGGCCTGGAAGTTCA-3’; TNS1 (forward):5-TC
AAGTGGAAGAACTTGTTTGCTT-3’, TNSI (reverse): 5'-
CACGACAATATAGTGGAGGCACA-3’; NUSAPI (forward): 5-AG
CCCATCAATAAGGGAGGG-3', NUSAP1 (reverse): 5'-
ACCTGACACCCGTTTTAGCTG-3'; YWHAE (forward): 5'-
GCTGGATCCATGGATGATCGAGAGGATCTG-3’, YWHAE
(reverse): 5-GCTGAATTCTCACTGATTTTCGTCTTCCAC-3';
GAPDH (forward): 5-CACCATTGGCAATGAGCGGTTC-3', GA
PDH (reverse): 5-AGGTCTTTGCGGATGTCCACGT-3; GAPDH
was utilized as an endogenous control.

Cell Proliferation Assays

For Cell Counting Kit-8 (CCK-8) assay, transfected cells were
inoculated at a density of 2 x 100 cells/well into 96-well plates
and cultivated for 0, 24, 48 and 72 hours. After different

incubation times, each well was added with 10 uL of CCK-8
reagent (Servicebio, Wuhan, China) and cultured for another
hour. Then, the absorbance at 450 nm was recorded with a
standard microplate reader (EnSight, Perkin Elmer, America).

Statistical Analysis

We used Chi-squared test and Fisher’s exact test to measure both
the difference between training and validating sets, and the
difference between GC patients with and without PM. Univariable
Logistics, Multivariate Logistics and Lasso Logistics analysis were
performed using the R program. The Kaplan-Meier survival curves
were drawn to demonstrate the relationship between the risk score
and OS. The log-rank test was conducted to test the significance of
all the Kaplan-Meier survival curves. ROC analysis was performed
to measure prognostic accuracy. T-test was performed for statistical
analyses in RT-qPCR and CCK-8 assay. All statistical tests were
two-sided, and P < 0.05 was considered statistically significant. All
analyses were performed in SPSS version 28.0.0 (SPSS Inc., Chicago,
IL, United States) or R version 4.0.2 with the following packages:
“heatmap”, “glmnet”, “gplot2” and “nsROC”.

RESULTS

Data Source and Processing

Originally, we obtained 300 GC samples from the GSE62254 cohort.
Then, 79 samples whose first sites of recurrence were not peritoneal
seeding or ascites were excluded. Afterwards, a list of 846 coding
genes known or predicted as RBPs were matched with the 20174
genes examined in the GSE62254 cohort (16). Finally, 737 RBPs
were subjected to a Univariate Logistics analysis and the top 100
RBPs ranked according to p-value were retained for further study.
The clinical characters of GC patients were downloaded from the
GSE62254 cohort. Then we divided the cases into a training set (n =
147) and a validating set (n = 74) at a 2:1 ratio randomly. No
significant differences were seen between the two sets in gender, age,
pathological stage, Lauren’s classification or lymphnode metastasis
(Table 1). We eventually identified four RBPs strongly associated
with the occurrence of PM in GC patients by Lasso Logistics
analysis in the training set (Figure 1); chosen genes including
Collagen Type XIV Alpha 1 Chain (COL14A1), Tensin 1 (TNS1),
Nucleolar and Spindle Associated Protein 1 (NUSAP1) and
Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase
(YWHAE). Among the four genes, increased expression of
COL14A1 and TNS1 was related to a higher risk of PM.
Conversely, increased expression of NUSAP1 and YWHAE was
associated with a lower risk of PM.

Establishment and Validation of a 4-RBP-
Based Classifier to Predict the Risk for
Peritoneal Metastasis in Gastric Cancer
The heatmaps revealed that COL14A1 and TNSI were highly
expressed in GC patients with PM in the training set, while
NUSAP1 and YWHAE were highly expressed in the cases
without PM (Figure 2A). Consistent results were observed in
the validating set (Figure 2B). To assess the ability of the 4-RBP-
based classifier to forecast the risk of PM in GC patients, we
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TABLE 1 | Clinical features of GC patients in the training and validating sets.

Features Training set (n=147) Validating set (n=74) Pearson y2 P
Gender
Male 96 44 0.725 0.395
Female 51 30
Age
<=65 64 33 0.022 0.881
>65 83 41
Pathological Stage
I+l 64 33 0.022 0.881
N+ 83 41
Lymphnode Metastasis
Positive 92 54 1.627 0.202
Negative 42 16
Lauren’s Classification
Intestinal 65 37 0.662 0.416
Diffuse & Mixed 82 37
A
mRNA expression profile
in the GSE42254 Reps

I I
!

RBPs between patients
with and without
peritoneal metastasis

Univariate Logistics

A 4

Prognostic RBPs

Training set(n=147) Validating set(n=74)

A

Lasso Regression

> Score

Coefficients

Log Lambda

FIGURE 1 | Establishment of the 4-RBP-based signature. (A) A flowchart showing the process of constructing the RBP-based signature to predict the
possibility of peritoneal metastasis in gastric cancer. (B) LASSO coefficient profiles of the 100 gastric-cancer-associated RBPs. The vertical line represents
the chosen Lambda value.
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FIGURE 2 | Validation of the 4-RBP-based signature in the training set and the validating set. (A, B) The heatmap of the four RBPs expression profiles. (C, D)
Kaplan-Meier analysis for overall survival (OS) of GC patients based on the risk stratification. (E, F) Kaplan—-Meier analysis for disease-free survival (DFS) of GC
patients based on the risk stratification. (G, H) Receiver operating characteristic (ROC) analysis for the risk of PM including the risk score, TNM stage and combination

developed a risk score according to the coefficients of the four
RBPs in Lasso Logistics: Risk Score = (1.08004578 * expression
value of COL14A1) + (0.31114396 * expression value of TNS1) -
(0.95036402 * expression value of NUSAP1) - (0.02147674 *
expression value of YWHAE). The risk score formula was used to
calculate the risk score in the training set, and the cases were
divided into high-risk and low-risk groups owing to the cutoff of
the median risk score. Kaplan-Meier curves showed that patients
in the high-risk group had shorter overall survival than those in
the low-risk group (p = 0.002) (Figure 2C); a similar result was
confirmed in the validating set (p = 0.029) (Figure 2D). In

addition, the Kaplan-Meier curves of DFS of the two sets (p =
0.004 and 0.048, respectively) were in agreement with previous
results (Figures 2E, F).

Prognostic Value of the RBP-Based
Classifier for Prediction of the Risk for
Peritoneal Metastasis in Gastric Cancer
The 4-RBP-based signature, gender, and pathological stage were
significantly related to peritoneal metastasis in the univariate
logistics analysis. After the multivariate logistics regression
analysis of the abovementioned factors, the 4-RBP-based
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signature and pathological stage were retained to be dependable
factors for peritoneal metastasis in the training set. Except for
gender, similar results were observed in the validating set
(Table 2). Our result showed that the 4-RBP-based signature was
an independent prognostic factor for peritoneal metastasis in gastric
cancer in two sets. ROC curves were then plotted to appraise the
competence of the 4-RBP-based signature to successfully predict the
risk of PM in GC. The AUGCs, in the training set and validating set
(0.811 and 0.786, respectively), showed that the RBP-based classifier
had similar predictive accuracy compared with the TNM staging
(AUCs were 0.782 and 0.821 respectively) (Figures 2G, H).
However, when we combined the RBP-based risk score and TNM
staging to predict the risk of PM, the predictive capability was
robustly enhanced. The AUC values of this built-up prediction
model were 0.896 and 0.884 respectively in the training
and validating set, suggesting better predictive accuracy.
Whereafter, the 4-RBP-based risk score and TNM staging were
used to structure a nomogram for predicting the risk of PM in GC
patients (Figure 2I).

Pathway Enrichment Analysis of Top 100
Correlated RBPs

To explore the possible effect of the related genes on GC, DAVID
and Metascape were used to perform function enrichment analysis.
The results of DAVID revealed that the top 100 related genes were
primarily enriched in mRNA splicing and RNA processing in
biological processes (BP) (Figure 3A). In assessment of cell
components (CC), the genes were mainly enriched in nucleolus
and nucleoplasm (Figure 3B). While for molecular function (MF)
and KEGG, the genes were generally enriched in poly(A) RNA
binding (Figure 3C). The results of Metascape showed that the
correlated genes mainly enriched in ribonucleoprotein complex
biogenesis, mRNA metabolic process, translation, Nop56p-
associated pre-rRNA complex, ribonucleoprotein complex
assembly and so on, suggesting that these pathways were
correlative with the PM of GC with (Figures 3D, E).

Expression and Predictive Importance of
the Four RBPs in Clinical Samples

We obtained 36 peritoneal metastatic samples of GC and 72
samples without PM. There was no significant difference between

the two groups in gender, age, lymph node metastasis, HER-2,
Ki67 (%), Lauren’s classification or lymphatic invasion assessed
by IHC staining in 108 GC patients, 36 of which with PM
(Table 3). However, we found that COL14A1 and TNS1 were
over-expressed in peritoneal metastatic lesions compared with
primary tumor tissues (Figures 4A-D); whereas conversely,
NUSAP1 and YWHAE were over-expressed in primary tumor
tissues compared with peritoneal metastatic lesions (Figures 4E-
H), which is in accordance with our findings in the bioinformatic
analysis above. Kaplan-Meier curves were separately drawn due
to differential expression of the four RBPs in the GC patients
(Figures 4I-L). It revealed that patients with a high expression of
COL14A1 had shorter overall survival than those with low
expression (p = 0.047), while there was no significance in the
graph divided by the expression of TNS1, NUSAP1 and YWHAE
(p = 0.855, 0.255 and 0.053, respectively). Nevertheless,
according to the Kaplan-Meier curves, patients with high
expression of NUSAP1 and YWHAE tended to have longer
overall survival compared to those with low expression, which
was consistent with our previous findings. Later, the patients
were divided into high- score and low- score groups according to
their 4-RBP-based signature. Kaplan-Meier curves further
revealed that patients in the high-score group had shorter
overall survival than those in the low-score group (p =
0.02) (Figure 4M).

Effects of the Four RBPs in Gastric Cancer
In Vitro

To discover the function of COL14A1 and TNSI in gastric cancer
cells directly, we performed siRNA knockdown in human AGS cell
line with two different siRNA sequences. Forty-eight hours after
transfecting siRNA into the cancer cells, a drastic drop in the
expression level of COL14A1 and TNS1 was assessed by qRT-PCR
(Figures 5A, C). Then we measured cell proliferation by
conducting CCK-8 assays. Results showed evident decrease of
proliferation in AGS cells after knockdown of COL14A1 and
TNS1 (Figures 5B, D). Subsequently, similar experiments of
NUSAP1 and YWHAE were carried out with an overexpression
plasmid, producing consistent outcomes (Figures 5E-H). Finally,
repeated experiments were conducted in the MGC-803 cell line
and accordant results were achieved (Figures 5I-P).

TABLE 2 | Univariate and multivariate logistics analysis of the 4-RBP-based signature with peritoneal metastasis in the training set and the validating set.

Features Univariate Logistics Multivariate Logistics

HR (95% CI) P HR (95% CI) P
Traning set
Age (>65 vs. <=65) 1.786 (0.865, 3.688) 0.122 0.669 (0.230, 1.942) 0.459
Gender (Male vs. Female) 0.951 (0.915, 0.989) 0.003 0.989 (0.949, 1.030) 0.585
Pathological stage (I+II vs. llI+1V) 3.743 (2.249, 6.231) <0.001 4.169 (2.133, 8.148) <0.001
4-RBP-based signature (High risk vs. Low risk) 51.419 (10.719, 246.657) <0.001 37.604 (7.233, 195.503) <0.001
Validating set
Age (>65 vs. <=65) 1.139 (0.411, 3.156) 0.798 0.588 (0.138, 2.498) 0.472
Gender (Male vs. Female) 0.990 (0.952, 1.030) 0.554 0.992 (0.932, 1.055) 0.788
Pathological stage (I+II vs. llI+1V) 4.855 (2.217, 10.633) <0.001 4.658 (1.888, 11.488) <0.001
4-RBP-based signature (High risk vs. Low risk) 16.119 (3.706, 70.105) <0.001 14.411 (2.118, 98.044) 0.006

HR, hazard ratio; Cl, confidence interval.
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FIGURE 3 | Pathway enrichment analysis of the related RBPs. (A-C) GO term and KEGG enrichment analysis performed by DAVID in BP, CC, MF and KEGG. (D, E)
Pathways associated with the related RBPs were enriched by Metascape.
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TABLE 3 | Clinical features of GC patients in the non-metastasis and peritoneal metastatic sets.

Features Non-Metastasis (n=72) Peritoneal Metastasis (n=36) Pearson xz P
Gender
Male 36 20 0.297 0.586
Female 36 16
Age
<=65 34 19 0.296 0.586
>65 38 17
Differentiation
Medium & High 28 17 0.686 0.408
Low 44 19
Lymphnode Metastasis
Positive 47 18 2.338 0.126
Negative 25 18
Lauren’s Classification
Intestinal 35 16 0.167 0.683
Diffuse & Mixed 37 20
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FIGURE 4 | Expression and validation of the 4 RBPs in clinical samples. (A-D) IHC staining of COL14A1, TNS1, NUSAP1 and YWHAE in primary GC lesions. (E-H)
IHC staining of COL14A1, TNS1, NUSAP1 and YWHAE in peritoneal metastasis lesions. Scale bar 1000um. (I-L) Kaplan—-Meier analysis for overall survival (OS) of
GC patients based on different expression of COL14A1, TNS1, NUSAP1 and YWHAE. (M) Kaplan—Meier analysis for OS based on diverse scores.

Frontiers in Oncology | www.frontiersin.org 166

April 2022 | Volume 12 | Article 830688


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

Jiang et al.

RNA-Binding Protein in Gastric Cancer

A B COL14A1
COL14A1 == SNC
- 1 o= SiCOLT4A1-
E o ] as= SICOL14A’-
31 "3
S 2
g e 3 ©
Q0.
é 1
g
Y,
- - L ] 1) 1)
& oh 24h  48h  7Zh
ENC A
& o
&
C D TNS1
5
NS .= SiNC
1 4 =#= SITNS1-1
2 m]m == SiTNS1-2
E. g°
s
E . 82
g o -
s 1
8
Qd -
> oh 24h 48h T2h
B
& &
| J
COL14A1
COL14A1
. e SINC
- 8= SICOL14A1-1
3 -
E vrr wiw SICOL14A1-2
S . 2
5 2
g o
2 0
g 1
g
&
RN S S oh 24h 48h 72h
& W
& &
&
K L TNS1
TNS1 5
== SNC
2 4 ]_,] «s= STNSI-1
g 1 . == STNS1-2
:, .3
2 O 2
g
g0 1
&
. TN S 4 ~ oh 24h  48h  T2h
S & &
P
the mean + SD values. *P versus < 0.05, **P versus < 0.01, “**P versus < 0.001

E F NUSAP1

NUSAPA =a= CONAZ.1-NC
1 4 ] =o= pcDNAZ.1-NUSAP

' 3
ﬂ 1
A

R &
& o\g""\
G < H YWHAE
YWHAE

0D450

Expression of NUSAP1

5

T 14 T
oh 24 h 48h 72h

== ncONAS 1-NC
4 i == pcONA3.1-YWHAE

Expression of YWHAE
K ||
- |—|z
0D450
O
F]
3

0h 24 h 48 h 72h
¥ &
& &
$ p
& F
M °9 N NUSAP1
NUSAP1

== 1CDNA3.1-NC
- == pcONA3.1-NUSAP1
2
a8
o
1

Expression of NUSAP1
T ]_|
*,
“ o '

&
K
& K
o ‘1’9YWH ae P YWHAE
6¢ == ncONA31-NC
kL X =s= pCDNAZ.1-YWHAE
i .
=4 o
s g
c Q
2 o
@ 2
& I_T_l L
w
- L] L - L v 1) L)
<} \Z‘y‘:{l oh 24h 48h 72h
e &
s W
& &
&

FIGURE 5 | Effects of the 4 RBPs on GC cells in vitro. (A-D) Verification of knockdown of COL14A1 and TNS1, upregulation of NUSAP1 and YWHAE in AGS cell
line. (E-H) Results of CCK-8 assays after transfection for 48 hours. (I-P) The same assays as aforementioned in MGC-803 cell line (N = 3). Data are presented as

DISCUSSION

Mutations and alterations in RBP expression levels, which have been
observed in many tumor tissues, are known to impact large sets of
genes and contribute to tumor initiation and growth (17). Increasing
literature has demonstrated that RBPs are of vital importance in the
initiation, development, and recurrence of many tumors. For
example, the RNA-binding protein NONO promotes breast
cancer proliferation by post-transcriptional regulation of SKP2
and E2F8 (18). RBPs also play a vital role in the initiation of GC.
It was reported that RBM5 downregulation was involved in GC
progression, behaving as a tumor suppressor gene in GC (19).
RBPs have the potential to be used as novel biomarkers as well.

Musashil was reported to affect medulloblastoma growth via a
network of cancer-related genes and was an indicator of poor
prognosis (20). As a result, RBPs can regulate the biology of
cancer and apparently possess potential as novel biomarkers.
Various models to predict the occurrence of GC have been
created, including miRNA-based signatures, IncRNA-based
monographs, even mixed-RNA-based classifiers (21-23). Each of
them performs well at predicting the overall survival of GC. However,
no RBP-based classifier for predicting the risk of PM in GC has been
established yet. RBPs are a subset of molecules exhibiting different
roles in regulating progression and development of malignancies.
Taking the limited capability of a single RBP in prognostic prediction,
we constructed a predictive model based on mRNA expression of four
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RBPs by univariate Cox regression and Lasso Logistics analysis.
Patients were divided into two categories based on their median-
risk score. After sample analysis, it turned out that high-risk patients
have a greater possibility of PM than low-risk patients, suggesting that
the signature had a robust ability for prediction of PM in GC patients.
The 4-RBP-based score (AUCs being 81.1 and 78.6) presented a
similar capability in forecasting PM risk as TNM staging (AUCs
being 78.2 and 82.1) both in the training set and the validating set.
Afterwards, we combined the 4-RBP-based signature together with
TNM staging to evaluate prognosis on account of the extensive
application of TNM staging in the clinic. It revealed that the
combinative model (AUCs being 89.6 and 88.4) was more accurate
than either the 4-RBP-based score or the TNM staging model
employed separately. Therefore, we plotted a nomogram for
practical application.

Four prognosis-related RBPs were selected to build the classifier,
including COL14A1, TNS1, NUSAP1 and YWHAE. COL14A1 has
been reported to exhibit a high mutation prevalence and an
unexpectedly higher incidence of nonsynonymous mutations in
GC, resulting in poor outcomes (24). There have also been studies
demonstrating that downregulation of NUSAP1 suppresses cell
proliferation, migration, and invasion via inhibition of the
mTORCI signaling pathway in gastric cancer (25). In addition,
YWHAE silencing induces cell proliferation, invasion and
migration through the upregulation of CDC25B and MYC in
gastric cancer cells (26). However, functions of TNSI in GC have
not been explored yet. These articles provide evidence that support
our model’s potential to assess the risk of PM in GC.

To verify the capacity of our 4-RBP-based signature, we brought
108 GC patients into our research, 36 of which were diagnosed with
PM. THC staining revealed that COL14Al and TNS1 were over-
expressed in peritoneal metastatic lesions relative to primary tumor
tissues. On the contrary, NUSAP1 and YWHAE were over-
expressed in primary tumor tissues compared to the peritoneal
metastatic lesions, which was in accordance with our findings from
bioinformatic analysis. Afterwards, the patients were divided into
high- and low-score groups using the 4-RBP-based model. Kaplan-
Meier curves revealed that patients in the high- score group had
shorter overall survival than those in the low- score group (p =
0.011). Furthermore, we performed CCK-8 assays in AGS cells after
knockdown of COL14A1, TNS1 and overexpression of NUSAPI,
YWHAE. The results all showed decrease of proliferation.

In order to explore the biological function of the 4-RBP
signature, we performed pathway enrichment analysis. Our results
showed that those genes relevant to risk score were mainly enriched
in cellular component organization or biogenesis, metabolic process,
and positive or negative regulation of biological process, etc.
Interestingly, we compared pathways predicted with annotations
of these four RBPs in GeneCards6 and found that COL14A1 played
an adhesive role by integrating collagen bundles, probably
associated with the surface of interstitial collagen fibrils via COL1.
Moreover, the COL2 domain may then serve as a rigid arm which
sticks out from the fibril and protrudes a large N-terminal globular
domain into the extracellular space, where it might interact with
other matrix molecules or cell surface receptors. There was also a
study characterizing the interaction of gastric cancer with peritoneal

fibrosis which determined that TGF-b1 plays a key role in induction
of peritoneal fibrosis, resulting from collagen formation and
deposition, which in turn affected gastric cancer adhesion and
metastasis in vitro and in vivo (27). It was also reported that
TNS1-silenced fibroblasts exhibited a strongly reduced capacity to
contract collagen gels (28), probably leading to some effects on PM
of GC. Furthermore, it has been reported not long ago that YWHAE
silencing induced cell proliferation, invasion, and migration through
the upregulation of CDC25B and MYC in gastric cancer cells in
accordance with our conclusion above. However, NUSAP1 was
demonstrated to facilitate cell proliferation, migration, and invasion
via inhibition of the mTORCI1 signaling pathway in gastric cancer,
which was contrary to our results (25). So far, we have found no
reasonable explanation for the exact mechanisms of these RBPs,
indicating that more research is required to investigate their specific
roles in PM of GC.

CONCLUSION

In general, we identified four RBPs associated with risk of PM of
GC. We then constructed a 4-RBP-based classifier to help predict
the prognosis, ultimately providing a tremendous help in clinical
decisions. Our results showed that this classifier can successfully
categorize patients into high-risk and low-risk groups with large
differences and promote the predictive ability of the current
TNM staging system. Nevertheless, large-scale, multi-center, and
prospective studies are necessary to confirm our results before
the 4-RBP-based signature is applied in the clinic.
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Brain metastasis is a severe complication that affects the survival of lung cancer patients.
However, the mechanism of brain metastasis in lung cancer remains unclear. In this study,
we constructed an in vitro BBB model and found that cells from the high-metastatic
nonsmall cell lung cancer (NSCLC) cell line H1299 showed a higher capacity to pass
through the blood—brain barrier (BBB), as verified by Transwell assays, than cells from the
low-metastatic NSCLC cell line A549. Brain microvascular endothelial cells (BMECs) could
internalize H1299-derived exosomes, which remarkably promoted A549 cells across the
BBB. The BBB-associated exosomal long noncoding RNA (IncRNA) was selected from
the RNA-Seq dataset (GSE126548) and verified by real-time PCR and Transwell assays.
LncRNA LINC01356 was significantly upregulated in H1299 cells and exosomes derived
from these cells compared to that of A549 cells. Moreover, LINCO1356 was also
upregulated in serum exosomes of patients with NSCLC with brain metastasis
compared with those without metastasis. In addition, BMECs treated with LINCO1356-
deprived exosomes expressed higher junction proteins than those treated with the control
exosomes, and silencing LINC01356 in exosomes derived from H1299 cells could inhibit
A549 cells from crossing the BBB. These data might indicate that the exosomal INcRNA
LINCO1356 derived from brain metastatic NSCLC cells plays a key role in remodeling the
BBB system, thereby participating in brain metastasis in lung cancer.

Keywords: lung cancer, IncRNA LINC01356, exosome, BBB, brain metastasis

INTRODUCTION

Patients with lung cancer initially present with brain metastases in 10%-25% of cases, with up to
50% of patients developing brain metastases throughout their disease course (1). Survival of patients
with brain metastasis (BM) is limited to mere weeks, extended to months upon administration of
multidisciplinary treatment (2-5). The blood-brain barrier (BBB) plays an important role in BM
because one of the vital steps in the complex process of BM is the migration of metastatic cells
through the BBB. The BBB regulates homeostasis of the central nervous system by forming a tightly
regulated neurovascular unit that includes endothelial cells (ECs), pericytes and astrocytes, which
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together maintain normal brain function (6, 7). However, it is
still largely unknown how cancer cells pass through the BBB to
cause BM.

Long noncoding RNAs (IncRNAs) are transcripts longer than
200 nucleotides with no protein-coding capacity that drive many
important cancer phenotypes through their interactions with
other cellular macromolecules, including DNA, protein, and
RNA (8). Some IncRNAs play critical roles in regulating the
BBB and blood-tumor barrier (BTB) permeability in some brain
tumors (9, 10). LncRNAs are also important during the
metastasis of cancer (11-14). Extracellular vesicles, a
heterogeneous group of cell-derived membranous structures
comprising exosomes (30-100 nm in diameter) and
microvesicles, which are continuously secreted by cells to the
extracellular environment, represent a novel vehicle for cell-cell
communication and are involved in multiple physiological and
pathological processes (15, 16). Exosomes, of endocytic origin
and that are released into the extracellular space by all cell types
through the fusion of multivesicular bodies, carry proteins,
RNAs (mRNAs, noncoding RNAs including microRNAs) and
DNA sequences, for example, tumorassociated molecules in the
case of cancer and premetastatic niche establishment (15-21). A
variety of molecules carried within exosomes, such as miRNAs
and IncRNAs, can be transferred from exosome-producer and
recipient cells and are involved in the tumor microenvironment
and metastasis (22-29). However, it remains poorly understood
whether and how lung cancer cell-secreted exosomal IncRNAs
regulate the BBB and are involved in brain metastases.

In this study, we investigated the roles of exosomal IncRNAs
in the brain metastasis of NSCLC by using the highly metastatic
NSCLC cell line H1299, the low-metastatic NSCLC cell line A549
and an in vitro model of BBB.

MATERIALS AND METHODS

Cell Culture

H1299 cells were cultured in RPMI 1640 medium (10-040-CVR,
CORNING) supplemented with 10% heat-inactivated FBS
(Invitrogen) and antibiotic-antimycotic agents at 37°C in 5%
CO® RPMI-1640. A549 cells were cultured in DMEM/F12
medium (10-092-CVR, CORNING) supplemented with 10%
heat-inactivated FBS (Invitrogen) and antibiotic-antimycotic
agents at 37°C in 5% CO® and human brain vascular pericytes
(HBVPs) and brain capillary epithelial cells (BMECs, Procell)
were cultured in ECM medium (sciencell 1001) containing 10%
FBS at 37°C in an atmosphere of 5% CO>.

Transwell Assay

Transwell assays were used to determine migration and invasive
ability. Cell migration was assessed using 0.8 um 24-well
chambers (353097, Falcon), and cell invasion was assessed
using BioCoat Matrigel® 0.8 um 24-well chambers (354480,
BioCoat). Cells 1x10> were plated in the top chamber. The lower
chamber contained 700 ul of medium (DMEM/F12 CORNING;
RPMI 1640 (CORNING) supplemented with 10% FBS (21-040-

CV, CORNING). The cells were incubated for 24 h, cells in the
upper chamber were removed, and cells on the lower surface
were stained with 0.1 crystal violet (C0121 blue sky).

BBB In Vitro Model

To investigate the function of exosomes in the BBB, we
established an in vitro BBB model as previously described (25).
HBVP was plated on the lower surface of the upper chamber, and
BMECs were plated in the upper chamber. Astrocytes were
cultured in the lower chamber. The barrier function of the
BBB model was evaluated by determining its transepithelial/
transendothelial electrical resistance (TEER).

Exosome Isolation

Cancer cells were cultured, and the medium was then replaced
with serum-free medium and cultured for another 48 hours. The
culture was centrifuged at 300 g for 10 min. The supernatant was
collected, and dead cells were removed by centrifugation at
2000xg for 10 min, followed by centrifugation at 10000xg
for 30 min to remove cell debris. The supernatant was ultra
centrifuged at 4°C and 100000xg for 1 h. This step was repeated.
The supernatant was removed, and the exosome precipitate was
added to precooled 1x phosphate-buffered saline (PBS). The
exosomes were verified by transmission electron microscopy
(TEM), the exosomes diameter was measured by Nanoparticle
Tracking Analysis (NTA). The protein expression is verified by
SDS page analysis and CD63 protein was verified through
western blotting (WB).

Exosome Tracing Experiment

Exosomes were extracted from 1.5x10° cells, then the exosomes
were labeled with Dil dye (Blue sky#C1036) and incubated for
20 min. The cells were incubated with mouse brain
microvascular endothelial cells, and exosomes were located by
observing fluorescence.

Transwell Invasion Assay Using the

In Vitro BBB Model

Cancer cell invasion was assessed in an in vitro BBB model. The
cells were trypsinized and labeled with green fluorescent protein
(GFP). Cancer cells were plated at a density of 2 x 10* cells in
serum-free DMEM, and RAPM-1640 medium containing 10%
serum was used as the chemoattractant in the lower chamber.
After 48 h, the noninvading cells were removed, and the invading
cells were labeled with GFP. All assays were performed
in triplicate.

Screening for Brain Metastasis-Related
IncRNAs

To explore which exosomal Inc-RNAs are involved in lung
cancer BM, we used primary lung tumor RNA-Seq data
(GSE126548) from patients with BM and non-metastatic
NSCLC for analysis. First, we downloaded GSE126548 data,
using the DeSeq package analysis of BM and transfer of
NSCLC patients differentially expressed IncRNA, significance
of difference threshold is set to FDR < 0.05, | log2 fold change
| > 1. Then, analyzed the target IncRNA differential expression by
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miRanda (http://www.microrna.org/miRanda) and RNAhybrid
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/). The
function of target Genes was predicted by Gene Ontology
(GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyzed the signaling pathways involved in target Genes.

Real-Time PCR

The expression of IncRNAs was validated by real-time PCR.
Total RNA from the exosomes and cells was extracted by TRIzol
reagent (Invitrogen). The quantity and quality of the extracted
RNA was determined by a NanoDrop 2000 spectrophotometer
(Wilmington, DE, USA). Qualified RNA samples with an A260/
280 ratio >1:9 were used for real-time PCR. A PrimeScript RT
kit (Takara Bio, Dalian, China) was used to synthesize
complementary DNA (cDNA). Real-time PCR was performed
using a SYBR-Green PCR kit (Roche Diagnostics, Indianapolis,
IN, USA). PCR was performed on an ABI QuantStudioTM6 Flex
System. U6 was used as the internal reference, and the primer
sequences used for PCR are shown in Table 1. The PCR was run
at 95°C for 10 min for denaturation, 45 cycles of 95°C for 15 sec,
and 60°C for 60 sec and dissociation at 95°C for 10 sec, 60°C for
1 min, and 95°C for 15 sec. The data were analyzed by the
2 —AACt method. The PCRs were all repeated three times.

Western Blot

Proteins from exosomes and BMECs were extracted, and the
concentration was determined using a BCA assay kit (Pierce
Biotechnology, Inc., Rockford, IL, USA). The resolved proteins
were transferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA, USA). The proteins were blocked in 5% milk and
incubated with primary antibodies against CD63 (1:1000,
EXOAB-CD63A-1, SBI), ZO-1 (1:1000, 13663S, Cell Signaling
Technology), claudin-5 (1:1000, Ab131259, Abcam), N-cadherin
(1:5000, Ab76011, Abcam), Occludin (1:1000, Ab216327, Abcam)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
60004-1-Lg, Proteintech) overnight at 4°C. The samples were
then incubated with anti-rabbit or anti-mouse horseradish
peroxidase-conjugated secondary antibodies. Enhanced
chemiluminescence reagent (Thermo Fisher Scientific, Waltham,
MA, USA) was used to show the protein bands, and optical density
was assessed via Image] software.

TABLE 1 | Primer sequence.

Gene symbol Primer sequence

SLC7A11-AS1 F 5" ACCAGACAGCAGTGCTCAAG 3

R 5" GAGAACTGACAGCCAGGGAA 3’

LINCO1356 F 5 CTTTCCACGCGCTTGTTTCG 3’
R 65" CCCAAGACGTAGAGCTTCCC &
LINCO1252 F & AAAAGACGGCCTCTGTCTGG &

R 5" TGTCCTGACACTTCTGCCAC 3’
F 5" GGCTTGGAGATTTTTCGCCG 3’
R 5" AGCCTTCCTCCTCCTGTGAT &
F 5 CACCCGAGGTCCAAAGAGAA 3’
R 5" ATGAGTCCCCTCAGATGCAG 3

CTD-2319112.2

CTA-373H7.7

Statistical Analysis

GraphPad Prism 8.0 and SPSS 25 were used to analyze the real-
time PCR data. Two-tailed Student’s t-test was used to compare
the differences between two groups. The mean value + standard
deviation was used to present the experimental data. A P < 0.05
was considered statistically significant. Cell number was counted
by Image] software.

RESULTS

Confirmation of Brain Metastatic

Cell Lines

A previous study showed that H1299 is a highly invasive cell line and
that A549 cells are minimally invasive (28). Transwell assays were
used to confirm the invasion of H1299 and A549 cells. The results
demonstrated that both the migration and invasion abilities of H1299
cells were significantly higher than those of A549 cells (Figure 1).

Establishment of an In Vitro BBB Model

To better investigate the invasion of lung cancer cells into the
brain, we established an in vitro BBB model. The in vivo BBB
commonly consists of BMECs, pericytes, and astrocytes.
Therefore, we seeded BMECs on the upper part of the upper
compartment. Then, the pericytes were seeded on the lower part
of the upper compartment, and the astrocytes were seeded on the
lower compartment (Figure 2A). The conjunction of the in vitro
model was confirmed by TEER, and the TEER increased in 3-4
days and remained at a sufficiently high level (Figure 2B).

Identification of Exosomes Derived From
NSCLC Cells

To explore the influence of exosomes on the BBB in vitro model,
we extracted exosomes from H1299 and A549 cells, which were
identified through TEM. (Figure 2C) and the signature protein
CD63 (Figure 2E). The exosomes diameter was analyzed by
NTA (Figure 2D) and the protein expression was identified by
SDS page analysis (Figure 2F). TEM revealed that the extracted
particles were 100 to 150 nm in size with a complete membrane
structure, which corresponded with exosomes, while WB results
showed that these particles significantly expressed the exosome
marker CD63. NTA revealed that the peak diameter of particles
from A549 is 128.Inm and the full width at half maxima
(FWHM) is 119.3nm, while the peak diameter of particles
from H1299 is 158.6nm and the FWHM is 82.4nm, which
indicate that the main component of particles is exosomes.

Exosomes From H1299 Cells Can

Promote Cancer Cell Invasion in an

In Vitro BBB Model

The exosomes were labeled with Dil dye added to the in vitro
BBB model cocultivation for 24 hours separately. The figures
show that the exosomes from H1299 and A549 cells could be
absorbed by BMECs (Figure 3A). Then, to determine whether
NSCLC with low invasiveness could penetrate the BBB model
treated with exosomes, we counted the A549 cells that were

Frontiers in Oncology | www.frontiersin.org

April 2022 | Volume 12 | Article 825899


http://www.microrna.org/miRanda
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Geng et al.

Exosomal LINCO1356 Remodels the BBB

ANOVA, *P < 0.05).

processed by H1299 and A549 exosomes and crossed the BBB,
which were labeled with GFP (Figure 3B). The results
demonstrated that A549 cells penetrated the in vitro BBB
model treated with H1299 exosomes more than those treated
with A549 exosomes (Figure 3C).

Exosomes Derived From NSCLC Cells
Remodel the BBB by Carrying LINC01356
To further explore how H1299-derived exosomes promote A549
cells to cross the in vitro BBB model. We first analyzed the

150

-
°
=)

Cell number
o
o

A549 H1299

Cell number

A549

H1299

FIGURE 1 | Confirmation of brain metastatic cell lines. (A) Transwell assay shows the migration ability of A549 and H1299 cells and cell numbers of A549 and
H1299 cells in the Transwell assay. (B) Transwell assay shows the invasive ability of A549 and H1299 cells and cell numbers of A549 and H1299. (N = 3, one-way

IncRNAs differentially expressed between H1299 and A549 cells
from the RNA-Seq dataset GSE126548. A total of 99 differentially
expressed IncRNAs were found. Compared with the exosomes of
A549 low metastatic NSCLC cells, 59 IncRNAs were upregulated
and 40 IncRNAs were downregulated in the exosomes of H1299
high metastatic NSCLC cells (Figure 4A). We screened five
candidate IncRNAs, LINC01252, CTD-2319112.2, CTA-373H7.7,
LINCO01356, and SLC7A11-AS1, which were stable and
significantly increased in expression. Through qRT-PCR
verification, we found that LINCO01356 was significantly

A549

H1299

N

N T
& S a"? &

A549 H1299

— - GAPDH

FIGURE 2 | The in vitro BBB model establish and identification of exosomes derived from NSCLC cells. (A) Schematic diagram of the in vitro BBB model, in vitro
(B) The curve over time of TEER established in the in vitro BBB model. (C) TEM identification of exosomes from A549 and H1299 cells. (D) The NTA analysis of the
diameter of exosomes from A549 and H1299 cells. (E) Western blot identification of the exosome marker CD63 in cells and exosomes. (F) SDS page analysis of
exosomes protein expression.
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FIGURE 3 | The exosomes from a highly metastatic cell line can promote cancer cell invasion in an in vitro BBB model. (A) Dil dye tracing of exosomes from A549
and H1299 cells. BMECs internalized exosomes after 24 incubation. (B) Schematic diagram of the Transwell assay for cancer cell-derived exosomes promoting
A549 cells to penetrate the BBB model. The in vitro BBB model was incubated with exosomes for 24 h, and then GFP-marked A549 cells were cultured for another
48 h. (C) Exosomes were added to the BBB in vitro model and incubated for 24 hours. Then, A549 cells were added, and the number of cells crossing was counted

upregulated in both cells (Figure 4B) and exosomes (Figure 4C)
in H1299 cells, and the expression level was the highest. Therefore,
we further explored the effect of LINC01356 on the BBB.

First, we added exosomes from A549 and H1299 cells to BBB
models in vitro and measured the expression level of LINC01356
in BMECs separately. The figure shows that LINC01356 is more
highly expressed in exo-H1299-treated BMECs (Figure 4D).
Then, we transfected small interfering RNAs (siRNAs) to
interfere with the efficiency of LINC01356 siRNA silencing.
Moreover, siRNA-1140 showed the highest interference effect
and was selected for further investigation (Figure 4E). siRNA-
1140 was then used to transfect H1299 cells to generate
LINCO01356-deficient silnc-Exos, and LINC01356 expression
was dramatically decreased in silnc-Exos (Figure 4F). Finally,
we compared the invasive ability of A549 cells treated with
normal H1299 exosomes (NC-Exos) and LINCO01356-deficient
exosomes (silnc-Exos) through Transwell assays. The results
showed that A549 cells treated with NC-Exos successfully

crossed the in vitro BBB model. However, the infiltrated cell
number of A549 cells treated with silnc-Exos was lower.
(Figures 4G, H). To further study the effect of LINC01356 on
cell junctions, we detected the expression of tight junction
proteins in BMECs. The expression levels of ZO-1, Occludin,
Claudin and N-cadherin proteins were significantly decreased in
the BMECs transfected with NC exosomes compared to those
transfected with siRNA exosomes (Figures 4], K).

Exosomal IncRNA LINC01356 Expression
Is Higher in the Serum of Patients With
Brain Metastases

To further confirm whether the expression level of LINC01356 is
higher in patients with brain metastases, we collected six lung
cancer patient plasma samples with (n=3) or without (n=3) brain
metastasis. The level of LINC01356 in exosomes was determined
by qRT-PCR. The level of exosomal LINC01356 was
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FIGURE 4 | Mechanism of exosomal LINC01356 in vitro BBB model remodeling and lung cancer brain metastasis. (A) Volcano plot of differentially expressed
IncRNAs between brain metastatic and nonbrain metastatic lung cancer cells. Data were obtained from the GSE126548 database. (B) The top five most highly
differentially expressed INcRNAs were verified by RT-PCR in A549 and H1299 cells. (C) The top five most highly differentially expressed INcRNAs were verified by
RT-PCR in exosomes from A549 and H1299 cells. (D) LINC0O1356 expression level of BMECs incubated with exosomes from A549 and H1299 cells. (E) Different
interference rates of siRNAs were verified by RT-PCR. (F) LINC01356 expression level of BMECs incubated with NC-Exos and silnc-Exos. (G) Immunofluorescence
image and number of A549 cells crossing through the BBB in vitro model treated with NC-Exos and silnc-Exos. (H) Cell number of Fig. 3g. (I) Expression level of
LINC01356 in LC-Exos and BM-Exos. (J) Western blotting was used to detect the expression of tight junction and adhesive proteins in BMECs treated with NC-
Exos and silnc-Exos. (K) Gray ratio of western blot for junction protein. The expression levels of ZO-1, N-cadherin, Occludin and Claudin-5 protein increased when
siRNA interfered with LINC0O1356. Among them, the expression of ZO-1 was not statistically significant. (NC-Exo= exosomes derived from H1299 cells without
siRNA transfection, silnc-Exo= exosomes derived from H1299 cells treated with siRNA, LC-Exo= plasma exosomes from lung cancer patients without metastasis,
BM-Exo= plasma exosomes from lung cancer patients with brain metastasis, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001).
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significantly higher in the plasma of patients with brain
metastasis (Figure 4I).

DISCUSSION

The BM of lung cancer is an important factor affecting patient
survival. The mechanism of tumor metastasis to the brain is
currently unclear. Fortunately, emerging evidence suggests that
EVs (species of exosomes and shed microvesicles) have crucial
roles in cancer development, including premetastatic niche
formation and metastasis (25, 30, 31). For exosomal miRNAs
derived from brain metastatic breast cancer cells, exosome-
mediated transfer of cancer-secreted miR-105 destroys tight
junctions and the integrity of the BBB (24), and cancer-derived
EVs containing miR-181c trigger the breakdown of the BBB (25).
For IncRNAs, exosomes derived from highly brain metastatic
breast cancer cells might destroy the BBB system and promote
the passage of cancer cells across the BBB by transferring IncRNA
GS1-600G8.5 (29). These studies all indicate that EVs containing
miRNAs and IncRNAs destroy the BBB and promote brain
metastasis in breast cancer. However, there is a lack of relevant
research on the mechanism of lung cancer brain metastasis. In this
study, we first indicate that exosomal IncRNA LINC01356 derived
from brain metastatic NSCLC cells remodels the BBB.

First, we compared the invasive ability between A549 and
H1299 cells, and the results showed that the highly metastatic cell
lineH1299 could infiltrate the in vitro BBB model more easily. To
explore the mechanism, we investigated whether exosomes of
A549 and H1299 cells play a role in this process, and the results
revealed that H1299-derived exosomes can be absorbed by
BMECs in an in vitro BBB model and improve the
permeability of A549 cells, which indicated a crucial role of
tumor-derived exosomes in BBB remodeling. To further explore
the mechanism by which exosomes affect the in vitro BBB model.
We analyzed the IncRNAs differentially expressed between
H1299 and A549 cells in the data and validated them through
qRT-PCR. The results indicated that exosome-derived
LINCO01356 is more highly expressed in both exosomes and
H1299 cells, which may indicate that LINC01356 plays a key role
in in vitro BBB model remodeling. Silencing LINC01356
remarkably inhibited the invasion ability of a lung cancer cell
line in an in vitro BBB model. Finally, western blot analysis
suggested that LINCO01356 can affect the expression of the
junction proteins Occludin, Claudin and N-cadherin. This
evidence may indicate that exosomal LINC01356 can remodel
the BBB in an in vitro model by decreasing the expression of
Claudin, Occludin and N-cadherin. Most importantly, we found
that plasma-derived exosomes from lung cancer patients with
brain metastasis expressed significantly higher levels of
LINCO01356 than those from patients without brain metastasis.
This finding may suggest that LINC01356 could also affect the
BBB in vivo in lung cancer patients, and further research is
needed to verify this notion.

Although exosomal LINC01356 proved to be a critical factor in
lung cancer brain metastasis, the mechanism remains to be further

explored. In addition, LINC01356 was higher in the plasma of
lung cancer patients with brain metastasis, which means that
LINCO01356 could be a predictive factor of the likelihood of brain
metastasis. Moreover, whether blocking exosomal LINC01356 can
prevent brain metastasis in patients with lung cancer still needs to
be further explored. Exosome-derived LINC01356 can change the
permeability of the in vitro BBB model, and exosomes can carry
molecules and drugs, which means that they can be used to
promote the effect of drugs in the central nervous system.
Therefore, exosomal LINC01356 may be a suitable candidate
vehicle for drug delivery. We speculate that it may strengthen
the therapeutic effect of drugs in primary central nervous system
tumors or infections. Whether exosomal LINC01356 can be used
in the adjuvant treatment of central nervous system diseases needs
to be further explored. In conclusion, exosomal LINC01356 could
be a novel predictive factor and therapeutic target for brain
metastasis, and it may also be an adjuvant to drug therapy for
central nervous system diseases.

CONCLUSION

In conclusion, the high-metastatic NSCLC cell line H1299 could
infiltrate the in vitro BBB model more easily than cells from the
low-metastatic NSCLC cell line A549, and H1299-derived
exosomes can be absorbed by BMECs in an in vitro BBB
model and improve the permeability of A549 cells, which
indicated a crucial role of tumor-derived exosomes in BBB
remodeling. Furthermore, LncRNA LINCO01356 was
significantly upregulated in H1299 cells and exosomes derived
from these cells compared to that of A549 cells, BMECs treated
with LINCO01356-deprived exosomes expressed higher junction
proteins than those treated with the control exosomes, and
silencing LINCO01356 in exosomes derived from H1299 cells
could inhibit A549 cells from crossing the BBB, which may
indicate that exosomal LINC01356 can remodel the BBB in an in
vitro model. Meanwhile, exosomal LINC01356 is more highly
expressed in the plasma of NSCLC patients with brain
metastasis. It may promote the process of lung cancer brain
metastasis through remodeled BBB by targeting cell
junction proteins.
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The role of signal transducer and activator of transcription 6 (STAT6) in tumor growth has
been widely recognized. However, its effects on the regulation of angiogenesis remain
unclear. In this study, we found that STAT6 promoted angiogenesis, possibly by
increasing the expression of neuropilin-1 (NRP1) in endothelial cells (ECs). Both STAT6
inhibitor (AS1517499) and STAT6 siRNA reduced EC proliferation, migration, and tube-
formation, accompanied by downregulation of NRP1, an angiogenesis regulator.
Furthermore, IL-13 induced activation of STAT6 and then increased NRP1 expression
in ECs. IL-13-induced EC migration and tube formation were inhibited by NRP1 siRNA.
Luciferase assay and chromatin immunoprecipitation assay demonstrated that STAT6
could directly bind to human NRP1 promoter and increase the promoter activity. In tumor
xenograft models, inhibition of STAT6 reduced xenograft growth, tumor angiogenesis,
and NRP1 expression in vivo. Overall, these results clarified the novel mechanism by
which STAT6 regulates angiogenesis, and suggested that STAT6 may be a potential
target for anti-angiogenesis therapy.

Keywords: endothelial cell, tumor angiogenesis, STAT6, neuropilin-1, transcriptional regulation

INTRODUCTION

Blood vessels, especially the capillaries, run throughout the body, providing oxygen and nutrients
and exchanging cellular and tissue byproducts to maintain normal functioning of tissues (1).
However, insufficient vascularization causes impaired healing of fractures and placental deficiency,
whereas increased vascularization leads to atherosclerosis, hemangioma, and neoplastic

Abbreviations: EDN1, endothelin-1; KDR, kinase insert domain-containing receptor; MCP-1/CCL2, monocyte
chemoattractant protein-1; MMP2, matrix metalloproteinase-2; NRP1, neuropilin-1; PTGS1/COXI, cyclooxygenase 1;
SMAD?5, mothers against DPP homolog 5; SPHKI, sphingosine kinase 1; VEGFA, vascular endothelial growth factor A.
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development (2). Aberrant vascularization causes a variety of
diseases (3) and hence, reasonable arrangement of blood vessels
is a therapeutic strategy, especially for cancer treatment.

Tumor cells are not restricted by the cell cycle and grow faster
than normal cells. Therefore, more nutrients are needed for tumor
cell growth (4). When the diameter of a tumor is larger than 2 mm,
more new vessels are needed to support tumor growth (5).
Angiogenesis refers to the formation of new blood vessels from
the existing vessels, which are tightly regulated by the balance
between pro- and anti-angiogenic molecules. However, the
balance is unsettled when existing vessels are insufficient to
support tumor overgrowth. An increase of pro-angiogenic
molecules’ secretion induced by inflammation and hypoxia is
commonly seen in the tumor microenvironment, which induces
tumor angiogenesis (6). Angiogenesis provides not only nutrition
for tumor growth but also a channel for tumor metastasis in
tumorigenesis. Therefore, inhibition of angiogenesis has broad
prospects for anti-tumor and other angiogenesis-related
disease therapy.

Signal transducer and activator of transcription 6 (STAT6),
a member of the STAT family, reportedly participates in
inflammation and tumorigenesis by regulating the
transformation between M1 and M2 macrophages (7, 8). IL-4
or IL-13 bind to IL-4Ro or IL-13Raul on the cell surface, and
activate the STAT6 signaling pathway by phosphorylating
STAT6 on Tyr-641 (9). Two phosphorylated STAT6
monomers form dimers and translocate into the nucleus to
bind certain promoters with the sequence of TTCnnnGAA
(“n” can be A, T, G, or C) (10-12). High expression of STAT6
has been detected in many types of cancer, including non-small-
cell lung cancer and colorectal cancer (13, 14). STAT6 knockout
mice have a higher tolerance to lung cancer metastasis than wild-
type mice (15). The mechanism of action of STAT6 in
tumorigenesis is being gradually understood, but is still unclear
in with respect to tumor angiogenesis.

Transmembrane glycoprotein neuropilin-1 (NRP1), which
was first found in neuronal and endothelial cells, is essential
for normal embryonic development, axon guidance, and
angiogenesis (16). Owing to the lack of enzyme activity, NRP1
acts as a co-receptor of VEGFR2 (kinase insert domain-
containing receptor; KDR) (17). VEGF binds to NRP1, which
promotes the interaction of NRP1 and KDR, and activates
downstream signaling events of VEGF (17). NRP1 was initially
thought to enhance VEGF binding to KDR (18). However, NRP1
still promotes tumor angiogenesis, in the absence of VEGFR (19).
VEGF is widely recognized as a pro-angiogenic factor for
stimulating angiogenesis and blockade of the VEGF signal
pathway is an effective anti-tumor therapy (20).

In this study, we found that inhibition of STAT6 activity
reduced NRP1 expression, and decreased proliferation,
migration, and tube-formation of endothelial cells (ECs).
Activation of STAT6 by IL-13 increased NRP1 expression and
increased proliferation, migration, and tube-formation of ECs. In
addition, STAT6 directly bound to the NRPI promoter and
increased its transcription activity. In the tumor xenografts
model, inhibition of STAT6 activation reduced tumor

angiogenesis and NRP1 expression, suggesting the therapeutic
potential of STAT6 inhibitors.

MATERIAL AND METHODS

Cell Lines and Reagents

Human umbilical vein endothelial cells (HUVEC) were
purchased from PromoCell (Heidelberg, Germany), and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Carlsbad, CA, USA) with 10% (v/v) fetal bovine serum
(FBS) (Gibco) and antibiotics (100 IU/mL penicillin and 100 mg/
mL streptomycin) (Gibco). The A549 cell line was purchased
from Cell Resource Center of Life Sciences (Shanghai, China),
and cultured in Roswell Park Memorial Institute 1640 medium
(RPMI 1640) (Gibco) containing 10% FBS (Gibco). HUVEC
were treated with recombinant human IL-13 protein (50 ng/mL)
(213-ILB, R&D systems, Minneapolis, MN, USA) and STAT6
inhibitor, AS1517499 (AS) (1 mM) (HY-100614, MCE,
NJ, USA).

Knockdown of STAT6 and NRP1

Small interference RNA of human STAT6 and human NRP1
were purchased from GenePharma (Shanghai, China). The
sequences of siRNA are shown in Table 1. HUVECs (2.5 x
10*) were seeded in six-well plates and cultured overnight. NRPI
siRNA (2 and 3) (100 nM) or STAT6 siRNA (100 nM) were
transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Subsequent
experiments were performed after cells were incubated at 37°C in
a humidified atmosphere of 5% CO, or 21% O, for 48 h.

Mouse Xenograft Assays

All experimental protocols related to animals were performed in
compliance with the guidelines of the Animal Care and Use
Committee of the First Affiliated Hospital of Shandong First
Medical University. The mouse xenograft was performed as in a
previous study (21). Briefly, 10 male BALB/c nude mice (5-6
weeks old), weighing roughly 20 g were housed in a specific
pathogen-free animal facility and exposed to a 12-h light/dark
cycle. A549 (5x10°) with Matrigel (356234, BD Biosciences,
Franklin Lakes, NJ, USA) mixed by volume ratio 1:1 was

TABLE 1 | Sequences of siRNA used in this study.

Primer name Sequence (5'->3')

Negative control S UUCUCCGAACGUGUCACGUTT
Negative control R ACGUGACACGUUCGGAGAATT
Human NRP1 S CCAUACCAGAGAAUUAUGATT 1
Human NRPT R UCAUAAUUCUCUGGUAUGGTT
Human NRPT S CAGCCUUGAAUGCACUUAUTT 2
Human NRPT R AUAAGUGCAUUCAAGGCUGTT
Human NRPT S GUAUACGGUUGCAAGAUAATT 3
Human NRPT R UUAUCUUGCAACCGUAUACTT
Human STAT6 S AGGAAGAACUCAAGUUUAATT
Human STAT6 R UUAAACUUGAGUUCUUCCUGC
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injected into the subcutaneous region (the right flanks) of mice,
and tumor sizes were determined using the formula: length x
width®x0.52. Seven days after implantation, when the tumor size
reached a volume of 100 mm?, mice were randomly divided into
two groups. Administration with AS1517499 (25 mg/kg
intratumorally injection, twice a week) was started and lasted
for 30 days.

Correlation of STAT6 and Down-Regulated
Genes in Lung Adenocarcinoma

The correlation between STAT6 and angiogenesis genes in LUAD
was performed via Gene Expression Profiling Interactive Analysis
(22) (GEPIA, Zemin Zhang' Lab, Biomedical Pioneering
Innovation Center, Peking University, Beijing, China; http://
gepia.cancer-pku.cn/), according to a previous report (21).

Trypan Blue Staining and Cell Counting
HUVECs were seeded in 10-cm dishes and cultured overnight. AS
(1 mM) was added, and the cells were incubated at 37°C in a
humidified atmosphere at 5% CO, or 21% O, for 24 h. The cells
were then digested with trypsin. Then, 0.4% trypan blue (Beyotime
Biotechnology, Shanghai, China) was used to assess cell viability
after AS treatment. The ratio of live to dead cells was calculated by a
Cell Counting Equipment (Jimbio CL, Leso Technology Co., Ltd,
Shandong, China) according to the manufacturer’s instructions.

MTT

HUVECs (3x10°) were seeded in 96-well plates and cultured
overnight. AS (1 mM) and/or IL-13 (50 ng/mL) were added, and
the cells were incubated for 0 h, 24 h, 48 h,and 72 h at 37°Cin a
humidified atmosphere. After incubation, 10 pL. MTT solutions
(5 mg/mL) were added to each well and incubated for 4 h. The
colorimetric intensity was analyzed using a 96-well plate reader
at a wavelength of 490 nm.

Scratch Test

HUVECs (1x10°) were seeded in a 35 mm® Petri dish and
cultured overnight. Two parallel mark lines were made in the
bottom of the disc using a marker pen, and cells were scratched
with a 1000 UL pipette tip perpendicular to the above-mentioned
lines. The culture medium was removed and the cells were
washed with phosphate-buffered saline (PBS). Cells were
further incubated with serum-free medium, which contained
AS (1 mM) and/or IL-13 (50 ng/mL). The scratches were
photographed at both 0 and 20 h.

Tube-Formation Assay
HUVECs were treated with AS (1 mM) and/or IL-13 (50 ng/mL)
for 24 h.

Matrigel diluted with endothelial cell basal medium-2 (EBM-
2) (lonza, Basel, Switzerland) containing 2% FBS was added to a
pre-chilled 96-well plate and incubated at 37°C for 40 min, and
then HUVECs (2x10*) were seeded in 96-well plates. EBM-2 was
added to the cells during the process of the assay. The 96-well
plate was incubated at 37°C in a humidified atmosphere for 6 h.
Tube-formation was observed using an inverted light microscope
(Olympus, Tokyo, Japan). Image] software (National Institutes

of Health, Bethesda, MD, USA) was used to measure the tube
length, and tube-formation was expressed as a percentage of the
control group.

Vectors

The 2000-bp fragments of the NRPI promoter were obtained
from the Eukaryotic Promoter Database (EPD, https://epd.epfl.
ch//index.php). Using the Xhol and HindIII restriction sites, the
NRPI promoter was cloned into pGL3-basic (Promega, Madison,
WI) (named NRPI-promoter), and pRL-TK (Promega) was used
as the reference control.

Dual-Luciferase Reporter Assay

HUVECs (2x10%) were seeded in 24-well plates and cultured
overnight. NRPI-promoter (0.5 pg) was transfected using
Lipofectamine 2000 according to the manufacturer’s
instructions. After 24 h of transfection, AS (1 uM) and/or IL-
13 (50 ng/mL) were added to the media, and the 24-well plate
was incubated at 37°C in a humidified atmosphere for an
additional 24 h. HUVECs in the 24-well plates were lysed for
luciferase assay. Luciferase and Renilla activities were determined
by a Luciferase-Renilla assay system (E1980, Promega) on an
LB960 luminometer (Berthold, Germany).

Chromatin Immunoprecipitation Assay
HUVECs were fixed with 1% formaldehyde for 10 min at room
temperature, and then 1x glycine solution was used to stop fixing.
HUVECs were washed twice with ice-cold PBS containing an
EDTA-free protease inhibitor mixture (Roche, Basel, Switzerland)
and collected by a cell scraper. Fragmentation of genomic DNA
was performed by sonication. Immunoprecipitation was
performed using a SimpleChIP® Enzymatic Chromatin IP Kit
(Magnetic Beads) (9005, Cell Signaling Technology, Danvers, MA,
USA) with antibodies for STAT6 (ab32520, Abcam, Waltham,
MA) according to the manufacturer’s instructions. Rabbit IgG was
used as a negative control. The primer sequences used are listed in
Table 2. The PCR products were separated on 2% agarose gel and
visualized under ultraviolet light (Protein Sample, Silicon Valley
CA, USA).

Angiogenesis Polymerase Chain Reaction
Assay and Quantitative Real-Time PCR
HUVECs (1x10°) were seeded in a 35-mm? Petri dish and
cultured overnight. AS (1 uM) or IL-13 (50 ng/mL) was used

TABLE 2 | Primers used in this study.

Primer name Sequence (5'->3') ChIP or qRT-

PCR

Human NRPT F1 CAGGTGATGACTTCCAGCTCA gRT-PCR

Human NRPT R1 CCCAGTGGCAGAAGGTCTTG

Human ACTIN F1 TTGCCGACAGGATGCAGAA gRT-PCR
Human ACTIN R1 GCCGATCCACACGGAGTACT

Human STAT6 F1 CTTTCCGGAGCCACTACAAG  gRT-PCR
Human STAT6 R1 AGGAAGTGGTTGGTCCCTTT

Human NRP1 promoter F1 CTTTCCGGAGCCACTACAAG  ChIP
Human NRP17 promoter R1 AGGAAGTGGTTGGTCCCTTT
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to treat HUVECs for 12 h. Total RNA was extracted by using
RNAiso Plus (TaKaRa, Kyoto, Japan), and ¢cDNA was
synthesized by using a PrimeScript First Strand cDNA
Synthesis Kit (TaKaRa) according to the manufacturer’s
instructions. Angiogenesis PCR array plates (Wcgene biotech,
Shanghai, China) and qRT-PCR were performed by monitoring
an increase in fluorescence of SYBR green dye (Tiangen, Beijing,
China) using a CFX96TM Real-Time System (Bio-Rad, Hercules,
CA, USA). The relative expression of RNA was calculated using
actin as an endogenous internal control. Primer sequences are
presented in Table 2.

Western Blotting

HUVECs were washed twice with ice-cold PBS and lysed with
cell lysis buffer (Beyotime Biotechnology) containing an EDTA-
free protease inhibitor (Roche). Tumor tissue was incubated with
ice-cold cell lysis buffer containing protease inhibitor and
disrupted with Tissuelyser-24. Protein concentration was
quantified using the Pierce”™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Western blotting was
performed as previously described (23). Blots were incubated
with Pierce "' ECL Western Blotting Substrate (Thermo Fisher),
and detected by AI 680 (General Electric Company, Boston, MA)
Antibodies used for western blotting included rabbit anti-
phospho-STAT6 (Tyr-641, 1:1000, Cell Signaling Technology);
rabbit anti-STAT6 (1:1000, Abcam); rabbit anti-NRP1 (1:1000,
Affinity); rabbit anti-NRP1 (1:1000, Abcam); and rabbit anti-
Tubulin (1:5000, Proteintech). The secondary antibody was
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin G (IgG) (1:8000, Proteintech).

Immunohistochemistry Staining and
Immunofluorescence Staining
Immunohistochemistry staining and immunofluorescence
staining were performed as described in a previous report (24).
Briefly, the tumors were stripped and fixed in 4%
paraformaldehyde at room temperature for 24 h, and then
embedded in paraffin for sectioning. Sections were dewaxed
and dehydrated using an alcohol gradient, heated, and blocked
with hydrogen peroxide at room temperature. For the
immunohistochemistry staining, rabbit anti-NRP1 (1:1000,
affinity) was used as the primary antibodies. After rinsing with
PBS, sections were incubated with a secondary antibody from the
MaxVisionTM HRP-Polymer anti-mouse/rabbit IHC Kit
(Maixin, China). BX51 microscopic imaging system (Olympus)
was used to observe the digitized images, and microvessel density
was determined with Image J software (National Institutes of
Health, Bethesda, MD, USA) by quantifying NRP1-positive
pixels in the digitized images. For immunofluorescence
staining, mouse anti-CD31 (1:200, Abcam) and rabbit anti-
NRP1 (1:200, Abcam, ab25998) were used as the primary
antibodies. Alexa Fluor 488 goat anti-rabbit (1:200; Abcam)
and Alexa Fluor 594 donkey anti-mouse secondary antibody
(1:200; Abcam) were used as the primary antibodies. DAPI was
used to display the nucleus. The sections were photographed
using an Olympus LCX100 Imaging System (Olympus).

Statistical Analyses

All values are presented as mean + standard error of the mean
(SEM). Statistical analysis was performed using GraphPad Prism
9 software (GraphPad). An unpaired Student’s t-test was used for
analyses between two groups; for three or more groups, one-way
analysis of variance (ANOVA) followed by Bonferroni’s post-hoc
test was used for statistical analysis. P<0.05 was considered to
indicate statistical significance.

RESULTS

Inhibition of STAT6 Reduces Migration,
Proliferation, And Tube-Formation of ECs
To assess the effect of STAT6 on EC angiogenesis, HUVECs were
incubated with different concentrations of STAT6 inhibitor,
AS1517499 (AS). The expression of STAT6 was not affected by
AS; however, as expected, AS reduced the phosphorylation of
STAT6 in a dose-dependent manner (Figure 1A). Incubation
with 1 pM AS significantly inhibited EC migration (Figure 1B),
cell proliferation (Figure 1D), and tube-formation (Figure 1E).
Moreover, incubation with 1 WM AS did not increase cell death
as compared with the control group (Figure 1C). STAT6 siRNA
was also used to evaluate the effect of STAT6 on EC angiogenesis.
Knockdown of STAT6 significantly reduced STAT6 expression
at both the protein and RNA level (Figures S1A-C).
Proliferation, tube-formation, and migration of ECs were all
inhibited by STAT6 expression blockade (Figures S1D-H).
These results suggest that inhibition of STAT6 with AS reduces
EC angiogenesis.

STAT6 Regulates the Expression of
Angiogenic Genes

PCR arrays were used to analyze the expression of pro-
angiogenesis genes in HUVECs incubated with 1 uM AS for 24
h. Eighty-six angiogenesis-related genes were detected via the
qPCR array. Nine genes, NRPI1, MMP2, KDR, VEGFA, CCL2,
SPHKI1, SMADS5, EDNI, and PTGSI, were significantly down-
regulated by AS treatment (Figure 2). To further confirm our
results, the correlation of mRNA level in LUAD between STAT6
and these genes was analyzed by GEPIA. The analysis was based
on the bulk gene expression datasets in the TCGA and the
Genotype-Tissue Expression (GTEx) projects. The results of the
scatter plot analysis indicated a positive correlation between
the mRNA levels of STAT6 and NRP1 (R=0.41), STAT6 and
MMP2 (R=0.39), STAT6 and KDR (R=0.29), STAT6 and VEGFA
(R=0.2), STAT6 and CCL2 (R=0.23), STAT6 and SPHK1 (R=0.36),
STAT6 and SMAD5 (R=0.2), STAT6 and EDNI (R=0.25), and
STAT6 and PTGSI (R=0.27) (Figure S2). These data suggest
that STAT6 regulates lung tumor angiogenesis by mediating the
expression of pro-angiogenic genes.

STATG6 Affects the Expression of NRP1

The correlation scores between the mRNA levels of STAT6 and
NRPI was the highest in these candidate genes. To further
determine whether NRP1 expression was regulated by STAT6, we
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FIGURE 1 | AS treatment reduces STAT6 activity and inhibits HUVEC migration, proliferation, and tube-formation. (A) Phosphorylation of STAT6 was detected by
western blotting in HUVECs treated with 0.5, 1, or 5 uM AS for 24 h, n=3, *P<0.05 vs. control. (B) The typical images and the relative moving area of HUVECs
treated with AS (1 uM) for 20 h, n=5, **<0.01 vs. control. (C) The relative cell viability of HUVECs treated with AS (1 uM) for 24 (h.) NS denotes no significant
difference, (D) The cell growth curve of HUVECs treated with AS (1 uM) for O h, 24 h, 48 h, and 72 h, n=5, **P<0.01 vs. control. (E) The typical images of STAT6
affected HUVECs tube-formation. HUVECs were treated with AS (1 uM) for 24 h, n=5, **P<0.01 vs. control.
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FIGURE 2 | AS treatment reduces pro-angiogenesis gene expression. Pro-angiogenesis genes were detected by PCR in HUVECs treated with an inhibitor of STAT6
(1 uM) for 24 h. **P<0.01 vs. control. MMP2, matrix metalloproteinase-2; KDR, kinase insert domain-containing receptor; NRP1, neuropilin-1; VEGFA, vascular
endothelial growth factor A; CCL2/MCP-1, monocyte chemoattractant protein-1; SPHK1, sphingosine kinase 1; SMADS5, mothers against DPP homolog 5; EDNT,
endothelin-1; PTGS1/COX1, cyclooxygenase 1.

detected NRP1 expression in the presence of STAT6 inhibitor (AS) mRNA expression (Figures 3D-F). In addition, NRP1 expression
or activator (IL-13). We found that AS treatment significantly =~ was detected by qPCR and western blotting when HUVECs were
reduced the protein and mRNA expression of NRP1 treated with AS (1 pM), IL-13 (50 ng/mL), and AS combined with
(Figures 3A-C). In contrast, IL-13 increased NRP1 protein and ~ IL-13. AS reduced the phosphorylation of STAT6, which was
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induced by IL-13 (Figures 4A, B). Furthermore, the increasing
NRP1 was inhibited by AS treatment (Figure 4C). The mRNA level
of NRP1 was reduced by AS treatment, and increased by IL-13
treatment. AS reduced NRP1 expression even in the presence of IL-
13 (Figure S3). Knockdown of STAT6 by STAT6 siRNA was used
to evaluate the effect of IL-13 on NRP1 expression. Western blotting
showed that knockdown of STAT6 reduced NRP1 expression even
in the presence of IL-13 (Figure S4). Taken together, these findings
suggest that the STAT6 signal pathway promotes NRP1 expression.

STAT6/NRP1 Signal Pathway Regulates
EC Proliferation, Migration, and
Tube-Formation

To explore the role of the STAT6 signaling pathway in EC
angiogenesis, we assessed the effect of AS (1 uM), IL-13 (50 ng/
mL), or AS combined with IL-13 treatment on EC proliferation,
migration, and tube-formation. IL-13 treatment for 24 h did not
affect the proliferation of HUVECs. When the proliferation time
was prolonged to 48 h, IL-13 treatment modestly increased the
proliferation of HUVECs (Figure 4D). For the AS and IL-13 co-
treatment group, AS treatment abolished the promoting effect of
IL-13 on HUVEC proliferation (Figure 4D). Moreover,
migration of HUVEC was also modestly increased by IL-13
treatment, and AS treatment abolished the promoting effect of
IL-13 on HUVEC migration (Figures 4E, F). Tube-formation
was increased by IL-13 treatment, and AS treatment abolished
the promoting effect of IL-13 on HUVEC tube-formation
(Figures 4G, H). Similar results were obtained by disrupting
STAT6 expression. Knockdown of STAT6 also inhibited EC
proliferation. Furthermore, knockdown of STAT6 reduced

migration, and tube-formation, induced by IL-13 (Figure S1).
In addition, knockdown of NRP1 by siRNA also reduced EC
proliferation, and inhibited EC migration and tube-formation
even in the presence of IL-13 (Figures S5 and S6). These results
suggested that the STAT6 signaling pathway promotes
EC angiogenesis.

STAT6 Regulates NRP1 Expression by
Binding to its Promoter

The positive role of NRP1 in angiogenesis has been wide verified
(25, 26). To discover the mechanism of STAT6-regulated NRP1
expression, we first analyzed the effect of AS and IL-13 treatment
on the promoter activity of NRPI. Luciferase assay showed that the
promoter activity of NRP1 is much higher than the promoter
activity of pGL3-basic, and AS treatment significantly inhibited
the promoter activity of NRP! when compared with non-AS
treatment (Figure 5A). IL-13 increased the phosphorylation of
STATS6, and the promoter activity of NRPI was enhanced by IL-13
incubation (Figure 5B). Compared with the control group, co-
treatment with both IL-13 and AS reduced the promoter activity of
NRP1, but there was no significant difference between the co-
treatment group and AS treatment group (Figure S7). Taken
together, these results showed that inhibition of STAT6 reduced
promoter activity of NRPI. We further searched the binding
sequences of STAT6 in the promoter region of human NRPI
and assessed the homologous sequences of STAT6 binding sites
between different species. Sequence analysis indicated that one
presumptive STAT6 binding site located at the promoter regions
of human NRPI was from -1613 to -1605. These sequences were
highly homologous with M. musculus (-1663 to -1655), R.
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norvegicus (-1651 to -1643), S. scrofa (-1530 to -1522), and B.
taurus (-1562 to -1554) (Figure 5C). Therefore, a ChIP primer
was designed according to the regions from -1613 to -1605 of the
human NRPI promoter. We found that enrichment of STAT6 at
the NRPI promoter; AS treatment reduced this enrichment, and
incubation with IL-13 modestly enhanced the enrichment
(Figures 5D, E). These results suggest that STAT6 binds to the
promoter region of NRPI and enhances NRP1 expression.

Inhibition of STAT6 Activity Suppresses
Tumor Angiogenesis and NRP1 Expression
In Vivo

Nude mice xenograft assay was performed to further evaluate the
in vivo effect of STAT6 on angiogenesis. After being administered

with AS for 30 days, we found that the bodyweight of the xenograft
mice was not affected by AS treatment (Figure 6A), and the tumor
size and tumor weight were suppressed by AS treatment
(Figures 6B-D). These results confirmed that AS treatment
inhibited the growth of tumor xenografts in nude mice. We
further explored the effects of AS treatment on tumor
angiogenesis. CD31 was used as an EC marker, and IHC assay
found that AS administration reduced vascular density
(Figures 6E, F). Moreover, the expression of STAT6 and NRP1
were also detected in subcutaneous tumors. As expected, the
phosphorylation of STAT6 was down-regulated by AS
administration, and the expression of NRP1 was also reduced
(Figures 6G-I). In situ analysis of NRP1 level by immunostaining
and immunofluorescence staining showed that AS treatment
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reduced the expression of NRP1 was in the entire cell type
compared with control group (Figure S$8). These results
confirmed that STAT6 regulates the expression of NRP1 and
affects tumor angiogenesis in vivo.

DISCUSSION

In 1971, Folkman reported that solid neoplasms are always
accompanied by angiogenesis, and the new capillary supported
tumor growth and metastasis (27). Anti-angiogenesis was then
developed as a strategy for tumor treatment, and it has already
been used in anti-tumor combined therapy. Apatinib, an
inhibitor of VEGFR, and bevacizumab, humanized anti-VEGF
monoclonal antibodies, have been used to treat non-small-cell
lung cancer combined with PD-L1 antibody or chemotherapy
(28). More anti-angiogenesis targets are needed for the cocktail
of antibodies or inhibitors. In our study, we found that STAT6
was a potential target for anti-angiogenesis therapy. Activation of
STAT6 promoted proliferation, migration, and tube-formation
of HUVECs and inhibition of STAT6 reduced proliferation,
migration, and tube-formation of HUVECs. We also
confirmed the mechanisms of STAT6 affecting EC function by
binding to the promoter of NRPI and increasing NRP1
expression (Figure 7). Thus, STAT6 is a potential therapeutic
target for anti-tumor angiogenesis.

STAT®6 is generally recognized as a transcription factor that
promotes M2 polarization of macrophages (29). Recently, the

effect of STAT6 on angiogenesis has also been reported. VEGF
treatment increases the nuclear translocation of STAT6 and
promotes EC migration (30). Silencing STAT6 with siRNA
inhibits VEGF-induced in vivo angiogenesis (30). In human
LUAC squamous cell carcinoma, high expression of STAT6
has been detected (31). STAT6 deficiency with siRNA inhibits
carcinogen-induced lung cancer growth and improves prognosis
in cancer transplantation mice model (31). Inhibitor of STAT6
(AS1517499) combined with 5-fluorouracil markedly reduce the
tumor load (32). In an orthotopic 4T1 mammary carcinoma
mouse model, AS1517499 treatment attenuated tumor growth
and early liver metastasis (33). In our study, AS1517499
administration for both HUVECs and nude mouse xenograft
showed that inhibition of STAT6 reduced proliferation,
migration, and tube-formation of HUVECs and reduced tumor
size and tumor angiogenesis in a mouse xenograft model. Our
results are similar to previous reports.

IL-13 is an inflammatory factor that has multiple functions
including regulation of tumor development (11). IL-13 activates
STAT6 and promotes the M2 polarization of macrophages. The
conditioned medium of IL-13-treated M2 macrophages induces
tumor invasion, migration, and angiogenesis of A549 and H1299
cells (34). In our study, IL-13 was also used to incubate HUVECs,
and we found that IL-13 treatment modestly promoted the
proliferation and migration of HUVECs. Co-treatment with
AS1517499 blocked the promotion of proliferation and
migration induced by IL-13. These data suggested the target
role of STAT6 for anti-angiogenesis therapy.
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FIGURE 6 | Inhibition of STAT6 reduces xenograft growth and tumor angiogenesis in vivo. (A) Body weights were measured before all nude mice were killed.

(B) Resected subcutaneous tumors from indicated A549 cell-injected groups in nude mice. (C, D) Tumor weight and tumor volume were measured, n=5, *P<0.01
vs. control. (E, F) Vascular intensity by A549 cell-derived tumor treated with AS (25 mg/kg body weight) was evaluated by IHC with anti-CD31 antibody. Scale bar:
50 um. n=5, *P<0.01 vs. control. (G) Phosphorylation of STAT6, STAT6, and NRP1 were detected by western blotting in tumor tissue. (H) Relative STAT6
phosphorylation level normalized with STAT6, n=5, **P<0.01 vs. control. (I) Relative NRP1 expression normalized with tubulin, n=5, **£<0.01 vs. control.

IL-13
IL-4R a [ IL-13R a1

STAT6 |— siRNA

@® STAT6 |— AS

FIGURE 7 | A schematic underlying the mechanism of STAT6-promoted NRP1 expression in HUVECs.

Frontiers in Oncology | www.frontiersin.org 187 May 2022 | Volume 12 | Article 823377


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

Gao et al.

STAT6 Upregulation Neuropilin-1 Expression

To explore the mechanisms of STAT6-mediated angiogenesis, we
further detected the expression of pro-angiogenic genes. Inhibition
of STAT6 activity reduced the expression of CCL2, MMP2,
KDR, NRPI1, VEGFA, SPHK1, SMADS5, EDN1, and PTGSI. Some
of these genes are reportedly regulated by STAT6. For instance,
activation of STAT6 binds upstream of the VEGF promoter (from
-338 to -305 bp) in mouse ECs and promotes VEGF expression (30).
IL-13 selectively increases CCL2 expression and secretion through
IL-4Ro and STAT6 phosphorylation in HUVECs (35). Inhibition
of IL-4R0/STATS6 signal pathway by anti IL-4Ro antibody reduces
CCL2 expression (35). IL-13 also promotes EC angiogenesis by
activating STAT6 and then increasing the expression of vascular
cell adhesion molecule-1 (VCAM-1) and soluble VCAM-1 (36). In
HT-1080 tumor cells, progesterone-induced blocking factor (PIBF)
treatment increases STAT6 phosphorylation, and inhibition of
PIBF with siRNA significantly reduces MMP2 expression (37).
These data suggest that STAT6 regulates lung tumor angiogenesis
by mediating the expression of pro-angiogenic genes.

NRP1I is identified as a receptor for VEGFA165 and class-3
semaphorins, and is crucial for mouse and zebrafish vascular
development as well as pathological angiogenesis (25, 26).
Although semaphorin-NRP1 signaling is not essential for
vascular development in mouse embryos, semaphorin 3A
(SEMA3A) participates in modulating tumor angiogenesis in
mouse cancer models (38). It has been reported that SEMA 3A
inhibited VEGF-mediated angiogenesis in an NRP1-dependent
manner (39), and over-expression of SEMA 3A induced EC
apoptosis and promoted vascular maturation by recruiting
pericytes and monocytes expressing NRP1 (40, 41). Both SEMA
3A and VEGF increased vascular permeability in an NRP1-
dependent manner; however, they used distinct downstream
effectors (39). Another study also reported that SEMA3A could
induce permeability signaling by NRP2 and VEGFR1, independent
of NRP1 (42). Therefore, NRP1 is essential for transmitting both
VEGF and SEMA 3A signals to regulate tumor angiogenesis. It has
been reported that recombinant rat NRP-1 chimera treatment
increases tubular morphogenesis and cell migration of human
dermal microvascular endothelial cells (HDMECs) and HUVECs
(43). In patients with non-small cell lung cancer (NSCLC), high
expression of NRP1 has shorter overall survival than in patients
with low expression of NRP1. Inhibition of NRP1 suppresses tumor
migration and angiogenesis (44). In our study, the correlation score
between the mRNA levels of STAT6 and NRPI was the highest in
the potential target molecules. We found that IL-13 treatment up-
regulated the expression of NRP1, and AS1517499 administration
reduced the expression of NRP1 in HUVECs. Interestingly,
AS1517499 blocked the promotion of NRP1 expression induced
by IL-13. All this evidence indicates that NRP1 is a new target for
STATS® in regulating EC angiogenesis.

We extensively explored the underlying mechanisms by which
STATG6 regulates NRP1 expression. As an important component of
the VEGF signal pathway, multiple regulatory elements regulate
NRP1 expression in a cooperative manner. There are one AP1
element and two SP1 elements that contributed to constitutive and
tumor promoter-induced promoter activity of NRPI in HeLa cells
(45). TEA domain transcription factor (TEAD) binding motif is

also present in the promoter region of NRPI, and the expression
of NRP1 is regulated by TEAD in hepatocellular carcinoma (HCC)
(46). In the present study, we found the binding site of STAT6
(TTCnnnGGA sequence) (12) in the promoter region of NRP1,
which was conserved in many species. Luciferase assay
demonstrated that activation of STAT6 by IL-13 increased the
transcription activity of NRP1 promoter, while inhibition of STAT6
activity by AS1517499 significantly reduced NRPI promoter
transcription activity. ChIP assay demonstrated that STAT6 is
directly bound to promoter region of NRPI in HUVECs.

The impact of STAT6 inhibition on NRP1 mRNA levels
(Figure 3C) is modest. The involvement of other factors
involved in the regulation of NRP1 expression cannot be
overlooked. In fact, both SP1 and HIF-1a positively regulate
NRP1 expression in tumor cells (47, 48). STAT6 interacted with
SP1 and increased the expression of p21 and p27 in promoting
breast cancer cell proliferation (49). In B-lymphoblastoid cell
line, type I IFN-activated STAT6 could increase Spl and BCL6
through STAT2 and exert the anti-proliferative effects (50). In
glioma cells, STAT6 negatively regulated HIF-10t expression via
mTOR/S6K/S6 axis (51). Although the binding of STAT6 to the
NRP1 promoter was detected in our study, the experimental
results indicated that other mediators participated in the
regulation of NRP1 expression by STAT6. This regulation
could also rely on an indirect mechanism. As discussed earlier,
STATS6 can influence tumor angiogenesis through factors such as
VCAM-1 and MMP (36, 37), and NRP1 is not the only target
molecule of STATS.

Taken together, our results indicate that STAT6 promotes EC
proliferation, migration, and tube-formation. In addition,
STAT6 upregulates NRP1 expression in ECs and promotes
angiogenesis. Therefore, STAT6 may be considered potential
therapeutic target for anti-angiogenic therapy.
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Supplementary Figure 1 | Knockdown of STAT6 inhibits HUVEC proliferation,
tube-formation, and migration. (A) The expression of STAT6 was detected by
western blotting in HUVECs after transfected with STAT6 siRNA for 48 h. (B) The
relative STAT6 expression normalized with tubulin, n=3, *P<0.05 vs. control. (C)
The mRNA level of STAT6 was detected by gPCR in HUVEGs after transfected with
STAT6 siRNA for 48 h, n=3, **P<0.01 vs. control. (D) After transfected with STAT6
siRNA for 48 h, HUVECs were cultured for O h, 24 h, 48 h, and 72 h, the cell growth
curve of HUVECs were detected by MTT, n=5, **P<0.01 vs. control. (E, F) After
transfected with STAT6 siRNA for 48 h, The typical images and relative tube length
of HUVECs were detected in the presence or absence of IL-13 (50 ng/mL), n=5,
*P<0.05 vs. control, NS, no significant difference. (G, H) After transfected with
STAT6 siRNA for 48 h, the typical images and the relative moving area of HUVECs
treated with or without IL-13 (50 ng/mL) for 20 h, n=5, **P<0.01 vs. control, NS
denotes no significant difference.

Supplementary Figure 2 | STAT6 expression in LUAD tissues is positively
correlated with MMP2, KDR, NRP1, VEGFA, CCL2, SPHK1, SMADS, EDN1, and
PTGST levels. A-l, Scatter plot analysis of the correlation between mRNA levels of
STAT6 and MMP2, KDR, NRP1, VEGFA, CCL2, SPHK1, SMADS, EDN1 or PTGS1
in LUAD of tissues.

Supplementary Figure 3 | AS treatment reduces NRP1 mRNA levels in
presence of IL13 stimulation. The mRNA levels of NRP1 were detected by gPCR in
HUVEGCs treated with AS (1 uM), IL-13 (50 ng/mL), and AS combined with IL-13 for
24 h. Relative NRP1 mRNA levels were normalized with actin, n=3, **P<0.01 vs.
control, NS denotes no significant difference.
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Mesenchymal stem cells derived
from adipose tissue accelerate
the progression of colon cancer
by inducing a MTCAF phenotype
via ICAM1/STAT3/AKT axis

Chunling Xue®, Yang Gao?, Zhao Sun?, Xuechun Li*,
Mingjia Zhang®, Ying Yang?, Qin Han*, Chunmei Bai**
and Robert Chunhua Zhao™*

1Beijing Key Laboratory, Institute of Basic Medical Sciences Chinese Academy of Medical Sciences,
School of Basic Medicine Peking Union Medical College, Center of Excellence in Tissue
Engineering Chinese Academy of Medical Sciences, Peking Union Medical College Hospital, Beijing,
China, ?Department of oncology, Peking Union Medical College Hospital, Chinese Academy of
Medical Science and Peking Union Medical College, Beijing, China

Previous studies have shown that the risk of colon cancer is greatly increased in
people with obesity, and fat content in colorectal cancer tissue is increased in
people with obesity. As an important part of tumor microenvironment,
adipose-derived mesenchymal stem cells (MSCs) are also another important
source of cancer-associated fibroblasts (CAFs), which may be one of the
important mechanisms of affecting tumor progression. However, the
mechanism is poorly defined. In the present study, CAFs were transformed
from MSCs [MSC-transformed CAFs (MTCAFs)] by co-culturing with HCT116
cells. Bioinformatics and Western blotting analysis indicated a positive
correlation between intercellular adhesion molecule-1(ICAM-1) and the
progression of colon cancer. In clinical colon cancer specimens, we found
that ICAM-1 was highly expressed and related to shorter disease-free survival,
which might act as an indication for the progression of clinical colon cancer.
Our data showed that ICAM-1 secreted from MTCAFs could positively promote

Abbreviations: MSCs, mesenchymal stem cells; hADSCs, human adipose-derived mesenchymal stem cells;
CAFs, cancer-associated fibroblasts; MTCAF, MSC-transformed CAF; a-SMA, alpha-smooth muscle
actin; FAPA, fibroblast activation protein alpha; CRC, colorectal cancer; TME, tumor microenvironment;
IL-6, interleukin-6; CCL2, CC-chemokine ligand 2; SDF-1/CXCL-12, stromal cell-derived factor 1; ICAM-
1, Intercellular adhesion molecule-1; LFA-1, leukocyte-function associated antigen-1; DMEM, Dulbecco’s
Modified Eagle Medium; TEM, transmission electron microscopy; IHC, immunohistochemistry;

IF, immunofluorescence.
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the proliferation, migration, and invasion of colon cancer cells by activating
signal transducer and activator of transcription 3 (STAT3) and Serine/threonine-
protein kinase (AKT) signaling and that blocking ICAM-1 in MTCAFs reversed
these effects. We further verified that ICAM-1 secreted from MTCAFs promoted
tumor progression in vivo. Taken together, ICAM-1 plays a critical role in
regulating tumor growth and metastasis, which could be a potential
therapeutic target in colon cancer.

KEYWORDS

ICAM-1, progression, survival, cell trafficking, AKT and STAT3 signaling

silCAM-1
MTCAFs VWV

icamiT 9 90 o icAM-1

Migration " Homing

([
®
L A
H-Exos

MSCs

GRAPHICAL ABSTRACT

siLFA-1
VWWWWWW\

ee OQ(LFA-1\/

®sTAT3

Cancer cells

Proliferation Invasion

Parsimony diagram for the progression of cancer by MTCAF-derived ICAM1. ICAM-1 secreted from MTCAFs enhances the migration and
invasion ability of colorectal cancer cells by activating the AKT and STAT3 pathway in cancer cells.

Introduction

Mesenchymal stem cells (MSCs) are an important component
of the tumor microenvironment (TME). MSCs are also referred to
as “mesenchymal stromal cells”, which implies that MSCs have
characteristics associated with stem cells. Importantly, MSCs are a
population of adult multipotent cells that have the capacity of self-
renewal and can differentiate into osteoblasts, chondrocytes, and
adipocytes (1, 2). In addition, MSCs can be obtained from
different tissues including the bone marrow, adipose tissues,
placenta, or umbilical cord (1, 3). Several studies have
demonstrated that MSCs possess multilineage differentiation
potential (4) and can differentiate into cancer-associated
fibroblasts (CAFs) via co-culturing with cancer cells that can
secrete cytokines, growth factors, and CAF-specific proteins (5, 6).

Colorectal cancer is one of the most common malignancies
globally, with about 1.2 million new cases and 600,000 deaths per
year, accounting for the third highest incidence and the fourth
leading cancer-related morbidity (7, 8). Recent studies have
shown that cancer progression and metastasis are not only
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associated with the properties of tumor cells but also depend
on the TME (9). The stroma of colon cancer forms a complex
ecosystem containing immune cells, endothelial cells, and CAFs,
with the latter characterized by overexpression of marker
proteins, including alpha-smooth muscle actin (a-SMA) and
fibroblast-activated protein (FAP) (10, 11); these provide a niche
for cancer cells to modulate tumor invasion and growth (12, 13).
Recent studies show that CAFs are actively involved in
tumorigenesis, and it can be anticipated that the molecular
characteristics of CAFs have an impact on the clinical
behavior of a tumor (14-16).

Intercellular adhesion molecule-1 (ICAM-1) is a 90-kDa cell
surface glycoprotein of the immunoglobulin superfamily, which
has been shown to be responsible for cancer metastasis (17, 18).
ICAM-1 is the most important ligand of leukocyte function-
associated antigen-1 (LFA-1), which is an oLB2 chain integrin
expressed on the surface of endothelial cells and modulates the
behavior of leukocytes by mediating their adhesion to other cells
through its interaction with cell-surface ligands (19). In addition,
the interaction between LFA-1 and ICAM-1 is involved in
inflammatory responses, inflammatory pathologies,
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autoimmune diseases, and many cancer processes (19). ICAM-1
expression is positively related with the activation of IL-6/AKT/
STAT3/NF-xB signaling pathways (20). However, the effect of
knocking down ICAM-1 on tumorigenesis is unknown. STAT3
is a well-known and significant mediator of malignant
progression in colorectal cancer, which is mainly activated by
IL-6 (21). IL-6 binds to soluble or membrane-bound IL-6
receptor (IL-6Ra) polypeptides, which stimulates the
activation of Janus kinases (JAKs), and the downstream
effectors, STAT3, Shp-2-Ras, and phosphatidylinositol 3’
kinase (PI3K)-Akt (22, 23). CAFs within the TME actively
contribute to sustained STAT3 activation in colorectal cancer
(21). In addition, activation of IL-6-STAT3 signaling contributes
fibroblasts to their conversion into CAFs in normal gastric
fibroblasts (21, 24), and IL-6 enhances the proliferation of
human colon carcinoma cells in vitro (25, 26).

Here, we sought to better understand the mechanism by
which CAFs promote cell migration and invasion in colorectal
cancer so as to implicate it as a potential target that could be
explored further for its clinical relevance in the treatment of
colorectal cancer.

Materials and methods
Cell culture

HCT116 cells were obtained from the Cell Resource Center,
Peking Union Medical College (which is the headquarters of the
National Infrastructure of Cell Line Resource, NSTI), which
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/
high glucose (11965092, Gibco, USA) supplemented with 10%
fetal bovine serum (FBS; 16140071, Gibco, USA) and penicillin
(100 IU)/streptomycin (100 pg/ml) at 37°C in a 5% CO,
incubator. Cells are available within 15 generations. The
extraction and culture methods of MSC refer to previous studies.

Isolation and culture of human adipose-
derived MSCs

We collected adult fat samples from plastic surgery hospitals
after obtaining informed consent from the donors. Using D-
Hanks’ buffer, the adipose tissue was washed twice with two
antibiotics (penicillin and streptomycin) and centrifuged at 800g
for 3 min. The upper layer was transferred to a new 50-ml
centrifuge tube. Then, 0.2% collagenase P (Life Technologies
Corporation) was added to the tubes containing the pelleted
tissue for enzymatic digestion followed by incubation at 37°C for
30 min. Subsequently, the digested adipose tissue was filtered
with a 100-um cell strainer. The sample was centrifuged at
1,500 for 10 min. Next, 2 x 10° cells were seeded in T75 flasks
and incubated at 37°C and 5% CO, in a cell incubator.
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Extraction of exosomes secreted by
HCT116 cells

DMEM (Life Technologies Corporation) was replaced with
human adipose-derived MSC (hAD-MSC) culture medium
without FBS, 36—48 h before exosome extraction. Supernatants
were harvested after culture and centrifuged at 3,000g for 10 min
to remove dead cells and cell debris. The sample was transferred
to the ultrafiltration apparatus (Life Technologies Corporation)
with a 100,000-kDa-molecular weight ultrafiltration membrane.
Exosomes were resuspended in D-Hanks’ buffer, and the
suspension was filtered with a 0.2-um microporous membrane
filter, dispensed in 1.5-ml sterile microcentrifuge tubes, and
preserved at —80°C.

Identification of exosomes using
transmission electron microscopy

The purified exosomes were diluted and dropped onto a
copper mesh for 5 min for precipitation. Then, filter paper was
used to absorb excess liquid, and the sample was air dried.
Subsequently, 3% phosphotungstic acid in water was used to
counterstain the sample for 2 min. Finally, exosomes were
observed using a transmission electron microscope (Olympus,
Japan) and photographed.

Exosome uptake

1,1-Dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine
iodide (DiR; 1 uM) (Life Technologies Corporation) is a
lipophilic carbon cyanine dye that can bind lipoproteins in a
manner similar to phospholipids and is embedded in the
membrane of the biomass and oriented within the membrane.
Diffusion movement can be used to observe cell-bound or
endocytic lipoproteins under a fluorescence microscope, and
this allows for semi-quantitative analysis (27). Purified exosomes
were exposed to 1 uM DiR for 10 min. After incubating with
MSCs for 10 h, the cells were washed with PBS three times, and
the nuclei were stained with Hoechst 33342 (10 ug/ml) for 15
min at room temperature and washed with Phosphate Buffered
Saline (PBS) three times. The cells were observed under a
fluorescence microscope (OLYMPUS) and photographed.

Cell—-cell co-culture

A Transwell® chamber (0.4 pm) (Corning) was used to co-
culture the HCT116 cells with the hAD-MSCs at 1:1 ratio. The
cells were passaged when cell density is 90%. Cell-cell co-
culturing samples were collected at days 0, 3, 5, 7, and 9.
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siRNAs infection

Small interfering RNA (siRNAs) were used to knockdown
ICAM-1 mRNA and synthesized by GenePharma company
(China). The sequence of knocking down ICAM-1 is
GGCTGGAGCTGTTTGAGAACA. Specific operation of virus
infection was described as previous report (28).

Western blotting analysis

Proteins were extracted from cells using IP lysis buffer (87787,
Thermo Fisher Scientific) with a cocktail (4693116001, Roche,
Basel, Switzerland) and PhosSTOP (4906845001, Roche). The
proteins were denatured in SDS (Sigma-Aldrich) with loading
buffer and boiled for 10 min at 100°C. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate the proteins followed by the transfer of protein bands
onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore,
Billerica, MA, USA). The membranes were then blocked with 5%
milk in Tris-buffered saline-Tween 20 followed by overnight
incubation at 4°C with primary antibodies. They were then
washed and incubated with appropriate secondary antibodies for
1 h at room temperature, and bands were visualized using the
enhanced chemiluminescence detection kit Life Technologies
Corporation. The ICAM-1 (5915, 1:1,000), IL-6 (12912, 1:1,000),
AKT (9272,1:1,000), Extracellularr regulated protein kinases (ERK)
(4695, 1:1,000), p-ERK1/2 (4370, 1:1,000), p-JNK (9251, 1:1,000),
anti-rabbit Horseradish Peroxidase labeled Anti-mouse IgG (IgG-
HRP) (14708,1:2,000), Phospho-Stat3 (Tyr705, 9145, 1:1,000), Stat3
(D3Z2G, 12640, 1:1,000), Jak2 (D2E12, 3230, 1:1,000), Phospho-
Jak2 (Tyr1007, 3771, 1:1,000), and anti-mouse IgG-HRP (14709,
1:2,000) antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA); IL-8 (500-MO08, 1:1,000) and p-Akt (ser473,
66444-1-IG, 1:2,000) antibodies were purchased from ProteinTech
(Chicago, IL, USA).

TABLE 1 Sequences for primers.

Items Direction
IL6 primer sense
reverse
IL8 primer sense
reverse
GAPDH primer forward
reverse
ICAM1 primer forward

reverse
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Real-time quantitative polymerase chain
reaction

RNA was extracted from cell samples using TRIzol (Thermo
Fisher Scientific). RNA was thawed in 30 pul of RNA free water
(Applygen) and reverse-transcribed (60 pl) according to the
protocol recommended for the TaKaRa M-MLV reverse
transcriptase (Takara). Amplification of the gene fragment was
performed. To amplify the ICMA1, IL-6, IL-8, and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes,
one-step real-time quantitative polymerase chain reaction (RT-
PCR) was performed as follows: 95°C for 5 min, 95°C for 10 s,
60°C for 40 s, 40 cycles. Reactions were performed in triplicate,
and independent experiments were repeated three times. The
RT-PCR data were analyzed using StepOne Software 2.1, and
primers are presented in Table 1.

Enzyme-linked immunosorbent assay

The levels of soluble IL-6/8/TNFo in the supernatant of
primary MTCAFs and the supernatant were measured using an
enzyme-linked immunosorbent assay (ELISA) kit (Jiangsu
Meimian industrial Co., Ltd., TNFo: MM-0132M1, IL-6: MM-
0163M1, and IL-8:MM-0123M1), according to the
manufacturer’s instructions. The absorbance (450 nm) of each
sample was detected on a standard automatic microplate reader
(BioTek, USA).

Cell invasion and migration assay

Colorectal cancer cell migration and invasion assay was
conducted using 24-well Matrigel-coated Transwell inserts (BD
Biosciences, San Diego, CA, USA). Approximately 2 x 10° cells
were seeded in serum-free medium in the upper chamber. Next,

Sequence

ACTCACCTCTTCAGAACGAATTG
CCATCTTTGGAAGGTTCAGGTTG
ACTCCAAACCTTTCCACCCC
TTCTCAGCCCTCTTCAAAAACTTC
GGTCACCAGGGCTGCTTTTA
GGATCTCGCTCCTGGAAGATG
ACGTTGGATGAGCACTCAAGGGGAGGTCAC
ACGTTGGATGGCTACCACAGTGATGATGAC
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DMEM with FBS was added to the lower chamber, and after
incubation at 37°C with 5% CO, for 24-48 h, the non-filtered
cells were removed using a cotton swab and the migratory cells
were stained with 0.1% crystal violet solution. The invasive cells
attached to the bottom surface of the filter were quantified under
a light microscope (200x). The data are presented as the average
number of cells from randomly chosen fields. Each treatment
condition was assayed using triplicate filters, and all filters were
counted in five areas.

Wound healing

Using marker pen is to marker the 6-well plate with the
ruler, which draw horizontal lines evenly (0.5-1cm). Each hole
have to pass through at least 3 lines. Cell density is about 5¥105
cells/pole. Next day, holding the head of the spear against the
ruler and trying to keep it to the horizontal line in order to
scratch. Wash the cells three times with PBS, remove the
suspending cells, and add serum-free medium. Putting it into
an incubator at 37°C with 5%CO2. Sampling at different hours
and taking photos.

Patients and samples

This is a retrospective cohort study. Colorectal cancers were
obtained with informed consent from patients in Peking Union
Medical College Hospital (Beijing, China) during January 2014
to December 2016. All specimens were collected using the
protocols approved by the Ethics Committee of Peking Union
Medical College Hospital. All patients were RO resected and
pathologically diagnosed with CRC.

Immunohistochemistry

The resected tissue samples were fixed with formaldehyde,
embedded in paraffin, and prepared into 4-m-thick sections. The
slides were then dewaxed and hydrated. Next, we decreased the
peroxidase activity by treating with 3% H,O,. The sections were
blocked by using 10% normal goat serum and incubated with
appropriate primary antibody overnight at 4°C. Then, PBS
diluted secondary antibody at 1:100 was added followed by
incubation at room temperature for 2 h. All immunostained
sections were then lightly restained with hematoxylin. The
results of immunohistochemistry (IHC) were evaluated by two
pathologists independently. If the results were inconsistent, the
final result would be judged by the third pathologist. The
membrane staining of cells >5% was defined as ICAM-1 positive.
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Agilent expression profiling gene chip

The total RNA of the sample was quantified by NanoDrop
ND-2000 (Thermo Scientific), and then, the RNA integrity was
checked by Agilent Bioanalyzer 2100 (Agilent Technologies).
After passing the RNA quality inspection, the labeling of the
sample, the hybridization of the chip, and the elution refer to the
standard process of the chip. First, total RNA is reverse-
transcribed into double-stranded ¢cDNA and then ¢cRNA
labeled with Cyanine-3-CTP (Cy3) is synthesized. The labeled
cRNA is hybridized with the chip, and the original image is
obtained by scanning with Agilent Scanner G2505C (Agilent
Technologies) after elution.

Animal experiments

All mice were maintained and manipulated according to the
guidelines established by the Medical Research Animal Ethics
Committee of Peking Union Medical University. The samples
were randomly assigned. A mixture of 5 x 10° HCT116 cells
were re-suspended with 1 x 10° cells or PBS (5:1) in 100 pl of
PBS and subcutaneously injected into 6-week-old female
athymic nude mice (BALB/C). Tumor formation was
examined after 7 days. We detected the tumor size every three
days, recorded the data, and finally calculated the volume (1/2
*the long side*the short side squared). When tumor volume
reached 1-1.5 cm, the animals were sacrificed. Tissues were
collected and sectioned followed by some sections being fixed
with 10% buffered formalin for IHC analysis, whereas the others
were preserved at —80°C for Western blotting.

Writing statement

Participants have provided written informed consent to take
part in the study.

Statistical analysis

All data are expressed as means + SD from at least three
independent experiments. The statistics were analyzed by SPSS
25.0 statistical software (IBM, Armonk, USA). The relationship
between the expression of ICAM-1 and disease-free survival
(DFS) was evaluated by the Kaplan-Meier method. DFS was
defined as the time from complete resection of tumor to disease
recurrence. Statistical analysis was performed using two-tailed t-
tests and one-way ANOVA. P < 0.05 was considered statistically
significant. Each experiment was repeated at least three times to
obtain a P-value and to control for systematic errors.
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FIGURE 1

Transcriptome analysis of MSCs treated with H-Exos. (A) Detection of genes associated with MTCAF using Western blotting with the situation of
MSCs with H-Exos at days 0, 3, 5, and 7. (B) Heat map showing the differentially expressed genes (DEGs) in HCT116-exos—treated MSCs (CAF1-
3) and control MSCs (MSC1-3). (C) DEGs associated with inflammatory factors. (D) DEGs associated with immune regulation. (E) Detection of
genes associated with MTCAF using Western blotting with the situation of co-culturing with HCT116 cells and MSCs at days 0, 3, 5, and 7. (F)
Detection of genes associated with inflammatory factors using Western blotting. (G) Detection of genes associated with angiogenesis using
Western blotting. (H) The expression of ICAM-1 was measured at days 0, 1, 3, and 7 by expression profiling gene chip (I) The expression of

ICAM-1 using Western blotting at days 0, 1, 3, and 7.

Results

Exosomes derived from HCT116 (H-Exos)
induce the differentiation of MSCs into
MTCAFs

Previous studies have shown that MSCs can differentiate into
CAFs (4, 29). First, we applied H-Exos to induce MSCs differentiate
into CAFs, which is named MTCAFs, and we found that MTCAFs
have the higher CAF-specific gene expression (0-SMA and FAPA)
(Figure 1A). The characteristics of H-Exos are presented in
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Supplementary Figure 1. Next, we evaluated the transcriptomic
alterations and identified activated proteins in MTCAFs compared
with MSCs; MTCAFs was kept into a transcriptionally active state,
which was demonstrated by an increased number of upregulated
genes (Figure 1B). Meanwhile, clustering identified upregulation of
gene markers related to cell secreted inflammatory factors and
immune regulation in MTCAFs compared with MSCs (Figures 1C,
D). To be similar to the physiologic al conditions, we applied the co-
culturing system, and we found that the co-culturing effect with
HCT116 cells and MSCs is the same as that in exosomes secreted
from HCT116 cells with MSCs (Figure 1E). Western blotting
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analysis showed an increase in the inflammatory and angiogenesis
proteins from transcriptome analysis results (Figures 1F, G). In
addition, the Agilent expression profiling gene chip results showed
that ICAM-1 expression increased gradually during MSCs
differentiation, and Western blotting analysis showed the same
effect (Figures 1H, I). In conclusion, HCT116 cells can promote the
differentiation of MSCs into MTCAFs and screen key gene ICAM-1
during the differentiation process.

ICAM-1 might act as an indication for the
progression of clinical colon cancer

To explore the correlations between ICAM-1 expression and
progression and prognosis of patients with colon cancer, we
collected patients samples with colon cancer from Oncomine
Database, which includes paracarcinoma tissue and colorectal
cancer tissue. The Oncomine analysis showed that o-SMA,
ICAM-1, and LFA-1 exhibited a higher expression in
colorectal cancer compared with colon tissue (Figures 2A-C),
and ICAM-1 was positively correlated with o-SMA and LFA-1
(Figures 2D, E). To further clarify the function of these genes,
we used clinical specimens for further analysis. The expression of
ICAM-1 and a-SMA in tumor tissue of patients with stage I, II,
and III CRC were obtained by using immunofluorescent
staining. The result showed that ICAM-1 and o-SMA were co-
expressed in clinical samples (Figure 2F). Next, we enrolled 72
patients (n = 72), 38 samples showed ICAM-1 positive, and 34
samples showed ICAM-1 negative (Figure 2G). On basis of this,
we analyze the relationship between ICAM-1 expression and
patient survival, and the result showed that the DFS of patients
with positive ICAM-1 expression was significantly shorter than
that of ICAM-1-negative patients [(28.06 + 1.47) months vs.
(38.87 £ 3.35) months, P = 0.013] (Figure 2H). These results
suggest that ICAM-1 is inversely associated with survival in
patients with colorectal cancer.

ICAM-1 is critical for the migration and
homing abilities of MTCAFs

To further validate the function of ICAM-1 in the process of
MSC differentiating into MTCAFs, we detected the invasion and
migration abilities of MTCAFs, and the results showed that
MTCAFs with ICAM-1 knockdown presented with significantly
decreased abilities of migration (Figures 3A, B) and invasion
(Figures 3C, D) compared with MTCAFs, which means that the
ICAM-1 may play an important role in the MTCAFs. To further
understand the situation of MTCAF homing, we built a nude
mouse xenograft tumor model (mice, n = 10). HCT116 cells
were subcutaneously co-implanted with MSCs (S1), MSCs with
ICAM-1 knockdown (S2) and PBS (NC) at a ratio of 5:1. We

Frontiers in Oncology

198

10.3389/fonc.2022.837781

next detected the abilities of distant migration by in vivo
fluorescence image, and we found that homing to the lungs in
S1 group was more stronger than that in S2 group (Figure 3E).
To determine which cells migrate to the lungs, we next detected
the CAF-specific marker genes (o-SMA and FAPA) by
immunofluorescence staining, and the results showed that
MTCAFs migrate to the lung in the S1 group compared with
the other two groups (Figure 3F). These results show that the
ICAM-1 gene mediates the movement of MTCAFs, which may
influence the progression of colon cancer cells.

ICAM-1 regulates the inflammatory
secretion of MTCAFs and mediates the
inflammatory microenvironment

In our study, the transcriptomic analysis indicated that H-Exos
activated different signals including TNFo and IL6 signaling
pathways in MTCAFs
factors, Western blotting analysis revealed that the expression of IL-
6 and IL-8 was decreased, whereas MTCAFs were knocked down
by ICAM-1 (Figure 4B). This result was further verified by ELISA
to detect ICAM-1, IL-6, and IL-8 concentration of serum on day 7
(Figure 4C). In addition, by accessing immune cell infiltration in

(Figure 4A). Among the inflammatory

vivo, we showed that the number of F4/80 macrophages was lower
in tumors in S2 group compared with S1 group (Figures 4D, E).
Some studies suggest that the inflammatory factors, IL-6, IL-8, and
TNFo, are major regulators of tumor stroma interaction in the
cancer microenvironment (32-35). We examined their expression
levels in mice serum by ELISA (n = 5) and found increased levels of
IL-6 and IL-8 (Figures 4F, G). In conclusion, MTCAFs with
ICAM-1 are able to mediates the inflammatory microenvironment.

MTCAFs regulate colon cancer cell
invasion and migration via secreting
ICAM-1

In our study, we further explored the effect of MTCAF-
derived ICAM-1 on the HCT116 cells, and we found that
migration abilities (Figures 5A, B) and invasion abilities
(Figures 5C, D) of HCT116 cells were obviously weakened at
day 7 when MTCAFs were knocked down. We next analyzed
whether MTCAFs with ICAM-1 knockdown affected the tumor
progression and immune environment by using a nude mouse
xenograft tumor model (mice, n = 10). HCT116 cells were
subcutaneously co-implanted with MSCs (S1), ICAM-1
knockdown MSCs (S2), or PBS (NC) at a ratio of 5:1. Mice in
S1 group promoted the growth of tumor compared with the
other two groups in vivo (Figures 5E, F). Next, we assessed the
tumor weight by excising the tumor from mice, and the results
were similar to those observed for tumor growth (Figures 5G,
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H). Meanwhile, Ki67 staining was performed, and the results
showed that the proliferation capacity of the SI1 group was
significantly higher than NC group, whereas knocking down
ICAM-1 significantly decreased the ability of proliferation
(Figures 5I, J). We found that HCT116 cells can also migrate
into the lungs in S1 group but not in S2 group and NC group
(Figure 5K). These results show that ICAM-1 mediates
progression of colon cancer cells.
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ICAM-1 secreted from MTCAFs mediates
the STAT3 and AKT signaling pathway in
colon cancer cells

LFA-1 has been reported to be the most important ICAM-1
receptor (31). In our study, wound healing assay confirmed that
ICAM-1 secreted by MTCAFs regulates migration of HCT116 cells
by interacting with LFA-1 expressed on HCT116 cells (Figure 6A).
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Western blotting results showed that JAK, STAT3, and AKT were
also activated in HCT116 cells co-cultured with MTCAFs after day
3 (Figure 6B), whereas MTCAFs were knocked down by ICAM-1,
and the phosphorylation of JAK, STAT3, and AKT in HCT116 cells
was significantly decreased (Figure 6C). Next, we detected the
migration and invasion ability of HCT116 cells in different
treatment groups, including HCT116 and MSC co-culture group
(group A), HCT116 and MSC co-culture plus STAT3 inhibitor
group (group B), and HCT116 and MSC co-culture plus AKT
inhibitor group (group C). Transwell results showed that HCT116
cell invasion was significantly reduced in groups B and C compared
with group A (Figures 6D, E). Wound healing test results showed
that the migration ability of HCT116 cells in groups B and C was
significantly weakened compared with group A (Figure 6F). Finally,
immunohistochemistry demonstrated that MTCAFs can activate
AKT and STAT3 signaling pathways in tumor tissues in nude
xenograft tumor models (Supplementary Figure 2). These results
suggest that MTCAF-derived ICAM-1 promotes the progression of
colon cancer cells by binding LFA-1 to activate STAT3 and AKT
signaling pathways.

Discussion

It has been well established that CAFs promotes various
tumor progression, and CAFs originate in a variety of cells
including MSCs, endotheliocyte, and epithelial cell (36). In our
study, we mainly use MSC-derived CAFs (MTCAFs).

Mechanistically, this mainly contributed to the matrix
deposition and remodeling, interactions with cancer cells via
extensive reciprocal signaling, and crosstalk with infiltrating
immune cells (30, 37-39). Although recent studies have found
that CAFs attribute to the progression of colon cancer (40, 41),
the origin and role of CAFs incolon cancer and its mechanism
have needed to be fully elucidated. Here, we confirm that MSC-
derived CAFs promote the growth, migration, and invasion of
colon cancer cells and testify the critical role of CAFs in the
microenvironment of colon cancer.

Recent reports have shown that CAFs can secrete various
cytokines such as growth factor, inflammatory factors, and
chemokine, which can stimulate diverse signaling pathways
and biological functions of different cancers (10). Previous
studies have shown that several cytokines in CAFs were
increased, which contribute to the progression of various
cancer including IL8, IL6, and TGF-B1 (10, 42-44). In our
work, we identified a novel cytokine, ICAM-1, which is a
transmembrane molecule stabilizing cell-cell and cell-
extracellular matrix interactions and facilitating
transendothelial transmigration (45, 46). MTCAF-derived
ICAM-1 has double roles: It not only regulates the growth and
migration of MTCAFs by mediating the expression of IL6 and
IL8 in MTCAFs but also can promote the proliferation and
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invasion of cancer cells. Previous study has shown that the
prognosis of the patients with ICAM-1-negative tumors was
significantly poorer than that of those with ICAM-1-positive
tumors (47). This result is not contradictory with our result. We
consider that this difference between our results and the previous
reports may be due to ICAM-1 derived from MTCAFs. Our
results further verified this hypothesis. We found that ICAM-1
expression was high in fibroblasts (i.e., mesenchymal cells of
tumor tissue) of tumor tissue in patients with different clinical
stages, which negatively correlated with patient survival,
consistent with our results in vivo and in vitro.

One of the critical problems is the molecular mechanism of
ICAM-1 derived from MTCAFs action on colon cancer cells in
our study. It has been found that CAFs can be activated by some
cytokines in TME, such as IL6, IL8, and Fibroblast growth factor
2 (FGF2) (43, 48), which further activates various pathways
including IL6-STAT3 and AKT signaling pathways (43, 49).
Interestingly, these pathways have been also shown to regulate
ICAM-1 expression (20). Therefore, we found that MTCAF-
derived ICAM-1 promotes the progression by activating the
STAT3 and AKT signaling in colon cancer cells. However, this
specific question needs further study.

Most studies have demonstrated that ICAM-1 regulates
cancer metastasis via the binding receptor, LFA-1, which can
activate numerous pathways (50-52). ICAM-1-induced tumor
COX-2 impaired the antitumor activity via binding LFA-1
during hepatic metastasis (52). The expression of
inflammatory cytokines, such as IL-1B, TNFa, IL-6, and IFN-
v, tightly regulates ICAM-1 expression (53, 54). In addition, the
ICAM-1/LFA-1 pathway regulates important cell-cell
interactions including leukocyte adhesion and migration,
especially the killing of tumor cells by natural killer cells and
cytotoxic T lymphocytes (CTLs) (55, 56). At present, various
tumor cells have been shown to highly express ICAM-1 that is
known to be a potent ligand for LFA-1 on CTLs. Most studies
have revealed that ICAM-1 plays an important role in the
progress and metastasis of many cancers (21, 57-59).
However, the function of ICAM-1 in CAFs has not been
revealed in the TME of colorectal cancer. In our study, we
found that ICAM-1 derived from MTCAFs promotes the
migration and invasion of colorectal cancer cells by binding
LFA-1 receptor of colon cancer, subsequently activating AKT
and STAT3 in HCT116 cells. The possible mechanism is that
MTCAFs activate the AKT and STAT3 signaling pathways in
colon cancer cells via the ICAM-1/LFA-1axis.

Although we confirmed the important role of MTCAF-
derived ICAM-1 in colorectal cancer, there are still many
limitations, such as stage IV patients were not included in our
study. One reason for lacking of stage IV patients was that those
patients rarely underwent surgery in the past years. We can
enroll larger sample capacity to further explore the correlation
between ICAM-1 and clinical features in this should be
the future.
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Conclusion

In summary, we found that ICAM-1 secreted from CAFs
enhances the migration and invasion ability of colorectal cancer
cells by activating the AKT and STAT3 pathway in cancer cells
(Figure 6). Our results provide a better cognition of how CAFs
work in the TME in colorectal cancer. MTCAF-derived ICAM-1
may play an important role in promoting cancer metastasis and can
serve as a predictive and prognostic biomarker in colorectal cancer.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by This is a retrospective cohort study. Colorectal
cancers were obtained with informed consent from patients in
Peking Union Medical College Hospital (Beijing, China) during
January 2014 to December 2016. All specimens were collected
using the protocols approved by the Ethics Committee of Peking
Union Medical College Hospital. All patients were RO resected
and pathologically diagnosed with CRC. The patients/
participants provided their written informed consent to
participate in this study.

The animal study was reviewed and approved by the Ethics
Committee at the Chinese Academy of Medical Sciences and
Peking Union Medical College.

Author contributions

The study was designed by QH, ZS, CB, and RZ. CX carried
out the experiments, performed the statistical analyses, and
wrote the manuscript. YG and XL contributed to the statistical
analyses. MZ and YY helped do some experiments. All authors
have read and approved the final manuscript. All authors
contributed to the article and approved the submitted version.

Frontiers in Oncology

205

10.3389/fonc.2022.837781

Funding

This work was supported by the National Key Research and
Development Program of China (2016YFA0101000,
2016YFA0101003, and 2018YFA0109800), CAMS Innovation Fund
for Medical Sciences (2017-12M-3-007), the 111 Project (B18007), and
National Natural Science Foundation of China (81672313
and 81700782).

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.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.837781/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Characterisation of exosomes derived from HCT116 cells (HCT116-exos)
and in vitro uptake assay results. (A) The morphology of HCT116-exos was
assessed using electron microscopy. (B) HSP70, HSP90, and CD63
expression in HCT1l6cells and HCT116-exos was analyzed using
Western blotting. (C) HCT116-exos size distribution was evaluated by
NTA analysis. (D) Uptake of DiR-labelled HCT116-exos by MSCs was also
evaluated after 10h.

SUPPLEMENTARY FIGURE 2

Knocking down ICAM-1 from MTCAFs attenuates STAT3 and AKT
signaling in vivo. (E) (A/B)AKT and STAT3 signaling pathways were
measured using immunohistochemical staining in mice tumor tissues.
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