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Editorial on the Research Topic

Molecular and immune influences in the progression of gliomas
Diffuse gliomas are a heterogeneous group of tumors that represent the most prevalent and

lethal primary tumors of the brain (1). High-grade gliomas are among the most difficult cancers

to treat, for which first-line therapy – a combination of maximal surgical resection,

radiotherapy, and chemotherapy with temozolomide (TMZ) – remains unchanged over a

decade with few effective targeted therapies (2). Histologically, gliomas are categorized into four

grades by WHO. Grade I gliomas usually grow slowly and behave in a more benign manner.

Grade II and III gliomas can grow more rapidly and frequently require more aggressive

treatment. Grade IV gliomas, also known as glioblastoma (GBM), is the most common and

clinically aggressive gliomas, with median overall survival for patients with GBM at ~ 15

months (2). At the genomics level, gliomas in adults comprise two major groups based on the

mutational status of isocitrate dehydrogenase genes IDH1 and IDH2. Although IDH-mutant

gliomas usually start as lower histologic grade tumors with improved prognosis, they often

progress to higher grades. In contrast, IDH-wild-type gliomas typically present as GBM (2).

Multi-omics and recent technological advances such as single-cell techniques have

provided a detailed and expanding appreciation of glioma intertumoral and intratumoral

heterogeneity at genetic and epigenetic levels (3). The interactions with these heterogeneous

components result in profoundly diverse phenotypic outcomes that contribute to adaptative

responses and therapeutic resistance in this group of highly resilient disease. Importantly,

heterogeneous cell populations within the tumor microenvironment (TME) represent an

important aspect of glioma pathogenesis. Besides neuroglial cell types, gliomas are enriched

for tumor-associated macrophages (TAM), while the maturation of natural killer (NK) cells is

also affected in different glioma subtypes. The abundance of TAMs and low levels of

infiltrating T cells constitute an immunosuppressive TME for adult gliomas (Figure 1A)

(3, 4). With recent success of immunomodulatory therapy in diverse cancer types, there is

significant interest in the study of immune regulation in the TME of glioma, and its

implication in immunotherapy.

This topic introduces current developments in molecular and immune-mediated

mechanisms in gliomas. One important goal was to investigate potential biomarkers in

gliomas which may be useful tools in predicting behaviors of subpopulations of immune
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infiltrates and in determining which glioma subtypes may be amenable

to genotoxic and immunomodulatory therapies. A systematic review

was performed investigating proteins, nucleic acids, circulating cells,

and metabolites, as potential blood-based biomarkers for glioma

(Ali et al.). Around 200 targets are categorized according to their

clinical utility in predicting recurrence, identifying highly infiltrative

glioma subtypes, and optimizing therapeutic management. The study

found that panels of microRNAs and proteins are the most promising

biomarkers, while a selection of single biomarkers may also be useful.

Consistently, several manuscripts drew on multiple modalities

including the study of institution-specific patient cohorts,

bioinformatics, and multi-omics data from The Cancer Genome
Frontiers in Oncology 6
Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA). TAMs

in glioma can arise from resident microglia or monocytes of peripheral

circulation (4). They are engaged in immunosuppression and have

unique gene signatures for macrophage activation and increased

chemokine/cytokine signaling, which is associated with poor

prognosis in glioma patients (Figure 1A) (3, 4). CHI3L2 (Chitinase-

3-Like Protein 2) is a member of chitinase-like proteins in the glycoside

hydrolase 18 family (5), and SIGLEC9 (sialic acid-binding Ig-like lectin-

9) is a new member of the Siglec subgroup of the immunoglobulin

superfamily expressed in monocytes, neutrophils, T cells and NK cells

(6). Two research teams found respectively that elevated levels of

CHI3L2 (Liu et al.), or SIGLEC9 (Xu et al.), are associated with poor
BA

FIGURE 1

Schematic representation of immune and molecular regulation in glioma microenvironment. (A) Immunosuppression in glioma tumor microenvironment
(TME). Immune responses are impacted by diverse cell types in the TME. Studies in the research topic highlight the importance of characterizing the
immune phenotype in glioma. Tumor-associated macrophages (TAMs) include resident microglia, monocytes that will differentiate into M2- versus M1-
predominant macrophages, and myeloid-derived suppressor cells (MDSCs), which are peripherally derived immunocytes that marginate through the
blood-brain barrier. These cells are characteristic of an immunosuppressive TME and secrete key growth factors including interleukin 10 (IL-10) and
transforming growth factor-beta (TGFß) to support an oncogenic niche. Cells of lymphoid origin, including T cells and natural killer (NK) cells; as well as
other peripheral infiltrating cells, such as dendritic cells (DCs), are reported to be sparse within TME. MDSCs have been shown to prime CD4+ regulatory
T cells (Treg) for an immunosuppressive and anergic role within gliomas. MDSC-primed Treg suppresses CD8+ effector T cell response, and contributes
to effector T cell exhaustion through the downregulation of major histocompatibility complex class I molecules (MHC-I), suppression of signaling by
interferon (IFN)-g and tumor necrosis factor (TNF)-a, and upregulation of programmed cell death ligand 1 (PD-L1). The M2-polarized macrophages
typically downregulate the expression of MHC-II and PD-L1 to suppress the activation of CD8+ T cells, NK cells, and DCs in the TME, thereby
contributing to the immunosuppressive properties of TME. (B) Epithelial to mesenchymal transition (EMT) and autophagy in glioma. Studies in this
research topic illustrate how cellular and molecular aspects of autophagy and EMT facilitate glioma infiltration, recurrence, and progression. COX10-AS1
is a lnc-RNA that is shown to upregulate pro-oncogenic autophagy signaling mechanisms via the E2F family of proteins. Decorin is an extracellular
matrix component that inhibits autophagy via c-Met/Akt/mTOR signaling, and may function as a novel therapeutic target. Lucanthone is effective in
inhibiting autophagy, glioma cell proliferation and survival. And TGFß within the TME is shown to promote EMT, as evident by upregulation of EMT
markers like Snail-1 via miR-34a sequestration by the lnc-RNA MUF. Created with BioRender.com.
frontiersin.org

https://doi.org/10.3389/fonc.2021.665235
https://doi.org/10.3389/fonc.2021.611038
https://doi.org/10.3389/fonc.2022.878849
https://BioRender.com
https://doi.org/10.3389/fonc.2023.1102445
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Malik et al. 10.3389/fonc.2023.1102445
prognosis and increased immune infiltrates in glioma. CHI3L2

expression is closely related to different activation states of TAMs

and induces the apoptosis of CD8+ T cells (Liu et al.). Similarly,

SIGLEC9 expression is positively correlated with myeloid-derived

suppressor cell infiltration, immune suppression, TAM proliferation

and functions (Xu et al.). Therefore, high levels of CHI3L2 or SIGLEC9

could act as unfavorable prognostic factors in glioma patients.

The interactions of malignant cells with immune cells represent

critical events in tumor progression (3, 4). However, the molecular

details underlying these interactions remain unclear. Three groups

discovered that the expression of Tumor necrosis factor receptor

superfamily member 12A (TNFRSF12A) (Zhang et al.) ,

methyltransferase like 7B (METTL7B) (Xiong et al.), or Caspase 6

(CASP6) (Guo et al.) in tumor cells is associated with reduced survival

in glioma patients, respectively. Further analysis revealed a significant

correlation of their expression with immune cell infiltration and immune

checkpoints. Knockdown of METTL7B (Xiong et al.) or CASP6 (Guo et

al.) inhibits glioma proliferation, suggesting that they contribute to the

progression of glioma. These genes could be viable prognostic

biomarkers and potential immunotherapeutic targets in glioma.

Predicting the infiltrative behavior of glioma is difficult from a

clinical-translational perspective. A prognostic and diagnostic MRI

protocol to screen for aggressive and invasive gliomas has been

proposed (Li et al.). In a single-center case series, it was shown that

T2/FLAIR abnormality could be an indicator of GBM progression,

especially for new lesions disseminating from primary sites. It should

be noted that these studies report preliminary analysis of candidate

indicators of tumor progression and prognosis.

One of the major obstacles to successful treatment of glioma arises

from its invasive behavior that enables escape from complete surgical

resection and chemo- and radiation therapy (2). Recent work

indicates that epithelial to mesenchymal transition (EMT)

represents a critical state that promotes glioma infiltration and

progression (Figure 1B) (7, 8). One group showed that long non-

coding RNA (lncRNA) MUF is specifically upregulated by TGFb
(Shree et al.). LncRNA-MUF functions as a sponge for microRNA 34a

(miR-34a), promoting the expression of EMT markers. Knockdown

of lncRNA-MUF reduces proliferation, migration, and invasion of

glioma cells, and sensitizes them to TMZ-induced apoptosis.

Autophagy has two counterbalancing arms in cancer: one that

impairs proliferation and invasion, while the other may contribute to

tumor progression, invasion, and EMT (Figure 1B) (9, 10). Decorin, a

proteoglycan in the extracellular matrix, downregulates the

expression of EMT markers, suppresses glioma cell migration and

invasion (Jia et al.). These effects are achieved through inhibiting

autophagy by activating the c-Met/AKT/mTOR axis. In agreement, it

has been demonstrated that COX10-AS1, a lncRNA associated with
Frontiers in Oncology 7
autophagy, promotes glioma progression by sequestering miR-641 to

regulate E2F6 (Liu et al.). To complement this work, another study

showed that lucanthone, an orally bioavailable and anti-schistosomal

agent, acts as an autophagy inhibitor in glioma cells to enhance TMZ

efficacy, and suppresses the growth of glioma cells (Radin et al.).

Therefore, the unique biology of glioma invasion and progression

revealed by these studies will provide potential therapeutic targets.

In summary, the Research Topic of “Molecular and Immune

Influences in the Progression of Gliomas“ presents novel preclinical

and clinical work in glioma progression and resistance. The diverse

work will contribute to developmental therapeutics and the search for

clinically adaptable biomarkers to evaluate the anti-glioma therapy, to

assess disease response, and to monitor for resistance and recurrence.

These studies highlight the importance of multimodal and

multidisciplinary approaches in the study of glioma.
Author contributions

All authors listed have made a substantial, direct, and intellectual

contribution to the work, and approved it for publication.
Funding

HZ is supported by the New York Institute of Technology and

National Cancer Institute (R01CA220551) of National Institutes of

Health. KM is supported by the New York Institute of Technology

College of Osteopathic Medicine Academic Scholarship.
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.
References
1. Ostrom QT, Gittleman H,, Fulop J, Liu M, Blanda R, Kromer C, et al. CBTRUS
statistical report: primary brain and central nervous system tumors diagnosed in the
United States in 2008–2012. Neuro Oncol (2015) 17:iv1–iv62.
2. Horbinski C, Berger T, Packer RJ, Wen PY. Clinical implications of the 2021 edition
of the WHO classification of central nervous system tumours. Nat Rev Neurol (2022)
18:515–29. doi: 10.1038/s41582-022-00679-w
frontiersin.org

https://doi.org/10.3389/fonc.2021.611038
https://doi.org/10.3389/fonc.2022.878849
https://doi.org/10.3389/fonc.2021.643159
https://doi.org/10.3389/fonc.2021.650534
https://doi.org/10.3389/fonc.2022.818283
https://doi.org/10.3389/fonc.2021.650534
https://doi.org/10.3389/fonc.2022.818283
https://doi.org/10.3389/fonc.2022.818283
https://doi.org/10.3389/fneur.2022.819216
https://doi.org/10.3389/fonc.2021.788755
https://doi.org/10.3389/fonc.2021.659353
https://doi.org/10.3389/fonc.2021.648152
https://doi.org/10.3389/fonc.2022.852940
https://doi.org/10.1038/s41582-022-00679-w
https://doi.org/10.3389/fonc.2023.1102445
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Malik et al. 10.3389/fonc.2023.1102445
3. Nicholson JG, Fine HA. Diffuse glioma heterogeneity and its therapeutic
implications. Cancer Discovery (2021) 11:575–90. doi: 10.1158/2159-8290.CD-20-
1474

4. Andersen BM, Faust Akl C, Wheeler MA, Chiocca EA, Reardon DA, Quintana FJ.
Glial and myeloid heterogeneity in the brain tumour microenvironment. Nat Rev Cancer
(2021) 21:786–802. doi: 10.1038/s41568-021-00397-3

5. Du H, Masuko-Hongo K, Nakamura H, Xiang Y, Bao CD, Wang XD, et al. The
prevalence of autoantibodies against cartilage intermediate layer protein, YKL-39,
osteopontin, and cyclic citrullinated peptide in patients with early-stage knee
osteoarthritis: evidence of a variety of autoimmune processes. Rheumatol Int (2005)
26:35–41. doi: 10.1007/s00296-004-0497-2

6. Ibarlucea-Benitez I, Weitzenfeld P, Smith P, Ravetch JV. Siglecs-7/9 function
as inhibitory immune checkpoints in vivo and can be targeted to enhance
Frontiers in Oncology 8
therapeutic antitumor immunity. Proc Natl Acad Sci U.S.A. (2021) 118. doi: 10.1073/
pnas.2107424118

7. Colella B, Faienza F, Di Bartolomeo S. EMT regulation by autophagy: A new
perspective in glioblastoma biology. Cancers (Basel) (2019) Mar 6; 11(3):312. doi: 10.3390/
cancers11030312

8. Li H, Li J, Chen L, Qi S, Yu S, Weng Z, et al. HERC3-mediated SMAD7 ubiquitination
degradation promotes autophagy-induced EMT and chemoresistance in glioblastoma. Clin
Cancer Res (2019) 25:3602–16. doi: 10.1158/1078-0432.CCR-18-3791

9. Niclou SP, Golebiewska A. Turning strength into weakness: protein degradation and
autophagy as therapeutic targets in glioblastoma? Neuro Oncol (2021) 23:1041–3. doi:
10.1093/neuonc/noab099

10. Manea AJ, Ray SK. Regulation of autophagy as a therapeutic option in
glioblastoma. Apoptosis (2021) 26:574–99. doi: 10.1007/s10495-021-01691-z
frontiersin.org

https://doi.org/10.1158/2159-8290.CD-20-1474
https://doi.org/10.1158/2159-8290.CD-20-1474
https://doi.org/10.1038/s41568-021-00397-3
https://doi.org/10.1007/s00296-004-0497-2
https://doi.org/10.1073/pnas.2107424118
https://doi.org/10.1073/pnas.2107424118
https://doi.org/10.3390/cancers11030312
https://doi.org/10.3390/cancers11030312
https://doi.org/10.1158/1078-0432.CCR-18-3791
https://doi.org/10.1093/neuonc/noab099
https://doi.org/10.1007/s10495-021-01691-z
https://doi.org/10.3389/fonc.2023.1102445
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology | www.frontiersin.org

Edited by:
Manabu Kinoshita,

Asahikawa Medical University, Japan

Reviewed by:
Koji Takano,

Osaka International Cancer Institute,
Japan

Rui-Chao Chai,
Capital Medical University, China

*Correspondence:
Jing Zeng

zengjing@sysucc.org.cn
Wanming Hu

huwm@sysucc.org.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Neuro-Oncology and
Neurosurgical Oncology,
a section of the journal
Frontiers in Oncology

Received: 28 September 2020
Accepted: 23 March 2021
Published: 15 April 2021

Citation:
Liu L, Yang Y, Duan H, He J,

Sun L, Hu W and Zeng J (2021)
CHI3L2 Is a Novel Prognostic

Biomarker and Correlated With
Immune Infiltrates in Gliomas.

Front. Oncol. 11:611038.
doi: 10.3389/fonc.2021.611038

ORIGINAL RESEARCH
published: 15 April 2021

doi: 10.3389/fonc.2021.611038
CHI3L2 Is a Novel Prognostic
Biomarker and Correlated With
Immune Infiltrates in Gliomas
Liling Liu1,2†, Yuanzhong Yang1,2†, Hao Duan2,3†, Jiahua He1,2, Lu Sun1,2, Wanming Hu1,2*
and Jing Zeng1,2*

1 Department of Pathology, Sun Yat-Sen University Cancer Center, Guangzhou, China, 2 State Key Laboratory of Oncology in
Southern China, Sun Yat-Sen University Cancer Center, Guangzhou, China, 3 Department of Neurosurgery, Sun Yat-Sen
University Cancer Center, Guangzhou, China

CHI3L2 (Chitinase-3-Like Protein 2) is a member of chitinase-like proteins (CLPs), which
belong to the glycoside hydrolase 18 family. Its homologous gene, CHI3L1, has been
extensively studied in various tumors and has been shown to be related to immune
infiltration in breast cancer and glioblastoma. High CHI3L2 expression was reported to be
associated with poor prognosis in breast cancer and renal cell carcinoma. However, the
prognostic significance of CHI3L2 in glioma and its correlation between immune infiltration
remains unclear . In th is study, we examined 288 gl ioma samples by
immunohistochemistry to find that CHI3L2 is expressed in tumor cells and
macrophages in glioma tissues and highly expressed in glioblastoma and IDH wild-type
gliomas. Relationships between CHI3L2 expression and clinical features (grade, age, Ki67
index, P53, PHH3 (mitotic figures), ATRX, TERTp, MGMTp, IDH, and 1p/19q co-deleted
status) were evaluated. Kaplan-Meier survival was conducted to show high CHI3L2
expression in tumor cells (TC) and macrophage cells (MC) indicated poor prognosis in
diffusely infiltrating glioma (DIG), lower-grade glioma (LGG), and IDH wild-type gliomas
(IDH-wt). The overall survival time was higher in patients with dual-low CHI3L2 expression
in TC and MC compared to those in patients with non-dual CHI3L2 expression and dual
high expression in DIG and IDH wild-type gliomas. By univariate and multivariate analysis,
we found that high CHI3L2 expression in tumor cells was an independent unfavorable
prognostic factor in glioma patients. Moreover, we used two datasets (TCGA and CGGA)
to verify the results of our study and explore the potential functional role of CHI3L2 by GO
and KEGG analyses in gliomas. TIMER platform analysis indicated CHI3L2 expression
was closely related to diverse marker genes of tumor immune infiltrating cells, including
monocytes, TAMs, M1 macrophages, M2 macrophages, TGFb1+ Treg and T cell
exhaustion in GBM and LGG. Western Blot validated CHI3L2 is expressed in glioma
cells and microglia cells. The results of flow cytometry showed that CHI3L2 induces the
apoptosis of CD8+ T cells. In conclusion, these results demonstrate CHI3L2 is related to
poor prognosis and immune infiltrates in gliomas, suggesting it may serve as a promising
prognostic biomarker and represent a new target for glioma patients.

Keywords: CHI3L2, gliomas, CGGA, TCGA, prognosis, immune infiltrates
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INTRODUCTION

Gliomas comprise the bulk of primary brain tumors in adults (1).
Diffuse glioma is histopathologically classified into grade II-IV
according to morphological criteria, including mitotic count,
nuclear atypia, microvascular proliferation, and necrosis.
Glioblastoma multiform (GBM) is categorized as one of the
most malignant subtypes (2, 3). The 2016 World Health
Organization (WHO) classification of adult diffuse glioma
combines tumor histological morphology and molecular
features, including the isocitrate dehydrogenase (IDH)
mutation and the chromosomal arms 1p and 19q complete
deletion (1p/19q co-deletion) (4). Even combining maximal
surgical resection and radiotherapy with adjuvant temozolomide,
tumor recurrence is inevitable and the prognosis of gliomas
remains very poor (5). Consequently, it is an urgent demand to
discover the potential molecular characteristics of gliomas and
look for more effective treatment strategies.

CHI3L2 (Chitinase-3-Like Protein 2), also known as YKL39,
is a kind of secretory protein. It is a member of chitinase-like
proteins (CLPs) which include CHI3L1, CHI3L2, SI-CLP, YM1
and YM2. CHI3L2 was originally isolated from the culture
medium of primary human articular cartilage cells (6). It has
two physiological activities, one is to induce autoimmune
response (7), the other is to participate in tissue remodeling,
both of which may lead to disease progression. Previous studies
showed CHI3L2 mRNA is significantly up-regulated in
osteoarthritis, Alzheimer's disease, multiple sclerosis, and
amyotrophic lateral sclerosis patients (8–11). CHI3L2 was
secreted by microglia/astrocytes and could increase monocyte/
macrophage infiltration, angiogenesis, and neuronal death in
amyotrophic lateral sclerosis (11). It is not yet clear what type of
cells CHI3L2 is expressed in gliomas. However, previous studies
on CHI3L2 have shown that macrophages are a possible source
of CHI3L2 in tumors (12–15). CHI3L2 has a high degree of
sequence identity with CHI3L1, but no cross-reactivity has been
observed (16–18). There have been many studies on the
correlations between CHI3L1 and the progression of a number
of cancers (19–22). In recent years, the relationshipbetween tumor
immune microenvironment and immunotherapy has received
more and more attention. It was also reported CHI3L1 was
related to immune infiltration in breast cancer and glioblastoma
(23, 24). However, the data about the role of CHI3L2 in cancers
and its association with immune infiltrates are fragmentary.
Previous studies reported that CHI3L2 was overexpressed in
tumor-associated macrophages and related to poor outcomes in
breast cancer and renal cell carcinoma (13–15). Studies have
Abbreviations: CHI3L2, Chitinase-3-Like Protein 2; CGGA, Chinese Glioma
Genome Atlas; CLPs, chitinase-like proteins; Cor, R-value of Spearman's
correlation; CAMs, cell adhesion molecules; DEGs, differentially expressed
genes; DIG, diffusely infiltrating glioma; FISH, fluorescent in situ hybridization;
GBM , g l i o b l a s t oma mu l t i f o rme ; GO , Gen e On t o l o g y ; IHC ,
immunohistochemistry; IDH, isocitrate dehydrogenase; KEGG, Kyoto
Encyclopedia of Gene and Genomes; LGG, lower-grade glioma; TAM, tumor-
associated macrophage; TCGA, The Cancer Genome Atlas; TIMER, Tumor
IMmune Estimation Resource; Treg, regulatory T cell; WHO, World
Health Organization.
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been shown that CHI3L2 mRNA expression was increased in
gliomas (18, 25, 26). However, the prognostic significance of
CHI3L2 and its correlation with immune infiltrates in glioma
remain unclear.

To systematically explore the CHI3L2 protein expression in
diffusely infiltrating glioma, we first evaluated the CHI3L2
expression levels of 288 glioma tissues by immunohistochemistry
(IHC) and analyzed the association between CHI3L2 levels and
clinicopathological parameters. Moreover, we took advantage of
CHI3L2 transcriptional data of gliomas in The Cancer Genome
Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA)
datasets to validate our findings. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses
were used to explore the potential biological process and pathways
of CHI3L2 in glioma. The Tumor IMmune Estimation Resource
(TIMER) platform was used to explore the correlations between
CHI3L2 and diverse marker genes of tumor immune infiltrates.
Finally, we further verified the results through Western Blot and
flow cytometry. In gliomas, this is the first comprehensive study to
elaborate on the clinical significance of CHI3L2, its influence on
prognosis and its correlation with immune infiltrates.
MATERIALS AND METHODS

Samples
We enrolled 288 glioma patients (WHO grade II-IV) operated at
the Sun Yat-sen University Cancer Center (Guangzhou, China)
from January 2009 to January 2016. The median follow-up time
was 54 months. Follow-up was last done in June 2019. The
detailed clinical data are listed in Table S1. There were 167 males
and 121 females. The median age of all patients at initial
diagnosis was 43 years (range 7-78years). According to MRI
imaging, 278 cases of glioma were located on the supratentorial
and 10 cases of glioma were located infratentorial. 264 out of 288
patients received postoperative adjuvant treatment (radiotherapy
or chemotherapy). The median overall survival time of all
patients was 27 months (range 0-110 months). This cohort
included 112 cases of astrocytoma, 45 cases of oligodendroglial
gliomas and 131 cases of glioblastoma (WHO IV). All samples
were ethically approved for use based on informed consent.

Cell Culture
The human glioma cell lines and a human microglia cell line
were purchased from the American Type Culture Collection
resource center. The human glioma cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and the
human microglia cells were cultured in Minimum Essential
Medium (MEM) with 10% FBS at 37 °C in a humidified
incubator containing 5% CO2. Peripheral blood mononuclear
cells (PBMC) were isolated by Ficoll-Hypaque density gradient
centrifugation (Solarbio, Beijing, China). CD8+ T cell were
separated by positive selection from PBMCs with CD8
magnetic beads and cultured in RPMI-1640 medium
supplemented with 10% human serum, 5% L-glutamine-
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penicillin-streptomycin solution (Sigma-Aldrich, USA), CD3/
CD28 antibody (Biolegend, USA) (25ul/ml) and IL-2 (100IU/
ml) in 24-well plates. After culturing for 24 hours, add the
corresponding concentration of human CHI3L2 protein (Sino
Biological, Beijing, China) to T cells and culture for 72 hours at
37 °C in a humidified incubator containing 5% CO2.

Immunohistochemistry (IHC), Molecular
Genetics and Assessment Standard
Immunohistochemistry was essentially performed as previously
reported (27). These tissue specimens were incubated with
CHI3L2 rabbit polyclonal antibody (#22164, SAB, Maryland,
USA). Immunohistochemical evaluation was independently
conducted by two pathologists bl inded for patient
characteristics and outcome, and CHI3L2 expression by tumor
cells and macrophage cells was scored separately. The
discrepancies were resolved by consensus under a microscope
for multi-viewing. A semi-quantitative IHC scoring criterion was
used to determine the CHI3L2 protein expression levels in tumor
cells. The percentage of positive cells and staining intensity were
assessed to improve accuracy. The percent positivity of staining
cells range from 0 to 4: 0, none; 1, 1%-25%; 2, 26%-50%; 3, 51%-
75%; 4, 76%-100%. The intensity of staining was graded from 0
to 3 (0, no staining; 1, weak; 2, moderate and 3, strong). Then, we
obtained the final IHC score by multiplying the proportion score
by the intensity score of staining. We chose 4.5, which was
determined by the Youden index as an optimal cutoff point to
separate low CHI3L2 expression (score of 0-4.5) from high
CHI3L2 expression (score>4.5) in tumor cells. For the
macrophage cells, we only count the number of CHI3L2
positive staining macrophages, regardless of the staining
intensity. We designed 7.5 determined by Youden index as an
optimal cutoff point to differentiate low expression
(number≤7.5) from high express ion (number>7.5)
in macrophages.

The other antibody markers including PHH3, P53, Ki67,
ATRX, CD163, CD4, CD8, and CD20 were also used by
immunohistochemistry tests. We detected MGMT promoter
methylated status, TERT promoters and IDH mutation status
by Sanger sequencing. 1p and 19q deletion status was detected
using fluorescent in situ hybridization (FISH). The detailed
protocol and assessment standard were described as a previous
study (28).

Bioinformatic Analysis in Cancer Datasets
The CHI3L2 RNA-seq data were downloaded from http://www.
cgga.org.cn/. We totally analyzed 601 TCGA RNA-seq cohort
and 608 CGGA RNA-seq cohort of gliomas, ranging fromWHO
grade II to grade IV.

To identify the CHI3L2-related genes, the limma package of R
software was used to screen out the differentially expressed genes
(DEGs). The top 26 hub genes of the overlapping DEGs
were built via the plug-in molecular complex detection
and cytoHubba of Cytoscape. To explore the functions and
pathways of CHI3L2-related genes, we performed GO and
KEGG analyses on ClueGo and Metascape websites. The
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TIMER platform (https://cistrome.shinyapps.io/timer/) (29, 30)
was performed to explore the association between CHI3L2 and
marker sets of tumor immune infiltrates in GBM and LGG (31).

Western Blot
Total protein was extracted from seven human glioma cell lines
and one human microglia cell line (HMC3). 30 ug of protein was
loaded onto 10% SDSPAGE and electrophoretically transferred
to PVDF membranes. After blocking, the membranes were
incubated with primary antibody against CHI3L2 (1:1000
dilutions, rabbit polyclonal anti-CHI3L2, #22164, SAB,
Maryland, USA). The membranes were then incubated with
horseradish peroxidase-linked anti-rabbit antibody (at a 1:3000
dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.,
USA). B-Actin was served as a loading control.

Flow Cytometry Analysis
Apoptosis was examined by flow cytometric analysis. Cells were
collected, washed with PBS, and incubated with annexin V-FITC
and PI (BD Biosciences, San Jose, CA, USA) for 15 minutes.
Then cell apoptosis was analyzed by flow cytometry (FACS
Calibur, Becton Dickinson, Sparks, MD) according to the
manufacturer’s instruction. FlowJo (Treestar, USA) software
was used for the analysis of flow cytometry data. The results
are expressed as mean ± SD of three independent experiments.

Statistical Analysis
GraphPad Prism 8 and SPSS 22 software were performed for
statistical analyses. The measurement data are represented as
mean ± SD. The Chi-square test was conducted to explore the
correlations between CHI3L2 levels and clinicopathological
features. Kaplan-Meier analysis was conducted for the overall
survival of glioma patients with the log-rank test. The Cox
proportional hazards regression model was used for univariate
and multivariate analyses to evaluate the independence of
CHI3L2 in predicting prognosis. The association between
CHI3L2 and marker genes of immune infiltrating cells was
assessed by Spearman's correlation coefficients. P < 0.05 was
regarded as statistically significant.
RESULTS

The Expression Levels of CHI3L2 in
Glioma Samples and Its Correlation With
Clinicopathological Parameters
We detected CHI3L2 protein expression levels in histological
sections from patients with different glioma grades by
immunohistochemistry (IHC). Among the 288 glioma
specimens inspected, we found CHI3L2 was mainly stained in
tumor cells, as well as macrophage cells. Figures 1A–D showed
different IHC staining intensity of CHI3L2 in glioma tissues.
Figures 1E, F mainly showed CHI3L2+ macrophages in glioma
tissues. The IHC score of CHI3L2 in tumor cells and density of
CHI3L2+ macrophages in different glioma subgroups are shown
in Figure 2. We found the expression levels of CHI3L2 in tumor
April 2021 | Volume 11 | Article 611038
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cells were upregulated with increasing WHO grade of gliomas
(Figure 2A), but there was no significant difference in CHI3L2+
macrophage density between WHO II and WHO III gliomas
(Figure 2D). The CHI3L2 expression levels of GBM were
significantly increased compared with LGG (WHO II-III)
(P<0.001) in tumor cells (Figure 2B) and macrophages
(Figure 2E). A significant increase of CHI3L2 expression levels
was found in IDH-wildtype gliomas compared with IDH-mutant
gliomas (P<0.001) in tumor cells (Figure 2C) and macrophages
(Figure 2F). We further analyze the CHI3L2 IHC score and
density of CHI3L2+ macrophages in diffusely infiltrating glioma
of new molecular classification, including IDH mutant without
1p/19q codeleted gliomas, IDH mutant with 1p/19q codeleted
gliomas, and IDH wild-type gliomas (Figures S1A, B). We found
the expression of CHI3L2 is not related to the status of 1p/19q
codeleted in IDH mutant gliomas.

Based on the expression levels of CHI3L2 in tumor cells and
macrophage cells, we evaluated the association between CHI3L2
staining and clinicopathological factors, as listed in Table 1. In
tumor cells, we found significant correlations between CHI3L2
expression and WHO grade (P<0.001), age (P=0.001), Ki67
(P<0.001), P53 (P=0.034), PHH3 (mitotic figures) (P<0.001),
ATRX protein expression (P=0.026), IDH (P<0.001) and 1p/19q
codeleted (P=0.002). In macrophage cells, CHI3L2 is strongly
correlated with WHO grade (P<0.001), gender (P=0.008), age
Frontiers in Oncology | www.frontiersin.org 412
(P=0.006), Ki67 (P<0.001), PHH3 (mitotic figures) (P<0.001),
and IDH status (P<0.001). However, CHI3L2 expression levels of
glioma cells were not significantly related to gender, location,
TERT promoter mutation status, and MGMT promoter
methylated status. In macrophage cells, CHI3L2 expression has
no correlation with location, P53, ATRX protein expression,
MGMT promoter methylated status, TERT promoter mutation,
and 1p/19q codeleted status.

Impact of CHI3L2 Expression on the
Prognosis of Gliomas
To explore the prognostic significance of CHI3L2 in gliomas, we
performed the Kaplan-Meier method and log-rank test. We
found high CHI3L2 expression levels of tumor cells and
macrophages significantly predicted worse overall survival in
diffusely infiltrating glioma (DIG) (Figures 3A, D) and lower-
grade glioma (LGG) patients (Figures 3B, E). However, there
was no statistical significance difference in GBM in our cohort
(Figures 3C, F). When considering the CHI3L2 expression of
tumor cells and macrophages together, we found the overall
survival time was higher in patients with dual-low CHI3L2
expression in TC and MC compared to those in patients with
non-dual CHI3L2 expression and dual high expression in DIG
(Figure 3G), but this difference is not statistically significant in
LGG and GBM (Figures 3H, I). Similarly, we also analyze the
A B

C D

FE

FIGURE 1 | CHI3L2 protein expression was detected by IHC. Representative images of strong (A), moderate (B), weak (C), and negative (D) staining of CHI3L2 are
shown. Representative images of the high density of CHI3L2+ macrophages in strong (E) and weak (F) staining glioma tissues are shown.
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effect of CHI3L2 on the prognosis in the new molecular
classification of glioma. We found CHI3L2 expression in
tumor cells is closely related to the prognosis of all new
molecular classification of glioma, and high CHI3L2 expression
in tumor cells, macrophages and TC + MC predicted poor
outcome for IDH wild-type gliomas (Figure S2). Furthermore,
we found regardless of whether patients with glioma have
methylation of the MGMT promoter or have received adjuvant
therapy, high CHI3L2 indicates a poor prognosis for glioma
(Figure S3).

Additionally, to evaluate the independent risk factors for
prognosis of glioma, we conducted the univariate analysis
(Table 2) and multivariate analysis (Table 3). In univariate
analysis, CHI3L2 expression in tumor cells, CHI3L2+
macrophage cells density, CHI3L2 expression in both tumor
cells and macrophage cells (TC + MC), grade, age, location,
adjuvant therapy, Ki67 index, PHH3 (mitotic figures), IDH, and
1p/19q codeleted status were shown to be prognostic variables for
the prognosis of overall survival in glioma patients (Table 2). Then
we included the prognostic variables in the univariate analysis
(P<0.05) into the multivariate analysis. We found CHI3L2
expression in tumor cells, location, Ki67, IDH, 1p/19q codeleted
were independent prognostic factors in gliomas (Table 3).
Frontiers in Oncology | www.frontiersin.org 513
Validation of CHI3L2 mRNA Expression
Levels and Prognostic Effect in TCGA and
CGGA Datasets
To further verify the results of our study, we collected a total of 601
glioma samples from the TCGA dataset and 608 glioma samples
from the CGGA dataset to analyze the CHI3L2 mRNA expression.
In the TCGA dataset, CHI3L2 mRNA levels were significantly
increased in GBM (WHO IV) compared with WHO II, WHO III,
and LGG patients (Figures 4A, B). CHI3L2 mRNA expression
levels were significantly higher in IDH wild-type gliomas
compared with IDH mutant gliomas (Figure 4C). Similar results
were also obtained in the CGGA dataset (Figures 4D–F). We
further analyze the CHI3L2 mRNA expression levels in new
molecular classification of diffusely infiltrating glioma, including
IDH mutant without 1p/19q codeleted gliomas, IDH mutant with
1p/19q codeleted gliomas, and IDH wild-type gliomas, in TCGA
and CGGA database (Figure S4A and Figure S4B). We found
CHI3L2 mRNA expression levels in IDH wild-type gliomas are
higher than IDH mutant gliomas. Gliomas with IDH mutant and
1p/19q codeleted have higher CHI3L2 mRNA levels than gliomas
with IDH mutant and non-1p/19q codeleted. Moreover, we
performed Kaplan-Meier analysis to confirm whether CHI3L2
mRNA levels could predict poor prognosis of gliomas in datasets.
A B C

D F

F

E

FIGURE 2 | The protein expression levels of CHI3L2 in different subgroups of gliomas. (A) The IHC score in diffusely infiltrating glioma (WHO II-IV). (B) The IHC
score in LGG and GBM. (C) The IHC score in diffusely infiltrating glioma with different IDH status. (D) The density of CHI3L2+ macrophages in diffusely infiltrating
glioma (WHO II-IV). (E) The density of CHI3L2+ macrophages in LGG and GBM. (F) The density of CHI3L2+ macrophages in diffusely infiltrating glioma with different
IDH status.
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As shown in Figure 5, patients with high CHI3L2 mRNA levels
correspond to shorter survival time in all glioma subgroups both
in the TCGA (Figures 5A–C) and CGGA (Figures 5D–F)
datasets. Similarly, we also verified the effect of CHI3L2 on the
prognosis in the newmolecular classification of glioma in database
(Figure S5). Except for gliomas with IDHmutant and non-1p/19q
codeleted in the TCGA dataset, high levels of CHI3L2 mRNA in
any other subgroup indicate a poor prognosis, whether in the
TCGA or CGGA dataset.

Predicted Functions and Pathways of
CHI3L2 in Gliomas
The GBM and LGG RNA-seq data were from TCGA and CGGA
datasets. Limma package in R software was conducted to screen
out the differentially expressed genes (DEGs) with the cut-off
criterion of adjusted P< 0.05 and |log2FC| > 1. We identified 1356
overlapping DEGs which were aberrantly expressed in TCGA and
CGGA datasets (Figure 6A). The top 26 hub genes were screened
614
via the plug-in molecular complex detection and cytoHubba of
Cytoscape (Figure 6B). GO analysis was performed to show the
overlapping DEGs were involved in several biological processes,
including angiogenesis, immune, and inflammatory response
(Figure 6C). The KEGG pathways enriched in several classic
signaling pathways, such as cell adhesion molecules (CAMs) and
PI3K-Akt signaling pathways (Figure 6D).

The Correlation Between CHI3L2 and
Markers of Immune Infiltrates in Gliomas
Infiltrating immune cells are important components of the tumor
microenvironment and are frequently associated with tumor
behavior and patient outcomes. Since GO analysis revealed that
CHI3L2 was related to the immune response, we further explored
the infiltration of immune cells in gliomas. To estimate the
relevance of CHI3L2 and diverse immune cell markers, we used
the TIMER platform to investigate correlations between CHI3L2
levels and markers of diverse immune cells, included monocytes,
TAMs (tumor-associatedmacrophages),M1andM2macrophages,
Tregs (regulatory T cells), exhausted T cells, CD8+ T cells, T cells
(general), B cells and neutrophils in GBM and LGG (Table 4). We
found CHI3L2 was significantly associated with marker sets of
monocytes, TAMs, and M2 macrophages in GBM and LGG.
Particularly, we showed the scatter plots of association between
CHI3L2 and the marker sets of monocytes, TAMs, M1 phenotype,
and M2 phenotype in GBM and LGG (Figures 7A–H). We also
found significant correlations between CHI3L2 and some markers
of Treg and T cell exhaustion, such as TGFb1, CTLA4, TIM-3, and
GZMB. Since Treg and T cell exhaustion play an important role in
tumor immune escape. We believe CHI3L2 may also play an
immunomodulation role in gliomas. In addition, we used several
clinical commonly immune cell markers, including CD163, CD4,
CD8, CD20, to perform immunohistochemical test on glioma
samples, and found that CHI3L2+ macrophages have a certain
correlation with CD163+ M2 macrophages (r=0.547, p<0.001),
CD4+ T cells (r=0.330, p<0.001), CD8+ T cells (r=0.389,
p<0.001), and CD20+ B cells (r=0.237, p<0.001) in gliomas
(Figure S6).

The Expression of CHI3L2 in Glioma Cell
Lines and Its Effect on CD8+ T Cells
The expression of CHI3L2 in glioblastoma cells (U251, U87, T98G,
DBTRG, A172, LN229) and microglia cell (HMC3) has been
verified by Western Blot (Figure 8A). Figure 8A shows that
CHI3L2 is expressed in glioblastoma cell lines and a microglia cell
line. It is strongly expressed in the glioblastoma cell lines U87, U251,
LN229, A172 and the microglia cell line HMC3, while the
expression in the glioblastoma cell lines T98G and DBTRG is
weak. Figure 8B is the result of flow cytometry analysis. The left
image is a representative sorting that lists the percentage of cells in
each quadrant: bottom left-live cells; top left-mechanically damaged
cells; bottom right-early apoptosis; top right- late apoptosis. The
cellular apoptotic rate was a sum of early and late apoptotic rates.
The proportion of apoptotic cells in the control group was 28.1%,
the proportion of apoptotic cells in the 0.5ug/ml CHI3L2 group was
33.6%, and the proportion of apoptotic cells in the 2.5ug/ml CHI3L2
TABLE 1 | Correlation between CHI3L2 expression and clinicopathologic
parameters in gliomas.

Parameters CHI3L2
inTumor cells

P value CHI3L2
inMacrophage cells

P value

Low High Low High

Grade
LGG 117 40 <0.001 96 61 <0.001
GBM 34 97 37 94

Gender
Male 81 86 0.117 66 101 0.008
Female 70 51 67 54

Age
<55 127 92 0.001 111 108 0.006
≥55 24 45 22 47

Location
Supratentorial 144 134 0.257 127 151 0.372
Infratentorial 7 3 6 4

Ki67
<10% 51 11 <0.001 42 20 <0.001
≥10% 100 126 91 135

P53
<10% 61 39 0.034 49 51 0.484
≥10% 90 98 84 104

PHH3
<5/10HPF 87 23 <0.001 67 43 <0.001
≥5/10HPF 64 114 66 112

ATRX
Negative 74 85 0.026 76 83 0.541
Positive 77 52 57 72

TERTp
Wild type 81 66 0.354 74 73 0.148
Mutant 70 71 59 82

IDH
Wild type 64 98 <0.001 59 103 <0.001
Mutant 87 39 74 52

1p/19q Codeleted
Yes 35 13 0.002 26 22 0.224
No 116 124 107 133

MGMTp
Methylated 73 69 0.732 66 76 0.920
Unmethylated 78 68 67 79
P-value: Chi-square test.
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group was 35.9%. The right chart shows the percentage of apoptotic
cells of three independent experiments. The result of flow
cytometric analysis demonstrated that the apoptotic proportion of
CD8+ T cells increases with increasing CHI3L2 concentration,
indicating CHI3L2 may be related to immunosuppression.
DISCUSSION

At present, the outcome of most glioma is very poor, even with
the use of comprehensive treatment strategies. It has been
widely reported that the therapeutic resistance of glioma is
Frontiers in Oncology | www.frontiersin.org 715
closely related to its unique metabolic mechanism and the
surrounding complex immunosuppressive microenvironment
(32–34). Therefore, exploring reliable prognostic biomarkers
and personalized treatment strategies for this disease are
urgently needed. In the present study, CHI3L2 has been
identified as a novel prognostic biomarker and associated with
tumor immune infiltration markers in gliomas, which indicate
CHI3L2 may serve as a target for glioma treatment in the future.

CHI3L2, as a member of the glycoside hydrolases 18 family,
can act as a cytokine and growth factor but lacks chitinase
activity (17). It was found produced by tumor-associated
macrophages in breast cancer (13, 14). In renal cell carcinoma,
A B C
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FIGURE 3 | CHI3L2 protein expression affects overall survival (OS) in glioma patients. Kaplan-Meier curves showing a correction of CHI3L2 expression with OS in
tumor cells (A–C), macrophage cells (D–F), and tumor cells + macrophages cells (G–I) of diffusely infiltrating glioma (DIG), LGG, and GBM.
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CHI3L2 was mainly expressed in tumor cells and tumor-
associated macrophages (15). Previous studies revealed
CHI3L2 significantly increased in glioblastoma by northern
blot hybridization and western blotting analysis and activated
signal-regulated kinases ERK1/ERK2 leading to the initiation of
A B C

D FE

FIGURE 4 | The mRNA expression levels of CHI3L2 in gliomas in TCGA and CGGA datasets. (A) CHI3L2 mRNA levels in diffusely infiltrating glioma (WHO II-IV) in
the TCGA dataset. (B) CHI3L2 mRNA levels in LGG and GBM in TCGA dataset. (C) CHI3L2 mRNA levels in diffusely infiltrating glioma with different IDH status in
TCGA dataset. (D) CHI3L2 mRNA levels in diffusely infiltrating glioma (WHO II-IV) in the CGGA dataset. (E) CHI3L2 mRNA levels in LGG and GBM in CGGA dataset.
(F) CHI3L2 mRNA levels in diffusely infiltrating glioma with different IDH status in CGGA dataset.
TABLE 2 | Univariate analysis of prognostic variables of overall survival.

Variables Univariate analysis

HR 95%CI P

CHI3L2 expression in tumor cells (low vs. high) 2.564 1.890-3.479 <0.001
CHI3L2+ macrophage cells density (low vs. high) 1.650 1.217-2.238 0.001
CHI3L2 in TC + MC (dual low vs. dual high) 3.017 2.035-4.472 <0.001
CHI3L2 in TC + MC (dual low vs. non-dual) 2.094 1.396-3.140 <0.001
Grade (LGG vs. GBM) 3.642 2.663-4.983 <0.001
Gender (Male vs. Female) 0.747 0.551-1.014 0.061
Age (<55 vs. ≥55 years) 2.135 1.545-2.951 <0.001
Location (Supratentorial vs. Infratentorial) 2.374 1.165-4.837 0.017
Adjuvant therapy (no vs. yes) 3.036 1.421-6.485 0.004
Ki67 (<10% vs. ≥10%) 3.501 2.190-5.596 <0.001
P53 (<10% vs. ≥10%) 1.220 0.887-1.676 0.221
PHH3 (<5/10HPF vs. ≥5/10HPF) 2.756 1.963-3.868 <0.001
ATRX (negative vs. positive) 1.225 0.907-1.654 0.185
TERTp (wild-type vs. mutant) 1.136 0.845-1.527 0.399
MGMTp (methylated vs. unmethylated) 0.876 0.651-1.178 0.381
IDH (wild-type vs. mutant) 0.202 0.142-0.286 <0.001
1p/19q Codeleted (no vs. yes) 0.165 0.084-0.322 <0.001
TABLE 3 | Multivariate analysis of prognostic variables of overall survival.

Variables Multivariate analysis

HR 95%CI P

CHI3L2 expression in tumor cells (low vs. high)
CHI3L2+ macrophage cells density (low vs. high)

1.466
1.002

1.011-2.125
0.719-1.398

0.044
0.990

Grade (LGG vs. GBM) 1.017 0.604-1.715 0.949
Age (<55 vs. ≥55 years) 1.350 0.956-1.907 0.088
Location (Supratentorial vs. Infratentorial) 2.393 1.120-5.112 0.024
Adjuvant therapy (no vs. yes) 1.783 0.794-4.001 0.161
Ki67 (<10% vs. ≥10%) 2.683 1.552-4.639 <0.001
PHH3 (<5/10HPF vs. ≥5/10HPF) 0.949 0.556-1.621 0.848
IDH (wild-type vs. mutant) 0.368 0.244-0.556 <0.001
1p/19q Codeleted (no vs. yes) 0.275 0.131-0.575 0.001
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MAP kinase signaling cascade in 293 and U87 MG cells (18, 26).
However, the correlations between CHI3L2 expression and
clinicopathological features, the association with tumor-
infiltrating immune cells, the prognostic value of CHI3L2, and
its other functions in gliomas are still unknown.

Our study showed CHI3L2 expressed in tumor cells and
macrophage cells in glioma tissues and particularly up-regulated
in GBM and IDH wild-type gliomas. The Kaplan-Meier curves
reveal higher CHI3L2 expression levels correlated with short overall
survival in diffusely infiltrating glioma, lower-grade glioma, and
IDH wild-type gliomas. High CHI3L2 expression indicates a poor
prognosis for glioma patients, regardless of whether the MGMT
promoter is methylated or has received adjuvant therapy. Cox
proportional hazards regression model indicates CHI3L2
expression in tumor cells is an independent prognostic indicator
of glioma. TCGA and CGGA datasets further confirm our findings.
However, it should be pointed out that no significant differences
between high CHI3L2 and poor prognosis in GBMwere achieved in
our cohort, which is different from the results (The relationship
between high CHI3L2 mRNA expression and short overall survival
time were statistically significant in all subgroups) in TCGA and
CGGA datasets. We believe there are two reasons for the
inconsistent results. One probable reason is the difference in
detection levels. The relative expression levels of CHI3L2 mRNA
were detected using high-throughput sequencing in TCGA and
Frontiers in Oncology | www.frontiersin.org 917
CGGA datasets, but CHI3L2 expression levels in our samples were
assessed at protein levels by immunohistochemistry. Another
possible reason is the difference in sample size. Accordingly, we
intend to enlarge our sample size in the following study.

Based on these results, we further performed GO and KEGG
pathway analyses to conclude the CHI3L2-related genes were
involved in several biological processes, including angiogenesis,
immune, and inflammatory response, and enriched in several
classic signaling pathways, including cell adhesion molecules and
PI3K-Akt signaling pathway. It has been reported that CHI3L2
acts as a powerful monocyte chemotactic factor and angiogenesis
stimulating factor in breast cancer (14). A recent review also
reported CHI3L2 acts as a new target for anti-angiogenic therapy
in breast cancer patients (35). The angiogenesis function of
CHI3L2 may be responsible for the poor prognosis of glioma,
which needs further confirmation by follow-up studies. A recent
review reported the role of cell adhesion molecules (CAM) in
immune responses and tumor microenvironment——Cell
adhesion molecules affect the antigen-presenting function, and
inhibit the development of regulated cells and the leaching of
regulatory cells into tumors, thus promoting tumor immune
escape (36). Our study showed CHI3L2 expressed in tumor cells
and macrophages in glioma tissues. A previous study suggests
human glioma- infiltrating macrophages have similar functions
to CAM in mediated immune responses (37). It was also
A B C
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FIGURE 5 | The prognostic impact of CHI3L2 mRNA levels in gliomas in TCGA and CGGA datasets. Kaplan-Meier curves reveal high CHI3L2 mRNA levels predict
short overall survival time in diffusely infiltrating glioma (DIG), LGG, and GBM in the TCGA dataset (A–C) and CGGA dataset (D–F).
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reported that CAMs are potential prognostic biomarkers and
attractive therapeutic targets for glioblastoma (38). A previous
study suggested PI3K-Akt signaling pathway activation, to some
extent, affects the activity of most immune cell types. PI3K-
AKT-mTOR pathway plays a certain role in regulating
immunosuppression in tumor microenvironment (39). We
speculate CHI3L2 may be able to act as immunomodulation
through this pathway. Additionally, we have learned in previous
studies that CHI3L1 (the homologous gene of CHI3L2) may be
used as an immunomodulatory factor to affect the therapeutic
efficacy of PI3K/AKT-based pathway inhibitors in
glioblastoma (40). CHI3L1 also plays a key role in inducing
immunosuppression and metastasis in breast cancer. CHI3L1
up-regulates pro-inflammatory mediators, CCL2, CXCL2 and
MMP-9, all of which contribute to tumor growth and metastasis,
and treatment with chitin can significantly reduce these effects
(23). These studies provide a reference for us to further explore
the internal mechanism of CHI3L2 in immune infiltration.

Based on the analysis of the TIMER platform, the correlations
between CHI3L2 and markers of immune cells imply CHI3L2 may
play a part in immunomodulation in GBM and LGG. Our results
suggest CHI3L2 expression has strong correlations withmarker sets,
include CD86 and CSF1R of monocytes, CCL2, CD68, and IL 10 of
TAMs and CD163, VSIG4, and MS4A4A of M2 macrophages in
GBM and LGG. A study has shown that purified CHI3L2 strongly
induces the migration of freshly isolated human CD14+ monocytes
(14). It was reported that CD163 could act as a regulator of immune
response and the potential to be a target to suppress immune escape
and recover the function of T-cell populations in gliomas (41). In
our experiments, we also found a strong correlation between
CHI3L2 and CD163 (Figure S6). Additionally, there was a
A B

C D

FIGURE 6 | Identification of DEGs, hub genes, functions, and pathways of CHI3L2 in gliomas. (A) The Venn diagrams show a total of 1356 overlapping DEGs
identified from TCGA and CGGA datasets. (B) The 26 hub genes are screened out by the cytoHubba plugin of Cytoscape software. (C) GO analysis shows multiple
biological processes of the overlapping DEGs. (D) Several pathways of the overlapping DEGs are identified by KEGG analysis.
TABLE 4 | Correlation analysis between CHI3L2 and markers of immune cells in
GBM and LGG.

Description Gene markers GBM LGG
Cor P Cor P

Monocyte CD86 0.456 *** 0.601 ***
CD115 (CSF1R) 0.462 *** 0.442 ***

TAM CCL2 0.669 *** 0.592 ***
CD68 0.455 *** 0.668 ***
IL10 0.482 *** 0.538 ***

M1 Macrophage INOS (NOS2) -0.029 0.722 -0.155 ***
IRF5 0.383 *** 0.579 ***
COX2 (PTGS2) 0.467 *** 0.165 ***

M2 Macrophage CD163 0.499 *** 0.523 ***
VSIG4 0.466 *** 0.493 ***
MS4A4A 0.473 *** 0.560 ***

Treg FOXP3 0.098 0.228 -0.084 0.056
CCR8 0.151 0.062 0.183 ***
STAT5B -0.030 0.714 -0.110 *
TGFb1 0.315 *** 0.526 ***

T cell exhaustion PD-1 (PDCD1) 0.039 0.629 0.539 ***
CTLA4 0.323 ** 0.381 ***
LAG3 -0.144 0.076 0.201 ***
TIM-3 (HAVCR2) 0.456 *** 0.630 ***
GZMB 0.318 ** 0.352 ***

T cell (general) CD3D 0.303 *** 0.572 ***
CD3E 0.281 *** 0.615 ***
CD2 0.319 *** 0.626 ***

CD8+ T cell CD8A -0.002 0.984 0.316 ***
CD8B 0.149 0.067 0.289 ***

B cell CD19 0.174 * 0.375 ***
CD79A 0.015 0.859 0.257 ***

Neutrophils CD66b (CEACAM8) -0.101 0.214 0.014 0.756
CD11b (ITGAM) 0.451 *** 0.514 ***
CCR7 0.203 * 0.412 ***
Cor, R-value of Spearman’s correlation. (*P < 0.05; **P < 0.01; ***P < 0.001).
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FIGURE 7 | CHI3L2 expression correlates with marker sets of immune cells in GBM and LGG. Scatter plots illustrate correlations between CHI3L2 and markers of
monocytes (CD 86 and CSF1R), TAMs (CCL2, CD68 and IL10), M1 (NOS2, IRF5, and PTGS2), and M2 macrophages (CD163, VSIG4, and MS4A4A) in GBM (A–D)
and LGG (E–H).
A

B

FIGURE 8 | The expression of CHI3L2 was verified by Western Blot and the proportion of CD8+ T cell apoptosis was analyzed by flow cytometry. (A) Western blot
of seven human glioma cell lines and one human microglia cell line (HMC3) reveals robust CHI3L2 protein expression. (B) CD8+ T cells were cultured with 10%
serum media and treated with or without CHI3L2 for 72 hours. Cell apoptosis was analyzed by using FITC-annexin V-based flow cytometry, the cellular apoptotic
rate was a sum of early and late apoptotic rates. Left, the representative sorting. Right, quantified result of three independent experiments.
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significant relationship between CHI3L2 and marker genes of Treg
and T cell exhaustion, including TGFb1, CTLA4, TIM-3, and
GZMB. In the tumor microenvironment, TGFb can serve as an
anti-tumor immunosuppressive factor and play an essential part in
Treg cells (42). It was reported that only TGFb, the key regulatory
factor of tumor progression, was able to stimulate CHI3L2 mRNA
levels in human macrophages in vitro (43). TGF-b, which can be
secreted by both microglial cells and glioma cells, participates in the
functional transformation of macrophages into immunosuppressive
and pro-invasive phenotypes, which supports tumor growth (44,
45). Macrophages are believed to be activated microglia within the
central nervous system. Our data show that CHI3L2 is expressed in
tumor cells and macrophages in glioma tissues, and has a certain
correlation with TGF-b, further suggesting that CHI3L2 may also
have the function of inhibiting tumor immune regulation and
promoting tumor growth. Similarly, CTLA4 and TIM-3 can
induce T cell exhaustion via direct mechanisms through the
interactions with their ligands, leading to impaired T cell
activation, inhibition of T cell proliferation, and impaired
cytokine release (46). The correlation between CHI3L2 and T cell
exhaustion markers indicates CHI3L2 may play a part in mediating
T cell depletion. Our flow cytometry results further confirmed that
CHI3L2 can induce CD8+ T cell apoptosis, indicating that CHI3L2
has the potential to promote tumor immune escape. However, how
CHI3L2 protein promotes the apoptosis of CD8+ T cells needs to be
further explored in future research.

The limitations of this study are as follows: First, the sample
size of gliomas for IHC is limited. Second, we did not accurately
define the type of CHI3L2 + macrophages. In addition, further
experimental investigation and analysis are needed to gain
insights into the underlying mechanisms.

In conclusion, our study suggests CHI3L2 may be a promising
prognostic biomarker that contributes to poor prognosis for
gliomas. CHI3L2 may also play an important role in
Frontiers in Oncology | www.frontiersin.org 1220
immunomodulation, suggesting CHI3L2 may serve as a novel
therapeutic target for glioma patients.
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Background: Glioma is one of the most common malignancies in the central nervous
system and has limited effective therapeutic options. Therefore, we sought to identify a
suitable target for immunotherapy.

Materials and Methods: We screened prognostic genes for glioma in the CGGA
database and GSE43378 dataset using survival analysis, receiver operating
characteristic (ROC) curves, independent prognostic analysis, and clinical correlation
analysis. The results were intersected with immune genes from the ImmPort database
through Venn diagrams to obtain likely target genes. The target genes were validated as
prognostically relevant immune genes for glioma using survival, ROC curve, independent
prognostic, and clinical correlation analyses in samples from the CGGA database and
GSE43378 dataset, respectively. We also constructed a nomogram using statistically
significant glioma prognostic factors in the CGGA samples and verified their sensitivity and
specificity with ROC curves. The functions, pathways, and co-expression-related genes
for the glioma target genes were assessed using PPI networks, enrichment analysis, and
correlation analysis. The correlation between target gene expression and immune cell
infiltration in glioma and the relationship with the survival of glioma patients were
investigated using the TIMER database. Finally, target gene expression in normal brain,
low-grade glioma, and high-grade glioma tissues was detected using immunohistochemical
staining.

Results: We identified TNFRSF12A as the target gene. Satisfactory results from survival,
ROC curve, independent prognosis, and clinical correlation analyses in the CGGA and
GSE43378 samples verified that TNFRSF12A was significantly associated with the
prognosis of glioma patients. A nomogram was constructed using glioma prognostic
correlates, including TNFRSF12A expression, primary-recurrent-secondary (PRS) type,
grade, age, chemotherapy, IDH mutation, and 1p19q co-deletion in CGGA samples with
an AUC value of 0.860, which illustrated the accuracy of the prognosis prediction. The
results of the TIMER analysis validated the significant correlation of TNFRSF12A with
April 2021 | Volume 11 | Article 643159122
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immune cell infiltration and glioma survival. The immunohistochemical staining results
verified the progressive up-regulation of TNFRSF12A expression in normal brain, low-
grade glioma, and high-grade glioma tissues.

Conclusion: We concluded that TNFRSF12A was a viable prognostic biomarker and a
potential immunotherapeutic target for glioma.
Keywords: glioma, prognosis, immune, malignant progression, TNFRSF12A
INTRODUCTION

Gliomas are the most common primary intracranial tumors,
accounting for 81% of intracranial malignancies (1). In the past,
the categories of astrocytoma, ol igodendrogl ioma,
oligoastrocytoma, and ependymoma, were commonly used for
the pathological classification of gliomas in clinical practice (2).
The World Health Organization (WHO) recently proposed a novel
glioma classification method based on the presence or absence of
IDH mutations and 1p/19q co-deletion (3). These new
classifications have effectively promoted the progress of molecular
diagnosis and treatment of glioma, resulting in molecular detection
becoming an increasingly important component of glioma
diagnosis and treatment. With rapid developments in biomedical
research, the procedures for tumor exploration, localization, and
surgical treatment of brain tumors are gradually improving.
However, conventional surgical resection cannot completely
remove all brain tumors, and often, residual tumor cells remain.
Although postoperative chemoradiotherapy can prolong the
survival of some patients, the overall prognosis is poor (1, 4–7).
Suppression or eradication of glioma cells through specific immune
targets is a potential therapeutic strategy to improve glioma
treatment. For example, it has been reported that the
accumulation of regulatory T (T reg) cells in glioblastoma (GBM)
contributes to the suppression of anti-tumor immunity, and the
combined blockade of IL-12 and CTLA-4 acts on CD4 (+) cells,
resulting in the reduction of FoxP3 (+) T reg cells and increases in
effector T cells, thereby inhibiting tumor growth (8). Also, evidence
suggests that elevated expression of PD-L1 protein can suppress
immune processes (9). PD-L1 inhibition therapy resulted in a
significant inhibitory effect on GBM (10). Thus, to identify
similar novel immune-related prognostic markers and targets, we
used CGGA, GEO, and ImmPort databases to screen for glioma
prognostication-related immune genes. We analyzed and validated
the possibility that the identified genes could serve as glioma
prognostic markers and therapeutic targets using various methods.
MATERIALS AND METHODS

Data Preparation
The mRNAseq 693 and mRNAseq 325 glioma sample data were
downloaded from the Chinese Cerebral Glioma Genome Atlas
GO, Gene Ontology; KEGG, Kyoto
PI, Protein-Protein Interaction; IHC,

223
(CGGA) database (http://www.cgga.org.cn/download.jsp),
which contains mRNA expression and clinical profiles, for
which samples with incomplete information had been
previously identified and separated out. The GSE43378 chip-
containing gene expression profiles and clinical profiles for the
glioma samples were extracted from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/).
The GSE43378 profile was based on the GPL570 [HG-U133
Plus2] Affymetrix Human Genome U133 Plus 2.0 Array
platform. We performed gene annotation for the mRNA
expression data from the glioma samples in the CGGA
database and GSE43378 data set, respectively. The expression
was processed by taking log2 [data = log2(data+1)] and
correcting for the batch effect, then combined with the
clinical data.

Target Gene Screening
We obtained a list of immune-related genes from the ImmPort
database (https://www.immport.org/shared/home). The ImmPort
project is a platform for collecting, organizing, and sharing
immunology-related research. The platform contained
experimental data and metadata that described the study
objectives and data generation methods. We conducted survival,
ROC curve, independent prognostic, and clinical correlation
analyses to batch screen the genes from the CGGA and
GSE43378 glioma samples. We selected the gene clusters that
were significantly associated with the survival, prognosis, and
clinical features of glioma patients. The filtration criteria are
shown in Figure 1. A p-value <0.05 was set as the threshold for
statistically significant differences. The intersection was
determined between glioma-related genes and ImmPort
immune-related genes using the Venn online web program
(http://bioinformatics.psb.ugent.be/webtools/Venn/). The less
studied single genes that were identified were selected for
additional analysis. Single gene expression data were extracted
and combined with clinical data. The differential expression of
target genes in low-grade glioma (LGG), GBM, and normal
samples was verified using the GEPIA database (http://gepia.
cancer-pku.cn/), which integrated gene expression profiles from
the TCGA and GTEx projects and contained RNA sequencing
expression profiles from 9,736 tumors and 8,587 normal samples.

Survival Analysis
We used R statistical software (Version 4.0.2) to conduct all
survival analyses. The samples from the CGGA and GSE43378
data were initially grouped based on median single gene
April 2021 | Volume 11 | Article 643159
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expression. Survival analysis was conducted in the different
groups to detect the correlation between gene expression levels
and glioma prognosis in the patients. Differences of p < 0.05 were
considered to be statistically significant.

Receiver Operating Characteristic
(ROC) Curves
To validate the accuracy of single genes for predicting survival
in patients with glioma, 1-year, 3-year, and 5-year survival
ROC curves were plotted using R statistical software (Version
4.0.2). Area under curve (AUC) values were calculated to
assess the validity of the model. AUC values of 0.5–0.7 were
considered moderate, 0.7–0.9 were considered better, and >0.9
was superior.

Independent Prognostic Analysis
To determine the prognostic factors associated with glioma
patients, we performed univariate and multivariate independent
prognostic analyses on the samples from the CGGA and
GSE43378 data using R statistical software (Version 4.0.2). The
variables used for screening the CGGA data included single gene
expression, primary-recurrent-secondary (PRS) type, histology,
grade, gender, age, radiation therapy, chemotherapy, IDH
mutations, and 1p19q co-deletion. The variables used to screen
the GSE43378 data included single gene expression, histology,
grade, gender, and age. Age was stratified at 41 years. Differences
Frontiers in Oncology | www.frontiersin.org 324
of p < 0.05 were considered statistically significant. Non-
statistically significant variables were excluded.

Prognostic Nomogram Construction
A nomogram was constructed based on statistically significant
prognostic factors collected from the CGGA data using R
statistical software (Version 4.0.2), and risk scores were
calculated. Based on the median risk score value, samples were
classified into high- and low-risk groups. Survival analysis was
performed for the different groups. A p-value <0.05 was
considered to be statistically significant. We used ROC curves
to assess the sensitivity and specificity of the nomogram model.

Clinical Correlation Analysis
To evaluate the correlation between single genes and clinical
features of glioma patients, we performed correlation analysis for
single gene expression and clinical features for the CGGA and
GSE43378 data, respectively. A p-value <0.05 indicated that
single genes were significantly correlated with the
corresponding clinical features.

Differential Analysis, PPI Network, and
Enrichment Analysis
The glioma samples from the GSE43378 dataset were grouped
based on median single gene expression. Differentially expressed
genes (DEGs) were obtained through analysis (|logFC|> 0.5,
FIGURE 1 | The work flow diagram of this study.
April 2021 | Volume 11 | Article 643159
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adjP < 0.05), and volcano plots were constructed. Twenty of the
highest significantly up-regulated and 20 of the lowest
significantly down-regulated DEGs were extracted to plot
correlation heat maps. Potential protein interactions between
the DEGs were assessed using the STRING database (https://
string-db.org/). Based on a score of >0.4 as the PPI extraction
criterion, a PPI network was visualized using Cytoscape software
(www.cytoscape.org/). Gene Ontology (GO) function annotation
and KEGG pathway enrichment analysis were conducted to
explore the functions and pathways enriched with the DEGs
(Count ≥ 10, adjP < 0.05). We also grouped the samples in the
CGGA database using median single gene expression values.
GSEA enrichment analysis was performed for the different
groups. Finally, we obtained the top five GO function and
KEGG pathway enriched by sample genes in high-expression
group and low-expression group (p < 0.05).

Correlation Analysis
We analyzed the correlation between the target genes and the
sample genes from the CGGA and GSE43378 data and selected
the genes that were significantly correlated with the target (cor >
0.5, p < 0.001). The correlation analysis was conducted using the
limma package from R statistical software (Version 4.0.2). The
top 20 genes in the CGGA and GSE43378 data that were
positively correlated or negatively correlated with the target
gene were selected and used to construct a correlation heat
map. Finally, the top five genes in the CGGA and GSE43378
data that were positively and negatively correlated with the target
genes were selected and plotted as correlation circles.

Immune Cell Infiltration
The TIMER database (https://cistrome.shinyapps.io/timer/) was
used to detect the infiltration of immune cells in tumor tissues
based on RNA-Seq expression. Six types of immune cells were
assessed, including B cells, CD4+ T cells, CD8+ T cells, neutrophils,
macrophages, and dendritic cells. The gene module for TIMERwas
used to assess the correlation between single gene expression levels
and infiltration of the six immune cell types in LGG and GBM
patients. The survival module was used to assess the correlation
between single genes, the six types of immune cell infiltration, and
survival of LGG and GBM patients using the Cox proportional risk
model. TIMER also was used to draw Kaplan-Meier plots for
immune infiltration and genes to visualize differences in survival.
The split percentage of patients (% = 50%) with a p-value <0.05 was
considered to be statistically significant.

Immunohistochemistry
Immunohistochemical staining was used to detect the expression
of target immune-related genes in normal brain, low-grade
glioma, and high-grade glioma tissues. The experiments that
utilized human tissue were approved by the ethics committee of
the First Hospital of Shanxi Medical University. Two samples of
normal brain tissue in patients with epilepsy, two samples of low-
grade glioma, and four high-grade glioma samples were collected
from the First Hospital of Shanxi Medical University. All
postoperative tissues were examined pathologically in the
Department of Pathology, First Hospital of Shanxi Medical
Frontiers in Oncology | www.frontiersin.org 425
University. After routine paraffin-embedding, tissue sections
were obtained, placed on glass microscope slides, de-
paraffinized, and rehydrated. Antigen retrieval and blocking of
endogenous peroxidases were performed, followed by exposure
to monogenic polyclonal antibodies (Sangon, Shanghai, China)
and enzyme-labeled IgG polymers. Antibody presence was
visualized using a diaminobenzidine (DAB) chromogenic
solution and hematoxylin as a counterstain.
RESULTS

Target Gene Identification
In this study, 131 glioma prognosis-associated genes were
collected from CGGA samples through survival, ROC curve,
independent prognostic, and clinical correlation analyses. In
addition, 162 glioma prognosis-associated genes were collected
from GSE43378 samples, and 1,793 immune-related genes were
identified in the ImmPort immune gene list (Table 1).
The intersection of the glioma prognosis-related genes from
the CGGA, GES43378, and immune-related genes from the
ImmPort platform was identified using the Venn online web
program (Figure 1). Three immune genes related to glioma
prognosis were identified as TGFB2, VIM, and TNFRSF12A
(Figure 2A). We chose TNFRSF12A as the target of our study.
The results of the GEPIA analysis revealed that the expression of
TNFRSF12A was significantly up-regulated in LGG and GBM
patient tissues compared to normal tissues (Figures 2B, C).

Survival Analysis and ROC Curves
The survival data from glioma patients in the CGGA and
GSE43378 datasets were significantly different between the
high and low TNFRSF12A expression groups (p < 0.001). The
survival time for the glioma patients in the high expression group
was significantly shorter, suggesting that TNFRSF12A
hyperexpression might be a risk factor for a poor prognosis of
glioma patients (Figures 2D, E). The AUC values for the 1-year,
3-year, and 5-year survival ROC curves for the CGGA samples
were 0.813, 0.798, and 0.750, respectively (Figure 3A), and for
the GSE43378 samples were 0.847, 0.863, and 0.750, respectively
(Figure 3B). The AUC values for both groups were high, which
validated the accuracy of TNFRSF12A as a prognostic gene in
predicting survival time in glioma patients.

Univariate and Multivariate Independent
Prognostic Analyses
Three variables unrelated to glioma prognosis were excluded by
univariate and multivariate independent prognostic analysis in
April 2021 | Volume 11 | Article 643159
TABLE 1 | The number of samples and genes screened in CGGA and
GSE43378.

Database ID Sample Gene

CGGA 749 131
GSE43378 50 162
ImmPort – 1,793
Total number 799 2,086
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the CGGA data, which were histology, gender, and radiation
therapy (p > 0.05, Figures 4A, B). Three variables were excluded
in the GSE43378 data, which were histology, grade, and gender
(p > 0.05, Figures 4C, D). Independent prognostic analysis of
both groups illustrated that the expression level of TNFRSF12A
was an independent prognostic factor for glioma (Table 2).

Prognostic Nomogram Construction
We constructed a nomogram based on sevenmeaningful prognosis-
related variables in the CGGA data, including TNFRSF12A
expression, PRS type, grade, age, chemotherapy, IDH mutations,
and 1p19q co-deletion. One-year, 3-year, and 5-year survival rates
for glioma patients were predicted based on the nomogram score
(Figure 5). The results of the risk curve and survival analyses
revealed that low-risk patients survived longer than high-risk
patients (Figures 6A–C). The AUC value of the ROC curve was
0.860, which validated the accuracy of the nomogram (Figure 6D).

Clinical Correlation Verification
Clinical correlation analysis of the CGGA data demonstrated that
the expression level for TNFRSF12A was significantly correlated
with PRS type, histology, grade, age, chemotherapy, IDHmutations,
Frontiers in Oncology | www.frontiersin.org 526
and 1p19q co-deletion in glioma samples. TNFRSF12A expression
was higher in patients >41 years of age compared to patients ≤41
years of age (Figure 7A) and higher in recurrent and secondary
gliomas than in primary gliomas (Figure 7B). TNFRSF12A
exhibited higher expression in wildtype and 1p19q non-coding
glioma compared to IDH mutants or 1p19q co-deletions (Figures
7C, D). The expression of TNFRSF12A was up-regulated as the
glioma grade increased (Figure 7E). GBM patients exhibited the
highest expression levels among all subtypes (Figure 7F).
TNFRSF12A expression decreased in patients who underwent
chemotherapy (Figure G). Expression of TNFRSF12A was
significantly correlated with histology and grade in glioma
patients and independent of age and gender, as seen in the
GSE43378 samples (Figures 7H, I). Moreover, TNFRSF12A
expression was up-regulated as the glioma grade increased
(Figure 7J). The expression of TNFRSF12A in GBM patients was
highest among all glioma subtypes (Figure 7K).

Differential Analysis, PPI Network, and
Enrichment Analysis
Glioma samples from GSE43378 samples were grouped based on
the median expression level of TNFRSF12A for differential analysis,
A B

D E

C

FIGURE 2 | (A) Venn diagram identifying the intersection of glioma prognostic genes from CGGA and GSE43378 data and immune genes from ImmPort.
(B) Expression of TNFRSF12A in LGG and normal samples. (C) Expression of TNFRSF12A in GBM and normal samples. (D) Survival analysis of glioma patients in
the high and low expression groups of TNFRSF12A in CGGA. (E) Survival analysis of glioma patients in the high and low expression groups of TNFRSF12A in
GSE43378. *p < 0.05
April 2021 | Volume 11 | Article 643159
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and 645 DEGs were identified (Figure 8A). Twenty of the highest
significantly up-regulated and 20 of the lowest significantly down-
regulated DEGs were plotted using a heat map (Figure 8B).
Potential protein interactions between the DEGs were assessed
Frontiers in Oncology | www.frontiersin.org 627
using the STRING online database. Two hundred three nodes
and 642 edges of the PPI network were visualized using
Cytoscape software (Figure 8C). The enrichment analysis for the
DEGs revealed that the main enriched GO functions of the DEGs
A B

FIGURE 3 | (A) ROC curves for 1-, 3-, and 5-year survival of patients in CGGA. (B) ROC curves for 1-, 3-, and 5-year survival of patients in GSE43378.
A B

DC

FIGURE 4 | (A) Univariate independent prognostic analysis of samples in CGGA. (B) Multivariate independent prognostic analysis of samples in CGGA.
(C) Univariate independent prognostic analysis of samples in GSE43378. (D) Multivariate independent prognostic analysis of samples in GSE43378.
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were extracellular matrix organization, extracellular structure
organization, regulation of peptidase activity, negative regulation
of hydrolase activity, regulation of endopeptidase activity, negative
regulation of proteolysis, negative regulation of endopeptidase
activity, and negative regulation of peptidase activity (Figure 9A).
The DEGs were predominantly enriched for the cytokine-cytokine
receptor interaction and neuroactive ligand-receptor interaction
pathways (Figure 9B). The main enrichment GO functions for
the sample genes from the TNFRSF12A high expression group in
the CGGA data were actin filament-based transport, basement
Frontiers in Oncology | www.frontiersin.org 728
membrane, collagen binding, collagen-containing extracellular
matrix, and negative regulation of cell cycle G1-S phase transition.
The primary enriched GO functions for the low expression group
were axolemma, glutamate receptor activity, inhibitory postsynaptic
potential, and synaptic vesicle exocytosis regulation (Figure 9C).
The main enrichment pathways for the sample genes from the
TNFRSF12A high expression group were bladder cancer, cell
adhesion molecule cams, cytokine-cytokine receptor interaction,
ECM receptor interaction, focal adhesion, hematopoietic cell
lineage, the JAK/STAT signaling pathway, leukocyte
TABLE 2 | Univariate and multivariate independent prognostic analysis of glioma patients in CGGA and GSE43378.

Parameters Univariate analysis Multivariate analysis

HR HR.95L HR.95H p value HR HR.95L HR.95H p value

CGGA TNFRSF12A 1.46 1.39 1.53 5.41E-53 1.16 1.09 1.23 1.37E-06 <0.05
PRS_type 2.12 1.81 2.47 1.79E-21 1.89 1.61 2.23 1.47E-14 <0.05
Histology 4.48 3.69 5.44 7.38E-52 0.68 0.44 1.07 0.097813569
Grade 2.88 2.52 3.29 1.44E-55 2.53 1.85 3.47 6.67E-09 <0.05
Gender 1.04 0.86 1.25 0.655307114 1.04 0.86 1.26 0.659748289
Age 1.62 1.34 1.96 4.49E-07 1.25 1.02 1.52 0.026094249 <0.05
Radio 0.92 0.71 1.19 0.570623486 0.87 0.67 1.15 0.349417608
Chemo 1.64 1.32 2.04 5.71E-06 0.67 0.52 0.85 0.001260157 <0.05
IDH_mutation 0.31 0.26 0.38 3.84E-32 0.73 0.57 0.94 0.015520671 <0.05
1p19q_codeletion 0.23 0.16 0.31 2.08E-20 0.45 0.32 0.63 5.19E-06 <0.05

GSE43378 TNFRSF12A 12.44 4.22 36.69 4.87E-06 8.90 2.13 37.11 0.00268473 <0.05
Gender 0.94 0.48 1.81 0.855389498 1.12 0.53 2.36 0.757094847
Age 1.03 1.01 1.06 0.000468367 1.03 1.01 1.06 0.001305705 <0.05
Histology 1.43 1.10 1.87 0.006370135 1.12 0.83 1.52 0.44409736
Grade 2.60 1.50 4.50 0.000616173 1.35 0.62 2.94 0.444637821
April 2021 | Volume 11 | Article 6
FIGURE 5 | Nomogram of 1-year, 3-year, and 5-year survival in glioma patients with CGGA.
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A B
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FIGURE 6 | (A) Risk score grouping of samples in CGGA. (B) Survival time corresponding to the patient risk score in CGGA. (C) Survival analysis of patients in
high-risk and low-risk groups. (D) ROC curve for the nomogram.
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FIGURE 7 | Correlation analysis of TNFRSF12A expression levels and clinical features in glioma patients. CGGA: (A) Age. (B) PRS type. (C) IDH mutation.
(D) 1p19q co-deletion. (E) Grade. (F) Histology. (G) Chemotherapy. GSE43378: (H) Age, (I) Gender, (J) Grade. (K) Histology.
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transendothelial migration, natural killer cell-mediated cytotoxicity,
and the Toll-like-receptor signaling pathway. No significantly
enriched pathways were found in the low-expression group
(Figure 9D).

Correlation Analysis
The correlation heat map indicated that the 20 genes with the
highest significant positive correlations with TNFRSF12A in the
Frontiers in Oncology | www.frontiersin.org 930
CGGA samples were ANXA2, VIM, SERPINH1, ANXA1,
TAGLN2, PLAU, SPOCD1, PYGL, SRPX2, SERPINE1, ITGA5,
CHI3L1, VASP, CCDC109B, IGFBP2, CLCF1, MMP14, SOCS3,
MIR4435-1HG, and METTL7B. The 20 genes with the highest
significant negative correlations were AMER3, REPS2, RP5-
1119A7.17, SVOP, JPH3, ELFN2, NSG2, CPLX2, KCNIP3,
SCN3B, ARPP21, PTPRT, ST6GAL2, GABRB3, CRY2, KCNJ11,
TUB, TNR, DGCR5, and KCNIP2. The correlation diagram is seen
A B

C

FIGURE 8 | (A) Volcano map of DEGs in GSE43378. (B) Correlation heat map of the 20 up- and down-regulated most significant DEGs in GSE43378. (C) PPI network
for DEGs of GSE43378 in String database, red dots indicate up-regulated genes, green dots indicate down-regulated genes, and blue dots indicate target gene.
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in Figure 10A. The correlation circle shows the top five genes with
positive and negative correlations (Figure 10B). The correlation
heat map showed that the 20 genes with the highest significant
positive correlations with TNFRSF12A in the GSE43378 samples
were CLIC1, C1R, TIMP1, VIM, SPOCD1, CASP4, FAM129A,
TAGLN2, TNFRSF1A, IBSP, ISG20, BCAT1, VMP1, OST4,
SERPING1, TUBB6, PRSS23, SSR3, LAMC1, and UGCG. The 20
genes with the highest significant negative correlations were
SCAPER, SLC6A1, NR1D2, CRTAC1, ZRANB1, TET1,
EPB41L4A-AS1, ANKRD46, LOC283588, OAT, PDZD8,
C5orf30, NIFK-AS1, CNRIP1, AKT3, LOC102725017, MAPT,
RP1-193H18.2, KIF3A, and BC022047 (Figure 10C). The
correlation circle shows the top five genes with positive and
negative correlations (Figure 10D).

Immune Cell Infiltration
Gene module analysis using TIMER demonstrated that
TNFRSF12A expression in LGG patients was directly correlated
Frontiers in Oncology | www.frontiersin.org 1031
with the infiltration of B cells, CD4+ T cells, CD8+ T cells,
neutrophils, macrophages, and dendritic cells (all p < 0.05, Figure
11A). The expression of TNFRSF12A in GBM patients was
inversely correlated with the infiltration of B cells (cor = −0.134,
p = 6.01e-03), and directly correlated with the infiltration of
dendritic cells (cor = 0.456, p = 7.62e-23) (Figure 11B).
TNFRSF12A expression in LGG patients showed a significant
positive correlation with several classical immune checkpoints
(PDCD1, CD274, PDCD1LG2, CTLA4, LAG3, and HAVCR2)
(all p < 0.05, Figure 11C). TNFRSF12A expression in GBM
patients showed a positive correlation with two classical immune
checkpoints CD274 (cor = 0.452, p = 6.44e-09) and PDCD1LG2
(cor = 0.234, p = 3.73e-03), while LAG3 (cor = −0.206, p = 1.07e-02)
exhibited a negative correlation (Figure 11D). Analysis of Cox
proportional risk models using the survival module showed that the
infiltration of CD8+ T cells, macrophages, neutrophils, and the
expression of TNFRSF12A were highly associated with the survival
of LGG patients. Dendritic cell infiltration and TNFRSF12A
A B

DC

FIGURE 9 | (A) GO enrichment analysis of DEGs in GSE43378. (B) KEGG pathway enrichment analysis of DEGs in GSE43378. (C) GSEA GO enrichment analysis
of genes in CGGA. (D) GSEA KEGG pathway enrichment analysis of genes in CGGA.
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expression were significantly associated with the survival of GBM
patients (Table 3). The Kaplan-Meier diagram showed that survival
of LGG patients was significantly associated with the expression of
TNFRSF12A and the infiltration of six types of immune cells,
including B cells, CD4+ T cells, CD8+ T cells, neutrophils,
macrophages, and dendritic cells (all p < 0.05, Figure 11E). The
survival of GBM patients was correlated with the infiltration of
dendritic cells (p = 0.002, Figure 11F).

Immunohistochemistry
The differences in TNFRSF12A expression in normal brain, low-
grade glioma, and high-grade glioma tissues were detected using
immunohistochemical staining. The results revealed that
TNFRSF12A was primarily expressed in the cytoplasm of cells,
and TNFRSF12A expression was significantly higher in gliomas
compared with normal brain tissue (Figure 12). In addition, the
Frontiers in Oncology | www.frontiersin.org 1132
expression of TNFRSF12A was significantly higher in high-grade
gl iomas than low-grade gl iomas (Figure 12) . The
immunohistochemical staining results validated the previous
dataset analyses indicating that TNFRSF12A expression was
progressively up-regulated in normal tissues, low-grade
gliomas, and high-grade gliomas.
DISCUSSION

Currently, 19 tumor necrosis factors (TNF) and 29 tumor
necrosis factor receptors (TNFR) have been identified in
humans. After binding, these receptors and ligands maintain
the body’s homeostasis by regulating cytokine production and
controlling cell survival. Numerous studies have shown that
these proteins function in human immune responses (11–13).
A B

DC

FIGURE 10 | (A) Correlation heat map of the top 20 positively and negatively correlated genes with TNFRSF12A in CGGA. (B) Correlation circles for the top 5
positively and negatively correlated genes with TNFRSF12A in CGGA. (C) Correlation heat map of the top 20 positively and negatively correlated genes with
TNFRSF12A in GSE43378. (D) Correlation circles for the top 5 positively and negatively correlated genes with TNFRSF12A in GSE43378.
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Numerous TNF family proteins are highly expressed in tumors
and exert modulatory effects (14). For example, tumor necrosis
factor receptor 12 (TNFR12) regulates the immune tolerance of
B cells and myeloid-derived suppressor cells (15) while tumor
necrosis factor receptor 14 (TNFR14) regulates the immune
activation of T cells (16).

Using a comprehensive analysis based on multiple databases,
we focused on TNFRSF12A, which is significantly overexpressed
Frontiers in Oncology | www.frontiersin.org 1233
in gliomas (17). TNFRSF12A, member 12A of the tumor necrosis
factor receptor superfamily, also known as fibroblast growth
factor-inducible 14 (FN14), is widely expressed in most healthy
tissues but exhibits low expression in the brain (18, 19). Tumor
necrosis factor-like weak inducer of apoptosis (TWEAK), the
ligand of TNFRSF12A, is a type II transmembrane protein (20).
Together, they constitute the TWEAK/TNFRSF12A signaling
pathway that is involved in multiple biological processes,
A
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C

FIGURE 11 | (A) Correlation between TNFRSF12A expression in LGG and infiltration of six immune cells. (B) Correlation between TNFRSF12A expression in GBM
and infiltration of six immune cells. (C) Correlation between TNFRSF12A and six classical immune checkpoints in LGG. (D) Correlation between TNFRSF12A and six
classical immune checkpoints in GBM. (E) KM curve of LGG patient survival with TNFRSF12A expression and infiltration of six immune cells. (F) KM curve of GBM
patient survival with TNFRSF12A expression and infiltration of six immune cells.
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including proliferation, differentiation, migration, cell death
(apoptosis and necrosis), angiogenesis, and inflammation
(21, 22). The expression of TNFRSF12A markedly increases in
damaged tissue, autoimmune diseases, and inflammatory
diseases such as SLE and autoimmune myocarditis (23, 24).
Numerous studies have shown that TNFRSF12A participates in
the regulation of essential signaling pathways in many tumors. In
Frontiers in Oncology | www.frontiersin.org 1334
gastric cancer, TNFRSF12A is involved in the activation of the
PI3K/Akt and NF-kB signaling pathways, which ultimately leads
to the development of gastric cancer (25, 26). TNFRSF12A also
participates in activating the JAK/STAT signaling pathway in
non-small cell lung cancers (27) and the NF-kB signaling
pathway in prostate cancer (28, 29). The signaling pathways
activated by TNFRSF12A ultimately lead to tumor cell invasion
FIGURE 12 | Immumohistochemical staining for TNFRSF12A expression in normal brain, low-grade glioma and high-grade glioma tissues. Magnification, ×100, ×200.
TABLE 3 | Cox proportional risk model of TNFRSF12A expression and infiltration of six immune cells in LGG and GBM.

coef HR 95%CI_l 95%CI_u p.value sig

LGG B_cell 2.741 15.499 0.052 4580.118 0.345
CD8_Tcell 7.710 2231.271 2.152 2312937.870 0.030 *
CD4_Tcell 1.471 4.354 0.001 17479.969 0.728
Macrophage 4.311 74.512 1.262 4398.821 0.038 *
Neutrophil −8.154 0.000 0.000 0.598 0.036 *
Dendritic −1.202 0.301 0.005 17.319 0.561
TNFRSF12A 0.479 1.614 1.397 1.864 0.000 ***

GBM B_cell −0.519 0.595 0.341 1.039 0.068 ·
CD8_Tcell 0.241 1.272 0.861 1.879 0.227
CD4_Tcell 0.135 1.144 0.600 2.182 0.683
Macrophage 0.069 1.071 0.573 2.003 0.830
Neutrophil 0.396 1.486 0.670 3.299 0.330
Dendritic 0.284 1.329 1.004 1.758 0.047 *
TNFRSF12A 0.123 1.131 1.017 1.259 0.023 *
April 2021 | Vo
lume 11 | Article 643
*P < 0.05, ***P < 0.001.
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and migration. TNFRSF12A was found to be significantly
overexpressed in gliomas. The overexpression of TNFRSF12A
in glioma cell lines significantly increased cell migration and
invasion, which demonstrated the tumor-promoting effects of
TNFRSF12A (17, 30). It has been reported that the expression of
TNFRSF12A was significantly higher in recurring gliomas than
in newly diagnosed primary tumors (31). In our study, we found
that the TNFRSF12A expression levels increased with the grade
of the glioma. This observation is supported by several previous
studies (17, 32). Thus, we suggest that TNFRSF12A contributes
to the progression of glioma. According to survival analysis,
TNFRSF12A expression was associated with a shortened survival
in glioma patients. Previous studies have demonstrated that
overexpression of TNFRSF12A in tumors results in malignancy
(17, 33). However, these experimental interventions might
present stronger specific effects than the actual physiological
processes in the tumor because the experimental process might
result in TNFRSF12A expression levels that far exceed those in
actual tumors (34).

Anti-TNFRSF12A antibodies can inhibit tumor growth
moderately and significantly prolong life expectancy by
alleviating tumor-induced weight loss (35). This suggests that
anti-TNFRSF12A antibodies prevent tumors from auto-damage
and deterioration, which could preserve body mass. Interestingly,
TNFRSF12A presented high integrity and independence with
respect to its signaling processes and regulated downstream
pathways without modification (36). Therefore, our results
supported the conclusion that TNFRSF12A expression could
serve as an independent high-risk predictor for glioma patients.

Currently, the administration of temozolomide (TMZ) can
prolong the survival of a subset of glioma patients to some extent.
However, most patients develop therapeutic resistance during
treatment (37). With the accumulation of oncogenetic
mutations, low-grade gliomas eventually are likely to develop
into high-grade gliomas (38). Specifically, TMZ treatment results
in genetic alterations and biological changes in GBM cells. For
example, mutations occurring at high frequencies can result in
DNA mismatch repair (39). Moreover, the accumulation of
mutations also causes over-activation of the PI3K/Akt/mTOR
signaling pathway (40, 41). TNFRSF12A is expressed at low
levels in TMZ-sensitive gliomas and highly expressed in TMZ-
resistant gliomas. Moreover, in TMZ-sensitive and TMZ-resistant
glioma cell lines, lower and higher TNFRSF12A levels were
expressed, respectively. Cells with drug-resistant properties
exhibited an enhanced migratory capacity compared to cells
without drug-resistant properties. This suggests that
TNFRSF12A might be responsible for the increased migration of
drug-resistant tumor cells (42). Glioma cells that are less sensitive
to TMZ presented higher expression of TWEAK, TNFRSF12A,
and NF-kb. Thus, the TWEAK/TNFRSF12A/NF-kb axis might
participate in the drug resistance exhibited by some gliomas (43).

IDH was chosen as a classification criterion by WHO in 2016.
Patients with IDH mutations presented significantly longer
survival periods than those without mutations (44, 45).
Furthermore, IDH mutations increased sensitivity to TMZ by
disrupting the repair process of parp1-mediated DNA (46). In
Frontiers in Oncology | www.frontiersin.org 1435
our analysis, TNFRSF12A was more highly expressed in IDH
wild-type gliomas than gliomas with IDH mutations. One study
reported that TNFRSF12A promoted the invasive phenotype of
IDH1 wild-type gliomas, while IDH1-mutant gliomas exhibited
low TNFRSF12AmRNA and protein levels compared with IDH1
wild-type gliomas (47).

Modern oncology has begun to experiment with gene target
therapy, which is characterized by the fact that target drugs can
focus on individual genes or proteins and affect specific cell types
of tumors without many of the side effects associated with
traditional chemotherapeutic drugs (48). There are numerous
potential approaches to tumor therapy using TNFRSF12A as a
target. With the goal of inhibiting the TWEAK/TNFRSF12A
signaling pathway, Yin et al. studied a preparation called
RG7212, which inhibits TWEAK binding to TNFRSF12A.
RG7212 effectively inhibited tumor growth in athymic (nude)
mice tumor xenograft models of renal cell carcinoma (ACHN,
Caki-1), breast cancer (MDA-MB-231), and non-small cell lung
cancer (Calu-3) (49). Roos et al. identified aurintricarboxylic acid
(ATA) as an inhibitor of TWEAK/TNFRSF12A/NF-kB
signaling. Through inhibition of Rac1 activation, ATA
inhibited the TWEAK-induced glioma cell invasion process
but did not affect cell viability or TNFRSF12A expression (50).
It has been well-established that excessive activation of the
TWEAK/TNFRSF12A signaling pathway promotes glioma
growth (17, 33). However, it has also been reported that the
function of this pathway can be achieved by the expression of
TNRSF12A alone (36). Therefore, it is not certain whether
inhibition of this signaling pathway could provide possible
clinical therapeutic effects in glioma treatment.

Preparations made by combining a targeted polypeptide with a
toxin is termed a targeted toxin, which is a class of drugs that can be
internalized by and kill tumor cells (51, 52). Currently, the anti-
TNFRSF12A monoclonal antibody, ITEM4, has been used for this
purpose (53–55). Researchers have conjugated ITEM4 with
recombinant gelonin (rGel), and this preparation exhibits
significant anticancer properties in bladder cancer cell xenografts
(53). In another study that used TNFRSF12A as the target,
researchers synthesized an immunoconjugate using recombinant
gelonin toxin and ITEM4, which produced significant tumor-
inhibiting results in a breast cancer xenograft model (54). Zhou
et al. used ITEM4 as an antibody to study two immunotoxins. One
immunotoxin was a chemical conjugate composed of the rGel toxin
and the anti-TNFRSF12A antibody, ITEM-4, and the other was a
humanized, dimeric single-chain antibody of ITEM-4 fused to rGel.
Both immunotoxins produced significant inhibitory effects on
melanoma (MDA-MB-435) in xenograft mice (55). Importantly,
these studies involved in vivo experiments, demonstrating that
TNFRSF12A is a viable potential immune target.

To achieve more effective drug delivery, researchers have
developed novel nanomaterial methodologies. They have
processed synthetic nanomaterials with a 100 nm carboxylate-
modified polystyrene modification combined with ITEM4. This
new mode of administration has many advantages. First, it
selectively binds TNFRSF12A, but not the brain extracellular
matrix, which reduces the non-specific binding of targeted
April 2021 | Volume 11 | Article 643159
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nanoparticles in the brain. Second, it can associate with and be
internalized by TNFRSF12A-positive GBM cells. Finally, it has
good tissue penetration. A previous study demonstrated that
nanoparticles targeting TNFRSF12A more accurately localized to
gliomas compared to untargeted TNFRSF12A nanoparticles
(56). Recently, Wadajkar et al. synthesized degradable
nanoparticles by processing poly(lactic-co-glycolic acid)
(PLGA) and PLGA-polyethylene glycol (PLGA-PEG)
polymers. Nanoparticles bound to ITEM-4 exhibited minimal
binding to extracellular brain components, extremely strong
binding to TNFRSF12A, and increased uptake into brain
tumor cells. Compared with unbound ITEM-4 nanoparticles,
ITEM-4-bound nanoparticles were retained longer in the tumor
(57). In summary, multiple research results have proven that
TNFRSF12A is a potential glioma therapeutic target.
CONCLUSION

Overall, TNFRSF12A is significantly overexpressed in gliomas
and closely associated with inflammatory processes. Studies
have revealed that specific drug modifications can improve
the precision therapy of TNFRSF12A for gliomas. Our analysis
provides a more comprehensive demonstration of the roles of
TNFRSF12A in glioma progression. In conclusion, TNFRSF12A
can serve as an independent risk factor to predict prognosis and
has tremendous value in glioma immunotherapy.
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Glioma is the most common primary intracranial malignant tumor in adults. Although there
have been many efforts on potential targeted therapy of glioma, the patient’s prognosis
remains dismal. Methyltransferase Like 7B (METTL7B) has been found to affect the
development of a variety of tumors. In this study, we collected RNA-seq data of glioma in
CGGA and TCGA, analyzed them separately. Then, Kaplan-Meier survival analysis,
univariate and multivariate Cox analysis, and receiver operating characteristic curve
(ROC curve) analysis were used to evaluate the effect of METTL7B on prognosis. Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Set
Enrichment Analysis (GSEA) enrichment analyses were used to identify the function or
pathway associated with METTL7B. Moreover, the ESTIMATE algorithm, Cibersort
algorithm, Spearman correlation analysis, and TIMER database were used to explore
the relationship between METTL7B and immunity. Finally, the role of METTL7B was
explored in glioma cells. We found that METTL7B is highly expressed in glioma, and high
expression of METTL7B in glioma is associated with poor prognosis. In addition, there
were significant differences in immune scores and immune cell infiltration between the two
groups with different expression levels of METTL7B. Moreover, METTL7B was also
correlated with immune checkpoints. Knockdown of METTL7B revealed that METTL7B
promoted the progression of glioma cells. The above results indicate that METTL7B
affects the prognosis of patients and is related to tumor immunity, speculating that
METTL7B may be a new immune-related target for the treatment of glioma.

Keywords: glioma, METTL7B, immune, prognosis, CGGA TCGA
INTRODUCTION

Glioma is the most common primary malignant brain tumor in adults (1, 2). Glioma can be divided
into low grade glioma (WHO grade II/III, LGG) and glioblastoma (WHO grade IV, GBM)
(3). WHO 2016 classified glioma according to molecular pathological type (IDH mutation and
1p/19q Codeletion), which will be helpful for clinical treatment (4, 5). Currently, surgery,
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radiotherapy, and alkylating agent are the main treatment
options for glioma (6–8). However, the prognosis of glioma as
a whole is poor (9, 10). Recent studies find that tumor immune
response plays an essential role in glioma (11–13), suggesting the
promising prospect of immune therapy for glioma therapy.

METTL7B, located at chromosome 12q13.2, is correlated
with methyltransferase activity and s-adenosine methionine-
dependent methyltransferase activity. It has been found
that METTL7B contributes to the occurrence and development
of breast cancer, thyroid cancer, and lung cancer (14–16).
Moreover, recent research revealed that METTL7B may
regulate immunity by regulating the methylation of the FOX3P
promoter (17), a novel immune-associated gene.

The current study analyzed the glioma transcriptome data in
the TCGA and CGGA database and found that METTL7B is
highly expressed in glioma and is correlated with multiple clinical
features of glioma. Moreover, patients with high METTL7B levels
have a poor prognosis. At the same time, we analyzed the
differential genes between the two groups with high and low
expression of METTL7B and performed enrichment analysis
based on the differential genes, and the results indicated
enrichment of several immune-related functions and pathways.
The results showed that METTL7B is positively correlated with
the ESTIMATE score. Also, we found that METTL7B is
associated with multiple immune checkpoints, and the immune
cell subpopulations may be associated withMETTL7B. Moreover,
knockdown of METTL7B decreased the proliferation, migration,
and invasion ability of glioma cells. In summary, our findings
revealed that METTL7B affects the prognosis of patients and is
involved in tumor immunity in glioma.
MATERIALS AND METHODS

Data Download and Collation
We downloaded the glioma RNA-seq data (total 698 cases,
glioblastoma (GBM) 169 cases, low-grade glioma (LGG) 529 cases),
and clinical data (1114 cases, GBM+LGG) from the TCGA website
(http://www.tcga.org/). After deleting the missing samples of clinical
data, gene expression and the corresponding clinical documents of
640 cases were obtained. RNA-seq and clinical data for glioma (325 +
693 cases) were downloaded from the CGGA website (http://www.
cgga.org.cn). For batch correction and integration, the LIMMA (18)
package and SVA (19) package were used.

GEPIA Analysis and HPA Analysis
The GEPIA website was used to analyze the differences between
the METTL7B gene expression levels in glioma (LGG and GBM)
and normal samples. Moreover, we used the GEPIA website to
draw Kaplan–Meier (20) curves for survival analysis in the
TCGA database. We further verified the METTL7B protein
levels of normal samples and glioma samples using the Human
Protein Atlas (HPA website, http://www.proteinatlas.org).

Prognostic Analysis
Kaplan-Meier curve was used for survival analysis. We used R
software to load the survival package (https://CRAN.R-project.
Frontiers in Oncology | www.frontiersin.org 240
org/package=survival) and the survminer package (https://
CRAN.R-project.org/package=survivalminer) to draw the
Kaplan-Meier curve on glioma samples of the CGGA database.
We also performed univariate and multivariate Cox analysis, and
receiver operating characteristic curve (ROC) survival analysis
was performed using the survivalROC package (https://CRAN.
R-project.org/package=survivalROC).

Differential Gene Enrichment Analysis
Differential analysis was performed using the LIMMA package.
The clusterProfiler (21) package and enrichplot package (https://
github.com/GuangchuangYu/enrichplot) was applied to perform
the GO and KEGG enrichment analysis of differential genes. In
addition, GSEA software was used to analyze the GO and KEGG
pathways between the high and low levels of METTL7B.

Immune Evaluation
The immune score of samples was assessed in the R software
using the ESTIMATE package (https://R-Forge.R-project.org/
projects/estimate/). Cibersort (22) algorithm was applied to
analyze the correlations between METTL7B and 22 immune
cell subsets. Tumor Immune Estimation Resource (TIMER,
https://cistrome.shinyapps.io/timer/) was further used to
analyze the relationship between different immune cells and
prognosis in GBM and LGG and the correlations between
METTL7B and immune cells.

Cell Line and Transfection
U87 Glioma cell line, purchased from the American Type
Culture Collection, was cultured in DMEM (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum in an
incubator at 37°C and 5% CO2. The METTL7B small interfering
RNA (siRNA) and negative control (NC) were obtained from the
Guangzhou RiboBio Co., Ltd. Cells were seeded in the 6-well
plate (5×105 cells per well)were transfected with siRNAs and NC
with the help of lipofectamine 3000.

Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
and Western Blot
Two days after transfection, cells were collected for RNA using
Trizol reagent (Invitrogen). The cDNA was further synthesized
using the SuperScript III First Strand Synthesis System
(Invitrogen). QuantStudio 5 (Applied Biosystems) was used to
perform the qRT-PCR. The expression of METTL7B was
normalized to GAPDH. The primers of MTEEL7B were as
following: CCTGCCTAGACCCAAATCCC (forward) and
AAACCGCTCATATTGGAGGTG (reverse). For western blot,
mouse METTL7B antibody (Santa Cruz Biotechnology, sc-
398626, 1:500) was used as primary antibody, and the b-actin
was applied as the control.

CCK8, Migration, and Invasion Assay
Glioma cells were cultured in the 96-well plate (5x103 cells per
well) for 24 hours before transfection. Cells were then treated
with METTL7B siRNAs or NC, and the optical density (OD)
values at 450nm at several time points were assessed after the 3h-
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incubation of 10ul CCK8 assay at 37°C. 1x105 glioma cells
transfected with METTL7B siRNAs and NC were seeded in the
transwell chamber (Corning) with (For invasion) or without (For
migration) Matrigel. After 4 hours (migration) and 8 hours
(invasion), the cells at the bottom surface of the filters were
fixed and stained with 0.1% crystal violet.

Statistical Analysis
The R software (version 3.6.3) was used for the statistical
analysis. The median value of METTL7B expression was
considered as the cutoff value to separate patients into the high
and low groups. The Circlize (23) and Corrplot packages (https://
github.com/taiyun/corrplot) were used to map the correlation
circles. Other R packages, “ggplot2”, “ggpubr”, “vioplot” were
applied to visualize the results of data analysis. Wilcoxon Signed
Rank test and Student’s t test were used for statistical analysis
between two groups, while the Kruskal-Wallis test was applied
for statistical tests of more than two groups. When p less than
0.05, we considered the difference to be statistically significant.
RESULTS

METTL7B Is Highly Expressed in Glioma
and Is Related to Patient Prognosis
The expression of METTL7B in tumor samples of glioma and
normal samples was evaluated using the GEPIA website and we
found that METTL7B is highly expressed in both LGG and GBM
samples (Figure 1A). Similarly, the protein level of METTL7B in
glioma samples was also higher compared to that in normal
samples in the HPA database (Figure 1B). Next, we analyzed the
relationships between METTL7B expression level and the
clinicopathological characteristics of glioma patients, showing
that the expression of METTL7B was significantly correlated
Frontiers in Oncology | www.frontiersin.org 341
with age, tumor stage, pathology, and IDH1mutation (p < 0.001),
but not with gender or radiotherapy in glioma (p > 0.05) (Figure 2,
Table 1, Supplementary Figure 1).

Kaplan-Meier survival analysis indicated that the high
expression of METTL7B was significantly correlated with poor
prognosis (p <0.001, Figures 3A, B). Furthermore, univariate
Cox analysis identified METTL7B as a risk factor, and
subsequent multivariate Cox analysis revealed that METTL7B
is independently associated with the prognosis in glioma
(Figures 3C–F). Moreover, we confirmed that PRS type,
histology, grade, chemotherapy, IDH mutation, and 1p19q
codeletion could also affect the prognosis of the patients
(Figures 3C–F).

In addition, the ROC curve analysis suggested that METTL7B
shows satisfactory performance in predicting the 1-year, 3-year, and
5-year survival rates of patients (all AUC>0.7) (Figures 3G, H).
A B

FIGURE 1 | The expression level of METTL7B in glioma. (A) Expression of METTL7B in glioma and normal tissues in GEPIA database. (B) The protein level of
METTL7B in glioma and normal tissues based on the Human Protein Atlas. *p < 0.05.
TABLE 1 | Differences in clinical characteristics between the high and low
METTL7B expression groups.

Database Clinical features P-value

TCGA Histology <0.001*
TCGA Grade <0.001*
TCGA Gender 0.48
TCGA Age <0.001*
TCGA IDH mutation <0.001*
CGGA PRS type <0.001*
CGGA Histology <0.001*
CGGA Grade <0.001*
CGGA Gender 0.64
CGGA Age <0.001*
CGGA Radio status 0.63
CGGA Chemo status <0.001*
CGGA IDH mutation status <0.001*
CGGA 1p19q codeletion status <0.001*
April 2021 | Volume 11 | Article
*indicated p < 0.05; PRS, primary and recurrent status.
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FIGURE 2 | Correlation between the expression of METTL7B and clinical features using CGGA and TCGA database. (A, B) Differential expression of METTL7B was
significantly related to the age of the patients, (C, D) WHO stage of glioma, (E, F) histology, (G, H) IDH_mutation. (I, J) The expression level of METTL7B was not
correlated with the Gender of patients. *p < 0.05; ****p < 0.0001; ns, not significant.
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FIGURE 3 | Survival analysis of METTL7B in CGGA and TCGA patients. (A, B) Kaplan-Meier survival curves in the high and low expressions of METTL7B groups.
(C, D) Univariate Cox analysis of METTL7B. (E, F) Multivariate Cox analysis of METTL7B. (G, H) ROC analysis of METTL7B for 1, 3, and 5-year survival.
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Differential Gene Enrichment Analysis
Between METTL7B Groups
We then analyzed the different genes, and the heatmap was
developed to show the top 100 up-regulated and the top 100
Frontiers in Oncology | www.frontiersin.org 644
down-regulated differential genes between the two groups
(Supplementary Figure 2, Supplementary Table 1). Further
GO enrichment analysis of differential genes revealed that
METTL7B may be associated with neutrophil-mediated
A B

C D

E F

FIGURE 4 | Differential gene enrichment analysis between different METTL7B groups. (A, B) Top 10 GO terms, involving BP, CC, and MF. (C, D) Top 30 KEGG
pathways. (E, F) GSEA enrichment analysis revealed potential associations between METTL7B and several immune-associated pathways.
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immunity, neutrophil activation, neutrophil activation involved
in immune response, neutrophil degranulation, T cell activation,
and other immune-related functions (Figures 4A, B).
Interestingly, KEGG analysis further suggested that METTL7B
may be involved in some immune-related and previously
recognized oncogenic pathways such as TNF signaling pathway,
T cell receptor signaling pathway, NF-kappaB signaling pathway,
MAPK signaling pathway, human T-cell leukemia virus type 1
Frontiers in Oncology | www.frontiersin.org 745
infection, salmonella infection, and Yersinia infection, (Figures
4C, D). In addition, GSEA enrichment analysis in TCGA and
CGGA databases also indicated significant enrichment of multiple
immune-related functions and pathways (Figures 4E, F,
Supplementary Figure 3). The above results indicated that
METTL7B may function via the involvement of the tumor
immune microenvironment. Thus, we further analyzed the
relationship between METTL7B and tumor immunity.
A B

C D

E F

FIGURE 5 | Relationship between ESTIMATE score and METTL7B expression level in CGGA and TCGA patients. (A, B) Immunescore, (C, D) stromalscore, and
(E, F) ESTIMATEscore were higher in the group with higher METTL7B expression. ****p < 0.0001.
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METTL7B Is Involved in Tumor Immunity in
Glioma
The ESTIMATE algorithm was performed to assess the immune
levels of glioma patients, showing the significant differences
Frontiers in Oncology | www.frontiersin.org 846
(p<0.001) in the immune score, stromal score, and ESTIMATE
score between the patients with high and low METTL7B
expression. Specifically, the immune score, stromal score, and
ESTIMATE score of the high expression METTL7B patients
A B

C D

E F

FIGURE 6 | Kaplan-Meier survival curves of ESTIMATE score. High levels of (A, B) immunescore, (C, D) stromalscore, and (E, F) ESTIMATEscore correlated with
poor prognosis.
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were all higher (Figure 5). Moreover, high immune score, high
stromal score, and high ESTIMATE score were all associated
with poor prognosis in glioma (Figure 6). Univariate cox
analysis also confirmed the survival performance of the
immune score, stromal score, and ESTIMATE score
(Supplementary Figure 4). We further explored the
correlations between METTL7B and immune checkpoints
and identified that METTL7B is positively correlated with
several immune checkpoints PD1, PDL1, CTLA4, LAG3,
and TIM3 (Figure 7). Moreover, we analyzed the proportion
of 22 immune cells in the two groups by the Cibersort
algorithm, revealing that there were significant differences in
T cells CD8, NK cells activated, Monocyte, Macrophages M1,
Macrophages M2, and Neutrophils between the two groups with
high and low METTL7B expression level (Figures 8A, B,
Supplementary Table 2). The correlations between METTL7B
and 22 kinds of immune cells were further analyzed by
Spearman correlation analysis, and we found that METTL7B
may correlate with multiple immune cells, including
Neutrophils, MacrophagesM1, MacrophagesM2, T cells,
and other immune cells (Figures 8C–J, Supplementary
Table 3). Further analysis showed that compared with M1
chemokine, METTL7B was mainly related to M2 chemokine
(Supplementary Figure 5). Finally, we used the TIMER
database to explore these correlations in LGG or GBM patients
alone. And the results suggested that in LGG patients, B cell,
CD8+ T cell, CD4+ T cell, Macrophage, and Neutrophil
significantly affect the prognosis (p<0.05), and were still
correlated with METTL7B expression, while no correlations
were found in GBM patients (Figure 9). In summary, the
above findings showed that METTL7B is associated with the
immune score, immune checkpoints, and immune cell
infiltration in glioma patients.
Frontiers in Oncology | www.frontiersin.org 947
Inhibition of METTL7B Decreased the
Proliferation, Migration, and Invasion
Ability of Glioma Cells
To further validate the potential oncogenic role of METTL7B in
glioma, we explored its function in the glioma cell line. Cells were
treated with three siRNAs targeting METTL7B (si-METTL7B-1,
si-METTL7B-2, and si-METTL7B-3), and the qRT-PCR (Figure
10A) and western blot (Figure 10B) revealed that si-METTL7B-
1 and si-METTL7B-3 effectively inhibited the expression of
METTL7B. Therefore, the two siRNAs were selected for
further experiments. Cell proliferation ability was significantly
reduced after METTL7B knockdown (Figure 10C). Moreover,
inhibition of METTL7B significantly decreased the cell migration
and invasion ability (Figures 10D–F).
DISCUSSION

Glioma is the most common primary tumor of the central
nervous system, accounting for 15% of all brain tumors (24).
At present, the effect of targeted drug therapy is not satisfactory
(13). Among glioma, glioblastomas are highly resistant to many
chemotherapeutic drugs (25). Recent studies have shown that
radiotherapy combined with chemotherapy can improve patient
survival (26), however, the prognosis of patients is dismal (27).
Exploring new therapeutic targets and targeted therapeutic drugs
for glioma patients are of no delay.

In this study, Kaplan-Meier analysis, univariate and
multivariate Cox analysis, and ROC curve were employed to
analyze the relationships between METTL7B and the clinical
characteristics and prognosis of patients. Moreover, GO, KEGG,
and GSEA enrichment analysis was conducted to identify the
A B

FIGURE 7 | The circle diagram showed that METTL7B was positively correlated with multiple immune checkpoints, PD1, PDL1, CTLA4, LAG3, and TIM3 in glioma
patients. (A) CGGA. (B) TCGA.
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potential mechanisms of METTL7B in glioma. Further analysis
of immune infiltration was carried out to explore the relationship
between the patient’s prognosis and immune cells. Importantly,
the relationships between METTL7B and immune checkpoints
were analyzed, and the differences of 22 kinds of immune cells in
patients with high and low METTL7B levels were further
analyzed. Finally, the role of METTL7B in glioma cells
was explored.

METTL7B is associated with the development of a variety of
tumors, while its role in glioma has not been previously studied.
Frontiers in Oncology | www.frontiersin.org 1048
Through GEPIA analysis, we found that METTL7B was highly
expressed in glioma (LGG and GBM), and the expression of
METTL7B in GBM was increased compared to that of LGG.
Similarly, HPA results also support the high expression of
METTL7B in glioma. These results suggest that METTL7B
may contribute to glioma progression. Further analysis
identified that the expression of METTL7B was higher in
glioma with a higher WHO grade and the METTL7B level in
IDH1 wild-type was higher than that of mutant type.
Accumulating studies have shown that IDH1 mutations are
A

C D E F

G H I J

B

FIGURE 8 | Proportions of the 22 types of tumor-infiltrate immune cells in different METTL7B groups in (A) CGGA and (B) TCGA. Correlation analysis between
METTL7B and 22 kinds of immune cells in glioma. METTL7B was positively associated with (C) Macrophages M1, (D) T cells regulatory, (E) NK cells activated,
(F) Mast cells activated in CGGA. (G) Macrophages M1, (H) T cells CD8, (I) Macrophages M0, (J) Neutrophils infiltration were positively correlated with METTL7B
expression in TCGA.
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related to the occurrence and development of glioma (28), and
IDH1 mutations are more common in LGG(WHO II, WHO III)
than in GBM(WHO IV) (29). Therefore, we speculated that the
higher expression of METTL7B in GBM patients might due to
more GBM patients are IDH wild-type tumors, which expressed
higher METTL7B levels.

The Kaplan-Meier curves of METTL7B indicated that
METTL7B significantly affected the prognosis of glioma
patients. To verify the role of METTL7B in the prognosis of
glioma patients, univariate and multivariate Cox analyses were
conducted, which suggested that METTL7B might
independently predict the prognosis of glioma patients. ROC
curve further verified our results, the analysis of CGGA and
TCGA databases showed that the performance of METTL7B for
1-year, 3-year, and 5-year OS prediction was satisfactory.

To explore the possible mechanism of METTL7B affecting the
survival of patients, GO and KEGG enrichment analyses were
performed based on the differentially expressed genes between
METTL7B groups, and the results suggested various immune-
related pathways. In addition, GSEA enrichment analysis further
revealed enrichment of multiple immune-related functions and
pathways. Therefore, we assumed that METTL7B may function
Frontiers in Oncology | www.frontiersin.org 1149
via regulation of tumor immunity, such as regulation of
neutrophils, T cell activation, and B cell-mediated immunity,
which was not revealed in previous studies.

Patients with higher expression of METTL7B had a higher
ESTIMATE score, stromal score, and immune score, which were
adverse prognosis factors, further confirming that METTL7B
may participate in the tumor immune microenvironment.
Moreover, METTL7B was positively correlated with multiple
immune checkpoints. Studies have shown that the upregulation
of immune checkpoints such as PD-L1, CTLA-4, TIM-3, and
LAG3 in glioma helps tumor immune evasion, leading to T cell
dysfunction (30–32), suggesting that METTL7B may promote
tumor immune evasion by upregulating the expression of
immune checkpoints. We also used the Cibersort to evaluate
the ratio of different immune cells which found significant
differences between the different METTL7B expression groups.
Wherein, Neutrophils, Macrophages M1, Macrophages M2, and
T cells correlated with the expression of METTL7B, which
validated the immune-related findings of the enrichment of
differentially expressed genes. Macrophages are the main
immune cells in glioma and can be polarized into M1 and M2
macrophages under the influence of chemokines (33). M2
A

B

C

D

FIGURE 9 | The relationship between METTL7B expression level, tumor purity, and immune cell infiltration was explored using the TIMER database. METTL7B was
significantly correlated with immune cell infiltration in (A) GBM and (B) LGG patients. Kaplan-Meier survival analysis of several immune cells in (C) GBM and (D) LGG patients.
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macrophages are an immunosuppressive phenotype in gliomas
and are associated with the poor prognosis of patients (34). Our
analysis found that METTL7B was mainly related to M2
chemokine, and thus we speculated that METTL7B might
contribute to a tumor microenvironment favorable for tumor
growth by promoting the differentiation of macrophages into M2
type. Collectively, our study found that the high expression of
METTL7B was associated with poor prognosis in glioma
patients, which may be mediated via inhibiting tumor
immunity. Finally, the results of the TIMER database suggested
that in LGG patients, several immune cells influenced patients
prognosis and were associated with METTL7B expression, while
these results were not consistent in GBM, suggesting the complex
mechanisms of METTL7B in glioma and the latent function
difference of METTL7B between LGG and GBM. Further
mechanism exploration is highly warranted.

In the current study, glioma patients from TCGA and CGGA
databases were simultaneously analyzed, and the consistent
Frontiers in Oncology | www.frontiersin.org 1250
results of the two databases made our results more reliable.
After analysis, we found a new glioma prognostic gene,
METTL7B, which is also closely related to immunity. The result
has not been reported in previous studies, so our study may
influence the future diagnosis and treatment of glioma. However,
our study also has several limitations. The function and potential
mechanisms of METTL7B in glioma cells were not assessed in the
current study. Moreover, the association between METTL7B and
tumor immune microenvironment remains further validation.
Finally, the role of METL7B in some special glioma types, such as
diffuse midline glioma, remains further discussed.
CONCLUSION

Our study revealed a novel prognostic gene, METTL7B, in
glioma. Patients with high METTL7B expression have a poor
prognosis and show a distinct immune landscape compared to
A

D E

F

CB

FIGURE 10 | (A) qRT-PCR revealed that the METTL7B mRNA level was significantly suppressed using METTL7B siRNAs. (B) Western blotting indicated that the
expression of METTL7B was decreased after treated with METTL7B siRNAs. (C) CCK8 assay showed that the proliferation ability of glioma cells was significantly
decreased after knockdown of METTL7B. (D–F) Transwell assay revealed that knockdown of METTL7B inhibited the migration and invasion ability of glioma cells.
Magnification, 200X. **p < 0.01; ***p < 0.001.
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those with low expression, identifying METTL7B as a promising
target for drug and immune therapy in glioma.
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Background: Gliomas are the most common and aggressive tumors of the central
nervous system. A robust and widely used blood-based biomarker for glioma has not yet
been identified. In recent years, a plethora of new research on blood-based biomarkers for
glial tumors has been published. In this review, we question which molecules, including
proteins, nucleic acids, circulating cells, and metabolomics, are most promising blood-
based biomarkers for glioma diagnosis, prognosis, monitoring and other purposes, and
align them to the seminal processes of cancer.

Methods: The Pubmed and Embase databases were systematically searched.
Biomarkers were categorized in the identified biomolecules and biosources. Biomarker
characteristics were assessed using the area under the curve (AUC), accuracy, sensitivity
and/or specificity values and the degree of statistical significance among the assessed
clinical groups was reported.

Results: 7,919 references were identified: 3,596 in PubMed and 4,323 in Embase.
Following screening of titles, abstracts and availability of full-text, 262 articles were
included in the final systematic review. Panels of multiple biomarkers together
consistently reached AUCs >0.8 and accuracies >80% for various purposes but
especially for diagnostics. The accuracy of single biomarkers, consisting of only one
measurement, was far more variable, but single microRNAs and proteins are generally
more promising as compared to other biomarker types.

Conclusion: Panels of microRNAs and proteins are most promising biomarkers, while
single biomarkers such as GFAP, IL-10 and individual miRNAs also hold promise. It is
possible that panels are more accurate once these are involved in different,
complementary cancer-related molecular pathways, because not all pathways may be
dysregulated in cancer patients. As biomarkers seem to be increasingly dysregulated in
patients with short survival, higher tumor grades and more pathological tumor types, it can
be hypothesized that more pathways are dysregulated as the degree of malignancy of the
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glial tumor increases. Despite, none of the biomarkers found in the literature search seem
to be currently ready for clinical implementation, and most of the studies report only
preliminary application of the identified biomarkers. Hence, large-scale validation of
currently identified and potential novel biomarkers to show clinical utility is warranted.
Keywords: diagnostics, liquid biopsy, blood, glioblastoma, glioma
INTRODUCTION

Gliomas, and especially glioblastomas, are one of the most
devastating primary tumors of the central nervous system with
a dismal prognosis. Definite diagnosis of the disease is
particularly dependent on tumor tissue assessment, though
repetitive collection of tumor tissue to track tumor molecular
evolution and/or tumor progression and regression is not
desired. Part of such follow-up monitoring can be done via
(advanced) imaging techniques. Also, the past years a plethora of
research has been published in which blood-based biomarkers
for glioma were utilized with various purposes. This is in line
with the upcoming field of so-called ‘liquid biopsies’ in other
(solid) tumor types. Blood-based biomarkers were found to be
helpful as (early) diagnostic markers, including tumor grade and
brain disease differentiating markers, prognostic, predictive, and
monitoring markers (1–3) in glioma patients. Early diagnostic
blood markers are biomarkers that can be utilized to predict
development of glioma in individuals years before clinical or
radiological signs can be noticed. These markers may be useful to
screen patients with familial disorders such as neurofibromatosis
type I, Li–Fraumeni syndrome and others that are at risk of
development of a glioma (4). The term ‘diagnostic marker’ in this
systematic review implies markers that were used to differentiate
between healthy individuals and glioma patients. The terms
‘tumor grade and brain disease/tumor type-differentiating
markers’ are employed to further classify glial tumors in
glioma patients. Predictive markers can be employed to predict
response to therapy and thus aid in correct therapy selection by
examining the expression of histopathological features present in
the glial tumor. Lastly, monitoring markers can be used to
monitor tumor volume or monitor tumor progression as
opposed to pseudoprogression after treatment. Tumor volume
monitoring biomarkers that are stated in this review, were
mainly used to predict tumor volume pre-treatment, but may
also have use as volume monitoring markers after treatment. An
example of how the different biomarker types may be employed
during the clinical course of a typical glioma patient is detailed in
Figure 1. Here, the timing of different biomarker types during
and before treatment of future glioma patients is illustrated,
along a timeline of clinical events in high- and low-grade glioma
patients. Currently, it remains unclear which biomarkers or
which combination of biomarkers will have most clinical
utility. The aim of this systematic review is to identify and
highlight the most promising and well-researched blood-based
biomarkers for patients with glioma. Identification of a novel
biomarker should start with the desired clinical groups to
separate in mind. Distinguishing these groups should have
254
clinical relevance, e.g. monitoring progression of lower-grade
glioma patients to a secondary glioblastoma thereby tailoring
treatment and providing prognostic information, or
identification of patients with glioblastoma on treatment that
develop tumor pseudo-progression as opposed to true-
progression, thereby optimizing treatment schedules. With this,
we believe that a promising biomarker should meet several
criteria. First, the accuracy of the biomarker should be
sufficiently high, measure exactly the difference between the
clinically relevant groups without contribution from
confounding variables, and adjusted towards its clinical
context. For example, a diagnostic biomarker should be very
precise, whereas predictive biomarkers should be very specific In
order to not withhold patients potential therapeutic options.
Second, a biomarker should be resistant to inter- and intra-
individual factors, such as diurnal variation, body temperature,
comorbidities, medication, radiation therapy, exercise, fasting,
sex, and race. Following, the analytical devices that are used to
measure the biomarker should be relatively cheap, easy to
operate, sensitive in determining low concentrations of
biomarker and specific for the biomarker, avoiding false-
positive test results. Lastly, the biomarker should have been
tested in several (preferably independent) studies with large
patient populations, which include independent validation
cohorts. Here, we provide a useful and easily accessible
overview of the studies performed so far, after which we
discuss the most promising markers that may deserve further
validation. The review has been subdivided into several
biosources and biomolecules as illustrated in Figure 2, and will
close with a discussion of this dynamic field.
METHODS

Search Strategy and Study Selection
We conducted systematic searches in the bibliographic databases
PubMed and Embase from inception up to August 7, 2020. The
following terms, including synonyms and closely related words,
as index terms or free-text words were used: “Glioma”, “Blood”,
“Biomarkers”. These were combined with possible purposes of
biomarkers such as prognosis, diagnosis, monitoring and other
related terms. Duplicate articles were excluded. The references of
the identified articles were searched for relevant publications.
The full search strategies for PubMed and Embase can be found
in Supplemental Tables 1 and 2. Three authors independently
screened all potentially relevant titles and abstracts for eligibility.
If necessary, the full-text article was reassessed for the eligibility
criteria. Differences in judgement were resolved through a
June 2021 | Volume 11 | Article 665235
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consensus procedure. Studies were included if they met all of the
following criteria: i) Histologically proven glial tumors; ii)
Measured biomarker concentrations in whole blood, serum or
plasma; iii) Correlation of the biomarkers with at least one of the
following: glial tumor diagnosis, glial tumor grade, (glial) tumor
type such as astrocytoma or oligodendroglioma, overall survival
of patients, glial tumor manifestation prior to diagnosis, and
tumor burden; iv) Included measures, such as Area Under the
Curve (AUC), accuracy, hazard ratio (HR), sensitivity, specificity
values and/or the degree of significance using a p-value. We
excluded studies if they i) Reported on biomarkers found in CSF,
tumor tissue or other non-hematogenous fluids such as cyst
fluid; ii) Were of the following publication types: editorials,
letters, interviews, case reports, animal studies, in vitro studies,
pediatric studies, or (systematic) reviews; iii) Did not analyze
biomarker value in a glioma-only (sub)group; iv) Reported on
prognostic biomarkers when patients with glial tumors were
treated with experimental treatments; v) Were published in
Frontiers in Oncology | www.frontiersin.org 355
languages other than English; vi) Described biomarker(s)
which lacked substantial evidence relative to the biomarker
categories. Substantial evidence is quantified as able to
differentiate between clinically relevant groups in at least four
independent studies. The process of retrieving all articles relevant
to our systematic review is summarized in a Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
flowchart (see Figure 3).

Data Extraction and Study
Quality Assessment
Details per study (e.g. biosource and biomolecule), study
population type (e.g. glioma or glioblastoma patients) and
marker clinical group separating ability quantified as AUC,
sensitivity, specificity, accuracy or hazard ratio can be found in
the Supplementary Materials. In the Supplementary Tables,
biomarkers are separated by purpose as diagnostic
(Supplemental Tables 3–5), prognostic (Supplemental Table 6),
FIGURE 1 | Timeline of clinical events for glioma patients and possible blood-based biomarkers that could be employed at different points in time. The straight lines
indicate timelines for two example glioma patients [upper blue line for a lower-grade glioma (LGG) patient, lower red line for a high-grade glioma (HGG) patient].
Clinical events that occur on either timeline are indicated using dots and the clinical events are described in boxes connected to the dots. Early diagnostic markers
have been found more than two decades before glioma diagnosis and could be used as a screening tool in the healthy population for patients older than 50 years.
At the time of clinical or radiological findings that may indicate the growth of a glial tumor, diagnostic, tumor grade and disease differentiating biomarkers may be
used to supplement the diagnostic procedure. Following, surgery (tumor tissue biopsy and/or tumor resection) may be performed, including either tumor resection or
only a tumor tissue biopsy for definite histopathological diagnosis. At this point, the brain tumor is identified as a HGG or LGG. Following discussion of the case in a
multidisciplinary tumor board, treatment may be initiated in patients with more malignant tumor types, while patients with less malignant tumor types may be
subjected to frequent follow-up using monitoring markers and radiological imaging to monitor potential tumor progression. At the moment of tumor progression in
patients with less malignant tumors or directly after surgical resection in patients with malignant tumors, predictive markers may provide additional information on the
potential benefit of adjuvant treatment. Anti-tumor treatment with conventional chemo- and/or radiotherapy (CCR) is currently usually initiated at this point. Monitoring
blood markers can detect tumor volume decrease over time. Patients with complete or partial response can be followed using radiological imaging and monitoring
markers to distinguish between tumor progression or pseudoprogression. Patients with stable disease, progressive disease or tumor progression after complete or
partial response may be admitted for experimental treatments. For each biomarker purpose, several potential blood-based biomarkers are listed aTocopherols;
bmiR-21; cGFAP; dPanels of miRNAs, proteins and metabolites; eIL-10; fNLR; gYKL-40; hF-NLR; iF-NLR-AGR. Figure was adapted from “Cell Transfer Protocol”, by
BioRender.com (2021). Retrieved from: https://app.biorender.com/biorender-templates.
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predictive (Supplemental Table 7), and therapy monitoring
(Supplemental Tables 8 and 9) markers. A separate table with
panels of biomarkers and their potential function has been added
as well (Supplemental Table 10). The summarized methodologies
and results of included studies were used to critically assess the
quality of the included studies. The evaluation of study quality is
discussed in the results section.
RESULTS

Study Selection and Characteristics of
Selected Studies
The literature search generated a total of 7,919 references of
which 3,596 were identified in PubMed and 4,323 in Embase, of
which 262 studies were eligible for inclusion (Figure 3). A
plethora of biomarkers were identified that could differentiate
between clinically relevant patient groups. However, most
markers were only found to be dysregulated in one group as
compared to the other in only one or two studies. Therefore, we
describe in this systematic review only markers that could
differentiate between clinically relevant groups with significant
results in at least four independent studies. We regarded these as
the most promising biomarkers. Many studies did not include
large patient or control populations of >100 patients or any
validation cohort at all. Also, studies often did not report
biomarker accuracies. The markers were divided into four
relevant biomolecule groups: proteins, nucleic acids, circulating
cells and metabolomics, and the most promising markers within
Frontiers in Oncology | www.frontiersin.org 456
these categories are discussed below. Due to word restrictions, we
decided to report on glioma patients in general, and in most cases
not per histopathological subtype separately, though we do
understand that such separation is of clinical importance. The
histopathological classification of gliomas is continuously
developing with implementation of multiple (novel) molecular
tissue markers (4). Hence, in retrospect it is not always possible
to correlate the patients’ diagnoses as provided in the identified
studies to the current standards. We decided to report the
diagnosis as provided in the referenced studies.
PROTEINS AND PEPTIDES

Interleukins
Interleukins (ILs) are a group of cytokine proteins usually
secreted by inflammatory cells by means of inter-inflammatory
cell communication. Interleukins can promote or inhibit
carcinogenesis. It is possible that glial tumors create a
protumor environment by actively secreting (5, 6) and/or
recruiting brain-resident cells such as microglia to stimulate
the secretion of cytokines with pro-tumorigenic functions (7).
Interleukins such as IL-1b (8–12), IL-6 (8–10, 13–17) and IL-10
(8, 10, 13, 18–23) have been found to be increased in glioma
patients compared to healthy individuals. Accuracies of AUC =
0.9-1.0 (13) and a sensitivity 95% and specificity of 85% (19),
have been found. However, IL-1b (21, 24) and IL-6 (21, 22, 25,
26) concentrations were also found to not be changed compared
to controls or even decreased in glioma patients compared to
FIGURE 2 | Overview of possible blood-based biomarkers for glioma and their purposes. Schematic overview of the several biosources (plasma, serum,
extracellular vesicles, blood platelets, circulating immune cells, and circulating glioma tumor cells) and biomolecules (proteins, nucleic acids, metabolomics and
peptides) that are identified for patients with glioma. These biomolecules can be collected in a vial of blood, and employed as a diagnostic, prognostic, predictive, or
therapy monitoring marker. Figure was created with BioRender.com.
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controls. IL-1b (12) and IL-6 (17) levels may also be increased in
patients with higher glioma grades, however other studies could
not find a significant difference in IL-6 concentrations between
patients with higher and lower glioma grades (25–27).
Furthermore, IL-6 (17, 28) and IL-10 (21) have been found to
be correlated with worse survival, but other studies could not
confirm this for IL-6 (14, 25, 29–31). Thus, interleukins may be
potential biomarkers, especially for glioma diagnosis.

S100 Protein Superfamily
Several S100-family members have been reported to contribute
in vivo to tumor growth, metastasis, angiogenesis and immune
invasion (32). Proteins from the S100 protein family including
S100A8, S100A9 and S100B have been found to be increased in
the blood of glioma patients compared to healthy individuals in
multiple studies (33–39). However, it has also been reported that
S100B is not changed in glioma patients compared to controls
(40). Furthermore, it is unclear whether proteins of the S100-
family are correlated with tumor grade (38, 40), tumor volume
(39, 40) and survival (34, 41, 42). The accuracy of the
inflammatory biomarker S100A8 is promising with a diagnostic
AUC of 0.9 in glioblastoma patients (34). Glioblastoma and
anaplastic astrocytoma patients could be differentiated with an
AUC of 0.7 (34).
Frontiers in Oncology | www.frontiersin.org 557
TNF Protein Superfamily
Tumor necrosis factor (TNF) was reported to be a major mediator
of cancer-related inflammation and is elevated in cancer patients
with poor prognosis (43). In vitro studies with glioma cells have
shown that TNF can stimulate angiogenesis, downregulate the
tumor suppressor gene PTEN and increase glioma cell
invasiveness (44). Currently it is unclear whether TNF-alfa and
TNF-beta are increased (9, 10, 14, 45), decreased (16, 20) or not
changed in the blood of glioma patients (8, 13, 31).

Acute-Phase Reactant Proteins and Other
Inflammatory Protein Markers
Acute-phase (reactant) proteins (APRPs) are proteins that
become increased (positive APRPs) or decreased (negative
APRPs) in serum or plasma by at least 25% in response to an
inflammatory stimulus (46). As gliomas and other cancers are
characterized by chronic inflammation, it is possible that APRPs
are altered in patients with cancer and can be employed as
biomarkers. Indeed, in many other cancer types positive APRPs
such as a1-antitrypsin and ceruloplasmin have been found to be
increased, while negative APRPs such as kininogen and a2-HS
glycoprotein are found to be decreased (47). Similarly, in glioma
patients many positive APRPs such as haptoglobin (48–51) or
CRP (14, 48, 52, 53) were increased compared to healthy
FIGURE 3 | PRISMA diagram showing the amount of records found through database searching and reference checking, the amount of records screened and
removed using exclusion criteria and the amount of records included in the final qualitative synthesis.
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individuals with AUCs around 0.8 (50, 52, 53) (see
Supplemental Table 3). However, it is not clear whether
negative APRPs and markers of reduced inflammation such as
albumin, the prognostic nutritional index (PNI) and the
albumin-globulin-ratio are decreased or remain unchanged
(54, 55). Glioma tumor grade may be correlated with an
increase of positive APRPs and a decrease of negative APRPs.
The positive APRP fibrinogen was increased in patients with
higher tumor grades (56–58) and similar results were also found
for the related inflammatory marker F-NLR-AGR (57). The
negative APRP marker albumin was decreased (56, 58) in
patients with higher tumor grades, as is for the serum markers
Albumin-Globulin-Ratio (AGR) and PNI (54–56, 58, 59), but
these significant results were refuted in other studies (55, 57).
The grade discriminative AUCs of both positive and negative
APRPs were between 0.6 and 0.7 (54, 56, 58).

Several positive APRPs have been found to be dysregulated in
patients with glioma with longer compared to shorter survival.
The inflammatory marker CRP has been found to be decreased
in the serum of patients with longer survival (52, 60, 61), but the
prognostic value was low [(HR)=1.0] (52). However, significant
results could not be confirmed elsewhere despite large patients
series and multivariate analyses (14, 28, 62, 63). Furthermore,
fibrinogen (56, 57, 64), fibrinogen-NLR score (64), F-NLR-AGR
(57) and fibrinogen-albumin score (65) were all increased in
glioma patients with worse survival. HRs were between 1.5-3.8
for fibrinogen and its related markers. Negative APRPs and
markers of reduced inflammation such as albumin (56, 66–68),
AGR (57, 69, 70), PNI (59, 69, 71), and the Sanbo Scoring System
(72), were elevated in patients with prolonged survival compared
to patients with shorter survival. However, other studies could
not find a significant relationship between albumin (70, 71, 73,
74), AGR (75), PNI (74, 76) and survival. Lastly, APRPs may also
have use as a marker to differentiate between glioma patients and
patients with other intracranial diseases and as markers to detect
IDH1-mutation and MGMT-methylation status. However,
research on these topics is scarce at this moment. In all, it
seems that positive APRPs and markers of increased
inflammation are increased while negative APRPs and markers
of reduced inflammation are decreased in patients with glial
tumors and in particular patients with more malignant glial
tumors (see Supplemental Tables 3–8).

GFAP
Glial fibrillary acidic protein (GFAP) is a protein that is mainly
expressed by astrocytes and aids in the maintenance of astrocytic
structure and stability. Blood levels of GFAP can be increased
after injury of the brain through strokes (77), traumatic brain
injuries (78), and after brain surgery, including glioma resection
(79–81). The blood levels are typically increased in the context of
destruction of glial cells and opening of the blood-brain-barrier.
As both usually do not occur in non-acute brain diseases such as
multiple sclerosis or brain metastases, GFAP may be a specific
marker for gliomas. Indeed, GFAP values (38, 80, 82–85) were
found to be elevated in glioblastoma patients, but diagnostic
sensitivities were rather variable: between 33% and 86% of
glioblastoma had elevated GFAP concentrations (38, 82–86).
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GFAP diagnostic specificities were more uniform and ranged
between 85-100% (80, 82, 84). However, GFAP concentrations
were not elevated in the circulation of glioma patients with
tumor grades lower than grade IV (80, 82, 85). Furthermore,
GFAP was increased in patients with glioblastoma as compared
to patients with lower tumor grades (38, 80, 82–85, 87) and in
glioblastoma patients compared to patients with other brain
pathologies such as brain metastases, meningioma or pituitary
adenoma (38, 81, 82, 84–86, 88). Also, GFAP levels were
increased in patients with worse survival (80, 84), greater
tumor volume (40, 80, 82, 86, 88), higher Ki67 proliferation
index and lack of IDH1-mutation (80). However, it was not
always confirmed that circulating GFAP is correlated to tumor
volume and survival (83). Thus, GFAP is a promising marker
and might have value as biomarker for glioblastoma diagnosis,
grade and tumor type differentiation.

YKL-40
YKL-40 is a glycoprotein that is secreted by macrophages,
chondrocytes and several cancer cell types (89), including
glioma cells (90). The exact functions of YKL-40 in cancer are
unknown, however, it may stimulate angiogenesis, cell
proliferation, prevent cell apoptosis (91), and aid in tissue
remodeling during inflammation (89). YKL-40 is found to be
increased in cancer and in inflammatory diseases such as Crohn’s
disease, COPD, ulcerative colitis and others (89). YKL-40 was
found to be increased in glioma patients as compared to healthy
individuals (86, 92–95). The AUC in one study was 0.9 (93).
Furthermore, YKL-40 is increased in patients with high-grade
glioma compared to patients with low-grade glioma (93, 94, 96).
Also, high baseline YKL-40 and increases in YKL-40 during
treatment were correlated with worse survival in glioma patients
with hazard ratios between 1-2.2 (25, 95–98). However, it was
also found that YKL-40 was not correlated with survival (99) and
tumor volume (94, 96, 97). In all, YKL-40 is an interesting
marker, especially for predicting patient survival.

VEGF
The vascular endothelial growth factor (VEGF) is one of the
growth factors that aids in glioma neovascularization and a well-
studied biomarker in glioma patients. VEGF has been researched
extensively and has been found to be increased in glioma patients
(10, 12, 14, 16, 100–107). However, multiple other studies did not
find a significant difference (22, 24, 108–111). The same
controversial results were also found in other studies when
VEGF was used as a blood biomarker for other purposes such
as tumor grade differentiating marker (12, 102, 103, 112, 113),
tumor type differentiating marker for patients with glioblastoma
and patients with intracranial metastases (103, 104, 114) and
prognostic marker in patients that received several types of
therapies (14, 19, 29, 31, 112, 115). It remains unclear why
such differences have been found. It is possible that patient
populations were too small to find a significant effect as both in
studies with and without a significant effect of VEGF, most of the
studies included small patient populations (<100 patients).
Hence, VEGF does not seem to be a promising blood
biomarker at this moment.
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Coagulation in Glioma
It is well known that cancer causes hypercoagulability that can
result in venous thromboembolisms (VTE), disseminated
intravascular coagulation and other coagulation disorders. The
relation between brain cancer and thrombo-embolic events seems
to be especially strong, as brain tumor patients had the second
highest rate of thrombo-embolic events from malignancies in 18
organs (116). It is possible that this hypercoagulable state can be
retraced in the blood of glioma patients if procoagulant factors are
increased while anti-coagulant factors are decreased. It was seen
that a multitude of coagulation markers and procoagulant factors
were significantly increased in the circulation of glioma patients
compared to healthy individuals such as prothrombin factor 1 + 2
(14), tissue factor (117), coagulation factor VII (19) and P-selectin
(118). Procoagulant markers correlated with tumor grade and
worse prognosis (see Supplemental Tables 4 and 6). Especially
fibrinogen is well researched and often found to be correlated
with grade (56–58) and survival in glioma (56, 57) and
glioblastoma (56, 64) patients with moderate grade
differentiating abilities (56, 58) and moderate prognostic
abilities (HR=1.5) (64). Contrary, anti-clotting factors were also
found to be increased (see Supplemental Tables 3, 4 and 6).
Here, it may be possible that anti-clotting factors are reactively
increased as a response to the prothrombotic state that is created
by the tumor. However, it is also possible that the tumor
stimulates the increase in anti-thrombotic proteins, as these
may facilitate metastasis by degrading the extracellular matrix
and allowing tumor cells to invade blood vessels (119).

Panels of Peptides and Proteins
Biomarker panels of two to over 100 markers were used with
various purposes in glioma patients. In general, larger panels could
differentiate between patients and controls or different patient
groups with different grades, tumor types or survival with higher
accuracies. Inflammation, immune response and cell proliferation
related markers were dysregulated such as interleukins (13), TNF-
alfa (13), CRP (52), YKL-40 (86) and FGF-basic (13). Functional
analysis revealed enrichment of pathways that are dysregulated in
cancer cells such as apoptosis pathways, immune function pathways
and others (13, 52). Several protein and peptide panels could
differentiate between glioma patients and healthy individuals with
high accuracies with sensitivities and specificities >85% (13, 52, 86,
120–123). Only two panels had modest value as diagnostic markers
with an AUC of 0.6 (16) and 74% accuracy (124). One protein panel
(122) and several proteins or peptides from other panels (120, 123)
could also differentiate between glioma patients with different tumor
grades. Lastly, panels could differentiate between patients with better
and worse prognosis (16, 125), and between patients with different
intracranial tumors (123).
NUCLEIC ACIDS

MicroRNAs
miRNAs are short, single-stranded RNAs of approximately 22
nucleotides in length, which bind and regulate translational
repression or degradation of messenger and other RNAs (126).
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MicroRNAs may be ideal blood-based biomarkers as they are easily
accessible in body fluids (127), are stable under harsh extrinsic
conditions such as significant changes in temperature (128), and are
protected from intrinsic conditions such as degradation by RNAses
(129). Indeed, microRNAs can be found in biofluids such as serum,
plasma, urine and cerebrospinal fluid and have shown to be
deregulated in various cancer types such as renal cell carcinoma
(130) and melanoma (131). Also, research is accumulating
indicating that the blood of glioma patients has a unique miRNA
expression pattern. However, it has been noted that miRNAs may
not be good biomarkers as the brain has little influence on miRNA
concentrations in blood as compared to other organs (132) and
because differences in blood cell counts may more prominently
influence variation in circulating miRNA profiles (133, 134).
Despite that, miR-21 (135–143), miR-182 (144–148) and miR-222
(139, 149, 150) were all found to be increased in the blood of glioma
patients as compared to healthy individuals. However, miR-21 (151,
152) and miR-222 (136) were also found to not have significantly
different results in patients compared to controls. Diagnostic
sensitivities and specificities of the miRNAs in glioma patients
ranged from 47% to perfect accuracy (136, 139, 141, 148, 149).
miR-21 (136, 139), miR-182 (146, 147) andmiR-222 (139) were also
correlated with tumor grade and an AUC of 0.8 was reported for
miR-21 (139). Furthermore, miR-21 (143) and miR-222 (139)
might also have use as a marker to differentiate between glial
tumors and other intracranial tumors. Lastly, miR-21 (141), miR-
182 (148, 153) and miR-222 (149, 150) may have value as
prognostic markers and HRs of 1.3 (148) and 2.8 (149) have been
reported. Remarkably, it was also found that miR-21 was
upregulated years before glioma manifestation in patients (154).

Panels of microRNAs
In general, combination of microRNAs increased the accuracies
of markers as compared to single microRNAs. Small panels of
microRNAs which studied marker concentrations in two or three
microRNAs could differentiate between glioma patients and
controls with an AUC of 0.8 (139) and sensitivities and
specificities between 70%-100% (138, 155–157). When larger
miRNA panels were used, diagnostic accuracies of tests tended to
increase. Using a panel of nine miRNAs as diagnostic markers,
50 and 90 glioma patients could be differentiated from healthy
individuals with high accuracy with an AUC of 1.0 (151) and
accuracy of 99.8% (137), respectively. However, a 180-miRNA
panel in whole blood could distinguish between glioblastoma
patients and healthy individuals with ‘just’ 81% accuracy (158).
Patients with glioblastoma could be differentiated from lower
grade patients with an AUC of 0.9 (159), also certain miRNA
combinations were highly prognostic for glioma patients with
HRs of 3.1 (151) and 0.4 (160), or could differentiate between
patients with different brain tumors with an AUC of 0.8 (157).
Lastly, the development of pulmonary embolisms could be
predicted in glioma patients with an AUC of 0.8 (161).

Cell-Free DNA
Cell-free DNA (cfDNA) refers to fragmented DNA freely
circulating outside of cells in blood plasma. cfDNA partly
consists of DNA derived from tumor cells. cfDNA is often
June 2021 | Volume 11 | Article 665235

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


Ali et al. Blood-Based Biomarkers for Glioma
analyzed by examining circulating DNA from patients and
searching whether there are tumor-specific mutations,
deletions and/or amplifications present. The majority of
cfDNA is released by non-tumor cells including (neighboring)
inflammatory, stromal and other (healthy) cells, thereby
searching for tumor-derived materials is considered to be a
needle in a haystack. While both serum and plasma were used
as biosource for cfDNA, it has been reported that serum contains
around six times as much amounts of free cfDNA as compared to
plasma with low levels of contaminating extraneous DNA
released from leukocytes (162). Evidence is accumulating that
the amount of cfDNA molecules and individual sequences of
cfDNA can be employed as tumor biomarkers. First, it has been
shown that total number of cfDNA molecules can be used as
diagnostic marker to differentiate between glioma patients and
controls (163, 164), tumor type differentiating marker (163),
tumor progression marker (165), and prognostic marker (164).
However, it remains unclear whether total cfDNA can also be
used as a marker to estimate and monitor tumor burden (164–
166). Furthermore, mutations and copy number variations in
cfDNA can also be utilized to differentiate between glioma
patients and controls (164, 166–170). Diagnostic sensitivities
ranged from 50% to near perfect accuracies. Especially selection
of cfDNA fragments between 90-150 base-pairs drastically
improved detection accuracies. Moreover, mutations in
therapeutically relevant genes such as TP53 and EGFR could
also be found in cfDNA (164, 167) but were not always
concordant with mutations in tumor tissue.

An alternative and highly potential biomarker may be
methylation patterns in cfDNA of glioma patients. DNA
methylation is one of three epigenetic mechanisms used to alter
gene expression and can contribute to cancer development
through regional hypermethylation and global hypomethylation
(171). Methylation of tumor suppressor genes can silence tumor
suppressor genes, while global hypomethylation of repetitive
genomic elements can lead to elevated expression of oncogenes
and chromosomal instability (171). In cfDNA of glioma patients,
global hypomethylation of repetitive Alu elements and regional
methylation of tumor suppressor genes such as MGMT were
studied. Global hypomethylation of Alu elements was correlated
with glioma diagnosis, higher tumor grade, shorter survival and
lower Karnofsky Performance Score (172, 173). Also, it was
recently reported that cfDNA methylation profiles have
remarkable diagnostic capabilities in high-grade as well as in
low-grade glioma with AUCs near 1.0. cfDNA methylation
profiles also displayed high brain tumor differentiating
capabilities with AUCs between 0.7-0.8 (174). Concordance of
promoter methylation in tumor suppressor genes such as MGMT
in cfDNA with their counterparts inside tumors, was observed
with varying sensitivities 31%-80% but with high specificities all
near 100% (175–182). Lastly, lack of MGMT promoter
methylation in cfDNA could be used as a prognostic marker
with hazard ratios between 2.0-2.2 (180, 182). While cfDNA
methylation methods are of interest as markers with multiple
purposes, so far the patient populations in which these methods
were studied were often small (50 or less patients).
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CIRCULATING CELLS, EXTRACELLULAR
VESICLES, AND METABOLOMICS

Circulating Glioma Cells
It has been suggested that circulating tumor cells (CTCs) are the
driving cells of tumor metastasis. Extracranial metastases occur
very rarely in patients with glioma and with an (estimated)
incidence of less than 0.5% (183, 184). Despite this, several
research efforts have been investigating the existence of
circulating glial tumor cells (CGTCs) using a variety of
methods, with highly variable results. Diagnostic sensitivities
were reported between 21%-80% (185–192). Apart from
diagnosis, CGTCs might also have other purposes. However,
the cells were often not correlated with tumor grade (187, 190,
192), survival (188) or tumor burden (189) and they could not be
used to differentiate between different glial tumor types (187).
Interestingly, CGTCs have also been investigated as a tool to
differentiate between tumor recurrence and radiation necrosis
(192), and to differentiate between pseudoprogression and actual
tumor progression (186, 190, 191), though such applications are
definitely not ready for implementation in the current
daily clinics.

Blood Platelets
It is well documented that platelets influence cancer cells in
multiple ways, for example, platelets are known to promote
tumor angiogenesis, tumor cell proliferation, metastasis and
aid in immune surveillance escape of tumor cells (193).
Because platelets stimulate tumor activities to a large degree, it
is possible that platelet counts and content are altered as well in
patients with glioma. However, currently platelet counts have
variable results as biomarkers in glioma. Platelet counts were
found to be increased in glioma patients (93, 100, 194) as well as
non-significantly changed (54, 55, 118, 194) compared to healthy
individuals. In most studies, platelets were observed to be non-
significantly altered in patients with higher grade glioma
compared to lower grade glioma (54, 58, 93, 195–197).
Furthermore, there is overwhelming evidence that platelet
counts are not correlated with patient prognosis in glioma
patients (62, 70, 71, 93, 198–205). Moreover, platelet counts
are not different in glioma patients as compared to other
intracranial pathologies such as epilepsy and non-glial brain
tumors (54, 206, 207). Aside platelet counts, researchers,
amongst us, have noted that platelets may have altered protein
content (208) and RNA content, due to sequestration of tumor-
derived RNAs. The RNA content of these so-called ‘tumor-
educated-platelets’ (TEPs) may be employed to distinguish
cancer patients from healthy individuals (209). Also other
research groups have confirmed that TEPs have good accuracy
in distinguishing between healthy individuals and patients with
various types of cancer (210–214). There are many obstacles that
can interfere with the results of the TEPs such as age-related
factors (215, 216), pre-analytical variables, and inflammatory
and cardiovascular disease (217). Despite this, our data suggests
that platelet RNA profiles may be employed for diagnostics of
lower-grade glioma and glioblastoma, and potentially tumor
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treatment monitoring (209, 218, 219). Hence, platelets may
contain promising information regarding the presence and
treatment response of glioma.

White Blood Cells
In glioma patients it was often observed that WBC counts were
increased compared to controls (21, 54, 55, 100, 118, 220).
However, it was also found that leukocytes are not significantly
changed in glioma patients compared to controls (21, 194),
potentially due to dexamethasone use (221–224). Furthermore,
it remains unclear whether WBCs are correlated with higher
tumor grades (54, 55, 195, 201, 225, 226) and worse survival (23,
61, 62, 71, 201, 227) as many studies reported both statistically
significant and non-significant results (144). Moreover, it was
found that leukocyte counts were increased in glioma patients
compared to patients with neuromas (54), non-lesional epilepsy
(54) and meningioma (54, 161) and lack of IDH-mutation (201).
However, it was also found that WBCs are not different in glioma
as compared to meningioma patients (55). At this moment, total
white blood cell counts are not considered promising as a blood-
based marker for glioma.

Lymphocytes
Lymphocytes mainly consist out of three groups: T-cells (CD-3+),
B-cells (CD-20+) and NK-cells (CD-56+). It was found in
multiples studies that total lymphocyte numbers are not
changed in glioma patients as compared to controls (21, 55,
100, 194, 228, 229). However, significant decreases in total
lymphocytes were noted as well in glioma patients (54, 206,
228). This significant decrease might be attributed partly due to
the use of dexamethasone (229). Total lymphocyte counts were
lower in patients with higher tumor grades (54, 55, 196, 197, 201)
and one study reported a tumor grade differentiating AUC of 0.6.
Also, many studies reported that total lymphocyte numbers were
not correlated with survival in glioma patients (62, 70, 71, 74, 198,
201, 202, 204, 205, 227, 230–233) though two studies reported
that increased numbers of total lymphocytes were associated with
prolonged survival (234, 235). Furthermore, total lymphocytes
were not changed in glioma patients as compared to patients with
brain metastases (206, 207), but it remains unclear whether total
lymphocytes are changed in glioma patients as compared to
meningioma (54, 55, 206) and epilepsy patients (54, 206).
However, lymphocytes were also not correlated to tumor grade
in two other studies (58, 196) or with IDH-1/2 mutation status
(201, 236).

Total T-cells numbers were seen to be significantly decreased
in glioma patients in multiple studies with high statistical
significance (20, 21, 23, 229, 237, 238). Two other studies did
not find a difference in malignant glioma patients (21, 24).
Corticosteroids usually did not influence total T-cell counts
(21, 23, 223), however, in one study corticosteroids did cause a
significant decrease in CD3+-cell counts (229). Thus, more
research is needed to determine whether CD3+ cells are altered
in glioma patients. It may be possible that T-cells are decreased
because of a decrease in CD4+-cells, which has often been
reported in glioma patients (20, 21, 23, 229, 238–240).
However, other studies did not find a significant difference
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between glioma patients and controls (21, 241, 242) in terms
of CD4+-counts in blood. CD4+-cells have been found to be
negatively correlated with glial tumor grade (20, 243) as well as to
not be correlated with increasing tumor grades in glioma
patients. Decrease in CD4+-cell counts was inversely related to
survival in glioma patients (233, 243), but not related to IDH1-
status (236).

There is little evidence for NK-cells as blood-based glioma
biomarker. In several studies NK-cells (CD3+/CD56+, CD3-/
CD56+ or CD16+/CD56+) were not significantly altered as
compared to healthy individuals in glioma patients (23, 229,
244, 245). However, certain NK-cell populations were seen to be
significantly decreased (23, 245) or increased (238) in glioma
patients. Also, CD16+/CD56+-NK-cells had prognostic value
(23). CD8+-cell counts were not altered in glioma patients in
most studies (21, 238, 239, 242). It remains unclear whether
CD8-cell counts are correlated with patient survival (23, 233)
and lower tumor grades (20). There is a lot of controversial
evidence concerning the value of lymphocytes and
subpopulations of lymphocytes as biomarkers in glioma and
glioblastoma patients. However, the majority of studies agree
that total T-cells and CD4+-cells may be promising as a
diagnostic marker.

Neutrophils
Neutrophils were found to be increased in glioma patients
compared to controls in the majority of the studies (21, 54, 55,
194, 220). Furthermore, higher-grade glioma patients were often
reported to have increased neutrophil counts as compared to
patients with lower-grade glioma (54, 55, 58, 196, 197, 201, 226,
246). Grade differentiating AUCs between 0.6-0.7 were reported
(55, 58, 201). It remains unclear whether neutrophils are related
to IDH mutation status (201, 236). Moreover, glioma patients
had higher neutrophils compared to patients with a meningioma
(54, 161), neuromas (54) or epilepsy (54, 206). It was also found
that there was no difference between glioma or glioblastoma
patients and meningioma patients (55, 206), between glioma or
glioblastoma and metastases (206, 207) and grade III and grade
IV glioma patients (227) in terms of neutrophil counts. Multiple
studies reported that neutrophil counts had no prognostic value
in glioma patients (62, 70, 71, 198, 204, 205, 230, 234), however,
other studies found a negative correlation of neutrophil counts
with survival in glioma (201, 227, 231, 247) with HRs around 1.6
(227, 231). Thus, neutrophil count might be valuable as
diagnostic and grade differentiating marker.

Monocytes
It remains unclear whether monocyte counts (CD14+-cells and/
or CD16+-cells) are changed in glioma patients compared to
controls (54, 55, 106, 194, 229, 244, 248) or are related to tumor
grade (54, 55, 58, 197, 225, 246). However, monocytes with
reduced immune function and with mainly immunosuppressive
functions such as M2-macrophages (245, 249, 250) and HLA-
DR-low and HLA-DR-negative monocytes were significantly
increased in glioma patients as compared to controls (21, 244,
251), but cell counts might be confounded by dexamethasone use
(229). Also, less pro-inflammatory M1-macrophages were
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observed in glioma patients (249, 250). Total monocyte counts
could not be correlated to prognosis (62, 71, 227, 231).
Monocytes were found to not be different in glioblastoma
patients as compared to patients with brain metastases (207)
and increased in glioma patients compared to epilepsy (54),
meningioma (54, 55), or acoustic neuroma (54).

Neutrophil-Lymphocyte-Ratio
The Neutrophil-lymphocyte-ratio (NLR) may be a promising
marker for multiple types of cancers (252–255) and has the
potential to fulfill various biomarker roles. It is unclear how the
NLR can be dysregulated. However, a hypothesis is that tumors,
including glioblastoma (256), secrete hematopoietic factors such as
granulocyte-colony stimulating factor, granulocyte macrophage-
colony stimulating factor and IL-1 and IL-6, which stimulate
proliferation of neutrophils (257, 258). Also, tumors can secrete
neutrophil attractant chemokines (259) and turn neutrophils from
foe into friend via the secretion of TGF-beta (260). Tumor-
associated neutrophils can stimulate vascularization of the tumor
and inhibit lymphocyte function, weakening the antitumor response
(261). NLR and the derived NLR (dNLR; absolute neutrophil count/
(WBC count minus absolute neutrophil count) were increased in
glioma patients compared to controls (54, 55, 194, 206, 262).
Glioma patients with low NLR or derived NLR had longer
survival in multiple studies with large patient populations (57, 63,
64, 69, 75, 93, 201, 203, 204, 225, 226, 230, 234, 262–269) with HRs
mostly between 1.7 and 2.4. On the contrary, multiple studies
including those with larger patient populations could not find a
correlation between NLR and survival in glioma patients (62, 71,
198, 200, 205, 227, 247, 270). Furthermore, there is overwhelming
evidence that NLR is significantly increased in patients with higher-
grade glioma as compared to patients with lower-grade glioma (54–
57, 93, 195, 197, 200, 201, 213, 266, 271, 272). The AUC to
differentiate between patients with higher-grade and lower-grade
glioma was mostly between 0.6 and 0.7. It remains unclear whether
NLR values are increased in glioma patients compared to patients
with meningioma (54, 55, 206) or intracerebral metastases (206,
207), although it may be increased as compared to patients with
epilepsy (54, 206) or acoustic neuroma (54). Also, NLR values might
be correlated with IDH-mutation status (56, 63, 69, 201, 225, 226,
267) and increased tissue Ki-67 expression (267, 271). Finally, high
NLR correlated with tumor relapse (264), and decrease in NLR
during treatment with radiotherapy and concomitant
temozolomide was correlated with pseudoprogression (265). To
conclude, NLR might be correlated with clinicopathological
markers, survival and tumor grade. However, there is a lot of
conflicting evidence for most of these markers. There is
overwhelming evidence that NLR is related to tumor grade, but
the accuracies reported are too limited to apply NLR as a definite
diagnostics biomarker in the clinics.

Platelet-Lymphocyte-Ratio and Monocyte-
Lymphocyte Ratio
It remains unclear whether the platelet-lymphocyte-ratio (PLR)
and monocyte-lymphocyte-ratio may have use as a blood-based
marker in glioma. Controversial results have been found for both
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PLR (54, 55, 206) and MLR (54, 194) as diagnostic markers to
differentiate between glioma patients and controls. Similar
controversial results have also been found for PLR (54–56, 197,
201, 263, 266, 271) and MLR (54, 58, 197, 266, 271) as tumor
grade differentiating markers. PLR (63, 64, 69, 71, 75, 198, 204,
205, 263, 266, 267, 269) as well as MLR (69, 71, 75, 267, 271) were
found to not be prognostic in glioma patients in the majority of
studies. However, PLR and MLR might have some value as brain
disease differentiating marker for glioma patients as these
markers were significantly different in glioma patients as
compared to patients with epilepsy (54, 206) and non-glial
brain malignancies metastases (54, 55, 206, 207). Both markers
were rarely correlated with tumor tissue IDH-mutation (56, 63,
69, 201, 267) or MGMT-methylation status, and Ki-67
proliferation index (267, 271).

Systemic Immune Inflammation Index
The systemic immune inflammation (SII) index can be
calculated as follows: platelets * (neutrophils/lymphocytes). A
high SII-index was correlated with short survival in patients with
different cancer types (273–275). In glioma, an increased SII-
index was found in patients with higher tumor grades (58, 70,
195, 196) with AUCs of 0.6-0.8 (58, 196), respectively. The SII-
index was correlated with poorer prognosis (70, 267), and
patients with tumors with higher tissue Ki-67 proliferation
index (196), but was not correlated with tumor size (70).

Dendritic Cells
Dendritic cells are antigen presenting cells that can present
antigens for example from tumor cells to T-cells, which
subsequently activates these T-cells. Total dendritic cells and
its subpopulations (myeloid/conventional dendritic cells and
plasmacytoid dendritic cells) were found to be decreased in
blood of glioma patients compared to controls (21, 243, 276),
and these cell populations were also decreased in glioblastoma
patients compared to patients with lower tumor grades (243).
Furthermore, it was reported that an immature dendritic cell
population with increased immunoinhibitory effects on cells
(277) becomes increased in glioma patients, especially in
patients with higher tumor grades (243). Therefore, glial
tumors might actively weaken a patient’s immune system.

Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are immunoinhibitory
cells originating frommonocytes. MDSCs might be formed during
direct cell-cell contact with tumor cells possibly during infiltration
of the glial tumor (106). There are variable results concerning in
which glioma patients MDSC counts are changed. Total MDSCs
(33, 278–280), monocytic MDSCs (21, 33, 280, 281) and
granulocytic MDSCs (33, 278–281) were often significantly
increased in glioblastoma patients but non-significantly
altered in patients with lower grades. Furthermore, MDSCs
were increased in patients with poor prognosis (30) and
in glioblastoma patients as compared to other patients
with intracranial tumors such as anaplastic glioma or
meningioma (251).
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Regulatory T-Cells
Tregs are known for their immunosuppressive functions (282)
and have been shown to be associated with poor patient
prognosis in various cancer types (283). Tregs have been found
to be significantly increased in the blood of glioblastoma patients
as compared to healthy individuals (23, 229, 240, 284, 285).
However, Tregs were also found to be non-significantly altered in
glioma (21, 23, 241, 286) or even significantly decreased
(237, 240).

Extracellular Vesicles
Extracellular vesicles (EVs) are microparticles that are 30 to
10.000 nanometer in diameter. These vesicles are released by cells
and can carry proteins, lipids and nucleic acids from one cell to
another, thereby facilitating communication between cells (287).
Extracellular vesicles can be released from the plasma membrane
itself as microvesicles or can be released after fusion of
endosomes inside a cell with the plasma membrane as
exosomes (288). In glioma patients numbers of EVs (289, 290),
microparticles (291) and exosomes (292) in blood were increased
as compared to healthy individuals. EVs could potentially also be
used as markers for tumor relapse (289) or tumor progression as
opposed to pseudoprogression (293). Furthermore, the cargo of
EVs can be employed as biomarkers. The protein cargo level –
that is the total amount of protein loaded – from glioma patients
might have value as diagnostic marker (294, 295). Also, the
protein cargo itself is dysregulated and can be used to
differentiate between a group of healthy individuals and
patients with less malignant glial tumors, which have similar
protein cargo, and patients with highly malignant glial tumors
(296). EV protein cargo from glioblastoma patients was enriched
in proteins that were associated with inflammation, immune
response, members of the complement coagulation cascade and
others (289). Other studies found a decrease in immune system
related proteins IFN-g, IL-10, and IL-3 within plasma exosomes
from glioma patients (292). Furthermore, RNA inside exosomes
may increase tumor cell invasion and repress apoptosis (297).
Lastly, the surface protein profile of EVs are dysregulated (298,
299) and can be used as biomarkers to differentiate between
glioma patients and healthy individuals with high accuracy.

Single Metabolites and Metabolomic
Panels
Metabolomics is the analysis of small molecules in a biofluid, cell,
tissue, organ or organism (300) and can be used to study
metabolic pathways within the organism. Combinations of
metabolites such as creatine, glucose and lactate could
differentiate patients with brain tumors, glioblastoma,
oligodendroglioma, glial tumor, or astrocytoma from healthy
individuals with very high accuracy (AUC: 0.9-1.0) (301).
Patients with higher grade and lower grade tumors could be
differentiated with AUC of 0.7 (301) or 91% accuracy (302).
Tumor type differentiating metabolomic panels had variable
accuracies with AUCs between 0.4-0.8 (301, 303). Tumor
tissue IDH-mutation status could be predicted with an
accuracy of 94% (302). Single metabolites (303, 304) and
Frontiers in Oncology | www.frontiersin.org 1163
metabolite combinations (303) could predict survival of glioma
patients, even with near perfect accuracies. Remarkably, serum
metabolites such as tocopherols were found in two studies that
could predict glioblastoma up to 22 years before manifestation
(305) and glioma patients up to 9 years before manifestation
(306). The metabolic pathways that were dysregulated were often
involved energy metabolism including amino acid metabolism
(302, 303, 306, 307), lipid metabolism (303, 306, 307), nucleic
acid metabolism (302) and carbohydrate metabolism (302, 306,
307). Glucose and lactate in particular are interesting markers
and had value as blood biomarkers with several purposes,
possibly due to their role in the Warburg effect. Glucose levels
were reported to be increased in patients with higher tumor
grades (308) or worse survival (308–311). One study reported
that this was independent of the degree of disability, tumor
grade, diabetes, prolonged dexamethasone use, or subsequent
treatment modalities (309). Furthermore, it has been found that
glucose was related to tumor progression and it was higher in
patients with glial brain tumors such as glioblastoma and
oligodendrogliomas, but not in meningioma, as compared to
healthy individuals (301). Pre-treatment lactate levels (302, 312,
313) were increased in patients with high-grade glioma
compared to low-grade glioma patients with AUCs of 0.7 (312)
and 1.0 (313), and could potentially also be used as a diagnostic
marker (307).

Assessment of Risk of Bias and
Reproducibility of Included Studies
Using summaries of the methodology and results of the studies
that we referenced here (see Supplemental Tables 3–9), we
assessed risk of bias in the biomarker studies, similar to some
degree to the QUADAS-2 (314) and REMARK (315) guidelines
for quality assessment of diagnostic and prognostic biomarker
studies. We noted several limitations in the studies that were
reviewed concerning study population size, presentation of
results and registration of effect of intrinsic and extrinsic
factors that could influence marker levels. Apart from markers
that are measured on a routine basis such as some APRPs or
inflammatory cell populations in clinical chemistry labs, the
study populations of markers are often small (often <100
individuals included). Also, small validation cohorts are used
or validation cohorts were not included at all. Primarily
glioblastoma patients are included in the studies that we
referenced here. Patients with lower-grade gliomas are rarely
included or comprise a small portion of the entire patient
population. Therefore, it is unclear whether the biomarkers
that we selected as being most promising, will be of value in
particularly these patients. Furthermore, the majority of studies
only reported the p-values of biomarkers and not the value of
biomarkers quantified as accuracy, sensitivity, specificity and/or
hazard ratio, and these could not be deduced from the available
and presented data. Therefore, it is unclear what the clinical
value of most biomarkers is. Lastly, it is largely unknown to what
extent biomarkers are affected by extrinsic factors such as anti-
tumor therapy, use of (co-)medication, choice of analytical
methods, and by intra-individual factors such as race,
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comorbidities and others. Co-medication use by patients before
sampling, such as corticosteroid use, is reported in some studies.
Use of other medication, e.g. anti-diabetic and anti-epileptic
drugs, is rarely reported. Most studies that reported use of these
drugs did not (statistically) analyze the effect of these drugs on
the biomarkers that were studied, a potential bias that should be
taken into account when interpreting these data.

In order to assess the potential reproducibility, and ultimately
clinical validation, of the most promising markers GFAP, IL-10,
and miR-21, we precisely evaluated the available studies using
dedicated guidelines. The MIQE guideline was employed for the
miRNA (316), whereas we had to adjust existing guidelines to
assess the studies for GFAP and IL-10 (Supplementary
Table 12), as to the best of our knowledge no such guidelines
are available for ELISA/immunoassays. As can be seen in
Supplementary Figure 1, for GFAP and IL-10 essential factors
of the study design such as the number of included patients,
protein detection methods and kits were almost always
mentioned. However, other important factors such as the used
(analytical) instrumentation, sample storage and sample
preparation procedures were rarely reported. Also, it was often
not reported whether samples were quality controlled by
evaluating intra-assay and inter-assay variability. Furthermore,
test accuracy is often not reported which makes it unclear
whether the tests will have value in the clinical settings. Lastly,
factors such as comedication use, histopathological marker
presence and tumor volume are rarely reported, which can
have significant impact on biomarker concentrations. For miR-
21, several categories of the guidelines were often sufficiently
described such as experimental design, sample processing and
storage. However, other categories such as ‘nucleic acid
extraction’, ‘qPCR target information’ and ‘qPCR protocol’
were rarely sufficiently described or not described at all
(Supplementary Figure 2). In all, it again highlights that
adequate reporting of employed methods is of importance to
ensure reproducibility of the identified biomarker.

Thus, it can be concluded that there is room for improvement
in biomarker studies in multiple domains of methodology and
results presentation, as has been reported by other (systematic)
reviews (317–319). The biomarker studies that we referenced
here may not be of the highest possible quality and cannot be
used to determine immediately which biomarkers will have
clinical value. However, they can still be used to determine
which biomarkers are promising for further research, as
markers that have shown great clinical group differentiating
abilities in multiple studies may still hold clinical value despite
the bias in results and methodologies present in the studies.
DISCUSSION

Glioma is still one of the most devastating diseases with high
burden. Any additional information that can be obtained from the
patient regarding tumor development, growth, behavior, and
vulnerabilities, in a least minimally invasive way is desired.
Many studies have been published, and included in this
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systematic review, that identified potential circulating biomarkers
for patients with glioma, at each point in the glioma patients
clinical course (Figure 1). Unfortunately, none of the biomarkers is
in our opinion ready for direct clinical implementation.

As opposed to tumor tissue biomarkers, such as MGMT
methylation, 1p/19q codeletion, IDH1-mutations, and the
recently introduced methylation profiling (320) in glioma,
blood-based markers often reflect local or systemic responses
of the endogenous processes to the presence of a tumor. Direct
measurement of glioma-derived circulating cells and genomic
aberrations is an exception in this view. Cells, cell ratios and
APRPs that are often measured in complete blood counts
(CBCs), are attractive biomarkers as CBCs are regularly used
in the clinic and extensive research has already been performed
on their utility as biomarkers. However, they are possibly
insufficiently accurate biomarkers for clinical utility as a single
marker or in combination with other cells, cell ratios or APRPs.
An explanation for the worse performance of single markers as
opposed to panels of markers may be interpreted using the
framework of hallmarks and enabling characteristics of cancer, as
formulated in the seminal article by Hanahan and Weinberg
(321). Hallmarks are traits unique to cancer cells and enabling
characteristics are traits that lead to the development of such
hallmarks. In this framework, blood biomarkers including
VEGF, miR-182 and YKL-40 may be mediating factors that
enable cancer cells to contain the hallmarks ‘inducing
angiogenesis’, ‘resisting cell death’ and ‘tissue invasion’.
Other biomarkers such as lactate concentrations and CGTC
can be seen as an expression of the hallmarks or enabling
characteristics ‘deregulated cellular energetics’ and ‘activating
invasion and metastasis’. Inflammatory cells may be promoting
the enabling characteristic ‘tumor promoting inflammation’ (see
Supplemental Table 11 and Figure 4). As single blood markers
have low to modest accuracies and value as biomarkers but
panels of biomarkers often have higher accuracies, it can be
hypothesized that screening of multiple markers involved in
multiple hallmarks or enabling characteristics may improve
biomarker accuracy. This hypothesis can be supported by the
fact that diagnostic sensitivity of inflammatory cells such as NLR,
PLR, neutrophils and others is limited with diagnostic and tumor
grade and tumor type differentiating AUCs between 0.6-0.7 (54–
56, 58, 201). Similar results also have been found for APRPs with
AUCs between 0.5-0.7 (54–56, 58). Combination of
inflammatory cell populations (54, 56, 58) or APRPs (56), as
well as combination of inflammatory cell populations with
APRPs (54, 56), does not increase accuracy in a meaningful
way (144). Thus, it is possible that both APRPs as well as
inflammatory cell populations already reflect alterations in the
inflammation enabling characteristic and combination of these
markers does not further improve marker accuracies. Also,
panels of biomarkers often have higher accuracies than single
biomarkers irrespective of the biomarker function and these
panels contain biomarkers involved in multiple pathways related
to the hallmarks of cancer and its enabling characteristics (13, 52,
155). Furthermore, our analysis indicates that biomarker levels
become increasingly dysregulated as tumors increase in
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FIGURE 4 | Correlation of blood-based biomarkers in patients with glioma with seminal events in tumorigenesis. Blood biomarkers in glioma patients are implicated
in the molecular pathways as detailed by Hanahan and Weinberg (321). Markers colored in green were mostly found to be increased in the circulation of glioma
patients compared to healthy individuals, and in glioma patients with more malignant tumors compared to patients with less malignant tumors. Markers that were
inversely correlated were colored in red. Markers without color were found to be either significantly increased or decreased in the formerly mentioned groups. The
abbreviation “DC” indicates dendritic cells and “iDC” indicates immature dendritic cells. Adapted from “Hallmarks of Cancer: Circle”, by BioRender.com (2021).
Retrieved from: https://app.biorender.com/biorender-templates.
TABLE 1 | Advantages and disadvantages of the biomarkers.

Nucleic acids (miRNA, cfDNA, RNA, DNA methylation)
Advantages Disadvantages

If well-designed highly specific Long turn-around when using next-generation sequencing approaches
For certain methods such as digital droplet PCR highly sensitive, also depending on
patient population and tumor stage

Expensive test requirements, esp. with next-generation sequencing

Measurements can be multiplexed and analysis of panels is possible Requires high-quality RNA isolates
Well-established isolation and detection methods Clonal hematopoiesis may confound mutation analysis
Provides information on (epi)genomic and transcriptomic levels May not provide actionable information

Proteins and peptides
Advantages Disadvantages

Long-term experience with protein-based tests in current clinical practice Can be less specific
Usually low costs for tests Limited stability
Easily standardized protocols
Sensitive test methodologies

Circulating cells (white blood cells, blood platelets, lymphocytes, etc.)
Advantages Disadvantages

Measurement routinely available in clinical chemistry labs Reduced specificity
Rapid test results No direct measurement of tumor-derived materials; surrogate markers

Some circulating cells, esp. immune cells, require more specialized isolation
and quantification methodologies

Circulating glioma cells and extracellular vesicles
Advantages Disadvantages

Directly tumor-derived markers, therefore highly specific May require expensive, technically-challenging, and time-consuming isolation
procedures

Enables for testing of panels of (genetic) markers No gold standard for isolation
Protects markers from degrading enzymes in plasma Reduced sensitivity, esp. in lower tumor stages
Circulating glioma cells may allow for functional analysis and drug screens Long turn-around when using next-generation sequencing approaches
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malignancy, as biomarker levels are often positively correlated
with tumor grade, worse survival and/or more malignant tumor
types. Therefore, cellular hallmarks might develop in more
cancer cells as tumor malignancy increases and this may be
reflected in the dysregulation of circulating biomarkers. With
this in mind, we propose to introduce multi-biosource, multi-
biomolecule-based blood tests for glioma patients. Keeping the
criteria for biomarker test development as discussed above in
mind, such tests may likely include (components of) a miRNA,
protein, or platelet RNA panel, perhaps including the already
promising single markers miR-21, IL-10, and GFAP. These
panels likely include multiple components of the tumor
progression, are less resistant to confounding variables due to
its high dimensions, and far more accurate than a single measured
biomarker. Also, complementary implementation of several
biomarker types may make synergistically use of each other’s
advantages, and perhaps at least partially reduce each other’s
disadvantages (Table 1) (144).

Hence, additional validation of the currently most promising
markers (Figure 4) is also required. Aside analysis of blood, other
biofluids such as urine or perhaps cerebrospinal fluid may also be
rich sources of biomarkers. Recent analysis has shown that tumor
evolution could be tracked via repeated CSF samplings (322).
Similarly, perhaps also other body fluids such as saliva, sputum,
or breathing air may contain molecular information traceable to a
primary glioma. We believe that blood-based biomarkers may
currently only at maximum complement the current methods to
diagnose and/or monitor a glioma, such as clinical symptoms,
imaging, and tissue collection via tumor resection or (stereotactic)
biopsy. It may very well be anticipated that blood-based biomarkers
are included in a future setting in clinical decision making, for
example in multidisciplinary tumor boards, once such biomarkers
are thoroughly validated. For this, systematic biobanking of blood
from glioma patients is required. Such biobanking requires research
funds that support these efforts, as well as research project that in a
dedicated way screen for relevant and valuable biomarkers in well-
annotated, large, and homogeneous patient series. It is of
importance that any future biomarker discovery or validation
research is reported according to the highest standards, facilitating
reproducibility of the found results. Alternatively, we believe that
any clinical trial, even in a phase 1 stage, should include a blood-
Frontiers in Oncology | www.frontiersin.org 1466
biomarker branch in the trial design, in order to at least aim to
discover a companion diagnostics biomarker. Also, blood-based
biomarkers that may complement current imaging methods for the
identification of true tumor progression versus pseudo-tumor
progression is required.

In all, the glioma research community should be encouraged
towards additional identification and inclusion of blood-based
biomarker research in a clinical setting. While currently at the
stage of analytical validation and start of clinical validation,
further studies should focus on demonstrating its clinical utility.
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86. Gállego Pérez-Larraya J, Paris S, Idbaih A, Dehais C, Laigle-Donadey F,
Navarro S, et al. Diagnostic and Prognostic Value of Preoperative Combined
GFAP, IGFBP-2, and YKL-40 Plasma Levels in Patients With Glioblastoma.
Cancer (2014) 120:3972–80. doi: 10.1002/cncr.28949

87. Husain H, Savage W, Everett A, Ye X, Blair C, Romans KE, et al. The Role of
Plasma GFAP as a Biomarker for Glioblastoma. J Clin Oncol (2011) 29:2095–
5. doi: 10.1200/jco.2011.29.15_suppl.2095

88. Tichy J, Spechtmeyer S, Mittelbronn M, Hattingen E, Rieger J, Senft C, et al.
Prospective Evaluation of Serum Glial Fibrillary Acidic Protein (GFAP) as a
Diagnostic Marker for Glioblastoma. J Neurooncol (2015) 126:361–9.
doi: 10.1007/s11060-015-1978-8

89. Llorens F, Thüne K, Tahir W, Kanata E, Diaz-Lucena D, Xanthopoulos K,
et al. YKL-40 in the Brain and Cerebrospinal Fluid of Neurodegenerative
Dementias. Mol Neurodegener (2017) 12:83. doi: 10.1186/s13024-017-0226-4

90. Horbinski C, Wang G, Wiley CA. YKL-40 is Directly Produced by Tumor
Cells and is Inversely Linked to EGFR in Glioblastomas. Int J Clin Exp Pathol
(2010) 3:226–37.

91. Schultz NA, Johansen JS. YKL-40-a Protein in the Field of Translational
Medicine: A Role as a Biomarker in Cancer Patients? Cancers (Basel) (2010)
2:1453–91. doi: 10.3390/cancers2031453

92. Kazakova MH, Staneva DN, Koev IG, Staikov DG, Mateva N, Timonov PT,
et al. Protein and mRNA levels of YKL-40 in high-grade glioma. Folia Biol
(2014) 60:261–70.

93. Gandhi P, Khare R, VasudevGulwani H, Kaur S. Circulatory YKL-40 & NLR:
Underestimated Prognostic Indicators in Diffuse Glioma. Int J Mol Cell Med
(2018) 7:111–8. doi: 10.22088/IJMCM.BUMS.7.2.111

94. Tanwar MK, Gilbert MR, Holland EC. Gene Expression Microarray Analysis
Reveals YKL-40 to be a Potential Serum Marker for Malignant Character in
Human Glioma. Cancer Res (2002) 62:4364–8.

95. Bernardi D, Padoan A, Ballin A, Sartori M, Manara R, Scienza R, et al. Serum
YKL-40 Following Resection for Cerebral Glioblastoma. J Neurooncol (2012)
107:299–305. doi: 10.1007/s11060-011-0762-7

96. Iwamoto FM, Hottinger AF, Karimi S, Riedel E, Dantis J, Jahdi M, et al.
Serum YKL-40 is a Marker of Prognosis and Disease Status in High-Grade
Gliomas. Neuro Oncol (2011) 13:1244–51. doi: 10.1093/neuonc/nor117

97. Hormigo A, Gu B, Karimi S, Riedel E, Panageas KS, Edgar MA, et al. YKL-40
and Matrix Metalloproteinase-9 as Potential Serum Biomarkers for Patients
With High-Grade Gliomas. Clin Cancer Res (2006) 12:5698–704.
doi: 10.1158/1078-0432.CCR-06-0181

98. Chandra A, Jahangiri A, Chen W, Nguyen AT, Yagnik G, Pereira MP, et al.
Clonal ZEB1-driven Mesenchymal Transition Promotes Targetable
Oncologic Antiangiogenic Therapy Resistance. Cancer Res (2020)
80:1498–511. doi: 10.1158/0008-5472.CAN-19-1305

99. van Linde ME, van der Mijn JC, Pham TV, Knol JC, Wedekind LE, Hovinga
KE, et al. Evaluation of Potential Circulating Biomarkers for Prediction of
Response to Chemoradiation in Patients With Glioblastoma. J Neurooncol
(2016) 129:221–30. doi: 10.1007/s11060-016-2178-x

100. Corsini E, Ciusani E, Gaviani P, Silvani A, Canazza A, Bernardi G, et al.
Decrease in Circulating Endothelial Progenitor Cells in Treated Glioma
Patients. J Neurooncol (2012) 108:123–9. doi: 10.1007/s11060-012-0805-8

101. Salmaggi A, Eoli M, Frigerio S, Silvani A, Gelati M, Corsini E, et al.
Intracavitary VEGF, bFGF, IL-8, IL-12 Levels in Primary and Recurrent
Malignant Glioma. J Neurooncol (2003) 62:297–303. doi: 10.1023/
A:1023367223575
Frontiers in Oncology | www.frontiersin.org 1769
102. Yang J, Zhao Z, Zhong X. Correlation Analysis of the Clinicopathological
Features of Glioma and Expression of p53 and VEGF. Int J Clin Exp Med
(2017) 10:3606–11.
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The COX10-AS1/miR-641/E2F6
Feedback Loop Is Involved in the
Progression of Glioma
Liang Liu†, Xiaojian Li†, Heming Wu, Yong Tang, Xiang Li and Yan Shi*

Department of Neurosurgery, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

Glioma is the most common primary tumour of the central nervous system and is
considered one of the greatest challenges for neurosurgery. Mounting evidence has
shown that lncRNAs participate in various biological processes of tumours, including
glioma. This study aimed to reveal the role and relevant mechanism of COX10-AS1 in
glioma. The expression of COX10-AS1, miR-641 and E2F6 was measured by qRT-PCR
and/or western blot. Clone formation assays, EdU assays, Transwell assays and tumour
xenograft experiments were performed to evaluate the effects of COX10-AS1, miR-641
and E2F6 on glioma proliferation, migration and invasion. Luciferase reporter assays, RNA
pull-down assays and ChIP assays were conducted to analyse the relationship among
COX10-AS1, miR-641 and E2F6. We demonstrated that COX10-AS1 was upregulated in
glioma tissues and cell lines, which was related to the grade of glioma and patient survival.
Next, through functional assays, we found that COX10-AS1 influenced the proliferation,
migration and invasion of glioma cell lines. Then, with the help of bioinformatics analysis,
we confirmed that COX10-AS1 regulated glioma progress by acting as a sponge of miR-
641 to regulate E2F6. Moreover, further study indicated that E2F6 could promote COX10-
AS1 expression by binding to its promoter region. Taken together, the data indicated that
COX10-AS1 acts as an oncogene in combination with COX10-AS1/miR-641/E2F6 in
glioma, which may be beneficial to the diagnosis and treatment of glioma.

Keywords: long non-coding RNA, COX10-AS1, E2F6, glioma, feedback loop
INTRODUCTION

Glioma is the most common primary tumour in the central nervous system, accounting for
approximately 60% of all intracranial primary tumours (1, 2). Glioblastoma multiforme (GBM) is
the most lethal type of glioma according to the grade of malignancy, with an average survival time of
12 to 14 months and a five-year survival rate of only 4% to 5% (3, 4). The mortality rate of glioma
has been stable at 4-5/100,000, ranking among the top 10 in tumour mortality (5). At present, the
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treatment of glioma is mainly by surgery, supplemented by
radiotherapy and chemotherapy. However, because the tumour
tissue is invasive and the boundary between the normal brain
tissues (NBTs) is not clear, surgical resection is difficult (6).
Glioma with a higher degree of malignancy is not sensitive to
radiotherapy, and a high dose of radiation will cause normal
brain tissue damage, so the clinical effective rate is only 50% (7).
Most chemotherapy drugs cannot be used for treatment because
they have difficulty crossing the blood-brain barrier. Overall,
active research on the molecular mechanism of glioma is very
important for the formulation of treatment strategies for glioma.

Current research has found that most sequences in the genome
do not encode proteins and commonly known as non-coding
RNAs (ncRNAs), which include circular RNAs (circRNAs), long
non-coding RNAs (lncRNAs), and microRNAs (miRNAs) (8).
Among them, lncRNAs are non-coding RNAs that do not have an
open reading frame (ORF) and have a transcript length greater
than 200 nucleotides (9). Initially, researchers found that the
expression of many lncRNAs was dysregulated in a variety of
tumours, including gliomas and that the expression levels of some
lncRNAs could be used as prognostic indicators (10, 11). With
further studies, researchers have found that lncRNAs can affect
tumour progression by their involvement in a variety of cellular
processes, such as proliferation, migration, invasion, autophagy,
and epithelial-mesenchymal transition (EMT) (12–14). COX10
antisense RNA 1 (COX10-AS1) is a non-coding transcript located
on chromosome 17 (14029292-14069458, complement). Till now,
little is known about the role of COX10-AS1 in human diseases.
Feng et al. reported that compared with that in healthy oral
mucosa, COX10-AS1 was upregulated in oral squamous cell
carcinoma tissues (15). Luan et al. found that COX10-AS1 was
associated to autophagy and the prognosis of glioma patients (16).
However, the regulatory network of COX10-AS1 in the
progression of glioma has not been elucidated.

In our present study, we analysed the expression of COX10-
AS1 in a public database and in clinical specimens. Consistent
with the previous studies, COX10-AS1 was upregulated in
glioma tissues and cell lines. Next, gain/loss-of-function assays
indicated that COX10-AS1 participated in the proliferation,
migration and invasion of glioma cells. Then, with the help of
bioinformatics tools and related assays, we demonstrated that
COX10-AS1 promoted glioma progression by sponging miR-641
to regulate E2F6. More interestingly, we found that E2F6, a well-
known transcription factor (TF), could regulate COX10-AS1
expression by directly binding to its promoter region. By using
rescue assays, we concluded that COX10-AS1/miR-641/E2F6
formed a positive feedback loop in glioma progression, which
may provide a theoretical basis for the development of new
treatment strategies for glioma.
MATERIALS AND METHODS

Clinical Specimens
Thirty glioma tissues and paired adjacent normal brain tissues
were collected from patients who were diagnosed with glioma at
Frontiers in Oncology | www.frontiersin.org 277
Nanjing First Hospital. The tissues were frozen in liquid nitrogen
and stored at -80°C immediately after surgical resection. All the
participants signed written informed consent forms. This
research was approved by the Ethics Committee of the Nanjing
First Hospital.
Cell Lines
Glioma cell lines (U87, U118, T98G, A172 and LN229) were
obtained from Procell (Wuhan, China). The normal human
astrocytes (NHAs) obtained from JENNIO Biological
Technology (Guangzhou, China). All six cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, NY, USA, Cat. No. 11965092) containing 10% foetal
bovine serum (FBS, ScienCell, LA, USA, Cat. No. 0500) and were
incubated in an atmosphere containing 5% CO2 at 37°C.
Interfering Nucleotide Transfection
The chemically synthesized oligonucleotides used in this study
were designed and constructed by GenePharma (Shanghai,
China). The transfections were performed using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA, Cat. No. 2185325)
according to the manufacturer’s instructions. The interfering
nucleotide used in this study were shown in Table S1.
RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)
RNA extraction and qRT-PCR were performed as described
previously (17). Total RNA was extracted from clinical tissue
and cells by TRIzol reagent (Invitrogen, Carlsbad, CA, USA, Cat.
No. 15596018). qRT-PCR was conducted using an ABI Prism
7700 Sequence Detection System (Applied Biosystems, Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s
instructions. b-actin was used as an internal control. Relative
expression levels of COX10-AS1, miR-641 and E2F6 were
measured using the 2–DDCt method. The primers used in this
study were shown in Table S2.
Nuclear and Cytoplasmic RNA
Fraction Isolation
Nuclear and cytoplasmic RNA were isolated from each fraction
using a Nuclear/Cytosol Fractionation Kit (BioVision, San
Francisc, CA, USA, Cat. No. XY-K266-25) following the
manufacturers’ instructions. U6 and 18S were used as a
nuclear control and cytoplasmic control, respectively.
Western Blot
Total protein was extracted from the cells by using RIPA buffer
(KenGEN, Shanghai, China, Cat. No. KGB704), and the protein
concentrations were quantified by using a BCA Protein Assay Kit
(Beyotime, Shanghai, China, Cat. No. P0012S). The steps
were the same as those described in our previous study (18).
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The primary antibodies used in this assay were purchased from
Abcam (Cambridge, UK, Cat. No. ab53061 & ab8227).
Fluorescence In Situ Hybridization (FISH)
FISH assays were performed with a FISH Kit (GenePharma,
Shanghai, China, Cat. No. F11202) according to the
manufacturer’s instructions. The probe used in this study was
synthesized and purchased from GenePharma (Shanghai,
China). Cells were fixed in 4% paraformaldehyde for 20 min.
Next, the cells were preincubated and incubated at 37°C for
30 min with PBS and hybridization solution, respectively. After
that, cell nuclei were stained by using DAPI (4′,6-diamidino-2-
phenylindole, Beyotime, Jiangsu, China, Cat. No. C1002). The
images were captured using a fluorescence microscope
(Zeiss, Germany).
RNA Pull-Down Assay
Biotinylated miR-641 and the corresponding mutant/negative
control were synthesized and purchased from GenePharma
(Shanghai, China). The oligonucleotides were transfected into
U87 and LN229 cells using Lipofectamine 3000 (Invitrogen).
Forty-eight hours later, the cell lysates were incubated with M-
280 streptavidin magnetic beads (Invitrogen, Cat. No. 20164).
qRT-PCR was used to detect the expression of COX10-AS1.
Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed by using a ChIP Kit (Magna,
Millipore, Bedford, MA, USA, Cat. No. 17-371). The collected
cells were cross-linked by formaldehyde, and the reaction was
terminated by glycine. After incubation with lysis buffer for
30 min, the cells were sheared by sonication and centrifuged.
Then, the DNA–protein complexes were immunoprecipitated
using antibodies (anti-E2F6, Abnova, China, Cat No.
H00001876-PW1 and lgG, Proteintech, USA, Cat. No. 66360-
3-Ig). qRT-PCR was used to detect the purified DNA.
Luciferase Reporter Assay
The fragments of COX10-AS1 or E2F6 containing the miR-641
binding sites (wild type, WT) and negative controls (mutant,
MUT) were amplified and cloned into the pGL3 vector
(Promega, Madison, WI, USA, Cat No. E1751). Then, U87 and
LN229 cells were transfected with miR-641 mimics or controls
by using Lipofectamine 3000 (Invitrogen) in accordance with the
manufacturers’ instructions. Forty-eight hours later, the
luciferase activity of the cells was measured by the Dual-
Luciferase Reporter Assay System (Promega, WI, USA).
Clone Formation Assay
300 cells were grown in culture plates (60 mm, Corning, NY,
USA) and maintained in DMEM containing 10% FBS. 14 d later,
cells were fixed with paraformaldehyde (4%) for 20 min. Then
Frontiers in Oncology | www.frontiersin.org 378
stained with 0.1% crystal violet for 15 min. Finally, visible
colonies were counted.
5-Ethynyl-20-deoxyuridine (EdU) Assay
EdU assays were performed with an EdU Cell Proliferation Kit
(RiboBio, Guangzhou, China, Cat No. 10310-3). The protocol
was the same as that described in our previous study (19). A
fluorescence microscope (Olympus, Japan) was used to acquire
the images.
Transwell Assays
Transwell assays were performed as described previously (18).
Matrigel (1:9 dilution, BD, NJ, USA, Cat No. 356234) was used to
precoat the upper chamber for Transwell invasion assays. Forty-
eight hours later, the cells were fixed, strained and counted
in turn.
Immunohistochemistry (IHC)
Immunohistochemistry was performed as described previously
(17). Paraffin-embedded tissues were incubated with a primary
antibody against E2F6 (1:200, Abcam, Cambridge, UK, Cat. No.
ab53061) or Ki-67 (1:200, CST, MA, USA, Cat. No. 9449) at 4°C
for 12 h. Then, the tissues were incubated with a secondary
antibody (1:1000, Boster, Wuhan, Hubei, China, Cat. No.
BM3895 & BA1082) at room temperature for 1 h. After
incubation with ABC-peroxidase at room temperature for 1 h,
the tissues were stained with diaminobenzidine for 5 min. The
images were captured using a fluorescence microscope
(Olympus, Japan).
Terminal Deoxynucleotidyl Transfer-
Mediated dUTP Nick end Labelling
Staining (TUNEL)
The tissues were deparaffinized in xylene, followed by washing in
alcohol. Apoptotic cells were detected by a TUNEL Kit (Roche,
Mannheim, Germany, Cat. No.11767291910) according to the
manufacturer’s instructions.
Intracranial Tumour Mouse Model
Forty male nude mice purchased from the Chinese Academy of
Sciences were randomly divided into four groups (10 mice per
group). LN229 cells (2×106) stably expressing luciferase were
transfected with sh-COX10-AS1, sh-E2F6 and the corresponding
negative controls. Next, the cells were intracranially injected into
the frontal lobe of nude mice. A bioluminescence imaging system
was used to quantify the volumes of the tumours formed
intracranially every ten days after implantation. The Living
Images software package (Caliper Life Science, Waltham, MA,
USA) was used to determine the integrated flux of photons
(photons/s). Mouse survival data were recorded in detail until all
the mice died. Brain tissue and the tumour tissue that formed in
July 2021 | Volume 11 | Article 648152
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the brain were removed intact for immunohistochemical analysis
and other experiments. The animal experiments were approved
by the Institutional Animal Care and Use Committee of Nanjing
First Hospital.
Statistical Analysis
SPSS 20.0 (IBM, NY, USA) was used to analyse the data. The data
are expressed as the means ± standard deviation (SD). Student’s
t-test or one-way ANOVA was used to evaluate the differences
between groups. Overall survival was evaluated by the Kaplan–
Meier method. P<0.05 indicates statistical significance. All
experiments were carried out three times independently.
RESULTS

COX10-AS1 Was Upregulated in Glioma
Tissues and Cell Lines
To detect the expression of COX10-AS1 in glioma, online
databases (GEPIA, http://gepia.cancer-pku.cn/index.html) were
utilized. The data from GEPIA showed that the expression of
COX10-AS1 in glioma tissues was higher than that in normal
brain tissues (Figure 1A). We also explored COX10-AS1
expression in clinical species collected during surgery, and the
aresult was similarly to that of the online databases (Figures 1B, C).
Frontiers in Oncology | www.frontiersin.org 479
To evaluate whether COX10-AS1 can be used as an indicator to
predict the recurrence of glioma, the expression level of COX10-
AS1 in the tissues of primary and recurrent glioma was detected.
Interestingly, the results showed that COX10-AS1 was upregulated
in recurrent glioma, suggesting that COX10-AS1 is closely related to
glioma recurrence (Figure 1D). Moreover, clinical data of 30 glioma
patients was collected and Kaplan-Meier curves indicated that
glioma patients with high COX10-AS1 expression had poorer
survival than those with low COX10-AS1 expression (Figure 1E).
The correlation of clinicopathological characteristics between
COX10-AS1 and glioma patients was shown in Table 1. In
addition, we measured COX10-AS1 expression in normal human
astrocytes and glioma cell lines. The results showed that the
COX10-AS1 levels in glioma cell lines were much higher than
those in NHAs, especially in U87 and LN229 cells (Figure 1F).
These findings suggest that COX10-AS1 is closely related to the
malignant progression of glioma.
COX10-AS1 Promotes Glioma
Proliferation, Migration and Invasion
In Vitro and Glioma Growth In Vivo
To study the relationship between COX10-AS1 and the
malignant progression of glioma, we transfected short hairpin
RNAs targeting COX10-AS1 (sh-COX10-AS1-1 and sh-COX10-
AS1-2), a COX10-AS1 expression plasmid (COX10-AS1) and
A B C

D E F

FIGURE 1 | COX10-AS1 is upregulated in glioma tissues and cell lines. (A) The relative expression of COX10-AS1 in GEPIA. (B) The relative expression of COX10-
AS1 in clinical specimens. (C) The relative expression of COX10-AS1 in different grade of glioma. (D) The relative expression of COX10-AS1 in clinical specimens
from patients with primary and recurrent glioma. (E) Kaplan–Meier curve analysis of the correlation between COX10-AS1 expression and overall survival from our
clinical data. (F) The relative expression of COX10-AS1 in NHAs and glioma cell lines. *P < 0.05, **P < 0.01.
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corresponding controls into U87 and LN229 cells. The efficiency
of these chemosynthetic sequences was verified by qRT-PCR
(Figures 2A, B). Next, clone formation assays and EdU assays
revealed that silencing COX10-AS1 decreased the proliferation
ability of U87 and LN229 cells, while upregulation of COX10-
AS1 had the opposite effect (Figures 2C–H). Transwell assays
illustrated that downregulation of COX10-AS1 reduced cell
migration and invasion, whereas upregulation of COX10-AS1
increased the migration and invasion of U87 and LN229 cells
(Figures 2I–L). Furthermore, we injected LN229 cells transfected
with a fluorescent lentivirus expressing sh-COX10-AS1
(including sh-COX10-AS1-1 and sh-COX10-AS1-2) or the
corresponding controls into the brains of nude mice. In vivo
imaging of the mice was performed on the indicated days (1 d,
10 d and 20 d) after implantation. The results showed that
tumour growth was obviously inhibited after COX10-AS1
silencing (Figures 3A, B). Furthermore, we found that the
mice in the sh-COX10-AS1 group had better survival than
those in the negative group (Figure 3C). In addition,
immunohistochemistry assays showed that Ki-67 was
downregulated and TUNEL staining was upregulated in
tumour tissues from mice in the sh-COX10-AS1 group
(Figures 3D, E). These results suggest that COX10-AS1
exhibits important functions in glioma.
COX10-AS1 Acts as a Sponge for miR-641
There are several mechanisms by which lncRNAs affect tumour
progression, of which their role as competing endogenous RNAs
(ceRNAs) is an important one (20). By this mechanism lncRNAs
can act as sponges for miRNAs to regulate targeted message
RNAs (mRNAs), which can promote or suppress tumour
progression. To reveal the underlying mechanism of COX10-
AS1 in glioma, we measured the expression of COX10-AS1 at the
subcellular level. The results of qRT-PCR and FISH showed that
COX10-AS1 was localized in both the cytoplasm and the nucleus
(Figures 4A, B), indicating that COX10-AS1 is likely to exert its
function of regulation of tumour progression by acting as a
ceRNA. To determine the targeted miRNA of COX10-AS1,
bioinformatics prediction was performed with StarBase (http://
starbase.sysu.edu.cn/), and miR-641 greatly aroused our interest
(Figure 4C). Next, we detected the expression of miR-641 in
Frontiers in Oncology | www.frontiersin.org 580
clinical specimens and found that miR-641 was higher in normal
brain tissues than in glioma tissues (Figures 4D, E). Compared
with primary glioma tissues, miR-641 expression in recurrent
glioma tissues was lower (Figure 4F). Similarly, miR-641 was
higher in NHAs than that in glioma cell lines (Figure 4G).
Moreover, RNA pull-down assays showed that COX10-AS1 was
pulled down by miR-641 in both U87 and LN229 cells (Figures
4H, I). Moreover, luciferase reporter assays indicated that miR-
641 could decrease the luciferase activity of COX10-AS1-WT but
not COX10-AS1-MUT (Figures 4J, K). Overall, we concluded
that COX10-AS1 acts as a sponge for miR-641 in glioma cells.
The Effect of COX10-AS1 on Glioma Is
Partially Mediated by miR-641
To explore the function of miR-641 in COX10-AS1 promoting
the malignant progression of glioma, four cell models were
constructed with miR-641 inhibitor, sh-COX10-AS1 and the
corresponding negative controls. qRT-PCR showed that sh-
COX10-AS1 obviously upregulated miR-641 (Figures 5A, B).
Clone formation assays and EdU assays indicated that the miR-
641 inhibitor could promote the proliferation of glioma cells, and
the promoting effect could be reversed by sh-COX10-AS1
(Figures 5C–H). Similarly, the Transwell assays showed that
miR-641 inhibitor could facilitate the migration and invasion of
glioma cells, and the facilitating effect was partially rescued by
sh-COX10-AS1 (Figures 5I–L). These functional assays
indicated that miR-641 plays an important role in the
carcinogenic effect of COX10-AS1 on glioma progression.
E2F6 is the Functional Target of the
COX10-AS1/miR-641 Axis
To verify the functional target of the COX10-AS1/miR-641 axis,
we searched the StarBase database. Considering the database
results and the expression data from our clinical specimens, we
chose E2F6 for further study (Figure 6A). qRT-PCR showed that
the expression of E2F6 in glioma tissues was higher than that in
normal brain tissues and was correlated with the recurrence of
glioma (Figures 6B–D). Pearson’s correlation analysis indicated
that there was a significant correlation between E2F6 and
COX10-AS1/miR-641 (Figures 6E, F). We explored E2F6
TABLE 1 | Correlation of clinicopathological characteristics between COX10-AS11 and glioma patients.

Clinicopathologic data Case (n) COX10-AS1 expression P value

Gender P = 0.8619
Male 17 1.0240 ± 0.5938
Female 13 0.9859 ± 0.5361
Age (years) P = 0.6785
<60 11 0.9520 ± 0.6392
≥60 19 1.0511 ± 0.5804
Tumor diameter (cm) P < 0.05
<3 13 0.7588 ± 0.4898
≥3 17 1.2105 ± 0.6107
WHO classification P < 0.01
I+II 10 0.5304 ± 0.2749
III+IV 20 1.2460 ± 0.5278
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FIGURE 4 | COX10-AS1 acts as a sponge for miR-641. (A) RT-qPCR assays in nuclear and cytoplasmic RNA fractions detected the COX10-AS1
AS1 in U87 and LN229 cells was evaluated by FISH assays. (C) The putative binding sites of miR-641 on COX10-AS1 were predicted by an online
specimens. (E) The relative expression of miR-641 in different grade of glioma. (F) The relative expression of miR-641 in primary and recurrent gliom
NHAs and glioma cell lines. (H, I) U87 and LN229 cells were assayed by biotin-based pull-down after transfection with biotin-labelled miR-641. (J, K
luciferase activity of COX10-AS1-WT but not COX10-AS1-MUT. *P < 0.05, **P < 0.01.
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FIGURE 5 | The effect of COX10-AS1 on glioma is partially mediated by miR-641. (A, B) The relative expression of miR-641 in U87 and LN229 tra
corresponding controls, as measured by qRT-PCR. (C, D) The proliferation of U87 and LN229 cells transfected with miR-641 inhibitor, sh-COX10-A
formation assays. (E–H) The proliferation of U87 and LN229 cells transfected with miR-641 inhibitor, sh-COX10-AS1 or the corresponding controls,
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expression in NHAs and glioma cell lines by qRT-PCR and
western blot as well. The results demonstrated that E2F6 was
higher in glioma cells than in NHAs (Figures 6G, H).
Immunohistochemistry assays showed the similar results
(Figure 6I). Luciferase reporter assays indicated that, compared
with that of E2F6-MUT, miR-641 obviously decreased the
luciferase activity of E2F6-WT (Figures 6J, K). Otherwise, qRT-
PCR and western blot assays showed that miR-641 inhibitor could
upregulate the expression of E2F6 and that the promoting effect
could be inhibited by sh-COX10-AS1 (Figures 6L, M). Thus, we
concluded that E2F6 is the functional target of the COX10-AS1/
miR-641 axis.

E2F6 Promotes Glioma Proliferation,
Migration and Invasion In Vitro and Glioma
Growth In Vivo
To explore whether E2F6 regulated the function of miR-641,
three cell models were constructed with sh-E2F6, miR-641
inhibitor and the negative control. qRT-PCR and western blot
Frontiers in Oncology | www.frontiersin.org 1085
assays confirmed that miR-641 inhibitor reversed the E2F6
downregulation caused by sh-E2F6 (Figures 7A, B). Clone
formation assays and EdU assays demonstrated that sh-E2F6
could inhibit the proliferation of glioma cells and that the
inhibitory effect could be rescued by miR-641 inhibitor
(Figures 7C–H). Transwell assays showed a similar result
whereby sh-E2F6 could inhibit the migration and invasion of
glioma cells, and the inhibitory effect could be partly reversed by
miR-641 inhibitor (Figures 7I–L). In addition, we explored the
effect of E2F6 on glioma growth in vivo. The results
demonstrated that downregulation of E2F6 inhibited tumour
growth and extended the survival time (Figures 8A–C).
Moreover, Ki-67 and TUNEL staining suggested that E2F6 was
involved in the progression of glioma growth (Figures 8D, E).

E2F6 Regulates COX10-AS1 Expression by
Binding to Its Promoter Region
To further explain the regulatory relationship among COX10-
AS1, miR-641 and E2F6, we tested whether E2F6 could regulate
A B C D
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HF

J K L M

G I D

FIGURE 6 | E2F6 is the functional target of the COX10-AS1/miR-641 axis. (A) The putative binding sites of miR-641 on E2F6 were predicted by an online database.
(B) The relative expression of E2F6 in clinical specimen. (C) The relative expression of E2F6 in different grade of glioma. (D) The relative expression of E2F6 in
primary and recurrent glioma. (E) Pearson’s correlation analysis of COX10-AS1 expression and E2F6 expression in clinical specimens. (F) Pearson’s correlation
analysis of miR-641 expression and E2F6 expression in clinical specimens. (G, H) The relative expression of E2F6 in NHAs and glioma cell lines measured by qRT-
PCR and western blot. (I) The expression level of E2F6 in different grades of glioma detected by immunohistochemistry. (J, K) Luciferase reporter assay indicated
that miR-641 reduced the luciferase activity of E2F6-WT but not E2F6-MUT. (L, M) The relative expression of E2F6 in U87 and LN229 cells transfected with
sh-COX10-AS1, miR-641 inhibitor or sh-COX10-AS1 together with miR-641 inhibitor, as measured by qRT-PCR and western blot. **P < 0.01.
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COX10-AS1. First, we searched the promoter sequence of
COX10-AS1 via UCSC (https://genome.ucsc.edu/). With the
help of the JASPAR website (http://jaspar.genereg.net/), we
found that there are sites on E2F6 that could bind to the
promoter sequence of COX10-AS1 (Figures 9A–C). By ChIP
assays, we found that the affinity of the COX10-AS1 promoter
(P2) to E2F6 was stronger than that to IgG (Figures 9D, E). To
validate the effectiveness of the binding sites (including two
sites), luciferase reporter assays was conducted, and the results
indicated that the promoter activity of the predicted sites (-1804
~ -1794) was enhanced significantly by E2F6 (Figure 9F).
Finally, we found a positive correlation between E2F6 and
COX10-AS1 by qRT-PCR and/or western blot (Figures 9G–I).
Overall, we concluded that COX10-AS1/miR-641/E2F6 formed a
positive feedback loop to regulate glioma progression.
Frontiers in Oncology | www.frontiersin.org 1186
DISCUSSION

In 1976, E Zuckerkandl reported that ncRNAs may exert their
function by regulating the transcription process, which caused a
paradigm shift because researchers generally believed that
ncRNAs were useless and were therefore called “rubbish” (21).
Over time, mounting advances in ncRNAs research have shown
that dysregulation of ncRNAs is closely related to human
diseases, including cancers. For instance, miR-452 regulates the
progression of gastric cancer by targeting EPB41L3 (22); SNHG1
(small nucleolar RNA host gene 1) promotes the malignant
development of glioma by acting as a sponge of miR-194 (19);
and Circ_0079593 may function as a prognostic indicator in
glioma (23). LncRNAs, an important class of ncRNAs longer
than 200 nucleotides, have aroused great interest among
A B C D
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FIGURE 7 | E2F6 promotes glioma proliferation, migration and invasion in vitro. (A, B) The relative expression of E2F6 in U87 and LN229 cells transfected with sh-
E2F6 or sh-E2F6 together with miR-641 inhibitor, as measured by qRT-PCR and western blot. (C, D) The proliferation of U87 and LN229 cells transfected with sh-
E2F6 or sh-E2F6 together with miR-641 inhibitor, as measured by clone formation assays. (E–H) The proliferation of U87 and LN229 cells transfected with sh-E2F6
or sh-E2F6 together with miR-641 inhibitor, as measured by EdU assays. (I, J) The migration of U87 and LN229 cells transfected with sh-E2F6 or sh-E2F6 together
with miR-641 inhibitor, as measured by Transwell assays. (K, L) The invasion of U87 and LN229 cells transfected with sh-E2F6 or sh-E2F6 together with miR-641
inhibitor, as measured by Transwell assays. **P < 0.01.
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researchers. Till now, multiple lines of research have suggested
that lncRNAs have critical effects on tumour processes, such as
proliferation, apoptosis, and invasion (24–26). COX10-AS1, a
lncRNA transcript from chromosome 17, has been shown to be
related to the development of human cancers. For example, Lu
et al. demonstrated that COX10-AS1 is dysregulated in oral
squamous cell carcinoma (15) and Luan et al. reported that
COX10-AS1 is involved in the development of glioma via
regulation of autophagy (16). Although existing research has
indicated that COX10-AS1 is closely related to glioma, the
underlying mechanism is elusive and has not been completely
clarified. In the current study, through the public databases
GEPIA, we determined that COX10-AS1 was upregulated in
glioma. Consistent with the results from the public database, we
detected the expression level of COX10-AS1 in clinical
specimens collected during surgery and obtained a similar
result. By analysis of the clinical data, we found that the
expression level of COX10-AS1 was related to the prognosis
and recurrence of patients with glioma. In addition, qRT-PCR
demonstrated that the expression of COX10-AS1 in glioma cell
lines was higher than that in NHAs, especially in U87 and
LN229. To explore the function of COX10-AS1 in glioma, a
Frontiers in Oncology | www.frontiersin.org 1287
series of gain- and loss-of-function assays were conducted. The
results showed that downregulation of COX10-AS1 inhibited
the proliferation, migration and invasion of glioma, whereas
upregulation of COX10-AS1 caused the opposite effect.
These findings indicated that COX10-AS1 plays a key role in
glioma progression, which prompted us to investigate the
potential mechanism.

By the ceRNA mechanism, a lncRNA can act as a sponge for
miRNAs, leading to the latter being inactivated, thereby losing its
regulatory effect on the targeted mRNAs (27). Recently, the
ceRNA mechanism has been shown to be widely involved in
human cancers. For example, Wang et al. indicated that NEAT1
aggravates endometrial cancer progression by sponging miR-144
(28); Yuan et al. reported that linc00994 is involved in the
proliferation and invasion of gastric cancer by sponging miR-
765-3p (29); and Liu et al. showed that HOTAIR acts as a sponge
for miR-126 to regulate glutaminase in glioma (18). In the
current study, the information from StarBase and the
experiments we performed indicated that COX10-AS1 could
sponge miR-641. qRT-PCR showed that miR-641 was
downregulated in glioma and was correlated with glioma
recurrence, which indicated that miR-641 may be involved in
A
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FIGURE 8 | E2F6 promotes glioma growth in vivo. (A, B) The bioluminescent images of the tumours formed in the brains of nude mice were acquired at days 1, 10
and 20 after implantation. (C) Overall survival was compared between the sh-E2F6 and sh-NC groups by Kaplan-Meier survival curves. (D) Immunohistochemistry
for Ki-67 in the sh-E2F6 and sh-NC groups. (E) Immunohistochemistry for TUNEL staining in the sh-E2F6 and sh-NC groups.
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the regulation of COX10-AS1 in glioma. Previous studies have
demonstrated that miR-641 participates in the development of
some tumours. For instance, Kong et al. reported that miR-641
inhibits the progression of lung cancer (30); Chen et al. showed
that miR-641 is involved in the erlotinib resistance of non-small-
cell lung cancer (31); and Yao et al. suggested that miR-641 acts
as a tumour suppressor in cervical cancer (32). There is also a
study that reported that miR-641 could target ATK2 to regulate
glioma progression (33); however, the role and mechanism of
miR-641 in glioma still need further study. In this research, we
found that, consistent with a previous study, miR-641 was
downregulated in glioma. Moreover, miR-641 could partly
inhibit the promoting effect of COX10-AS1 on glioma progression.

To test our scientific hypothesis, we selected the target mRNAs
of miR-641 from an online database. From these candidate genes,
we found that E2F6 was upregulated in glioma tissues and cell
lines, which was closely related to COX10-AS1 and miR-641. As a
well-known member of the E2F family, E2F6 plays a critical role
in human disease. Li et al. reported that E2F6 regulates gastric
carcinoma development by targeting CASC2 (34); Shi et al.
suggested that E2F6 acts as a target of TLX to regulate islet beta
cell proliferation (35); and Cai et al. documented that E2F6 is
involved in miR-425-mediated growth renal cell carcinoma (36).
Frontiers in Oncology | www.frontiersin.org 1388
However, the role of E2F6 in glioma has never been reported. It is
imperative to investigate the role and underlying mechanism of
E2F6 in glioma. Through a series of assays, we confirmed that
E2F6 is a functional target of the COX10-AS1/miR-641 axis to
regulate proliferation, migration and invasion.

As COX10-AS1 is a ncRNA, there is no doubt that the
transcription process of COX10-AS1 is regulated by transcription
factors. E2F6 is a well-known transcription factor, and we were
interested in whether E2F6 could regulate the transcription process
of COX10-AS1, which is of great significance to further study the
mechanism of COX10-AS1/miR-641/E2F6 in glioma. Through a
literature search, we found that there is no research on the
regulatory relationship between E2F6 and COX10-AS1. To
address this issue, we used the JASPAR database. According to
the prediction from JASPAR, there were existing sites in the
promoter of COX10-AS1 to which E2F6 could bind. The
effective binding sites of E2F6 on COX10-AS1 were verified by
luciferase reporter assay and ChIP. In addition, the results of qRT-
PCR and western blotting showed that downregulation of COX10-
AS1 could repress E2F6 expression and that E2F6 could promote
the transcription of COX10-AS1. These results suggested that
COX10-AS1/miR-641/E2F6 formed a positive feedback loop to
regulate glioma progression (Figure 10).
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FIGURE 9 | E2F6 regulates COX10-AS1 expression by binding to its promoter region. (A) The binding motif of E2F6 determined from JASPAR. (B, C) The top five
binding sites in the COX10-AS1promoter and their corresponding three counterparts in the promoter region are shown. (D, E) ChIP assays were performed to reveal
the affinity of E2F6 to the COX10-AS1 promoter in U87 and LN229 cells. (F) Luciferase reporter assays were used to locate the binding sequences of E2F6 to the
COX10-AS1 promoter. (G, H) The expression level of E2F6 in glioma cell lines transfected with sh-COX10-AS1 or sh-NC, as measured by qRT-PCR and western
blot. (I) The expression level of COX10-AS1 in glioma cell lines transfected with E2F6 plasmid or NC, as measured by qRT-PCR. **P < 0.01.
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Taken together, in present study, we showed that E2F6-
induced COX10-AS1 promotes glioma progression by acting as
a sponge for miR-641 to regulate E2F6. These findings indicated
that the E2F6/COX10-AS1/miR-641 feedback loop plays an
important role in glioma and may be considered a potential
therapeutic target for glioma patients.
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Decorin exhibits inhibitory effects in tumorigenesis in various types of cancers. The clinical
characteristics of 42 patients with GBM were reviewed and analyzed. Lentiviral constructs
for decorin overexpression and shRNA-mediated silencing were established for U87MG
cells and T98G cells, respectively. The expressions of EMT- and autophagy-associated
markers were detected in GBM cell lines. The migration and invasion of the glioma cells
were assayed to reflect the malignant behavior of GBM. A mouse xenograft model
was used to verify the effect of decorin on autophagy in vivo. Reduced expression of
decorin in glioma tissues was associated with a poor survival of the patients. Decorin
overexpression suppressed cell migration, invasion and attenuated EMT phenotype in
glioma cell lines. Further study indicated that decorin inhibited EMT phenotype through the
induction of autophagy. The mechanisms include inhibiting the activation of c-Met/Akt/
mTOR signaling and regulating the expressions of mesenchymal markers including Slug,
vimentin and Twist, and epithelial marker E-cadherin. In addition, decorin overexpression
in a mice model can also suppress the GBM invasion and EMT phenotype. In conclusion,
decorin suppresses invasion and EMT phenotype of glioma by inducing autophagy via
c-Met/Akt/mTOR axis.

Keywords: glioblastoma multiforme, decorin, extracellular matrix, epithelial to mesenchymal transition, autophagy
INTRODUCTION

Glioblastoma multiforme (GBM) is one of the deadliest malignant tumors that occurs in the central
nervous system (1). Poor prognosis is commonly found in the GBM patients due to the high
invasiveness and resistant to current treatments (2). The epithelial to mesenchymal transition
(EMT), a crucial biological process associated with embryonic and post-natal development, has also
been reported to regulate tumor aggressive invasion and metastasis in multiple tumors (3, 4),
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including gliomas (5, 6). In GBM, multiple EMT activators
including ZEB1 could induce glioma cells to acquire
pseudopodia and higher invasive ability, which are special
features of the mesenchymal cells (7). Furthermore, EMT may
also initiate the dedifferentiation of the cells, allowing the cells to
obtain malignant characteristics including tumor invasive ability
and multidrug resistance (8, 9).

Autophagy is an evolutionary conserved homeostatic
mechanism via degrading misfolded proteins and damaged
organelles (10), and dysfunction of autophagy is related to
several pathological conditions including cancer occurrence.
Autophagy is shown to play double effects on cancer by either
inhibiting tumorigenesis via protecting the genomic integrity or
facilitating tumor growth under metabolic stress and promoting
tumor aggressiveness (11). Therefore, the role of autophagy in
tumor initiation and progression remains to be further
elucidated. Current evidence has indicated that autophagy
could maintain cells survival, but an unrestrained autophagy
may lead to cell death (12, 13). However, the exact effects of
autophagy on the EMT in GBM remain unknown.

Invasion and development of the GBM are promoted by
remodeling and degradation of the extracellular matrix (ECM)
surrounding the tumor (14). ECM of the central nervous system
is composed of a higher content of proteoglycans including
tenascin-C and decorin and glycosaminoglycans such as
hyaluronic acid (2). These macromolecule components
orchestrate the biological behavior of the GBM cells by
modulating multiple cellular regulatory signals from the
microenvironment of the tumors. Decorin, one of the most
intensely studied small leucine-rich proteoglycans (SLRPs),
exhibits diverse functions in a variety of pathophysiological
processes, such as collagen fibrillogenesis (15, 16), wound
healing (17), cell apoptosis, and angiogenesis (18, 19). Decorin
is found to exhibit inhibitory effects in tumorigenesis in various
types of cancers (20). Current evidence indicates that decorin
plays role in tumor cell cycle arrest and cell apoptosis through
epidermal growth factor receptor (EGFR) pathway, and decorin
also inhibits tumor angiogenesis after formation of a
heterodimeric complex with its key receptor Met (21).

In this study, we investigated the role of decorin in autophagy
and EMT in GBM, and revealed a molecular mechanism of its
inhibitory effects on the malignant behavior of GBM.
MATERIALS AND METHODS

Clinical Specimens and Characteristics
A total of 42 patients with GBM who had received both surgery
and chemoradiotherapy were included. The patients were 23
male and 19 female, with a median age of 50.5 years, and ranged
27~69 years. The GBM tissue specimens were collected from the
patients had not received other therapies during the surgery in
the Second Hospital of Lanzhou University (China). All the fresh
specimens were immediately frozen in liquid nitrogen and then
stored at -80°C. Tissue sample used for immunohistochemical
staining was fixed and embedded in paraffin. The clinical
Frontiers in Oncology | www.frontiersin.org 292
characteristics of the patients were reviewed and analyzed. This
study was approved by the Ethics Committee of Second Hospital
of Lanzhou University, and the patients signed written
informed consent.

Cell Cultivation and Transfection
The human GBM cell lines including U87MG, T98G, U251,
A172 and U118 were acquired from the American Type Culture
Collection (ATCC; Rockville, MD). Human normal astrocyte cell
line NHAs were acquired from Lonza (Rockland, ME). The cells
were cultured in the Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Thermo Fisher Scientific Inc., Waltham, MA)
containing 4500 mg/L glucose and 4 mM L-glutamine, and
supplemented with 10% fetal bovine serum (FBS, Gibco), 100
units/mL penicillin, and 100 mg/mL streptomycin (Sigma, St.
Louis, MO). Cell culture was performed in a humidified
atmosphere of 5% CO2 and maintained at 37°C.

Lentiviral constructs for decorin overexpression and shRNA-
mediated silencing were purchased from GeneChem (Shanghai,
China). The vector sequence of decorin shRNA was: 5′-CCG
GCCGCATTGCTGATACCAATATCTCGAGATAT
TGGTATCAGCAATGCGGTTTTTG-3′. The U87MG, T98G
and U251 cell lines were cultured in six-well plates at 20~30%
cell density one day before transduction. U87MG and U251 cells
were transfected with LV-decorin-puromycin at a multiplicity of
infection (MOI) of 20, and LV-decorin-shRNA-puromycin was
transduced into T98G and U251 cells at a MOI of 40. In addition,
non-target virus (LV-puromycin) served as negative control
(NC). The DMEM should be replaced by fresh medium 12 h
after the incubation. Puromycin was added to the cultured cells
to choose the cells transduced with the viruses 48 h after
the incubation.

Reverse Transcription and Quantitative
Real-Time Polymerase Chain Reaction
(qRT-PCR)
Total RNA was extracted from GBM tissue samples using TRIzol
reagent (Gibco, San Diego, CA). 1 mg of RNA was converted to
cDNA using reverse transcriptase. qRT-PCR PCR was
performed in an ABI PCR instrument (Applied Biosystems,
Grand Island, NY) with a Fast SYBR-green Master Mix kit.
GAPDH served as an internal control. The relative expression
level of PCR product was calculated with the 2-DDCt method. The
primers in this assay were decorin, forward: 5′-ATGAAG
GCCACTATCATCCTCC-3′ and reverse: 5′-GTCGCGGT
CATCAGGAACTT-3′; GAPDH, forward: 5′-GGAGCGAGA
TCCCTCCAAAAT-3′ and reverse: 5′-GGCTGTTGTCA
TACTTCTCATGG-3′.

Primary Glioma Cell Isolation
and Cultivation
The primary glioma cells were isolated from three patients (No.
17, No.25 and No.35) and cultured as P017, P025 and P035. The
tumor tissues were resected and debrided of the necrotic tissue
under sterile conditions, and then digested with 0.25% Trypsin.
The cells were harvested after the lysis of red blood cells, washed
July 2021 | Volume 11 | Article 659353
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with phosphate-buffered saline (PBS) and cultured in DMEM
supplemented with 10% FBS. The cell medium should be
exchanged every two days to remove the non-attached cells
until the medium became clarified.

Western Blot Analysis
The total protein of the cells was extracted using RIPA protein
extraction buffer (Beyotime, Shanghai, China) containing protease
inhibitor. Proteins were separated using SDS-PAGE gels and
transferred to a polyvinylidene fluoride (PVDF) membrane using
a iBlot 2 Dry Blotting System (Life technologies, Thermo Fisher
Scientific, Waltham, MA). The non-specific reactivity was blocked
with nonfat milk at 4°C for one hour. The PVDF membranes were
then incubated with primary antibodies including anti-decorin
(1:1000), anti-E-cadherin (1:10000), anti-fibronectin (1:1000),
anti-vimentin (1:1000), anti-Snail (1:1000), anti-Slug (1:1000),
anti-Twist (1:1000), anti-LC3B (1:2000), anti-p62 (1:10000), anti-
c-Met (1:1000), anti-p-c-Met (1:1000), anti-Akt (1:1000), anti-p-Akt
(1:1000), anti-mTOR (1:10000), anti-p-mTOR, anti-ERK1/2
(1:10000), anti-p-ERK1/2, anti-b-actin (1:5000) and anti-
GAPDH (1:5000) at 4°C overnight. These antibodies were
from Abcam (Cambridge, MA). The membranes were then
washed in TBST and incubated with Horseradish peroxidase-
conjugated secondary antibodies (Beyotime, Shanghai, China)
for 1 h. A Super ECL Plus Detection reagent (Applygen
Technologies, Beijing, China) was used to develop the bands,
which were captured by a Tanon-4200 Gel Imaging System
(Tanon, Shanghai, China).

Wound-Healing Assay
The transduced U87MG or T98G cells were seeded in a 12-well
plate until confluence. The cell monolayer was manually
scratched with a 200 mL-pipette tip to from a straight line
without corresponding cells. The wells were gently washed
once with PBS to clean the visual field. To decrease the
influence of FBS on the cell migration, the FBS concentration
in the medium was changed to 0.5%. At least five continuous
fields per well were recorded with a Zeiss Axio Observer Z1
inverted microscope (Carl Zeiss, Thornwood, NY) before and
24 h after migration. The ability of cell migration was expressed
as the percentage of cell wound closure, which is calculated as
(Scratching area - Wound area at 24 h)/Scratching area × 100%.
The scratching area and wound area were quantified by the
ImageJ software (NIH, Bethesda, MD).

Cell Invasion Assay
The invasion of transduced U87MG or T98G cells were
determined by a BioCoat Matrigel Invasion Chamber (BD
Biosciences, Franklin Lakes, NJ). Briefly, cells (1 × 105) in
DMEM containing 0.5% FBS were seeded on the upper
chamber with Matrigel-coated membrane in a 24-well plate.
The bottom chamber was added with DMEM containing 10%
FBS as a chemoattractant. After incubating for 24 h, cells on the
upper chamber were removed by a cotton swab. The membrane
with adhered cells were fixed using 2% paraformaldehyde, and
then stained by 0.1% crystal violet PBS solution. Invasive cells
were photographed in five random fields per treatment.
Frontiers in Oncology | www.frontiersin.org 393
Immunofluorescence Analysis
The GBM cells were fixed with 4% paraformaldehyde in PBS for
15 min, and then permeabilized for 10 min with 0.1% Triton-
X100. The cells were blocked with 3% BSA for 30 min. After
washed with PBS, the cells were incubated with primary anti-
LC3B (1:2000, Abcam) or anti-p62 (1:2000, Abcam) primary
antibodies for 1 h at 37°C. The cells were washed and then
incubated with corresponding IgG H&L (Alexa Fluor® 488)
secondary antibodies (Abcam) for 1 h at room temperature.
DAPI was used to stain the cell nucleuses. Images were acquired
with an UltraVIEW VoX confocal imaging system (Perkin
Elmer, Waltham, MA).

In Vivo Mouse Xenograft Model
Single cell suspension (1 × 106) of U251-decorin-shRNA
(shRNA-mediated decorin silencing), U251-decorin (decorin
overexpression) or U251-shNC cells were implanted into the
subcutaneous tissues in the right abdominal flank of the BALB/c-
nu/nu mice. Four weeks after implantation of the cells, the mice
were sacrificed. The tumors were fixed in 4% paraformaldehyde,
and were then paraffin-embedded for HE staining or
immunohistochemical analysis.

Statistical Analysis
The data in this study were presented as mean ± S.D.
Comparisons were performed using two-sided Student’s t-test
(two groups), or one-way ANOVA with post hoc Tukey’s test
(multiple groups). The Kaplan-Meier method was used to plot
the survival curves. Survival analysis was performed with the
GraphPad Prism 7 Software. P<0.05 is considered significant.
RESULTS

Reduced Expression of Decorin in Glioma
Tissues Associated With a Poor Survival
To determine the relationship between decorin and the
prognosis of GBM patients, the expression of decorin in GBM
tissues was evaluated. qRT-PCR was used to analyze the
expression level of decorin in 42 GBM samples and 3
paratumorous tissue samples, and the results were shown in
Figure 1A. Western blot analysis in three paired tissue samples
from some of these patients (No. 14, 31 and 37) indicated that
decorin was highly expressed in paratumorous tissues, while it
had a lower expressions in GBM tissues (Figure 1B). We defined
21 cases with a higher level of decorin expression than the
median as the high-expression group or decorin (high). The
other 21 cases were included in the low-expression group or
decorin (low). According to the Kaplan-Meier survival curve, the
21 patients with higher decorin expression had significantly
better overall survival than those with lower decorin expression
(P = 0.0159, Figure 1C). We further assessed the decorin
expression using Western blot on different GBM cells
including normal human astrocyte cell line (NHAs),
established (U87MG, T98G, U251, A172 and U118) and
primary glioma cell lines (P017, P025 and P035). We found a
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higher decorin expression level in normal astrocyte cell line while
at low levels in all glioma cells studied (Figures 1D, E).

Decorin Suppresses Cell Migration,
Invasion and Attenuates EMT Phenotype
in Glioma Cell Lines
Because a low expression of decorin was correlated with a poor
prognosis in patients with GBM, we then investigated whether
decorin played a functional role in glioma cells. Lentiviruses-
mediated overexpression of decorin in U87MG cells (U87MG-
decorin), or expression of short hairpin RNAs (shRNA) to knock
down decorin in T98G cell lines (T98G-decorin-shRNA) were
performed. Wound-healing assay revealed that decorin
overexpression dramatically decreased the cell migration in
U87MG-decorin cells compared with that in U87MG-NC cells.
In addition, T98G-decorin-shRNA cells showed a significantly
increased cell migration compared to the T98G-shNC cells
Frontiers in Oncology | www.frontiersin.org 494
(Figures 2A, B). Consistently, overexpression of decorin
significantly decreased the number of invasive U87MG cells.
However, silencing of decorin significantly promoted cell
invasion in T98G cells (Figures 2C, D).

To evaluate the potential effects of decorin on the regulation of
EMT phenotype, the expression of EMT-associated markers was
detected. The result of Western blot indicated that overexpression
of decorin significantly increased the expression of E-cadherin,
which was expressed in the neural tissue, but suppressed the
mesenchymal markers vimentin and fibronectin, and the
expressions of EMT-related proteins Snail, Slug and Twist were
inhibited as well. In contrast, decorin-shRNA down-regulated the
expression of E-cadherin, and up-regulated the mesenchymal
markers and EMT-related proteins (Figures 2E, F). These
results suggested that decorin significantly inhibited the
occurrence of EMT, which could be promoted by
decorin-shRNA.
A

B C

D E

FIGURE 1 | Reduced expression of decorin in glioma tissues is associated with a poor survival. (A) The level of decorin expression was detected in 42 GBM
samples and 3 paratumorous tissue samples using qRT-PCR. Values are means ± S.D. @ of 3 independent experiments.**P <0.01. (B) Western blot analysis in
three paired tissue samples indicated that decorin was highly expressed in paratumorous tissues, while it had a lower expressions in GBM tissues. (C) Kaplan-Meier
survival curve according to the levels of decorin expression. The 21 patients with higher decorin expression had significantly better overall survival than those with
lower decorin expression (P = 0.0159). (D) Western blot analysis showed that decorin was highly expressed in human normal astrocyte cell line NHAs, while it had a
lower expressions in established or primary glioma cell lines. (E) Measurement data of Western blot results (means ± S.D. @ of 3 independent experiments).
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Decorin Induces Autophagy in Glioma
Cell Lines
To determine the potential mechanism of the inhibitory effects of
decorin overexpression on cell invasion and EMT, the levels of
autophagy-related proteins were detected. Increased LC3B-I to
LC3B-II conversion and reduced expression level of autophagy
cargo protein p62 were both found in U87MG-decorin cells,
indicating that autophagy was activated by decorin
overexpression. In addition, decorin-silencing decreased the
ratio of LC3B-II/LC3B-I and elevated the expression of p62 in
T98G cells compared with those in shNC cells (Figures 3A, B).
We then performed immunofluorescence assay to further detect
the distribution of LC3B and p62 in U87MG cells. In consistent
with western blot analysis, the results showed increased numbers of
LC3B protein spots and decreased expression of p62 in the
Frontiers in Oncology | www.frontiersin.org 595
cytoplasm of decorin-overexpressed cells, suggesting that decorin
overexpression could promote the cell autophagy (Figure 3C).

Decorin Inhibits EMT Phenotype Through
the Induction of Autophagy in Glioma
Cell Lines
To further discover the mechanisms underlying the inhibitory
effects of decorin on the cell invasion and EMT phenotype, we
examined whether autophagy–lysosome degradation system
contributed to decorin-induced down-regulation of Slug and
Twist expression, both of which play critical roles in the
regulation of EMT. T98G-shNC or T98G-decorin-shRNA cells
were treated with cycloheximide, a widely used protein synthesis
inhibitor, or cycloheximide combined with proteasome inhibitor
MG132, to block de novo synthesis and the ubiquitin-proteasome
A B

C

E F

D

FIGURE 2 | Decorin inhibits cell migration, invasion and ameliorates EMT phenotype in glioma cell lines. (A) Wound-healing assay of U87MG and T98G cells
with decorin overexpression and decorin silencing. Decorin overexpression dramatically decreased the cell migration in U87MG-decorin cells compared with that
in U87MG-NC cells. T98G-decorin-shRNA cells showed a significantly increased cell migration compared to the T98G-shNC cells. (B) Measurement data of cell
migration results (means ± S.D. @ of 3 independent experiments). (C) Overexpression of decorin significantly decreased the number of invasive U87MG cells.
However, silencing of decorin significantly promoted cell invasion in T98G cells. (D) Measurement data of cell invasion results (means ± S.D. @ of 3 independent
experiments). (E) Evaluation of the effects of decorin on the EMT phenotype. Western blot results showed that overexpression of decorin significantly increased the
expression of E-cadherin, but suppressed the mesenchymal markers vimentin and fibronectin, and inhibited the expressions of EMT-related proteins Snail, Slug
and Twist. In contrast, decorin-silencing down-regulated the expression of E-cadherin, and up-regulated the mesenchymal markers and EMT-related proteins.
(F) Measurement data of Western blot results (means ± S.D. @ of 3 independent experiments). *P < 0.05, **P < 0.01 vs. NC; ##P < 0.01 vs. shNC.
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degradation of Slug and Twist. The result indicated that the
degradation of Slug and Twist in T98G-shNC cells were much
rapid than that in T98G-decorin-shRNA cells (Figures 4A, B).
However, treatment of cells with both cycloheximide and MG132
could not change these effects between groups (Figures 4C, D).
These data indicate that the decorin-mediated degradation of
Slug/Twist does not depend on the ubiquitin-proteasome system.

The cells were then treated with cycloheximide and 3-MA, an
inhibitor of autophagy. The result of Western blot indicated that
the degradation rates of Slug and Twist were similar between
T98G-shNC and T98G-decorin-shRNA cells, suggesting that 3-
MA significantly attenuate the degradations of these proteins
(Figures 4E, F). Therefore, a decorin-dependent mechanism is
involved in degradation of Slug/Twist via activating the
autophagy-lysosome system. Furthermore, 3-MA treatment
could block the effects of decorin overexpression-induced
inhibition of migration and invasion of U87MG cells
(Figures 4G, H). Collectively, these findings suggest that
decorin inhibits EMT phenotype through the induction of
autophagy in glioma cell lines.

Decorin Suppresses EMT via c-Met/Akt
Axis in Glioma Cells
As we had revealed decorin-mediated degradation of Slug/Twist,
we then examined whether decorin directly inactivate EMT-
prompting signal pathways. Mounting evidence has shown that
decorin exert its oncosuppressive function as an endogenous
pan-receptor tyrosine kinase inhibitor. Meanwhile, pathways
Frontiers in Oncology | www.frontiersin.org 696
mediated by tyrosine kinase receptors have been reported to
participate in the activation of EMT-like related genes to
promote GBM dissemination. Among these RTKs, the
hepatocyte growth factor (HGF) binding receptor tyrosine
kinase receptor c-Met is highly activated during GBM
progression. The activated receptor is associated with a
disassembly of adherent junction, resulting in increased cell
migration and promoting EMT (22). Current evidence
indicates that autophagy can be negatively regulated by PI3K/
Akt protein pathway and positively regulated by ERK1/2 protein
pathway (23). Thus, we sought to examine whether c-Met/PI3K/
Akt axis is involved in decorin-induced EMT inhibition in
glioma cells. First, we evaluated the phosphorylated levels of c-
Met, Akt and mTOR in T98G-decorin-shRNA and U87MG-
decorin cells, and the results indicated that phosphorylated levels
of c-Met, Akt and mTOR were notably down-regulated by
Western blot analysis. The level of p-ERK1/2 was increased
in decorin-overexpressed U87MG cell lines compared with
the U87MG-NC cells (Figures 5A, B). In contrast, the
phosphorylated levels of c-Met, Akt and mTOR were
significantly up-regulated, whereas the level of p-ERK1/2 was
decreased in T98G-decorin-shRNA cells (Figures 5A, B).
Although the carcinostatic function of decorin is specific,
further investigation is urgently needed to illustrate the
mechanism through which decorin affects the EMT and
autophagy in tumors via the c-Met/Akt/mTOR and ERK1/2
signaling pathway. Thus, we used LY294002, a PI3K inhibitor,
and the activator 740Y-P to treat the cells showing stable decorin
A B

C

FIGURE 3 | Decorin stimulates autophagy in glioma cell lines. (A) Western blot analysis of autophagy related protein indicated that increased LC3B-I to LC3B-II
conversion and reduced expression of p62 were both found in U87MG-decorin cells. Decorin-silencing decreased the ratio of LC3B-II/LC3B-I and elevated the
expression of p62 in T98G cells. (B) Measurement data of Western blot results (means ± S.D. @ of 3 independent experiments). **P < 0.01 vs. NC; ##P < 0.01 vs.
shNC. (C) Immunofluorescence analysis of LC3B and p62 in U87MG cells, in response to overexpression of decorin.
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knockdown or overexpression and evaluated the phosphorylated
levels of c-Met, Akt, mTOR and ERK1/2, and the expressions of
autophagy- and EMT-related markers by Western blot analysis.
The results showed that in the U87MG-decorin cells, the
expression levels of p-c-Met, p-Akt and p-mTOR were
significantly increased, and p-ERK1/2 level was decreased after
treatment with 740Y-P, but these expression changes were
reversed in the T98G-decorin-shRNA cells after treatment with
Frontiers in Oncology | www.frontiersin.org 797
LY294002 (Figures 5A, B). In addition, the LC3B-II/LC3B-I
expression ratio and E-cadherin was decreased in the decorin-
overexpressed U87MG cells after 740Y-P treatment, but the
levels of P62, Slug and Twist were augmented in these cells
(Figures 5C, D). Contrarily, LY294002 treatment led to reduced
expressions of p62, Slug and Twist, and up-regulated the
expressions of p-ERK1/2, E-cadherin and LC3B-II/LC3B-I
conversion, resulting in activation of ERK1/2 signaling and
A B

E F

G H

C D

FIGURE 4 | Decorin inhibits EMT phenotype through the induction of autophagy in glioma cell lines. (A) T98G cells were infected with LV-decorin-shRNA vector.
Cells were treated with 100 mg/mL of cycloheximide. Western blot results showed that the degradation of Slug and Twist in T98G-shNC cells were much rapid than
that in T98G-decorin-shRNA cells. (B) Measurement data of (A) (means ± S.D. @ of 3 independent experiments). **P<0.01 vs. shNC. (C) Treatment of the cells with
both cycloheximide and 10 mM of MG132 could not change these effects between groups. (D) Measurement data of (C) (means ± S.D. @ of 3 independent
experiments). **P < 0.01 vs. shNC. (E) The degradation rates of Slug and Twist were similar between T98G-shNC and T98G-decorin-shRNA cells after the cells
were treated with cycloheximide and 10 mmol/L 3-MA. (F) Measurement data of (E) (means ± S.D. @ of 3 independent experiments). (G, H) 3-MA treatment could
block the effects of decorin overexpression-induced inhibition of migration and invasion of U87MG cells. (means ± S.D. @ of 3 independent experiments).). **P < 0.01
vs. NC; $$P < 0.01 vs. Decorin.
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thereby the induction of autophagy and EMT inhibition
(Figures 5A, C, D). Therefore, the regulatory effects of decorin
on autophagy and the EMT can be partially attributed to the
inhibition of PI3K-Akt-mTOR and activation of ERK1/2
signaling pathways.

Decorin Inhibits EMT Phenotype in Glioma
Cells via Activation of Autophagy In Vivo
Along with the in vitro cellular data, we tested whether decorin
could reduce tumor invasion and inhibit autophagy and the
EMT phenotype in vivo. The role of decorin in a nude mouse
model was analyzed. Lentiviral constructs for shRNA-mediated
Frontiers in Oncology | www.frontiersin.org 898
decorin silencing (U251-decorin-shRNA) and decorin
overexpression (U251-decorin) were established in U251 cells.
Compared to the U251-decorin tumor, U251-shNC and U251-
decorin-shRNA tumors exhibited clear characteristics of
invasion. The result of HE staining showed that U251-shNC
tumor or U251-decorin-shRNA tumor tended to invade the
neighboring normal tissue, however, the U251-decorin tumor
kept a relative smooth edge (Figure 6A). The expression of
mesenchymal markers including Slug and vimentin were up-
regulated greatly in U251-decorin-shRNA tumors. The
expressions of these proteins were decreased in U251-shNC
tumors, and further significantly decreased in U251-decorin
A B

C

D

FIGURE 5 | Decorin suppresses EMT via c-MET/Akt/mTOR signaling pathway in glioma cells. (A) U87MG and T98G cells were infected with decorin-overexpressing
lentivirus and decorin-shRNA lentivirus, respectively. U87MG were treated with 740Y-P, a PI3K activator, and T98G cells with the inhibitor LY294002. The cells were
then harvested and lysed for the detection of p-c-Met, c-Met, p-Akt, Akt, p-mTOR, mTOR, p-ERK1/2 and ERK1/2 by western blot. The phosphorylated levels of
c-Met, Akt and mTOR were notably down-regulated and the level of p-ERK1/2 was increased in decorin-overexpressed U87MG cell lines compared with the U87MG-NC
cells. In contrast, the phosphorylated levels of c-Met, Akt and mTOR were significantly up-regulated, whereas the level of p-ERK1/2 was decreased in T98G-decorin-
shRNA cells. The U87MG-decorin cells, the expression levels of p-c-Met, p-Akt and p-mTOR were significantly increased, and p-ERK1/2 level was decreased after
treatment with 740Y-P, but these expression changes were reversed in the T98G-decorin-shRNA cells after treatment with LY294002. (B) Measurement data of (A)
(means ± S.D. @ of 3 independent experiments). **P < 0.01 vs. NC; $$P<0.01 vs. Decorin; ##P < 0.01 vs. shNC; &&P < 0.01 vs. Decorin-shRNA. (C) LC3B-II/LC3B-I
expression ratio and E-cadherin was decreased in the decorin-overexpressed U87MG cells after 740Y-P treatment, but the levels of P62, Slug and Twist were augmented
in these cells. Contrarily, LY294002 treatment led to reduced expressions of p62, Slug and Twist, and up-regulated the expressions of p-ERK1/2, E-cadherin and LC3B-II/
LC3B-I conversion. (D) Measurement data of (C) (means ± S.D. @ of 3 independent experiments). **P < 0.01 vs. NC; $$P < 0.01 vs. Decorin; ##P < 0.01 vs. shNC;
&&P < 0.01 vs. Decorin-shRNA.
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tumors. Conversely, the epithelial marker E-cadherin was down-
regulated in U251-decorin-shRNA tumors, and the expression
was increased in U251-shNC tumors, and further significantly
increased in U251-decorin tumors. These data suggested that
EMT was induced by decorin inhibition in vivo (Figure 6B). In
addition, the phosphorylated levels of Akt and mTOR were
notably up-regulated in U251-decorin-shRNA tumors
compared to those in U251-shNC tumors, and these
phosphorylated levels were further decreased in U251-decorin
tumors (both P<0.01, Figures 6C, D). These data suggested that
Akt/mTOR pathway was inhibited by decorin in the implantated
tumors, which was consistent with the invasion data in vivo.
DISCUSSION

Proteoglycans are a macromolecule family with complex
structures and high heterogeneity. Proteoglycans have
a protein core and at least one covalently attached
glycosaminoglycan chain. This unique structure provides
the proteoglycans with the ability to regulate multiple
pathophysiological processes including tumorigenesis (24).
Decorin, which belongs to the small leucine-rich proteoglycan
(SLRP) family, is a key component of ECM structure and
function. Recent studies revealed that decorin exhibits potent
oncosuppressive activities in multiple tumors (20, 21) through
extracellular and intracellular mechanisms. In this study, we
investigated the role of decorin in autophagy and EMT in GBM,
and revealed that the high expression level of decorin correlates
Frontiers in Oncology | www.frontiersin.org 999
with the better overall survival of GBM patients. This differential
expression was also observed in cultured cells that a higher
decorin expression found in normal astrocyte cell line NHAs
while it was at low levels in established glioma cells (U87MG,
T98G, U251, A172 and U118) and the glioma cells isolated from
three GBM patients. Notably, although GAPDH is a normally
used reference gene for RT-qPCR assay, Rydbirk et al. reported
that more stable reference gene such as UBE2D2 or RPL13 may
be better for assessing gene expression in nerve tissues (25). In
addition, we found that decorin regulates autophagy and the
EMT phenotype through c-Met/Akt/mTOR and ERK1/
2 pathway.

In addition to playing an essential role in embryonic
development, EMT has also been implicated to modulate tumor
invasion and metastasis in numerous tumors (26, 27) including
GBM (28). Recent studies have shown that decorin not only
exerts its actions within the tumor stroma, but also acts as a
multifunctional signaling molecule in numerous pathological
conditions such as hepatic fibrosis (29), immunomodulation
(30, 31), obesity (32) and tumor initiation and progression
(20, 33, 34). In this study, lentiviral constructs for decorin
overexpression and shRNA-mediated silencing were established
for U87MG cells and T98G cells, respectively. We observed that
decorin overexpression in U87MG cells suppressed cell migration
and invasion, accompanied by the reversion of EMT phenotype,
which is characterized by down-regulation of mesenchymal
marker fibronectin, vimentin, Snail, Slug and Twist, and up-
regulation of epithelial marker E-cadherin. In contrast, silencing
of decorin in T98G cells promoted cell migration, invasion and
EMT process.
A B

C D

FIGURE 6 | Decorin overexpression suppresses GBM invasion and EMT phenotype. (A) The result of HE staining showed that U251-shNC tumor or U251-decorin-
shRNA tumor tended to invade the neighboring normal tissue, however, the U251-decorin tumor kept a relative smooth edge. (B) The expression of mesenchymal
markers including Slug and vimentin were up-regulated greatly in U251-decorin-shRNA tumors. The expressions of these proteins were decreased in U251-shNC
tumors, and further significantly decreased in U251-decorin tumors. Conversely, the epithelial marker E-cadherin was down-regulated in U251-decorin-shRNA tumors,
and the expression was increased in U251-shNC tumors, and further significantly increased in U251-decorin tumors. (C) The phosphorylated levels of Akt and mTOR
were notably up-regulated in U251-decorin-shRNA tumors compared to those in U251-shNC tumors, and these phosphorylated levels were further decreased in
U251-decorin tumors. (D) Measurement data of (C) (means ± S.D. @ of 3 independent experiments). **P < 0.01 vs. Decorin-shRNA; ##P < 0.01 vs. NC.
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The current study further found that inhibition of the EMT
by decorin was mediated by the activation of autophagy. Multiple
autophagy-associated proteins are involved in this complicated
process. In the present study, it was shown that overexpression of
decorin in U87MG cells up-regulated the conversion of LC3B-II,
and reduced the expression level of autophagy cargo protein p62.
Immunofluorescence assay also confirmed the increased level of
LC3B and decreased p62 level in U87MG cells transfected with
decorin. These results suggest that decorin induces autophagy in
human glioma cells. In addition, in U87MG cells normally
lacking decorin expression, ectopic overexpression of decorin
led to the autophagy-lysosome dependent degradation of Slug
and Twist, two main promotors of EMT, to attenuate the EMT
process in U87MG cells. In contrast, in T98G cells normally
expressing decorin, silencing of decorin induced the
accumulation of Slug and Twist, and activated the EMT
process. Furthermore, autophagy inhibitor (3-MA) treatment
could block the effects of decorin overexpression-induced
inhibition of migration and invasion of U87MG cells. Thus,
our study suggests that decorin shows its GBM-inhibitory effects
through induction of autophagy activity to suppress the
EMT process.

Recent reports have revealed that decorin can act as an anti-
metastatic effector, suppressing migration and invasion of cancer
cells (35–37). In a mice model of colon carcinoma, decorin
inhibits the growth and migration of cancer cells through
regulating the level of E-cadherin (38). The inhibitory effects of
decorin on oncogenesis are associated with the activation of
receptor complex (34). Using a discovery tool, such as a
phosphotyrosine RTK array, a RTK, Met or HGF receptor
was found to be specifically activated by soluble decorin
proteoglycan or decorin protein core (39). Previous studies
indicated that Met is a crucial receptor of decorin, and
relays multiple oncosuppressive signals (39, 40). However, the
relation between decorin, EMT and c-Met/Akt/mTOR axis
remains unclear in glioma cells. Here, we characterized a
specific signaling pathway in human glioma cells. Decorin
overexpression in U87MG cells blocked the phosphorylation of
c-Met, Akt and mTOR followed by downregulation of Slug,
Twist and p62, and an increase of E-cadherin, LC3B-II to LC3B-I
conversion. These effects were reversed when treated with PI3K
activator 740Y-P. In contrast, the phosphorylation of c-Met, Akt
and mTOR were inhibited, followed by downregulation of Slug,
Twist and p62, and an increase of E-cadherin, LC3B-II to LC3B-I
Frontiers in Oncology | www.frontiersin.org 10100
conversion in the decorin-knockdown T98G cells after treatment
with the PI3K inhibitor LY294002.

Although implantation of the tumor cells into the brain is
closer to the growth environment in the human, complicated
operation and higher incidences of infection and death are major
drawbacks of this model. Furthermore, it is also difficult to
consecutively observe the growth of tumor. Thus, in this study,
we used a mice model of subcutaneous implantation of tumor
cells due to easy operation and observation. The in vivo result
indicated that decorin overexpression can suppress the GBM
invasion and EMT phenotype. In addition, the phosphorylated
levels of Akt and mTOR were significantly decreased in U251-
decorin tumors compared to those in both U251-decorin-shRNA
tumors and U251-shNC tumors. Therefore, we demonstrated
that decorin inhibits migration, invasion and EMT by the
suppressing the c-Met/Akt/mTOR signaling pathway.

In conclusion, this study provides evidence that
overexpressed decorin attenuated the EMT, migration and
invasion of human glioma cells. The mechanisms include
inhibiting the activation of c-Met/Akt/mTOR signaling and
regulating the expression of the important mesenchymal
markers including Slug, vimentin and Twist, and epithelial
marker E-cadherin. These findings provide a basis for the
action of decorin regulation in the GBM.
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Purpose: Newly emerged or constantly enlarged contrast-enhancing (CE) lesions were

the necessary signs for the diagnosis of glioblastoma (GBM) progression. This study

aimed to investigate whether the T2-weighted-Fluid-Attenuated Inversion Recovery

(T2/FLAIR) abnormal transformation could predict and assess progression for GBMs,

especially for tumor dissemination.

Methods: A consecutive cohort of 246 GBM patients with regular follow-up and

sufficient radiological data was included in this study. The series of T2/FLAIR and T1CE

images were retrospectively reviewed. The patients were separated into T2/FLAIR and

T1CE discordant and accordant subgroups based on the initial progression images.

Results: A total of 170 qualified patients were finally analyzed. The incidence of

discordant T2/FLAIR and T1CE images was 25.9% (44/170). The median time-span of

T2/FLAIR indicated tumor progression was 119.5 days (ranging from 57 days-unreached)

prior to T1CE. Nearly half of patients (20/44, 45.5%) in the discordant subgroup suffered

from tumor dissemination, substantially higher than accordant patients (23/126, 20.6%,

p < 0.001). The median time to progression (TTP), post-progression survival (PPS), and

overall survival (OS) were not statistically different (all p > 0.05) between discordant and

accordant patients.

Conclusions: T2/FLAIR abnormity could be the sign of GBM progression, especially

for newly emerged lesions disseminating from the primary cavity. Physicians should cast

more attention on the dynamic change of T2/FLAIR images, which might be of great

significance for progression assessment and subsequent clinical decision-making.

Keywords: glioblastoma (GBM), isocitrate dehydrogenase (IDH), gross total removal of tumor (GTR), supratotal

maximal resection (SMR), T2/FLAIR, progression, dissemination, RANO

INTRODUCTION

The glioblastoma (GBM) is one of the most lethal malignancies and harbors profoundly
intratumoral and intertumoral heterogeneity (1–3). This heterogeneity encompasses substantially
molecular and spatial-temporal distinction and could be reflected on imaging (4). Though GBM
typically presents as contrast-enhancing tumors (CET) on MRI, components beyond CE margins,

102

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.819216
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.819216&domain=pdf&date_stamp=2022-02-02
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xiaohuiren@aliyun.com
mailto:linsong2005@126.com
https://doi.org/10.3389/fneur.2022.819216
https://www.frontiersin.org/articles/10.3389/fneur.2022.819216/full


Li et al. T2/FLAIR Predicts Glioblastoma Dissemination

regarded as non-CE tumors (nCET), could also progress rapidly
and evolve to CET that severely threaten survival (5). Recently,
dozens of studies focusing on the nCET have proposed the
innovative surgical strategy that nCET should be considered to
be removed, which might be helpful to prolong prognosis (6–
8). This informed us that more attention should be attached to
the nCET.

Multicentric and multifocal GBM, consisting of 1–35%
newly diagnosed GBM, tend to portend a worse prognosis
than unifocal (9). In contrast to multicentric GBM, multifocal
GBM presents obvious communication on T2-weighted-Fluid-
Attenuated Inversion Recovery (T2/FLAIR) imaging. However,
both the definition of multicentric and multifocal GBMs require
CE rather than the non-CE (nCE) lesions as one of the centers or
focuses (10). Till now, few researchers reported GBMs with nCE
lesions as multi-focal or multicentric GBMs. Lasocki et al. firstly
reported that nine (6%) of 151 patients with GBM had isolated
nCE lesions and further proved GBM, which warned us to pay
more attention to this phenomenon (11).

Multifocal or multicentric lesions could not only be diagnosed
for primary GBM but for recurrent or progressed tumors.
Though local recurrence dominates the patterns of progression,
non-local progression, such as distant intracranial metastasis,
subependymal spread, and leptomeningeal dissemination, and
extracranial visceral metastasis, occurs in 2–34.5% patients with
GBM (12, 13). The Response Assessment in Neuro-Oncology
(RANO) and modified RANO criteria warrant new emerged or
significantly enlarged CE lesions as the necessary and essential
evidence to consider tumor progression for Bevacizumab-naïve
patients (14–16), nevertheless, non-local recurrence could be
similar to nCE multifocal or multicentric GBMs. They might
not be visible on T1CE but T2/FLAIR images. Till now, no
studies focused on this issue. Thus, we performed a retrospective
study to explore whether T2/FLAIR could be more sensitive in
distinguishing early progression than T1CE images, especially for
non-local progressed GBM.

METHODS AND MATERIALS

Patients
A cohort of 246 consecutive adult patients from March 1, 2013
to August 31, 2020, surgically treated and pathologically defined
as de novo supratentorial isocitrate dehydrogenase (IDH) wild-
type GBM based on 2021 WHO classification of brain tumors
was included in this retrospectively study (17). All tissue sections
were meticulously reviewed by 3 senior neuropathologists to
generate a consensus diagnosis. Patients with inadequate follow-
up, lethal comorbidity, or other malignancies were excluded.
Besides, patients without tumor progression were not included
for subsequent analysis. Clinical, radiological, and pathological
information was recorded.

Abbreviations: GBM, glioblastoma; IDH, isocitrate dehydrogenase; MGMT,

O6-methylguanine-DNA methyltransferase; KPS, Karnofsky Performance Status

score; GTR, gross total removal of tumor; SMR, supratotal maximal resection; TTP,

time to progression; OS, overall survival; PPS, post-progression survival.

Molecular Information
The 1p/19q codeletion, 7+/10–, epidermal growth factor
receptor (EGFR) amplification status were determined by
fluorescence in situ hybridization (FISH). For IDH1 R132
and IDH2 R172 mutations, telomerase reverse transcriptase
(TERT) promoter C228T/C250T mutation was tested by
Sanger sequencing (18, 19). The status of O6-methylguanine-
DNA methyltransferase (MGMT) promoter was determined by
pyrosequencing, and patients were divided into methylated and
unmethylated by the average methylation level of 12% (20).
BRAF V600E, fibroblast growth factor receptor 1 (FGFR1), and
H3K27M mutations were evaluated by Sanger sequencing for
exclusion when required.

Collection of Radiological Data
All MRI studies were performed on 3.0-T clinical scanners
(Siemens Trio Tim, or GE, Boston, MA USA) in the routine
clinical workup. The protocol included axial T1-weighted
(repetition time [TR] 1,750–2,250ms, echo time [TE] 9.4–
19.8ms, matrix 256 × 198, slice thickness 5mm), T2-weighted
fast spin-echo (TR 4,900–6,711ms, TE 97–116.6ms, FA = 150◦,
matrix 256 × 320, slice thickness 5mm, spacing 1mm, field of
view [FOV] = 220 × 220mm, number of excitations [NEX] =
3), T2 FLAIR (TR = 7,000–8,000 msec, TE 91–152.0 msec, TI
2,340ms, matrix 256× 186; slice thickness 5mm, spacing 1mm,
FOV= 220× 220mm,NEX= 3), and axial and coronal contrast-
enhanced T1-weighted images (CE-T1WI; TR 1,779.2–2,110ms,
TE 9.4–19.8ms, matrix: 320 × 288, FA = 15◦, FOV = 240 ×

188mm, slice thickness 5mm, spacing 1mm, NEX= 1) with the
administration of gadopentetate dimeglumine (0.2 mmol/kg).

MRI examinations were independently analyzed by 2
investigators (XHR, a neurosurgical oncologist with 15 years of
experience and HYC, a radiologist with 25 years of experience).
Both were blinded to clinical history, molecular status, and
histopathologic diagnosis. Reassessment was performed when
discordant results were acquired. If the disagreement persisted, a
third reviewer (XZC, a radiologist in brain imaging with 25 years
of experience), joined the discussion for final consensus.

Treatment and Follow-Up
All enrolled patients were surgically treated. After the operation
and a waiting period of about 3–5 weeks, the Stupp’s protocol,
radiation with guideline-recommended dose concurrent daily
temozolomide (TMZ; 75 mg/m2/d), was finished, and following
cycles of maintenance TMZ (150–200 mg/m2 for 5 days every 28
days) adjuvant chemotherapy was administered.

Contrast-enhanced-MRI was meticulously followed within 4
weeks after concurrent chemoradiotherapy (CCRT) and regularly
surveilled with an interval of 8–12 weeks or if necessary. The
patterns of tumor progression were classified as local or in situ
(obvious connection with the primary resection cavity), distant
intracranial metastasis (newly emerged parenchyma lesions
without a clear connection with the original tumor on T2/FLAIR
images), subependymal spread (lesions disseminated along with
the subependymal zone), and leptomeningeal dissemination
(diffuse leptomeningeal enhancement around the contours of
the gyri and sulci with/without multiple nodular deposited in
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the subarachnoid space) based on the initial MR images with
progression (12). We also employed the principles of RANO for
low-grade glioma to evaluate the dynamic change of T2/FLAIR of
this GBM cohort (21). MR spectrum (MRS), perfusion-weighted
MRI (PWI) by dynamic susceptibility contrast (DSC), and 18F-
FDG-PETMRI were available to some but not all patients during
the follow-up to provide valuable information to distinguish
treatment response (pseudoprogression and radiation necrosis)
from true progression.

To distinguish peritumor edema and true non-enhancing
tumor, we introduced these definitions from the Visually
Accessible Rembrandt Images (VASARI) feature set (https://wiki.
nci.nih.gov/display/CIP/VASARI). Edema should be greater in
signal than nCET and somewhat lower in signal than CSF.
Pseudopods are the canonical characteristics of edema. The entire
abnormality may be comprised of: (1) an enhancing component,
(2) a non-enhancing component, (3) a necrotic component, and
(4) an edema component for a typical GBM.

Time to progression (TTP) was defined as the duration from
the initial surgery to the time of true tumor progression, and
overall survival (OS) was termed as the duration between the
initial surgery and the death, or date of the last follow-up (19,
22). Post-progression survival (the time span between tumor
progression and death) was also calculated and documented
for further analysis. All assessments were performed prior to
Bevacizumab or other antiangiogenic therapy.

Statistical Analysis
The student’s t-test was used for continuous variables, and
the Mann-Whitney U-test was applied for non-parametric
data. The Chi-square test or Fisher’s exact test was used to
compare the categorical variables. Graphpad Prism (Version
8.0.1, GraphPad Software, San Diego, CA, USA) was used for
statistical analysis. The survival rate of patients was estimated
with the Kaplan-Meier plot, and differences between curves
were compared by the log-rank test. Probability values were
obtained using 2-sided tests with statistical significance defined
as p < 0.05.

RESULTS

Descriptive Characteristics and the
Incidence of Different Patterns of
Progression
A total of 246 patients were initially included in this study.
Patients with no recurrence, ambiguous diagnosis of progression,
or follow-up interval longer than 3 months were excluded
for subsequent analysis (Figure 1). In 170 qualified GBM
patients with assessable progression patterns, 25.3% (43/170)
demonstrated non-local progression, such as distant intracranial
metastasis (17/170, 10.0%), subependymal spread (20/170,
11.8%), and leptomeningeal dissemination (6/170, 3.5%), while
local or diffuse recurrence was present in the other 127 (74.7%)
patients (Table 1).

The Incidence of Discordant T2/FLAIR and
T1CE Images for GBM
We observed the dynamic change discordance between
T2/FLAIR and T1CE in a small subgroup of patients with GBM
(44/170, 25.9%). The abnormal finding of T2/FLAIR was prior
to T1CE in most cases (37/44, 84.1%), and the four of remaining
patients received re-operation before the new or constantly
enlarged T1CE lesions emerged, and the other three patients
were only found T2/FLAIR abnormal space-occupying lesions
without enhancement till the last follow-up.

The median time-span between T2/FLAIR and T1CE
indicated progression was 119.5 days (ranging 57 days
-unreached). In the discordant patients, two developed
leptomeningeal dissemination (2/44, 4.5%), nine presented
subependymal spread (9/44, 20.5%), nine showed distant
intracranial metastases (9/44, 20.5%), and the remnant 24
patients suffered in situ recurrences (54.5%). Generally speaking,
nearly half of discordant patients were observed with non-
local tumor progression (20/44, 45.5%), while in an accordant
subgroup, only 18.3% of patients suffered from non-local
progression (23/126, p < 0.001; Table 1). Therefore, newly
emerged non-CE lesions, especially for these distant from
the primary tumor cavity, should be cast more attention
because T2/FLAIR abnormal lesions could still be the sign of
GBM progression.

A total of 96 patients achieved gross total removal of tumor
(GTR), and in the discordant subgroups, the GTR rate was higher
than accordant patients (32/44, 72.7% for discordant and 64/126,
50.8% for accordant, respectively, p = 0.012). In addition, the
preoperative status was better in discordant than the accordant
group (preoperative Karnofsky Performance Status [KPS] score
>70: 36 of 44 (81.8%) patients for discordant and 81 of 126
(64.3%) patients for accordant, p = 0.031). The phenomenon
informed us that the discordant subgroup achieved better local
tumor control and resulted in a lower incidence of local
progression (Table 1). While the mean age, gender distribution,
preoperative KPS score, mean tumor volume, the incidence
of ventricle infringement, MGMT promoter status, EFGR
amplification, tumor location, and TERT promoter status was not
different between discordant and accordant patients (Table 1).

Radiological and Pathological Finding
Distinguishing treatment-induced response, such as
pseudoprogression and radionecrosis, from true progression is of
utmost importance for subsequent clinical decision-making and
prognosis assessment. In the whole discordant subgroup, eleven
performed advanced imaging checks, such as MR spectrum
(MRS), perfusion-weighted MRI (PWI), PET, or combined.
Significantly increased choline (Cho)/N-acetyl-aspartate (NAA)
ratio, relative cerebral blood volume (rCBV), and high glucose
uptake were observed in these nine patients (9/11, 81.8%)
while the other two showed mild-to-moderate perfusion and
metabolic transformation.

Eleven patients in the discordant subgroup (three of them
performed advanced imaging check, and seven of them
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FIGURE 1 | Patients included in this study. The final analysis showed that 25.9% of patients (44/170) presented discordant results between T2/FLAIR and T1CE

images.

were local recurrence) accepted reoperation, and eight of
them were reported with GBM (all accepted re-operation
till the tumor evolved into CE). The other three without
enhancement were histologically confirmed astrocytoma with

anaplastic characteristics (no obviousmicrovascular proliferation
or necrosis were observed though this diagnosis should be
refined as GBM based on the 2021 WHO brain tumor
classification examples in Figure 2), and all of them were distant
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FIGURE 2 | A representative case for the discordant subgroup with distant intracranial metastasis. (A) The patient presented unbearable headache with

contrast-enhancing (CE) lesion on left temporal (a–d). Craniotomy was performed and the tumor was totally removed. The final diagnose was primary GBM, IDH

wild-type, WHO grade 4 (e–f). (B) Forty-nine months after the operation, a non-CE lesion on the splenium of the corpus callosum with space-occupying effect (a–d)

was suspected tumor progression. The final pathology diagnosis was GBM, IDH wild-type, WHO grade 4 (e–f) based on the WHO 2021 brain tumor classification

system (Bars, 200µm). GBM, glioblastoma; IDH, isocitrate dehydrogenase.

metastasis. Therefore, highly aggressive GBM could transform
into entities with histologically indicated gentle tumor behavior.
This phenomenon was rare and has a close relationship with the
distant non-CE lesion. Though most non-CE lesions evolved to
CE lesions eventually, physicians should be aware that non-CE
lesions might be the early sign of tumor progression for GBM,
especially for distant lesions.

Similar Prognosis Between Discordant and
Accordant Patients
For the whole cohort, the median TTP, OS, and PPS were 6.0,
19.0, and 11.0 months, respectively. The comparison of TTP,
OS, and PPS between discordant and accordant patients was not
significant (discordant vs. accordant, median TTP: 8.0 vs. 5.0
months, p= 0.222, Figure 3A; medianOS: 21.0 vs. 19.0months, p
= 0.164, Figure 3B; median PPS: 11.5 vs. 10.5 months, p= 0.171,
Figure 3C). The results demonstrated that though the discordant
subgroup initially presented less aggressive tumor behavior with
non-CE lesions, they progressed as fast as the CE lesions in
accordant patients and harbored a lethal prognosis.

More discordant patients suffered from non-local tumor
progression, thus simple comparison between discordant and
accordant subgroups might overlook some critical information.
Survival comparison demonstrated that the prognosis of non-
local progression patients in the discordant subgroup was
superior to accordant patients (median TTP: 7.1 vs. 5.0 months,
p = 0.083, Figure 3D; median OS: 18.25 vs. 12.5 months, p
= 0.009, Figure 3E; median PPS: 10.7 vs. 6.0 months, p =

0.009, Figure 3F). This result implied that the occurrence of
tumor dissemination for discordant patients might be later
due to better local tumor control, and disseminated nCE
tumor cells might harbor a relatively gentle tumor behavior in
discordant patients.

DISCUSSION

The IDH wild-type de novo GBM is one of the most lethal
malignancies that embraces highly molecular, temporospatial,
and radiological intratumoral and intertumoral heterogeneity
(10). The RANO and modified RANO criteria for GBM request
newly emerged or constantly enlarged CE lesions as the basic
prerequisite to defining progression, regardless of T2/FLAIR
(14–16). Our longitudinal observation demonstrated that extra
attention should be paid to the dynamic change of T2/FLAIR,
which might be the early sign of progression, especially for
non-local progression GBMs.

Typically, GBM is highly aggressive, infiltrative, and invasive
brain malignancy with prominent blood-brain barrier disruption
(10). The canonical manifestation on radiology is pronounced
CE lesions with surrounding T2/FLAIR abnormity areas (23).
However, the inherently high heterogeneity renders neither all
GBMs nor the whole body of GBMs is aggressive and destructive
enough that could be reflected by CEMRI. Not only a minority of
GBMs were non-CE but the ratio of nCE/CE in the GBMs varied
significantly (24, 25). Both the CE and T2/FLAIR abnormal
regions are enriched with malignant tumor cells that could
reproduce and propagate rapidly (7, 26, 27). Contemporarily, no
assessment criterion focusing on GBMwas established according
to radiological alteration of T2/FLAIR, neither treatment effect
assessment for Bevacizumab-naïve patients nor progression
surveillance. The extent of resection (EOR) of GBM is based on
the percentage of CETs removed or the accurate resident volume
of enhancement, regardless of T2/FLAIR. Complete response,
partial response, stable disease, or progression after treatment for
GBM of RANO was defined by dynamic alteration CE lesions for
patients who did not receive antiangiogenic therapy (14, 28, 29).
Studies reported the sensitivity of FLAIR signal increase prior
to enhancement indicated in situ progression ranged from 34 to
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TABLE 1 | Clinical, demographic and radiological characteristics of patients

with/without discordant T2/FLAIR T1CE images.

Characteristics Discordant Accordant P-value

Number of patients 44 (25.9%) 126 (74.1%) -

Age at diagnosis (years)

Mean 46.3 ± 12.8 49.6 ± 12.1 0.130

Median 50.0 51.0 0.847

Gender

Male 30 (68.2%) 85 (67.5%) 0.930

Female 14 (31.8%) 41 (32.5%)

Preoperative KPS

>70 36 (81.8%) 81 (64.3%) 0.031

≤70 8 (18.2%) 45 (35.7%)

Extent of resection

GTR 32 (72.7%) 64 (50.8%) 0.012

Non-GTR 12 (27.3%) 62 (49.2%)

Tumor volume (cm3)

Mean 36.8±33.1 44.5±51.7 0.352

Median 31.7 38.0 0.330

Ventricle infringement

Yes 23 (52.3%) 79 (62.7%) 0.224

No 21 (47.7%) 47 (37.3%)

MGMT promoter

Methylated 19 (43.2%) 44 (35.8%) 0.384

Unmethylated 25 (56.8%) 79 (64.2%)

Tumor location

Frontal 13 (29.5%) 41 (32.5%) 0.926

Temporal 16 (36.4%) 40 (31.7%)

Insular 9 (20.5%) 22 (17.5%)

Parietal 4 (9.1%) 16 (12.7%)

Occipital 2 (4.5%) 7 (5.6%)

TERT promoter

Mutant 11 (37.5%) 49 (42.3%) 0.080

Wild 17 (62.5%) 35 (57.7%)

Patterns of progression

Local recurrence 24 (54.5%) 103 (81.7%) 0.003

Distant metastasis 9 (20.5%) 8 (6.3%)

Subependymal spread 9 (20.5%) 11 (8.7%)

Leptomeningeal dissemination 2 (4.5%) 4 (3.2%)

T1CE, T1 weighted contrast-enhancing images; KPS, Karnofsky Performance

Status score; GTR, gross total removal of tumor; MGMT, O-6-methylguanine DNA

methyltransferase. Bold: significant.

75% (27, 30–33), higher than ours, which might be accountable
due to the difference in inclusion criteria, GTR, and ventricle
infringement rate in our study. Our study firstly reported the
incidence of T2-FLAIR discordance in disseminationmonitoring
and revealed its poor clinical outcome.

Traditionally, multifocal or multicentric GBM refers to the
concept that synchronous multiple lesions at diagnosis, and
the former was defined as multiple CE lesions embedded
in a relatively large area with abnormal T2/FLAIR-weighted
signal while the latter usually invading different hemisphere

or lobe devoid of connection. Furthermore, multiple GBMs
occurred at a distinct time without connection on MRI
were also viewed as multicentric GBM (2, 34). However,
these definitions were established based on the CE lesions
with/without well-demarcated margins. Lasocki et al. firstly
reported that the incidence of multicentric nCE lesions of
GBM was 6% (9/151) at preoperative diagnosis, and the
survival was much worse than patients without multicentric
non-enhancement lesions. In four patients with follow-up
MRIs, all developed enhancement and necrosis within 1
year (11). This phenomenon informed us that nCE lesions
distant from the dominant lesion could be the reason for
disease progression and treatment failure, and much more
attention should be attached to the nCE lesions because
they could not only be multicentric GBMs at diagnosis but
at recurrence. Future response assessment criteria should
incorporate the dynamic change of T2/FLAIR especially distant
signal alteration to monitor GBM in situ recurrence or
intracranial dissemination.

Local recurrence dominates the patterns of GBM progression
(ranging from 60 to 85%) (12). The standard care of GBM
demands radiotherapy to eliminate the residual tumor cells
and postpone tumor recurrence. Demyelination caused by
radiation in target volume could lead to evident T2/FLAIR
abnormity (16). At the very early stage of progression, tumor-
related edema or infiltration effect was quite obscure and totally
covered by demyelination on T2/FLAIR images, but even tiny
CE lesion on MRI could be extraordinarily conspicuous on
T1CE images. Thus, for local recurrence and leptomeningeal
dissemination monitoring, the newly emerged or constantly
enlarged CE lesions could be more sensitive for recurrence
predicting. Tumor cells could also migrate into areas out of
beam target or the low dose of the target where demyelination
was less pronounced. Tumor cells from nCE areas of initially
dominant bulk could form new non-CE lesions out of the
original target zone, or at the very early stage of new lesion
forming, the transformation of T2/FLAIR was prior to T1CE
images. Our results showed that 25.9% of patients could be
found with an nCE lesion that eventually developed into CE
lesions with necrosis, and three of them were pathologically
confirmed as nCE GBM. Berzero et al. reported that histological
grading was important for IDH wild-type glioma prognosis
assessment (35), and our result confirmed this result in non-
local progressed discordant patients. Thus, T2/FLAIR should
be added to determine dissemination and predict prognosis for
GBM, especially in the very early stage.

Currently, the concept of supratotal maximal resection (SMR),
which is termed as total removal of both CE and T2/FLAIR
abnormal regions for eligible patients, has raised great interest
in neurosurgeons for GBM treatment. Some retrospective
studies demonstrated that patients with GBM might derive a
survival benefit from SMR while some were not (36–44). GBMs
appropriate for SMR are commonly located on the prefrontal
lobe, where a high percentage of GBMs was glioma-CpG island
methylator phenotype (G-CIMP) subtype and MGMT promoter
methylated (45, 46). The evidence level of SMR for GBM could
never be equal to a multicenter, prospective trial due to the
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FIGURE 3 | Prognosis comparison between T2/FLAIR and T1CE discordant and accordant patients. (A–C) The TTP, OS, and PPS were not different between the two

subgroups. (D–F) For non-local progression patients, the OS and PPS in discordant subgroup were favorable than accordant subgroup, but not for the TTP. TTP, time

to progression; OS, overall survival; PPS, post-progression survival.

impractical nature of exploring the impact of EOR on survival.
Though some results were contradictory, we still could not
entirely deny the benefit yielded from SMR. This is the initial
concern for T2/FLAIR abnormity for GBM, and we believe this
would be inspirable and enlightened.

Multiple recurrences in GBM indicated a more aggressive
and invasive tumor behavior and portended inferior prognosis
without exception. There still lacks efficient and effective
treatment modalities for GBM dissemination control. Some
polite studies revealed that stereotactic radiosurgery (SRS) might
be helpful for a single, small lesion with the satisfactory disease
control (19, 47). For eligible patients, SRS might be an ideal
choice to alleviate suffering and prolong survival.

Limitations do exist due to the nature of retrospective
studies within a single institute. Acquisition of consecutive
MRI data every 2–3 months in a large cohort of patients
was quite difficult. Different medical centers for follow-up,
poor compliance, and financial problems might be the major
reasons that impede us from sufficient data. Till now, this
is nevertheless one of the largest cohorts of studies with
a series of MRI to dynamic monitor treatment response.
Another limitation lies in that pathology confirmation was
only achieved in a small part of patients. Furthermore,
distinguishing peritumor edema from true non-enhancing
tumors was difficult under certain circumstances. These
limitations could not cover up the meaningful finding of this

study, and neuro-oncologist should shed more light on the
dynamic image change during follow-up, not only T1WI CE but
T2/FLAIR images.

CONCLUSION

T2/FLAIR abnormity could be the early sign of GBM
progression, especially for newly emerged lesions distant
from the primary tumor cavity. The subsequent modified
GBM assessment criterion should incorporate the T2/FLAIR
information for disease monitoring, and physicians
should cast more attention on the dynamic change of
T2/FLAIR images for progression evaluation and subsequent
clinical decision-making.
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Beta-Regulated LncRNA-MUF
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the miR-34a Snail1 Axis in
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Bakhya Shree, Shraddha Tripathi and Vivek Sharma*

Department of Biological Sciences, Birla Institute of Technology and Science, Hyderabad, India

Transforming growth factor beta (TGF-b)-regulated long-non-coding RNAs (lncRNAs)
modulate several aspects of tumor development such as proliferation, invasion,
metastasis, epithelial to mesenchymal transition (EMT), and drug resistance in various
cancers, including Glioblastomamultiforme (GBM). We identified several novel differentially
expressed lncRNAs upon TGF-b treatment in glioma cells using genome-wide microarray
screening. We show that TGF-b induces lncRNA-MUF in glioma cells, and its expression
is significantly upregulated in glioma tissues and is associated with poor overall survival of
GBM patients. Knockdown of lncRNA-MUF reduces proliferation, migration, and invasion
in glioma cells and sensitizes them to temozolomide (TMZ)-induced apoptosis. In addition,
lncRNA-MUF downregulation impairs TGF-b-induced smad2/3 phosphorylation. In line
with its role in regulating invasion, lncRNA-MUF functions as a competing endogenous
RNA (ceRNA) for miR-34a and promotes Snail1 expression. Collectively, our findings
suggest lncRNA-MUF as an attractive therapeutic target for GBM.

Keywords: glioblastoma, lncRNA, Snail1, miR-34a, TGF-b
1 INTRODUCTION

GBM is a heterogeneous malignancy of the central nervous system characterized by aggressive
invasion into the surrounding tissue (1). Despite following an aggressive treatment approach
involving surgical resection and radio- and chemotherapy with temozolomide (TMZ), it remains
incurable with a dismal survival rate of about 15 months (2). One of the characteristic features of
GBM is extensive infiltration and invasion of the tumor cells to the surrounding parenchyma, which
leads to colonization and relapse of tumors (3). TGF-b is a cytokine with multiple functions
regulating cell proliferation, differentiation, and tissue homeostasis (4, 5). TGF-b promotes cancer
cell invasion, EMT, and chemoresistance (5). TGF-b is overexpressed in glioblastoma, and its
elevated expression is associated with the increased histologic grade of GBM (6). TGF-b promotes
proliferation, invasion, metastasis, angiogenesis, resistance to apoptosis, replicative immortality,
evasion of growth suppression, evasion of immune checkpoint blockade, and chemoresistance in
GBM (7–9).
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Less than 3% of the human genome codes for proteins, while
the rest of the genome pervasively transcribes several non-coding
transcripts (10–12). Among these, lncRNA transcripts are the
most abundant and are loosely defined as longer than 200 bp in
length with no ability to code for proteins (10, 13). LncRNAs
interact with proteins or other non-coding RNAs to regulate
gene expression in cis and trans to modulate cancer phenotypes
(10, 14). Several differentially expressed lncRNAs have been
identified in GBM, which regulate various aspects of GBM
pathology (15–20). TGF-b-regulated lncRNAs modulate
invasion, metastasis, and EMT in various cancers (21). In
glioma, TGF-b-regulated lncRNAs lncRNA-ATB, UCA1,
LINC00645, and LINC00115 modulate proliferation, invasion,
and glioma stem cell renewal (22–25). In addition, TGF-b-
induced lncRNAs H19 and HOXD-AS2 confer TMZ resistance
in glioma by regulating miR-198 biogenesis and competing with
KSRP (9).

Using a microarray screen, we identified several previously
uncharacterized TGF-b1-regulated lncRNAs in T98G cells and
characterized the role of one of the TGF-b-induced lncRNA-
mesenchymal upregulated factor (lncRNA-MUF/LINC00941) in
glioma physiology. LncRNA-MUF was first identified by Yan
et al., and they demonstrated that it regulates EMT in
hepatocellular carcinoma (HCC) (26). However, the functions
and mechanism of action of lncRNA-MUF in GBM were not
known. We show that levels of lncRNA-MUF are upregulated in
GBM tumor samples along with histological grade. Our results
suggest that it functions as an oncogenic lncRNA to promote
glioma cell growth and invasion by functioning as a miRNA
sponge for miR-34a that targets and suppresses Snail1. In
addition, we show that lncRNA-MUF depletion sensitizes
glioma cells to TMZ-induced apoptosis. Collectively, our
results suggest that the lncRNA-MUF/miR-34a/Snail1 signaling
axis may serve as a novel therapeutic target for GBM treatment.
2 MATERIALS AND METHODS

2.1 Cell Culture and Treatments
T98G cells were purchased from the American Type Culture
Collection (Manassas, VA). LN229, LN18, and U87-MG cells
were purchased from NCCS, Pune. All cells were grown in
complete medium, DMEM (Invitrogen) containing 10% fetal
bovine serum (FBS) supplemented with 1 mM l-glutamine, and
penicillin/streptomycin (Gibco). Cells were treated with TGF-b1
(10 ng/ml) PeproTech (#100-21) in serum-free medium (SFM)
for dose and duration indicated in the figures and legends.
SB505124 (Tocris # 3263), an inhibitor of TGFbRI/smad2/3,
was used at a concentration of 6 µM for pretreatment of GBM
cells to inhibit TGF-b signaling wherever indicated.

2.2 Microarray Analysis
Agilent SurePrint G3 Gene Expression Microarrays for Human
(v3) for lncRNAs, containing 30,606 lncRNAs and 37,756
RefSeq-coding transcripts, were used to interrogate lncRNA
and mRNA changes in vehicle versus TGF-b1 (10 ng/ml)-
treated T98G cells after 24 h. RNA was isolated using MN
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NucleoSpin RNA Plus isolation kit (Cat. No. 740984.5). 10 µg
of purified RNA samples was treated with recombinant DNAse I
(Invitrogen Thermo Scientific—Cat. No. EN0521) as per
manufacturer’s instructions, and the RNA samples were
column purified using the MN NucleoSpin column purification
kit. Hybridization and analysis were performed at the Molecular
Genomics Core at Genotypic Technology (Bangalore). Briefly,
total RNA was end-labeled using Agilent Quick-Amp labeling
Kit (p/n5190-0442) and hybridized to Agilent Human Gene
Expression Microarray 8X60K. Fragmentation of labeled cRNA
and hybridization were done using the Gene Expression
Hybridization kit (Agilent Technologies, In situ Hybridization
Kit, # 5190-0404). The hybridized slides were scanned using the
Agilent Microarray Scanner (Agilent Technologies, Part Number
G2600D). Data analysis was done by using GeneSpring GX
software version 14.5. Gene expression in the test group (TGF-
b) was compared with the control group (C) to identify
differentially expressed genes (DEGs) upon TGF-b treatment.
DEGs were selected based on log base 2 (fold ≥ 0.6) and log base
2 (fold ≤-0.6) with a statistical significance of p-value < 0.05.

2.3 Bioinformatic Analysis
LncRNA-MUF expression values and associated prognostic
information from 693 glioma cases were obtained from the
Chinese Glioma Genome Atlas (http://www.cgga.org.cn). These
693 samples comprised 505 WHO III and IV tumors and 188
WHO II tumors. The Kaplan–Meier estimation method was
used for the overall survival analysis of patients based on lncRNA
expression. miRNA targets of lncRNA-MUF were predicted by
the RNAInter database (http://rnainter.org/). The interaction
between lncRNA-MUF and miR-34a was confirmed by
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid?
id=rnahybrid_view_submission) and IntaRNA (https://www.
rna-society.org/rnainter/IntaRNA.html). mRNA targets of
miR-34a were identified using the miR-DB (http://mirdb.org/)
and TargetScan (http://www.targetscan.org/vert_72/) databases.
Kaplan–Meier survival analysis of miR-34a was performed by
using data from the CGGA database.

2.4 siRNA Transfection
Transfections of siRNAs were performed using Lipofectamine®

RNAiMAX Transfection Reagent (Life Technologies-Invitrogen,
Cat. No.: 13778-075) and Opti-MEM (Invitrogen, 31985062) as
per manufacturer’s instructions. Glioma cells were transfected
with 40 nM of siRNAs (Silencer Pre-Designed siRNA, Ambion,
Thermo Fisher Scientific) targeting lncRNA-MUF. The siRNA
duplexes used in this study are as follows: si-MUF-1 sense 5′
GCCUUCAACAUUCAGCACATT 3′, antisense 5′ UGUGCUG
AAUGUUCAAGGCTG 3′; si-MUF-2 sense 5′ CCUCCAUAUU
CAUGAACUATT 3′, antisense 5′ UAGUUCAUGAAUAU
GGAGGCT 3′. Non-specific siRNA that does not target any
known mammalian gene was purchased from Dharmacon ON-
TARGETplus non-targeting control pool (Cat. No.: D-001810-
10-20). To overexpress or inhibit miR-34a, we transfected glioma
cells with mimics of human miR-34a (80 nM) (miRCURY LNA
miRNA mimic, Qiagen, Cat. No.: 339173) and with inhibitors of
miR-34a (80 nM) (miRCURY LNA miRNA inhibitor, Qiagen,
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Cat. No.: 339121) using Lipofectamine according to the
manufacturer’s instructions.

2.5 RNA Isolation and Real-Time PCR
Total RNA was extracted from glioma cells using the MN
NucleoSpin RNA plus isolation kit (Cat. No.: 740984.5). 1 µg
of RNA was converted into cDNA using the PrimeScript first-
strand cDNA kit from Takara (#6110A). Quantitative real-time
PCR (qRT-PCR) was performed with the SYBR Green PCR Kit
(#RR820A, Takara) in the Bio-Rad CFX96 real-time qPCR
system. All reactions were performed in triplicates and
normalized with TBP/HPRT as an internal control. The
relative gene expression of each sample was calculated using
the 2-ddct formula. For miRNA expression analysis, RNA was
isolated using Zymo Quick-RNA™ Miniprep Plus Kit (#R1057).
miRNA cDNA was synthesized using the mir-X miRNA 1st-
Strand Synthesis Kit (#638313, Takara). qRT-PCR of miRNA
was carried out using the universal primer and the primer
specific to miR-34a-5p (Supplementary Table 1). U6 was used
as a normalizing control. The gene specific primer sequences are
shown in Supplementary Table 1.

2.6 Nuclear and Cytoplasmic
Extract Preparations
Cytoplasmic and nuclear fractions were separated, and RNA was
purified as described previously (27). qRT-PCR was performed
to identify relative RNA levels in each fraction by using GAPDH
as a control for cytoplasmic fraction, and MALAT1 as a control
for nuclear fraction.

2.7 Western Blot Analysis
Whole-cell lysates were isolated from T98G and U87-MG glioma
cells with lysis buffer containing Triton X (1%), NaCl (150 mM),
Tris base (10 mM), EDTA (1 mM), EGTA (0.2 mM), IGEPAL
(0.5%), protease inhibitor (3 µl/ml), and phosphatase inhibitors
NaOVa3 (0.2 M) and NaF (0.5 M) 48 h after transfection. Cell
lysates were incubated on ice for 20–30 min, with intermittent
vortexing, and centrifuged at 14,000 rpm at 4°C for 20 min.
The supernatant was collected in fresh prechilled tubes, and
total protein was estimated using the BCA method, and extracts
were frozen at −80°C until use. Western blotting was performed
as described previously (28). Briefly, equal amounts of each
sample protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to a PVDF
membrane, followed by blocking with 5% bovine serum albumin
(A7906, Sigma) for 1.5 h. After that, the membrane was
incubated with respective antibodies overnight at 4°C. The
following primary antibodies (1: 2,500) were used: p-SMAD2/3
(CST #8828), total SMAD (CST #8685), Vimentin (CST #5741),
N-cadherin (CST #13116), and Snail1 (CST #3895). Secondary
antibodies (1:20,000)—HRP conjugated anti-rabbit (Vector
Laboratories Cat. No.: P.I. 2000-1) or anti-mouse IgG
(Invitrogen, Cat. No.: A16072)—were incubated for 2 h at
room temperature. Immune blot bands were visualized with an
ECL solution [Amersham ECL Prime Western Blotting
Detection Reagent, GE Healthcare (Cat. No.: RPN2232)] and
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detected using VILBER Fusion Pulse ChemiDoc. Images were
captured using Evolution Capture software. The blots were
stripped and reprobed with b-actin antibody (1:100,000; Sigma
#A1978) to determine equivalent loading as described previously
(28). For stripping, blots were incubated at 50°C in stripping
buffer containing 10% SDS, 0.5 M Tris–HCl, and 100 mM b-
mercaptoethanol for 30 min, followed by PBST washes (5 times),
blocking, and incubation with the primary antibody as described
previously (29). The blot signals were quantified using ImageJ
software for Microsoft Windows (National Institutes of Health,
Bethesda, MD).

2.8 Chromatin Immunoprecipitation (ChIP)
Control or TGF-b-treated cells were fixed with 1% formaldehyde
for 8 min at room temperature followed by quenching with a
final concentration of 0.125 M glycine for 5 min. Cells were
washed twice with ice-cold phosphate-buffered saline, harvested
by scraping, pelleted, and resuspended in 250 ml of ChIP lysis
buffer (50 mM Tris–HCl [pH 8.1], 0.9% SDS, 10 mM EDTA,
protease inhibitor), and samples were incubated on ice for 1 h.
Samples were sonicated using Bioruptor Plus (Diagenode) with
sonication conditions: 30 s on, 30 s off for 20 cycles. After
sonication, samples were centrifuged at 14,000 rpm at 4°C for
20 min. Supernatants were diluted 5-fold in ChIP dilution buffer
(167 mMNaCl, 16.7 mM Tris–HCl pH 8.1, 1.2 mM EDTA, 1.1%
Triton X-100, protease inhibitors), and 5% of the sample was
taken as input. Samples were then incubated at 4°C overnight
with Smad2/3 (1:200) (CST #8685S) or anti-rabbit IgG (CST
#2729S) antibody. The following day, Dynabeads and protein G
(Invitrogen #10004D) 50 ml per sample were added to the I.P.
tubes and incubated for 2 h at 4°C. The beads were then washed
once each with low-salt buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris–HCl pH 8.1, 150 mM NaCl), high-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris
HCl pH 8.1, 500 mMNaCl), LiCl buffer (0.25 M LiCl, 1% NP-40,
1% deoxycholate, 1 mM EDTA, 10 mM Tris–HCl pH 8.1), and
TE buffer (pH 8.0). Following this, samples were reverse cross-
linked by using decrosslinking buffer (222 mM NaCl, 50 mM
Tris, 10 mM EDTA, 0.025% SDS), containing 5 ml proteinase K
(NEB #P8107S, 800 U/ml) per sample with overnight incubation
at 65°C. Genomic DNA was then extracted with a DNA
purification kit (Zymo Kit Cat. No.: D3020), and lncRNA-
MUF in immunoprecipitated samples was measured using
qRT-PCR. The following primers specific to the lncRNA-MUF
promoter were used for qRT-PCR analysis: forward primer, 5′
CTCAGTGCCTTCATGGTGGA 3′ reverse primer: 5′ GAGGG
GCTTACAGATGTGGC 3′.

2.9 Cell Proliferation Assay
Colorimetric cell proliferation assay was performed by using the
WST-1 reagent (Cat#. 05015944001, Roche) at the indicated time
according to the manufacturer’s instructions. Briefly, cells were
seeded at a concentration of 2,500–5,000 cells/well in 96-well
plates and transfected with siRNAs si-MUF-1, si-MUF-2, and si-
NS at 40 nM, and cell proliferation was quantified at OD of
450 nm.
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2.10 Colony Formation Assay
For clonogenic assays, cells were seeded into 96-well dishes and
treated with si-NS or siRNAs against lncRNA-MUF. 24 h post-
transfection, cells were trypsinized and seeded at a density of 200
cells per well in a 6-well dish and incubated at 37°C. Media were
changed every 3 days. Colonies formed 14 days after plating were
fixed with 4% paraformaldehyde and stained with crystal violet
solution, and counted.

2.11 Caspase 3/7 Assay
Luminometric assay kit for caspase-3/7 (Promega, G8090) was
used to determine the enzymatic activity of caspase-3/7 in glioma
cells transfected with si-MUF-1 and 2. 48 h post-transfection,
proluciferin DEVD substrate and caspase-Glo 3/7 buffer were
added to the cells, and the assay was performed as per the
manufacturer’s instructions.

2.12 Invasion Assay
Glioma cells were transfected with control siRNA (si-NS) or si-
MUF-1/si-MUF 2. After 24 h of transfection, cells were seeded
into the upper chamber of transwell inserts (Corning, #3422)
precoated with Matrigel (Corning, 356234) in serum-free media.
Lower chambers had media containing 20% FBS. After 48 h, cells
remaining on the upper surface of the membrane were gently
removed with a cotton swab. Invaded cells were fixed with 4%
PFA and stained with crystal violet solution (Sigma, V5265).
Stained cells were visualized under Magnus INVI microscopy
(×100), and invaded cells were counted at four different fields for
each condition (23).

2.13 Migration Assays
For migration assay, si-MUF-1/si-MUF-2 or negative control
siRNA-transfected glioma cells were seeded in a 12-well dish and
cultured overnight. Scratch was made using a 20-µl pipette tip
followed by PBS wash. Cells were maintained in 0.5% serum-
containing media. Images of scratch were taken at 0, 24, and 48 h,
and the migrating length was calculated using ImageJ (30).

2.14 Dual-Luciferase Reporter Assay
Dual-luciferase reporter assays were done to confirm the
interaction between miR-34a-5p and lncRNA-MUF. The
lncRNA-MUF region with miR-34a-5p sites was cloned into
the pmirGLO vector (Promega) using NheI and SalI restriction
sites. Cells were co-transfected with pmirGLO-lncRNA-MUF
reporter plasmid and miR-34a-5p/N.C. mimics using Polyplus
jetPRIME transfection reagent. 30 h post-transfection, the cells
were lysed and subjected to luciferase assays using the Dual-
Luciferase® Reporter Assay System (Promega, Cat. No.: E1910)
according to the manufacturer’s instructions on the SpectraMax
iD3 Luminometer (Molecular Devices Corporation). Data were
normalized to Renilla luciferase activity (23, 26).

For lncRNA-MUF promoter analysis, we cloned the -734-bp
promoter region of lncRNA-MUF with predicted putative SBEs
into the restriction sites of SacI and NheI of pGL3basic luciferase
and renilla_polyA construct (a gift from Oskar Laur) (Addgene
plasmid # 128046; http://n2t.net/addgene:128046; RRID:
Addgene_128046). T98G and U87-MG cells were seeded
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at ~60%–70% confluency in 24-well plates. The next day, they
were transiently transfected with 0.3 mg of lncRNA-MUF
promoter containing pGL3basic luciferase and renilla_polyA
reporter plasmid using jet prime transfection reagent. Eighteen
hours post-transfection, cells were serum-starved for 6 h followed
by treatment with 10 ng/ml TGF-b1 for the indicated time.
Luciferase activity was measured using the Dual-Luciferase®

Reporter Assay System according to the manufacturer’s protocol
(Promega) on the SpectraMax iD3 Luminometer (Molecular
Devices Corporation). The results are expressed as a fold change
in luciferase activity over control (28).

2.15 Statistical Analysis
Results are presented as mean ± SEM unless otherwise stated. We
used paired Student’s t-test for comparisons between two
experimental groups. Additional statistical tests information is
described in the figure legends. p < 0.05 was considered
statistically significant.
3 RESULTS

3.1 Identification of TGF-b-Regulated
LncRNAs in GBM Cells Using
Microarray Screen
We sought to identify, in an unbiased fashion and at a genome-
wide scale, differentially expressed lncRNAs upon TGF-b
treatment in glioma cells. We performed gene expression
analysis of control, and TGF-b1-treated T98G glioma cells
using the Agilent SurePrint G3 Gene Expression Microarrays
for Human (v3) for lncRNAs. Using a 1.5-fold change and p-
value < 0.05 as a threshold, we identified 91 differentially
expressed lncRNAs and 397 differentially expressed mRNAs in
our screen (Figures 1A, B and Supplementary Table 2).
LncRNAs constitute 18.3% of transcripts among the total
number of DEGs identified upon TGF-b1 treatment in T98G
cells (Figure 1B). We verified the TGF-b1-induced gene
expression changes in levels of lncRNAs in T98G cells using
qRT-PCR (Figure 1C). LncRNAs ENST00000409910 and
LOC79160 get ~4-fold upregulated upon TGF-b treatment
(Figure 1C). LncRNAs LINC00312, LOC101928710, lncRNA-
MUF, and lnc-EGR2-1 get ~1.5–3-fold upregulated upon TGF-b
treatment (Figure 1C). LncRNAs CTB-178M22.2 and
KCNMA1-AS1 are significantly downregulated upon TGF-b
treatment (Figure 1C). The expression of several TGF-b-
regulated mRNAs identified from the microarray screen was
also verified using qRT-PCR (Figure S1A). Among these
upregulated lncRNAs, we further set out to characterize the role
of lncRNA-MUF in glioma pathogenesis.

3.2 LncRNA-MUF Is Upregulated in GBM
Tumor Samples and Is Associated With
Poor Patient Prognosis
To investigate the role of lncRNA-MUF in GBM pathophysiology,
we decided to evaluate its expression in GBM tumor samples
using the CGGA database (http://www.cgga.org.cn/). Using the
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mRNAseq_693 dataset of the CGGA database, we found that
levels of lncRNA-MUF were significantly higher in GBM samples
than normal brain tissues (p = 6.3e-15) (Figure S1B). Moreover,
lncRNA-MUF levels are significantly higher in grade IV GBM
than in lower-grade gliomas (p = 1.6e-17) (Figure 1D). GBM
patients with IDH mutation show a better survival rate than the
IDH wild-type group (1). Hence, we evaluated the expression of
lncRNA-MUF in IDH mutant and wild-type glioma samples. We
observed that the expression of lncRNA-MUF is significantly
higher in gliomas with the IDH wild-type group than in the IDH
mutant group (p = 9.7e-28) (Figure 1E). In addition, high
expression of lncRNA-MUF is correlated with poor overall
survival in both primary and recurrent GBM patients (p =
0.0063) (Figure 1F). These results suggest that lncRNA-MUF
expression is associated with aggressive phenotype and poor
survival in glioma patients.

3.3 LncRNA-MUF Is Induced by TGF-b
Through the Canonical SMAD2/3 Signaling
Pathway in Glioma Cell Lines
LncRNA-MUF induction upon TGF-b1 treatment was dose-
independent for TGF-b doses from 5 to 80 ng/ml for 24 h in
Frontiers in Oncology | www.frontiersin.org 5115
T98G cells (Figure S2A). The time-course analysis-identified
lncRNA-MUF gets induced upon TGF-b1 treatment as early as
1 h. However, a statistically significant increase of ~2-fold occurs
only at 12 and 18 h of TGF-b treatment and then sustained
at ~1.8-fold at 24, 36, and 48 h (Figure 2A). To assess the impact
of TGF-b1 on the lncRNA-MUF expression on additional
glioblastoma cell lines, we evaluated the lncRNA-MUF
expression in LN18, LN229, U87-MG glioma cells. Upon TGF-
b1 stimulation for 24 h, the expression of lncRNA-MUF was
upregulated (≥2-fold) in glioma cell lines (T98G: 1.89-fold; U87-
MG: 1.8-fold; LN229: 2.8-fold; LN18: 2.1-fold). These results
indicate that lncRNA-MUF induction upon TGF-b1 treatment is
not cell line-specific (Figure 2B). We then investigated the
subcellular localization of lncRNA-MUF by measuring the
lncRNA levels in nuclear and cytoplasmic fractions in T98G
and U87-MG GBM cells. LncRNA-MUF showed 75% expression
in the cytoplasm and 25% in the nucleus in T98G and U87-MG
cell lines, respectively (Figure S2B).

TGF-b signal transduction occurs either through the
canonical smad2/3 signaling pathway or through non-
canonical pathways (4). To identify the transcription factors
working downstream of the TGF-b pathway to regulate lncRNA-
A B

D E F

C

FIGURE 1 | LncRNA-MUF is overexpressed in GBM, and it is induced by TGF-b. (A) Heatmap representing the relative abundance of differentially expressed genes
(DEGs, ≥1.5-fold, p < 0.05) in T98G cells upon TGF-b1 (10 ng/ml) treatment for 24 h. (B) Pie chart representing the class of DEGs (p < 0.05) identified from genome-
wide microarray screening in T98G GBM cells upon TGF-b1 treatment for 24 h. (C) Validation of top TGF-b-regulated lncRNAs identified from microarray screening
using qRT-PCR in T98G cells. RNA samples were analyzed by qRT-PCR, and error bars represent the mean ± SEM from three independent experiments. *Significant
change in TGF-b-treated cells compared to control cells (p < 0.05). (D) LncRNA-MUF expression analysis in glioma tissues from the CGGA database. Elevated expression
of MUF in GBM IV compared to lower-grade gliomas (p=1.6e-17). (E) LncRNA-MUF levels are elevated in IDH wild-type GBM patients compared to IDH mutant cases as
analyzed from the CGGA database (ANOVA, p = 9.7e-28). (F) Kaplan–Meier survival analysis of lncRNA-MUF expression in glioma samples from CGGA databases shows
that a high lncRNA-MUF expression is associated with poor overall survival in primary and recurrent GBM patients (p = 0.0063). Red line represents high lncRNA-MUF
expression group, and green line represents the low lncRNA-MUF expression group.
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MUF expression, we looked at the lncRNA-MUF promoter using
JASPAR (http://jaspar.genereg.net/) and found functional smad-
binding elements (SBE) (5′ CAGAC 3′/5′GTCTG 3′) at the -498,
-1,321, -1,850, -2,413, and -2,942 positions. Hence, we evaluated
lncRNA-MUF expression upon TGF-b treatment in the presence
and absence of TGF-b inhibitor SB505124. To this end, GBM
cells were treated with 6 µm SB505124 (TGFbR1/smad2/3
inhibitor) for 2 h before treatment with TGF-b1 (24 h).
Blocking smad2/3 with SB505124 significantly abrogated TGF-
b-induced lncRNA-MUF expression in glioma cells (~50%
reduction in T98G, LN229, and U87-MG) (Figure 2C). As
TGF-b-induced lncRNA-MUF expression and TGF-bRI
inhibitor significantly abrogated lncRNA-MUF levels, we used
luciferase reporter assay to confirm if lncRNA-MUF promoter
can drive TGF-b-mediated luciferase activity. Transfection of
T98G and U87-MG cells with the lncRNA-MUF-promoter-
luciferase reporter construct followed by TGF-b treatment for
24 h resulted in a significant ~2.5- and 2-fold increase in
luciferase activity over control, respectively (Figure S2C). Next,
we performed ChIP-qPCR to determine whether TGF-b
Frontiers in Oncology | www.frontiersin.org 6116
promotes increased binding of smad2/3 to SBE on the
lncRNA-MUF promoter. ChIP-qPCR revealed increased
binding of smad2/3 on SBE on the lncRNA-MUF promoter
upon TGF-b stimulation (Figure 2D). These results suggest that
TGF-b upregulates lncRNA-MUF expression through the
canonical SMAD signaling pathway.
3.4 Knockdown of LncRNA-MUF Reduces
Cell Proliferation, Induces Apoptosis,
and Sensitizes Glioma Cells to
TMZ-Mediated Apoptosis
To investigate the physiological function of lncRNA-MUF in
glioma pathogenesis, we established lncRNA-MUF knockdown
by siRNA using two different siRNAs (si-MUF-1 and si-MUF-2)
in T98G and U87-MG cell lines. The knockdown of lncRNA-
MUF with si-MUF-1 results in ~85% reduction, and si-MUF-2
results in ~67% reduction of lncRNA-MUF levels in T98G and
U87-MG cells (Figure S3). LncRNA-MUF depletion using
siRNAs results in a time-dependent reduction in cell
A B

DC

FIGURE 2 | Regulation of lncRNA-MUF expression through Smad2/3 signaling. (A) LncRNA-MUF is a delayed transcript with induction of ~2-fold at 12 and 18 h of TGF-
b1 treatment (10 ng/ml), then reaching a plateau of ~1.8-fold at 24, 36, and 48 h. RNA levels were measured at the indicated time points using qRT-PCR. (B) LncRNA-
MUF induction upon TGF-b treatment is not cell type-specific. The indicated GBM cell lines were treated with 10 ng/ml TGF-b for 24 h and lncRNA-MUF levels measured
by qRT-PCR. (C) LncRNA-MUF induction upon TGF-b treatment is smad2/3 dependent. Human glioma cells (T98G, LN229, and U87-MG) were pretreated with 6 µM of
SB505124 (TGFbR1/Smad2/3 inhibitor) for 2 h followed by co-treatment with TGF-b1 (10 ng/ml) for 24 h, and lncRNA-MUF transcript levels were determined by
qRT-PCR. (D) ChIP-qPCR analysis of smad2/3 interaction with SBE in the lncRNA-MUF promoter in control and TGF-b-treated T98G cells. DNA was isolated from
control and TGF-b-treated cells after immunoprecipitation with the anti-smad2/3 antibody and was amplified using specific primer sets. LncRNA-MUF promoter levels
in immunoprecipitated samples were measured by qRT-PCR analysis, normalized to input, and represented as “fold enrichment relative to control IgG I.P.” Values
represent mean ± S.D. from two independent experiments. *Significant change compared to IgG (p < 0.05). #Significant change compared to control Smad2/3
(p < 0.05). Data information: RNA samples were analyzed by quantitative RT-PCR, normalized with TBP/HPRT. Error bars represent the mean ± SEM from 3
independent experiments. *Significant change compared to respective control samples (p < 0.05). #Significant decrease from TGF-b-treated cells (p < 0.05).
Statistical comparisons were made using Student’s t-test.
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proliferation in glioma cells. Cell proliferation was reduced
by ~40% and ~55% at 48 and 72 h post-lncRNA-MUF
knockdown, respectively, in T98G cells (Figure 3A). A similar
~40%–50% reduction in cell proliferation was observed in LN229
and U87-MG glioma cells transfected with siRNA against
lncRNA-MUF compared to cells transfected with non-specific
siRNA (si-NS) (Figure 3A). Consistent with the reduction in cell
proliferation upon lncRNA-MUF depletion, MUF knockdown
resulted in a significant decrease in colony formation of ~62%
and 70%, respectively, in T98G and U87-MG cells compared to
Frontiers in Oncology | www.frontiersin.org 7117
respective control cells transfected with si-NS (Figure 3B and
Figure S4C). Moreover, depletion of lncRNA-MUF by siRNA
also results in apoptosis as demonstrated by an increase of ~1.75-
fold, 3.6-fold, and 3.4-fold caspase 3/7 activity in T98G, U87-
MG, and LN229, respectively, as compared to control cells
(Figure 3C). Consistently, the levels of caspase 9 mRNA were
~2-fold increased following lncRNA-MUF knockdown in T98G
and U87-MG cells (Figure S4A). TMZ is an oral alkylating drug
that is used to treat GBM; however, 50% of GBM cases develop
resistance to TMZ. Several GBM cell lines such as T98G and
A B
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FIGURE 3 | Effect of lncRNA-MUF knockdown on glioma cell proliferation, migration, and invasion in vitro. (A) Human glioma cells were transfected with si-NS or si-
MUF-1/si-MUF-2 (40 nM), and percentage cell viability was calculated at indicated times using WST1. Values represent mean ± S.D. from four independent experiments.
*Significant change compared to si-NS cells at the corresponding time (p < 0.05). Statistical comparisons were made using Student’s t-test. (B) Reduced colony
formation ability of GBM cells with lncRNA-MUF knockdown. (C) Caspase 3/7 activity assay shows that lncRNA-MUF knockdown induces apoptosis in GBM cells.
(D) LncRNA-MUF knockdown with a low dose of si-MUF1/si-MUF-2 (20 nM) in combination with TMZ treatment (600 µM) shows enhanced reduction of glioma cell
(T98G and LN229) proliferation and increased sensitivity to TMZ, as analyzed using WST1 assay. (E) LncRNA-MUF knockdown (20 nM of si-MUF-1/si-MUF-2) combined
with TMZ treatment (600 µM) show enhanced caspase 3/7 activity as compared to TMZ alone. (F) Wound healing assay demonstrates reduced GBM cell migration upon
lncRNA-MUF knockdown. (G) Matrigel invasion assay shows that lncRNA MUF inhibition reduces glioma cell invasion. Values represent mean ± S.D. from four independent
experiments. *Significant change compared to si-NS cells at the corresponding time (p < 0.05). Statistical comparisons were made using Student’s t-test. # Significant
decrease from C-si-MUF-1 and C-si-MUF-2 trabsfected cells (p < 0.05).
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LN229 show resistance to TMZ, and TGF-b-induced lncRNAs
are known to promote TMZ resistance (9, 31). Therefore, we
evaluated the effect of lncRNA-MUF knockdown on TMZ
sensitivity in T98G and LN229 cells. LncRNA-MUF depletion
with low siRNA levels (20 nM) resulted in significantly reduced
cell proliferation in TMZ-treated T98G and LN229 cells
compared to si-NS-transfected cells treated with TMZ
(Figure 3D). In addition, TMZ treatment in lncRNA-MUF
knockdown resulted in a significantly higher increase in
caspase 3/7 activity (~5-fold) compared to si-NS-transfected
T98G and LN229 cells treated with TMZ (Figure 3E). These
results suggest that lncRNA-MUF knockdown sensitizes glioma
cells to TMZ-induced apoptosis. We then investigated the effect
of lncRNA-MUF knockdown on glioma cell migration and
invasion. Wound healing assay revealed that lncRNA-MUF-
depleted T98G and U87-MG cells show ~63% and ~58%
reduction in cell migration, respectively, compared to control
cells (Figures 3F and S4B). Matrigel invasion assay during
Frontiers in Oncology | www.frontiersin.org 8118
lncRNA-MUF depletion results in ~55% and ~70% inhibition
of cell invasion in T98G and U87-MG cells, respectively,
compared to control cells (Figure 3G). Thus, collectively these
results suggest that lncRNA-MUF serves as an oncogene to
promote proliferation, drug resistance, migration, and invasion
in GBM cells, and targeting lncRNA-MUF is an attractive
therapeutic strategy for GBM.

3.5 LncRNA-MUF Regulates Gene
Expression of a Subset of TGF-b Target
Genes in cis and trans
LncRNA transcripts often regulate gene expression in cis and
trans (10). We first evaluated the effect of lncRNA-MUF
knockdown on its cis genes (Figure 4A). We observed ~50%
downregulation of the Caprin2 gene in T98G and U87-MG upon
lncRNA-MUF knockdown with both the siRNAs (Figure 4A).
This is consistent with Ai et al., who reported the cis-regulation
of the Caprin2 gene by lncRNA-MUF through chromosome
A

B
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FIGURE 4 | LncRNA-MUF modulates gene expression in cis and trans and promotes EMT in glioma. (A) Validation of cis gene expression of lncRNA-MUF with lncRNA
knockdown. LncRNA knockdown represses cis gene expression (Caprin2). (B) LncRNA-MUF modulates TGF-b target gene expression in trans in GBM. T98G and U87-
MG glioma cells transfected with si-NS, si-MUF-1, or si-MUF-2 (25 nM), and transcript levels of indicated genes were measured 48 h post-transfection. RNA samples
were analyzed by quantitative RT-PCR, and error bars represent the mean ± SEM from three independent experiments. (C) LncRNA-MUF promotes GBM EMT. Western
blot analysis of EMT markers Vimentin, N-cadherin, and Snail1 followed by lncRNA-MUF knockdown in T98G and U87-MG cells. *Significant change compared to cells
transfected with si-NS (p < 0.05). Values represent mean ± SD from three independent experiments.
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looping in OSCC (32). However, the levels of other cis genes
(IPO8, LOC645485, LOC107984476) remained unchanged upon
lncRNA-MUF knockdown (Figure 4A). We also observed that
the Caprin2 gene is upregulated by TGF-b in T98G GBM cells
(1.7-fold) using qPCR assays (Figure S5A). These results suggest
that lncRNA-MUF regulates TGF-b-induced expression of the
Caprin2 gene in cis in glioma cells. Since lncRNA-MUF regulates
genes involved in the WNT/b-catenin pathway (26, 32), we
evaluated the impact of lncRNA-MUF knockdown on the
WNT/b-catenin pathway genes in glioma cells. Surprisingly,
we did not observe any significant change in their expression
upon MUF depletion in glioma cells (Figure S5B). To further
identify the genes regulated in trans by lncRNA-MUF in glioma
cells, we evaluated the expression of the TGF-b gene ontology
group upon its siRNA-mediated knockdown. Depleting MUF
resulted in ~50% downregulation of Snail1, ~40% downregulation
of vimentin, ~60% downregulation of CTGF, and ~30%
downregulation of c-Myc in T98G cells and U87-MG cells
(Figure 4B). Several other TGF-b-regulated genes did not show
any change in expression with MUF knockdown (Figure S5C).
Since lncRNA-MUF depletion inhibits invasion and Snail1
regulates EMT and invasion, we evaluated EMT marker
expression upon lncRNA-MUF inhibition by Western blotting.
In agreement with q-PCR data, knockdown of lncRNA-MUF
resulted in ~40% decrease in N-cadherin, ~80% decrease in
vimentin, and ~70% decrease in Snail1 protein levels in T98G
and U87-MG cells (Figures 4C and S5D). These results indicate
that lncRNA-MUF selectively regulates the expression of Snail1,
vimentin, N-cadherin, CTGF, and c-Myc in GBM.
3.6 Knockdown of LncRNA-MUF
Attenuates TGF-b Signaling
TGF-b-induced lncRNAs are known to regulate the TGF-b
signaling pathway via an autocrine signaling loop (33). Hence,
we asked if lncRNA-MUF is also involved in regulating TGF-b
signaling. To test this, we evaluated the impact of lncRNA-MUF
knockdown on TGF-b-induced phosphorylation of smad2/3.
Silencing lncRNA-MUF in T98G results in a ~35% decrease in
smad2/3 phosphorylation at 15 min and 30 min post-TGF-b
treatment compared to si-NS cells treated with TGF-b. A similar
reduction of ~30% is observed in p-smad2/3 levels upon TGF-b
treatment in U87-MG cells compared to TGF-b1-treated si-NS
cells (Figures 5A and S6). This is consistent with the fact that
pathway analysis by the lncACTdb database suggests that the
TGF-b signaling pathway is among the top 10 enriched signaling
pathways regulated by lncRNA-MUF (Figure 5B). Our results
indicate that lncRNA-MUF regulates smad2/3 phosphorylation
downstream of the TGF-b pathway in glioma cells.

3.7 LncRNA-MUF Modulates
TGF-b-Induced Invasion in Glioma via
the miR-34a-5p/Snail1 Axis
LncRNAs function as endogenous miRNA sponges and participate
in the ceRNA regulatory network (34, 35). Yan et al. have reported
the direct binding of lncRNA-MUF and miR-34a using RNA
Frontiers in Oncology | www.frontiersin.org 9119
immunoprecipitation (RIP) and RNA pull-down assays (26). In
addition, they show that lncRNA-MUF regulates Snail1 expression
by sponging miR-34a to modulate EMT in HCC cells (26). Using
RNAhybrid and IntaRNA databases, we identified putative miR-
34a-binding sites in lncRNA-MUF (Figure S7A). To identify the
interaction between lncRNA-MUF and miR-34a-5p, we cloned
the region of lncRNA-MUF with the miR-34a-binding sites into
the pmirGLO vector downstream of the firefly luciferase gene.
Co-transfection with the pmirGLO-lncRNA-MUF reporter plasmid
and miR-34a mimics reduced the reporter activity significantly
(~70%) compared to the control cells (Figure 6D).

Since miR-34a has a well-established tumor-suppressor role
in several cancers, including GBM (36), we first evaluated its
expression in glioblastoma tissue using the CGGA dataset.
Expression of miR-34a is lowest in grade IV GBM (p =
0.0038) (Figure 6A). In addition, the Kaplan–Meier survival
curve demonstrates that high expression of miR-34a positively
correlates with better survival of glioma patients (p = 0.016)
(Figure 6B). To understand the impact of miR-34a on lncRNA-
MUF regulation, we first determined its levels upon miR-34a
overexpression using miRNA mimics. We observed a significant
~40%–50% reduction in lncRNA-MUF expression in T98G and
U87-MG cells upon treatment with miR-34a mimic (Figure 6C).
Snail1 is a well-known target of miR-34a; consistent with this, we
observed that transfection of miR-34a mimics in T98G and U87-
MG glioma cells significantly reduced Snail1 protein levels and
knockdown of miR-34a using miRNA inhibitors reversed this
effect (Figure 6E and Figure S7B). Given that miR-34a targets
lncRNA-MUF and Snail1 expression and because we observed
downregulation of Snail1 upon lncRNA-MUF depletion, we
explored if lncRNA-MUF could act as a ceRNA to sponge
miR-34a for stabilizing Snail1 to regulate invasion in glioma
cells. Invasion analysis revealed that reduction in invasion upon
lncRNA-MUF knockdown is significantly reversed upon co-
transfection with the miR-34a inhibitor (Figures 6G, H).
Moreover, in accordance with the role of miR-34a in the
regulation of invasion by Snail1, we observed that the miR-34a
inhibitor significantly restores Snail1 downregulation caused by
lncRNA-MUF depletion (Figure 6F and Figure S7C). These
experiments indicate that TGF-b induced lncRNA-MUF
sponges miR-34a to promote Snail1-induced invasion
(Figures 6G, H).

4 DISCUSSION

Glioma is the most lethal and invasive malignant brain neoplasm
with a poor prognosis and frequent recurrence after surgery.
Prominent features of GBM that contribute to recurrence include
the presence of glioma stem cells, resistance to TMZ, and invasion
(25, 37). TGF-b secreted by glioma cells confers them with an
aggressive pro-invasive phenotype and TMZ resistance (9). TGF-b
induces the expression of several lncRNAs (LINC00645,
LINC00115, UCA1, lnc-ATB) through the canonical or non-
canonical signaling pathway to promote glioma progression (22–
24, 30). Nie et al. identified eight differentially regulated lncRNAs
(H19, HOXD-AS2, LINC00635, LINC00277, RP11-196G11.2,
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LINC00152,MALAT1, andLOC100506207) inD54, P-GBM2cells
(9). They demonstrated that H19 and HOXD-AS2 confer TMZ
resistance by regulating miR-198 biogenesis by competing with
KSRP (9). LINC00115 regulates glioma stem cell tumorigenicity by
enhancing ZNF596 by preventing the binding of miR-200 to the 5′
UTR of ZNF596 (25).

We identify several novel differentially expressed lncRNAs
upon TGF-b treatment using a genome-wide microarray screen
in T98G cells. Among the identified lncRNAs, we unveil the role
of lncRNA-MUF in glioma pathobiology. LncRNA-MUF, also
known as mesenchymal stem cell upregulated factor (lncRNA-
MUF), promotes hepatocellular carcinoma by binding to
ANXA2 to activate WNT/b-catenin signaling-mediated EMT
(26). In addition, it sponges miR-34a in HCC cells leading to
upregulation of Snail1 to promote EMT (26). We demonstrate
that the levels of lncRNA-MUF are elevated in GBM tumor
samples, and its expression is associated with poor survival and
prognosis. This is consistent with the fact that the levels of
lncRNA-MUF are also upregulated in gastric cancer, oral
squamous cell carcinoma (OSCC), papillary thyroid carcinoma,
Frontiers in Oncology | www.frontiersin.org 10120
colorectal cancer (CRC), lung cancer, colon cancer, and
pancreatic cancer (32, 38–46).

ChIP-seq revealed that the lncRNA-MUFpromoter uponTGF-
b stimulation accumulates, activating H3K27ac marks (38).
LncRNA-MUF induction by TGF-b in CRC cells is abrogated
upon treatment with disitertide, an inhibitor of TGFbR1 (39). In
line with these findings, we show that lncRNA-MUF induction by
TGF-b is completely abrogated upon treatment with TGFbR1/
smad 2/3 inhibitor SB505124 in glioma cells (Figure 2C). TGF-b-
regulated lncRNA-MIR100HG regulates smad2/3 phosphorylation
in prostate carcinoma (33). LncRNA-MUF also regulates the TGF-
b signaling by preventing the SMAD4 degradation by competing
with b-TrCP in CRC (39). We demonstrate for the first time that
MUF downregulation attenuates TGF-b-induced phosphorylation
of smad 2/3 in glioma cells. LncRNA-MUF promotes OSCC
progression by mediating chromosome looping to the promoter
of its cis gene, Caprin2, to activate the WNT/b-catenin signaling-
mediated progression of OSCC (32). Although we observed a
significant downregulation of the Caprin2 gene with lncRNA-
MUF knockdown, we did not observe any change in the WNT/b-
A

B

FIGURE 5 | LncRNA-MUF regulates TGF-b signaling. (A) LncRNA-MUF knockdown impairs phosphorylation of the smad2/3 complex. Western blot analysis of psmad2/3
and total smad2/3 levels in T98G and U87-MG cells treated with 10 ng/ml TGF-b1 (15 and 30 min), 48 h after lncRNA-MUF knockdown with si-MUF-1. A representative
blot is shown from three independent experiments with similar results. Blots were reprobed for b-actin to establish equivalent loading. (B) Top 10 enriched signaling
pathways regulated by lncRNA-MUF identified from the lncACTdb database.
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catenin signaling genes. Our results suggest that apart from
regulating Caprin2 expression, lncRNA-MUF modulates the
expression of several genes involved in the TGF-b pathway in
gliomacells (vimentin,CTGF, c-Myc, andSnail1)withSnail1 as one
of the primary targets. However, the mechanism of regulation of
vimentin, N-cadherin, CTGF, and c-Myc by lncRNA-MUF needs
further investigation.

LncRNAs act as endogenous miRNA sponges for binding to
miRNAs or participating in the ceRNA regulatory network (35).
The cross talk between miRNAs and TGF-b-induced lncRNAs
regulates the EMT and tumor invasion in glioma (23, 25). miR-34a
Frontiers in Oncology | www.frontiersin.org 11121
suppresses the proliferation and invasion in glioma (47). It is
downregulated in human glioma tumors as compared to normal
brain tissue (47). miR-34a has a potential tumor-suppressor role in
glioma by targeting several oncogenes and also induces
differentiation of glioma stem cells (47). Dai et al. recently
reported that LINC00665 sponges miR-34a, which targets the
angiotensin II receptor type I (AGTR1) gene to impede glioma
malignancy (48). Several studies have reported that Snail1 is a direct
target ofmiR-34a (36, 49, 50). Snail1 is a crucial transcription factor
that promotes tumor cell invasion and EMT (51). Snail1 is often
upregulated in glioma, and high expression of Snail1 is associated
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FIGURE 6 | LncRNA-MUF acts as a ceRNA by sponging miR-34a and regulates Snail1 expression. (A) Low expression of miR-34a in grade IV GBM as compared
to lower-grade gliomas (p = 0.0038). Red bar represents miR-34a expression in the WHO grade II group, green bar represents miR-34a expression in WHO grade
III, and blue bar represents miR-34a expression in the WHO grade IV glioma group. (B) Kaplan–Meier survival analysis showed that a high miR-34a expression was
correlated with better survival in primary and recurrent GBM patients identified from the CGGA database (p = 0.016). Red line represents the high miR-34a expression
group, and green line represents the low miR-34a expression group. (C) Downregulation of lncRNA-MUF transcript levels upon miR-34a overexpression measured by
qRT-PCR in T98G and U87-MG cells. (D) Luciferase activity assay demonstrated that lncRNA-MUF could bind with miR-34a; relative luciferase activity was measured
in HEK293T cells co-transfected with miR-34a-5p mimics and pmiRGLO-lncRNA-MUF constructs. Luminescence signals were measured 30 h post-transfection using
dual luciferase assay. Data are shown as mean ± S.D. of three independent experiments; *p < 0.05. (E) Downregulation and upregulation of Snail1 protein levels upon
treatment with miR-34a mimics and miR-34a inhibitor, respectively. T98G and U87-MG cells transfected with 80 nM of negative control mimics/inhibitor and miR-34a
mimics/inhibitor. 48 h post-transfection protein lysates were collected, and Snail1 protein levels were analyzed by Western blotting. A representative blot is shown from
three independent experiments with similar results. Blots were reprobed for b-actin to establish equivalent loading. (F) Rescue of Snail1 protein levels caused by lncRNA-
MUF knockdown in T98G and U87-MG glioma cells upon miR-34a inhibition. A representative blot is shown from three independent experiments with similar results.
Blots were reprobed for b-actin to establish equivalent loading. (G) Rescue of invasion caused by lncRNA-MUF knockdown in T98G and U87-MG glioma cells upon
miR-34a inhibition. (H) Quantification of invaded cells upon lncRNA-MUF knockdown and miR-34a inhibition in T98G and U87-MG cells. # Significant decrease from
C-si-MUF-1 transfected cells (p < 0.05).
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with poor survival of glioma patients (52). We observed a positive
correlation between MUF and Snail1 expression in GBM tumor
samples (Figure S7D).We also show that lncRNA-MUF depletion
in glioma cells results in reduced migration and invasion, and
lncRNA-MUFpromotesGBMinvasionbyactingas anendogenous
sponge for miR-34a and causing stabilization of its target Snail1
(Figure 6G). In addition, we show that loss of lncRNA-MUF
expression reduces cell proliferation, induces apoptosis, and
sensitizes glioma cells to TMZ-induced cell death. Our findings
suggest that the TGF-b-regulated lncRNA-MUF/miR-34a/Snail1
signaling axis is a critical regulator of invasion in GBM (Figure 7).
Our results warrant further preclinical studies on lncRNA-MUF
using low-passage glioma patient-derived cell models, glioma stem
cells, and in vivomodels to firmly establish its role as a therapeutic
target for GBM.
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Glioblastoma is the most common and aggressive primary brain tumor in adults. Median
survival time remains at 16-20 months despite multimodal treatment with surgical
resection, radiation, temozolomide and tumor-treating fields therapy. After genotoxic
stress glioma cells initiate cytoprotective autophagy, which contributes to treatment
resistance, limiting the efficacy of these therapies and providing an avenue for glioma
recurrence. Antagonism of autophagy steps has recently gained attention as it may
enhance the efficacy of classical chemotherapies and newer immune-stimulating
therapies. The modulation of autophagy in the clinic is limited by the low potency of
common autophagy inhibitors and the inability of newer ones to cross the blood-brain
barrier. Herein, we leverage lucanthone, an anti-schistosomal agent which crosses the
blood-brain barrier and was recently reported to act as an autophagy inhibitor in breast
cancer cells. Our studies show that lucanthone was toxic to glioma cells by inhibiting
autophagy. It enhanced anti-glioma temozolomide (TMZ) efficacy at sub-cytotoxic
concentrations, and suppressed the growth of stem-like glioma cells and
temozolomide-resistant glioma stem cells. In vivo lucanthone slowed tumor growth:
reduced numbers of Olig2+ glioma cells, normalized tumor vasculature, and reduced
tumor hypoxia. We propose that lucanthone may serve to perturb a mechanism of
temozolomide res istance and al low for successfu l t reatment of TMZ-
resistant glioblastoma.

Keywords: autophagy, glioma, cancer stem cell, angiogenesis, hypoxia, lucanthone
INTRODUCTION

Gliomas are primary cancers of the central nervous system (CNS) (1). Among them, Glioblastoma
(GBM), the highest grade and most aggressive glioma in adults, is the most commonly diagnosed
and aggressive glioma in adults (1). The standard of care therapy for GBM consists of maximum
safe surgical resection followed by fractional radiation, chemotherapy with the alkylating agent
April 2022 | Volume 12 | Article 8529401125

https://www.frontiersin.org/articles/10.3389/fonc.2022.852940/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.852940/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.852940/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.852940/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Styliani-anna.Tsirka@stonybrook.edu
https://doi.org/10.3389/fonc.2022.852940
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.852940
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.852940&domain=pdf&date_stamp=2022-04-14


Radin et al. Lucanthone Inhibits Glioma Growth
temozolomide (TMZ) and adjuvant treatment with tumor-
treating fields (2). Median survival time after diagnosis is
approximately 16-20 months (2). As GBM is highly invasive,
resection is typically incomplete, which accounts for rapid
recurrence and contributes to the universal lethality of
this malignancy.

During disease progression, patients often experience
comorbidities including pharmacoresistant seizures, headaches,
sleep disturbances and neurological deficits in addition to the
side effects of radiation and chemotherapy (1), pointing to a great
need for new treatment regimens. The search for treatment
modalities is complicated by the fact that large molecules
cannot pass efficiently through the blood brain barrier, so
reagents demonstrating in vitro efficacy may not be useful in
vivo because they never reach the brain. Gliomas are comprised
of multiple cell populations including glioma cancer stem cells
(GSC), pericytes, infiltrating bone-marrow derived macrophages
(BMDM) and microglia (3–5). In glioma, BMDMs and microglia
accumulate in tumor tissue attracted by chemokines, such as
CSF1 and CCL2, secreted by tumor cells (6, 7) and constitute the
glioma-associated macrophages/microglia (GAM). GAM
promote glioma cell survival, neoangiogenesis and foster an
immunosuppressive tumor microenvironment (TME) (3, 4, 6,
7). These processes constitute targets for novel methodologies to
manage GBM.

Accumulating reports in the literature suggest that induction
of autophagy in glioma cells promotes resistance to standard of
care therapies and survival in hypoxia (8–11). Autophagic
induction in tumor-associated pericytes and GAM fosters an
immunosuppressive TME (5, 12). In addition induction of
autophagy has been reported to limit the oncolytic capacity of
cytotoxic T-lymphocytes (CTL) in other tumors (13, 14). Based
on this evidence, we hypothesized that inhibiting autophagy may
not only augment the efficacy of standard of care therapies, but
may also reverse the immunosuppressive TME.

Lucanthone (marketed as Miracil D) is an anti-schistosome
agent (15–20). It inhibits topoisomerase II and AP endonuclease
1 (APE1) (21–24). Lucanthone has shown efficacy against solid
tumors when paired with ionizing radiation (25). It can cross the
blood brain barrier and was shown to induce regression of breast
cancer metastases (26) synergizing with TMZ against breast
tumor cells in vitro (23). Inhibition of autophagy and
lysosomal membrane permeabilization (27), may explain
lucanthone’s interaction with TMZ and radiation (23, 26). Of
particular note, lysosomal membrane permeabilization by
chloroquine resulted in repolarization of tumor-associated
macrophages from an immune-suppressive/pro-tumor ‘M2-
like’ to an immune-promoting/anti-tumor ‘M1-like’ phenotype
(28). This phenotypic shift was denoted by a marked increase in
pro-inflammatory markers (IFN-g, TNF-a, CD86, iNOS), a
decrease in the expression of anti-inflammatory proteins (IL-
10, Arg1) and the induction of anti-tumor T-cell immunity (28).
These data suggest that lucanthone’s various mechanistic
engagements may potentially serve to target multiple processes
that support tumor growth, be it directly on the glioma cells, or
indirectly on the GAM, thus augmenting the efficacy of TMZ and
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radiation, and modulating GAMs to exert anti-tumor effects and
promote immune-mediated tumor rejection.

In this study we show that lucanthone targeted glioma cells at
clinically relevant concentrations by blocking autophagy.
Further, we show that this drug synergized with TMZ and
preferentially targeted glioma stem-like cells in vitro and
slowed tumor growth in vivo. Lucanthone normalized tumor
vasculature, reduced hypoxia and increased cytotoxic T cell
infiltration into the tumor core. All these events highlight the
potential robust efficacyof this drug againstTMZ-resistant gliomas,
which are not normally conducive to chemotherapeutic treatment.
MATERIALS AND METHODS

Cell Culture
GL261 cells expressing luciferase (GLUC2) were obtained from
the lab of Dr. Michael Lim. They are derived from a chemically
induced astrocytoma in C57BL/6 mice (29). KR158 cells were
obtained from the labs of Drs. Tyler Jacks and Behnam Badie,
and are derived from genetically engineered Nf1/Tp53 mutants
(30). Cells were maintained in DMEM, 10% serum, 1%
antibiotic, 1% sodium pyruvate and incubated at 37°C with 5%
CO2. bEND.3 cells were cultured in DMEMwith serum as above.
Primary patient-derived human glioma cells (GBM43) which
carries Nf1 and Tp53 mutations were obtained from Dr. Jann
Sarkaria at the Mayo Clinic from the xenograft cell line panel. To
enrich for glioma stem-like cells (GSC) in GLUC2, KR158 and
GBM43 cells, serum was reduced step-wise over a week as
described previously (31). GSC were cultured in serum-free
DMEM medium containing F12 supplement along with
pyruvate, antibiotics, N2 supplement, EGF, FGF and
heparin (31).
Crystal Violet Studies
For single lucanthone treatment studies, GLUC2 and KR158 cells
were plated at a density of 2,000 and 1,000 cells per well,
respectively, in a 6-well plate and allowed to adhere overnight.
They were then treated with 10 mM Lucanthone every 4 days for
12 days. On day 13, media were aspirated, and cells were fixed
with 4% PFA for 10 minutes. Cells were then treated with 0.5%
crystal violet solution for 20 minutes. Plates were washed
and photographed.

For dual treatment studies (lucanthone and TMZ), GLUC2
and KR158 cells were plated at a density of 2,500 and 1,000 cells
per well in a 12-well plate and allowed to adhere overnight. Cells
were then treated with medium, TMZ, lucanthone, or a
combination for 4 days. The media were aspirated, and the
cells were washed with PBS once and incubated with standard
medium for 3 days. The cells were fixed with PFA and treated
with 0.5% crystal violet solution as above and photographed.
Then lysis solution of 10% SDS in dH2O was added to the plates
overnight. To quantify relative crystal violet intensity, the
absorbance of the crystal violet-containing supernatant was
read under a spectrophotometer at 590 nm with a reference
April 2022 | Volume 12 | Article 852940
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wavelength of 670 nm. Data are graphed as percent of control
(medium only-treated cells).

MTT Assay
Cells were plated in a 96-well plate and incubated overnight.
Adherent tumor cells (2D cultures) were treated with lucanthone
for 3 days and then subject to the MTT protocol as per
manufacturer’s instructions (Promega). GSC (3D cultures) were
treatedwith lucanthone for 5 days, as this allowed sufficient time for
spheroids to grow in culture. Prior to addition of the MTT reagent,
plates were imaged under confocal microscopy with the addition of
Calcein-AM and Ethidium homodimer to mark live cells and dead
cells, respectively.

Acridine Orange Stain
GLUC2, KR158 and GBM43 cells were plated on glass-bottom
35mm plates overnight. They were then treated with medium or
lucanthone for 48 hours. The cells were treated with 5mg/ml
acridine orange for 15 minutes. Plates were washed with PBS 3x
and then incubated in complete medium. Plates were then
imaged for acidic vesicle accumulation (525/590nm) under
confocal microscopy, according to manufacturer’s instructions
(Cayman chemical).

Immunocytochemistry
For immunocytochemical analysis, GLUC2, KR158 and GBM43
cells were plated on glass coverslips overnight. Cells were treated
with medium or lucanthone for 48 hours. The medium was
aspirated and cells were fixed with 4% PFA for 10 minutes. Plates
were then washed 3x with 0.3% TX-100 in PBS and wells were
blocked with 3% normal goat serum/0.3% TX-100 in PBS for 1
hour. Cells were stained with primary antibodies overnight (LC3,
Ki67, Nestin, Olig2, SOX2, CD133, p62, Cathepsin D, gH2AX).
The primary antibody was removed, and cells were again washed
3x with 0.3% TX-100 in PBS after which time cells were
incubated with fluorescent secondary antibodies for an hour at
room temperature. Cells were then washed 3x with PBS,
counterstained with DAPI and imaged under confocal
microscopy. GSC were induced to adhere to glass slides by
precoating glass slides with Geltrex for an hour.

Western Blot
Immunoblotting was done as described previously (3). Briefly,
cells were lysed in 50mM Tris-HCl (pH 7.4) with 1% Nonidet P-
40, 0.25% sodium deoxycholate, 150mM NaCl, 1% SDS and
1mM sodium orthovanadate. Proteins were denatured by boiling
with treatment with BME. Proteins were run on SDS-page gels,
transferred to PVDF membranes (Immobilon; Millipore).
Membranes were washed with Tris-buffered saline with 0.1%
Tween 20 and blocked in a 5% non-fat dry milk powder for 1
hour. Membranes were then probed for LC3 (1:1000), p62
(1:1000), Olig2 (1:1000), SOX2 (1:1000) and B-Actin (1:2000;
sigma Aldrich). Membranes were rinsed in TBS-T, probed with
associated HRP-conjugated secondary antibodies and exposed to
Pierce ECL substrate for 1 minute (Thermo Fisher Scientific)
after which x-ray films were developed from membranes.
Frontiers in Oncology | www.frontiersin.org 3127
RNA Isolation and Quantitative RT-PCR
To prepare RNA, GLUC2 spheroids were spun down and lysed
with Trizol and processed using the manufacturers protocol. To
obtain cDNA, one microgram of RNA was reverse transcribed
on a Veriti thermocycler using the High Capacity cDNA Reverse
Transcription Kit. Amplification was performed on a
StepOnePlus real-time PCR machine using a SYBR green kit
(Applied biosystems). Primer sequences are as follows: GAPDH
forward, 5′-GCACAGTCAAGGCCGAGAAT-3′; GAPDH
reverse, 5′-GCCTTCTCCATGGTGGTGGA-3′; Olig2 forward,
5′- CAAATCTAATTCACATTCGGAAGGTTG -3′; Olig2
reverse, 5′- GACGATGGGCGACTAGACACC -3′. GAPDH
was used as an internal control.

Animals
C57Bl6 mice were bred under maximum isolation on a 12:12
hour light:dark cycle with food ad libitum.

Murine Glioma Model
Gliomas were established in 3-4 month old male and female mice
as described previously (3, 4, 32). GLUC2 GSC were dissociated
with accutase and counted. Mice were anesthetized with 20mg/
kg avertin, a midline incision was made in the scalp, the skin
retracted and a small burr hole was drilled in the skull at the
following stereotactic coordinates from bregma: -1mm
anteroposterior and +2 mediolateral. 1x105 GLUC2 GSC
resuspended in PBS were injected over a period of 2 minutes
at a depth of 3mm. At the end of the injection, the needle was
kept in the injection site for a further 3 minutes. After needle
removal, the incision was sutured and mice were placed on a
heating pad until they fully recovered from anesthesia. During
the disease course if mice were found to have lost more than 15%
of their initial body weight, they were euthanized. All animal
procedures were approved by the Stony Brook University
Institutional Animal Care and Use Committee.

In Vivo Luciferase Imaging
GSC engraftment was visualized using the IVIS spectrum in vivo
imaging system 7 days after inoculation and again on days 14
and 21. Briefly, mice were anesthetized using continuous
isofluorane exposure. Their scalps were shaved. Mice were
injected i.p. with 150mg/kg D-Luciferin, carefully placed in the
IVIS spectrum machine and imaged every 3-4 minutes for 40
minutes. Relative signal was quantified by a researcher blinded to
the treatment, and luminescence ratios of day 21 to day 7 were
calculated to approximate disease progression throughout the
course of treatment.

Lucanthone Treatment In Vivo
Lucanthone was supplied by Dr. Robert Bases. Lucanthone was
solubilized in 10% DMSO, 40% HPCD in PBS. After confirming
the presence of gliomas on day 7, mice were randomly divided to
control and treatment groups, and treated with either saline or
50mg/kg Lucanthone i.p. every day from day 7 to day 20. On day
21, tumors were visualized by bioluminescent imaging, as above.
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Immunohistochemistry
Mice were anesthetized with 20mg/kg avertin and transcardially
perfused with 30ml PBS followed by 30ml 4% PFA in PBS. Brains
were removed and post-fixed in 4% PFA in PBS overnight. They
were dehydrated for 48 hours in 30% w/v sucrose in PBS. Brains
were then embedded in optimal cutting temperature compound
(OCT, Tissue-Tek) and 20mm coronal sections throughout the
entire tumor were taken on a Leica cryostat (Nusslock, Germany)
and collected on Superfrost plus microscope slides. To determine
tumor volume, serial sections were taken from each animal and
subjected to hematoxylin and eosin stain. Tumor volume was
calculated as tumor area x 20 mm thickness, x number of
slides (33).

For immunohistochemical analysis, slides were brought to
room temperature, washed 3x with 0.3% TX-100 in PBS and then
blocked with 1% BSA/0.3% TX-100 in PBS for 1 hour. Slides
were incubated overnight with appropriate primary antibodies
(Supplementary Table 1). The primary antibody was removed
and slides were washed 3x 0.3% TX-100 in PBS and incubated
with appropriate secondary antibodies for 1 hour. Slides were
washed 3x with PBS, and counterstained with DAPI.
Immunoreactivity was visualized by confocal imaging using the
Leica SP8-x system, with white light and argon lasers.

Statistical Analysis
Data comparing two population means with a normal
distribution were analyzed using Student’s t-test. Data with
non-normal distributions were analyzed using a Mann-
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Whitney test. Differences in cumulative distributions were
assessed with the Kolomogorov-Smirnov test. To assess for
synergistic interactions, King’s synergy test was used (34–36).
Blood vessel circularity was calculated using the equation
Circularity=4*p*(area/(perimeter2)). Alpha value was set at 0.05
prior to starting experiments. Power analysis was used to
determine the appropriate number of animals used in each
experiment. Experiments were replicated with the two tumor
lines. Statistical analysis was performed using Graphpad Prism
(Graphpad Software Inc, La Jolla, CA).
RESULTS

Lucanthone Targets Lysosomes and
Inhibits Autophagy
To examine whether lucanthone affects the growth of the two
murine glioma cell lines GLUC2 and KR158, lucanthone
(Figure 1A) was added to glioma cultures at 10 mM every 4
days for 2 weeks (Figure 1B), which reflects concentrations
observed in the serum of patients (26). The proliferation of both
cell lines was hindered. To investigate whether the possible
mechanism by which lucanthone acts on glioma cells engaged
autophagy, we treated glioma cells with lucanthone for 48 hours,
and then stained them with acridine orange, which accumulates
in acidic vacuolar organelles and shifts from green to red
fluorescence (37). In control conditions, only few lysosomes
were present in the cell lines. After treatment with lucanthone,
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FIGURE 1 | Lucanthone compromises glioma cell growth. (A) Chemical structures of lucanthone and chloroquine. (B) Effects of long-term treatment of KR158 and
GLUC2 cultures with 10 mM lucanthone on glioma cell proliferation. (C) Acridine orange (AO) marks lysosomes as punctae staining after 48 hour of lucanthone
treatment. (D) LC3 marks autophagosome punctae levels after 48 hour treatment with lucanthone. (E, F) Effect of lucanthone on P62 and Cathepsin D levels in
GLUC2 and KR158 cells, respectively. Scale bar = 30 mm. Bars are mean +/- SEM. N= 3-4 independent experiments. *p < 0.05, ****p < 0.0001, student’s t-test.
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cultures in both cell lines exhibited a remarkable diffuse
cytoplasmic staining of dilated lysosomes (Figure 1C) with a
corresponding increase in LC3 punctae (Figure 1D). These data
parallel what has been observed after treatment with chloroquine
in other tumor types (37) and suggest that lucanthone targets
lysosomes and affects autophagic function at clinically
relevant concentrations.

We also assessed the levels of the autophagy cargo receptor
p62 and Cathepsin D. P62 accumulates in cells in which
autophagy has been functionally inhibited and Cathepsin D
is a lysosomal aspartyl protease (27). Our data demonstrate
that after 48 hours of lucanthone treatment, P62 and
Cathepsin D increase in both glioma cell lines, though we
note a higher relative increase of both proteins in KR158 cells
(Figures 1E, F). These findings illustrate lucanthone’s ability
to inhibit autophagy at clinically relevant concentrations.

To examine whether lucanthone exerts its functions by acting
as an inhibitor of topoisomerase 2 or APE1, we assessed the
extent to which lucanthone induced DNA damage in glioma cell
lines. To that end, GLUC2 and KR158 cells were treated with
lucanthone for 48 hours, after which levels of gH2AX, a DNA
damage marker, were assessed (38). As a positive control, glioma
cells were also treated with the FDA-approved topoisomerase 2
inhibitor etoposide. While etoposide produced a marked increase
in gH2AX intensity, lucanthone only produced a minimal effect,
indicating that it is exerting its effect most likely via autophagy
inhibition. When the levels of cleaved caspase-3 were evaluated,
only minimal induction of cleaved caspase-3 in GLUC2 and
KR158 spheroids treated with 10 mM lucanthone for 48 hours
were observed, indicating that lucanthone may not be inducing
apoptosis in these glioma cell lines (Figure S1), as was shown for
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another autophagy inhibitor, thymoquinone, which induces
cathepsin-mediated, but caspase-independent cell death (39).

Lucanthone Interacts With Temozolomide
The interaction between lucanthone and TMZ was investigated
by performing combination studies in vitro. First, we performed
an MTT assay to determine minimally effective concentrations of
lucanthone in both cell lines. Lucanthone exerted a dose-
dependent reduction in cell viability, with an IC50 of
approximately 11-13 mM (Figure 2B). Two-way ANOVA
illustrated that both cell lines were similarly sensitive to
lucanthone, implying that this drug may be useful regardless of
driver mutations. These data also pointed towards the use of 1
mM lucanthone for the combination studies, since this
concentration exerted minimal effects alone on both cell lines.

It has been reported that GL261 and KR158 cells exhibit
striking resistance to TMZ in vitro (40, 41). Therefore, we treated
GL261 and KR158 cells with control medium, either drug alone,
or both drugs for 4 days, and then allowed cultures to recover for
3 days before analysis. In this extended treatment format, 1 mM
lucanthone alone, or 50 mM TMZ or 100 mM TMZ produced
only a modest effect on GL261 and KR158 cells (Figures 2B, C).
However, crystal violet intensity was markedly decreased when
cells were treated with a combination of lucanthone and TMZ
(Figures 2B, C, p<0.05, King’s synergy test). Our data, in
agreement with previous studies on breast tumor cells (23),
suggest that even lower doses of lucanthone may be useful
when paired with standard of care therapies to slow
glioma progression.

To understand why lucanthone may augment the anti-tumor
effects of TMZ, we tested for changes in the levels of gH2AX, a
A B
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FIGURE 2 | Interaction between lucanthone and temozolomide. (A) KR158 and GLUC2 cells were treated with Lucanthone for 72 hours, after which an MTT assay
was performed. Bars are mean +/- SEM, N=3-7 independent experiment. ANOVA p<0.0001. *p < 0.05, **p < 0.01, ****p < 0.0001, Dunnett’s multiple comparison
test to control-treated cells. (B, C) KR158 and GLUC2 cells were treated with lucanthone, TMZ, or the combination for 4 days and then allowed to recover in drug-
free medium for 3 days. The cells were PFA-fixed and stained with crystal violet. Crystal violet-stained cells were then lysed and relative absorbance was measured
to approximate culture viability. Representative wells are shown in (B). (C) Quantification of crystal-violet stained cultures. Bars are mean +/- SEM, N=3-4
independent experiments. *p < 0.05, **p < 0.01, Dunnett’s multiple comparison test to control-treated cells. +p < 0.05, King’s synergy test, demonstrating significant
interactions between lucanthone and TMZ in both cell lines. (D) Representative micrographs of gH2AX stained GLUC2 cells and quantification of gH2AX intensity per
number of cells in the field of view in experiments where the GLUC2 cells were incubated with TMZ, or the combination of lucanthone and TMZ. (E) Representative
micrographs of gH2AX stained KR158 cells. Quantification of gH2AX intensity per number of cells in the field of view in experiments where the KR158 cells were
incubated with TMZ, or the combination of lucanthone and TMZ. Bars are mean +/- SEM, N=4 independent experiments. *p < 0.05, Mann-Whitney test.
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marker of DNA damage, in both cell lines. After 48 hours,
changes in gH2AX intensity were evident in cultures treated with
TMZ, but not in those treated with lucanthone (Figures 2D-F).
Cultures treated with both drugs exhibited slightly increased
levels of gH2AX compared to cultures treated with TMZ alone,
but this increase did not become statistically significant.

Lucanthone Targets Glioma Cancer Stem
Cells and Overcomes Acquired
Temozolomide Resistance
Cancer stem cells are defined as progenitor-like tumor cells that
repopulate the tumor after what is considered “successful”
treatment, driving tumor recurrence and fatality. It is now
accepted that cancer stem cells (termed here GSC) are rapidly
dividing (42) and resistant to both TMZ and radiation (43, 44).
Recent data reveal that GSC preferentially rely on autophagy
for their survival and resistance to TMZ (45, 46). To that end,
we enriched for stemness characteristics in GLUC2 and KR158
cell lines (please see Materials and Methods). Both glioma cell
lines grew as partially suspended spheroids. 1 week after
culturing cells in stemness medium, GLUC2 spheroids
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stained positive for the stemness markers nestin, SOX2 and
Olig2, while KR158 spheroids stained positive for nestin,
CD133 and SOX2 (Figure S2). Cells staining positive for
these markers also stained positive for the proliferation
marker Ki67, demonstrating that these cells are indeed
actively proliferating. Additionally, western blot analysis
indicates that GLUC2 spheroids express higher levels of
SOX2 and Olig2, while KR158 spheroids express higher levels
of SOX2 than their adherent counterparts (Figure S2).

After determining that these cells expressed stemness
markers, they were treated with increasing concentrations of
lucanthone. Remarkably, doses as low as 3 mM produced a strong
oncolytic effect in these GSC. Lucanthone reduced spheroid area
in both cell lines (Figures 3A, B). Further, treatment with
lucanthone in a dose-dependent manner resulted in reduced
numbers of spheroids formed in culture and reduced viability of
the cultures (Figures 3C, D). These data show that lucanthone
may preferentially kill cells left behind after treatment with
modalities such as TMZ and radiation. Additionally, the IC50

of lucanthone was approximately 2mM for KR158 and GLUC2
GSC. This is in contrast to an IC50 of 11-13 mM in cells cultured
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FIGURE 3 | Lucanthone targeted GSC and overcame acquired resistance to temozolomide. GLUC2 and KR158 spheroids were mechanically dissociated, plated
overnight and treated with increasing concentrations of lucanthone for 5 days. After treatment, they were stained with Calcein-AM to visualize viable cells. (A) Representative
images of KR158 and GLUC2 GSC treated with increasing concentrations of Lucanthone for 5 days; (B) Spheroid area distribution. ****p < 0.0001, Kolmogorov-Smirnov
test comparing distributions to control-treated cultures; ND, Not Detected. (C) Spheroid number per field of view; (D) Viability of cultures as determined by MTT assay. Bars
are mean +/- SEM, N=3-4 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Dunnett’s multiple comparison test to control-treated cells. (E) LC3 staining in
GLUC2 and KR158 spheroid cultures treated with media or 10 mM lucanthone for 48 hours; (F) LC3 intensity measured in the same cultures. *p < 0.05, Mann-Whitney
test; (G) Olig2 staining in GLUC2 spheroid cultures treated with media (Control) and 10 mM lucanthone-treated for 48 hours; (H) Olig2 intensity and mRNA expression in the
same cultures. **p < 0.01, t-test. N=3-4 independent experiments; (I) Immunoblot analysis of p62 and LC3 in protein extracts from GLUC2 and KR158 spheroids with
media or 10 mM lucanthone for 48 hours; (J) GLUC2 cells treated with 5 cycles of TMZ stained for the stemness marker CD133 and for the proliferation marker Ki67; (K)
TMZ-resistant GLUC2 cells treated with media or 10 mM lucanthone for 5 days.
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with serum. These data indicate that stem-like glioma cells may
be more susceptible to autophagy inhibiting drugs
like lucanthone.

To gain mechanistic insight into how lucanthone reduces
stemness, we allowed KR158 an GLUC2 GSC to form spheroids
for 10 days, then treated spheroids with 10 mM lucanthone for 48
hours and assayed for alterations in levels of LC3and p62. By
western blot analysis, we observed that lucanthone increased p62
levels in GLUC2 and KR158 GSC and increased levels of LC3-II
as well (Figures 3E, G). We also observed increases in LC3
punctae in spheroids by immunocytochemistry and
immunoblotting (Figures 3E-G). These data illustrate that the
drug probably acted in a similar manner to that observed in
adherent 2D cultures. It is worthy to note that in control
conditions, LC3 punctae were also observed in spheroids,
suggesting a higher level of baseline autophagy in GSC and a
higher reliance on autophagy in general. In addition to assessing
for changes in autophagic flux, we assessed for changes in the
levels of stemness markers after treatment. We observed a strong
reduction in Olig2 intensity in lucanthone-treated cultures
(Figures 3H, I), while expression on nestin and SOX2 did not
change. Using RT-qPCR we found that lucanthone reduced
Olig2 mRNA expression in GLUC2 spheroids by >60%
(Figure 3I). Minimal changes were also observed in Ki67 in
these cultures.

Despite multimodal treatment, the recurrence rate for
glioblastoma is ~100%. It has also been proposed that glioma
Frontiers in Oncology | www.frontiersin.org 7131
cells change throughout the course of treatment such that the
cells that survive treatment are functionally different than the
parental tumor (47–49). We tested whether Lucanthone was able
to exert oncolytic effects on glioma cells that have been selected
for their ability to resist the standard chemotherapy
temozolomide, TMZ. To that end, we treated GLUC2 cells
with two cycles (48 hours of treatment and 7 days recovery per
cycle) of 250 mM TMZ and 3 cycles of 500 mM TMZ. After the
selection, we noticed that the surviving cells started forming
spheres in serum-containing medium, similar to the ones we
observe when culturing these cells in stemness-promoting
medium. These spheroids expressed the prototypic stemness
gene CD133 whereas parental GLUC2 spheroids did not
(Figure 3J), suggesting that glioma cells dynamically respond
to genotoxic therapy by acquiring stem-like morphology and
characteristics (47). Cells selected for TMZ resistance were also
less sensitive to TMZ treatment than parental GLUC2 cells
(Figure S3). In spite of becoming more stem-like, these
cultures were still markedly sensitive to 10 mM lucanthone
(Figure 3K), suggesting that lucanthone could be used to slow
the growth of TMZ-resistant malignant glioma cells.

To examine if lucanthone could target human glioma cells as
well, we obtained patient-derived glioma cells from the Mayo
Clinic (termed GBM43), which bear Tp53 and Nf1 mutations.
After treatment with lucanthone, GBM43 cells exhibited a
similar acridine orange cytoplasmic staining pattern as seen in
GLUC2 and KR158 cells (Figure 4A). Additionally, there were
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FIGURE 4 | Patient-derived glioma cells are susceptible to lucanthone. (A) GBM43 cells were treated with lucanthone and assessed for changes in acridine orange
staining, (B) LC3 and (C) p62 levels. (D) GBM43 CSCs were treated with lucanthone for 5 days and then an MTT assay was performed. (E) GBM43 GSC were
treated with media or lucanthone for 5 days, after which spheroids were visualized by Calcein-AM and Ethidium homodimer staining. Data are representative of 4
independent experiments. ****p < 0.0001, t-test. Dotted line represents culture viability prior to any treatment.
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modest increases in LC3 and P62 (Figures 4B, C), suggesting
that autophagy was inhibited in these cells. After enriching for
stem-like qualities in these cells, treatment with 10 mM
lucanthone drastically reduced cell viability (Figure 4D) and
completely inhibited spheroid formation in these cultures
(Figure 4E). Taken together, these data show that lucanthone
can be used to inhibit autophagy in mouse and human
glioma cells.

Lucanthone Slows Glioma Growth In Vivo
To assess translational potential, the efficacy of lucanthone was
investigated in a mouse model of glioma. GLUC2 GSC were
allowed to form spheroids for 10 days in culture. The spheroids
were mechanically dissociated and 100,000 GLUC2 cells were
implanted in the striatum of mice. Tumors were allowed to form
for 7 days. Tumor cell presence was confirmed using IVIS
imaging system on day 7, after which mice were segregated
into two groups: one group received saline every day until day 21
while the other group received 50mg/kg lucanthone every day
until day 21. The animals were imaged on days 14 and 21
(Figure 5A). On day 14, 5 of the 7 control mice exhibited a 2-
fold increase in luminescence. In contrast, only 1 of 8
lucanthone-treated mice experienced a two-fold increase in
luminescence, suggesting that lucanthone mitigated tumor
growth between days 7 and 14 (chi-squared test, p<0.05). By
day 21, control (saline)-treated glioma-bearing mice experienced
a ~200-fold increase in tumor luminescence compared to day 7,
whereas lucanthone-treated mice experienced only a 10-fold
Frontiers in Oncology | www.frontiersin.org 8132
increase in tumor luminescence (Figures 5B, C). Upon
histological analysis, the tumors of lucanthone-treated mice
were approximately 60% smaller than those of saline-treated
animals (Figures 5D, E). Moreover, saline-treated mice
experienced cachexia (Figure 5F), whereas lucanthone-treated
mice did not experience significant weight loss throughout the
course of treatment (Figure 5F).

Lucanthone Reduces Olig2+ Glioma
Cells In Vivo
Standard of care therapies for glioma enrich for tumor stem-like
cells, which is thought to play a role in glioma recurrence (43,
44). However, the in vitro data described so far suggest that
lucanthone may reduce stem-like qualities of glioma cells, rather
than solely target non-stem glioma cells. To that end, we
interrogated how lucanthone affects glioma stem-like cells in
vivo. The expression of stemness genes such as Olig2 and SOX2
was assessed in experimental tumors. Initial examination
revealed that the density of Olig2+ cells was highest near the
periphery of the tumor (Figures 6A, C, D), though we did
observe a significant number of Olig2+ cells near the core as well.
These data agree with previous findings that Olig2+ glioma cells
are present at increased numbers near the tumor periphery (50).
According to the Ivy Glioblastoma Atlas, an anatomically
annotated transcriptional dataset of human glioblastoma
tumors (51), Olig2 expression is increased in areas of
infiltrating tumor and cellular tumor, and reduced in areas of
necrosis and around blood vessels (Figure 6B). These findings
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FIGURE 5 | Lucanthone mitigated the growth of dissociated GLUC2 spheroids in vivo. (A) Treatment scheme used for the study. (B) Representative images of in
vivo luminescent imaging on Days 7, 14 and 21. (C) Fold increase in luminescence from day 7 to day 21. ***p < 0.001, Mann-Whitney test. (D) Tumor volume of
control- and lucanthone-treated animals with representative images shown in (E) **p < 0.01, Mann-Whitney test. (F) Body mass depicted as a percentage of the
start of treatment on day 7. ***p < 0.001, Mann-Whitney test, compared to relative body mass on day 7. Bars are mean +/- SEM, N=7-8 animals.
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suggest that, with respect to spatial expression of Olig2, GLUC2
GSC may accurately reflect what is observed in the
human disease.

In contrast to the abundant Olig2 expression observed in
saline-treated mice, we noted a striking reduction in Olig2
positivity around the periphery of lucanthone-treated tumors
and near the core of these tumors. Two-way ANOVA revealed
that in both treatment conditions, Olig2 intensity is higher near
the tumor border, and that lucanthone resulted in reduction of
Olig2 intensity at the tumor periphery and in the tumor core
(Figure 6E). Ki67 positivity was similar in both treatment
conditions. Additionally, SOX2 expression was not significantly
different between treatment conditions, which parallels the result
when individual spheroids were treated with lucanthone in vitro.
While lucanthone did not significantly modulate gH2AX in vitro,
gH2AX positivity was modestly increased in vivo in lucanthone-
treated tumors (Figure S4). Increases in gH2AX were most likely
restricted to glioma cells, as most of the cells that exhibited
increases in gH2AX were not staining for the GAM marker, F4/
80 (Figure S4).

Tumor Microenvironmental Changes
Induced by Lucanthone
In addition to assessing for tumor-cell specific effects of
lucanthone in vivo, the extent to which other cell types in the
Frontiers in Oncology | www.frontiersin.org 9133
tumor microenvironment may have been functionally affected by
lucanthone treatment was examined. Previously, evidence has
been provided that in addition to directly targeting tumor cells,
chloroquine (another autophagy inhibitor) normalized the
formation of blood vessels in the tumor microenvironment by
directly acting on endothelial cells (52). Chloroquine augmented
Notch1 signaling in endothelial cells, and as a consequence,
reduced the blood vessel tortuosity and increased blood vessel
patency. Because lucanthone and chloroquine exert their effects
by a similar mechanism, we hypothesized that lucanthone may
also modulate blood vessel formation in developing gliomas. To
examine this possibility, tumor sections were stained for CD31,
an endothelial cell marker. Blood vessel area, luminal area and
overall blood vessel circularity were assessed. Interestingly, large
blood vessels were observed in control tumors, though many of
them exhibited a small luminal area. Accordingly, there were
multiple tortuous blood vessels with minimal circularity. In
lucanthone-treated tumors, the blood vessels were smaller, but
those blood vessels typically showed an increased luminal area
and the blood vessels themselves were more circular, suggesting
that lucanthone may indeed be functionally affecting
angiogenesis in the tumor microenvironment, potentially by
acting directly on endothelial cells (Figures 7A-D). CD31
intensity was also diminished in lucanthone-treated tumors
(Figures 7A-D). To examine if lucanthone acted directly on
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FIGURE 6 | Lucanthone reduced Olig2+ positivity in tumors in vivo. (A) Representative immunohistochemical images of Olig2 and Ki67 in tumors and surrounding
stroma in saline- and lucanthone-treated mice. (B) Expression of Olig2 in different areas in human glioblastomas adapted from the Ivy Glioblastoma Atlas. ****p < 0.0001
Kruskal-Wallis test, demonstrating significant differences in Olig2 expression among various tumor areas. *p < 0.05, ****p < 0.0001 Dunn’s test, compared to infiltrating
tumor. +p < 0.05, ++++p < 0.0001, Dunn’s test, compared to cellular tumor. (C, D) Olig2 expression in tumor periphery and tumor core in both treatment conditions with
intensity quantifications in (E) Two-way ANOVA p < 0.05. **p < 0.01, Bonferroni multiple comparison test. Bars are mean +/- SEM, N=4 animals per group.
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endothelial cells, we treated bEND.3 cells with lucanthone for 72
hours. Lucanthone exerted a dose-dependent effect on the cells,
as at 20mM it significantly reduced bEND.3 cells viability after
incubation for 72 hours (Figure S5).

To interrogate functional outcomes of normalized tumor
vasculature, the extent to which tumors exhibited evidence of
hypoxia was assessed. In addition to proteins such as Hif1a/
Hif2a, there are multiple other proteins induced in areas of
tumor hypoxia, including Carbonic Anhydrase IX (CAIX) and
Glut1 (53). Tumors in both treatment conditions displayed little
CAIX positivity. While control-treated tumors displayed
remarkable Glut1 positivity, specifically in necrotic tumor areas
(Figure 7E), lucanthone-treated tumors displayed minimal
Glut1 positivity (Figure 7F). Quantification of Glut1 intensities
is shown in Figure 7G. Glut1 expression in control tumors also
mirrors expression patterns observed clinically (Figure 7H).
These data illustrate that in addition to tumor-cell specific
effects, lucanthone may modulate additional parameters of the
Frontiers in Oncology | www.frontiersin.org 10134
tumor microenvironment. While Glut1 was reduced throughout
the tumor, we observed that another glucose transporter, Glut4,
was expressed throughout the tumor in saline- and lucanthone-
treated conditions (Figure S6), suggesting that glucose
transporter expression is not globally affected. As well, we
observed an increase in the amount of cytotoxic T cells in the
center of tumors in mice treated with lucanthone, which suggests
that there may be a relief in the immunosuppressive nature
fostered by gliomas after treatment (Figure 7I).

Targeting lysosomes is thought to exert effects on multiple cell
types in the glioma microenvironment, potentially including
GAM. Therefore, we assessed for differences in myeloid cell
populations by staining for P2RY12 and TMEM119. In
accordance with our previous work (32), P2RY12+ cells
appeared mainly around the rim of gliomas in both treatment
conditions (Figure S7A). However, we detected TMEM119+
cells throughout control-treated tumors and to a lesser extent in
lucanthone-treated tumors (Figures S7B, C).
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FIGURE 7 | Tumor microenvironmental changes induced by Lucanthone. (A) Representative images of blood vessels marked by CD31 of control- and lucanthone-
treated tumors. (B) Blood vessel area. (C) Luminal area/blood vessel area. (D) Blood vessel circularity. ****p < 0.0001, Kolmogorov-Smirnov test. Bars are mean +/-
SEM, N=4-5 animals per group. (E, F) Representative images of Glut1 levels in control- and lucanthone-treated tumors, respectively. (G) Quantification of Glut1 intensity
in the tumor microenvironment. Bars are mean +/- SEM. N=5 mice **p < 0.01, t-test. (H) Glut1 expression in necrotic areas in clinical specimens. Data adapted from the
Ivy Glioblastoma Atlas. ****p < 0.0001, Kruskal Wallis test. **p < 0.01, ***p < 0.001, ****p < 0.0001, Dunn’s test, compared to perinecrotic zone, ++++p < 0.0001, Dunn’s
test, compared to pseudopalisading cells around necrotic areas. (I) CD8a+ cells in the tumor microenvironment in control- and lucanthone-treated tumors. *p < 0.05,
Mann-Whitney test Bars are mean +/- SEM, N=4 animals per group.
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DISCUSSION

The pursuit of superior therapeutics for the treatment of high-
grade glioma is limited in large part by the existence of the blood-
brain barrier, which has evolved to exclude large and charged
molecules from accumulating in the CNS at meaningful
concentrations. Although substantial research has been
conducted over the past several years to identify novel targets
for targeting glioma without classical side effects associated with
genotoxic stressors, failure of novel and repurposed drugs to
reach the brain may limit their clinical use, even if they exert
therapeutic effects in in vivo models of peripheral tumor (54).
Additionally, the presence of GSC with their marked resistance
to standard therapies, such as radiation and TMZ treatment,
contribute to the inevitable recurrence and dismal prognosis of
this disease (43, 44).

Our data show that lucanthone, a drug utilized for the
treatment of schistosomal infections, targets autophagy in
glioma cells, when administered systemically, and slows the
growth of intracranial gliomas in vivo. These data, in addition
to prior reports detailing its pharmacokinetic distribution in
murine models (26), suggest that lucanthone may be able to enter
the brain to act either as a monotherapy or work in concert with
existing therapies.

Most interventions tailored to treating high-grade gliomas
minimally prolong patient survival. Extensive research into the
treatment resistance to TMZ, radiation, angiogenesis inhibitors,
and tumor-treating fields therapy all point to the induction of
cytoprotective autophagy as a means for treatment resistance and
eventual disease progression (9–11, 45, 55–58). Oftentimes,
chloroquine or hydroxychloroquine have been used as
autophagy inhibitors in the pre-clinical setting and have been
trialed in a myriad of different cancers. With specific respect to
glioma, chloroquine exhibits poor penetration of the blood-brain
barrier (59) and low potency (27), which may explain its lack of
clinical efficacy. Lucanthone is a more potent autophagy
inhibitor, and is well tolerated in the clinical setting.
Addit ional ly , our data show that at sub-cytotoxic
concentrations, lucanthone may still be useful to augment the
efficacy of TMZ (Figure 2). Future studies are warranted to detail
its interaction with therapies such as radiation, angiogenesis
inhibitors and tumor-treating fields in vitro and in vivo.

Lucanthone has been shown to act as a topoisomerase II
poison as well as an APE1 inhibitor at high concentrations. Our
results, however, advocate that its primary function would be the
disruption of autophagy. After treatment, we observed extensive
accumulation of autophagosomes in both KR158 and GL261
cells, also demonstrating that lucanthone exerts its effects
independent of driver mutations. It is of particular interest that
when glioma cells were cultured in stemness-promoting
conditions, they exhibited increased sensitivity to lucanthone at
doses as low as 3 mM. Since GSC are notoriously resistant to
standard treatments, the development of adjuvant therapies that
target a resistant sub-population may be useful in managing this
disease and preventing recurrence. It is possible that lucanthone
preferentially targets this sub-population by inducing lysosomal
Frontiers in Oncology | www.frontiersin.org 11135
membrane permeabilization (LMP). Our data demonstrate that
after lucanthone treatment, Cathepsin D is found throughout the
cell, which may be due to lysosomal rupture and spilling of
lysosomal contents into the cytoplasm. Prior reports have shown
that GSC are susceptible to LMP (60–62), providing further
evidence that interfering with lysosomal function may properly
target cells spared from standard glioma treatments. We show
here that lucanthone targeted glioma cells CD133+ glioma cells
that have acquired resistance to TMZ, recapitulating previous
reports that temozolomide induces glioma cells to acquire more
stem-like characteristics (47). As there are no therapies currently
approved for the treatment of recurrent glioblastoma, it would be
of interest to develop a robust pipeline in which drugs are tested
against glioma cells with an acquired resistance to temozolomide ±
ionizing radiation.

To mechanistically explain lucanthone’s inhibitory effect on
stemness, we probed for changes in LC3 and the stemness
markers nestin, SOX2 and Olig2. We expected to observe
increases in LC3 intensity in lucanthone-treated spheroid
cultures. It should be noted that there were noticeable numbers of
autophagosomes in control-treated spheroid cultures,
strengthening the notion that GSC are more reliant on autophagy
for survival at baseline conditions.However surprisingly therewas a
significant reduction in thenumber of cells in spheroids that stained
positive for Olig2. In triple-negative breast tumor cells with
constitutively active STAT3, the autophagy inhibitor chloroquine
reduces active STAT3 (63). In glioma, inhibiting STAT3 activation
by pharmacological or genetic means has been shown to reduce
Olig2 levels (64), observations that may tie together lucanthone’s
mechanism with the observed reduction in Olig2. These in vitro
results were recapitulated in vivo: Tumors derived from control-
treatedmice exhibited robustOlig2 intensity, especially at the tumor
border. Lucanthone reduced Olig2 levels at the border and core of
the tumors (Figure 6). Olig2+ glioma cells exhibit increased
resistance to standard therapies (65, 66), further encouraging the
concomitant use of lucanthonewith aforementioned interventions.

Gliomas exhibit dysregulated angiogenesis, which may
contribute to the development of tumor hypoxia. Chloroquine
was previously shown to act on endothelial cells in the melanoma
tumor microenvironment. Chloroquine decreased the
degradation of endothelial Notch 1, which functions to
normalize tumor blood vessels and increases perfusion of the
tumor. Herein, we find that the blood vessels of tumors treated
with lucanthone exhibited increased circularity and reduced
tortuosity. Decreasing tumor hypoxia may serve multiple
functions, including increasing the delivery of systemic
therapies to the whole tumor mass. In addition, eliminating
pockets of hypoxia in gliomas through proper vessel perfusion
could increase the efficacy of radiation therapy (67, 68) and
restore the activity of cytotoxic T cells (69).

The advent of immunotherapies in the clinical setting has
sparked an interest in understanding the role of both the innate
and adaptive immune systems in the progression of aggressive
tumor types, such as high-grade gliomas. Gliomas are comprised
of multiple cell types specific to the CNS, and are heavily
composed of CNS-resident microglia and blood-derived
April 2022 | Volume 12 | Article 852940

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


Radin et al. Lucanthone Inhibits Glioma Growth
macrophages (70). Offsetting the tumor-promoting functions of
these cells may directly slow the growth of gliomas and interact
favorably with TMZ (49, 71, 72) and radiation (73).
Investigations in peripheral tumor types, such as melanoma
and hepatocellular carcinoma, revealed that late-stage
autophagy inhibition with chloroquine, which was shown to
act as an inhibitor of palmitoyl-protein thioesterase 1 (Ppt1) (74–
76), reverses the immunosuppressive nature of tumor-associated
macrophages and thus increases the efficacy of T-cell targeted
PD-1 therapies (28, 76). While we have not yet identified the
direct protein target of lucanthone action that results in
autophagy inhibition, we hypothesize that, due to the
structural similarity between lucanthone and chloroquine, Ppt1
may be an additional interactor, along with TopII and Ape1.
Given that lucanthone may augment T cell infiltration into the
glioma microenvironment (Figure 7I), future research may
examine the extent to which lucanthone modulates the pro-/
anti-tumorigenic function of glioma-associated microglia and
macrophages alone and in combination with targeted therapies
such as PD-1 inhibitors or radiation.

Taken together, our data support the concept that lucanthone
may represent a sorely needed therapy to treat (recurrent/TMZ-
resistant) high-grade gliomas. It may favorably interact with
existing therapies through its direct effects on glioma cells, and
may enhance therapeutic efficacy by modulating the function of
endothelial cells and glioma stem cells. Exploring combinations
of lucanthone with DNA-damaging therapies and immune-
stimulating therapies may yield synergistic effects and improve
our ability to clinically manage this intractable disease.
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Objective: This study aimed to investigate the diagnostic value and underlying
mechanisms of sialic acid-binding Ig-like lectin 9 (SIGLEC9) in gliomas.

Patients and Methods: The Cancer Genome Atlas (TCGA) and the Chinese Glioma
Genome Atlas (CGGA) databases were used to analyze the association of SIGLEC9
expression levels with tumor stages and survival probability. Immunohistochemical
staining of SIGLEC9 and survival analysis were performed in 177 glioma patients.
Furthermore, related mechanisms were discovered about SIGLEC9 in glioma
tumorigenesis, and we reveal how SIGLEC9 functions in macrophages through single-
cell analysis.

Results: TCGA and CGGA databases indicated that patients with high SIGLEC9
expression manifested a significantly shorter survival probability than those with low
SIGLEC9 expression. SIGLEC9 was upregulated significantly in malignant pathological
types, such as grade III, grade IV, mesenchymal subtype, and isocitrate dehydrogenase
wild-type gliomas. The immunohistochemical staining of tissue sections from 177 glioma
patients showed that high-SIGLEC9-expression patients manifested a significantly shorter
survival probability than low-SIGLEC9-expression patients with age ≧60 years, grade IV,
glioblastoma multiforme, alpha thalassemia/intellectual disability syndrome X-linked loss,
and without radiotherapy or chemotherapy. Furthermore, the SIGLEC9 expression level
was positively correlated with myeloid-derived suppressor cell infiltration and neutrophil
activation. The SIGLEC9 expression was also positively correlated with major immune
checkpoints, such as LAIR1, HAVCR2, CD86, and LGALS9. Through single-cell analysis,
we found that the SIGLEC9 gene is related to the ability of macrophages to process
antigens and the proliferation of macrophages.

Conclusion: These findings suggested that SIGLEC9 is a diagnostic marker of poor
outcomes in glioma and might serve as a potential immunotherapy target for glioma
patients in the future.

Keywords: glioma, SIGLEC9, diagnostic marker, mechanism, therapeutic target
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INTRODUCTION

Gliomas are primary intra-axial brain tumors representing 80%
of all malignant brain tumors (1). Patients with glioma often
suffer from vomiting, headaches, seizure, and visual loss. The
causes of gliomas include hereditary disorders, radiation, and
inherited polymorphisms of DNA repair genes (2). Inherited
polymorphisms of DNA repair genes might increase the risk of
gliomas (3). DNA damage accumulation would occur when
DNA repair gene expression is decreased, which might
increase the frequencies of mutation. The classification of
gliomas depends on tumor grade, cell type, and tumor location
(4). Gliomas could be categorized from World Health
Organization (WHO) grade I to WHO grade IV. WHO grade
I represents the least advanced disease with the best prognosis,
while WHO grade IV represents the most advanced disease with
the worst prognosis. In addition, the classification of gliomas
depends on histological features, including classical subtype
(CL), proneural subtype (PN), mesenchymal subtype (ME), etc.
(5). The treatment of gliomas is a combined method of radiation,
surgery, and chemotherapy (6). The prognosis of gliomas varies
from different grades and subtypes. Low-grade glioma patients
have better 5- and 10-year survival rates. While high-grade
glioma patients have poor survival rates, the median overall
survival of glioblastoma multiforme is approximately 15 months
(7). Patients with isocitrate dehydrogenase (IDH) 1 or 2 mutated
gliomas have a higher survival rate than patients with IDH wild-
type gliomas (8).

In recent years, immune checkpoint modulators (ICIs) have
been found to be important means of treating cancer, and ICIs
targeting CTLA-4 or PD-1/PD-L1 have been developed (9, 10).
Sialic acid-binding Ig-like lectins (SIGLECs) act as inhibitory
receptors on innate and adaptive immune cells to suppress
immune responses, and SIGLEC9 on neutrophils and SIGLEC7
on NK cells can potentially suppress antitumor immune
responses (11). SIGLEC9 can be targeted to enhance
therapeutic antitumor immunity in vivo (12). SIGLEC9 is a
putative adhesion molecule mediating sialic-acid-dependent
binding to cells (11). It contains a cytoplasmic motif referring
to the immunoreceptor tyrosine-based inhibitor motif regulating
cellular response. The related pathways of SIGLEC9 are class I
MHC-mediated antigen processing and presentation, which is an
innate immune response. SIGLEC9 is mainly expressed in
peripheral blood leukocytes, such as monocytes, neutrophils,
and CD56+ NK cells. In mice, the functionally equivalent paralog
of SIGLEC9 is Siglec-E. In the inflammatory environment,
SIGLEC9 in neutrophils and monocytes could induce
apoptosis after generating reactive oxygen species. Previous
studies have explored the correlation between SIGLEC9 and
cancers. Haas et al. found that SIGLEC9 modulates memory
CD8+ T cells to congregate in the tumor microenvironment of
melanoma (13). Stanczak et al. discovered that SIGLEC9 was
upregulated in the tumor-infiltrating T cells in the tumor
microenvironment of colorectal cancer, ovarian cancer, and
non-small cell lung cancer (14). A high SIGLEC9 expression in
T cells is correlated with a decreased survival prognosis of non-
small cell lung cancer patients. Beatson et al. demonstrated that
Frontiers in Oncology | www.frontiersin.org 2140
mucin MUC1 could regulate the tumor immunological
microenvironment that follows the engagement of SIGLEC9
(15). Although the functions of SIGLEC9 were explored in
some types of cancer, the diagnosis value and underlying
mechanism of SIGLEC9 in glioblastoma multiforme (GBM)
have not been investigated. Therefore, we will reveal the effect
of SIGLEC9 as an immune checkpoint on the immune
microenvironment of glioma and provide a theoretical basis
for the further development of immunotherapeutic agents
for glioma.

In this study, we assessed the correlation between the clinical
characteristics and SIGLEC9 expression in glioma patients. The
Cancer Genome Atlas (TCGA) and Chinese Glioma Genome
Atlas (CGGA) databases were used to compare the expression of
SIGLEC9. Then, we measured the expression of SIGLEC9 with
immunohistochemical staining on 177 patients with gliomas to
validate the results. Gene Set Enrichment Analysis (GSEA) was
conducted to reveal the biological functions of SIGLEC9 in
gliomas. Lastly, functional enrichment analysis was performed
to discover the role of SIGLEC9 in gliomas.
METHODS

Patients and Samples
A total of 177 patients with gliomas undergoing surgery in Sanbo
Brain Hospital Capital Medical University were included in this
study. The diagnosis of gliomas for every patient was
authenticated with laboratory examination, clinical features,
and macroscopic and histological examinations. The
characteristics of glioma samples, including grade, subtype, and
IDH expression, were estimated by two pathologists specializing
in brain tumor disorders. The follow-up information of 177
glioma patients was acquired. The endpoint of this study was
defined as overall survival (OS), which is the period from the
surgery date to death date without a specified cause of death. OS
is a useful index to estimate the prognosis of tumor patients. The
follow-up period of all patients ended in April 2019. The
informed consent of biomedical research about tissue usage
has been signed by every patient with glioma, with the project
approved by the ethics committee of Sanbo Brain Hospital
Capital Medical University (no. SBNK-2018-003-01). We
ranked the 177 patients from low to high, and then we
identified the first 25 patients as belonging to the low-
SIGLEC9-expression group and the last 26 patients as
belonging to the high-SIGLEC9-expression group based on the
significant difference in survival between the high-SIGLEC9-
expression group and the low-SIGLEC9-expression group. The
remaining patients were categorized into the medium-
SIGLEC9-expression group. The clinical data of 177 patients
are shown in Supplementary Table S1.

Immunohistochemical Staining
The protein levels of SIGLEC9 were examined by
immunohistochemical staining. Formalin-fixed paraffin-
embedded slides of glioma were baked for 4 h. Then, the slides
were deparaffinated with dimethylbenzene and dehydrated with
June 2022 | Volume 12 | Article 878849
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gradient ethanol. Furthermore, the slides were subjected to
antigen retrieval with boiled citrate buffer, cyclooxygenase
block with 3% hydrogen peroxide, and nonspecific antigen
block with 10% goat serum. The primary antibody rabbit anti-
human SIGLEC9 (Abcam, Cambridge, MA, USA) was diluted to
1:100 and incubated at 4°C overnight. On day 2, the second
antibody, horseradish peroxidase-labeled goat anti-rabbit or
mouse, was incubated for 1 h. Then, the slide was stained with
3′-diaminobenzidine reagent and counterstained by
hematoxylin. Lastly, the total area of positive expression of
SIGLEC9 was evaluated with ImageJ software by two
researchers in the list of authors. The best cutoff value was
determined by the survminer package of R.

Bioinformatic Analysis of
SIGLEC9 Expression
The normalized values of fragments per kilobase per million
mapped reads of gliomas were obtained from TCGA dataset
(https://portal.gdc.cancer.gov) before April 2019. The batch
effect of low-grade glioma (LGG) and GBM was removed by
“sva” package. The normalized datasets of RNA-Seq were
conducted as input. TCGA is a useful dataset to catalog genetic
mutations responsible for cancer with the method of
bioinformatics and genome sequence. The comparison of
SIGLEC9 expressions in normal tissue and glioma was
conducted in GEPIA website (http://gepia.cancer-pku.cn/).
GEPIA is a web server about cancer and normal gene
expression. In addition, we downloaded the mRNA-seq data
from the CGGA dataset before October 2019. CGGA is a
powerful dataset that stores the data of about more than 2,000
samples from Chinese brain tumor patients. The data of CGGA
included mRNA sequencing, mRNA microarray, microRNA
microarray, whole-exome sequencing, and the matched patient
clinical data. The expression of SIGLEC9 was compared between
different grades and subtypes of gliomas. SPSS20.0 was used to
evaluate the statistical significance between different groups.

Gene Set Enrichment Analysis
In this study, we conducted GSEA to investigate the underlying
mechanisms of SIGLEC9 in gliomas. GSEA is a method that
provides insights into discovering the biological mechanisms of
the genes. The correlation between leukocyte infiltration and
SIGLEC9 expression was conducted by single-sample GSEA
(ssGSEA). The correlation between immune-related gene sets
and SIGLEC9 was also conducted by ssGSEA. The ssGSEA is the
extension of GSEA to measure the separate enrichment scores of
each gene set. The ssGSEA could transform to the profile of gene
set enrichment, which allows featuring of the cell state of
biological process activities and pathways. The correlation
between immune-related gene sets and SIGLEC9 was visualized
in the bioinformatics website (https://www.immport.org/).

Functional Enrichment Analysis
In this study, we calculated the correlation of genes and SIGLEC9 by
Spearman method. We filtered genes with correlation >0.6. Gene
Ontology (GO) analysis was used to conduct the functional
enrichment analysis. The Database for Annotation,
Frontiers in Oncology | www.frontiersin.org 3141
“clusterProfiler”, and “enrichplot” packages were used to analyze
and visualize the results. GO analysis is a useful tool to investigate
the biological processes, cellular components, and molecular
functions. We selected signaling pathways with false discovery
rate (FDR) <0.01 and count >10 from the GO and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment results.

Single-Cell Gene Analysis
The single-cell sequencing data of tumor tissues and adjacent
tissues of glioma were downloaded from the GSE162631 dataset
of the GEO database. We selected 4 tumor samples and 1
paracancerous tissue sample for single-cell transcriptome
analysis. Raw gene expression matrices were imported and
processed using the Seurat R package. The cells and genes with
poor quality were filtered out. The genes expressed in at least 3
cells and high-quality cells with more than 200 genes and less
than 5,000 genes were selected for the subsequent analysis. Low-
quality cells containing more than 10% mitochondrial genes
were excluded. Principal component analysis (PCA) with
“FindNeighbors” and “FindClusters” functions was used to
perform Uniform Manifold Approximation and Projection
(UMAP) to screen the significant top 20 principal components.
Then, we clustered the cells with a resolution of dim = 30 and
visualized the clustering results using a UMAP scatterplot. Then,
the different clusters were annotated to cell types based on the
typical marker genes of the cells. Furthermore, we analyzed the
expression of SIGLEC9 genes in tumor tissue and adjacent tissue.
The ggplot2 package was used to identify the ratio of cells in
tumors with adjacent tissue. We re-analyzed the macrophages
separately to assess the subtypes of specific cell populations. We
used Seurat standard procedures, including PCA dimensionality
reduction and tSNE cell construction of clusters to extract cell
subsets. Finally, we divided the macrophages into the high-
SIGLEC9-expression group and the low-SIGLEC9-expression
group according to the median of SIGLEC9 expression. The
regulatory role of SIGLEC9 in macrophages was further analyzed.

Statistical Analysis
Statistical analysis was conducted by t-test and Spearman c2 test.
Kaplan–Meier analysis was used to evaluate the survival rates. Cox
proportional hazard model analysis was conducted to measure the
hazard ratio and 95% confidence interval associated with SIGLEC9
expression. Statistical significance was considered when P <0.05.
RESULTS

The Expression of SIGLEC9 in Gliomas
With TCGA and CGGA Databases
We investigated the SIGLEC9 expression in different grades and
subtypes of glioma patients with TCGA and CGGA databases. In
TCGA database, SIGLEC9 expression was higher in tumor tissue
than in adjacent normal tissue in LGG and GBM (Figure 1A).
The expression of SIGLEC9 in grade III and grade IV glioma
patients was higher than in grade II glioma patients (Figure 1B).
As for the four subtypes, including classic, mesenchymal, and
proneural subtypes, SIGLEC9 expression was higher in the
June 2022 | Volume 12 | Article 878849
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mesenchymal subtype than in the other two subtypes of gliomas
in TCGA database (Figure 1D). IDH is regarded as an index for
the survival prognosis of gliomas. The results of the TCGA
database showed that SIGLEC9 expression was higher in IDH
Frontiers in Oncology | www.frontiersin.org 4142
wild-type glioma patients than in IDH mutated glioma patients
(Figure 1F). The expression patterns of SIGLEC9 in different
grades and subtypes of glioma patients from the CGGA database
were similar to that of TCGA database. In the CGGA database,
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FIGURE 1 | The SIGLEC9 expression in different grades and subtypes with The Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA)
databases. (A) The expression of SIGLEC9 in low-grade glioma (LGG) and glioblastoma multiforme (GBM) with TCGA database. In LGG patients, SIGLEC9 expression
was higher in tumor tissue than in adjacent normal tissue (*<0.05). In GBM patients, SIGLEC9 expression was higher in tumor tissue than in adjacent normal tissue
(*<0.05). (B) The SIGLEC9 expression in grade III patients was higher than in grade II patients with TCGA database (***<0.001). The SIGLEC9 expression in grade IV
patients was higher than in grade II patients with TCGA database (***<0.001). (C) The SIGLEC9 expression in grade IV patients was higher than in grade II patients with
CGGA database (***<0.001). (D) The SIGLEC9 expression in the mesenchymal subtype was higher than in the classic and proneural subtypes with TCGA database
(***<0.001). (E) The SIGLEC9 expression in the mesenchymal subtype was higher than in the classic and proneural subtypes with CGGA database (***<0.001). (F) In
grade II glioma patients with TCGA database, SIGLEC9 expression was higher in isocitrate dehydrogenase (IDH) wild-type patients than in IDH mutated patients
(***<0.001). In all glioma patients with TCGA database, SIGLEC9 expression was higher in IDH wild-type patients than in IDH mutated patients (***<0.001). (G) In grade II
and III glioma patients with CGGA database, SIGLEC9 expression was higher in IDH wild-type patients than in IDH mutated patients (***<0.001). In all glioma patients with
CGGA database, SIGLEC9 expression was higher in IDH wild-type patients than in IDH mutated patients (***<0.001).
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the expression of SIGLEC9 in grade IV glioma patients was
higher than in grade II patients (Figure 1C). The SIGLEC9 level
was higher in the mesenchymal subtype than in the other two
subtypes of gliomas (Figure 1E). The SIGLEC9 expression was
higher in IDH wild-type gliomas than in IDH mutated
gliomas (Figure 1G).

Furthermore, we used TCGA and CGGA databases to analyze
the survival probability of glioma patients with different expression
levels of SIGLEC9. In TCGA dataset, patients with a higher
SIGLEC9 expression had less survival probability than patients
with a lower SIGLEC9 expression (P < 0.001) (Figure 2A). In the
CGGA dataset, patients with a higher SIGLEC9 expression also had
less survival probability than patients with a lower SIGLEC9
expression (P < 0.001) (Figure 2B). Furthermore, Survival
analysis in different subgroups with glioma between the high-
SIGLEC9 and low-SIGLEC9 groups was performed, the result
was shown in Figure S1.

The Expression of SIGLEC9 in Glioma
Patients With Immunohistochemical
Staining
We analyzed the expression of SIGLEC9 in 177 glioma patients
with immunohistochemical staining. Based on the level of
SIGLEC9 expression, the glioma patients were divided into
three groups, and the clinical data of 177 patients are shown in
Supplementary Table S1. As shown in Figure 3A, patients with
a high SIGLEC9 expression manifested a significantly shorter
survival probability than those patients with a low SIGLEC9
expression (P = 0.019). Then, we analyzed the relationship
between clinical characteristics and SIGLEC9 expression in
glioma patients. We found that, in glioma patients with age
≧60 years, high-SIGLEC9-expression patients presented a
shorter survival probability than low-SIGLEC9-expression
patients (P = 0.007). Similar phenomena were also observed in
patients with grade IV or glioblastoma (P = 0.032), patients with
ATRX loss glioma (P = 0.002), patients without radiotherapy
Frontiers in Oncology | www.frontiersin.org 5143
(P = 0.015), or patients without chemotherapy (P = 0.040).
The detailed information on the clinical forest is listed in
Figure 3B. The immunohistochemical map of glioma patients
is shown in Figure 3C, and it can be seen intuitively that there
are apparent differences in the expression of SIGLEC9 between
glioma patients.

The Correlation Between Immune
Microenvironment and SIGLEC9
Expression in Gliomas
In this study, we investigated the correlation between the immune
microenvironment and the SIGLEC9 levels in gliomas. Firstly, we
analyzed the correlation between immune cell infiltration and
SIGLEC9 expression in gliomas with TCGA database. As shown
in Figure 4A, the SIGLEC9 expression was mostly positively
correlated with myeloid-derived suppressor cell (MDSC)
infiltration (Cor = 0.84, P < 2.2e−16), effector memory CD8+ T
cell infiltration (Cor = 0.71, P < 2.2e−16), T follicular helper cell
infiltration (Cor = 0.67, P < 2.2e−16), regulatory T cell infiltration
(Cor = 0.63, P < 2.2e−16), mast cell infiltration (Cor = 0.58, P < 2.2e
−16), and neutrophil infiltration (Cor = 0.27, P < 9.6e−13) in
gliomas. The CGGA database was also used to explore the
correlation between immune status and SIGLEC9 expression, and
similar results were observed. The SIGLEC9 expression was
positively correlated with MDSC infiltration (Cor = 0.88, P <
2.2e−16), effector memory CD8+ T cell infiltration (Cor = 0.79, P <
2.2e−16), macrophage infiltration (Cor = 0.79, P < 2.2e−16),
regulatory T cell infiltration (Cor = 0.77, P < 2.2e−16), natural
killer T cell infiltration (Cor = 0.77, P < 2.2e−16), and neutrophil
infiltration (Cor = 0.55, P < 2.2e−16) (Figure 4B).

As shown in Figure 4C, glioma patients with high SIGLEC9
expression have significantly enhanced infiltration of immune cells,
such as T cells, NK cells, neutrophils, aDC, B cells, DC cells, iDC
cells, macrophages, mast cells, Th1, Th2, Th17, and so on. The
proportion of these immune cells infiltrated was significantly
reduced (pDC and Treg). We also calculated the difference in
A B

FIGURE 2 | The expression of SIGLEC9 in gliomas with The Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA) databases. (A) In TCGA
database, the glioma patients with a high SIGLEC9 expression (n = 218) had a shorter survival probability than those patients with a low SIGLEC9 expression (n = 440)
(P < 0.001). (B) In the CGGA database, the glioma patients with a high SIGLEC9 expression (n = 287) had a shorter survival probability than those patients with a low
SIGLEC9 expression (n = 381) (P < 0.001).
June 2022 | Volume 12 | Article 878849

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


Xu et al. SIGLEC9 Indicate Poor Outcomes of Glioma
microenvironment scores between the high-SIGLEC9-expression
group and the low-SIGLEC9-expression group by the ESTIMATE
algorithm, and the results showed that the high-SIGLEC9-
expression group had a higher immune score in StromalScore,
ImmuneScore, and ESTIMATEScore (P < 0.001) (Figure 4D).

Then, we evaluated the expression correlation between
SIGLEC9 and checkpoint members in tumor-induced immune
response using Pearson correlation analysis with TCGA dataset.
As shown in Figure 4E and Supplementary Table S3, SIGLEC9
had a high concordance with LAIR1 (Cor = 0.919, P < 0.001),
HAVCR2 (Cor = 0.892, P < 0.001), CD86 (Cor = 0.870, P < 0.001),
and LGALS9 (Cor = 0.810, P < 0.001).

Functional Enrichment Analysis of
SIGLEC9-Correlated Genes
GO analysis was conducted to investigate the functions of
SIGLEC9-correlated genes in data obtained from TCGA and
Frontiers in Oncology | www.frontiersin.org 6144
CGGA databases. Based on the data of TCGA database, GO
analysis showed that the SIGLEC9-correlated genes were mostly
enriched in neutrophil activation, neutrophil degranulation, and
neutrophil-mediated immunity (Figure 5A). The GO analysis
based on the data of CGGA database also showed similar
results (Figure 5B).

Moreover, GSEA was conducted to explore the biological
functions of SIGLEC9 in gliomas. Based on the data of TCGA
database, SIGLEC9 was positively correlated with the IL6-JAK-
STAT3 signaling pathway (NES = 2.814, FDR = 0), KRAS
signaling pathway (NES = 2.474, FDR = 0), reactive oxygen
species pathway (NES = 1.896, FDR = 0), and TGF-b signaling
pathway (NES = 1.928, FDR = 0) (Figure 5C). Similar results
were obtained from the GSEA analysis based on the data of
the CGGA database (Figure 5D), such as IL6-JAK-STAT3
signaling pathway (NES = 2.073, FDR = 0), KRAS signaling
pathway (NES = 1.622, FDR = 0.001), reactive oxygen
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FIGURE 3 | The expression of SIGLEC9 in 177 glioma patients. (A) The glioma patients with a high SIGLEC9 expression (n = 26) had a shorter survival probability than
those patients with a low SIGLEC9 expression (n = 25) (P = 0.019). (B) Clinical characteristics of SIGLEC9 expression in glioma patients. In glioma patients with the
following characteristics—age ≧60 years (P = 0.007), grade IV (P = 0.032), glioblastoma (P = 0.032), alpha thalassemia/intellectual disability syndrome X-linked loss (P =
0.002), without radiotherapy (P = 0.015), or without chemotherapy (P = 0.040), respectively—those with a high SIGLEC9 expression had a shorter survival probability
than those with a low SIGLEC9 expression. (C) Immunohistochemical staining of SIGLEC9 from glioma patients of Sanbo Brain Hospital Capital Medical University.
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speciespathway (NES = 1.668, FDR = 4.40E-04), and TGF-b
signaling pathway (NES = 1.700, FDR = 2.91E-04).

Single-Cell Analysis of Tumor Tissue
and Adjacent Tissue
Firstly, we normalized and pooled single-cell data from all
samples and filtered the low-quality cells (Figures 6A, B).
Then, we merged the tumor and adjacent tissue sample to
perform unsupervised clustering to identify distinguished cell
populations. Seurat v3.0 with default parameters was conducted
in this study. We classified different cell subsets according to the
Frontiers in Oncology | www.frontiersin.org 7145
related typical marker genes in cells. We mainly identified 10
types of cells (Figures 6C, D), such as glial/neuronal cells
(PTPRZ1 and FABP7), DCs (HLA-DQA1, HLA-DPB1,
FCER1A, and CD1C), T cells (CD3E, CD3D, CD3G, GZMK,
and GZMA), mural cell (RGS5, BGN, TAGLN, NOTCH3, and
PDGFRB), neutrophil (IL1R2, CSF3R, FPR2, and CXCL1),
endothelial (CLDN5, VWF, ABCG2, and CAVIN2),
macrophage (proliferating) (MKI67 and TOP2A), macrophage
(APOC1), microglia/microphage (CD163 and F13A1), microglia
(P2RY13 and SLC1A3), and microglia (P2RY12 and CX3CR1).
We calculated the proportion of various types of cells in each
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FIGURE 4 | Relationship between SIGLEC9 expression and immune microenvironment. (A) In glioma patients with The Cancer Genome Atlas (TCGA) database,
SIGLEC9 expression was positively correlated with immune cell infiltration, including myeloid-derived suppressor cells (MDSCs), effector memory CD8 T cells, T
follicular helper cells, regulatory T cells, macrophages, etc. (B) In glioma patients with TCGA database, SIGLEC9 expression was positively correlated with MDSCs,
effector memory CD8 T cells, macrophages, regulatory T cells, natural killer T cells, neutrophils, etc. (C) Differences in immune cell infiltration between the high and
the low expression of SIGLEC9, respectively. (D) Relationship between SIGLEC9 expression and immune microenvironment score. (E) Relationship between
SIGLEC9 expression and immune checkpoints. ns, p≥0.05; *, p< 0.05; ***, p<0.001.
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FIGURE 5 | Functional enrichment analysis with The Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA) databases. (A) Gene Ontology
(GO) analysis from the TCGA database. (B) GO analysis from CGGA databases. (C) Gene Set Enrichment Analysis (GSEA) was conducted to investigate the
biological functions of SIGLEC9 in gliomas from the TCGA database. (D) GSEA was conducted to investigate the biological functions of SIGLEC9 in gliomas from
the CGGA database. The red lines represent SIGNALING as IL6 JAK STAT3. The green line represents KRAS signaling up. The turquoise line represents the
reactive oxygen species pathway. The purple line represents TGF-b signaling.
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FIGURE 6 | Identification of differentially expressed genes and cell subsets in glioma with single-cell analysis. (A) High-quality cell filtration. The cells were filtrated with
the number of genes in cells nFeature >200 and ≤5,000; the proportion of mitochondrial genes in cells (percent.mt <10). (B) Integration of all samples. (C) Bubble plot
of marker gene expression in the identification of different cell types. (D) Exhibition of cell subsets. (E) Proportion of cells in each sample. (F) Expression of SIGLEC9 in
tumor tissue and in adjacent tissue.
Frontiers in Oncology | www.frontiersin.org June 2022 | Volume 12 | Article 8788498146

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


Xu et al. SIGLEC9 Indicate Poor Outcomes of Glioma
sample and found that the proportion of microglia in normal
samples was significantly higher than that in tumor samples, but
the proportion of macrophages was significantly lower than that
in tumor samples (Figure 6E). Therefore, our further analysis
also focused on macrophages in tumors. Finally, we calculated
the expression of SIGLEC9 in these cell subsets between glioma
tissue and adjacent tissue (Figure 6F). In macrophages
(proliferating) and macrophages subsets, the expression of
SIGLEC9 in cancer tissues was higher than that in adjacent
tissues. Macrophages play an essential role in glioma, and
SIGLEC9 may be an important regulator of macrophages.

Regulatory Role of SIGLEC9 in
Macrophages and Macrophages
(Proliferating) With Glioma
We extracted a subset of macrophages (macrophage) for analysis
(Figure 7A), and we found that SIGLEC9 was positively
correlated with genes (NCF2, PSMA7, VAMP3, and NCF4)
(P < 0.05) that are involved in antigen processing and
presentation of antigen (Figure 7B). Based on the median of
SIGLEC9 expression, we divided the macrophages into two
groups with high and low SIGLEC9 expression, and we further
identified differential genes between these two groups. The GSEA
analysis found that differential genes were associated with
Frontiers in Oncology | www.frontiersin.org 9147
macrophage activation (16) (Figure 7C). The GO enrichment
analysis found that upregulated differential genes were
significantly enriched in pathways such as antigen processing
and presentation of peptide antigen via MHC class II, antigen
processing and presentation of peptide antigen, etc. (Figure 7D).
In addition, the KEGG enrichment analysis found that
upregulated differentially genes were enriched in Fc gamma R-
mediated phagocytosis and antigen processing and presentation
pathways (Figure 7E). Therefore, the differential genes of the two
groups are involved in the pathway of antigen presentation,
which also indicates that the expression of SIGLEC9 gene is
related to the ability of macrophages to process antigens.

We also extracted macrophages (proliferating) for analysis
and, as shown in Supplementary Figure S2, we found that
SIGLEC9 was positively correlated with the proliferation genes
(ANAPC11, CCNB1, and PLK1) (P < 0.05) of macrophages.
According to the median of SIGLEC9 expression, we further
divided the macrophages (proliferating) into two groups with a
high expression and a low expression of SIGLEC9, respectively.
We found the differential genes between the high-SIGLEC9-
expression group and the low-SIGLEC9-expression group. The
GSEA analysis found that upregulated genes were associated
with macrophage maturation and M2 polarization (17). The GO
enrichment found that upregulated genes were significantly
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FIGURE 7 | Regulatory role of SIGLEC9 in macrophages with glioma. (A) Uniform Manifold Approximation and Projection plot of macrophage cluster. (B) Correlation
between SIGLEC9 and macrophage activation genes (NCF2, PSMA7, VAMP3, and NCF4). (C) Gene Set Enrichment Analysis between high- and low-SIGLEC9
groups in macrophages. (D) Gene Ontology analysis between high- and low-SIGLEC9 groups in macrophages. (E) Kyoto Encyclopedia of Genes and Genomes
analysis between high- and low-SIGLEC9 groups in macrophages.
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enriched in the regulation of cell cycle phase transition, DNA
replication, T cell activation, and other pathways, which are
related to cell proliferation and replication. In addition, the
KEGG enrichment found that upregulated genes were
significantly enriched in pathways, such as DNA replication
and cell cycle, which are also related to cell proliferation and
replication. It indicates that the high expression of SIGLEC9 is
related to the M2 macrophage polarization and proliferation
of macrophages.
DISCUSSION

Glioma is a broad term of tumors occurring in the brain and
spinal cord (18). There are more than 100 different pathological
types of central nervous system and brain tumors, in which
gliomas represent the largest proportion. The prognosis of
gliomas after diagnosis varies significantly with the tumor
grades, subtypes, and molecular biomarkers (19). The high-
grade (III and IV) gliomas have a poor survival time. GBM
also has poor overall survival, and the average length of survival
after diagnosis is only 12 to 15 months. In the four molecular
subtypes of GBM, the mesenchymal subtype tends to have the
poorest overall survival than the other three subtypes (20). IDH
is an enzyme that catalyzes the oxidative decarboxylation of
isocitrate, and IDH wild-type glioma patients have a poor
prognosis (21). The alpha thalassemia/intellectual disability
syndrome X-linked (ATRX) gene is involved in telomere
maintenance, and the loss of ATRX could reduce the median
survival of glioma patients by promoting tumor growth (22).

In this study, we comprehensively analyzed the expression
pattern of SIGLEC9 in gliomas with TCGA and CGGA
databases. High-SIGLEC9-expression patients had a shorter
survival probability than low-SIGLEC9-expression patients. In
addition, SIGLEC9 expression was significantly upregulated in
malignant pathological types such as grade III, grade IV,
mesenchymal subtype, and IDH wild-type gliomas. Then, we
investigated the protein levels of SIGLEC9 in 177 glioma patients
from Sanbo Brain Hospital Capital Medical University. The
results indicated that high-SIGLEC9-expression patients had a
shorter survival probability than low-SIGLEC9-expression
patients. In addition, high SIGLEC9 expression presented to
have a shorter survival probability in patients with age ≧60 years,
with grade IV glioma, with GBM, with ATRX loss glioma,
without radiotherapy, or without chemotherapy. These
parameters are all correlated with the poor overall survival of
glioma patients as mentioned above. These results showed that
SIGLEC9 expression was positively correlated with a malignant
biologic process, indicating that SIGLEC9 might play important
roles in the progression of gliomas.

Then, we investigated the underlying mechanisms of
SIGLEC9 in gliomas, and our results showed that SIGLEC9
might regulate the tumor microenvironment (TME) in
gliomas. TME is a dynamic condition in such a way that
different immune cells interplay with cancer cells (23). TME
has different inflammatory mediators, extracellular matrix, and
Frontiers in Oncology | www.frontiersin.org 10148
signaling molecules to induce tumor progression and therapy
resistance (24, 25). Tumor-infiltrated immune cells contain
different types of cells, such as MDSCs, neutrophils,
macrophages, dendritic cells, regulatory T cells (Treg), etc. (26,
27). Our results revealed that tumor-related immune cells, such
as MDSCs, regulatory T cells, and neutrophils, were positively
correlated with SIGLEC9 expression in gliomas. SIGLEC9
expression was mostly correlated with MDSC infiltration in
glioma. MDSCs are a heterogenous group of immune cells
with immature myeloid cells, including precursors of
granulocytes, macrophages, and dendritic cells (28). MDSCs
are strongly expanded in the site of cancer, such as gliomas,
and have been demonstrated to be correlated with a poor
prognosis and therapy resistance in cancer patients (29).
MDSCs have strong abilities to exacerbate gliomas. Firstly,
MDSCs induce the production of reactive oxygen species,
nitric oxide, and arginase (30). Secondly, MDSCs could induce
the maturity and development of tumor-induced regulatory
T cells (31). Thirdly, MDSCs could increase the expression of
prostaglandin E2 and cyclooxygenase 2 (32). These
inflammatory mediators produced by MDSCs could increase
the complexity of immune cell interactions in the TME of
gliomas. Consistently, our data also showed that SIGLEC9 was
positively correlated with the reactive oxygen species pathway in
the GSEA analysis, and SIGLEC9 expression was positively
correlated with regulatory T cell infiltration. Furthermore,
SIGLEC9 expression was also positively correlated with
immune checkpoints, including LAIR1, HAVCR2, CD86, and
LGALS9. As an important member of the immune tumor
microenvironment, macrophages play an important
therapeutic role in glioma. Hara et al. have proven that
macrophages can induce a transition of glioblastoma cells into
mesenchymal-like (MES-like) states (33). They found that the
state of MES-like glioblastoma is related to the increase in the
expression of the medium germination program in the middle of
macrophages, which has potential treatment for the widespread
changes in the immune microenvironment. In the results of our
single-cell sequencing analysis, compared with normal samples,
we found that SIGLEC9 expresses highly in three types of
macrophages [macrophage (proliferating), macrophage, and
microglia/microphage] in tumor samples. Furthermore, we
found that the SIGLEC9 gene is related to the ability of
macrophages to process antigens and the proliferation of
macrophages. In the future, we will demonstrate the regulatory
role of SIGLEC9 in macrophages through further experiments.
Thus, SIGLEC9 was considered to exacerbate the gliomas by
suppressing the anti-tumor immune response.

Functional enrichment analysis showed that the SIGLEC9-
correlated genes were enriched in neutrophil immune response.
Neutrophils are the most abundant granulocytes to comprise
approximately 70% of leukocytes in the peripheral blood of
humans. Previous studies have revealed that the number of
neutrophils is positively correlated with the severity and poor
prognosis of glioma patients (34). In high-grade gliomas,
neutrophilia was associated with poor survival to decreased
overall survival (35). Cytokine granulocyte-colony stimulating
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factor (G-CSF) is the growth factor of neutrophils, and G-CSF is
over-produced in glioma patients (36). In addition, G-CSF is
responsible for the high neutrophil–lymphocyte ratio (NLR) in
glioma patients via switching bone marrow hematopoiesis from
lymphocytes to granulocytes (37). A high neutrophil/lymphocyte
ratio is correlated with a poor prognosis of glioma patients.
Neutrophils are also related to the resistance of anti-angiogenic
therapy, such as anti-vascular endothelial growth factor therapy
of glioma patients (38). Tumor-infiltrated neutrophils can
secrete elastase to promote the proliferation of glioma cells (39).

In summary, SIGLEC9 might regulate the TME in gliomas to
exacerbate the disease, and MDSCs and neutrophils play an
important role in the function of SIGLEC9. Moreover, SIGLEC9
might upregulate the expression of immune checkpoint genes to
suppress the anti-tumor immune response in gliomas.
CONCLUSION

In this study, we analyzed the expression patterns and prognostic
values of SIGLEC9 in glioma. SIGLEC9 expression was
significantly upregulated in malignant pathological types, such
as grade III, grade IV, mesenchymal subtype, and IDH wild-type
gliomas in TCGA and CGGA database. High SIGLEC9
expression presented to have a shorter survival probability
than low SIGLEC9 expression in glioma patients. Our own
clinical data also showed that high SIGLEC9 protein levels
presented to have a shorter survival probability than low
SIGLEC9 protein levels in patients with age ≧60 years, grade
IV glioma, GBM, ATRX loss glioma, without radiotherapy, or
without chemotherapy, which are all poor prognosis factors of
gliomas. Furthermore, we investigated the underlying functions
of SIGLEC9 in glioma pathogenesis, and we found that SIGLEC9
might regulate the TME to induce tumor growth, metastasis, and
the therapy resistance of gliomas. We inferred that MDSCs and
neutrophils might play an important role in the function of
SIGLEC9. Moreover, SIGLEC9 might upregulate the expression
of immune checkpoint genes to suppress the anti-tumor immune
response in gliomas. These results indicated that high SIGLEC9
expression might serve as a poor prognosis marker for glioma
patients and SIGLEC9 might be a therapeutic target for glioma in
the future.
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CASP6 predicts poor
prognosis in glioma and
correlates with tumor
immune microenvironment

Kai Guo1,2, Jiahui Zhao3, Qianxu Jin1, Hongshan Yan1,
Yunpeng Shi1 and Zongmao Zhao1*

1Department of Neurosurgery, The Second Hospital of Hebei Medical University, Shijiazhuang,
China, 2Department of Neurosurgery, Affiliated Xing Tai People Hospital of Hebei Medical
University, Xingtai, China, 3Department of Neurology, Beijing Tiantan Hospital, Capital Medical
University, Beijing, China
Background: Glioma is an aggressive tumor of the central nervous system.

Caspase-6 (CASP6) plays a crucial role in cell pyroptosis and is a central protein

involved in many cellular signaling pathways. However, the association

between CASP6 and prognosis of glioma patients remains unclear.

Methods: Four bioinformatic databases were analyzed to identify differentially

expressed genes (DEGs) between glioma and healthy tissues. Eighty-one

protein-coding pyroptosis-related genes (PRGs) were obtained from the

GeneCards database. The pyroptosis-related DEGs (PRDEGs) were extracted

from each dataset, and CASP6 was found to be aberrantly expressed in glioma.

We then investigated the biological functions of CASP6 and the relationship

between CASP6 expression and the tumor microenvironment and

immunocyte infiltration. The half maximal inhibitory concentration of

temozolomide and the response to immune checkpoint blockade in the

high- and low-CASP6 expression groups were estimated using relevant

bioinformatic algorithms. Quantitative real-time reverse transcription PCR

and western blotting were carried out to confirm the different expression

levels of CASP6 between human astrocytes and glioma cell lines (U251 and

T98G). We determined the role of CASP6 in the tumorigenesis of glioma by

knocking down CASP6 in U251 and T98G cell lines.

Results: We found that CASP6 was overexpressed in glioma samples and in

glioma cell lines. CASP6 expression in patients with glioma correlated

negatively with overall survival. In addition, CASP6 expression correlated

positively with the degree of glioma progression. Functional analysis

indicated that CASP6 was primarily involved in the immune response and

antigen processing and presentation. Patients with high CASP6 levels

responded more favorably to temozolomide, while patients with low
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expression of CASP6 had a better response to immunotherapy. Finally, in vitro

experiments showed that CASP6 knockdown inhibited glioma proliferation.

Conclusions: The pyroptosis-related gene CASP6 might represent a sensitive

prognostic marker for patients with glioma and might predict their response

of immunotherapy and temozolomide therapy. Our results might lead to

more precise immunotherapeutic strategies for patients with glioma.
KEYWORDS

CASP6, glioma, pyroptosis, prognosis, immune microenvironment
Introduction

Glioma, which is derived from the neuroepithelial cell layer,

is the most common cancer of the central nervous system (CNS).

In 2016, the World Health Organization classified glioma into

four histopathological grades on the basis of the degree of its

progression. Grades I and II are defined as low-grade glioma

(LGG), while grades III and IV are defined as high-grade glioma.

Oligodendrogliomas and astrocytomas belong to the grade II

class. Anaplastic oligodendrogliomas, anaplastic astrocytomas,

anaplastic oligoastrocytomas, and anaplastic ependymomas are

classified into grade III. Glioblastoma (GBM) is grade IV, which

is the most malignant type of glioma (1). Surgical resection plus

radiotherapy and chemotherapy are the mainstay therapeutic

strategies to treat glioma patients. Due to the high

aggressiveness, high recurrence rate, and resistance to

radiotherapy and chemotherapy the overall survival (OS) of
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glioma patients is low (2), Despite the progress for glioma

research in recent years no major breakthroughs have been

made to improve glioma prognosis (3).

Pyroptosis is a form of programmed cell death characterized by

cell swelling, lysis, and the release of pro-inflammatory factors (4).

Recently, research has shown that pyroptosis plays a crucial role in

inhibiting tumor cell proliferation and tumor growth in many kinds

of cancer, such as colon cancer (5), non-small cell lung cancer (6),

and hepatocellular carcinoma (7). In the field of glioma research,

many potential treatments might exert an antitumor effect via

pyroptosis. For example, the natural nutrient kaempferol was

found to be an anti-glioma drug that possibly induces pyroptosis

(8). MicroRNA miR-214 and circular RNA hsa_circ_0001836 were

found to inhibit glioma growth via inducing pyroptosis (9, 10).

Caspase 6 (CASP6) is activated in pyroptosis cascade and plays a

critical role in this process. Caspase-6 can induce the activation of

NLRP3 inflammasome, which is a core step of pyroptosis (11).

Accumulating experimental evidence suggests that the apoptosis of

hTERT-positive malignant glioma cells is markedly promoted by

the induction of the hTERT/rev-caspase-6 complex (12). These

findings indicated that CASP6 might play a critical role in the

occurrence of glioma and could be a potential therapeutic target.

However, the effects of CASP6 on glioma pyroptosis and its

mechanism need further investigation.

In this study, we sought to identify pyroptosis-related

differentially expressed genes (PRDEGs) through analyzing

sequencing datasets obtained from glioma patient tissues.

These analyses identified CASP6 as one of the glioma-

associated PRDEGs. Furthermore, we found that CASP6

expression level was correlated with prognosis of glioma

patients, and outcomes of chemotherapy and immunotherapy.

In addition, we analyzed the biological functions of CASP6 in

glioma and found that CASP6 was involved in the immune

microenvironment and the infiltration of immune cells. Finally,

the abnormal expression of CASP6 in gliomas was verified using

an external database and cell experiments. Our findings suggest

that CASP6 is a marker to predict the prognosis of glioma

patients and might be a potential target to treat glioma.
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Materials and methods

Data collection and preparation

A total of 180 (23 non-tumor and 157 tumor) mRNA

expression profiles from patients with glioma were collected

from the Gene Expression Omnibus (GEO) database (GSE4290)

(https://www.ncbi.nlm.nih.gov/). Data for 1018 patients with

glioma were downloaded from the Chinese Glioma Genome

Atlas (CGGA) database (http://www.cgga.org.cn/index.jsp).

Non-tumor (n = 28) and tumor (n = 522) samples from

patients with glioma in the GEO database (GSE108474),

termed The Repository of Molecular Brain Neoplasia Data

(REMBRANDT), were included. Biological information from

patients with glioma (523 with LGG and 171 with GBM) and

information from normal brain tissue were obtained from the

UCSC Xena project (https://xena.ucsc.edu/). All raw data from

The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.

gov/) and the Genotype-Tissue Expression (GTEx) database

(https://www.gtexportal.org/home/) were recalculated using

standard pipeline algorithm from the UCSC Xena project.

This process minimized the discrepancy between expression

data and made the digital data more compatible. Recurrent

samples, secondary samples, non-glioma samples, and samples

with incomplete clinical information were excluded. A total of

1920 primary glioma samples (TCGA: 662; GSE4290: 153;

REMBRANDT: 454 CGGA: 651) and 257 normal tissues

(TCGA-GTEx: 206; GSE4290:23; REMBRANDT:28) were

included in this study.
Identification of differentially expressed
genes related to pyroptosis in
three databases

TCGA-GTEx, GSE4290, and REMBRANT datasets were

separately analyzed to detect differentially expressed genes

(DEGs) (Supplementary Figure 1). These analyses were

performed using the R software version 4.1.0 (13). We set |log

fold change (FC)|>1 and an adjusted P-values (p-adj) < 0.05 as

the thresholds. The DEGs of TCGA-GTEx, GSE4290 and

REMBRANT database were confirmed. We retrieved 81

protein-coding PRGs (Relevance Score>1) from the GeneCards

database (https://www.genecards.org/) (Supplementary Table 1).
Validation of the identified biomarker

We estimated the prognostic value of CASP6 in patients with

glioma using the CGGA dataset as the validation dataset. Based

on the median expression level, the cleaned data were divided

into two groups: the high CASP6 expression group and the low
Frontiers in Oncology 03
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CASP6 expression group. Survival analysis between the two

groups was implemented in the R software using the “survival”

and “survminer” packages. Finally, we built receiver operating

characteristic (ROC) curves to evaluate the predictive efficacy

of CASP6.
Functional enrichment analyses
of CASP6

Hallmark, Gene Ontology (GO) enrichment analysis, and

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis were performed using the R package “clusterProfiler”

(14). Gene set enrichment analysis (GSEA) was used to explore

the potential regulatory mechanisms of CASP6. We selected the

annotated gene sets “h.all.v7.4.symbols.gmt” obtained from the

Molecular Signatures Database (MSigDB3) (15), as the reference

gene sets. Visualization of the above results was carried out using

the R package “enrichplot”. We set 0.05 as the cutoff point for

the adjusted p-value.
Prediction of the chemotherapy and
immunotherapy response

The response to temozolomide chemotherapy of each

patient with glioma in the CGGA was estimated using the

“oncoPredict” R package (16). In this analysis, the Genomics

of Drug Sensitivity in Cancer 2 (GDSC2) database (https://www.

cancerrxgene.org/) was used as the training data. Meanwhile,

this algorithm calculated the half maximal inhibitory

concentration (IC50) of temozolomide. The Tumor Immune

Dysfunction and Exclusion (TIDE) algorithm using a python

(version 3.8.6) script (17) was used to evaluate the response to

immune checkpoint blockade (ICB) agents.
Correlation analysis of immune
infiltration and CASP6

The “Estimation of STromal and Immune cells in Malignant

Tumors using Expression data” (ESTIMATE) (18) algorithm

was adopted to predict the level of immune cell infiltration

across different CASP6 expression groups in glioma. The

immune score in CASP6 high- and low-expression groups was

determined based on the ESTIMATE analysis. Furthermore, to

explore the influence of CASP6 on the TIME in glioma, we

exploited the CIBERSORT (19), single sample gene set

enrichment analysis (ssGSEA) (20) and Tumor Immune

Estimation Resource (TIMER) (21) algorithms to calculate the

infiltration fractions of 22 types of tumor-infiltrating

immune cells.
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Verification of CASP6 expression in the
Human Protein Atlas

CASP6 immunohistochemical images of normal brains and

glioma tissues were downloaded from the Human Protein Atlas

(HPA) (http://www.proteinatlas.org). We provide the links to

these images in Supplementary Table 2.
Cell culture

Human astrocytes (HAs) were cultured with HA culture

medium (Astrocyte Medium) (both from ScienCell Research

Laboratories, Inc. (San Diego, CA, USA)). And the glioma cell

lines (U251 and T98G) were obtained from Procell Life Science

& Technology Co., Ltd. (Wuhan, China). Roswell Park

Memorial Institute (RPMI) -1640 medium (Gibco, Thermo

Fisher Scientific, Shanghai, China) was used as the basal

culture medium of U251 cells, while the basal culture medium

of T98G was minimal essential medium (MEM) (Gibco, Thermo

Fisher Scientific, Shanghai, China). U251 cells were cultured

with RPMI-1640 medium supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin–streptomycin (P/S) (Biological

Industries at Sartorius, Kibbutz Beit-Haemek, Israel). T98G cells

were maintained in the presence of MEM, 10% FBS and 1% P/S.

HAs, U251, and T98G cells were cultured in a sterile cell

incubator at 37°C with 5% CO2.
Quantitative reverse transcription
real-time PCR

Total RNA from HA, U251, and T98G cells were extracted

using Superbrilliant™ 6 min High-quality RNA Extraction Kit

(Zhongshi Gene Technology, Tianjin, China, Cat. No.: ZS-

M11005). cDNA synthesis was carried out using the Supersmart
™ 6 min 1st Strand cDNA Synthesizer Kit (Zhongshi Gene

Technology, Cat. No.: ZS-M14003). QPCR was performed with

Supersmart 5xFast SYBR Green qPCR Mix Kit (Zhongshi Gene

Technology, Cat. No.: ZS-M13001) on Bio-Rad Laboratories CFX

Connect (TM) Real-time PCR Detection System (Bio-Rad,

Hercules, CA, USA). The primers were obtained from Thermo

Scientific (Shanghai, China), and included those amplifying CASP6

(forward 5′-AGGTGGATGCAGCCTCCGTTTA-3′, reverse 5′-AT
GAGCCGTTCACAGTTTCCCG-3′); GAPDH (encoding

glyceraldehyde-3-phosphate dehydrogenase) (Forward: 5′-GCA
GGGGGGAGCCAAAAGGG-3′ , reverse: 5′-TGCCAG

CCCCAGCGTCAAAG-3′). Relative mRNA levels were calculated

using the 2-△△Ct method (22). Each experiment was carried out

independently three times.
Frontiers in Oncology 04
154
Western blotting

Cells were transfected with the indicated plasmids for 4 h.

72h after the transfection, cells were collected, and lysed using

Radioimmunoprecipitation assay (RIPA) buffer and protease

and phosphatase inhibitors (Solarbio Science and Technology,

Beijing, China). Proteins were separated using 10% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;

Solarbio Science and Technology), then transferred to

polyvinylidene fluoride membranes (Millipore, Billerica, MA,

USA). The membranes were blocked using 5% skim milk for 2 h

and then incubated at 4°C for 12 h with the primary antibodies

recognizing the following proteins: CASP6 (ABclonal

Technology, Wuhan, China, Catalog NO: A19552) and a
-Tubulin (Abways Biotechnology, Shanghai, China, Catalog

NO: AB0049). Secondary goat anti-rabbit IgG antibodies

(Abways Biotechnology, Catalog NO: AB0101) were then

incubated with the membrane for 1 h at 25°C. The ECL

Western Blotting Substrate (Solarbio Science and Technology,

Catalog NO: PE0010) was used to visualize the immunoreactive

proteins, which were detected and analyzed using the BioRad

ChemiDoc imaging system (Bio-Rad, USA).
Cell Counting Kit-8 assay

U251 and T98G glioma cells were cultured in T25 cell culture

flasks. When the cell density reached about 60%, the culture

medium was replaced by serum-free medium. CASP6 small

interfering RNAs (siRNAs) were purchased from Zhongshi Gene

Technology. The sequence of si-CASP6#1 (Lot:2146812) was 5’-GA

CUUCCUCAUGUGUUACUCUdTdT-3’ and 5’-AGAGUAA

CACAUGAGGAAGUCdTdT-3’. The sequence of si-CASP6#2

(Lot:2146814) was 5′-CCUUUGGAUGUAGUAGAUAAUdTdT
-3’ and 5’-AUUAUCUACUACAUCCAAAGGdTdT -3’. The

sequence of si-CASP6#3 (Lot:2146816) was 5’-GCUUUG

UGUGUGUCUUCCUGAdTdT -3’ and 5’-UCAGGAAGACAC

ACACAAAGCdTdT -3’. The CASP6 siRNAs and prepared GP-

transfect-Mate reagent (GenePharma, Shanghai, China, Cat. No.:

G04009) were added to the T25 cell culture flasks. Six hours after

transfection, the medium was replaced by complete medium. After

48 h of incubation, the cells were collected and seeded in 96-well

plates (5000 cells/well). After the cells were incubated for 2 h, 10 mL
CCK-8 reagent (Report bio&technology Co. Ltd, Shijiazhuang,

China, Cat.No.:RP-RC3028) was added into each well and

incubated in a cell culture incubator for 1 h. A microplate reader

(Synergy H1, Biotek, USA) was then employed to measure the

absorbance of the medium in the well. This result was recorded as

the results of day 0. The assay was repeated at 1, 2, and 3 days after

seeding in 96-well plates. Six replicates were set for each sample.

And the experiments were repeated independently three times.
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Colony formation assay

48 hours after transfection, the CASP6 siRNAs transfected

glioma cells (U251 and T98G) in good growth status were

collected and seeded in 35-mm dishes at 500 cells/dish. The

cells were cultured with complete medium in a sterile cell

incubator at 37°C with 5% CO2 for 14 days. The medium was

replaced every 2 days. After 14 days of incubation, the colonies

were formed. The culture medium was aspirated off, and 800 mL
of 4% paraformaldehyde was added in the dish for 40 minutes to

fix the cells. Finally, colonies were stained using crystal violet for

20 minutes and counted under a microscope. The experiments

were repeated independently three times.
Statistical analysis

Data analysis and statistical tests were performed using R

(version 4.1.0). Comparisons between two groups were

performed via a Wilcoxon rank-sum test. We conducted

statistical analysis of categorical variables between groups

using the chi-squared test. The OS analysis of patients with

glioma was carried out using the Kaplan-Meier method. The

independent prognostic value of CASP6 and other clinical

characteristics were calculated separately using univariate and

multivariate Cox regression analyses. Correlation analysis was

conducted using the Pearson correlation test. We used the R

package “meta.” to determine a pooled hazard ratio (HR) by

invoking the random-effects meta-analysis model. A P-value <

0.05 was considered statistically significant.
Results

Analysis of pyroptosis-related
differentially expressed genes in
glioma patients

To identify PRDEGs in gliomas, a collection of 81

genes related to pyroptosis were collated from GeneCards

database. Their expression was examined in datasets from

GSE4290 REMBRANDT, and the TCGA-GTEx cohorts. In the

GSE4290 dataset, 11 PRDEGs were identified, among which

10 were upregulated and one was downregulated. In the

REMBRANDT dataset, 11 PRDEGs were uncovered, including

three that were upregulated and eight that were downregulated.

In TCGA-GTEx dataset, 57 PRDEGS were upregulated and one

PRDEG was downregulated (Figures 1A–C). Overlap of

PRDEGs from these cohorts demonstrated that CASP6 was

the only one upregulated in all three datasets, while there was

no common downregulated PRDEG (Figures 1D, E). Together,

these results identified CASP6 as a candidate biomarker

in glioma.
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CASP6 expression could predict
prognosis in the CGGA dataset

To explore the prognostic significance of CASP6 in patients

with glioma, we chose the CGGA database for further analyses

(Table 1). Based on the median CASP6 expression level, glioma

samples were sub-classified into a group with high CASP6

expression levels and a group exhibiting low levels of CASP6

expression. Kaplan-Meier survival curve showed that patients

with glioma with lower CASP6 had a longer OS (P < 0.0001)

(Figure 2A). The accuracy of CASP6 expression to predict

the 3-year-OS and 5-year-OS of patients with glioma was

evaluated using a ROC curve. The AUC values for 3-, and 5-

year OS were 0.733, and 0.759, respectively (Figure 2B).

Consistently, analysis of TCGA and the REMBRANDT

cohorts demonstrated that patients with glioma exhibiting

lower CASP6 expression levels had longer survival (P <

0.0001) (Supplementary Figures 2A, 3A). In ROC curves

based on the 3-, and 5-year OS, groups of patients with

glioma exhibiting higher CASP6 expression were separated

from those with glioma of lower CAP6 expression, with AUC

values ranging from 0.668 to 0.809 (Supplementary

Figures 2B, 3B). Moreover, a 10-year time-dependent AUC

was plotted to define the accuracy of different variables in

predicting the OS of patients in the CGGA, TCGA, and

REMBRANDT cohorts. Compared to AUC values based on

gender, isocitrate dehydrogenase (IDH) activity, 1p19q

codeletion, and MGMT (encoding O-6-methylguanine-DNA

methyltransferase) gene promoter methylation, CASP6

expression levels, age, and grade consistently showed higher

AUC scores (Figure 2C; Supplementary Figures 2C, 3C). In

agreement, univariate and multivariate Cox analysis showed

that CASP6 expression could be a predictor of prognosis in

patients with glioma (Table 2). Furthermore, the CGGA dataset

was categorized according to age, gender, chemotherapy,

radiotherapy, WHO grade, IDH mutation, 1p19q co-deletion,

and MGMT methylation status. Each category was classified in

into high-expression or low-expression groups based the median

CASP6 expression levels. Stratified survival analyses verified that

low CASP6 expression in each subgroup of patients was associated

with longer survival (Figure 3). Accordingly, similar results were

obtained from analysis of the TCGA and REMBRANDT

databases (Supplementary Figures 4, 5) Taken together, these

data indicated that CASP6 may represent a potential prognostic

biomarker for patients with glioma.
CASP6 expression could predict
differences in TIME

Infiltration and activation of immune cells is associated with

the prognosis of glioma (23). To investigate the role of CASP6 in
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the TIME of glioma, we evaluated the immune score and

immune infiltration in glioma samples with low or high

CASP6 expression levels, respectively. In both CGGA and

TCGA datasets, glioma sample group with increased levels of

CASP6 expression exhibited a higher immune score than the

group with decreased CASP6 expression (Figure 4A;

Supplementary Figure 6A). The presence of immune cells and

their identity in the CGGA and TAGA cohorts were analyzed

using the CIBERSORT, ssGSEA, and TIMER algorithms.

Compared to glioma sample group with lower CASP6

expression levels, the proportions of naïve T cells, activated

natural killer (NK) cells, and M0 macrophages were markedly

decreased in glioma samples exhibiting higher levels of CASP6

expression, whereas the proportions of gamma delta T cells,

monocytes, M2 macrophages, activated dendritic cells, and

neutrophils were significantly increased in this group

(Figures 4B–D; Supplementary Figures 6B–D). To understand

the effects of CASP6 expression on TIME, we investigated the

biological functions of CASP6. GO analysis showed that CASP6

was mainly involved in processes including “activation of

immune response”, “adaptive immune response”, “aging”,
Frontiers in Oncology 06
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“ameboidal cell migration”, and “antigen processing and

presentation” (Figure 5A). Furthermore, the annotations of the

KEGG pathway revealed an enrichment of CASP6 in pathways

including “antigen processing and presentation”, “cell cycle”,

“complement and coagulation cascades”, “receptor interaction”,

and “focal adhesion” (Figure 5B). GSEA analysis showed that

higher expression of CASP6 was associated with hallmarks of

tumorigenesis including “apoptosis”, “allograft rejection”,

“coagulation”, “complement”, and “E2F targets” correlated

markedly (Figure 5C; Supplementary Table 3). Taken together,

these results indicated that CASP6 may play a role in regulating

in immune cell infiltration in glioma.
CASP6 could serve as a biomarker to
predict response to temozolomide
and immunotherapy

As revealed by the GO and GSEA analyses, CASP6 was

associated with “activation of the immune response”, “cell cycle”,

and “apoptosis” processes. Thus, we investigated the predictive
A B

D EC

FIGURE 1

Pyroptosis-related differential expressed genes (PRDEGs) in glioma. (A) Heatmap of PRDEGs in the TCGA & GTEx datasets. (B) Heatmap of
PRDEGs in the GSE4290 dataset. (C) Heatmap of PRDEGs in the REMBRANDT database. (D) Venn diagrams of up-regulated PRDEGs. (E) Venn
diagrams of down-regulated PRDEGs.
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TABLE 1 Clinical characteristics of 651 patients with primary glioma in the CGGA dataset according to CASP6 expression.

CASP6 expression level High Low P-value

Number 325 326

CASP6_mRNA (median[IQR]) 3.13 [2.79, 3.51] 1.81 [1.22, 2.12] <0.001

Age (%) ≤42 133 (40.9) 181 (55.5) <0.001

>42 191 (58.8) 145 (44.5)

Gender (%) Female 130 (40.0) 136 (41.7) 0.714

Male 195 (59.7) 190 (58.3)

Grade (%) II 70 (21.5) 162 (49.7) <0.001

III 87 (26.8) 107 (32.8)

IV 168 (51.7) 57 (17.5)

Histology (%) A (Astrocytoma) 57 (17.5) 74 (22.7) <0.001

AA (Anaplastic Astrocytoma) 73 (22.5) 47 (14.4)

AO (Anaplastic Oligodendroglioma) 14 (4.3) 44 (13.5)

AOA (Anaplastic Oligoastrocytoma) 0 (0.0) 16 (4.9)

GBM 168 (51.7) 57 (17.5)

O (Oligodendroglioma) 11 (3.4) 82 (25.2)

OA (Oligoastrocytoma) 2 (0.6) 6 (1.8)

Survival (median[IQR]) 22.7 [11.9, 51.8] 66.1 [30.2, 93.7] <0.001

Status (%) Alive 73 (22.5) 208 (63.8) <0.001

Dead 244 (75.1) 105 (32.2)

IDH status (%) Wildtype 215 (66.2) 72 (22.1) <0.001

Mutant 107 (32.9) 217 (66.6)

1p19q (%) Non-codel 302 (92.9) 144 (44.2) <0.001

Codel 22 (6.8) 120 (36.8)

MGMTp methylation status (%) un-methylated 148 (45.5) 114 (35.0) 0.037

methylated 140 (43.1) 156 (47.9)

Radio status (%) No 43 (13.2) 71 (21.8) 0.006

Yes 266 (81.8) 240 (73.6)

Chemo status (%) No 88 (27.1) 113 (34.7) 0.036

Yes 217 (66.8) 191 (58.6)
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FIGURE 2

The prognostic value of CASP6 in the CGGA database. (A) Kaplan-Meier survival analyses of overall survival and CASP6 in patients with glioma
in the CGGA database. (B) ROC curve analysis to evaluate the prognostic value of CASP6 expression in glioma in terms of survival at 3 years and
5 years. (C) AUC analysis to evaluate the prognostic value of CASP6 expression in glioma.
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value of CASP6 expression in the response to temozolomide and

immunotherapy. Temozolomide (TMZ) is one of the most

common chemotherapeutic options for glioma treatment (24),

and has been shown to improve the survival rate of patients

newly diagnosed with glioma (25). Nonetheless, resistance to

TMZ remains a conundrum in glioma chemotherapy.

Simultaneously, immunotherapy has been increasingly applied

to patients with glioma in recent years. Finding suitable

molecular characteristics to predict the efficacy of

immunotherapy is urgently required. We calculated the IC50

of TMZ associated with CAPS6 expression to estimate its role in

selecting the best treatment methods. Notably, TMZ presented a

better therapeutic response in patients with glioma with high

CASP6 expression (Figure 6A). The outcome of TMZ response

prediction in the TCGA cohort was consistent with that of the

CGGA cohort (Supplementary Figure 8A). Meanwhile, the

TIDE results further predicted that patients with high

expression of CASP6 would achieve a poorer response to

immunotherapy than those with low CASP6 expression

(Figure 6B). Our findings revealed that the CASP6 could play

a role in determining therapeutic strategies for patients

with glioma.
Meta-analysis of CASP6 and validation of
CASP6 expression in patients with glioma
and cells

To improve the reliability of the results, a meta-analysis of

the CGGA, TCGA, and REMBRANDT datasets was performed.
Frontiers in Oncology 08
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The results confirmed that patients with high expression of

CASP6 had a shorter OS than patients with lower CASP6

expression (HR = 2.18, 95% CI 1.24–3.82, Figure 7A). Further

analysis of CASP6 expression datasets obtained from the CGGA,

REMBRANDT, TCGA, GSE4290 databases showed that higher

CASP6 expression was associated with the grade of glioma

(Figure 7B). Immunohistochemical images of normal brain

tissue, low-grade glioma, and high-grade glioma acquired from

the HPA, confirmed that the protein level of CASP6 increased

with increasing tumor grade (Figure 7C). Finally, qRT-PCR

analysis revealed that the CASP6 mRNA content in glioma

cells (U251 and T98G) was almost two-fold higher than that

in normal astrocyte cells (HA) (Figures 7D, E)
Knocking down of CASP6 inhibits the
proliferation of glioma cells

CCK-8 and colony formation assays were conducted to

evaluate the effects of knocking down CASP6 expression on

glioma cell proliferation. The efficiency of CASP6 knockdown

was confirmed using qRT-PCR and western blotting. All three

siRNAs significantly reduced the expression of CASP6 in U251

and T98G cell lines (Figures 8A–D). The CCK-8 assay showed

that CASP6 knockdown dramatically inhibited the proliferation

of U251 and T98G cells (Figures 8E, F). Colony forming assays

showed that the colony-forming capacity of U251 and T98G cells

was reduced significantly after CASP6 knockdown (Figure 8G).

Collectively, these results demonstrated that the expression of

CASP6 correlated positively with glioma cell proliferation.
TABLE 2 Univariate and multivariate analysis of CASP6 and clinical features in the CGGA datasets.

Univariate Cox analysis of CGGA (n=1018) Multivariate Cox analysis CGGA (n=1018)

Variables p value HR (95%CI) Variables p value HR (95%CI)

CASP6 7.52E-30 2.1 (1.85-2.38) CASP6 1.70E-06 1.64 (1.34-2.01)

Age 2.53E-21 1.04 (1.04-1.05) Age 4.83E-05 1.02 (1.01-1.03)

Gender
(Male vs. Female)

0.565 1.07 (0.86-1.32) Gender
(Male vs. Female)

0.861 0.98 (0.76-1.26)

Grade
(WHOIV vs. WHOIII vs. WHOII)

2.65E-48 2.99 (2.58-3.46) Grade
(WHOIV vs. WHOIII vs. WHOII)

4.83E-09 1.89 (1.53-2.34)

Radio-status
(Treated vs. Untreated)

0.0429 1.38 (1.01-1.88) Radio-status
(Treated vs. Untreated)

0.447 0.87 (0.6-1.26)

Chemo-status
(Treated vs. Untreated)

0.0286 1.3 (1.03-1.65) Chemo-status
(Treated vs. Untreated)

0.00106 0.61 (0.46-0.82)

IDH
(Mutant vs. Wildtype)

1.78E-37 0.22 (0.18-0.28) IDH
(Mutant vs. Wildtype)

0.127 0.77 (0.54-1.08)

1p19q
(Codeletion vs. non-Codeletionl)

1.44E-19 0.14 (0.09-0.21) 1p19q
(Codeletion vs. non-Codeletionl)

7.25E-05 0.35 (0.21-0.59)

MGMT
(methyltransferase vs. non- methyltransferase

0.000936 0.68 (0.55-0.86) MGMT
(methyltransferase vs. non- methyltransferase

0.0353 0.76 (0.59-0.98)
HR, hazard ratio; IDH, isocitrate dehydrogenases; MGMT, O-6-methylguanine-DNA methyltransferase.
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Discussion

Glioma is the most common primary brain neoplasm and is

a leading cause of cancer-associated death worldwide (26).

Recently, the therapeutic approaches to glioma have improved

significantly, however, the clinical outcomes of patients with

glioma remain poor (27). Immunotherapy can be effective in

many tumors; however, the factors that influence the efficacy of

immunotherapy remain complex and relatively unknown (28).

Pyroptosis plays a pivotal role in the onset and

development of various diseases (29–31). Interestingly,
Frontiers in Oncology 09
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pyroptosis plays conflicting roles in the promotion and

inhibition of oncogenesis and the tumor microenvironment

(32, 33). Furthermore, PRG-related prognostic models have

been constructed for many neoplasms, including gastric cancer

(34), skin cutaneous melanoma (35), breast cancer (36), and

thyroid cancer (37). Previously, a prognostic model comprising

three PRGs (CASP4, CASP9, and NOD2 (encoding nucleotide

binding oligomerization domain containing 2)) was

constructed to predict the outcomes of patients with glioma

(38). The results of the present study are more comprehensive

because of the precise construction of the prognosis model,
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FIGURE 3

(A–Q) Stratified survival analysis of patients with low and high CASP6 expression in the CGGA database, by age, sex, 1p19q codeletion, IDH
mutation, chemotherapy status, radiotherapy status, MGMT status, and grade.
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which was based on more databases, bioinformatic analysis and

in vitro experiments.

CASP6 is an apoptotic caspase (39) that is involved in

multiple cell death pathways. It can promote the activation of
Frontiers in Oncology 10
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programmed cell death pathways including pyroptosis,

apoptosis, and necroptosis (PANoptosis) (40). However, the

status of CASP6 as a PRG in glioma has been rarely reported

(12, 41), therefore, the role of CASP6 in glioma was unclear. Our
A B
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FIGURE 4

Relationships with CASP6 in the tumor immune microenvironment from the CGGA database. (A) Correlation analysis of the ImmuneScore and
CASP6 levels. (B) The levels of infiltration of 22 types of immune cells in the low and high CASP6 expression groups. (C) Results of ssGSEA
analysis of CASP6 in the CGGA database. (D) Results of TIMER analysis of CASP6 in the CGGA database. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. ns, no significance
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FIGURE 5

Related pathways analyzed by GSEA in the CGGA database. (A) GO analysis of CASP6. (B) KEGG analysis of CASP6. (C) Hallmark analysis of CASP6.
frontiersin.org

https://doi.org/10.3389/fonc.2022.818283
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Guo et al. 10.3389/fonc.2022.818283
results showed that CASP6was a significant biomarker to predict

the prognosis of patients with glioma. In the OS analysis,

patients with lower CASP6 expression experienced longer

survival. ROC analysis demonstrated that CASP6 expression

was a reliable marker to predict clinical outcomes in patients

with glioma. Indeed, stratification survival analysis

demonstrated the good predictive role of CASP6 expression in

glioma. Furthermore, univariate and multivariate Cox analyses

identified CASP6 expression as an independent prognostic risk

factor for glioma patients.

PRGs regulate the TIME through various mechanisms (42,

43). According to the TME prognostic models, which are based

on the characteristics of 33 cancers in the TCGA database, six

“Immune Subtype” clusters (C1-C6) were identified (44).

Glioma was grouped in cluster C4 (Lymphocyte Depleted),

with features of a repressed Th1 response and a high M2

response. Conversely, LGG was classified into cluster C5

(Immunologically Quiet). Cluster C5 cluster has the lowest

lymphocyte infiltration and the highest M2 macrophage

responses. To explore the effects of CASP6 on the brain

immune microenvironment of patients with glioma, we used

several deconvolution algorithms. The ESTIMATE findings

indicated that the high CASP6 expression group had a higher

ImmuneScore, which meant that immune cell infiltration was

higher in the CASP6 high-expression group in the TIME. The

proportion of M2 macrophages increased markedly in the high

CASP6 expression group. These results are consistent with the

features of immune subtype clusters C4 and C5, and may

support a malignant biological behavior of glioma cells (45).
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Conversely, patients with glioma with a higher proportion of

regulatory T cell (Treg) infiltration were consistently associated

with poor prognosis (46). Our findings support this conclusion.

The high CASP6 expression group, which was associated with

poorer prognosis, exhibited higher infiltration of Tregs.

Considering the differences in the TIME between the two

groups, we conducted GO and KEGG functional enrichment

analyses to identify the underlying regulatory mechanism, which

implied that CASP6 was primarily associated with the immune

response and focal adhesion.

TMZ, the most common chemotherapeutic agent used to

treat gliomas, can significantly prolong the survival of patients

with glioma. However, the response to chemotherapy varies

across individuals. To estimate the predictive value of CASP6

expression in clinical therapy, sensitivity to TMZ was calculated

based on gene expression profiles. The results indicated that

patients with high CASP6 expression were more sensitive

to TMZ.

Studies have validated the importance of immune cell

infiltration in patients with glioma (46). Immunotherapies can

markedly improve patient survival and have shown significant

antitumor outcomes in several clinical trials (47). The TME of

glioma is shaped by the disease itself and not by the surrounding

brain tissue. The innate immune system, instead of CD8+T cells,

might have greater responsibility for the therapeutic effects of anti-

programmed cell death-1 (PD-1) antibodies in glioblastoma. In

glioblastoma, severe T cell exhaustion induced upregulation of

multiple immune checkpoints, which inhibits immune

modulation (48). Furthermore, not all patients with glioma can
A B

FIGURE 6

Potential predictive value of CASP6 in chemotherapy and immunotherapy in the CGGA database. (A) IC50 of temozolomide in the low and high
CASP6 expression groups. Low CASP6 expression group (n = 326), high CASP6 expression group (n = 325) (B) Immunotherapy responses in the
low and high CASP6 expression groups. Low CASP6 expression group [response: n = 207, (63.50%); non-response: n = 119, (36.50%)], high
CASP6 expression group (response: n = 119, (36.62%); non-response: n = 206, (63.38%)) ***P < 0.001.
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FIGURE 7

Meta-analysis of CASP6 and its expression level in gliomas. (A) Meta-analysis of CASP6 in the CGGA, TCGA and REMBRANDT databases. (B)CASP6
expression increased with disease progression of glioma (G2: Grade2, G3: Grade3, G4:Grade4). (C) Differentially expression of CASP6 in glioma and
normal tissues in The Human Protein Atlas database. (D) qRT-PCR indicated that the expression of CASP6 was upregulated in U251 cells compared with
that in HAs. (E) qRT-PCR indicated that the expression of CASP6 was upregulated in T98G cells compared with that in HA. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. NS: no significance.
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benefit from monotherapy immune checkpoint inhibition (49).

Therefore, new predictive biomarkers to improve precision

immunotherapy for patients with glioma are required. In our

study, patients with glioma with lower CASP6 expression

presented a better response to immunotherapy.

To further confirm the predictive value of CASP6 expression

as a new prognostic biomarker for glioma, we conducted a meta-

analysis, which showed that based on its HR and 95% CI (2.18

and 1.24–3.82, respectively), CASP6 expression is a robust

prognostic indicator.

In addition, we performed experimental validation of

aberrant CASP6 expression in patients with different grades
Frontiers in Oncology 13
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of glioma. The bioinformatics analysis showed that CASP6

expression increased with the increasing degree of malignancy

of glioma. The immunohistochemical images obtained from

the HPA showed that CASP6 expression was lower in normal

brain tissue than in glioma tissue. CASP6 expression in normal

human astrocytes was lower than that in human glioma cell

lines (U251 and T98G), as confirmed by qRT-PCR.

Furthermore, the HPA immunohistochemistry images

showed that high-grade glioma tissues contained higher

levels of CASP6 than low-grade glioma tissue. Thus, the

above observat ions confirmed the findings of the

bioinformatics analysis.
A B

D
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FIGURE 8

Results of loss of function experiments in U251 and T98G glioma cell lines. (A, B) The CASP6 knockdown efficiency of different siRNAs in U251
and T98G cells. (C, D) Identification of CASP6 knockdown efficiency by western blotting. (E, F) CCK-8 assays of U251 and T98G glioma cell lines
knocked down for CASP6. (G) Colony formation assays of U251 and T98G glioma cell lines knocked down for CASP6. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001
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Finally, in vitro functional experiments showed that

knockdown of CASP6 inhibited the proliferation of glioma cells.

CCK-8 and colony forming assays demonstrated that CASP6 is

highly related to the proliferation of glioma. Thus, CASP6 might

represent a potential target in the treatment of glioma.

In this study, we selected the CGGA as the validation cohort,

because it is the largest Chinese sample database, containing

clinical and follow-up information of patients with glioma.

Furthermore, we excluded patients with secondary and

recurrent glioma because of their complex biological

characteristics. Nonetheless, the immunotherapy response of

patients showed opposite trends when comparing the TCGA

data with the CGGA data (Supplementary Figure 8B). We

suspect that differences in ethnicities might be responsible for

these contrasting results.
Conclusion

In the present study, we identified the PRDEG CASP6 as a

biomarker for glioma. We propose that detecting CASP6

expression combined with clinical features might improve the

diagnostic accuracy in patients with glioma. In vitro, CASP6 was

verified as an oncogene in glioma, and CASP6 inhibition

prevented glioma cell proliferation. The results of the present

study might promote innovative strategies to assess

immunotherapy outcomes and thus improve the prognosis of

patients with glioma.
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