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Isocitric dehydrogenase (IDH)-wild type diffuse gliomas, which have a poorer prognosis
than their IDH-mutant counterparts, are also accompanied with high heterogeneity.
Here, we aimed to identify the key biological processes associated with the three
groups of IDH-wild type diffuse gliomas in 323 patients. By The Consortium to
Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (CIMPACT-NOW)
update 3 recommendation, the three groups are Group A, diffuse astrocytic glioma,
World Health Organization (WHO) grade II/lll; Group B, diffuse astrocytic glioma, with
one (or more) of the three genetic alterations: TERT promoter mutation, EGFR gene
amplification, gain of chromosome 7 combined with loss of chromosome 10, WHO
grade IV; and Group C, glioblastoma, WHO grade IV. Consistent with their histologic and
genetic molecular features, we successfully identified that biological activities associated
with “cell cycle” and “cell mitosis” are significantly elevated in Group B compared
with Group A; microenvironment-related hallmarks “angiogenesis” and “hypoxia,”
and biological processes of “extracellular matrix,” “immune response,” and “positive
regulation of transcriptional activities” were more enriched in Group C than Group B.
We also constructed a nine-gene signature from differentially expressed genes among
the three groups to further stratify the WHO grade IV gliomas (Groups B and C) whose
survival cannot be clearly stratified by current classification systems. This signature was
an independent prognosis factor for WHO grade IV gliomas and had better prognostic
value than other known factors in both training and validation dataset. In addition, the
signature risk score was positively correlated with the amount of infiltrated immune cells,
expression of immune checkpoints, and the genes enriched in biological processes
of “immune response,” “cell cycle,” and “extracellular matrix.” The bioinformatic
analysis results were also validated by immunohistochemistry and patient-derived cell
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proliferation assay. Overall, our findings revealed the key biological processes underlying
the new classifications of IDH-wild type diffuse glioma. Meanwhile, we constructed
a signature, which could properly stratify the prognosis, cell proliferation activates,
extracellular matrix-mediated biological activities, and immune-microenvironment of
IDH-wild type WHO grade IV gliomas.

Keywords: isocitric dehydrogenase-wild type glioma, molecular oncology research, cell cycle, extracellular

matrix, immune microenvironment

INTRODUCTION

Diffuse glioma is one of most common types of malignant
primary tumor in the CNS (Jiang et al., 2016). According to
the WHO classification of tumors of the CNS, diffuse gliomas
are classified into grades II to IV based on histologic features
(Jiang et al., 2016; Louis et al., 2016). Currently, the prognosis
of gliomas is still dismal, and the overall survival (OS) for the
glioblastoma (GBM, WHO grade IV) is only about 14-16 months
even after receiving comprehensive therapy (Chai et al., 2018,
2019b). Recent advances in the molecular pathology of gliomas
have brought a glimmer of hope for improving the prognosis of
glioma through precision therapy (Hegi et al., 2004; Yan et al,,
2009; Louis et al., 2016; Bell et al., 2018; Gao et al., 2018; Hu et al,,
2018). In addition to histologic features, molecular features, such
as IDH and 1p/19q codeletion statues, had also been included in
the 2016 WHO classification (Louis et al., 2016). IDH-wild type
gliomas, including diffuse astrocytic gliomas (WHO grade II/III)
and GBM (WHO grade IV), have a poorer prognosis compared
with the same histologic IDH-mutant gliomas (Chai et al., 2020).
Recently, growing evidence indicated that some IDH-wild type
astrocytic gliomas had similar molecular features and prognosis
of IDH-wild type GBM (Yang et al., 2016; Aibaidula et al., 2017;
Pekmezci et al,, 2017; Wijnenga et al., 2017), suggesting that
the specific subgroup of IDH-wild type glioma still needs to be
further classified.

Recently, the update three of cIMPACT-NOW recommend
that a partial of IDH-wild type diffuse astrocytic tumors should
also be determined as WHO grade 1V, if there is one (or more)
of the three genetic alterations: TERT promoter mutation, EGFR
gene amplification, gain of chromosome 7 combined with the
loss of chromosome 10 (combined 7 + /10—) (Brat et al., 2018).
This updated criterion promoted our understanding in IDH-
wild type gliomas based on their genetic feature, highlighting
the value of molecular features in stratifying tumors with similar
histologic features. However, the biological processes underlying
this updated criterion are still unclear.

In addition to genetic features, the transcription characteristic
of a subgroup of tumors is also indispensable for understanding

Abbreviations: CGGA, Chinese Glioma Genome Atlas; cIMPACT, The
Consortium to Inform Molecular and Practical Approaches to CNS Tumor
Taxonomy; CNS, central nervous system; DEGs, differentially expression genes;
EGFR, epidermal growth factor receptor; GSEA, gene set enrichment analysis;
GO, Gene Ontology; IDH, isocitric dehydrogenase; IHC, immunohistochemistry;
KEGG, Kyoto Encyclopedia of Genes and Genomes; KPS, Karnofsky performance
score; LASSO, least absolute shrinkage and selection operator; TERT, telomerase
reverse transcriptase; TCGA, The Cancer Genome Atlas; WHO, World Health
Organization.

the biological characteristics of these tumors (Verhaak et al,
2010; Sun et al., 2014; Ceccarelli et al., 2016; Chai et al,
2019¢,d). Our previous reports also indicated that transcriptional
alterations between tumors with different molecular features
is valuable for further understanding biological processes
that contribute to the progression of gliomas (Chai et al,
2019¢,d). Thus, these update criteria also provide a clue
for understanding the key biological processes, which may
contribute to the progression of IDH-wild type gliomas.
Compared with genetic alterations, which take into account
only the tumor itself, transcriptional features could also reflect
alterations in a tumor microenvironment, such as immune
infiltrating information (Ceccarelli et al., 2016; Griveau et al.,
2018; Vidyarthi et al,, 2019; Wu et al,, 2020). In addition,
growing evidence indicates that transcriptional features could
serve as robust stratifying tools to further stratify glioma
(Pomeroy et al., 2002; Ceccarelli et al., 2016; Chai et al., 2018,
2019b,¢,d; Wu et al., 2020). Thus, characterizing transcriptome
characteristics of cIMPACT-NOW update three subgroups
of IDH-wild type gliomas has important biological and
clinical significance.

In this study, we aimed to characterize the transcriptome
difference among different subgroups of IDH-wild type gliomas
after the cIMPACT-NOW update three in two independent
datasets. We also revealed the key biological processes and
tumor-environment alterations underlying this updated criterion
through annotating the biological functions of these DEGs.
Finally, we also successfully further stratified the IDH-wild type
WHO Grade IV gliomas through a transcriptional signature
derived from these DEGs.

MATERIALS AND METHODS

Sample Collection

Given that EGFR amplification and chromosome 7 + /10—
was not tested for samples in our CGGA dataset, we enrolled
224 patients of TCGA database as finding dataset, according to
the following criteria: (a) adult patients with the entire clinic,
pathological, and transcriptome information (b) pathologic
diagnosis as IDH-wild type glioma. All these clinic manifestations
and pathologic diagnosis information were downloaded from
TCGA official website' (Ceccarelli et al., 2016). We separated
these gliomas into three subgroups: Group A, diffuse astrocytic
glioma without any of EGFR amplification, or combined

'http://cancergenome.nih.gov/
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chromosome 7 + /10— and TERT promoter mutant; Group
B, diffuse astrocytic glioma with either of EGFR amplification,
combined chromosome 7 + /10— or TERT promoter mutant;
and Group C, glioblastoma.

To verify the finding in TCGA dataset, we also enrolled
99 IDH-wild type patients in our CGGA database (Hu et al.,
2018; Chai et al., 2019¢), including 27 diffuse astrocytic gliomas
whose TERT promoter status had been tested by pyrosequencing
as previously reported (Chai et al., 2020), and we classified
these patients into three groups: Group A, diffuse astrocytic
glioma without TERT promoter mutant; Group B, diffuse
astrocytic gliomas with TERT promoter mutant; and Group
C, glioblastoma.

Clinicopathological information for all cases used in this
study is summarized in Supplementary Table 1. This study
was approved by the institutional review board of Beijing
Tiantan Hospital.

Selection and Functional Analysis of

Differentially Expressed Genes

t-Test was used to evaluate the DEGs when comparing Group
A with Group B and Group B with Group C (P-value < 0.05,
fold change > 2 or fold change < 0.5). GSEA was performed
to investigate the tumor-related hallmark enrichment in the
comparison between (a) Group A and Group B, (b) Group B and
Group C as previously reported (Chai et al., 2019¢c). Metascape
online website’ was used to perform GO and KEGG pathway
enrichment analyses of both the two DEGs in TCGA and CGGA
database to identify the biological characteristics of different
groups (Zhou et al., 2019). The genes included in the intersection
of both two DEGs were further retained if they were highly
related to the survival of patients (P-value < 0.05). Finally, 16
genes were selected for further analysis.

Construction of Signature and

Bioinformatics Analysis

The LASSO Cox regression algorithm was applied to these
16 differentially expressed genes in all TCGA IDH-wild type
WHO grade IV gliomas. A total of nine genes were selected
to build the risk signature, and the coefficients and normalized
expression levels of these genes were used together to calculate
risk scores in both the training database (TCGA database)
and the validation database (CGGA database) according to
the following formula: Risk score = (exprgene1 X coefficient
genel) + (exprgeneZ X CoemCientgeneZ) + ...+ (exprgenen X
coefﬁcientgenen) (Chai et al., 2019a,b). Patients in the TCGA and
CGGA databases were divided into high- and low-risk groups by
their median risk score, respectively.

The Pearson correlation was used to identify genes that
were significantly correlated with the risk score. GSEA and
GO analysis were used to analyze the functional annotation of
the correlated genes. The ESTIMATE algorithm was performed
to calculate the fraction of stromal and immune cells with R
package “estimate.” Cibersort was used to estimate the proportion

Zhttps://metascape.org/gp/index.html

of immune cell types in a mixed cell population online’
(Newman et al., 2015).

Immunohistochemistry

We performed IHC in IDH-wild type glioma tissues obtained
from the CGGA database. RNA-seq data of these patients
were obtained to calculate their risk score. We performed IHC
staining of cell proliferation and transcription-related proteins,
including Ki-67 (1:100, ZSGB-Bio, Beijing, China), CDK4
(cyclin-dependent kinase 4), MYC (MYC proto-oncogene),
CDK6, CDC20 (cell division cycle 20), CD31 (platelet and
endothelial cell adhesion molecule 1), and CDI14. In brief, sections
were deparaffinized and boiled with citrate antigen retrieval
buffer. Then the primary antibodies (anti-CDK4, 1:150 dilutions,
Abcam, Cambridge, United Kingdom; anti-MYC, 1:150, Abcam;
anti-CDK®, 1:150 dilutions, Abcam; anti-CDC20, 1:150, Abcam;
anti-CD31,1:100 Abcam; anti-CDI14, 1:150, Abcam) were used
to incubate the section overnight at 4°C. The sections were
then incubated with the appropriate secondary antibodies (1:100,
ZSGB-Bio, Beijing, China) at room temperature for 1 h.

Patient-Derived Cells and CCK-8 Assay

Patient-derived cells (PDCs) were obtained from fresh
surgical specimens of human primary GBMs and cultured
as tumorspheres in DMEM/F12 medium supplemented with B27
supplement (Life Technologies), and bFGF and EGF (20 ng/ml
each). Cell proliferation was studied by the CCK-8 kit (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s
protocol as previously reported (Aibaidula et al., 2017). PDCs
(3,000) were plated in each well of 96-well plates and cultured
in the medium for 4 days. At the predesigned time point, 10 pl
of CCK-8 reagent was added to the medium of six-repeated
wells. The absorbances at 450 and 630 nm of the medium were
measured after incubation for 2 h.

Statistical Analysis

Student’s t-test and one-way ANOVA analyses were performed
to compare the gene expression levels, risk scores, and other
factors among different subgroups. The Kaplan-Meier method
was used to compare the OS of patients in the low- and high-risk
group. R package “pROC” was used to evaluate the prediction
efficiency for 14.5-month survival and 3-year survival. The
distribution difference of age was tested by the non-parametric
test between the two risk groups, and 2 tests were used to
compare the distribution of other clinicopathological features
in TCGA and CGGA databases. Two-tailed Student’s t-test
was performed to compare the risk scores in patients grouped
by other clinical or molecular pathological characteristics. In
Pearson correlation analysis, Pearson coefficient > 0.5 and
Bonferroni corrected P < 0.01 is defined as positively related and
Pearson coefficient < —0.5, and Bonferroni corrected P < 0.01
is defined as negatively related. All statistical analyses were
conducted using R v3.6.1*, SPSS 26.0 (SPSS, Inc., Chicago,
IL, United States) and Prism 8 (GraphPad Software, Inc., La

Shttps://cibersort.stanford.edu/
“https://www.r-project.org/
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Jolla, CA, United States). P < 0.05 was considered significant
in all analyses.

RESULTS

Different Transcriptional Profile Among
Three Subgroups of Isocitric

Dehydrogenase-Wild Type Gliomas
As shown in Figure 1A, based on the cIMPACT update 3, IDH-
wild type gliomas could be divided into three groups: Group

A diffuse astrocytic gliomas without TERT promoter mutation,
EGFR amplification, and combined 7 4- /10—, WHO grade II/I1I;
Group B, diffuse astrocytic gliomas with any of TERT promoter
mutation, EGFR amplification, or combined 7 + /10—, WHO
grade IV (simplified as IDH-wild type WHO grade IV gliomas
with molecular feature of GBM); and Group C, GBM, WHO
grade IV. To understand the differences among these three
subgroups, we compared the survival of Group A, Group B, and
Group C in TCGA dataset, and the results indicated that Group
A survival was significantly longer than the other two groups,
but the survival of WHO grade IV tumors cannot be stratified by
Group B and Group C (Figure 1B). Then, we compared the gene
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FIGURE 1 | The transcriptional profile is different among the three IDH-wild type glioma groups of The Consortium to Inform Molecular and Practical Approaches to
CNS Tumor Taxonomy (cCIMPACT-NOW update 3). (A) The classification of IDH-wild type glioma according to cIMPACT-NOW update three recommendation

(B) Kaplan-Meier overall survival (OS) curves for IDH-wild type glioma patients stratified by three groups. (C) Heatmap showing the expression pattern of DEGs
among three groups of IDH-wild type gliomas. (D,E) The volcano plot of DEGs between Group A and Group B (D), Group B and Group C (E). P-value was
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expression levels among these three groups, and we successfully
identified a large number of genes that differentially expressed
among these three groups (Figures 1C-E).

Compared with Group A, there were 842 genes upregulated
and 1,378 genes downregulated in Group B (Figure 1D and
Supplementary Table 2). Compared with Group B, there were
755 genes upregulated, and 1,208 genes downregulated in
Group C (Figure 1E and Supplementary Table 3). The similar
results could also be observed in the CGGA database when
we used the TERT promoter status to stratify the IDH-wild
type diffuse astrocytic gliomas (Supplementary Tables 4, 5).
These differentially expressed genes provided an effective way
to understand the biological characteristics of these different
groups of gliomas.

The Biological Functions of Differentially
Expressed Genes Among Three
Subgroups

To dissect the biological differences among the three groups,
we annotated the functions of the DEGs between Group B
and Group A, and Group C and Group B, respectively. In the
comparison between Group A and Group B, the GSEA results
revealed that the cell cycle-related items “G2M checkpoint”
and “mitotic spindle” (Figure 2A), extracellular matrix-related
items “motile cilium assembly” and “microtubule cytoskeleton
organization” (Figure 2B), DNA-related items “DNA replication”
and “DNA repair” (Figure 2C) and immune response-related
items “interferon alpha response” and “interferon gamma
response” (Figure 2D) were enriched in Group B. Similar results
could be found in a functional network of “Metascape analysis”
(Zhou et al., 2019). Compared with gliomas in Group A, we
noticed that the upregulated genes were mainly enriched in the
biological processes or activities of “cilium, cytoskeleton, and cell
movement,” “cell cycle and cell division,” “extracellular matrix,
cell communication, and immune response,” and “embryonic
development” (Figure 2E and Supplementary Table 6). These
enriched functions in tumors of Group B reflected the impact
of genetic variation, which included TERT promoter mutation,
EGFR amplification, and combined 7 + /10—, on the tumor
with similar histologic features. These results suggested that LGG
with molecular features of GBM has more intensive activities
of cell invasion and proliferation, and this also may be one of
the reasons that patients with tumors in Group B had worse
survival than Group A.

In the comparison between Group B and Group C, which
have similar genetic alterations but distinct histologic features,
the microenvironment-related hallmarks “angiogenesis” and
“hypoxia” (Figure 2F), the transcriptional activity-related
hallmarks “E2F targets” and “MYC targets v1” (Figure 2G),
immune response-related hallmarks “inflammatory response”
and “INFA signaling via NFKB” (Figure 2H), and malignant
progression-related  hallmarks  “epithelial ~ mesenchymal
transition,” and “glycolysis” (Figure 2I) were highly enriched
in Group C. These observations are consistent with their
differences in histologic features to some extent. The increased
activities of “angiogenesis” may contribute to the microvascular

proliferation and/or necrosis features of tumors of Group C. In
turn, microvascular proliferation and/or necrosis may also result
in elevated immune-related activities in tumors.

Consistently, we also observed that the elevated genes in
Group C were enriched in “extracellular matrix,” “immune and
inflammatory activities,” and “DNA epigenetics, transcription,
and protease” in the functional networks (Figure 2J and
Supplementary Table 7). We also analyzed the functions of genes
that differentially expressed between TERT promoter mutant,
IDH-wild type diffuse astrocytic gliomas (Group B), and GBM
(Group C) in CGGA dataset (Supplementary Figures 1A-F).
A similar result could be observed that genes upregulated in GBM
mainly enriched in immune-related functions and extracellular
matrix-related functions.

Interestingly, we noticed that downregulated genes in both
comparisons, Group B with Group A and Group C with
Group B, were enriched in terms of “synaptic function” and
“transmembrane signal” in both TCGA and CGGA database
(Supplementary Figures 2A-F). This suggested that normal
synaptic components or activities were decreased along with the
increasing malignant of IDH-wild type gliomas.

Identification of Nine-Gene
Transcriptional Signature From the
Differentially Expressed Genes to Further
Stratify IDH-Wild Type WHO Grade IV

Gliomas

Considering that transcriptional activities could not only reflect
the genetic alterations of gliomas but also could represent
the microenvironment differences among different gliomas.
We sought to develop a stratification model with a small
number of representative genes to further stratify the IDH-
wild type WHO Grade IV gliomas (Group B and Group
C) whose prognosis cannot be clearly stratified by current
classification systems. Among the genes that changed consistently
in both comparisons, Group B with Group A and Group
C with Group B, we figured out that 16 genes significantly
correlated with the survival of all IDH-wild type WHO
grade IV gliomas in TCGA dataset (Figure 3A). Then, we
applied the LASSO Cox regression algorithm to these 16 genes
(Supplementary Figure 3A). Consequently, nine genes were
selected to build the risk signature, and the coefficients of these
genes were used to calculate the risk scores (Figure 3B and
Supplementary Table 8).

Then, we evaluated the stratification ability of the signature
in all IDH-wild type WHO grade IV gliomas (Group B and
Group C). We divided patients into high- and low-risk groups in
various groups of gliomas by their respective median risk score.
We found that patients with high-risk scores had significantly
shorter OS than patients with low-risk scores in all IDH-wild
type WHO grade IV gliomas (Groups B and C) (Figure 3C),
and its subgroup IDH-wild type GBM (Group C) (Figure 3D)
and diffuse astrocytic gliomas, IDH-wild type, with molecular
features of glioblastoma, WHO grade IV (Group B, Figure 3E)
in TCGA dataset. The similar results could also be validated in
the CGGA dataset, and risk scores could stratify the survival
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FIGURE 2 | Function annotation of upregulated genes in Groups B and C. (A-D) Gene set enrichment analysis (GSEA) revealed the malignant tumor hallmarks and
biological processes were enriched in Group B compared with Group A. (E) The GO analysis of upregulated DEGs in Group B compared with Group A. (F-l) GSEA
revealed the hallmarks enriched in Group C compared with Group B. (J) The GO analysis of upregulated differentially expressed genes (DEGs) in Group C compared
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of all IDH-wild type WHO grade IV gliomas (Groups B scores had shorter OS than those with low-risk scores in
and C) (Figure 3F) and IDH-wild type GBM (Group C) 10 patients with IDH-wild type and TERT promoter mutant
(Figure 3G). There is also a trend that patients with high-risk  diffuse astrocytic gliomas (Group B) in CGGA dataset, and
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insignificant P-value may be caused by the limited number of
cases (Supplementary Figure 3B).

The Signature Served as an Independent
Prognostic Factor With Better
Prognostic Prediction Efficiency Than
Known Factors

To study the relationship between the risk score and
clinicopathological ~characteristics, we arranged patients

according to their risk score, and the landscape of other
clinicopathological features was shown in the heatmap
(Figure 4A and Supplementary Tables 9, 10). The results
indicated that higher histological grade and lower KPS are
mainly distributed in cases with higher risk scores. We also
observed that the risk score was significantly different for cases
stratified by histological grade (Figure 4B) and KPS (Figure 4C)
but not by gender (Figure 4D) and age (Figure 4E). To further
investigate the prognostic value of risk score and other clinic
pathological features, univariate and multivariate Cox regression
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analyses were performed both in TCGA and CGGA databases. In
TCGA databases, risk score was a prognostic factor independent
of age, gender, histological grade, MGMT promoter status,
and KPS (Table 1). In the CGGA databases, risk score was
a prognostic factor independent of age, gender, WHO grade,
chemotherapy status, and radiotherapy status (Table 2).

The receiver operating characteristic (ROC) curve analysis
showed that risk score had the best efficiency compared with age,
histologic grade, and subgroups (Groups B and C) for predicting
the 14.5-month and 3-year survival of patients in IDH-wild
type WHO grade IV gliomas in both TCGA (Figures 4F-G)
and CGGA (Supplementary Figures 3C,D) databases. These
results indicated that signature risk score has a better accuracy in
predicting patient’s prognosis than histological grade and newly
update subgroup.

The Biological Processes Associated
With the Risk Signature

It would be helpful for us to understand the clinical significance
of the signature and their potential value in guiding therapy to
identify the biological functions associated with the signature.
Thus, we identified genes positively or negatively correlated
with the risk score, and then annotated their functions
using GSEA and GO analysis. In the GSEA analysis, the
hallmarks related to immune response, transcription regulator,
and microenvironment were enriched in the high-risk group
(Figures 5A-C). Similar results could be clarified in GO analysis.
The results indicated that positively correlated genes were mainly

enriched in the biological processes of “immune response,” “cell

TABLE 1 | Univariate and multivariate analysis of prognostic parameters in The
Cancer Genome Atlas (TCGA) database.

Variable Univariate analysis Multivariate analysis
HR (95% Cl) P-value HR (95% Cl) P-value
Signature 3.997 <0.001 3.906 <0.0001
score (2.195-7.278) (1.881-8.113)
Age at 1.043 <0.001 1.022 0.080
diagnosis (1.064-1.022) (0.997-1.04)
Gender 1.062 0.799
(0.710-1.559)
Subgroup 0.588 0.078
(Bvs.C) (0.433-1.045)
Karnofsky 0.982 0.032 0.992 0.396
performance (0.965-0.998) (0.973-1.011)
score
Histological 0.100
grade
Grade Il
Grade Il 0.249 0.512
(0.061-1.018)
Grade IV 0.779 0.280
(0.495-1.226)
MGMT 0.863 0.512
promoter (0.554-1.342)
status

TABLE 2 | Univariate and multivariate analysis of prognostic parameters in the
Chinese Glioma Genome Atlas Network (CGGA) database.

Variable Univariate analysis Multivariate analysis
HR (95% CI) P-value HR (95% CI) P-value
Signature 6.118 0.002 5.106 0.009
score (1.999-18.721) (1.508-17.285)
Age at 1.018 0.155
diagnosis (0.993-1.044)
Gender 0.769 0.309
(0.464-1.275)
Histological 0.409
grade
Grade Il
Grade Il 0.362 0.318
(0.049-2.657)
Grade IV 0.715 0.350
(0.354-1.444)
Subgroup 0.653 0.214
(0.333-1.279)
Radiotherapy 0.675 0.509
(0.211-2.165)
Chemotherapy 3.788 <0.0001 3.583 <0.0001
(2.088-6.871) (1.978-6.489)

cycle;” and “extracellular matrix” in both TCGA (Figures 5D-F)
and CGGA (Supplementary Figures 4A-C) datasets.

The risk score was correlated with cell cycle. Thus, we used the
IDH-wild type glioma sample in the CGGA database and PDCs
to validate the results of the bioinformatics analyses. In ITHC, the
G1 phase progression and G1/S transition-related genes CDK4
and CDK®, transcription-related gene MYC, and microtubule-
dependent process-related gene CDC20 were elevated in the
high-risk score patient sample (Figure 6A). The proportion of
Ki-67-positive nuclei was elevated in the high-risk group as
well. Meanwhile, the CCK-8 assay was used to evaluate the
PDC proliferation. The results showed that high-risk PDCs
have a significant higher rate of proliferation than low-risk
PDCs (Figure 6B).

Considering the close relationship between the immune-
microenvironment and the biological processes of “immune
response” and “extracellular matrix;” it is worthwhile to further
elucidate the relationship between the signature and immune-
microenvironment characteristics of all IDH-wild type WHO
grade IV gliomas (Groups B and C). First, to analyze the immune
and stromal cells of each case, the R package (ESTIMATE)
was applied in TCGA (Figures 6C-E) and CGGA database
(Figures 6F-H). The results showed that both immune score and
stromal score were all positively correlated with the risk score,
which indicated that the infiltration of immune cell in glioma
increased in the high-risk group.

Thus, we employed the CIBERSORT to estimate the
abundance of infiltrated immune cells in gliomas with the
different risk score. In TCGA database, “Macrophage M2, “T-
cell CD4 memory resting,” and “Macrophage M0” were ranked
as the most infiltrated immune cells (Figure 6I). In the high-
risk group, the ratio of “neutrophils,” “Macrophage M0” and
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FIGURE 5 | The function annotation of the genes significantly correlated with the risk score. (A-C) GSEA revealed hallmarks of malignant tumors positively correlated
with IDH-wild type WHO grade IV gliomas with high-risk scores. (D-F) The GO analysis of the genes positively correlated with the risk score in TCGA database.

“Macrophage M2” increased, while the amount of “monocyte” group, while the memory-activated subtype increased in the
and “Macrophage M1” were elevated in the low-risk score high-risk group, although the P-value was greater than 0.05
(Figures 6),K). Among the CD4-positive T cells, we observed  (Figure 6L). In the CGGA database, the amount of “Macrophage
the trend that the naive subtype decreased in the high-risk MO0” and “T-cell CD4 memory activated” was significantly
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FIGURE 6 | Comparison of malignant biological and immune-related characteristics between cases with low and high risks. (A) IHC staining of tissue samples of two
different risk score IDH-wild type WHO grade IV gliomas. (B) CCK-8 proliferation assay of six IDH-wild type PDCs and the risk score calculated by RNA-seq data.
(C-H) Scatterplot showed that immune score, stroma score, and combined score were significantly positively correlated with risk score in TCGA (C-E) and CGGA
databases (F-H). (I) Heatmap described the most enriched infiltrated immune cells in TCGA database arranged by the increasing risk score. (J-L) The distribution of
the CIBERSORT score of the infiltrated immune cells (macrophage, monocytes, and neutrophils, T-cell CD4) subtypes in low- and high-risk groups in TCGA
database. The correlation between the risk score and the expression of classic immune checkpoint genes in TCGA (M) and CGGA database (N). (O) IHC staining of
vessel-related protein, CD31, of two different risk score IDH-wild type WHO grade IV gliomas tissue samples (scale bar: 400 um). (P) IHC staining of monocytes and
macrophage related protein, CD14, of two different risk score IDH-wild type WHO grade IV glioma tissue samples (scale bar: 50 um) (**P < 0.01, *P < 0.05, n.s., not
significant).

different in the low- and high-risk groups (Supplementary
Figures 5A-D). The increase in “Macrophage M0” and “T-
in the high-risk group reflect
the common immune environment variation in both TCGA

cell CD4 memory activated”

and CGGA databases.

Immune exhaustion is also a phenomenon in immune
environment variation. Thus, we fully tested the immune
checkpoint expression. Most immune checkpoint expressions

are positively correlated with risk score in TCGA and CGGA
databases, which indicated the increasing rate of immune
exhaustion (Figures 6M,N). These results indicated that the
novel gene signature reflected the IDH-wild type WHO grade

IV glioma cellular functional characteristics, and the immune

microenvironment variation related to the poor prognosis,
thus, can predict the survival of IDH-wild type WHO
grade IV gliomas.
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We also verified the bioinformatic analysis results through
IHC; the results showed that the expression of vessel protein
CD31 was increased in the case with the high-risk score
(Figure 60). Similarly, the expression of CDI14, a protein
preferentially expressed on monocytes and macrophages,
was also increased in the case with the high risk score
(Figure 6P).

DISCUSSION

The integrated diagnosis of Louis et al. (2016) classification
and cIMPACT-NOW updates have greatly improved our
understanding of the heterogeneity of diffuse gliomas based
on their molecular features (Louis et al., 2016; Brat et al,
2018). Currently, IDH-wild type gliomas, with relatively
poorer survival, could be classified into three groups based
on their histologic and genetic features (Brat et al., 2018).
Here, we successfully identified the differentially enriched
transcriptional characteristics among the three groups of IDH-
wild type gliomas. Based on the transcriptional characteristics,
we also constructed a nine-gene signature from the identified
genes to further stratify the IDH-wild type WHO grade IV
gliomas (including Group B and Group C), whose prognosis
cannot be properly stratified by current classification criterion.
Finally, the constructed signature could properly stratify
prognosis, cell proliferation activities, extracellular matrix-
mediated biological activities, and immune-microenvironment
of IDH-wild type WHO grade IV gliomas in both TCGA
and CGGA datasets.

In this study, we figured out that the “cell cycle;” “cell
mitosis,” and “DNA replication and repairer”-related biological
processes were the major differential biological features between
diffuse astrocytic gliomas with different molecular features, and
these biological processes were elevated in diffuse astrocytic
gliomas with GBM molecular features. An unlimited cell cycle
increases DNA damage and genetic instability, which leads to
more malignant biomarker changes (Tubbs and Nussenzweig,
2017). TERT promoter mutation can significantly promote TERT
expression, and TERT can reactivate the telomerase function,
which is required as an impetus in gliomas originated from
low-rate self-renewal tissue (Killela et al., 2013). In glioma,
the TERT promotor mutant is related with the recruitment
of the multimeric GABP transcription factor, which might
regulate a mass of proto-oncogene expression. The physiological
function of EGFR is to modify epithelial tissue development
and angiogenesis (Sigismund et al., 2018). EGFR amplification
is highly related to TMZ resistance in glioma (Ma et al., 2019;
Meng et al., 2020). Combined 7 + /10— has been described
as a prognostic hallmark and has a strong correlation with the
NF-kB complex and Akt pathway (Baysan et al., 2017). Thus,
our finding indicated that biological characteristics identified
by transcriptional profile analysis could also reflect genetic
alterations in gliomas to some extent.

Compared with diffuse astrocytic gliomas with GBM
molecular features, we also observed that microenvironment-
related hallmarks, “angiogenesis” and “hypoxia,” and biological

processes of “extracellular matrix” and “immune response”
were significantly enriched in GBM. The extracellular matrix
is a dynamic structure to support tissue integrity and elasticity,
responsible for cell homeostasis and angiogenesis (Bonnans
etal., 2014; Zhao et al,, 2018). The ECM provides essential signals
to regulate cell diverse functions to promote malignant tumor
invasion (Bissell and Hines, 2011; Bonnans et al., 2014; Ferrer
etal., 2018; Chai et al., 2019d). This finding is also consistent with
the histologic features of GBM with microvascular proliferation
and/or necrosis (Louis et al., 2016). All of these again supported
that the transcriptional profile could not only reflect the genetic
and histologic features of gliomas but also has the potential
to reveal biological heterogeneity of gliomas with similar
genetic and histologic features. This is also the basis that we
can successfully develop a transcriptional signature to stratify
the prognosis and biological features of IDH-wild type WHO
grade IV gliomas.

The CNS is an immune privilege in traditional thoughts.
Nowadays, growing evidence has proved that the prognosis
of glioma is closely related to immune response (Topalian
et al,, 2015; Meng et al,, 2019; Aslan et al., 2020). Developing
immunotherapy for gliomas has also attracted extensive
investigation (Ogbomo et al, 2011; Topalian et al, 2015).
Transcriptional characteristics can also reflect the status of tumor
immune-microenvironment, which is critical for developing
immunotherapy for IDH-wild type gliomas (Zhang et al,
2017; Cai et al, 2018; Martinez-Lage et al., 2019; Mohme
et al, 2020; Zha et al, 2020). Here, we observed a positive
correlation between signature risk scores and the number of
immune-infiltrating cells in IDH-wild type WHO grade IV
gliomas. We found that the majority of immune-infiltrating
cells were macrophages and monocytes, which is consistent
with previous observations (Martinez-Lage et al., 2019). We also
identified that the number of infiltrating neutrophils, MO and
M2 macrophages, increased in gliomas with high-risk scores.
Neutrophil infiltration that has been reported could promote
GBM cell migration (Liang et al., 2014). MO and M2 macrophages
have been thought to be contributors of the immune-suppression
status of gliomas (Komohara et al., 2008; Valeta-Magara et al.,
2019). This suggested that the constructed signature may also
pick up cases with immune-suppression status. Besides, the
signature can also reflect the immune exhaustion status of
IDH-wild type WHO grade IV gliomas. This is supported by the
finding that (1) there was an elevated proportion of T-cell CD4
memory activated in gliomas with high-risk score; (2) most of
the immune checkpoint expressions were positively correlated
with the risk score.

Overall, our findings highlight that the transcriptional
characteristics differed among various groups of IDH-wild type
gliomas. We also demonstrated that these differentially biological
characteristics could not only reflect the histologic and genetic
molecular features of IDH-wild type gliomas but also have the
potential to further stratify the biological heterogeneity of a
specific group of IDH-wild type gliomas. Finally, we successfully
developed a transcriptional signature, which could stratify
prognosis, biological activities, and immune-microenvironment
status of IDH-wild type WHO grade IV gliomas. Although
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further prospective research is still needed to apply our
findings to clinical practice, our findings provide an
important advance in our understanding of the transcriptional
characteristics of various IDH-wild type glioma groups and their
potential utility as a stratified tool for IDH-wild type WHO
grade IV gliomas.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by institutional review board of Beijing Tiantan
Hospital. Written informed consent for participation was
not required for this study in accordance with the national
legislation and the institutional requirements. Written informed
consent was not obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

AUTHOR CONTRIBUTIONS

R-CC and Y-ZC conceived and designed the study and performed
the analyses and wrote the manuscript. GL, BP, K-NZ, and XZ
contributed to the data analysis and the critical reading of the
manuscript. R-CC performed IHC staining. Y-ZC performed
CCK-8 proliferation assay. R-CC, Z-1], and Y-ZW supervised
the analyses and contributed to the critical reading of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was funded by the National Natural Science
Foundation of China (81903078 and 81773208), the Beijing Nova
Program (Z201100006820118), and the National Key Research
and Development Program of China (2018YFC0115604). The
National Natural Science Foundation of China (NSFC)/Research
Grants Council (RGC) Joint Research Scheme (81761168038),
Beijing Municipal Administration of Hospitals’ Mission Plan
(SML20180501 and 2018.03-2022.02), and Beijing Municipal
Science and Technology Commission (Z18110700170000).

REFERENCES

Aibaidula, A., Chan, A. K,, Shi, Z., Li, Y., Zhang, R, Yang, R., et al. (2017). Adult
IDH wild-type lower-grade gliomas should be further stratified. Neuro Oncol.
19, 1327-1337. doi: 10.1093/neuonc/nox078

Aslan, K., Turco, V., Blobner, J., Sonner, J. K., Liuzzi, A. R.,, Nunez, N. G.,
et al. (2020). Heterogeneity of response to immune checkpoint blockade

ACKNOWLEDGMENTS

The authors gratefully acknowledge the contributions of other
colleagues of the CGGA, and the authors also gratefully
acknowledge the contributions from the TCGA Network.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.
580464/full#supplementary- material

Supplementary Figure 1 | (A-F) The GO analysis of the DEGs upregulated in
Group C compared with Group B in CGGA database.

Supplementary Figure 2 | (A,B) The GO analysis of the DEGs downregulated in
Group B compared with Group A in TCGA database. (C,D) The GO analysis of the
DEGs downregulated in Group C compared with Group B in TCGA database.
(E,F) The GO analysis of the DEGs downregulated in Group C compared with
Group B in CGGA database.

Supplementary Figure 3 | (A) LASSO Cox regression model. (B) Kaplan-Meier
survival analysis of the risk signature in IDH-wild type glioma, WHO IV, with the
molecular feature of GBM (Group B) in CGGA database. (C,D) ROC curves
showed the predictive efficiency of risk score, age, histological grade according to
Louis et al. (2016) guide and subgroup according to cIMPACT-NOW update three
recommendation on 14.5-month and 3-year survival in the CGGA database.

Supplementary Figure 4 | The GO analysis of the genes positively correlated
with the risk score in CGGA database.

Supplementary Figure 5 | (A) Heat map described the most enriched infiltrated
immune cells in CGGA database arranged by the increasing risk score. (B,C) The
distribution of the CIBERSORT score of the infiltrated immune cells (macrophage,
monocytes, and neutrophils, T cell CD4) in low- and high-risk groups in CGGA
database (*P < 0.05, n.s., not significant).

Supplementary Table 1 | Distribution of clinicopathological features in TCGA
and CGGA databases.

Supplementary Table 2 | TCGA Group B vs. Group A DEGs.
Supplementary Table 3 | TCGA Group C vs. Group B DEGs.
Supplementary Table 4 | CGGA Group A vs. Group B DEGs.
Supplementary Table 5 | CGGA Group B vs. Group C DEGs.

Supplementary Table 6 | characteristics of genes upregulated in GBM
(Group B vs. A).

Supplementary Table 7 | characteristics of genes upregulated in GBM
(Group B vs. C).

Supplementary Table 8 | The coefficients of Signature Genes.

Supplementary Table 9 | Distribution of clinicopathological features between
groups with low- and high-risk in TCGA database.

Supplementary Table 10 | Distribution of clinicopathological features between
groups with low- and high-risk in CGGA database.

in hypermutated experimental gliomas. Nat. Commun. 11:931. doi: 10.1038/
541467-020-14642-0

Baysan, M., Woolard, K., Cam, M. C., Zhang, W., Song, H., Kotliarova, S.,
et al. (2017). Detailed longitudinal sampling of glioma stem cells in situ
reveals Chr7 gain and Chrl0 loss as repeated events in primary tumor
formation and recurrence. Int. J. Cancer 141, 2002-2013. doi: 10.1002/ijc.
30887

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

October 2020 | Volume 8 | Article 580464


https://www.frontiersin.org/articles/10.3389/fcell.2020.580464/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.580464/full#supplementary-material
https://doi.org/10.1093/neuonc/nox078
https://doi.org/10.1038/s41467-020-14642-0
https://doi.org/10.1038/s41467-020-14642-0
https://doi.org/10.1002/ijc.30887
https://doi.org/10.1002/ijc.30887
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chang et al.

Transcriptional Characteristics of IDH-Wild Type Gliomas

Bell, E. H., Zhang, P., Fisher, B. J., Macdonald, D. R., McElroy, J. P., Lesser, G. J.,
et al. (2018). Association of MGMT promoter methylation status with survival
outcomes in patients with high-risk glioma treated with radiotherapy and
temozolomide: an analysis from the NRG oncology/RTOG 0424 trial. JAMA
Oncol. 4, 1405-1409. doi: 10.1001/jamaoncol.2018.1977

Bissell, M. J., and Hines, W. C. (2011). Why don’t we get more cancer? A proposed
role of the microenvironment in restraining cancer progression. Nat. Med. 17,
320-329. doi: 10.1038/nm.2328

Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular matrix
in development and disease. Nat. Rev. Mol. Cell Biol. 15, 786-801. doi: 10.1038/
nrm3904

Brat, D. J., Aldape, K., Colman, H., Holland, E. C., Louis, D. N., Jenkins,
R. B, et al. (2018). cIMPACT-NOW update 3: recommended diagnostic
criteria for “Diffuse astrocytic glioma, IDH-wildtype, with molecular features of
glioblastoma, WHO grade IV”. Acta Neuropathol. 136, 805-810. doi: 10.1007/
s00401-018-1913-0

Cai, J., Chen, Q., Cui, Y., Dong, J., Chen, M., Wu, P,, et al. (2018). Immune
heterogeneity and clinicopathologic characterization of IGFBP2 in 2447 glioma
samples. Oncoimmunology 7:e1426516. doi: 10.1080/2162402X.2018.1426516

Ceccarelli, M., Barthel, F. P., Malta, T. M., Sabedot, T. S., Salama, S. R., Murray,
B. A, et al. (2016). Molecular profiling reveals biologically discrete subsets and
pathways of progression in diffuse glioma. Cell 164, 550-563. doi: 10.1016/j.cell.
2015.12.028

Chai, R, Zhang, K., Wang, K., Li, G., Huang, R., Zhao, Z,, et al. (2018). A novel
gene signature based on five glioblastoma stem-like cell relevant genes predicts
the survival of primary glioblastoma. J. Cancer Res. Clin. Oncol. 144, 439-447.
doi: 10.1007/s00432-017-2572-6

Chai, R. C,, Chang, Y. Z., Wang, Q. W,, Zhang, K. N,, Li, J. J., Huang, H., et al.
(2019a). A novel DNA methylation-based signature can predict the responses of
MGMT promoter unmethylated glioblastomas to temozolomide. Front. Genet.
10:910. doi: 10.3389/fgene.2019.00910

Chai, R. C,, Liu, Y. Q., Zhang, K. N., Wu, F,, Zhao, Z., Wang, K. Y., et al. (2019b). A
novel analytical model of MGMT methylation pyrosequencing offers improved
predictive performance in patients with gliomas. Mod. Pathol. 32, 4-15. doi:
10.1038/s41379-018-0143-2

Chai, R. C., Wu, F,, Wang, Q. X, Zhang, S., Zhang, K. N, Liu, Y. Q., et al. (2019c¢).
m(6)A RNA methylation regulators contribute to malignant progression and
have clinical prognostic impact in gliomas. Aging 11, 1204-1225. doi: 10.18632/
aging.101829

Chai, R. C., Zhang, K. N,, Chang, Y. Z, Wu, F, Liu, Y. Q, Zhao, Z, et al.
(2019d). Systematically characterize the clinical and biological significances of
1p19q genes in 1p/19q non-codeletion glioma. Carcinogenesis 40, 1229-1239.
doi: 10.1093/carcin/bgz102

Chai, R. C,, Zhang, Y. W., Liu, Y. Q., Chang, Y. Z., Pang, B., Jiang, T., et al. (2020).
The molecular characteristics of spinal cord gliomas with or without H3 K27M
mutation. Acta Neuropathol. Commun. 8:40. doi: 10.1186/s40478-020-00913-w

Ferrer, V. P., Moura Neto, V., and Mentlein, R. (2018). Glioma infiltration and
extracellular matrix: key players and modulators. Glia 66, 1542-1565. doi: 10.
1002/glia.23309

Gao, Y., Weenink, B., van den Bent, M. J., Erdem-Eraslan, L., Kros, J. M.,
Sillevis Smitt, P., et al. (2018). Expression-based intrinsic glioma subtypes are
prognostic in low-grade gliomas of the EORTC22033-26033 clinical trial. Eur.
J. Cancer 94, 168-178. doi: 10.1016/j.ejca.2018.02.023

Griveau, A., Seano, G., Shelton, S. J., Kupp, R., Jahangiri, A., Obernier, K,
et al. (2018). A glial signature and Wnt7 signaling regulate glioma-vascular
interactions and tumor microenvironment. Cancer Cell 33, 874.e7-889.¢7. doi:
10.1016/j.ccell.2018.03.020

Hegi, M. E,, Diserens, A. C., Godard, S., Dietrich, P. Y., Regli, L., Ostermann,
S., et al. (2004). Clinical trial substantiates the predictive value of O-6-
methylguanine-DNA methyltransferase promoter methylation in glioblastoma
patients treated with temozolomide. Clin. Cancer Res. 10, 1871-1874. doi:
10.1158/1078-0432.ccr-03-0384

Hu, H., Mu, Q., Bao, Z., Chen, Y., Liu, Y., Chen, J., et al. (2018). Mutational
landscape of secondary glioblastoma guides MET-targeted trial in brain tumor.
Cell 175, 1665.618-1678.¢18. doi: 10.1016/j.cell.2018.09.038

Jiang, T., Mao, Y., Ma, W., Mao, Q., You, Y., Yang, X, et al. (2016). CGCG clinical
practice guidelines for the management of adult diffuse gliomas. Cancer Lett.
375, 263-273. doi: 10.1016/j.canlet.2016.01.024

Killela, P. J., Reitman, Z. J., Jiao, Y., Bettegowda, C., Agrawal, N., Diaz, L. A., et al.
(2013). TERT promoter mutations occur frequently in gliomas and a subset of
tumors derived from cells with low rates of self-renewal. Proc. Natl. Acad. Sci.
U.S.A. 110, 6021-6026. doi: 10.1073/pnas.1303607110

Komohara, Y., Ohnishi, K., Kuratsu, J., and Takeya, M. (2008). Possible
involvement of the M2 anti-inflammatory macrophage phenotype in growth
of human gliomas. J. Pathol. 216, 15-24. doi: 10.1002/path.2370

Liang, J., Piao, Y., Holmes, L., Fuller, G. N, Henry, V., Tiao, N., et al. (2014).
Neutrophils promote the malignant glioma phenotype through S100A4. Clin.
Cancer Res. 20, 187-198. doi: 10.1158/1078-0432.CCR-13-1279

Louis, D. N., Ohgaki, H., Wiestle, O. D., and Cavenee, W. K. WHO Classification
of Tumours of the Central Nervous System. WHO Classification of Tumours,
Revised 4th Edn. Vol. 1. France: International Agency for Research on Cancer.

Ma, L., She, C., Shi, Q. Yin, Q. Ji, X, Wang, Y., et al. (2019). TNFalpha
inhibitor C87 sensitizes EGFRVIII transfected glioblastoma cells to gefitinib by
a concurrent blockade of TNFalpha signaling. Cancer Biol. Med. 16, 606-617.
doi: 10.20892/j.issn.2095-3941.2019.0011

Martinez-Lage, M., Lynch, T. M., Bi, Y., Cocito, C., Way, G. P., Pal, S., et al. (2019).
Immune landscapes associated with different glioblastoma molecular subtypes.
Acta Neuropathol. Commun. 7:203. doi: 10.1186/s40478-019-0803-6

Meng, X., Duan, C,, Pang, H.,, Chen, Q., Han, B, Zha, C,, et al. (2019). DNA
damage repair alterations modulate M2 polarization of microglia to remodel
the tumor microenvironment via the p53-mediated MDK expression in glioma.
EBioMedicine 41, 185-199. doi: 10.1016/j.ebiom.2019.01.067

Meng, X., Zhao, Y., Han, B., Zha, C,, Zhang, Y., Li, Z, et al. (2020). Dual
functionalized brain-targeting nanoinhibitors restrain temozolomide-resistant
glioma via attenuating EGFR and MET signaling pathways. Nat. Commun.
11:594. doi: 10.1038/s41467-019-14036-x

Mohme, M., Maire, C. L., Schliffke, S., Joosse, S. A., Alawi, M., Matschke, J.,
et al. (2020). Molecular profiling of an osseous metastasis in glioblastoma
during checkpoint inhibition: potential mechanisms of immune escape. Acta
Neuropathol. Commun. 8:28. doi: 10.1186/s40478-020-00906-9

Newman, A. M., Liu, C. L., Green, M. R, Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12, 453-457. doi: 10.1038/nmeth.3337

Ogbomo, H., Cinatl, J. Jr., Mody, C. H., and Forsyth, P. A. (2011). Immunotherapy
in gliomas: limitations and potential of natural killer (NK) cell therapy. Trends
Mol. Med. 17, 433-441. doi: 10.1016/j.molmed.2011.03.004

Pekmezci, M., Rice, T., Molinaro, A. M., Walsh, K. M., Decker, P. A., Hansen, H.,
et al. (2017). Adult infiltrating gliomas with WHO 2016 integrated diagnosis:
additional prognostic roles of ATRX and TERT. Acta Neuropathol. 133, 1001-
1016. doi: 10.1007/s00401-017-1690- 1

Pomeroy, S. L., Tamayo, P., Gaasenbeek, M., Sturla, L. M., Angelo, M., McLaughlin,
M. E,, et al. (2002). Prediction of central nervous system embryonal tumour
outcome based on gene expression. Nature 415, 436-442. doi: 10.1038/
415436a

Sigismund, S., Avanzato, D., and Lanzetti, L. (2018). Emerging functions of the
EGFR in cancer. Mol. Oncol. 12, 3-20. doi: 10.1002/1878-0261.12155

Sun, Y., Zhang, W., Chen, D,, Ly, Y., Zheng, J., Lilljebjorn, H., et al. (2014). A
glioma classification scheme based on coexpression modules of EGFR and
PDGFRA. Proc. Natl. Acad. Sci. U.S.A. 111, 3538-3543. doi: 10.1073/pnas.13138
14111

Topalian, S. L., Drake, C. G., and Pardoll, D. M. (2015). Immune checkpoint
blockade: a common denominator approach to cancer therapy. Cancer Cell 27,
450-461. doi: 10.1016/j.ccell.2015.03.001

Tubbs, A., and Nussenzweig, A. (2017). Endogenous DNA damage as a source
of genomic instability in cancer. Cell 168, 644-656. doi: 10.1016/j.cell.2017.
01.002

Valeta-Magara, A., Gadi, A., Volta, V., Walters, B., Arju, R,, Giashuddin, S.,
etal. (2019). Inflammatory breast cancer promotes development of M2 tumor-
associated macrophages and cancer mesenchymal cells through a complex
chemokine network. Cancer Res. 79, 3360-3371. doi: 10.1158/0008-5472.CAN-
17-2158

Verhaak, R. G., Hoadley, K. A., Purdom, E., Wang, V., Qi, Y., Wilkerson,
M. D, et al. (2010). Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA,
IDHI1, EGFR, and NF1. Cancer Cell 17, 98-110. doi: 10.1016/j.ccr.2009.
12.020

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

October 2020 | Volume 8 | Article 580464


https://doi.org/10.1001/jamaoncol.2018.1977
https://doi.org/10.1038/nm.2328
https://doi.org/10.1038/nrm3904
https://doi.org/10.1038/nrm3904
https://doi.org/10.1007/s00401-018-1913-0
https://doi.org/10.1007/s00401-018-1913-0
https://doi.org/10.1080/2162402X.2018.1426516
https://doi.org/10.1016/j.cell.2015.12.028
https://doi.org/10.1016/j.cell.2015.12.028
https://doi.org/10.1007/s00432-017-2572-6
https://doi.org/10.3389/fgene.2019.00910
https://doi.org/10.1038/s41379-018-0143-2
https://doi.org/10.1038/s41379-018-0143-2
https://doi.org/10.18632/aging.101829
https://doi.org/10.18632/aging.101829
https://doi.org/10.1093/carcin/bgz102
https://doi.org/10.1186/s40478-020-00913-w
https://doi.org/10.1002/glia.23309
https://doi.org/10.1002/glia.23309
https://doi.org/10.1016/j.ejca.2018.02.023
https://doi.org/10.1016/j.ccell.2018.03.020
https://doi.org/10.1016/j.ccell.2018.03.020
https://doi.org/10.1158/1078-0432.ccr-03-0384
https://doi.org/10.1158/1078-0432.ccr-03-0384
https://doi.org/10.1016/j.cell.2018.09.038
https://doi.org/10.1016/j.canlet.2016.01.024
https://doi.org/10.1073/pnas.1303607110
https://doi.org/10.1002/path.2370
https://doi.org/10.1158/1078-0432.CCR-13-1279
https://doi.org/10.20892/j.issn.2095-3941.2019.0011
https://doi.org/10.1186/s40478-019-0803-6
https://doi.org/10.1016/j.ebiom.2019.01.067
https://doi.org/10.1038/s41467-019-14036-x
https://doi.org/10.1186/s40478-020-00906-9
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.molmed.2011.03.004
https://doi.org/10.1007/s00401-017-1690-1
https://doi.org/10.1038/415436a
https://doi.org/10.1038/415436a
https://doi.org/10.1002/1878-0261.12155
https://doi.org/10.1073/pnas.1313814111
https://doi.org/10.1073/pnas.1313814111
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1158/0008-5472.CAN-17-2158
https://doi.org/10.1158/0008-5472.CAN-17-2158
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1016/j.ccr.2009.12.020
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chang et al.

Transcriptional Characteristics of IDH-Wild Type Gliomas

Vidyarthi, A., Agnihotri, T., Khan, N., Singh, S., Tewari, M. K., Radotra, B. D., et al.
(2019). Predominance of M2 macrophages in gliomas leads to the suppression
of local and systemic immunity. Cancer Immunol. Immunother. 68, 1995-2004.
doi: 10.1007/s00262-019-02423-8

Wijnenga, M. M. J,, Dubbink, H. J., French, P. J., Synhaeve, N. E., Dinjens,
W. N. M., Atmodimedjo, P. N.,, et al. (2017). Molecular and clinical
heterogeneity of adult diffuse low-grade IDH wild-type gliomas: assessment
of TERT promoter mutation and chromosome 7 and 10 copy number status
allows superior prognostic stratification. Acta Neuropathol. 134, 957-959. doi:
10.1007/s00401-017-1781-z

Wu, F., Wang, Z. L., Wang, K. Y., Li, G. Z., Chai, R. C,, Liu, Y. Q,, et al. (2020).
Classification of diffuse lower-grade glioma based on immunological profiling.
Mol. Oncol. 14, 2081-2095. doi: 10.1002/1878-0261.12707

Yan, H., Parsons, D. W, Jin, G., McLendon, R., Rasheed, B. A., Yuan, W., et al.
(2009). IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 360, 765-773.
doi: 10.1056/NEJM0a0808710

Yang, P., Cai, J., Yan, W., Zhang, W., Wang, Y., Chen, B., et al. (2016). Classification
based on mutations of TERT promoter and IDH characterizes subtypes in grade
II/I1I gliomas. Neuro Oncol. 18, 1099-1108. doi: 10.1093/neuonc/now021

Zha, C., Meng, X,, Li, L., Mi, S., Qian, D., Li, Z., et al. (2020). Neutrophil
extracellular traps mediate the crosstalk between glioma progression and the
tumor microenvironment via the HMGB1/RAGE/IL-8 axis. Cancer Biol. Med.
17, 154-168. doi: 10.20892/j.issn.2095-3941.2019.0353

Zhang, C., Cheng, W., Ren, X., Wang, Z., Liu, X, Li, G, et al. (2017). Tumor
purity as an underlying key factor in glioma. Clin. Cancer Res. 23, 6279-6291.
doi: 10.1158/1078-0432.CCR-16-2598

Zhao, K., Yao, Y., Luo, X, Lin, B, Huang, Y., Zhou, Y., et al. (2018).
LYG-202 inhibits activation of endothelial cells and angiogenesis through
CXCLI12/CXCR7 pathway in breast cancer. Carcinogenesis 39, 588-600. doi:
10.1093/carcin/bgy007

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis
of systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-
09234-6

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

Copyright © 2020 Chang, Li, Pang, Zhang, Zhang, Wang, Jiang and Chai. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

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

15

October 2020 | Volume 8 | Article 580464


https://doi.org/10.1007/s00262-019-02423-8
https://doi.org/10.1007/s00401-017-1781-z
https://doi.org/10.1007/s00401-017-1781-z
https://doi.org/10.1002/1878-0261.12707
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.1093/neuonc/now021
https://doi.org/10.20892/j.issn.2095-3941.2019.0353
https://doi.org/10.1158/1078-0432.CCR-16-2598
https://doi.org/10.1093/carcin/bgy007
https://doi.org/10.1093/carcin/bgy007
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Transcriptional Characteristics of IDH-Wild Type Glioma Subgroups Highlight the Biological Processes Underlying Heterogeneity of IDH-Wild Type WHO Grade IV Gliomas
	Introduction
	Materials and Methods
	Sample Collection
	Selection and Functional Analysis of Differentially Expressed Genes
	Construction of Signature and Bioinformatics Analysis
	Immunohistochemistry
	Patient-Derived Cells and CCK-8 Assay
	Statistical Analysis

	Results
	Different Transcriptional Profile Among Three Subgroups of Isocitric Dehydrogenase-Wild Type Gliomas
	The Biological Functions of Differentially Expressed Genes Among Three Subgroups
	Identification of Nine-Gene Transcriptional Signature From the Differentially Expressed Genes to Further Stratify IDH-Wild Type WHO Grade IV Gliomas
	The Signature Served as an Independent Prognostic Factor With Better Prognostic Prediction Efficiency Than Known Factors
	The Biological Processes Associated With the Risk Signature

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


