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"Department of Neurosurgery, The First Affiliated Hospital of China Medical University, Shenyang, China, “Department of
Rheumatology and Immunology, ShengdJing Hospital of China Medical University, Shenyang, China

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

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

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

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

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

therapeutic strategies.

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

BACKGROUND

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

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

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

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

MATERIALS AND METHODS

Gene Expression and Clinical Data
Acquisition

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

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

Identification of Differentially Expressed

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

Development and Validation of Prognostic
Signatures Based on ARGs

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

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

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

By the risk score, patients were divided into high- or low-risk  package “estimate” (Yoshihara et al, 2013). By calculating the
groups, respectively. With the R package “survival” and  purity score, and immune and stromal scores with ESTIMATE
“survminer”, Kaplan-Meier survival analysis was carried out  algorithm, the infiltration of tumor microenvironment cells
to compare the prognostic difference between the two groups,  was predicted. Then, based on the normalized gene expression
and then the results were verified by ROC analysis. data, the proportions of 16 types of infiltrating immune cells
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FIGURE 2 | DE-ARGs between GBM and normal brain tissues. (A) Heatmap of the DE-ARGs. (B) Volcano plots presenting the differences between GBM and
normal brain tissues. The blue dots represent DE-ARGSs (adj. p-value < 0.01 and |log2(FC)| > 1). DE-ARGs, differentially expressed angiogenesis-related genes.
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were calculated by the CIBERSORT algorithm (Newman et al.,
2015).

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

Immunotherapy

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

Construction and Evaluation of the

Nomogram

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

Identification of Key Genes

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

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

Statistical Analysis

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

RESULTS

Identification of Differentially Expressed

Genes and Functional Enrichment Analysis
The TCGA-GBM dataset was screened to identify the
differentially expressed angiogenesis-related genes (DE-ARGs)
between GBM and normal samples with the R language package
“DESeq2”, using a cutoff of |log2FC| >1 and adj.p < 0.01. As
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FIGURE 3 | GO and KEGG functional enrichment analysis of DE-ARGs. (A-C) The top 20 enriched terms in CC, BP, and MF are presented. (D) The top 100 genes
and 3 pathways enriched in KEGG analysis. GO, Gene Ontology; CC, cellular component; MF, molecular function; BP, biological process; KEGG, Kyoto Encyclopedia of
Genes and Genomes. DE-ARGs, differentially expressed angiogenesis-related genes.
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shown in Figure 2, there were 626 DE-ARGs in total; 243
genes were upregulated and 383 genes were downregulated
(Figure 2).

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

Identification of Prognostic ARGs and
Establishment of the ARG-Related

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

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

n

riskscore _ eZkzlck exp ressiony

In the above equation, # is the number of selected key ARGs, e
refers to the natural constant, k represents the kth prognostic gene
with a non-zero dimension reduction coefficient of Lasso, ¢ is its
coefficient, and expression;, is its expression value.
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FIGURE 4 | Top 6 prognostic DE-ARGs' expression and their Kaplan-Meier survival curves. DE-ARGs, differentially expressed angiogenesis-related genes.
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o
Coefficients

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

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

Association Between the Risk Score and
Clinical Features

In order to explore the correlation between ARG-related risk
score and clinical features, we respectively compared the

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

6 March 2022 | Volume 10 | Article 778286


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

Wang et al. Angiogenesis-Related Genes and Glioblastoma

A 5 Jeiskiow N C
o @ risk-high expression === group=Risk High =i group=Risk Low
I
3 8]
& .- 100
:.a R I‘ T T T
0 50 100 150
Patients (increasing risk score)
- s < 75
[ ® Passed L3
Q Alive, >
;’ © = . " . E
£ o : . ° o °
1] e e e | B »
I I I R At s A0 g
T T T T =
0 50 100 150 Y
B Patients (increasing risk score) ‘:2;
ol (- T 7] 25
i I 1 owe
= |
f e 0 p < 0.0001
sreaFt
oD 0 400 800 1200 1600
o Time (Days)
PLAUR
moas .
coun Number at risk
ACHE c
RSB (<] ) .
| || e ‘@ group=Risk High{ 77 21 6 1 0
|| socst 1)
I ‘ oy ;:. group=Risk Low{ 78 30 7 4 1
lorar2 o
| ‘ | womes 0 400 800 1200 1600
| | cous Time (Days)
D
o _| Qo
© _| @
o o
© | ©
o o
= =
= 2
5 3
[ [
[} Q
7] »n _]
< _| o
o o —
3 51
CGGA AUC =0.604
Rembrandt AUC =0.59
= | AUC =0.929 2 Gravendeel AUC = 0.613
T T T T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
Specificity Specificity
FIGURE 6 | Validation of the prognostic value of the angiogenesis-related risk score model. (A) The distribution of the risk score model and patient survival status.
(B) Heatmap presenting the expression of 31 key DE-ARGs in the high- and low-risk group classified by the risk score model. (C) Kaplan—-Meier curves for overall survival
in the high- and low-risk group. (D) The receptor operating characteristic (ROC) curve of the risk score in TCGA database (left) and other databases (right). AUC, area
under the curve.

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

Tumor Microenvironment Cells

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

The Risk Score Predicts the Medical

Treatment Response

The targeted drug bevacizumab, which is well known as an anti-
angiogenesis drug, has been proven effective on many malignant
tumors. Nevertheless, not all the patients could benefit from it. In
order to examine the prognostic ability on anti-angiogenesis
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FIGURE 9 | The distribution of 13 different immune-related functions and 16 types of infiltrating immune cell in the different risk groups. *, p-value < 0.05; **, p-value

treatment, the efficacy of bevacizumab was compared between the
two groups. As shown in Figure 10, there were more patients who
responded to the drugs in the low-risk score group. Meanwhile,
the non-responding group has higher risk scores relatively
(Figures 10A,B).

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

The Risk Score Was an Independent

Prognostic Predictor

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

Build Nomogram Combined the Risk Score

With Clinical Features

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

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

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

DISCUSSION

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

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

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

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

Chemotherapy, such as anti-angiogenic therapy and
immunotherapy, has been expected to be a promising
adjunct to traditional surgery and radiotherapy for GBM
treatment (Tan et al., 2020). Anti-angiogenic therapy using
bevacizumab is a type of targeted anti-cancer therapy that aims
to inhibit tumor growth via controlling tumor vessel growth.
Some studies found that bevacizumab prolonged progression-
free survival in both newly diagnosed and recurrent GBM. On
the other hand, not all patients could benefit from it because of
its increased toxicity (Chinot et al., 2014; Gilbert et al., 2014).
Here, we found that the high-risk group had a higher rate of
non-response, indicating that the risk score could serve as an
attractive stratification tool to screen suitable patients.
Likewise, the risk score was applied to predict the efficiency
of immunotherapy. In recent years, there is a growing interest
in immunotherapeutic treatments and their intrinsic
mechanisms. Though immunotherapy has apparently
improved the management of many other tumors, GBM

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

March 2022 | Volume 10 | Article 778286


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

Wang et al.

Angiogenesis-Related Genes and Glioblastoma

70 80 90

NON G-CIMP

radia_NO

risk high

A 0 10 20 30
Points
G_CIMP_STATUS
G-CIMP
chemo_NO
chemo_therapy —
chemo_YES
radiation_therapy
radia_YES
<=60
agecut
>60
riskcut
sk low
Total Points
0 20 40 60 80
Linear Predictor

100 120 140 160 180 240

1 year survival

0 05 1

065 06

2 year survival

0.55

05 045 04 035

ROC Curves

035 03 025

0.2 0.15 0.1

probabily of detection
(Sensitivity)
Observed OS (%)

0.4
I

02

0.0

Observed OS (%)

0.0 04 06

probability of false alarm
(1-Specificity)

FIGURE 12 | Establishment and validation of the nomogram to predict the prognosis. (A) Calibration plot of nomogram. (B) The ROC curve of the risk score. (C)
The efficiency of nomogram on predicting 1 year OS (left) and 2 year OS (right). OS, overall survival.

LT ——

exhibits a high resistance to it (Lim et al., 2018). As discussed
above, there is a cross-talk between immune responses and
tumor angiogenesis (Albini et al., 2018). Potential response to
immune checkpoint blockage therapy was estimated with
TIDE algorithm. The results confirmed the potential
prognostic efficiency of the risk score on immunotherapy.
In general, the risk score we presented would help with
providing individualized regimens on GBM.

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

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

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

construction of a PPI network and screening hub genes with
Cytoscape software. PLAUR, which is also known as CD87,
UPAR, URKR, and U-PAR, is found to be overexpressed in
multiple cancers including GBM, and contributes to tumor
angiogenesis, cell migration, and invasion (Raghu et al., 2011;
Raghu et al.,, 2012; Schuler et al., 2012; Hu et al., 2015; Loft
et al.,, 2017). It encodes urokinase-type plasminogen activator
receptor (uPAR), a GPI-anchored cell membrane receptor,
which could bind with urokinase (uPA) and stimulate the
intracellular signals associated with tumorigenesis. Raghu
et al. validated its over-expression in glioma cell lines and
found that specific knockdown of uPA/uPAR could attenuate
tumor growing and invasion via Notch-1 signaling pathway
(Raghu et al., 2011). Besides, some other pro-oncogenic
factors like sphingosine-1-phosphate and nitric oxide
synthase are also reported to exert their effects through the
uPA/uPAR system in glioma (Young et al., 2009; Zhuang et al.,
2013). ITGAS5, which forms heterodimers together with
integrin B1, is known as an important subtype of the
integrin « chain family. It was validated to be
overexpressed in glioma and play a role in predicting
prognosis and therapeutic response (Cosset et al., 2012;
Blandin et al., 2021; Chen et al., 2021). FMOD was an
epigenetically regulated gene, encoding extracellular matrix
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FIGURE 14 | Venn diagram for identifying the key factors. The pink circle
represents the 31 DE-ARGs. The blue circle represents the 10 hub genes. The
orange circle represents the 8 prognostic genes selected by Kaplan-Meier
survival curves. The overlap area represents the 3 genes that were
predicted to play central roles.

small leucine-rich proteoglycans. It has been demonstrated to
promote cell migration in GBM via inducing filamentous
actin stress fiber formation, depending on the TGF-B1
pathway (Mondal et al., 2017). It was also suggested to be a
mediator in VEGF expression and associated with
angiogenesis (Chen et al, 2018). Overall, the current
findings indicate that the three genes have a complex
relationship with GBM. The underlying mechanisms of the
three hub genes demand further explorations.
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CONCLUSION

In conclusion, we established a reliable angiogenesis-related risk
score model that is verified to be effective in predicting the OS and
therapeutic responses, suggesting a high likelihood of making
individualized treatment strategies for GBM patients. Further
studies are needed to optimize the model and explore the inner
mechanisms of the key genes in tumorigenesis, metastasis, and
migration.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. These
data can be found here: TCGA-GBM, https://portal.gdc.cancer.
gov; CGGA-GBM, http://www.cgga.org.cn; the Repository
for Molecular Brain Neoplasia Data (REMBRANDT, http://
caintegrator-info.nci.nih.gov/REMBRANDT); and GSE16011
and GSE79671 databases (https://www.ncbi.nlm.nih.gov/geo/).

AUTHOR CONTRIBUTIONS

GW designed the study and performed the analysis. X-MZ and
GW were the major contributors in writing the manuscript. J-YL
and J-QH helped in drafting the manuscript and figures. All
authors read and approved the final manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.778286/
full#supplementary-material

Bowman, R. L., Wang, Q,, Carro, A., Verhaak, R. G. W,, and Squatrito, M. (2017).
GlioVis Data portal for Visualization and Analysis of Brain Tumor Expression
Datasets. Neuonc 19 (1), 139-141. doi:10.1093/neuonc/now247

Bush, N. A. O,, Chang, S. M., and Berger, M. S. (2017). Current and Future
Strategies for Treatment of Glioma. Neurosurg. Rev. 40 (1), 1-14. doi:10.1007/
$10143-016-0709-8

Cao, M., Cai, J., Yuan, Y., Shi, Y., Wu, H,, Liu, Q. et al. (2019). A Four-Gene
Signature-Derived Risk Score for Glioblastoma: Prospects for Prognostic and
Response Predictive Analyses. Cancer Biol. Med. 16 (3), 595-605. d0i:10.20892/
j.issn.2095-3941.2018.0277

Chen, M., Ba, H,, Lu, C, Dai, J., and Sun, J. (2018). Glial Cell Line-Derived
Neurotrophic Factor (GDNF) Promotes Angiogenesis through the
Demethylation of the Fibromodulin (FMOD) Promoter in Glioblastoma.
Med. Sci. Monit. 24, 6137-6143. doi:10.12659/msm.911669

Chen, J., Wang, H., Wang, J., Niu, W., Deng, C., and Zhou, M. (2021). LncRNA
NEAT1 Enhances Glioma Progression via Regulating the miR-128-3p/ITGA5
Axis. Mol. Neurobiol. 58, 5163. doi:10.1007/s12035-021-02474-y

Chinot, O. L., Wick, W., Mason, W., Henriksson, R., Saran, F., Nishikawa, R, et al.
(2014). Bevacizumab Plus Radiotherapy-Temozolomide for Newly Diagnosed
Glioblastoma. N. Engl. J. Med. 370 (8), 709-722. doi:10.1056/nejmoal308345

Cosset, E. C., Godet, J., Entz-Werlé, N., Guérin, E., Guenot, D., Froelich, S., et al.
(2012). Involvement of the TGFp Pathway in the Regulation of a5B1 Integrins
by Caveolin-1 in Human Glioblastoma. Int. J. Cancer 131 (3), 601-611. doi:10.
1002/ijc.26415

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

March 2022 | Volume 10 | Article 778286


https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
http://www.cgga.org.cn
http://caintegrator-info.nci.nih.gov/REMBRANDT
http://caintegrator-info.nci.nih.gov/REMBRANDT
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fcell.2022.778286/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.778286/full#supplementary-material
https://doi.org/10.1007/s12035-020-01892-8
https://doi.org/10.3389/fimmu.2018.00527
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.4161/onci.27402
https://doi.org/10.1007/s10555-021-09987-x
https://doi.org/10.1007/s00018-020-03686-6
https://doi.org/10.1093/neuonc/now247
https://doi.org/10.1007/s10143-016-0709-8
https://doi.org/10.1007/s10143-016-0709-8
https://doi.org/10.20892/j.issn.2095-3941.2018.0277
https://doi.org/10.20892/j.issn.2095-3941.2018.0277
https://doi.org/10.12659/msm.911669
https://doi.org/10.1007/s12035-021-02474-y
https://doi.org/10.1056/nejmoa1308345
https://doi.org/10.1002/ijc.26415
https://doi.org/10.1002/ijc.26415
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wang et al.

Enomoto, H., Tao, L., Eguchi, R,, Sato, A., Honda, M., Kaneko, S., et al. (2017). The
In Vivo Antitumor Effects of Type I-Interferon against Hepatocellular
Carcinoma: the Suppression of Tumor Cell Growth and Angiogenesis. Sci.
Rep. 7 (1), 12189. doi:10.1038/s41598-017-12414-3

Fei, F., Li, S, Fei, Z., and Chen, Z. (2015). The Roles of CD147 in the Progression of
Gliomas. Expert Rev. Anticancer Ther. 15 (11), 1351-1359. doi:10.1586/
14737140.2015.1092874

Friedman, J., Hastie, T., and Tibshirani, R. (2009). Glmnet: Lasso and Elastic-Net
Regularized Generalized Linear Models.

Gilbert, M. R,, Dignam, J. J., Armstrong, T. S., Wefel, J. S., Blumenthal, D. T., Vogelbaum,
M. A, et al. (2014). A Randomized Trial of Bevacizumab for Newly Diagnosed
Glioblastoma. N. Engl. J. Med. 370 (8), 699-708. doi:10.1056/nejmoal308573

Gousias, K., von Ruecker, A., Voulgari, P., and Simon, M. (2013). Phenotypical
Analysis, Relation to Malignancy and Prognostic Relevance of ICOS+T
Regulatory and Dendritic Cells in Patients with Gliomas. J. Neuroimmunol.
264 (1-2), 84-90. doi:10.1016/j.jneuroim.2013.09.001

Hiplot: A Free and Comprehensive Cloud Platformfor Scientific Computation and
Visualization (2021). Hiplot: A Free and Comprehensive Cloud Platform for
Scientific Computation and visualization[J]. Openbiox Community.
Unpublished. Available at: http://hiplot.com.cn/basic/venn.

Hong, Y. K, Chung, D. S, Joe, Y. A,, Yang, Y. J,, Kim, K. M,, Park, Y. S, et al.
(2000). Efficient Inhibition of In Vivo Human Malignant Glioma Growth and
Angiogenesis by Interferon-Beta Treatment at Early Stage of Tumor
Development. Clin. Cancer Res. 6 (8), 3354-3360.

Hu, J., Muller, K. A, Furnari, F. B., Cavenee, W. K., VandenBerg, S. R., and Gonias,
S. L. (2015). Neutralizing the EGF Receptor in Glioblastoma Cells Stimulates
Cell Migration by Activating uPAR-Initiated Cell Signaling. Oncogene 34 (31),
4078-4088. doi:10.1038/0nc.2014.336

Jiang, P., Gu, S., Pan, D, Fu, J., Sahu, A., Hu, X, et al. (2018). Signatures of T Cell
Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat.
Med. 24 (10), 1550-1558. doi:10.1038/s41591-018-0136-1

Kim, J., and Bae, J. S. (2016). Tumor-Associated Macrophages and Neutrophils in
Tumor Microenvironment. Mediators Inflamm. 2016, 6058147. doi:10.1155/
2016/6058147

Komori, T. (2017). The 2016 WHO Classification of Tumours of the Central
Nervous System: The Major Points of Revision. Neurol. Med. Chir.(Tokyo) 57
(7), 301-311. doi:10.2176/nmc.ra.2017-0010

Lim, M., Xia, Y., Bettegowda, C., and Weller, M. (2018). Current State of
Immunotherapy for Glioblastoma. Nat. Rev. Clin. Oncol. 15 (7), 422-442.
doi:10.1038/s41571-018-0003-5

Loft, M. D, Sun, Y., Liu, C., Christensen, C., Huang, D., Kjaer, A, et al. (2017). Improved
Positron Emission Tomography Imaging of Glioblastoma Cancer Using Novel
68Ga-labeled Peptides Targeting the Urokinase-type Plasminogen Activator
Receptor (uPAR). Amino Acids 49 (6), 1089-1100. doi:10.1007/s00726-017-2407-4

Love, M. 1., Huber, W., and Anders, S. (2014). Moderated Estimation of Fold
Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15 (12),
550. doi:10.1186/s13059-014-0550-8

Megjugorac, N. ., Young, H. A., Amrute, S. B,, Olshalsky, S. L., and Fitzgerald-
Bocarsly, P. (2004). Virally Stimulated Plasmacytoid Dendritic Cells Produce
Chemokines and Induce Migration of T and NK Cells. J. Leukoc. Biol. 75 (3),
504-514. doi:10.1189/j1b.0603291

Mitchell, D., Chintala, S., and Dey, M. (2018). Plasmacytoid Dendritic Cell in
Immunity and Cancer. J. Neuroimmunol. 322, 63-73. doi:10.1016/j.jneuroim.
2018.06.012

Mondal, B, Patil, V., Shwetha, S. D., Sravani, K., Hegde, A. S., Arivazhagan, A.,
et al. (2017). Integrative Functional Genomic Analysis Identifies Epigenetically
Regulated Fibromodulin as an Essential Gene for Glioma Cell Migration.
Oncogene 36 (1), 71-83. doi:10.1038/0nc.2016.176

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 (5), 453-457. doi:10.1038/nmeth.3337

Niu, X, Sun, J., Meng, L., Fang, T, Zhang, T., Jiang, J., et al. (2020). A Five-IncRNAs
Signature-Derived Risk Score Based on TCGA and CGGA for Glioblastoma:
Potential Prospects for Treatment Evaluation and Prognostic Prediction. Front.
Oncol. 10, 590352. doi:10.3389/fonc.2020.590352

Onishi, M., Ichikawa, T., Kurozumi, K., and Date, I. (2011). Angiogenesis and
Invasion in Glioma. Brain Tumor Pathol. 28 (1), 13-24. do0i:10.1007/s10014-
010-0007-z

Angiogenesis-Related Genes and Glioblastoma

Ostrom, Q. T., Cioffi, G., Gittleman, H., Patil, N., Waite, K., Kruchko, C., et al.
(2019). CBTRUS Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol. 21
(Suppl. 5), v1. doi:10.1093/neuonc/noz150

Panda, S. K., Kolbeck, R., and Sanjuan, M. A. (2017). Plasmacytoid Dendritic Cells
in Autoimmunity. Curr. Opin. Immunol. 44, 20-25. doi:10.1016/j.c0i.2016.
10.006

Raghu, H., Gondi, C. S., Dinh, D. H., Gujrati, M., and Rao, J. S. (2011). Specific
Knockdown of uPA/uPAR Attenuates Invasion in Glioblastoma Cells and
Xenografts by Inhibition of Cleavage and Trafficking of Notch -1 Receptor. Mol.
Cancer 10, 130. doi:10.1186/1476-4598-10-130

Raghu, H., Nalla, A. K., Gondi, C. S., Gujrati, M., Dinh, D. H,, and Rao, J. S. (2012).
uPA and uPAR shRNA Inhibit Angiogenesis via Enhanced Secretion of
SVEGFRI Independent of GM-CSF but Dependent on TIMP-1 in
Endothelial and Glioblastoma Cells. Mol. Oncol. 6 (1), 33-47. doi:10.1016/j.
molonc.2011.11.008

Ribatti, D., and Crivellato, E. (2009). Immune Cells and Angiogenesis. J. Cel Mol.
Med. 13 (9a), 2822-2833. doi:10.1111/j.1582-4934.2009.00810.x

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.-C., et al.
(2011). pROC: an Open-Source Package for R and S+ to Analyze and Compare
ROC Curves. BMC Bioinformatics 12 (1), 77. doi:10.1186/1471-2105-12-77

Rostami, N., Nikkhoo, A., Ajjoolabady, A., Azizi, G., Hojjat-Farsangi, M.,
Ghalamfarsa, G., et al. (2019). SIPR1 as a Novel Promising Therapeutic
Target in Cancer Therapy. Mol. Diagn. Ther. 23 (4), 467-487. d0i:10.1007/
$40291-019-00401-5

Schuler, P. ], Bendszus, M., Kuehnel, S, Wagner, S., Hoffmann, T. K,
Goldbrunner, R., et al. (2012). Urokinase Plasminogen Activator, uPAR,
MMP-2, and MMP-9 in the C6-Glioblastoma Rat Model. In Vivo 26 (4),
571-576.

Simon, T., Jackson, E., and Giamas, G. (2020). Breaking through the Glioblastoma
Micro-environment via Extracellular Vesicles. Oncogene 39 (23), 4477-4490.
doi:10.1038/s41388-020-1308-2

Snell, L. M., McGaha, T. L., and Brooks, D. G. (2017). Type I Interferon in Chronic
Virus Infection and Cancer. Trends Immunol. 38 (8), 542-557. doi:10.1016/j.it.
2017.05.005

Stockmann, C., Schadendorf, D., Klose, R., and Helfrich, I. (2014). The Impact of
the Immune System on Tumor: Angiogenesis and Vascular Remodeling. Front.
Oncol. 4, 69. doi:10.3389/fonc.2014.00069

Szklarczyk, D., Gable, A. L., Nastou, K. C., Lyon, D., Kirsch, R., Pyysalo, S., et al.
(2021). The STRING Database in 2021: Customizable Protein-Protein
Networks, and Functional Characterization of User-Uploaded Gene/
measurement Sets. Nucleic Acids Res. 49, D605-D612. doi:10.1093/nar/
gkaal074

Tan, A. C, Ashley, D. M., Lopez, G. Y., Malinzak, M., Friedman, H. S., and
Khasraw, M. (2020). Management of Glioblastoma: State of the Art and Future
Directions. CA Cancer J. Clin. 70 (4), 299-312. doi:10.3322/caac.21613

Villadangos, J. A., and Young, L. (2008). Antigen-presentation Properties of
Plasmacytoid Dendritic Cells. Immunity 29 (3), 352-361. doi:10.1016/j.
immuni.2008.09.002

Waisman, A., Lukas, D., Clausen, B. E., and Yogev, N. (2017). Dendritic Cells as
Gatekeepers of Tolerance. Semin. Immunopathol. 39 (2), 153-163. doi:10.1007/
500281-016-0583-z

Wang, Z., Gao, L., Guo, X,, Feng, C., Lian, W., Deng, K,, et al. (2019). Development
and Validation of a Nomogram with an Autophagy-Related Gene Signature for
Predicting Survival in Patients with Glioblastoma. Aging 11 (24), 12246-12269.
doi:10.18632/aging.102566

Wu, L., Saxena, S., and Singh, R. K. (2020). Neutrophils in the Tumor
Microenvironment. Adv. Exp. Med. Biol. 1224, 1-20. doi:10.1007/978-3-030-
35723-8_1

Xu, S., Tang, L., Li, X, Fan, F,, and Liu, Z. (2020). Immunotherapy for Glioma:
Current Management and Future Application. Cancer Lett. 476, 1-12. doi:10.
1016/j.canlet.2020.02.002

Yoshihara, K., Shahmoradgoli, M., Martinez, E., Vegesna, R., Kim, H., Torres-
Garcia, W, et al. (2013). Inferring Tumour Purity and Stromal and Immune
Cell Admixture from Expression Data. Nat. Commun. 4, 2612. doi:10.1038/
ncomms3612

Young, N, Pearl, D. K,, and Van Brocklyn, J. R. (2009). Sphingosine-1-Phosphate
Regulates Glioblastoma Cell Invasiveness through the Urokinase Plasminogen

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

15

March 2022 | Volume 10 | Article 778286


https://doi.org/10.1038/s41598-017-12414-3
https://doi.org/10.1586/14737140.2015.1092874
https://doi.org/10.1586/14737140.2015.1092874
https://doi.org/10.1056/nejmoa1308573
https://doi.org/10.1016/j.jneuroim.2013.09.001
http://hiplot.com.cn/basic/venn
https://doi.org/10.1038/onc.2014.336
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1155/2016/6058147
https://doi.org/10.1155/2016/6058147
https://doi.org/10.2176/nmc.ra.2017-0010
https://doi.org/10.1038/s41571-018-0003-5
https://doi.org/10.1007/s00726-017-2407-4
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1189/jlb.0603291
https://doi.org/10.1016/j.jneuroim.2018.06.012
https://doi.org/10.1016/j.jneuroim.2018.06.012
https://doi.org/10.1038/onc.2016.176
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.3389/fonc.2020.590352
https://doi.org/10.1007/s10014-010-0007-z
https://doi.org/10.1007/s10014-010-0007-z
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1016/j.coi.2016.10.006
https://doi.org/10.1016/j.coi.2016.10.006
https://doi.org/10.1186/1476-4598-10-130
https://doi.org/10.1016/j.molonc.2011.11.008
https://doi.org/10.1016/j.molonc.2011.11.008
https://doi.org/10.1111/j.1582-4934.2009.00810.x
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1007/s40291-019-00401-5
https://doi.org/10.1007/s40291-019-00401-5
https://doi.org/10.1038/s41388-020-1308-2
https://doi.org/10.1016/j.it.2017.05.005
https://doi.org/10.1016/j.it.2017.05.005
https://doi.org/10.3389/fonc.2014.00069
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.3322/caac.21613
https://doi.org/10.1016/j.immuni.2008.09.002
https://doi.org/10.1016/j.immuni.2008.09.002
https://doi.org/10.1007/s00281-016-0583-z
https://doi.org/10.1007/s00281-016-0583-z
https://doi.org/10.18632/aging.102566
https://doi.org/10.1007/978-3-030-35723-8_1
https://doi.org/10.1007/978-3-030-35723-8_1
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wang et al.

Activator System and CCN1/Cyr61. Mol. Cancer Res. 7 (1), 23-32. d0i:10.1158/
1541-7786.mcr-08-0061

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.
Biol. 16 (5), 284-287. do0i:10.1089/0mi.2011.0118

Zhuang, T., Chelluboina, B., Ponnala, S., Velpula, K. K, Rehman, A. A,, Chetty, C,
et al. (2013). Involvement of Nitric Oxide Synthase in Matrix Metalloproteinase-
9- And/or Urokinase Plasminogen Activator Receptor-Mediated Glioma Cell
Migration. BMC Cancer 13, 590. doi:10.1186/1471-2407-13-590

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.

Angiogenesis-Related Genes and Glioblastoma

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.

Copyright © 2022 Wang, Hu, Liu and Zhang. 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

16

March 2022 | Volume 10 | Article 778286


https://doi.org/10.1158/1541-7786.mcr-08-0061
https://doi.org/10.1158/1541-7786.mcr-08-0061
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/1471-2407-13-590
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Angiogenesis-Related Gene Signature-Derived Risk Score for Glioblastoma: Prospects for Predicting Prognosis and Immune Hete ...
	Background
	Materials and Methods
	Gene Expression and Clinical Data Acquisition
	Identification of Differentially Expressed Genes and Functional Enrichment Analysis
	Development and Validation of Prognostic Signatures Based on ARGs
	Assessment of the Immune Landscape of GBM
	Evaluation of the Prediction Efficiency of the Risk Score on Chemotherapy and Immunotherapy
	Construction and Evaluation of the Nomogram
	Identification of Key Genes
	Statistical Analysis

	Results
	Identification of Differentially Expressed Genes and Functional Enrichment Analysis
	Identification of Prognostic ARGs and Establishment of the ARG-Related Prognostic Model
	Association Between the Risk Score and Clinical Features
	The Risk Score Predicts the Infiltration of Tumor Microenvironment Cells
	The Risk Score Predicts the Medical Treatment Response
	The Risk Score Was an Independent Prognostic Predictor
	Build Nomogram Combined the Risk Score With Clinical Features
	Identification of the Key Prognostic Genes

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Supplementary Material
	References


