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Background: Long noncoding RNA (IncRNA) can regulate tumorigenesis, angiogenesis, proliferation,
and other tumor biological behaviors, and is closely related to the growth and progression of glioma. The
purpose of this research was to investigate the role of angiogenesis-related IncRNA in the prognosis and
immunotherapy of glioblastoma multiforme (GBM).

Methods: Differential analysis was carried out to acquire angiogenesis-related differentially expressed
IncRNAs (AR-DEIncRNAs). The AR-DEIncRNAs were then subjected to univariate Cox and least absolute
shrinkage and selection operator (LASSO) analyses to construct a prognostic model. Based on the median
risk score, patients were classified into high-risk and low-risk groups. Kaplan-Meier survival analysis was
conducted to estimate the prognostic value of the prognostic model. In addition, a nomogram was built to
predict individual survival probabilities by combining clinicopathological characteristics and a prognostic
model. Furthermore, immune infiltration, immunotherapy, and drug sensitivity analyses were administered
to investigate the differences between the high- and low-risk groups.

Results: We identified 3 IncRNAs (DGCRS5, PRKAG2-AS1, and ACAP2-IT1) that were significantly
associated with the survival of GBM patients from the 255 AR-DEIncRNAs based on univariate Cox and
LASSO analyses. Then, a prognostic model was structured according to these 3 IncRNAs, from which we
found that high-risk GBM patients had a worse prognosis than that of low-risk patients. Moreover, the risk
score was determined to be an independent prognostic factor [hazard ratio (HR) =1.444; 95% confidence
interval (CI): 1.014-2.057; P<0.05]. The immune microenvironment analysis revealed that the immune
score, stromal score, and Estimation of STromal and Immune cells in MAlignant Tumor tissues using
Expression data (ESTIMATE) score were significantly higher in the high-risk group than in the low-risk
group. Neutrophils, macrophages, immature dendritic cells (iDCs), natural killer (NK) CD56dim cells,
activated DCs (aDCs), and uncharacterized cells were different in the high- and low-risk groups. In addition,
the high-risk group had a stronger sensitivity to immunotherapy. Furthermore, the sensitivity of 28 potential
chemotherapeutic drugs differed significantly between the high- and low-risk groups.

Conclusions: A novel angiogenesis-related IncRNA signature could be used to predict the prognosis and
treatment of GBM.
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Introduction

Glioma is one of the most common human primary brain
tumors and has a poor prognosis (1,2). Among all gliomas,
glioblastoma multiforme (GBM) is the most frequent,
accounting for 55% of gliomas globally (3). Despite the
standard treatment of surgery combined with radiotherapy
and chemotherapy, the prognosis of patients with GBM
is still unsatisfactory (2). Therefore, it is urgent to find
more effective treatments for glioblastoma. Prognostic
analysis can provide new ideas for treatment. However,
due to the complicated heterogeneity of glioblastoma,
the prognosis often varies across different patients (4).
Angiogenesis levels of glioma are closely related to tumor
malignancy and prognosis (5). Angiogenesis is a complex
multistep biological process that can provide nutrition and
oxygen to the glioblastoma, which promotes solid tumor
growth and progression (6). An animal study has confirmed
that inhibiting angiogenesis in a GBM animal model can
inhibit tumor growth (7). Furthermore, a clinical study
has also shown that angiogenesis inhibitors can improve
the prognosis of patients with GBM (8). Therefore,
antiangiogenic therapy has been considered a very
promising treatment strategy for GBM.

Long noncoding RNAs (IncRNAs) are transcripts longer
than 200 nucleotides that do not encode proteins (9). The
abnormal expression of functional IncRNAs regulates the
tumorigenesis (10), proliferation (11), development (12),
and other biological behaviors of glioma. A previous
study has shown a close relationship between IncRNAs
and angiogenesis in glioma (13). Therefore, the study of
angiogenesis-related IncRNAs can provide a theoretical
basis for revealing the angiogenic mechanism of GBM.

Our study aimed to investigate the role of angiogenesis-
related IncRNAs in the prognosis and immunotherapy
of GBM and construct a prognostic model according
to IncRNAs to predict the prognosis and treatment of
GBM. We identified differentially expressed IncRNAs
(DE-IncRNAs) in GBM patients and established an
angiogenesis-related prognostic signature using The
Cancer Genome Atlas (TCGA)-GBM cohort. Then, we
estimated the prognostic value of this prognostic model.
Meanwhile, a nomogram was built to predict individual
survival probabilities by combining clinicopathological
characteristics and a prognostic model. Furthermore,
immune infiltration, immunotherapy, and drug sensitivity
analyses were administered to further confirm the predictive
and prognostic value of the prognostic model. We present
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the following article in accordance with the TRIPOD
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-22-1592/rc).

Methods
Data collection

Transcriptome sequencing (3 levels) data and corresponding
clinical information of the TCGA-GBM cohort, including
158 GBM samples with fully available survival data, 11 GBM
samples with unavailable survival data, and 5 normal tissue
samples, were obtained from TCGA database (https://tcga-
data.nci.nih.gov/tega/) (Table S1). Moreover, transcriptome
sequencing data of 133 GBM samples with fully available
survival data in the mRINAseq-693 dataset were downloaded
and used as a validation cohort from the Chinese Glioma
Genome Atlas (CGGA) database (http://www.cgga.org.cn/)
(Table S2). Additionally, a total of 48 angiogenesis-related
genes were acquired from the gene set enrichment analysis
(GSEA)-Molecular Signatures Database v7.4 (http://www.
gseamsigdb. org/gsea/msigdb/index.jsp).

Screening of angiogenesis-related differentially expressed
IncRNAs (AR-DEIncRNAs)

Using the “limma” package (version 3.44.3) in R (The R
Foundation for Statistical Computing, Vienna, Austria),
the DE-IncRNAs were identified between 5 normal and
169 tumor tissues in the TCGA-GBM cohort based on
adjusted standards of P<0.05 and llog2 (fold change)l >1.
The “ggplot” package (version 3.3.3) was used to plot the
volcano plot. The Spearman test was then used to perform a
correlation analysis between 48 angiogenesis-related genes
and IncRNAs of the GBM expression matrix to screen
angiogenesis-related IncRNAs. The screening criteria were
lcorl >0.3 and P<0.01. Then, the angiogenesis-related
IncRNAs were intersected with the DE-IncRNAs as AR-
DEIncRNAs.

Construction and validation of an angiogenesis-related
IncRNA signature

First, GBM samples in the TCGA-GBM cohort were
randomly divided into a training set (n=111) and an internal
validation set (n=47) at a ratio of 7:3. The clinicopathologic
characteristic of patients with GBM in the training set,
validation set, and CGGA_693 cohort are shown in Tible 1.
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Table 1 Clinicopathologic characteristics of GBM patients in TCGA and CGGA cohorts
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Characteristic

TCGA-GBM

Total (n=158)

Training set (n=111)

Testing set (n=47)

CGGA _693 (n=133)

Age (years), mean (= SD)
Gender, n (%)
Female
Male
Unclear
Vital, n (%)
Alive
Dead
Unclear
KPS, mean (+ SD)
Radio_status
Treated
Untreated
Unclear
Chemo_status, n (%)
Treated
Untreated
Unclear
Original subtype, n (%)
Classical
G-CIMP
Mesenchymal
Neural
Proneural
Unclear
IDH status, n (%)
Mutant
WT

Unclear

MGMT promoter status, n (%)

Methylated

Unmethylated

Unclear
1p19q_status, n (%)

Codel

Noncodel

Unclear

59.6 (+13.8)

52 (32.9)
95 (60.1)
11 (7.0)

29 (18.4)
128 (81.0)
1(0.6)
75.2 (+14.2)

129 (81.6)
20 (12.7)
9(5.7)

127 (80.4)
21 (13.3)
10 (6.3)

37 (23.4)
8 (5.1)
45 (28.5)
26 (16.4)
29 (18.4)
13 (8.2)

10 (6.3)
132 (83.5)
16 (10.1)

51 (32.3)
67 (42.4)
40 (25.3)

59.0 (+12.9)

36 (32.4)
65 (58.6)
10 (9.0)

19 (17.1)
91 (82.0)
1(0.9)
75.8 (+14.2)

94 (84.7)
11 (9.9)
6 (5.4)

91 (82.0)
12 (10.8)
8(7.2)
24

21.6)

26.1)

—~ e~ e e e

34 (30.6)
44 (39.6)
33 (29.7)

61.0 (£15.7)

16 (34.0)
30 (63.8)
12.1)

10 (21.3)
37 (78.7)

74.2 (+14.4)

35 (74.5)
9 (19.1)
3(6.4)

36 (76.6)
9 (19.1)
2 (4.3)

13 (27.7)
2(4.3)
16 (34.0)
5 (10.6)
9 (19.1)
2(4.3)

2(4.2)
42 (89.4)
3 (6.4)

17 (36.2)
23 (48.9)
7 (14.9)

52.3 (+13.2)

53 (39.8)
80 (60.2)

23 (17.3)
110 (82.7)

110 (82.7)
19 (14.3)
4(3.0)

109 (82.0)
19 (14.3)
5(3.7)

21 (15.8)
105 (78.9)
7 (5.3)

63 (47.4)
54 (40.6)
16 (12.0)

4(3.0)
104 (78.2)
25 (18.8)

CGGA, Chinese Glioma Genome Atlas; Codel, codeletion; GBM, glioblastoma multiforme; G-CIMP, Glioma CpG island methylator
phenotype; IDH, isocitrate dehydrogenase; KPS, Karnofsky Performance Scale; MGMT, O6-methylguanine-DNA methyltransferase; SD,
standard deviation; TCGA, The Cancer Genome Atlas; WT, wild type.
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Following this, a univariate Cox regression analysis was
exploited to select overall survival (OS)-associated IncRNAs
in the training set (P<0.05). To further narrow down the
candidate IncRNAs, we applied the least absolute shrinkage
and selection operator (LASSO) algorithm to prevent model
overfitting by using the “glmnet” package (version 4.1-1) in R.

A risk score was calculated by LASSO regression
coefficients using the following formula:

Riskscore = )" coef (gene, ) * expr(gene, ) (1]
i=1

where coef (gene;) is the risk coefficient, and expr (gene;) is
the expression level of prognostic IncRNAs. Based on the
median risk score, samples in the training set were divided
into high- and low-risk groups. Kaplan-Meier survival
analysis was used to determine the survival difference
between these 2 risk groups. To assess the performance of
the prognostic model, area under the receiver operating
characteristic (ROC) curve (AUC) analysis was conducted
using the “timeROC” package (version 1.0.3) in R. In
addition, the risk scores of patients with GBM in both
the internal validation set and external validation set
were calculated using the same formula as the methods
mentioned above and used to validate the performance of
the risk signature separately.

Correlation analysis of the risk model and clinical
characteristics

To further explore the correlation between the risk
signature and clinical characteristics, we compared the risk
scores among patients with GBM with different clinical
characteristics in the TCGA-GBM cohort, including age
(=65 vs. <65), sex (female vs. male), O6-methylguanine-
DNA methyltransferase (MGMT) status, and isocitrate
dehydrogenase 1 (IDHI1), and subtype. The results were
visualized by drawing violin plots with the “ggpubr”
package (version 0.4.0).

Independent prognostic factor analysis and nomogram
construction

Univariate and multivariate Cox regression analyses were
performed to investigate the prognostic significance of
clinical characteristics and risk scores in the TCGA-GBM
cohort. The risk score and clinicopathological factors,
including age, sex, MGMT status, IDHI1 status, and
pathological subtypes, were used to perform univariate Cox
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analysis to screen prognostic factors. Moreover, prognostic
factors (P<0.05) were uploaded to multivariate Cox analysis
to identify independent prognostic factors. Based on the
results of the multivariate analysis, we applied the “rms”
package (version 6.2-0) in R to create a nomogram for
guiding clinical decision-making. The calibration curve was
used to assess the predictive accuracy of the nomogram.

Construction of a competing endogenous RNA (ceRNA)
regulatory network of the prognostic IncRNA signature

To predict the ceRNA network of the IncRNA signature,
we used the StarBase 2.0 database (https://starbase.sysu.
edu.cn/starbase2/) to predict IncRNA-microRNA (miRNA)
targeting relationships with a screening condition of
stringency (>1) and used the miRWalk database (http://
mirwalk.umm.uni-heidelberg.de/) to predict the miRNA-
messenger RNA (mRNA) relationship pairs with a
screening threshold of 1. The predicted target genes were
intersected with the downregulated mRNAs according to
the regulatory relationship of ceRNA (the IncRNA and
mRNA expression trends were the same), and genes with
Pearson correlation of Icorl > 0.5 and P<0.05 were used
to construct the ceRNA network. Finally, the targeting
relationships between IncRNAs, miRNAs, and mRNAs
were imported into Cytoscape (version 3.8.2) to construct
the IncRNA-miRINA-mRNA network.

Functional enrichment analysis

"To further examine the prognostic features of the functions
performed by IncRNA target genes, this study used the
“clusterProfiler” package (version 3.18.0) to perform an
enrichment analysis based on the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases. Doing so enabled us to identify the common
functions and related pathways of a large number of
genes within the key gene set. The GO system consists of
3 parts: biological process, molecular functions, and
cellular components. GO terms and KEGG pathways were
selected if the P value was less than 0.05 and the count
showed 2 or more.

Assessment of tumor immune cell infiltration

"To explore immunological differences between the high- and
low-risk groups, we performed Estimation of STromal and
Immune cells in MAlignant Tumor tissues using Expression
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data (ESTIMATE) analysis using the “estimate” package
(version 1.0.13) to obtain the tumor tissue immune score,
stromal score, and ESTIMATE score of both combined.
Single-sample gene set enrichment analysis (ssGSEA) was
employed to analyze the differences in immune infiltration
between the high- and low-risk groups. The abundance of
the 24 immune cells was visualized using “ggplot2” (version
3.3.3) and “ggpubr” (version 0.4.0) to draw box line plots.
In addition, the proportion of 22 immune cell species
in TCGA-GBM was calculated using the CIBERSORT
algorithm (version 1.03) and the LM22 gene set. The
results of scoring 22 immune cell species were visualized by
drawing violin plots using the “vioplot” package (version
0.3.7). In addition, we also used the EPIC, MCP-Counter,
and quanTIseq methods in the “immunedeconv” package
to obtain the percentage of different immune cells. The
proportion of immune and nonimmune cells in the tumor
microenvironment was analyzed using the online database
xCell (https://xcell.ucst.edu/). Finally, leukocyte fraction
data for the GBM samples were obtained from the Genomic
Data Commons (GDC; https://gdc.cancer.gov/about-data/
publications/panimmune) database, and then differences
between high- and low-risk groups were compared using a
rank sum test.

Immunotherapy analysis

First, we compared the expression of immune checkpoint
genes in the high- and low-risk groups. Then, differences in
immunotherapy sensitivity between the high- and low-risk
groups were assessed using Tumor Immune Dysfunction
and Exclusion (TIDE). Using the submap method, we
compared differences in sensitivity of GBM to different
immunotherapies. According to different therapeutic targets
and responses, the sensitivity was divided into programmed
cell death protein 1 (PD-1)-response (R), PD-1-no response
(noR), cytotoxic T-lymphocyte protein 4 (CTLA4)-R, and
CTLA4-noR.

Drug susceptibility analysis

To further examine whether risk scores could be used to
predict the effectiveness of chemotherapy this study used
the “pRRophetic” package (version 0.5) to calculate the
half maximal inhibitory concentration (IC50) of the GBM
sample for drugs in the Genomics of Drug Sensitivity
in Cancer (GDSC) database (https://www.cancerrxgene.
org/). The differences in IC50 of chemotherapeutic agents

© Translational Cancer Research. All rights reserved.
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between the high- and low-risk groups were compared
according to the calculated results.

Statistical analysis

R language was the main tool used to generate figures
and perform the statistical analysis. The use of several R
language packages is described above. A P value less than
0.05 was considered to indicate a statistically significant
difference.

Ethical statement

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Results

Identification of prognostic angiogenesis-related IncRNAs
in GBM

A total of 277 IncRNAs with significant expression
differences in TCGA-GBM were enrolled in this study, of
which 104 were upregulated and 173 were downregulated
(Figure 14). Spearman correlation analysis revealed a total
of 5,681 IncRNAs associated with 48 angiogenic genes
in the IncRNA expression matrix of GBM. Candidate
IncRNAs were intersected with DE-IncRNAs to obtain 255
AR-DEIncRNAs (Figure 1B). Univariate Cox regression
analysis then identified 3 AR-DEIncRNAs that were
significantly associated with OS (P<0.05) (Figure 1C). The
3 most important prognosis-related IncRNAs (DGCRS5,
PRKAG2-AS1, and ACAP2-IT'1) were further screened out
using LASSO analysis (Figures 1D, 1E).

Establishment and validation of the angiogenesis-related
IncRNA signature

A risk model was constructed using the expression of the
3 identified prognosis-related AR-DEIncRNAs and their
corresponding regression coefficients in the TCGA-GBM
training set. The risk score was calculated as follows: risk
score =0.31 x DGCRS + 0.07x PRKAG2-AS1 + 0.02 x
ACAP2-IT1. All patients were divided into high- and
low-risk groups based on the median risk score of 0.9195
in the TCGA-GBM training set. Figure 24 shows the
distribution of survival status and risk score and indicates
that more deaths occurred in the high-risk group. Figure 2B

Transl Cancer Res 2023;12(1):13-30 | https://dx.doi.org/10.21037/tcr-22-1592


https://gdc.cancer.gov/about-data/publications/panimmune
https://gdc.cancer.gov/about-data/publications/panimmune

18

-Logy, (adj. P value)

50

40

30

20

Partial likelihood deviance

GBM_DEIncRNAs

Zhang et al. Novel IncRNA signature predicts the prognosis of GBM

Significant
® Down-regulated
@ Not-significant

@ Up-regulated

T T T : T
-5.0 -2.5 0.0 2.5 5.0
Log,FC
C P value Hazard ratio
DGCRS 0.010 1.389(1.082-1.782)
PRKAG2-AS1 0025  1.083(1.010-1.161)
ACAP2-IT1 0028  1.880(1.070-3.302)
333338383333332222222
8.85 Lambda.1 SE 0.16608
Lambda.min 0.03749
8.80
8.75
8.70 - I3
8.65
8.60

T T T
-45 -4.0

T
-3.5
Log ()

-3.0

T T T
-2.5 -2.0

B

DE_Angiogenesis_IncRNAs

Angiogenesis_IncRNAs

I

x ----

{

00 05 1.0 15 2.0 25 3
Hazard ratio

Coefficients

255

22

' DEIncRNAs

T 1
.0 35

3 2 2 2

© o

— )

o (=]
1 |

0.10

0.05 4

0.00

PRKAG2-AS1

ACAP2-IT1

Lambda.min  Lambda.1 SE

T T T T

-5.0 -45

-4.0

-35 -3.0 -25 -20
Log (r)

Figure 1 Identification of prognostic angiogenesis-related IncRNAs in GBM. (A) DE-IncRNAs in TCGA-GBM. (B) The selection of
differentially expressed AR-DEIncRNAs. (C) Three AR-DEIncRNAs significantly associated with the OS of GBM patients were selected.
(D,E) LASSO variable screening process. AR-DEIncRNAs, angiogenesis-related differentially expressed IncRNAs; DE-IncRNAs, differentially
expressed IncRNAs; IncRNAs, long noncoding RNAs; LASSO, least absolute shrinkage and selection operator; FC, fold change; GBM,

glioblastoma multiforme; TCGA, The Cancer Genome Atlas; OS, overall survival; min, minimum; SE, standard error.
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Figure 2 Validation of the angiogenesis-related IncRNA signature. (A) The distribution of survival status and risk score of patients with GBM
in TCGA-GBM training set. (B) The expression characteristics of the 3 identified prognosis-related differentially expressed AR-DEIncRNAs
in the training set. (C) Survival analysis between the 2 risk subgroups in the training set. (D) ROC curve for patient survival of the training set.
(E,F) The distribution of the survival status and risk score of patients with GBM and the expression characteristics of the 3 identified prognosis-
related AR-DEIncRNAs in the internal validation set. (G) Survival analysis between the 2 risk subgroups in the internal validation set. (H) ROC
curve for patient survival of the internal validation set. (I) The unsupervised heatmap of the expression of 3 prognosis-related AR-DEIncRINAs.
AR-DEIncRNAs, angiogenesis-related differentially expressed IncRINAs; AUC, area under the curve; GBM, glioblastoma multiforme;

IncRNAs, long noncoding RNAs; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas.

displays the expression characteristics of these 3 identified
prognostic signatures. High expression of the 3 prognostic
signatures occurred in patients with high-risk scores. To
verify the survival differences between the 2 groups, we
performed survival analysis on all cases and found that
the OS of patients in the high-risk group was significantly
worse than that in the low-risk group (Figure 2C; P<0.05).
ROC curves were plotted for patient survival from 1 to
5 years, and all AUC values were above 0.6, indicating good
efficacy of the risk model (Figure 2D).

Validation sets showed better prediction accuracy of
our 3 prognostic signatures. In the internal validation set
TCGA-GBM, patients were classified into high- and low-
risk groups according to a median risk score of 0.8113.
Patients in the high-risk group were found to have a
worse prognosis and higher expression of the 3 prognostic
signatures than those in the low-risk group (Figures 2E-2G).
The AUC values of the patients’ ROC curve analysis from
1 to 5 years were all over 0.6 (Figure 2H). Consistent results
were obtained in the external validation set mRNAseq-693
(Figure S1). We plotted the unsupervised heatmap of the
expression of the 3 IncRNAs (Figure 2I).

Differences in risk scores for clinical characteristics

To further investigate the prognosis of clinicopathological
characteristics, the Pearson correlation between
clinicopathological factors and risk score was analyzed. The
correlations between the risk score and sex, age, MGMT
status, and IDHI status were not significant (P>0.05;
Figures 34-3D). Among the subtypes, the proneural
subtypes had a significantly lower risk score than did the
mesenchymal subtypes (P<0.05; Figure 3E).
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The IncRNA signature as an independent prognostic factor
and construction of the nomogram

To estimate critical prognostic factors and the clinical
suitability of the prognostic model, we carried out
univariate and multivariate Cox analyses, from which we
identified independent prognostic factors and formulated
a nomogram. The results of the univariate analysis showed
that risk score, age, MGMT status, and IDH1 status
were statistically significant (P<0.05; Figure 44). After the
multivariate Cox analysis, we found that the risk score was
a dependable independent prognostic factor for patients
with GBM [hazard ratio (HR) =1.444; P=0.042; Figure 4B).
A predictive nomogram was constructed to predict the 1-,
2-, and 3-year survival rates of GBM cases based on the risk
score, age, and MGMT status (Figure 4C). The concordance
index of the nomogram was calculated to be 0.6742836,
indicating that the model was effective in predicting 1 to
3-year survival (Figures 4D-4F).

Construction of the cceRNA network of the IncRNA
signature and functional analysis

To better investigate the regulatory mechanism of the
IncRNA signature in GBM, we constructed a IncRNA
signature-related ceRNA network. First, 29 miRNAs with
targeting relationships with IncRNAs were obtained using
the Starbase2.0 database (IncRNA-miRINA). Then, the target
mRNAs of 29 miRNAs were predicted in the miRWalk
database. According to the expression downregulation
characteristics of the IncRNA signatures ACAP2-IT1,
PRKAG2-AS1, and DGCRS, the predicted target genes
were intersected with the differentially downregulated
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mRNAs. Finally, a ceRNA network containing 3 IncRNAs,
29 miRNAs, and 69 mRNAs was constructed based on the
genes (Icorl >0.5; P<0.05; Figure 5A).

The functions of the target genes of the IncRNA
signature were further analyzed. GO functional enrichment
results showed that the target genes were significantly
associated with biological processes, such as regulation
of neurotransmitter secretion, synaptic organization,

© Translational Cancer Research. All rights reserved.

modulation of chemical synaptic transmission, regulation
of membrane potential, regulation of exocytosis, synaptic
vesicle exocytosis, regulation of the synaptic vesicle cycle,
and regulation of trans-synaptic signaling. In terms of
cellular composition, target genes were significantly related
to the functions of synaptic membranes, presynaptic
membranes, transport complexes, postsynaptic density,
distal axons, neuron-to-neuron synapses, postsynaptic
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specialization, glutamatergic synapses, transmembrane
transporter complexes, and ion channel complexes.
In terms of molecular function, the target genes were
significantly linked to voltage-gated channel activity,
ion channel activity, cation channel activity, metal ion

© Translational Cancer Research. All rights reserved.

transmembrane transporter activity, syntaxin-1 binding,
and passive transmembrane transporter activity (Figure 5B).
KEGG analysis showed a significant correlation between
target genes and myocardial contraction, hypertrophic
cardiomyopathy, the mitogen-activated protein kinase
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(MAPK) signaling pathway, the synaptic vesicle cycle,
hypertrophic cardiomyopathy, arrhythmogenic right
ventricular cardiomyopathy, adrenergic signaling in
cardiomyocytes, cocaine addiction, and cholinergic synapse

(Figure 5C).

The IncRNA signature was associated with the immune
microenvironment

The findings of the immune microenvironment analysis
revealed that the immune score, stromal score, and
combined ESTIMATE score of the 2 were higher in the
high-risk group than in the low-risk group, indicating high
immune cell infiltration in the high-risk group (Figure 6A).
According to ssGSEA, the proportion of neutrophils,
macrophages, immature dendritic cells iDCs), natural
killer (NK) CD56dim cells, and activated DCs (aDCs)
were significantly different between the high- and low-risk
groups (P<0.05; Figure 6B). In addition, only the proportion
of resting NK cells was different between the groups in the
CIBERSORT algorithm results (P<0.05; Figure 6C). The
results analyzed in the “immunedeconv” package showed
significant differences in the proportion of macrophage
M2, uncharacterized cells, and macrophage/monocyte
cells between the high- and low-risk groups (P<0.05;
Figures S2A-S2C). A total of 10 immune/nonimmune
cells were significantly different between the high- and
low-risk groups based on online database xCell analysis;
the differences were in megakaryocytes, keratinocytes,
plasmacytoid dendritic cells (pDCs), macrophages, M2
macrophages, pro-B cells, memory B cells, NK cells,
T helper type 1 (Thl cells), and melanocytes (P<0.05;
Figure S2D). Furthermore, the leukocyte fraction was
significantly higher in the high-risk group than in the low-
risk group (P<0.05; Figure S2E). These results suggest a
powerful correlation between the 3-IncRNA signature and
the immune microenvironment.

The IncRNA signature was associated with immunotberapy
of PD-1-R

We assessed the correlation between the prognostic model
and the expression values of immune checkpoint genes
that could be used as indicators for predicting the immune
response. The results demonstrated that only CD274,
PDCD1LG2, LAG3, and PDCD1 immune checkpoint
molecules were present in GBM samples; unfortunately, their
expression did not show significant differences between the

© Translational Cancer Research. All rights reserved.
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high- and low-risk groups (Figure 7A4). In addition, the results
of the differential assessment of immunotherapy sensitivity
indicated no significant difference in the immune response
in the high- and low-risk groups (Figure 7B). We further
evaluated the response of the high- and low-risk groups
to immunotherapy for PD-1 and CTLA4 and concluded
that there was a significant difference in the sensitivity of
immunotherapy for PD-1 between the high-risk group and
low-risk group (Figure 7C).

The IncRNA signature could predict chemotherapy drug
sensitivity

Analysis of differences in chemotherapy between
high- and low-risk groups identified 28 drugs with
significant differences in IC50 value, including OSI.906,
cyclopamine, bosutinib, vinblastine, MG.132, cytarabine,
AZD7762, A.770041, GSK269962A, FH535, ABT.888,
pyrimethamine, salubrinal, lenalidomide, camptothecin,
BIRB.0796, AS601245, NSC.87877, AICAR, MS.275,
tipifarnib, cisplatin, nilotinib, dasatinib, KIN001.135,
JNJ.26854165, axitinib, and A.443654. This result implies
that these drugs may be potential chemotherapeutic agents
for GBM (Figure 8).

Discussion

In recent years, the role of IncRNAs in the tumorigenesis
and development of glioma has been gradually recognized.
The function of IncRNAs is complicated and can be
roughly divided into the following aspects: regulating the
function of target proteins directly, regulating the stability
and translation of long-stranded RNA molecules, affecting
the inhibitory function of miRNAs, and regulating gene
transcription (14). Many studies have shown that IncRNAs
participate in the regulation of angiogenesis in glioma.
Some IncRNAs can promote angiogenesis in glioma.
IncRNA H19 promotes glioma angiogenesis via the miR-
342-Wnt5a-beta-catenin axis (13). The IncRNA RPL34-
AS1 promotes glioma angiogenesis by regulating the
vascular endothelial growth factor A (VEGFA) signaling
pathway (15). Other IncRNAs that have been reported to
promote glioma angiogenesis include IncRNA PVTT1 (16),
IncRNA CCAT?2 (17), and IncRNA NKILA (18).
Meanwhile, some IncRNAs show inhibitory effects
on the angiogenesis of glioma. LncRNA SLC26A4-AS1
inhibits glioma angiogenesis by upregulating NPTX1 via
nuclear factor kappa B subunit 1 (NFKB1) transcription

Transl Cancer Res 2023;12(1):13-30 | https://dx.doi.org/10.21037/tcr-22-1592
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Figure 6 The relationship between the IncRNA signature and the immune microenvironment of GBM. (A) The immune score, stromal
score, and combined ESTIMATE score were higher in the high-risk group than in the low-risk group. (B) According to ssGSEA, the
proportion of neutrophils, macrophages, iDCs, NK CD56dim cells, and aDCs were significantly different between the high- and low-risk
groups (P<0.05). (C) The proportion of resting NK cells was different between groups in the CIBERSORT algorithm results (P<0.05). *,
P<0.05; **, P<0.01. aDC, activated DCs; DC, dendritic cell; ESTIMATE, Estimation of STromal and Immune cells in MAlignant Tumor
tissues using Expression data; GBM, glioblastoma multiforme; iDC, immature dendritic cells; IncRNAs, long noncoding RNAs; NK, natural
killer; ns, no significance; pDC, plasmacytoid dendritic cell; ssGSEA, single-sample gene set enrichment analysis; Tem, central memory T
cell; Tem, effector memory T cell; TFH, follicular helper T cell; Tgd, v/8 T cell; Treg, T regulator cell.
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factor (19). Since IncRNAs play an important role in the
angiogenesis of glioma, they are considered potential targets
for glioma therapy. It has been reported that the knockdown
of IncRNA H19 can inhibit the proliferation, migration,
and angiogenesis of glioma cells (13). Similar results have
also been shown in other studies (15,17). In addition to
participating in the regulation of glioma angiogenesis,
IncRNAs are also related to the prognosis of patients with
glioma. It has been shown that IncRNAs PVT1 and HAR1A
can be used as prognostic biomarkers to indicate therapy
outcomes for diffuse glioma patients (20). Some researchers
constructed risk models based on immune-related IncRNAs.
The results showed that the IncRNA-based risk model
could be used to evaluate the prognosis of patients with
glioma and predict the efficacy of immunotherapy (21).

In the present study, 3 AR-DEIncRNAs (DGCRS5,
PRKAG2-AS1, and ACAP2-IT1) that significantly
associated with the prognosis of patients with GBM
were identified. IncRNA DGCRS has been recognized
as a potential tumor progression regulator. Abnormal
expression of DGCRS regulates the progression of
digestive cancers by affecting cancer cell proliferation,
aggression, metastasis, and drug resistance (22). In
addition, DGCRS also plays an important role in glioma.
Some studies have shown that DGCRS5 is significantly
associated with the prognosis of patients with glioma and
participates in the regulation of the immune response,
immune infiltration, and cell proliferation of glioma
(23,24). LncRNA PRKAG2-AS1 was reported to be a
prognosis-related factor in patients with hepatocellular
carcinoma (HCC) (25). Targeting PRKAG2-AS1 can
significantly inhibit proliferation, migration, and invasion
in HCC cells (25). LncRNA ACAP2-IT1 seems to be
related to the regulation of N6-methyladenosine, which
plays an important role in carcinogenesis and cancer
inhibition (26). According to the results of the present
study, DGCRS5, PRKAG2-AS1, and ACAP2-IT1 are
angiogenesis-related and are significantly associated with
the OS of patients with GBM. This finding suggests
that these 3 IncRNAs may provide potential therapeutic
targets for further research on the antiangiogenic therapy
of GBM.

We further established a risk model based on the 3
identified AR-DEIncRNAs (DGCRS5, PRKAG2-AS1,
and ACAP2-IT1) and validated it. The results showed
the good efficacy of the risk model. We then used the risk
model to predict the prognosis of GBM with different
clinicopathological characteristics. The results showed that

© Translational Cancer Research. All rights reserved.
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the proneural subtypes had a significantly lower risk score
than did the mesenchymal subtypes. The proneural subtype
GBM has neuronal differentiation, which is common
in young adults. The molecular pathological features of
proneural GBM are IDH, TP53 mutations, and positivity
for the glioma CpG island methylator phenotype (G-CIMP)
and normal epidermal growth factor receptor (EGFR),
PTEN, and Notch signaling. In contrast, mesenchymal
GBM has mesenchymal differentiation, which is common
in older adults. The molecular pathological features of
mesenchymal GBM are abnormal EGFR amplification,
PTEN loss, NFI mutations, and Akt signaling (27).
Compared with the mesenchymal subtype, the outcome of
the proneural subtype is better (27), which is consistent with
the risk score and proves the accuracy of the risk model.

To further investigate the regulatory mechanism of the
IncRNA signature in GBM, we constructed a IncRNA
signature-related ceRNA network, and 29 miRNAs were
involved in this network. Among these miRNAs, miR-22-
3p, miR-141-3p, miR-206, miR-30a-5p, miR-30b-5p, miR-
491-5p, miR-655-3p, and miR-944 have been confirmed
to be closely related to the progression, angiogenesis,
radioresistance, and chemoresistance of glioma (28-35).
Ten IncRNA signature-related pathways were identified
using pathway enrichment analysis. Among them, the
MAPK pathway has been confirmed to be closely related
to angiogenesis, invasion, proliferation, and migration of
glioma (36-38). These results indirectly link these AR-
DEIncRNAs to angiogenesis. However, direct evidence
of the involvement of these IncRNAs in angiogenesis
regulation is still lacking. The effects of these IncRNAs,
miRNAs, and their target genes in the ceRNA network on
glioma need to be further studied.

The GBM microenvironment contains infiltrating
and resident immune cells, such as microglia, peripheral
macrophages, myeloid-derived suppressor cells (MDSCs),
leukocytes, CD4" T cells, and T regulator cells (Tregs),
which have a crucial role in glioma growth, metastasis, and
response to treatment (39). In the present study, although
the results of various analysis methods were different in
the types of immune cells, in general, the immune cell
infiltration in the high-risk group was higher than that of
the low-risk group. Notably, the CIBERSORT algorithm
results showed that the proportion of NK resting cells
was higher in the high-risk group than in the low-risk
group. Some studies have confirmed that infiltrating NK
cells in glioma tissues are nonfunctional, possibly due to
contact with immunosuppressive cells, such as glioma-
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associated microglia, macrophages (GAMs), MDSCs,
and Tregs (39,40). These cells inhibit the activities of
NK cells by suppressing NKG2D expression and the
production of interferon gamma (INF-y) (39). Meanwhile,
the proportion of macrophages was higher in the high-
risk group than in the low-risk group. Macrophages and
microglia are the predominant immune population in
gliomas and can constitute up to 30-50% of the total
cellular composition (41). GAMs have been shown to
engage in reciprocal interactions with neoplastic tumor
cells to promote tumor growth and progression (42). The
number of GAMs is higher in high-grade than in low-
grade glioma and is generally a negative prognostic factor
for survival (41). These results suggest that the risk model
can help evaluate the tumor immune microenvironment of
patients with GBM.

Our results showed that the high-risk group possessed a
higher sensitivity to PD-1-R immunotherapy than did the
low-risk group. Tumor-associated macrophages (TAMs)
express PD-1. The expression of PD-1 on TAMs increases
with tumor progression and correlates negatively with
phagocytic activity against tumor cells. Blockade of PD-1/
programmed death-ligand 1 (PD-L1) in vivo reduces
tumor growth and increases survival in mouse models of
cancer (43). Considering the higher proportion of
macrophages in the high-risk group, this may be one of
the mechanisms by which the high-risk group has a higher
sensitivity to PD-1R immunotherapy compared to the low-
risk group.

Finally, we analyzed the differences in chemotherapy
drug sensitivity between the high- and low-risk groups.
These results may provide valuable information for drug
selection during the chemotherapy of GBM. However, the
effectiveness of these drugs for GBM warrants further basic
and clinical study validation.

There are a few limitations in our research. Our
predictions and validation were conducted using
bioinformatics technologies, and we did not conduct clinical
research with our patient tissue samples. In addition,
further experiments iz vivo and in vitro were absent, which
should be addressed in our future research. Despite these
limitations, the results in this study were accurate and
acquired after extensive data analysis. Our results provide a
new research direction that can progress our understanding
of the mechanism of glioblastoma.

In conclusion, we developed and validated an
angiogenesis-related IncRNA signature for predicting
the prognosis of patients with GBM. Moreover, the

© Translational Cancer Research. All rights reserved.
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novel signature could be applied for therapeutic response
prediction during the treatment of these patients.
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