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1 | INTRODUCTION

| Guan-yong Ou?

| Wei-jiang Zhao'?

Abstract

Low-grade glioma (LGG) is a heterogeneous tumour with the median survival rate less
than 10 years. Therefore, it is urgent to develop efficient immunotherapy strategies
of LGG. In this study, we analysed mutation profiles based on the data of 510 LGG
patients from the Cancer Genome Atlas (TCGA) database and investigated the prog-
nostic value of mutated genes and evaluate their inmune infiltration. Tumor Immune
Dysfunction and Exclusion (TIDE) algorithm was used to indicate the characteristics
of gliomas that respond to immune checkpoint blockade (ICB) therapy. Univariate and
multivariate cox regression analysis was performed to identify indicators to construct
the nomogram model. 485 (95.47%) of 508 LGG samples showed gene mutation, and
9 mutated genes were significantly related to overall survival (OS), among which 6 mu-
tated genes were significantly correlated with OS between mutation and wildtypes.
Immune infiltration and immune score analyses revealed that these six mutated genes
were significantly associated with tumour immune microenvironment in LGG. The re-
sponse of LGG with different characteristics to ICB was evaluated by TIDE algorithm.
Finally, CIC gene was screened through both univariate and multivariate Cox regres-
sion analyses, and the nomogram model was established to determine the potential
prognostic value of CIC in LGG. Our study provides comprehensive analysis of mu-
tated genes in LGG, supporting modulation of mutated genes in the management of
LGG.

KEYWORDS
CIC, LGG, mutated genes, prognosis, tumour immune microenvironment

by the World Health Organization (WHO) as grades | and Il ac-

Low-grade glioma (LGG), a heterogeneous tumour constituting up
to approximately 20% of intracranial tumours,® is one of the most
popular primary intracranial tumours in humans. LGG is classified

cording to clinicopathological and histological features.! WHO
grade | LGG is benign and discrete tumours that can be cured by
surgical removal, and WHO grade Il LGG is diffuse, infiltrative and
rarely curable.? Most LGG cases occur in the fourth decade of life,
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and the median survival rate of LGG patients is less than 10 years.®
Seizure is the most common initial symptom of LGG, which seri-
ously threatens the life quality of patients.4 In general, the current
standard therapy of LGG is a combination of maximal safe surgi-
cal resection, radiation therapy, chemotherapy and antiepileptic
drugs.5 In recent years, people have made unprecedented prog-
ress in understanding the genomic changes and molecular biology
of gliomas, which provides a large-scale collaborative treatment
trial, but the improvement of survival rate is still unsatisfactory
because of gliomas highly invasive characteristic and treatment
resistance.®” Therefore, understanding the molecular mecha-
nisms to find novel therapeutic methods plays a vital role in de-
laying tumour malignancy transformation and prolonging survival
time of patients with LGG.

The tumour microenvironment (TME) represents the circum-
stance in which tumour cells grow, and it is composed of tumour
cells themselves and a few kinds of stromal cells, including the fi-
broblasts, immune and inflammatory cells, glial cells and other cells
surrounding them.© Infiltrating immune cells are an essential part
of the tumour microenvironment, and they play a critical role in
tumorigenesis and tumour progression.“ It has been reported that
significant changes in critical components of the immune response
can subsequently lead to tumour immune evasion in gliomas,12
Currently, immunotherapy for many types of cancers is a promising
strategy to revolutionize clinical management and improve survival
rate of patients with LGG. Different from conventional therapies,
immunotherapy can activate the patient's autoimmune system and
enhance the patient's anti-tumour immune response to kill can-
cer cells.® Recently, different immunotherapies have been used
to treat many malignant cancers, including immune checkpoint
blockade (ICB), therapeutic vaccines, cytokine therapy and cellular
therapy.’*'> Tumour mutational burden (TMB) and microsatellite
instability (MSI) are well-characterized biomarkers predicting of
responses to immunotherapies.'®'” Previous study had provided
new insights into LGG immunotherapies through exploring the
relationship between mutants of the hub genes and immune cell
infiltration and the relationships between the immune-related risk
score system and the TME in LGG using informatic analysis; the
result showed the negative correlation between TMB and OS and
the relationship between high TMB and worse immune infiltration
in LGG.X® In order to gain precision medicine and a better progno-
sis in immunotherapy, it is thus meaningful to further investigate
the correlations between the mutated genes and tumour immu-
nity features, and explore reliable biomarkers of immunotherapy
against LGG.

It is thus necessary to perform the feasible bioinformatical
analysis for clinical information as strong evidence to identify the
core molecules and predict the prognosis of LGG. In this study,
we analysed the mutation profiles based on the data of 510 LGG
patients from TCGA database and screened top 30 mutated genes
with the highest mutation frequency, followed by functional en-
richment analysis through Gene Ontology (GO) term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment

analysis. We also investigated the effect of the mutated gene ex-
pression level on the overall survival (OS) rate of patients with
LGG, revealing nine mutated genes expression level significantly
correlated with the OS of LGG patients. Subsequently, we inves-
tigated the expression level of these mutated genes in gliomas
and normal samples and the effect of these mutated genes on the
OS in mutation and wildtypes, indicating among which 6 mutated
genes were significantly correlated with OS in both mutation and
wildtypes. We analysed the relationship between mutated genes
and immune infiltration parameters. We also performed Tumor
Immune Dysfunction and Exclusion (TIDE) algorithm to indicate
the characteristics of gliomas that respond to immune checkpoint
blockade (ICB) therapy. CIC gene was identified as a potential in-
dependent indicator through both univariate and multivariate Cox
regression analyses with the inclusion of prognostic value of age,
gender and grade. Finally, a predictive nomogram model of LGG
was constructed to evaluate the potential prognostic value of CIC
in LGG. The present study may be helpful to developing targeted
drugs and immunosuppressants for the treatment of patients with
LGG, and provide a new idea and direction for the clinical research
of LGG therapy.

2 | MATERIALS AND METHODS

2.1 | Data acquisition

The genetic mutation data, transcriptome data and clinical data of
TCGA-LGG dataset were obtained from the Cancer Genome Atlas
(TCGA) database (http://cancergenome.nih.gov/abouttcga). The
clinical data of patients are shown in Table S1. Additionally, RNA-seq
data from Chinese Glioma Genome Atlas (CGGA) database (http://
www.cgga.org.cn/) and REMBRANDT dataset from GlioVis (http://
gliovis.bioinfo.cnio.es/) were downloaded as validation cohorts.
All data retrieved from TCGA and GTEx database were corrected
and normalized using the ‘normalize between array’ function of the

‘limma’ R package.

2.2 | Mutation landscape in the LGG cohort

To comprehensively investigate the somatic mutations of the pa-
tients with LGG in the TCGA database, mutation data were down-
loaded and visualized using the ‘maftools’ R package through R

software (version 4.0.3).

2.3 | Functional enrichment analysis of mutated
genes in LGG

To obtain a comprehensive set of functional annotation for top

30 mutated genes in LGG, R package ‘clusterProfiler’ in R software

)19

(version 4.0.3)"” was employed to investigate the GO and KEGG
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enrichment analysis of top mutated genes in LGG in this study with
FDR < 0.05 as the cut-off criteria.

2.4 | Identification of survival-related
mutated genes

The TCGA-LGG dataset was used to identify mutated genes asso-
ciated with OS. The Kaplan-Meier survival analysis with log-rank
test was used to compare the survival difference between high and
low expression of mutated genes in LGG. Meanwhile, we also in-
vestigated the OS difference between mutant and wildtype group
of mutated genes in LGG. In addition, GSCA database (http://bioin
fo.life.hust.edu.cn/GSCA/#/) was performed to determine the SNV
(Single Nucleotide Variation) and CNV (Copy Number Variation) of
mutated genes, and their correlation with survival. In addition, we
further explored the survival difference between mutated gene
set SNV and wildtype. For Kaplan-Meier curves, p-values and haz-
ard ratio (HR) with 95% confidence interval (Cl) were generated
by log-rank tests and univariate Cox proportional hazards regres-
sion. Expression distribution difference of survival-related genes
between LGG samples and normal tissues was performed by the
Kruskal-Wallis test. Meanwhile, we also investigated the expres-
sion difference of survival-related genes on genders and ages in
patients with LGG.

2.5 | Identification of the correlation between
survival-related mutated genes and immune
infiltrates

To observe the differences of immune cells in LGG samples and nor-
mal tissues, GSCA database was first used to explore the correlation
between immune infiltrates and expression, SNV and methylation
of survival-related mutated genes. Then, we further investigated
the immune cell score in mutant and wildtype of survival-related
mutated genes using R package ‘immunedeconv’ through TIMER
algorithms, in R software (version 4.0.3).20 SIGLEC15, TIGIT, CD274,
HAVCR2, PDCD1, CTLA4, LAG3 and PDCD1LG2 were selected to
be immune checkpoint-related genes, and their expression values
in mutant and wildtype of survival-related mutated genes in LGG
were extracted. The expression correlation between the expression
of survival-related mutated genes and that of immune checkpoints-
related genes in LGG was depicted with Spearman's correlation

analysis.

2.6 | Correlation analysis between the
expression of survival-related mutated genes and
TMB/MSI

We analysed the correlation between the expression of survival-
related mutated genes and TMB/MSI. We used Spearman's

correlation analysis to describe the correlation, and a p-value of less

than 0.05 was considered statistically significant.

2.7 | Immune checkpoint blockade response
prediction using TIDE algorithm

Tumor Immune Dysfunction and Exclusion algorithm?® uses a set
of gene expression markers to evaluate the mechanism of tumour
immune escape. Here, potential immune checkpoint blockade
(ICB) response was predicted with TIDE algorithm based on ex-
pression profile in LGG. The high TIDE score indicates the bad
curative effect of ICB and short survival time after ICB treatment

in patients.

2.8 | Identification of independent prognostic
parameters and construction of predictive Nomogram
for LGG

To further identify independent prognostic factors and to validate
the independent prognostic value of mutated genes, we first used
univariate Cox and log-rank tests to evaluate the prognostic sig-
nificance of OS and progress-free survival (PFS). In addition, mul-
tivariate Cox regression analyses were further performed in the
TCGA-LGG dataset on the prognostic mutated genes and clinico-
pathological parameters including age, sex and tumour grade. Based
on univariate and multivariate Cox regression analyses, predictive
Nomograms of OS and PFS for LGG were constructed through ‘rms’
R package.

2.9 | Statistical analysis

All the above analysis methods and R packages were implemented
by R foundation for statistical computing (2020) version 4.0.3
and ggplot2 (v3.3.2). P value < 0.05 was considered statistically

significant.
3 | RESULTS
3.1 | Mutation landscape of somatic mutations in

LGG

We downloaded mutation data from TCGA database and used the
‘maftools’ package in R software to visualize the data so as to identify
the somatic mutations of the patients with LGG. Horizontal histogram
showed the top 30 mutated genes with the highest mutation fre-
quency in patients with LGG (n = 508; Figure 1A). The most common
type of mutation in LGG patients was missense mutations (Figure 1Ba).
Single nucleotide polymorphism (SNP) was the predominant muta-
tion variant type (Figure 1Bb), and C>T occupied an absolute position
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FIGURE 1 Mutation landscape of the low-grade glioma (LGG) cohort. Waterfall plot showing the mutation patterns of top 30 mutated
genes ordered by the mutation frequency, with different colours with specific annotations at the bottom representing the various mutation
types (A). Cohort summary plot displays classification of mutation types according to different categories and tumour mutation burden in

samples (B)

Figure 1Be. In addition, Figure 1Bf showed the top 10 mutated genes,
including IDH1 (76%), TP53 (45%), ATRX (33%), CIC (20%), TTN (12%),
FUBP1 (9%), MUC16 (7%), NOTCH1 (7%), PIK3A (6%) and EGFR (6%).

compared with other SNV classes (Figure 1Bc). The median of the mu-
tation variants per sample was 25 as shown in Figure 1Bd, and the
box diagram of each colour represents a kind of mutation as shown in
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In the following analysis, we focused on these top 30 mutated genes

with the highest mutation frequency.

3.2 | Functional enrichment analysis of top
30 mutated genes

Three categories of GO functional enrichment analyses (biologi-
cal process (BP), cellular component (CC) and molecular function
(MF)) and KEGG pathway enrichment analysis were performed to
further analyse the function of the top 30 mutated genes with the
highest mutation frequency shown in the Figure 1A. The enriched
GO terms for these 30 mutated genes mainly included the striated
muscle tissue development, muscle tissue development, cardiac
muscle tissue development, heart morphogenesis and phosphati-
dylinositol 3-kinase signalling items in the BP category (Figure S1A),
apical plasma membrane, apical part of cell, sarcomere, contractile
fibre part and myofibril items in the CC category (Fig. S1B), and
chromatin binding, calmodulin binding and protein self-association
items in the MF category (Figure S1C). As shown in Figure S1D and
S1E, the KEGG pathway analysis indicated that central carbon me-
tabolism in cancer, hepatocellular carcinoma, endometrial cancer,
melanoma and breast cancer were the mainly enriched pathways in
the top 30 mutated genes. Figure S1F showed the association be-
tween the main mutated genes (PIK3R1, PIK3CA, TP53, EGFR, PTEN,
NOTCH1, SMARCA4, NF1, IDH1 and ARID1A) and the top 20 KEGG
terms. Figure S2 showed the enrichment network describing the
association among the different GO term such as BP (Figure S2A),
MF (Figure S2B) and CC (Figure S2C) and the association among the
enriched KEGG pathways (Figure S2D). Moreover, dot-line network
plots display the relationship of mutated genes with the top 10 en-
riched biological processes (Figure S2E) and the top 10 enriched
KEGG pathways (Figure S2F).

3.3 | Prognostic value of the mutated genes in LGG
Next, we downloaded the prognostic information of the patients
with LGG from TCGA database to analyse the prognostic value of
the top 30 mutated genes by the log-rank tests and univariate Cox
proportional hazards regression, and the results showed that the ex-
pression level of 9 mutated genes was significantly correlated with
survival prognosis, including IDH1, TP53, CIC, EGFR, PIK3R1, ARID1A,
FLG, APOB and KAT6B (Figure 2A). Then, we performed Kaplan-Meier
analysis to analyse the prognostic value of these 9 mutated genes,
and the results showed that high expression of APOB, ARIDIA, CIC,
EGFR, IDH1 and TP53 was associated with worse OS (p < 0.05 for
EGFR, and p < 0.01 for the other genes) and high expression of FLG,
KAT6B and PIK3R1 was significantly related with a better prognosis
in patients with LGG (p < 0.01 for all the three genes; Figure 2B).
We also downloaded the prognostic information of the patients
with LGG from REMBRANDT database and CGGA database to ana-
lyse the prognostic value of the screened genes by Kaplan-Meier

analysis. As shown in the Figure S3A, high expression of ARIDIA, CIC,
EGFR, IDH1 and TP53 was associated with worse OS (p < 0.05 for
ARIDIA and CIC, and p < 0.01 for the other genes) and high expres-
sion of APOB, FLG, KAT6B and PIK3R1 was significantly related with
a better prognosis in patients with LGG (p < 0.05 for APOB and FLG,
and p < 0.01 for the other genes) in the REMBRANDT database.
As shown in the Figure S3B, high expression of APOB, ARIDIA, CIC,
EGFR, IDH1 and TP53 was associated with worse OS (p < 0.05 for
TP53, and p < 0.01 for the other genes) and high expression of FLG,
KAT6B and PIK3R1 was significantly related with a better prognosis
in patients with LGG (p < 0.05 for KATéB and FLG, and p < 0.01 for
PIK3R1) in the CGGA database.

3.4 | The expression of the mutated genes in
LGG and GBM

Subsequently, we assessed the relative expression of the nine mu-
tated genes in the LGG, GBM and normal samples. Analysis of expres-
sion profiles showed that the expression of ARIDIA, CIC, EGFR, IDH1,
KATéB, PIK3R1 and TP53 was significantly higher in LGG and GBM
patients compared with normal samples (p < 0.001 for all the genes)
and FLG expression in LGG was significantly higher than that of normal
samples (p < 0.001; Figure S4A). Only the expression of APOB had no
significant difference in the LGG, GBM and normal samples. We also
found the expression level of EGFR and CIC in the male is higher than
that in the female (Figure S4B). In addition, only EGFR, FLG and KAT6B
expression level was significantly altered in LGG patients of different
ages, compared to other mutated genes (Figure S4C).

3.5 | Survival analysis of the nine mutated genes in
mutant groups and wildtypes

To further explore the prognostic value of the screened mutated
genes, we also analysed the OS of the corresponding mutant and
wildtypes. In addition, we found that ARID1A mutant group (p < 0.05,
HR(WT) = 8.091, 95%Cl (1.121, 58.379)), CIC mutant group (p < 0.001,
HR(WT) = 4.326, 95%Cl (2.106, 8.886)) and IDH1 mutant group
(p < 0.001, HR(WT) = 3.787, 95%Cl (2.638, 5.435)) showed signifi-
cantly better OS than wildtype. In addition, the OS of EGFR mutant
group (p < 0.001, HR(WT) = 0.229, 95%Cl (0.138, 0.378)), FLG mutant
group (p < 0.05, HR(WT) = 0.464, 95%Cl (0.254, 0.848)) and TP53 mu-
tant group (p < 0.05, HR(WT) = 1.527, 95%Cl (1.066, 2.186)) was sig-
nificantly lower than wildtype, whereas APOB, KAT6B and PIK3R1 had
no significant difference for OS in mutant and wildtypes (Figure 3).

3.6 | Copy number variation and SNV analyses of
six mutated genes in LGG

Next, we performed genetic variants analysis of the screened six mu-
tated genes in LGG using GSCA database, including CNV and SNV.
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FIGURE 2 Survival analysis of the mutated genes. Survival analysis of top 30 mutated genes was performed by the log-rank tests and
univariate Cox proportional hazards regression (A), and the nine mutated genes (APOB, ARID1A, CIC, EGFR, FLG, IDH1, KATé6B, PIK3R1 and
TP53) are related to OS (overall survival) in LGG (B)

We analysed the CNV percentage of six survival-related mutated
genes in LGG, demonstrating that CIC gene had the highest CNV
percentage (53.02%), followed by ARID1A (40.35%), EGFR (25.34%),
FLG (8.77%), TP53 (7.79%) and IDH1 (7.02%; Figure 4A). From the

perspective of heterozygous CNV in LGG, heterozygous amplifica-

tion is the main alteration in TP53, FLG and EGFR and heterozygous
deletion is the main alteration in CIC, ARID1A and IDH1 (Figure 4B).
From the perspective of homozygous CNV in LGG, homozygous
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FIGURE 3 Prognostic analysis of nine mutated genes in mutant and wild type. Mutations in ARID1A, CIC, EGFR, FLG, IDH1 and
TP53 have a prognostic impact in patients with Low-grade glioma (LGG). MT, mutant type; WT, wildtype

amplification is the main alteration in EGFR and homozygous dele- group, IDH1-SNV group, CIC-SNV group and ARID1A-SNV group
tion is the main alteration in CIC (Figure 4C). As shown in Figure 4D, were significantly different from wildtype in OS and PFS, among
we also analysed the SNV percentage of six mutated genes in LGG, which EGFR-SNV group had the highest risks in OS and PFS. As
demonstrating that IDH1 gene had the highest SNV, followed by shown in Figure 4F, TP53-CNV group, EGFR-CNV group, CIC-CNV
TP53, CIC, EGFR, FLG and ARID1A. group and ARID1IA-CNV group were significantly different from

Then, we compared the OS between SNV group and wildtype, wildtype in OS and PFS. We then integrated the sample set of mu-
and CNV group and wildtype. As shown in Figure 4E, EGFR-SNV tated genes with SNV as a whole gene set and compared their OS
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FIGURE 4 Copy number variation (CNV) and single nucleotide variation (SNV) analyses of six mutated genes in Low-grade glioma (LGG).
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and PFS with the wildtype. We found that the OS and PFS of mu-
tated gene set with SNV were obviously different compared with
the wildtype (Figure 4G). Better OS and PFS were observed in the
gene set with SNV than in the wildtype during the follow-up period
of 2000 days (Figure 4H-I).

3.7 | The immune cell infiltration of the six
mutated genes in LGG

To further explore the differences of immune cell infiltration in LGG
samples and normal tissues, GSCA database was used to analyse
the correlation between immune cell infiltration and expression,

methylation and SNV of six survival-related mutated genes. As
shown in Figure S5A, the expression level of the most mutated genes
was significantly positively correlated with immune infiltration of
most immune cells, such as B cells, macrophage, monocyte, DC cells,
neutrophil and central memory cells, and significantly negatively
correlated with immune infiltration of a few immune cells, such as
CD4 T cells, MAIT cells, NK cells, CD8 T cells and CD8 naive cells.
Figure S5B showed the association between methylation of survival-
related mutated genes and immune cell infiltration. It was obvious
that most methylation of survival-related mutated genes was sig-
nificantly negatively correlated with immune infiltration of a lot of
immune cells, such as cytotoxic cells, NK cells, Tfh cells, Th2 cells,
Trl cells, DC cells, macrophage, effector memory cells, monocyte
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and Th1 cells. Figure S5C showed difference of immune infiltrates
between SNV and wildtype of survival-related mutated genes, and
the result showed that SNV of EGFR, TP53, CIC and IDH1 in LGG re-
sulted in the slight change of immune infiltration. Moreover, immune
cell score in mutant and wildtype of survival-related mutated genes
was investigated using R package ‘immunedeconv’ through TIMER
algorithms, in R software. The results showed that the immune score
of neutrophil cells and macrophage cells in ARID1A mutant group
was significantly lower than that in wildtype (Figure 5A). The TIMER
scores for B cell, CD4+ T cell, neutrophil cell, macrophage cell and
myeloid dendritic cell of the wildtype were significantly higher than
those of the CIC mutant group (Figure 5B). The following immune
infiltrating cells were considerably higher in EGFR mutant group
compared to wildtype, that is CD4+ T cell, neutrophil cell, mac-
rophage cell and myeloid dendritic cell (Figure 5C). In addition in FLG

(A)

mutant group, only the immune scores of macrophage cell and my-
eloid dendritic cell were significantly higher than those in wildtype
(Figure 5D). A higher number of immune-associated cells such as B
cell, CD8+ T cell, neutrophil cell, macrophage cell and myeloid den-
dritic cell were observed in wildtype than in IDH1 mutant group
(Figure 5E), while B cell, CD4+ T cell, neutrophil cell, macrophage
cell and myeloid dendritic cell responded more pronouncedly to
TP53 mutation (Figure 5F).

3.8 Immune checkpoints analysis in LGG

We next analysed the correlation between the expression level
of these six hub mutated genes and the expression of immune

checkpoints-related genes in LGG. As shown in Figure S6A, the
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expression levels of CIC and ARID1A were significantly positively
correlated with those of CD274, CTLA4, HAVCR2, LAG3, PDCD1
and PDCD1LG2, whereas negatively correlated with that of TIGIT.
A significantly positive correlation was found between EGFR and
the following immune checkpoints, that is CD274 and PDCD1LG2,
and between FLG and two immune checkpoints proteins CD274 and
TIGIT, and a significantly negative correlation was found between
FLG and LAG3 in LGG. In addition, IDH1 expression was in direct pro-
portion to those of genes CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2
and TIGIT. The expression level of TP53 was significantly positively
correlated with those of LAG3, PDCD1 and SIGLEC15.

Next, we further analysed the correlation between the ex-
pression levels of the six mutated genes and those of immune
checkpoints genes in both the mutant and wildtype. As shown in
Figure S6Ba, the expression level of PDCD1LG2 in ARID1A mutant
group was significantly inhibited compared with the wildtype. The
wildtype showed higher expression of CD274, CTLA4, HAVCR2,
PDCD1 and PDCD1LG2 and lower expression of TIGIT than the CIC
mutant group (Figure S6Bb) and showed higher expression of all of
the above genes than IDH1 mutant group (Figure S6Be). Except for
LAG3 and TIGIT, the expression of CD274, CTLA4, HAVCR2, PDCD1,
PDCD1LG2 and SIGLEC15 was higher in mild group than in EGFR mu-
tant group (Figure S6Bc). The expression levels of CTLA4, HAVCR2,
PDCD1 and PDCD1LG2 in the FLG mutant group were significantly
higher than the wildtype (p < 0.01 for CTLA4 and p < 0.05 for the
other genes; Figure S6Bd). TP53 mutation in LGG resulted in higher
expression of siximmune checkpoint-related genes including CD274,
HAVCR2, LAG3, PDCDILG2, TIGIT and SIGLEC15 (Figure S6Bf).

3.9 | Correlation of six mutated gene expression
levels with TMB and MSI scores in LGG

Tumour mutational burden and MSI have been the main prognos-
tic biomarkers over the last few years, and their prognostic value in
LGG remains uncertain. Using multi-omics data from TCGA, we sys-
tematically analysed the correlations between TMB/MSI and the ex-
pression level of six mutated genes in LGG to identify the influence
of these six mutated genes in the development of LGG. As shown in
Figure 6A, six genes were significantly positively correlated with the
TMB score in LGG, whereas only IDH1 and TP53 were significantly
negatively correlated with MSI, and there was no significant rela-
tionship between other mutated genes and MSI (Figure 6B).

3.10 | Tumour immune dysfunction and exclusion
(TIDE) signature predicts ICB response

Next, TIDE score was employed to predict the response to ICB ther-
apy in different samples to the predicted immune checkpoint inhibi-
tors. We compared the TIDE scores between the high-expression
groups and low-expression groups of six survival-related mutated
genes in LGG (Figure S7A-F), and between wild types and mutant

groups of six survival-related mutated genes in LGG (Figure S7G-L)
to predict potential immunotherapeutic responses. High expres-
sion of ARID1A had lower TIDE score compared with low expression
of ARID1A (p < 0.01; Figure S7A). The TIDE score was significantly
lower in samples with low expression of IDH1 and TP53 than those
with high-expression of IDH1 and TP53 (p < 0.0001; Figure S7E,F).
The TIDE scores in CIC-wildtype and EGFR-wildtype groups were
significantly lower than in CIC and EGFR-mutant groups (p < 0.001
for CIC and p < 0.05 for EGFR; Figure S7H,l). The TIDE scores in
IDH1 and TP53 mutant groups were significantly lower than that in
wildtype IDH1 and TP53 groups (p < 0.0001; Figure S7K,L).

311 |
in LGG

Prognostic value of the hub mutated genes

According to results above, we selected the five mutated genes
(IDH1, TP53, FLG, CIC and EGFR) to confirm their prognostic value in
LGG. Both univariate and multivariate Cox regression analyses were
conducted with the inclusion of prognostic value of age, gender and
grade, which showed that only CIC was significantly associated with
both OS and PFS of LGG patients (Table. S2), suggesting CIC was in-
dependent prognostic factors in LGG. Therefore, with the inclusion
of clinical relevance and prognostic value of CIC expression signa-
ture, a prognostic nomogram was constructed as a clinically depend-
able predictive method for predicting the survival probability of
1-, 3- and 5-year OS and PFS of patients with LGG. The nomogram
provides a graphical representation of CIC expression, and the OS
(Figure 7A) and PFS (Figure 7B) of a single patient can be calculated
by the points associated with CIC expression level, age, gender and
WHO grade.

4 | DISCUSSION

Gliomas were classified in four grades according to clinicopathologi-
cal and histological features by the WHO.??2 WHO grades | and Il are
classified as LGG, while the other two grades Ill and IV are classi-
fied as high-grade glioma (HGG).% LGG was characterized by slow
progress and malignant transformation potential.® Virtually, all LGG
finally will be malignantly transformed to HGG.2* Seizure is the initial
symptom of patients with LGG that seriously threatens human life
quality.* Thus, identifying novel LGG-related molecular mechanisms
and finding effective molecular targeted therapies play an important
role in improving the survival quality of patients with LGG.

In our study, the evidence from the analysis of the landscape of
mutation profiles showed that 95.47% of patients with LGG con-
tain diverse types of mutations. We found that IDH1 had the high-
est mutation frequency in patients with LGG (76%), followed by
TP53, ATRX, CIC, TTN, FUBP1, NOTCH1, PIK3CA, MUC16 and EGFR.
It was reported that high percentages of IDH1 and IDH2 mutations
(70%-80%) had been found in a high percentage of LGG and less in

25,26

high-grade gliomas, and TP53 mutations are observed in about
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FIGURE 6 Correlation of six hub mutated gene expression levels with Tumour mutational burden (TMB) (A) and MSI (B) score in low-

grade glioma (LGG)

30% of gliomas, mainly LGG,?” which was similar to the results in
the present study. The discovery of IDH1 and IDH2 mutations led
to a biomarker defined classification of gliomas based on prognosis
and treatment response.28 Previous researches have indicated that
the close relationship between IDH1 mutation and high survival rate
also suggests that IDH1 may be a new epigenetic target for glioma

therapy.??3° Mutation in ATRX also had been reported, commonly
in LGG.®! In addition, we also found the mutations of these mutated
genes in the patients with LGG were mainly missense mutations. A
high proportion of missense mutations may change genetic infor-
mation though affecting the structure and function of proteins,32*33
suggesting possible roles in the pathogenesis of LGG. SNP was the
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main mutation variant type, and C>T was the main DNA base sub-
stitution compared with other SNV classes in the patients with LGG.
Then, we performed KEGG pathway enrichment analysis, showing
that top 30 screened genes in LGG were enriched in items including
central carbon metabolism in cancer, hepatocellular carcinoma, en-
dometrial cancer, melanoma and breast cancer. Next, we performed
Kaplan-Meier survival analysis of the top 30 screened genes, and
we found the expression of nine genes was associated with sur-
vival rate in patients with LGG. The higher expression of ARID1A,
CIC, EGFR, IDH1 and TP53 resulted in a lower survival rate of the
patients with LGG. The higher expression of the other 3 genes FLG,
KAT6B and PIK3R1 was significantly associated with a better survival
rate in LGG. These analyses suggested ARID1A, CIC, EGFR, IDH1 and
TP53 may act as tumour promoters in LGG, whereas FLG, KAT6B and
PIK3R1 may act as tumour suppressors in LGG.

We further compared the expression of these nine genes in nor-
mal brain tissues and glioma samples. The expression of ARID1A, CIC,
EGFR, IDH1 and TP53 in LGG was significantly higher than normal
samples, and so are these genes KAT6B and PIK3R1, indicating that
the oncogenic effect of these mutated genes is greater than their tu-
mour inhibition effect. To further study the prognostic role of these
nine genes in LGG, we compared the OS difference between mu-
tant group and wildtype, and the results indicated that six mutated
genes (ARID1A, FLG, IDH1, EGFR, CIC and TP53) were significantly
related to OS in mutation group compared with wildtype. The OS
of ARID1A mutant group, CIC mutant group, IDH1 mutant group and
TP53 mutant group were significantly higher than that of the wild-
type, which is sharply contrasted to the EGFR mutant group and FLG
mutant group, suggesting that different gene mutations may have
different effects on the progression of LGG and some mutations are
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even beneficial to the OS of patients with LGG. Next, we determined
the SNV and CNV of mutated genes and explored their correlation
with survival using GSCA database. Intriguingly, we found the gene
set with SNV had better OS and PFS within 2000 days of follow-up
compared with the wildtype, suggesting that the role of six mutated
genes with SNV is not single, but maybe complementary or even
beneficial in LGG. It is worth considering whether the relationship
between SNV and CNV can be used as an indicator to predict the
survival rate of patients with LGG, and to determine the drug de-
velopment. However, further validation is still required in following
studies and clinical trials in patient cohorts.

The TME predominantly consists of infiltrating immune cells and
stromal cells, which play an essential role in tumour growth, pro-
gression, prognosis and therapeutic approaches.34 It is important to
explore the interaction between tumour and immunity through the
characterization of the immune infiltration landscape.®>*¢ Immune
cellinfiltration analysis demonstrated that these six genes caused a lot
of changes in immune infiltrating cells in LGG. However, methylation
of six mutated genes did not cause more drastic changes in the im-
mune microenvironment, thus weakening the infiltration of immune
cells. These six genes with SNV induced more slight changes in the
infiltration of immune cells. Immune score analysis revealed that six
mutated genes were significantly related to the immune microenvi-
ronment and correlated with most immune cell infiltration, especially
the macrophage cells in LGG, indicating that these mutated genes
may contribute to alter immune status and the heterogeneity of im-
mune infiltration was crucial for LGG progression. In addition, we also
found these six mutated genes were significantly correlated with the
immune score and immune checkpoints. Immune checkpoints are reg-
ulatory molecules that play an inhibitory role in the immune system,%’
and they are essential for maintaining self-tolerance, preventing au-
toimmune response, and minimizing tissue damage by controlling the
time and intensity of immune response.38’39 The function of immune
cells can be inhibited by the expression of immune checkpoint mol-
ecules on them, which makes the body unable to produce effective
anti-tumour immune response, thus forming immune escape of tu-
mours.*® We found that the immune scores and immune checkpoint
expression in CIC, IDH1 and ARID1A mutant group were obviously
lower than that in wildtype, suggesting that the body can better rec-
ognize the mutated antigen cells and promote the immune function of
T cells to better remove the antigen and inhibit tumour development.
The OS values in the CIC, IDH1 and ARID1A mutant groups were sig-
nificantly better than those in the wildtype. Meanwhile, the immune
scores and the expression immune checkpoint molecules in EGFR and
TP53 mutant groups were obviously higher than those in wildtype,
suggesting that EGFR and TP53 mutation may lead to the secretion of
certain substances to activate the immune checkpoints, thus inhibit-
ing the immune function of T cells, escaping immune monitoring and
promoting tumour progression.

Recently, different immunotherapies have been used to treat
many malignant cancers, including ICB, therapeutic vaccines, cyto-
kine therapy and cellular therapy.}**> TMB is another indicator of
better response to ICB therapy.'®Y” TMB, which refers to the total

number of somatic protein-coding base substitution, insertion and
deletion mutation, is an important predictive biomarker of immune
checkpoint inhibitors in some types of cancers.*! Increasing somatic
mutations can cause the expression accumulation of neoantigens
and tumorigenesis, which results in activation of CD8+ cytotoxic T
cells (CTLs) to elicit an anti-tumour effect of T cell-dependent im-
mune responses.*> TMB and MSI have been considered new bio-
markers of immunotherapy response and potential predictors of
response to immune checkpoint inhibitors (IC1s).43*4 The TMB score
analysis revealed that the expression level of six survival-related
mutated genes was significantly positively correlated with TMB in
LGG. The MSI score analysis revealed that only TP53 and IDH1 are
conspicuously correlated with MSI in LGG. High TMB scores are
considered to result in more neoantigens appearing on the surface
of tumour cells, thus increasing immunogenicity and making tu-
mour more sensitive to the treatment using immune checkpoint re-
agents.45 We also found that patients with high ARID1A expression,
and low IDH1 and TP53 expression may be more sensitive to ICB
therapy as judged by the TIDE score. The analysis also suggested
that patients with CIC and EGFR mutations are less responsive in
ICB treatment and patients without IDH1 and TP53 mutations may
be more responsive to ICB therapy according to the TIDE score. ICB
immunotherapy can help the immune system recognize and attack
cancer cells.?! However, about one-third of patients responded to
ICB treatment in most types of cancers.*® Our study may indicate
the characteristics of gliomas that facilitate the response to ICB
therapy. Although experimental work is needed to identify specific
mechanisms, the present study provides some new ideas for devel-
oping anti-tumour drugs and ICls.

Finally, combined with both univariate and multivariate Cox re-
gression analyses, we found only CIC was significantly associated
with both OS and PFS for patients with LGG. We identified mutated
gene CIC as a potential biomarker in LGG and constructed a clinically
dependable predictive method for predicting the survival probabil-
ity of 1-, 3- and 5-year OS and PFS for patients with LGG. The pre-
dictive model showed that CIC can serve as potential independent
biomarker in LGG.

In conclusion, we comprehensively analysed mutation profiles
based on the RNA-seq data with 510 LGG samples from TCGA da-
tabase, and evaluated the prognostic value and immune infiltration
of mutated genes in LGG. Our results showed that a total of 485
(95.47%) of 508 samples in LGG were altered, and Kaplan-Meier
analysis showed that 6 mutated genes were significantly correlated
with OS in mutation and wildtypes. Immune infiltration analysis
revealed that mutated genes were significantly involved in tumour
immune microenvironment, and CIC can serve as a potential inde-
pendent indicator for survival in LGG based on nomogram predic-
tive model. However, these results in our present study need to be
further validated in patients with LGG receiving immunotherapy
in the future, and further investigation into the molecular func-
tions of mutated genes may facilitate a better understanding on
more therapeutic targets and more efficient treatment strategies
against LGG.



LIN ET AL.

10124
—I—WI LEY

CONFLICT OF INTERESTS

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. The authors confirm that there are
no conflicts of interest.

AUTHOR CONTRIBUTION
Wen-wen Lin: Data curation (equal); Formal analysis (equal); Writing-
original draft (equal). Guan-yong Ou: Data curation (equal); Formal
analysis (equal); Writing-original draft (equal). Wei-jiang Zhao:
Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT
The datasets for this study can be found in the Cancer Genome Atlas

(TCGA) database [http://cancergenome.nih.gov/abouttcgal.

ORCID
Wen-wen Lin "= https://orcid.org/0000-0003-4080-2078
https://orcid.org/0000-0002-2761-522X

https://orcid.org/0000-0002-6556-2827

Guan-yong Ou
Wei-jiang Zhao

REFERENCES

1. Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization Classification of Tumors of the central nervous sys-
tem: a summary. Acta Neuropathol. 2016;6:803-820.

2. LiZ YinY, Liu F. Recent developments in predictive biomarkers of
pediatric glioma. Oncol Lett. 2017;1:497-500.

3. Kesari S, Schiff D, Drappatz J, et al. Phase Il study of protracted
daily temozolomide for low-grade gliomas in adults. Clin Cancer Res.
2009;1:330-337.

4. You G, Sha ZY, Yan W, et al. Seizure characteristics and outcomes in
508 Chinese adult patients undergoing primary resection of low-grade
gliomas: a clinicopathological study. Neuro Oncol. 2012;2:230-241.

5. Grier JT, Batchelor T. Low-grade gliomas in adults. Oncologist.
2006;6:681-693.

6. Sturm D, Pfister SM, Jones DTW. Pediatric gliomas: current con-
cepts on diagnosis, biology, and clinical Management. J Clin Oncol.
2017;21:2370-2377.

7. Wang Z, Guo X, Gao L, et al. Classification of pediatric gliomas
based on immunological profiling: implications for immunotherapy
strategies. Mol Ther Oncolytics. 2021;34-47.

8. Braunstein S, Raleigh D, Bindra R, Mueller S, Haas-Kogan D.
Pediatric high-grade glioma: current molecular landscape and ther-
apeutic approaches. J Neurooncol. 2017;3:541-549.

9. Wang, Zhao B, Chen W, et al. Pretreatment geriatric assessments
of elderly patients with glioma: development and implications.
Aging Dis. 2020;2:448-461.

10. Siegfried G, Descarpentrie J, Evrard S, Khatib AM. Proprotein con-
vertases: key players in inflammation-related malignancies and me-
tastasis. Cancer Lett. 2020;50-61.

11. ZindICL, Chaplin DD. Immunology. Tumor immune evasion. Science.
2010;5979:697-698.

12. Wang Z, Wang Z, Zhang C, et al. Genetic and clinical characteri-
zation of B7-H3 (CD276) expression and epigenetic regulation in
diffuse brain glioma. Cancer Sci. 2018;9:2697-2705.

13. Chuah S, Chew V. High-dimensional immune-profiling in cancer: im-
plications for immunotherapy. J Immunother Cancer. 2020;1:e000363.

14. Wu F, Wang ZL, Wang KY, et al. Classification of diffuse lower-
grade glioma based on immunological profiling. Mol Oncol.
2020;9:2081-2095.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fecci PE, Sampson JH. The current state of immunotherapy for gli-
omas: an eye toward the future. J Neurosurg. 2019;3:657-666.

Rizvi H, Sanchez-Vega F, La K, et al. Molecular determinants of re-
sponse to anti-programmed cell death (PD)-1 and anti-programmed
death-ligand 1 (PD-L1) blockade in patients with non-small-cell
lung cancer profiled with targeted next-generation sequencing. J
Clin Oncol. 2018;7:633-641.

Hodges TR, Ott M, Xiu J, et al. Mutational burden, immune check-
point expression, and mismatch repair in glioma: implications for im-
mune checkpoint immunotherapy. Neuro Oncol. 2017;8:1047-1057.
Yin W, Jiang X, Tan J, et al. Development and validation of a tumor
mutation burden-related immune prognostic model for lower-
grade glioma. Front Oncol. 2020;10:1409.

Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package
for comparing biological themes among gene clusters. Omics.
2012;5:284-287.

Sturm G, Finotello F, List M. Immunedeconv: an R package for
unified access to computational methods for estimating immune
cell fractions from bulk RNA-sequencing data. Methods Mol Biol.
2020;2120:223-232.

Jiang P, Gu S, Pan D, et al. Signatures of T cell dysfunction and
exclusion predict cancer immunotherapy response. Nat Med.
2018;10:1550-1558.

Wang H, Chen Z, Wang S, et al. TGFp1-induced beta-site APP-cleaving
enzyme 2 upregulation promotes tumorigenesis through the NF-xB
signalling pathway in human gliomas. Mol Oncol. 2020;2:407-425.
Saini M, Jha AN, Tangri R, Qudratullah M, Ali S. MN1 overexpres-
sion with varying tumor grade is a promising predictor of survival of
glioma patients. Hum Mol Genet. 2021;21:3532-3545.

TraylorJI, Pernik MN, Sternisha AC, McBrayer SK, Abdullah KG. Molecular
and metabolic mechanisms underlying selective 5-aminolevulinic acid-
induced fluorescence in gliomas. Cancers (Basel). 2021;3:580.
Wesseling P, van den Bent M, Perry A. Oligodendroglioma: pa-
thology, molecular mechanisms and markers. Acta Neuropathol.
2015;6:809-827.

Cohen AL, Holmen SL, Colman H. IDH1 and IDH2 mutations in gli-
omas. Curr Neurol Neurosci Rep. 2013;5:345.

Stancheva G, Goranova T, Laleva M, et al. IDH1/IDH2 but not TP53
mutations predict prognosis in Bulgarian glioblastoma patients.
Biomed Res Int. 2014;2014:654727.

Li N, Zhang Y, Sidlauskas K, et al. Inhibition of GPR158 by
microRNA-449a suppresses neural lineage of glioma stem/pro-
genitor cells and correlates with higher glioma grades. Oncogene.
2018;31:4313-4333.

Labussiere M, Sanson M, Idbaih A, Delattre JY. IDH1 gene muta-
tions: a new paradigm in glioma prognosis and therapy? Oncologist.
2010;2:196-199.

Dimitrov L, Hong CS, Yang C, Zhuang Z, Heiss JD. New develop-
ments in the pathogenesis and therapeutic targeting of the IDH1
mutation in glioma. Int J Med Sci. 2015;3:201-213.

Lehrer S, Rheinstein PH, Rosenzweig KE. Increased expression of
von Willebrand factor gene is associated with poorer survival in
primary lower grade glioma. Glioma. 2018;4:132-135.

Yu S, Zhang Y, Wu Y, et al. Subcellular localization of mutated p-
catenins with different incidences of cis-peptide bonds at the
Xaa246-P247 site in HepG2 cells. Faseb J. 2019;5:6574-6583.

Gao S, Tao R, Tong X, et al. Identification of functional single nu-
cleotide polymorphisms in porcine HSD17B14 gene associated
with estrus behavior difference between large white and Mi gilts.
Biomolecules. 2020;11:1545.

Hui L, Chen Y. Tumor microenvironment: sanctuary of the devil.
Cancer Lett. 2015;1:7-13.

Deng X, Lin D, Chen B, et al. Development and validation of an
IDH1-associated immune prognostic signature for diffuse lower-
grade glioma. Front Oncol. 2019;9:1310.


http://cancergenome.nih.gov/abouttcga
https://orcid.org/0000-0003-4080-2078
https://orcid.org/0000-0003-4080-2078
https://orcid.org/0000-0002-2761-522X
https://orcid.org/0000-0002-2761-522X
https://orcid.org/0000-0002-6556-2827
https://orcid.org/0000-0002-6556-2827

Wi LEYJE

LIN ET AL.

36. Zhao WJ, Ou GY, Lin WW. Integrative analysis of neuregulin family 44, Rizzo A, Ricci AD, Brandi G. PD-L1, TMB, MSI, and other predictors
members-related tumor microenvironment for predicting the prog- of response to immune checkpoint inhibitors in biliary tract cancer.
nosis in gliomas. Front Immunol. 2021;12:682415. Cancers (Basel). 2021;3:558.

37. Chalakur-Ramireddy NKR, Pakala SB. Combined drug therapeutic 45. Bodor JN, Boumber Y, Borghaei H. Biomarkers for immune check-
strategies for the effective treatment of Triple Negative Breast point inhibition in non-small cell lung cancer (NSCLC). Cancer.
Cancer. Biosci Rep. 2018;1:BSR20171357. 2020;2:260-270.

38. Wang X, Zhong L, Zhao Y. Oncolytic adenovirus: a tool for revers- 46. Pinter M, Scheiner B, Peck-Radosavljevic M. Immunotherapy for
ing the tumor microenvironment and promoting cancer treatment advanced hepatocellular carcinoma: a focus on special subgroups.
(Review). Oncol Rep. 2021;45:49. Gut. 2021;1:204-214.

39. Liu J, Kang R, Tang D. CDK1/2/5 blockade: killing two birds with
one stone. Oncoimmunology. 2021;1:1875612.

40. XuJ, Nie H, He J, et al. Using machine learning modeling to explore SUPPORTING INFORMATION
new immune-related prognostic markers in non-small cell lung can- Additional supporting information may be found in the online ver-
cer. Front Oncol. 2020;10:550002. sion of the article at the publisher’s website.

41. Chalmers ZR, Connelly CF, Fabrizio D, et al. Analysis of 100,000
human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med. 2017;1:34. _ How to cite this article: Lin W-W, Ou G-Y, Zhao W-J.

42. Goodman AM, Kato S, Bazhenova L, et al. Tumor mutational burden . - . . . X
as an independent predictor of response to immunotherapy in di- Mutational profiling of low-grade gliomas identifies prognosis
verse cancers. Mol Cancer Ther. 2017;11:2598-2608. and immunotherapy-related biomarkers and tumour immune

43. Jiang AM, Ren MD, Liu N, et al. Tumor mutation burden, immune cell microenvironment characteristics. J Cell Mol Med.

infiltration, and construction of immune-related genes prognostic
model in head and neck cancer. Int J Med Sci. 2021;1:226-238.

2021;25:10111-10125. doi:10.1111/jcmm.16947



https://doi.org/10.1111/jcmm.16947

