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Background: Glioma is one of the most prevalent tumors in the central nervous system of 
adults and shows a poor prognosis. This study aimed to develop a DNA damage repair 
(DDR)-related gene signature to evaluate the prognosis of glioma patients.
Methods: Differentially expressed genes (DEGs) were extracted based on 276 DDR genes. 
Then, a gene signature was developed for the survival prediction in glioma patients by means 
of univariate, multivariate Cox, and least absolute shrinkage and selector operation (Lasso) 
analyses. After analyzing the clinical parameters, a nomogram was constructed and assessed. 
A total of 693 gliomas from the Chinese Glioma Genome Atlas (CGGA) were used for 
external validation. In addition, we used glioma tumor tissues for qPCR experiment to verify.
Results: A 12-DDR-related gene signature was identified from the 75 DEGs to stratify the 
survival risk of glioma patients. The overall survival of high-risk group was significantly shorter 
than that of low-risk group (P < 0.001). Besides, according to the risk score assessment, patients 
in high- or low-risk group also had significant correlations with clinicopathological parameters, 
including age (P < 0.01), grade (P < 0.001), IDH status (P < 0.001) and 1p19q codeletion status 
(P < 0.001). The nomogram provided favorable C-index and calibration plots. The C-index of 
training set and verification set was 0.761 and 0.746, respectively, and the calibration curve also 
showed that both training set and verification set were close to the standard curve. The qPCR 
results showed that there were significant differences in the expression of some typical DDR- 
related genes in tumor tissues and paracancer tissues (P(WEE1)=0.0002, P(RECQL)=0.0117, P(RPA1) 

=0.021, P(RRM1)=0.0035, P(PARP4)=0.0006, P(ELOA)=0.0023).
Conclusion: Our study developed a novel 12 DDR-related gene signature as a practical 
prognostic predictor for glioma patients. A nomogram combining the signature and clinical 
parameters was established as an individual clinical prediction tool.
Keywords: DNA damage repair-related gene signature, glioma, prognosis, nomogram, 
qPCR

Introduction
As one of the most prevalent tumors in central nervous system of adults, glioma 
accounts for approximately 50% of all the malignant brain tumors.1 The prognosis 
of patients with glioma is very poor, although a variety of therapies have been 
available, including surgery, radiotherapy, chemotherapy, targeted therapy, and 
immunotherapy.2,3 Treatment resistance and tumor recurrence lead to treatment 
failure and adverse outcomes.4,5 Therefore, glioma is still one of the most challen-
ging malignant tumors in the world. It is urgent to find a group of effective 
biomarkers for the diagnosis and treatment of glioma.

In all kinds of biological activities, DNA damage is inevitable DNA damage 
repair (DDR) plays an essential role in maintaining the integrity and stability of 
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genome. DNA damage can lead to activation of onco-
genes and inactivation of tumor suppressor genes, which 
is an important mechanism of cancer development.6,7 

Dysregulation of DDR genes could also enhance the 
resistance of cancer cells to chemotherapy. DDR-related 
genes have been reported to act as therapeutic targets in 
prostate cancer and ovarian cancer.8,9 In addition, other 
studies have pointed out that different polymorphisms of 
DDR genes can influence each other and jointly affect the 
susceptibility of glioma.10,11 For example, two genotypes 
of DDR gene XRCC1, Arg/Gln(AG) and Gln/Gln(GC), 
are significant risk factors for glioma, and people with 
Gln(G) allele have a more than three times higher risk of 
glioma than normal people.12 Inhibition of DDR gene 
expression can improve the sensitivity of glioma to 
chemotherapy.13

Recently, plenty of gene signatures have 
become biomarkers for guiding treatment in various 
cancers.14–16 Multigene prognostic sets can predict the 
tumor prognosis more accurately than a single gene, 
which enable more effective treatment of cancer 

patients.17,18 Identifying the hallmark gene signature 
is important for clinical application and precision med-
icine of cancers. However, there is a lack of research 
on the prognosis of glioma with combined biomarkers. 

Table 1 The Primer Sequences of RT-PCR

Primer Sequence (5ʹ to 3ʹ)

β-actin Forward primer AGTGGGGTGGCTTTTAGGATG

Reverse primer ACAGCCTATGTCTGCAAACTCCACT

WEE1 Forward primer AGGGAATTTGATGTGCGACAG

Reverse primer CTTCAAGCTCATAATCACTGGCT

RECQL Forward primer GTTTTACACTCGTCATTTGCCC

Reverse primer TCTCCTTGCTTCATAGGCTTTCT

RPA1 Forward primer GGGGATACAAACATAAAGCCCA

Reverse primer CGATAACGCGGCGGACTATT

RRM1 Forward primer GCCAGGATCGCTGTCTCTAAC

Reverse primer GAGAGTGTTTGCCATTATGTGGA

PARP4 Forward primer GTGAACAGGATTAGCCTCAACG

Reverse primer TCTTAGCCAATAGTCCCAGGTT

ELOA Forward primer AACCCGGACCCTAAGAAGCTA

Reverse primer TCTCCGCAAGAATGTCTACTGTA

Figure 1 A heatmap of 75 differential DDR-related genes.
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Therefore, it is of considerable importance to 
identify prognostic signatures of glioma based on the 
DDR-related gene expression profiles. In this 
study, we aimed to evaluate the association between 
DDR-related gene expression and molecular 
characteristics and survival of glioma, thus to establish 
a novel DDR-related gene signature for predicting 
glioma prognosis.

Materials and Methods
Datasets
We combined the expression files and clinical data of 697 
glioma samples from TCGA (https://portal.gdc.cancer. 
gov/) with 207 cases of normal human cortical tissue 
from the GTEX (http://commonfund.nih.gov/GTEx/) 

database for differential analysis, as well as a training 
set for constructing clinical prognostic models. Two hun-
dred and seventy-six DDR genes were labeled with the 
Molecular Signatures Database (MSigDB) and collected 
from previous study.19 We then validated the model using 
RNA expression and clinical data of 693 gliomas from 
the CGGA (http://www.cgga.org.cn) database as 
a validation set.

Differential, Functional and Pathway 
Enrichment Analyses
Differential analysis of 276 DDR-related genes was per-
formed using the “Limma” package in R. Then, GO and 
KEGG enrichment analysis were performed on these 
obtained DDR related differential genes, using the 
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Figure 2 Functional and pathway enrichment of 75 differential DDR-related genes. (A) The bar chart shows the GO function enrichment results of the top ten DDR-related 
genes. (B) The circle diagram shows the specific functions of each DDR-related gene. (C) The bar chart shows the KEGG pathway enrichment results of the top ten DDR- 
related genes. (D) The circle diagram shows the specific related pathway of each DDR-related gene.
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R package ClusterProfiler. In the histogram of GO enrich-
ment analysis, the abscissa was the number of enrichment 
genes, and the vertical axis was the name of enrichment 
pathway, which was divided into three parts: Biological 
process (BP), Cellular component (CC), and Molecular 
function (MF). The top ten significant results of each part 
were selected for display. The color represented the sig-
nificance of the enrichment result, and the redder it was, 

the more significant it was. In the circle diagram, we 
further showed the genes corresponding to the enrich-
ment results. In the left semicircle of the circle, we 
showed the enrichment of related genes. The right semi-
circle represented the enrichment results in different col-
ors, corresponding to the genes on the left. We present the 
results of KEGG enrichment analysis using the same 
method.
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Figure 3 Consensus clustering of DDR-related genes in glioma samples. (A) Consensus clustering of DDR-related genes clustered glioma samples into two clusters with 
distinct clinical outcomes. The heatmap shows the consensus matrix when k = 2. (B) Consensus clustering cumulative distribution function (CDF) under k = 2–9. (C) 
Relative change in area under CDF curve. (D) Kaplan-Meier OS curve of cluster 1 and 2.
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Clinical Outcome of Distinct 
Molecular Subtypes Based on 
DDR-Related Genes
The obtained differentially expressed genes were used to 
stratify the glioma patients, and then survival analysis was 
performed for each group of patients. Consensus 
Clusterplus and survival package were used.

Construction and Evaluation of the 
DDR-Related Gene Signature
Univariate Cox and multivariate Cox survival analyses 
were performed on the differentially expressed genes, 
and K-M survival analysis was performed using 
the GEPIA website for each gene that has a significant 
prognosis after multivariate Cox screening. Then, we 
created an optimal risk signature with the least 
absolute shrinkage and selection operator (Lasso) based 
on “glmnet” and “survival” package. Risk 
score=∑(Cor*xi). Glioma patients in the training and 
validation sets were divided into high-risk and low-risk 
groups based on the median value of the DDR gene risk 
score. Survival analysis was performed by grouping 
DDR gene expression levels to evaluate the predictive 
efficacy of DDR gene signature for survival. In addition, 
receiver operating characteristics (ROC) analysis was 
used to assess the accuracy of the gene signature in 
predicting 1-, 3-, and 5-year survival rates.

Clinical Features of the DDR-Related 
Gene Signature
According to the high- and low-risk groups, we drew 
a heatmap of the correlation between the two groups and 
the clinicopathological parameters with “heatmap” pack-
age in R.

Construction and Evaluation of the 
Clinical Predicted Model
Firstly, we analyzed all possible prognostic factors using 
Cox regression analysis. Then, Lasso regression analysis 
was performed, which can increase the stability of the 
model by simultaneously processing multiple variables, 
as compared to the multi-factor Cox model, which pro-
cesses multiple factors step by step. We then constructed 
a nomogram based on the above identified prognostic 
factors using the rms package in R, which was evaluated 
using ROC, C-index, and calibration curves. In addition, 
we obtained corresponding clinical information from the 
CGGA database for external validation. The C-index of 
the clinical predicted model was calculated based on 
CGGA data, and the calibration curve was plotted. The 
risk score corresponding to each clinical risk factor was 
obtained in the nomogram. These data were compared 
with the clinical predicted model constructed based on 
TCGA data for external validation.

Gene Set Enrichment Analysis (GSEA)
The differences of the enrichment pathways between the 
high-risk and low-risk groups were shown by the gene 
sets stemmed from the Molecular Signatures Database. 
Then, we determined the cutoff values of the number of 
permutations = 1000, and a false discovery rate 
(FDR) <0.25.

Real-Time PCR for Glioma Tissues
A total of 20 glioma tissue samples, including 
eight glioblastoma, six low-grade gliomas, and six 
glioma paracancerous tissues, were evaluated by RT- 
PCR. The use of tissue samples in this study was 
approved by the Ethics Committee of the First 
Affiliated Hospital of China Medical University (No. 
AF-SOP-07-1.1-01).

Total RNA was extracted using RNAiso Plus reagent 
(Takara, No. 9108/9109). The cDNA were synthesized 
from ABM (Richmond, No. G592, G891, G892) and the 
experiments were performed according to the 

Table 2 Multivariate COX and K-M Survival Analysis

Gene P-value (Multivariate 
COX)

K-M Survival Analysis 
(GEPIA)

BARD1 0.04067 0

CDC25A 0.00394 1.90E-11

CDC5L 0.03738 0.00024
CETN2 0.02418 1.10E-11

DCLRE1B 0.03246 5.10E-12

ELOA 0.03369 4.60E-05
ERCC5 0.00275 7.00E-15

GADD45G 0.01509 1.30E-10
PARP4 0.00701 7.90E-04

RECQL 0.01487 5.70E-09

RFC2 0.04928 0
RPA1 0.0138 1.60E-06

RRM1 0.04697 8.90E-08

TOP3B 0.0229 0.0024
WEE1 0.00144 0

GTF2H2 0.00585 2.60E-01
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manufacturer’s instructions. Based on online analysis of 
GEPIA database (http://gepia2.cancer-pku.cn/#index), we 
selected 6 DDR-related genes with significant expression 

differences for experimental verification. The sequences of 
genes and internal references involved in RT-PCR experi-
ments are shown in Table 1. The relative expression of 

A

B

Figure 4 Construction of the prognostic signature based on 12 DDR-related genes. (A) Tuning parameter (lambda) screening in the Lasso regression model. (B) The Lasso 
coefficient profiles of the common genes (1- RECQL; 2- BARD1; 3-CDC5L; 4- CETN2; 5- RFC2; 6- ERCC5; 7- RRM1; 8- ELOA; 9-WEE1; 10- GADD45G; 11- RPA1; 12- 
PARP4; 13- DCLRE1B; 14-TOP3B; 15- CDC25A).
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gene determined by RT-PCR was analyzed using the 
2−ΔΔCt method.

Statistical Analysis
All statistical analyses were performed using R or 
R software packages, including: “limma”, “pheatmap”, 

“rms”, “BiocManager”, “Consensus ClusterPlus”, “survi-
val”, “glmnet”, “survivalROC”, “forestplot”, “digest”, 
“GOplot”, “colorspace”, “stringi”, “ggplot2”. For all sta-
tistics in this paper, P < 0.05 was defined as statistically 
significant difference. In addition, PCR results were ana-
lyzed and mapped using GraphPad Prism 8 software.
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Figure 5 Evaluation and survival analysis of the DDR-related gene prognostic signature. (A–C) The receiver operator characteristic (ROC) curve to predict 1-, 3-, and 
5-year OS according to risk score in CGGA and TCGA cohort. (D) Kaplan-Meier survival curve demonstrating the OS differences between high- and low- risk groups.
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A

B

C

D

Figure 6 Clinical features of the DDR-related gene prognostic signature. (A) The correlations between the DDR-related gene signature and clinicopathological parameters, 
including radiotherapy, chemotherapy, 1p19q codeletion, IDH mutation status, grade, gender and age. (B) Heatmap depicting the expression patterns in the 12 DNA repair 
genes between high- and low- risk groups. (C) The distribution of the risk scores among all glioma samples. According to the median value (dotted line), glioma samples 
were divided into high- (red dot) and low- risk (green dot) groups. (D) The distribution of survival status of all glioma samples. Red dot is indicative of dead status and green 
dot indicates alive status. (***Represented P < 0.001, **Represented P < 0.01).
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Results
Differential Expression, Function and 
Pathway Enrichment of DDR-Related 
Genes
We analyzed the differential expression of 276 DDR 
genes, of which 75 showed differences between normal 
and tumor tissues (Supplementary Material 1). P < 0.05 
was considered as the statistical standard (Figure 1). 
GO enrichment analysis showed that the 75-DDR 
related differential genes mainly participated in biolo-
gical process involved in DNA recombination, DNA 
replication, double-strand break repair, telomere main-
tenance, telomere organization, etc. The molecular 
functions of the 75-DDR genes were mainly enriched 
in catalytic activity, acting on DNA. In addition, their 
cell components were mainly concentrated in replica-
tion fork, nuclear replication fork and chromosome, 
telomeric region, etc. (Figure 2A and B). KEGG 
pathway enrichment analysis suggested that these 75- 
DDR genes were mainly enriched in the following 
pathways, such as nucleotide excision repair, base exci-
sion repair and Fanconi anemia pathway, etc. 
(Figure 2C and D).

Clinical Outcomes of Distinct Molecular 
Subtypes Based on DDR-Related Genes
To determine whether DDR-related differential genes 
affect the prognosis of patients with glioma, we divided 
glioma patients into two groups using 75 differentially 
expressed genes (Figure 3A–C), and we found that there 
was a significant difference in prognosis between the two 
groups (Figure 3D).

Construction and Evaluation of 
DDR-Related Gene Signature
A total of 16 genes with different prognosis of glioma 
were screened by univariate Cox and multivariate Cox 
analyses, and K-M survival analysis was performed on 
the GEPIA website (Table 2). Using Lasso regression, 
fifteen genes were condensed to obtain the 12 most sig-
nificant genes for prognosis, and an optimal risk signature 
was created. Risk score = CDC25A*0.743625+ CDC5L* 
(−1.14751)+ ELOA*(−0.13005)+ ERCC5*(−0.35555)+ 
GADD45G*(−0.20809)+ PARP4*(0.363819)* RECQL* 
(−0.06961)+ RFC2* 0.161676+ RPA1* 0.315634+ 
RRM1*(−0.34186)+ TOP3B*(−3.22014)+ WEE1* 

A

B

C

Figure 7 The best cutoff value of age for survival of the glioma patients. (A–C) The 
best cutoff value of age for optional survival difference was determined, tagged by 
the black circle and presented by a histogram of the whole cohort, which was 61.
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A

B C

Figure 8 Screening and evaluation of the indicators of prognostic model. (A) Univariate Cox regression analyses of DDR gene signature (risk score) and several other 
clinical variables. (B) Tuning parameter (lambda) screening in the Lasso regression model. (C) The Lasso coefficient profiles of the indicators (1-Age; 2-Grade; 3-IDH status; 
4-1p19q codeletion; 5-Risk).
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A

B C

Figure 9 Construction and evaluation of the nomogram for predicting overall survival of patients with gliomas. (A) A nomogram integrating the signature risk score and the 
clinicopathologic characteristics in the training cohort. The line determines the “point” received for the value of each variable. The sum of these numbers is presented as 
“total points”, while the line drawn down to the survival axis determines the likelihood of different survival rate. (B) The calibration curve for the nomogram in the training 
set based on data from TCGA database. (C) The calibration curve for the nomogram in the validation set based on data from CGGA database.
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0.650775 (Figure 4). The AUC values of the ROC curve of 
one year, three years and five years were 0.938, 0.851 and 
0.796, respectively (Figure 5A–C). The high- and low-risk 
group based on the 12 genes can significantly predict the 
prognosis of patients with glioma (P < 0.0001) 
(Figure 5D).

Clinical Features of the DDR-Related 
Gene Signature
The DDR-related gene signature was significantly asso-
ciated with patients’ clinicopathological parameters, 
including age (P < 0.01), grade (P < 0.001), IDH status 
(P < 0.001) and 1p19q codeletion status (P < 0.001) 
(Figure 6A). The distribution of DDR gene expression 
is shown in Figure 6B. Based on this DDR-related gene 
signature, glioma patients had significantly worse sur-
vival as the risk score increased (Figure 6C and D).

Construction and Evaluation of the 
Clinical Prediction Model
First, X-Tile software was used to convert the contin-
uous variable age into a categorical variable, and the 
optimal cut-off value was 61 years old (Figure 7). 
Next, univariate Cox regression analysis was per-
formed on clinical risk factors including age, grade, 
IDH status, 1p19q codeletion status, gender, radiother-
apy, chemotherapy and DDR gene signature. The 

factors of age, grade, IDH status, 1p19q codeletion 
status and DDR gene signature were found to be sta-
tistically significant. On this basis, Lasso regression 
was used to construct a risk prediction model based 
on these five risk factors (Figure 8A). According to the 
results of Lasso regression, the risk coefficients corre-
sponding to these five variables were age (0.064), 
grade (0.996), IDH status (0.150), 1p19q codeletion 
status (0.067) and DDR gene signature (0.239) 
(Figure 8B and C).

Next, we made use of these five risk factors to 
construct the nomogram (Figure 9A), and calculated 
the risk score corresponding to each risk factor in the 
training set and verification set respectively (Table 3). 
At the same time, external verification was carried out 
for the nomogram (Supplementary Material 2). The 
C-index of the training set and verification set was 
0.761 (95% CI: 0.723–0.796) and 0.746 (95% CI: 
0.722–0.770), respectively. The values of both were 
close and both were greater than 0.7, indicating that 
the model has been well verified. In addition, calibration 
curves were also drawn for the training set and verifica-
tion set. It can be seen from Figure 9B and C that the 
calibration trends of both were close to the standard 
curves.

The Analysis of the Signaling Pathways of 
the Different Risk Groups
GSEA was used to determine which pathways the high- 
and low-risk groups enriched in. The high-risk group 
primarily enriched in the pathways of cell cycle, DNA 
replication, mismatch repair, base excision repair, P53 
signaling pathway, and bladder cancer. However, the low- 
risk group mainly enriched the following pathways, 
including wnt signaling pathway, ERBB signaling path-
way, mTOR signaling pathway, endometrial cancer, tight 
junction, and hedgehog signaling pathway (Figure 10A 
and B; Tables 4 and 5).

PCR Validation of DDR Gene Expression 
in Glioma
Total RNA from primary glioma samples was analyzed 
by spectrophotometry and the OD260/OD280 ratio was 
found to be between 1.9 and 2.0. PCR experiment 
results showed that six DDR genes were expressed 
differently between the 6 adjacent normal tissues and 
14 glioma tissues. The corresponding P values of 

Table 3 Prognostic Risk Score from Nomograms

Variable Risk Score of 
TCGA

Risk Score of 
CGGA

Age(years)
<61 0 0

≥61 2 5
Grade

WHO II 0 0

WHO III 11 67
WHO IV 100 100

IDH Mutation
Wildtupe 13 31

Mutant 0 0

1p19qCodeletion
Codel 0 0

Non-codel 5 51

Risk
Low expression 0 0

High expression 13 5

https://doi.org/10.2147/IJGM.S343839                                                                                                                                                                                                                                 

DovePress                                                                                                                                   

International Journal of General Medicine 2021:14 10094

Zhan et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=343839.docx
https://www.dovepress.com
https://www.dovepress.com


A

B

Figure 10 The analysis of signaling pathways between the high- and low-groups. (A) The signaling pathways of the high groups. (B) The signaling pathways of the low groups.
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relevant genes were as follows: P(WEE1)=0.0002 
(adjusted P(WEE1)= 0.0041), P(RECQL)=0.0117 (adjusted 
P(RECQL)= 0.0403), P(RPA1)=0.021 (adjusted P((RPA1)= 
0.0460), P(RRM1)=0.0035 (adjusted P(RRM1)= 0.0403), 
P(PARP4)=0.0006 (adjusted P(PARP4)= 0.0099), P(ELOA) 

=0.0023 (adjusted P(ELOA)= 0.0296) (Figure 11). In 
addition, GEPIA analysis also showed significant differ-
ences in the expression of these six genes between 
glioma and normal tissues (Figure 12).

Discussion
Glioma is one of the most common cause of cancer- 
related deaths among brain malignancies, and it is 
difficult to predict its prognosis due to the phenotypic 
and molecular diversity. A multi-gene signature can 
improve the predictive ability, leading to a more robust 
predictive power versus a single gene. Application of 
prognostic model is helpful to guide clinical 
decisions and is essential for individualized treatment 
of cancer. Previous researches have shown that DNA 
repair systems play a vital role in cancers,20,21 thus 
targeting the specific genes in DDR process has poten-
tial of clinical application and targeted drugs 
development.22,23 In this study, for the first time, we 
constructed a reliable 12-DDR-related gene signature 
to predict the prognosis of glioma patients, which 
could assist the staging system to predict the clinical 
outcomes, thereby providing more appropriate treat-
ment methods.

Firstly, 75 of all the 276 DDR-related genes showed 
differences between normal and glioma tissues. GO 
and KEGG enrichment analyses of 75 DDR-related 
DEGs showed that these genes mainly participated in 
DNA recombination, replication, repair, and telomere 
maintenance, organization, etc. Telomere can maintain 
chromosome stability, promote cell survival and prolif-
eration, and prevent degenerative diseases and 
cancers.24,25 It acts at the ends of chromosomes to 
prevent them from being mistaken for chromosome 
breakage by DNA damage response and repair mechan-
isms. On the contrary, many DNA repair proteins have 
been found to be important for maintaining telomere 
structure and function. The intersection of telomere 
biology and DNA repair may have significant implica-
tions for human cancers. For example, telomere short-
ening and dysfunction may exacerbate skin 
pathologies.26 However, it is still unclear regarding 
the interacting mechanism of DNA damage and telo-
meres in glioma tumorigenesis. Our findings suggested 
the probable function and the interaction of these key 
genes in glioma, which is worthy to make further 
studies.

In addition, based on these 75 DEGs, glioma patients 
can be divided into two subgroups with significantly dis-
tinct clinical outcomes, which could be used to improve 
the stratification and individual therapeutic strategies of 
glioma patients. According to previous researches, the 
prognostic potential of DNA repair genes has been found 

Table 4 The Outcome of GSEA of the High Groups

Name ES NES NOM p-val FDR q-val

KEGG_CELL_CYCLE 0.557534 1.7433186 0.04338843 0.122167
KEGG_DNA_REPLICATION 0.734727 1.7242693 0.01609658 0.101142

KEGG_MISMATCH_REPAIR 0.68046 1.7033019 0.01612903 0.111062

KEGG_BASE_EXCISION_REPAIR 0.544959 1.6745615 0.03219316 0.109782
KEGG_P53_SIGNALING_PATHWAY 0.494345 1.6639493 0.02697096 0.106616

KEGG_BLADDER_CANCER 0.468762 1.6410347 0.01449275 0.100681

KEGG_SMALL_CELL_LUNG_CANCER 0.432893 1.5572344 0.03830645 0.126616

Table 5 The Outcome of GSEA of the Low Groups

Name ES NES NOM p-val FDR q-val

KEGG_WNT_SIGNALING_PATHWAY −0.42639 −1.7222728 0.00990099 0.188922

KEGG_ERBB_SIGNALING_PATHWAY −0.734727 −1.7242693 0.01386139 0.170386
KEGG_MTOR_SIGNALING_PATHWAY −0.68046 −1.7033019 0.02579365 0.151198

KEGG_ENDOMETRIAL_CANCER −0.544959 −1.6745615 0.03667954 0.171336

KEGG_TIGHT_JUNCTION −0.494345 −1.6639493 0.01388889 0.185491
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in gastric cancer,27 colon cancer,28 hepatocellular 
carcinoma29 and lung adenocarcinoma,30 etc. In the pre-
sent study, based on TCGA and GTEX datasets, univari-
ate, multivariate Cox, and Lasso regression analyses, we 
identified a 12-DDR-related gene signature from the 75 
DEGs to stratify the survival risk of glioma patients, 
and the overall survival of high-risk group was 
significantly shorter than that of low-risk group. 
Besides, according to the risk score assessment, patients 
in high- or low-risk group also had significant 
correlation in clinicopathological parameters, including 
X1p19qCodeletion, IDH_Mutation, grade and age. 

Furthermore, we integrated the predictive signature and 
clinical characteristics to construct a novel nomogram to 
predict overall survival. The nomogram provided favor-
able C-index, ROC and calibration plots, and also had 
a good performance in external validation cohorts of 
CGGA datasets, demonstrating a favorable clinical predic-
tive ability. We further performed a GSEA analysis to 
explore the differences in signaling pathways for high- 
and low-risk groups. As a result, pathways including cell 
cycle, DNA replication, mismatch repair, base excision 
repair and P53 signaling pathway were distinctly enriched 
in the high-risk group. On the other hand, wnt signaling 

A B

C D

E F

Figure 11 qPCR verification results of the mRNA expression of six DDR-related genes. (A) WEE1, (B) RECQL, (C) RPA1, (D) RRM1, (E) PARP4, (F) ELOA.
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C D

E F

Figure 12 Differential expression analysis of DDR-related genes using GEPIA. (A) WEE1, (B) RECQL, (C) RPA1, (D) RRM1, (E) PARP4, (F) ELOA.
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pathway, ERBB signaling pathway and MTOR signaling 
pathway were enriched in the low-risk group, suggesting 
that DNA repair genes in high- and low-risk groups parti-
cipated in distinct pathways. Our model can accurately 
predict glioma patients’ prognostic risk based on DDR- 
related DEGs between high- and low-risk groups, which 
should be validated by in-depth analysis in the future.

We identified 12 DDR-related genes (CDC25A, 
CDC5L, ELOA, ERCC5, GADD45G, PARP4, RECQL, 
RFC2, RPA1, RRM1, TOP3B, WEE1) making up the 
prognostic signature, some of which were associated with 
glioma. Cell division cycle 25A (CDC25A), a member of 
the CDC25 family of phosphatases, was identified as an 
oncogene, and its over-expression can promote 
tumorigenesis.31 CDC25A over-expression activated the 
PI3K/AKT pathways to regulate the malignant behavior 
of glioma stem cells. Cell division cycle 5-like (CDC5L) 
protein is a cell cycle regulator of the G2/M transition and 
has been reported to participate in the catalytic step of pre- 
mRNA splicing and DNA damage repair, and knockdown 
of CDC5L would inhibit proliferation of glioma cells.32 

GADD45 family is involved in cell cycle control, apopto-
sis, and repair of DNA damage.33 Cucurbitacin E can 
inhibit tumor growth by arresting the cell cycle at G2/M 
phase via GADD45G gene expression in brain malignant 
glioma cells.34 RecQ helicases are a ubiquitous family of 
DNA unwinding enzymes fulfilling similar functions in 
the maintenance of chromosome stability.35 RECQL is 
highly expressed in glioblastoma and plays an important 
role in tumor cell proliferation.36 Replication factor 
C (RFC) is a DNA-binding protein in the process of 
DNA repair and replication, and RFC2 is one of the five 
subunits of RFC.37 It is reported that RFC2 may act as an 
oncogene in glioblastoma progression.38 Replication pro-
tein A (RPA) is a heterotrimeric single-stranded DNA- 
binding protein, it is required for DNA repair 
pathways.39 RPA was preferentially expressed by glioblas-
toma stem-like cells and high RPA expression informed 
poor glioma patients’ survival.40 Ribonucleotide reductase 
catalytic subunit M1 (RRM1) plays a vital role in DNA 
synthesis and cell proliferation.41 RRM1 expression has 
been found significantly higher in glioma than in normal 
brain tissues, and silencing RRM1 decreased proliferation 
and suppressed cell cycle progression of glioma cells.42 

WEE1 (WEE1 G2 checkpoint kinase) is a member of the 
tyrosine kinase family, it is involved in the regulation of 
cell cycle progression. Several studies have found that 
WEE1 was overexpressed in glioma and promoted glioma 

cells proliferation, migration, and invasion.43,44 However, 
the roles of some of the candidate genes in glioma have 
not been revealed. Nevertheless, our analysis suggested 
that these DDR-related genes might provide promising 
clinical values in glioma.

Conclusions
In conclusion, the current study proposed a novel 12 DDR- 
related gene signature as a practical prognostic predictor 
for glioma patients. A nomogram combining the signature 
and clinical parameters was established as an individual 
clinical prediction tool, which can facilitate the individua-
lized consultation and treatment of glioma patients.
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