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Background: DNA repair plays a crucial role in the development and progression of different types of
cancers. Nevertheless, little is known about the role of DNA repair-related genes (DRRGs) in esophageal
cancer (EC). The present study aimed to identify a novel DRRGs prognostic signature in EC.

Methods: Gene set enrichment analysis (GSEA) was performed to screen 150 genes related to DNA
repair, which is the most important enrichment gene set in EC. Univariate and multivariate Cox regression
analyses were used to screen DRRGs closely associated with prognosis. The difference in the expression of
hub DRRGs between tumor and normal tissues was analyzed. Combined with clinical indicators (including
age, gender, and tumor stage), we evaluated whether the 4-DRRGs signature was an independent prognostic
factor. In addition, we evaluated the prediction accuracy using a receiver operating characteristic (ROC)
curve and visualized the model’s performance via a nomogram.

Results: Four-DRRGs (NT5C34, TAF9, BCAP31, and NUDT21) were selected by Cox regression analysis
to establish a prognostic signature to effectively classify patients into high- and low-risk groups. The area
under the curve (AUC) of the time-dependent ROC of the prognostic signature for 1- and 3-year was 0.769
and 0.720, respectively. Compared with other clinical characteristics, the risk score showed a robust ability to
predict the prognosis in EC, especially in the early stage of EC. Furthermore, we constructed a nomogram
to interpret the clinical application of the 4-DRRGs signature.

Conclusions: In conclusion, we identified a prognostic signature based on the DRRGs for patients with
EC, which can contribute independent value in identifying clinical outcomes that complement the TNM
system in EC.
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Introduction

As one of the most invasive malignancies, esophageal cancer
(EC) ranks seventh among the leading causes of cancer-
related deaths worldwide (1). Most patients are diagnosed at
an advanced stage, resulting in a poor 5-year overall survival
(OS) rate of around 20% (1). Therefore, it is imperative to
explore novel biomarkers and therapeutic targets for EC.
EC is a complex and heterogeneous disease. It has been
reported that DNA repair pathways play a role in regulating
the response to chemotherapy and radiotherapy in EC (2-4).

DNA repair plays a vital role in maintaining cell and
tissue homeostasis, as it responds to both endogenous
and exogenous DNA insults. Defects in DNA repair can
lead to an accumulation of genomic changes, increasing
the risk of carcinogenesis and cancer development (5).
Specific genes in the DNA repair pathways were found
to be associated with the risk of esophageal squamous cell
carcinoma (ESCC) and gastric cancer (6). Moreover, studies
have shown that cancer cells exhibit mutations and aberrant
expression in genes associated with DNA repair responses
(7,8). Alterations in DNA repair pathways not only drive
cancer but also contribute to its development. However,
the understanding of the roles of DNA repair-related genes
(DRRGs) in EC remains limited (9).

In this study, we analyzed the mRNA expression dataset
from The Cancer Genome Atlas ('CGA) database, profiling

Highlight box

Key findings

® Our study identified a 4-gene DNA repair-related signature that
stratified esophageal cancer patients into high and low-risk groups,
demonstrating high prognostic accuracy and independence from

traditional clinical indicators.

What is known and what is new?

* DNA repair mechanisms are critical for preventing carcinogenesis
by managing genomic stability. Malfunctions in these pathways
could drive cancer development and contribute to treatment
responses in esophageal cancer.

® Our study revealed that certain DNA repair-related genes
significantly influenced the prognosis of esophageal cancer and
a 4-gene prognostic signature was identified to independently
predict clinical outcomes in esophageal cancer patients.

What is the implication, and what should change now?

* Understanding and targeting DNA repair pathways could have
significant impacts on the management of esophageal cancer.
Personalized treatment strategies based on DNA repair-related

genes might improve survival for patients with esophageal cancer.

© Journal of Gastrointestinal Oncology. All rights reserved.

Du et al. Insights into a future diagnosis for EC

hallmark gene sets in 158 cases of EC. Interestingly, we
found that the DNA_REPAIR pathway ranked highest in
terms of its function in EC. Subsequently, we conducted a
comprehensive functional study of DRRGs to investigate
their significance in EC. Through this analysis, we identified
and validated an individualized prognostic model based on
DRRGs for OS in EC patients. Our findings also revealed
several EC-related RBPs, shedding light on the molecular
mechanisms underlying EC progression. These DRRGs hold
promise as potential biomarkers for diagnosis and prognosis
in EC patients. We present this article in accordance with
the TRIPOD reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-24-262/rc).

Methods
Data extraction from the TCGA database

The transcriptome data and clinical information of EC
(including squamous cell carcinoma and adenocarcinoma) were
retrieved from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/). Patients with incomplete
follow-up information and survival time <30 days were
excluded to reduce statistical bias in the following analysis. To
identify differentially expressed genes between tumor samples
and normal samples in EC patients, the “limma” package in R
software was utilized. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).

Gene set envichment analysis (GSEA)

The GSEA tool (http://www.broadinstitute.org/gsea/
index.jsp) was implemented to assess the significance of the
identified gene sets between adjacent and tumor tissues.
A total of 168 mRINA expressions profiles, consisting of
10 mRNAs from adjacent tissues and 158 mRNAs from
primary EC tissues, were extracted from the TCGA dataset
and subjected to analysis. Further investigation of functions
was based on the normalized P value (P<0.05) and the
normalized enrichment score (NES).

Construction and validation of a DRRGs-related
prognostic signature in predicting survival

We employed univariate Cox regression analysis to identify
DRRGs that exhibited significant associations with the OS
of EC patients. Subsequently, multivariate Cox regression
analysis was performed to construct a risk score that could
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Figure 1 Flow diagram of this study. **, P<0.01, ***, P<0.001. TCGA, The Cancer Genome Atlas; EC, esophageal cancer; GSEA, Gene Set
Enrichment Analysis; DRRGs, DNA repair-related genes; OS, overall survival; AUC, area under the curve; HR, hazard ratio; CI, confidence

interval.

effectively evaluate patient prognosis. The risk score was
determined using the following formula: risk scores = Vi x
Ci, summed for each signature gene, where Vi represents
the expression value of a gene and Ci represents the
regression coefficient of the gene. Based on the median
risk cutoff value, all patients were categorized into high-
and low-risk groups. The prognostic model’s predictive
performance was assessed using the area under the curve
(AUC) value of the receiver operating characteristic (ROC)
curve at 1 and 3 years, with evaluation facilitated by the
“survivalROC” package in R. Additionally, we employed
the log-rank method and Kaplan-Meier curves to further
validate the predictive ability of the risk score.

© Journal of Gastrointestinal Oncology. All rights reserved.

Statistical analysis

The Cox regression analysis was performed using the
“survival” package in R software (Version 4.3.1). For the
normalization and differential expression analysis, the
“limma” package was utilized. A significance threshold of
P<0.05 was applied in all statistical analyses.

Results
Screen of the top-ranking function genes in EC

The flow chart of this study is shown as Figure 1. Fifty specific
hallmark gene sets were derived by aggregating MSigDB
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Table 1 Gene sets enriched in EC (158 mRNA samples)

Du et al. Insights into a future diagnosis for EC

GS follow link to MSigDB Size NES NOM, P value FDR g-value
HALLMARK_DNA_REPAIR 150 2.2617 <0.001 0
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 110 2.2048 <0.001 0
HALLMARK_E2F _TARGETS 198 2.1889 <0.001 0
HALLMARK_MYC_TARGETS_V1 196 2.1749 <0.001 0
HALLMARK_G2M_CHECKPOINT 196 2.1644 <0.001 0

EC, esophageal cancer; GS, gene set; NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate.
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Figure 2 GSEA results for the top five enrichment hallmark gene sets in EC. GSEA, Gene Set Enrichment Analysis; EC, esophageal cancer.

version 7.2 gene sets to summarize and represent specific,
well-defined biological states or processes. GSEA was further
utilized to explore and identify significantly different gene
sets between the EC tissues and adjacent normal tissues. The
top five gene sets that exhibited significant enrichment were
DNA_REPAIR, UNFOLDED_PROTEIN_RESPONSE,
E2F_TARGETS, MYC_TARGETS_VI, and G2M_
CHECKPOINT (Table 1, Figure 2). For further analysis, we

© Journal of Gastrointestinal Oncology. All rights reserved.

selected the DNA_REPAIR gene set, consisting of 150 genes,
which had the lowest P value (P<0.001) and highest NES-
value (NES =2.2617).

The DRRGs signature for OS prediction of EC patients

To explore the novel biomarkers that correlate with the
outcome of patients with EC, we used the data from the
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Journal of Gastrointestinal Oncology, Vol 15, No 3 June 2024 833

Table 2 The summary information of patients with EC TCGA EC dataset, which includes both RNA sequencing
Characteristic Patients, n (%) and adequate follow-up information. The general clinical
features are shown in 7able 2. After applying univariate

Age (years)
Cox proportional hazard regression, 5 DRRGs that were

=65 98 (62.03) found to be significantly associated with OS (P<0.05)
>65 60 (37.97) were selected into a stepwise multivariate Cox regression
Gender analysis (Table S1). Finally, a total of four hub DRRGs were
Male 135 (85.44) selected to establish the prognostic signature (NTSCSA,
TAFY9, BCAP31, NUDT2I1) (Table S2). The risk score
Female 23 (14.56) of each patient was evaluated by applying the Vi x Ci
Grade formula (as reported in Methods), as follows: Risk score =
o 16(10.19 (0.0346x ExpNTSC3A) + (0.0454x ExpTAF9) + (0.0192x
ExpBCAP31) + (0.0486x ExpNUDT21). Additionally, we
G2 65 (41.14) . .
assessed the expression levels of these four hub genes in
G3 43(27.22) both EC tumor tissues and adjacent normal tissues. The
Unknown 34 (21.51) results showed significant upregulation of all four hub
T genes in the EC tumor tissues (P<0.01, Figure 34). Finally,
an additional analysis of clinical EC samples from the
m 27 (17.09) cBioPortal database revealed that the 4 hub DRRGs were
T2 37 (23.42) altered in 14 out of 158 sequenced cases, accounting for 9%
T3 75 (47.47) of the samples (Figure 3B), highlighting the importance of
T4 4259 these four DRRGs in esophageal carcinogenesis.
Unknown 15 (9.49)
N Prognostic analysis of survival signature based on DRRGs
NO 65 (41.14) To evaluate the reliability of the risk score, we then
dichotomized the EC patients into high- and low-risk
N1 62 (39.24) . ) .
groups according to the median value of risk score. The
N2 9(6.70) expression heat map, the distribution of patients’ risk
N3 6 (3.80) score, and survival status are presented in Figure 44-4C.
Unknown 16 (10.12) Kaplan-Meier curves were further employed to clarify
" the relationship between the risk score and OS. The
results indicated that the high-risk group had a worse OS
MO 119 (75.32) compared to the low-risk group (P<0.001, Figure 4D). To
M1 8 (5.06) estimate the prognostic ability of the 4-DRRGs biomarker
Unknown 31 (19.62) signature, a time-dependent ROC analysis was performed.
The ROC curves of the DDRGs signature model are shown
Stage in Figure 4E, with an AUC of 0.769 and 0.720 for 1- and
| 16 (10.13) 3-year survival respectively, which indicated that it has a
M 68 (43.04) moderate diagnostic performance.
Il 48 (30.38)
Y, 8 (5.06) Evaluation of independent prognostic factors in EC
Unknown 18 (11.39) Univariate and multivariate Cox hazard analyses were
EC, esophageal cancer. conducted to assess the risk score obtained from the

prognostic signature, along with conventional clinical
parameters such as age, gender, tumor grade, and tumor
stage. The results demonstrated significant associations

© Journal of Gastrointestinal Oncology. All rights reserved. 7 Gastrointest Oncol 2024;15(3):829-840 | https://dx.doi.org/10.21037/jgo-24-262


https://cdn.amegroups.cn/static/public/JGO-24-262-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-24-262-Supplementary.pdf

834
A sk :
50
5
-2 40 1
1%
o
230
[0}
<
& 20
)
'_
z
10
—_—
—
0 T T
Normal Tumor
160 A il
c
.9 120 +
[7]
1%
<
o
x
()
p 80
o
<<
O
m Tk
o B R
E 2 oa
T T
Normal Tumor
B

NT5C3A 2.9% ||

TAFO 1% | (1]

BCAP31 3% A
NUDT21 1.4% || 0 (I
Genetic alteration

No alterations Not profiled

Du et al. Insights into a future diagnosis for EC

*o

1
40
c
k)
@
© 30
o
X
[}
2
20
£
10 —_—
T T
Normal Tumor
- 1
40 +
C
kel
[
g 30 —|
I
X
()
& o0 -
5 20 .
= |
z
104 ?

¥ Missense Mutation (unknown significance) ® Truncating Mutation (unknown significance) I Amplification I Deep deletion

Figure 3 Identification of mRNAs associated with patient survival. (A) Different mRNA expression of four genes between the tumor and

non-tumor tissues based on The Cancer Genome Atlas; (B) genetic alterations for the four selected genes of esophageal cancer in the

cBioPortal database. **, P<0.01, ***, P<0.001.

between the risk score and tumor stage with OS in both
univariate [hazard ratio (HR): 1.702; 95% confidence
interval (CI): 1.357-2.135; P<0.001; and HR: 2.421; 95%
CI: 1.573-3.726; P<0.001; respectively] (Figure 5A) and
multivariate (HR: 1.793; 95% CI: 1.391-2.313; P<0.001;
and HR: 2.268; 95% CI: 1.406-3.658; P<0.001; respectively)
(Figure 5B) analysis. The risk score was an independent
predictor of survival and exhibited the highest value of AUC
compared to other clinical factors (Figure 5C). To facilitate
its practical application in clinical settings, a nomogram
was developed to predict the survival probability of patients
(Figure 5D). Every value of each indicator corresponds to a
distinct point. For instance, a male patient under 65 years

old diagnosed with EC, with G1-2 tumor grade, I-II stage,

© Journal of Gastrointestinal Oncology. All rights reserved.

and classified as low risk based on the calculated risk score,
would be assigned a total score of 100 points. Consequently,
the corresponding 1-year survival rate ranges between 90%
and 99%, the 2-year survival rate is approximately 82%, and
the 3-year survival rate is estimated to be around 70%.

Validation of the 4-DRRGs signature in predicting
survival by Kaplan-Meier curves

We first validated the impact of different clinical characteristics
on survival and then conducted comprehensive subgroup
analysis to determine the applicability of the established
4-DRRGs signature in EC patients of different genders,
grades, and stages. The Kaplan-Meier curves demonstrated

7 Gastrointest Oncol 2024;15(3):829-840 | https://dx.doi.org/10.21037/jgo-24-262
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Figure 4 DRRGs prognostic signature of EC patients based on TCGA. (A) Expression heat map; (B) risk score distribution; (C) survival
status; (D) Kaplan-Meier curves showed that patients in the high-risk group had significantly poorer OS than those in the low-risk group;

(E) ROC curve of OS-related prognostic signature. AUC, area under the curve; DRRGs, DNA repair-related genes; EC, esophageal cancer;

TCGA, The Cancer Genome Atlas; ROC, receiver operating characteristic; OS, overall survival.
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Figure 5 Evaluation of independent prognostic factors in EC. (A) Univariate Cox regression analysis results; (B) multivariate Cox regression
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esophageal cancer; ROC, receiver operating characteristic.

that certain clinical characteristics, including tumor
grade (G3) (P=0.04), N stage (N1-3) (P<0.001), M stage
(M1) (P<0.001), and tumor stage (III-1V) (P<0.001),
were significantly associated with poorer OS (Figure 6).
Furthermore, our results indicated that the risk score served
as a reliable prognostic predictor for EC patients when
stratified by age (<65 or >65 years), tumor grade (G1-2
or G3), and N stage (NO-1 or N2-3) (Figure 74-7C).
However, the prognostic value of the risk score varied when
patients were stratified by tumor stage, T stage, and M
stage. Specifically, within the stage I-II subgroups, patients
in the low-risk group exhibited significantly better OS
than those in the high-risk group (P=0.045), whereas no
significant difference was observed within the stage III-IV
subgroups (P=0.12). Notably, the prognostic power of the
risk score was more pronounced in individuals with T1-2
stage disease (P=0.004) compared to those with T3-4 stage

© Journal of Gastrointestinal Oncology. All rights reserved.

disease (P=0.18). Similar trends were observed in relation
to the M stage (MO, P=0.01; M1, P=0.44) (Figure 7D-7F).
These findings suggest that the risk score derived from the
DRRGs signature may serve as a more effective prognostic
predictor for early and intermediate stages of EC.

Discussion

Accumulating evidence supports the involvement of DNA
repair deficiencies in various cancers, including EC (10,11).
DRRGs exhibit distinct expression patterns between
adjacent and tumor tissues, which have been shown to be
closely associated with patient prognosis (12-14). Genomic
instability is considered a fundamental characteristic
of cancer, and defective DNA repair mechanisms can
contribute to oncogenic genomic instability. Recent research
has demonstrated that altered DNA damage response
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Figure 6 Different clinical features that can predict patient survival via Kaplan-Meier curves. (A) Tumor grade; (B) N stage; (C) M stage; (D)

tumor stage.

pathways are closely linked to an increased vulnerability to
cancer and significantly impact the effectiveness of cancer
treatments, including therapy response and resistance (15).
Consequently, targeting DRRGs has emerged as a promising
approach in anticancer therapies (16,17). In this study, we
utilized the hallmark gene sets, which encompass 50 well-
defined biological processes relevant to a wide range of
potential cellular responses (18). Our findings revealed that
genes related to DNA repair pathways ranked as the top-
enriched gene set in EC, suggesting that the abundance
of DRRGs may serve as a potential indicator of malignant
transformation in the development of EC.

The heterogeneity of EC determines that the prognostic
value of a single gene is limited. Therefore, establishing a
multi-gene prognostic signature instead of a single gene
biomarker potentially provides more optimal feasibility
in predicting prognosis for patients with EC. To date, no
research has been reported on the transcriptional patterns
of DRRGs in EC and its prospective prognostic value. Our
study developed a prognostic signature based on 4-DRRGs
which could predict the survival outcomes of patients with

© Journal of Gastrointestinal Oncology. All rights reserved.

EC. Among the 4-DRRGs biomarkers detected in the
present study, BCAP31 is reported to regulate proliferation,
migration, and invasion and promote cancer progression (19).
NUDT?21, a newly identified post-transcriptional regulator,
controls cell fate by connecting alternative polyadenylation
to chromatin signaling (20,21). NUDT21 may also serve
as an oncogene and promote cell growth and proliferation
while inhibiting apoptosis through EIF2 signaling in
pancreatic cancer (22). It is reported that p53 sequesters
TAF9 from GLI1, which modulates the GLI1 oncogene
activity (23). These DRRGs are potential prognostic markers
and might be new therapeutic targets for EC in the future.
However, the molecular mechanism of how these DRRGs
contribute to EC progression requires further exploration.
"To date, several studies have investigated the relationship
between DNA repair and the initiation, progression, and
invasion of cancer (14,24,25). However, only a limited
number of prognostic signatures based on DRRGs have
been developed, primarily in hepatocellular carcinoma (26),
colon cancer and glioblastoma (27,28). In our present study,
we identified a prognostic signature based on DRRGs in
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EC, to investigate the role of this signature in this particular
cancer type. Our findings demonstrated that the risk score
derived from this signature outperformed other clinical
factors, functioning as both an independent risk predictor
and a significant prognostic indicator. These results support
the robustness of our risk score in predicting the prognosis
of EC patients, especially for early and intermediate stages.
Additionally, we developed a nomogram that can potentially
aid clinicians in making informed treatment decisions
for patients with EC. The present study has a certain
limitation. EC is generally classified into squamous cell
carcinoma and adenocarcinoma, which encompass distinct
pathological subtypes with different etiological mechanisms.
Nonetheless, the restricted number of EC patients within
the TCGA dataset precluded the construction of individual
models for each subtype. Consequently, this study

© Journal of Gastrointestinal Oncology. All rights reserved.

conducted analysis on EC as a unified entity. It is anticipated
that future research, with a more extensive sample size, will
facilitate specific analyses of diverse EC patient cohorts.

Conclusions

In summary, our study successfully developed a novel
prognostic signature consisting of four DRRGs for patients
with EC. This signature holds promise as an independent
prognostic predictor that can provide valuable insights into
clinical outcomes, potentially complementing the traditional
TNM system in EC.
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