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Abstract 

Background: Increasing evidence has depicted that DNA repair-related genes (DRGs) are associated 

with the prognosis of colorectal cancer (CRC) patients. Thus, the aim of this study was to evaluate the 

impact of DNA repair-related gene signature (DRGS) in predicting the prognosis of CRC patients. 

Method: In this study, we retrospectively analyzed the gene expression profiles from six CRC cohorts. 

A total of 1,768 CRC patients with complete prognostic information were divided into training cohort 

(n=566) and 2 validation cohorts (n=624 and 578, respectively). LASSO-Cox model was applied to 

construct a prediction model.  

Results: Among 1,376 DRGs, a prognostic DRGS consisting of 11 distinct genes stratified patients into 

high and low -risk groups. In all cohorts, patients in the high -risk groups had significantly worse disease-

free survival (DFS) compared with those in the low-risk groups (training cohort: hazard ratio (HR) = 

2.40, 95% confidence interval (CI) = 1.67-3.44, P < 0.001; validation-1: HR = 2.20, 95% CI = 1.38-3.49, 

P < 0.001; validation-2 cohort: HR = 2.12, 95% CI = 1.40-3.21, P < 0.001). After adjusting for clinical 

features and molecular types, DRGS still remained as an independent prognostic marker in multivariable 

analysis (training cohort: HR = 1.80; 95% CI = 1.22-2.64, P = 0.0028; validation-1: HR = 1.85, 95% CI 

= 1.13-3.02, P = 0.015; validation-2 cohort: HR = 1.75, 95% CI = 1.15-2.65, P = 0.0085). Gene Set 

Enrichment Analysis (GSEA) showed significant dysregulated pathways in the high-risk involved in 

angiogenesis, KRAS signaling, epithelial mesenchymal transit (EMT) and myogenesis (P < 0.001). 

Conclusions: DNA repair-related gene signature is a favorable prognostic model for patients with CRC, 

and further studies are necessary to validate the exact biological mechanism. 

Keywords: DNA repair-related genes, Prognostic, Colorectal cancer, Prediction model 

 

 

 

 

 

 



Background 

With the third highest incidence rate in the world, colorectal cancer (CRC) is a serious threat to human 

health[1]. Nowadays, due to lifestyle changes, there is an increasingly high incidence of mortality from 

CRC[2]. As one of the most common gastrointestinal tumors in general surgery, colorectal cancer is a 

multifactorial disease with extremely complex pathogenesis [3]. At present, the early diagnosis of CRC 

has involved epigenetics, genomics and so on [4]. DNA repair is a series of processes by which a cell 

recognizes and corrects damage to the DNA molecules that encode its genome, [5, 6] and it is extremely 

important for maintaining the stability of the genome and protecting the genome from damage by 

endogenous and environmental agents [7]. It is estimated that human cells suffer more than 2 × 104 

DNA damage events per day,[8] but generally speaking, cells can respond to this damage through 

efficient and highly regulated DNA repair mechanisms[8, 9]. Repair mechanisms include nuclear 

excision repair (NER), base excision repair (BER), mismatch repair (MMR) and double strand break 

repair (DSBR) [9]. As we all know, genomic instability caused by the destruction of DNA damage and 

repair mechanism can lead to cancer progression and DNA repair genes were often found mutate in 

cancer [10-14]. Recently, Knijnenburg et al. discovered mutations related to DNA damage response 

genes by analyzing TCGA data, and found that cases in colon adenocarcinoma (COAD) and rectal 

adenocarcinoma (READ) datasets carried multiple mutations of DNA damage response and repair 

gene[11].  

Due to limited options for capturing the molecular heterogeneity of the disease and the lack of 

consideration and sufficient validation of other gene expressions, few of the prognostic model of early-

stage CRC have been applied in clinical practice[15, 16] . Thus, an accurate method is needed to identify 

effective prognostic models to assess the disease-free survival (DFS) of patients with CRC and provide 

guidance for clinicians in treatment. The aim of the present study was to examine the inter-relationships 

between DNA repair-related genes and colorectal cancer, in order to identify effective prognostic models 

to assess the disease-free survival (DFS) of patients with CRC and provide guidance for clinicians in 

early diagnosis and treatment.     

 

 

 



Materials and methods 

Patients 

We retrospectively analyzed the gene expression profiles of CRC samples from 6 public cohorts. Totally, 

1,768 samples were available for analysis in the current study. The CIT/GSE39582 (n = 566) was used 

for training the model, and The Cancer Genome Atlas colorectal cancer (TCGA, n = 624) was selected 

to serve as a validation-1 cohort. The remaining 4 microarray datasets (GSE14333, GSE33113, 

GSE37892 and GSE39084) were merged into a validation-2 cohort (n = 578) (Table 1). The 

transcriptome RNA-sequencing data of CRC samples was obtained from the TCGA data portal, and other 

microarray datasets were acquired directly from GEO database through. The Institutional Review Board 

(IRB) of our hospital approved this study, and data were collected from May 12 to October 10, 2020. 

Construction and validation of DNA repair-related gene signature 

Firstly, a comprehensive list of DRGs was obtained online from the MSigDB (version 6.2, 

https://www.gsea-msigdb.org/gsea/msigdb). We identified a list of candidate genes differentially 

expressed between relapsed samples and non-relapsed samples by using the “limma” R package [17]. 

The genes with an absolute log2-fold change of more than 1 and an adjusted P < 0.05 were considered 

for subsequent analysis. In order to minimize over-fitting risk, we applied a Cox proportional hazards 

regression model on CRC samples combined with the least absolute shrinkage and selection operator 

(LASSO) [18]. The penalty parameter was estimated by 10-fold cross-validation in the training dataset 

at the minimum partial likelihood deviance.  

To stratify patients into high and low risk groups, the optimal cutoff value was determined by a time-

dependent receiver operating characteristic (ROC) curve (survivalROC, version 1.0.3) at 5 years in the 

training dataset. The ROC curve was estimated by the Kaplan-Meier estimation method. To verify that 

the 11-DRG signature was independent of other clinical characteristics, univariate and multivariate Cox 

regression analyses were applied to the cohorts.  

Functional annotation analysis 

To evaluate the biological functions of the DRGS, enrichment analysis for differentially expressed genes 

(DEGs) in different groups was applied using the R package “gProfileR”. We used the Bioconductor 

package “HTSanalyzeR” to perform Gene Set Enrichment Analysis (GSEA) to predict significant 

https://www.gsea-msigdb.org/gsea/msigdb


dysregulated pathways [19, 20]. Gene sets of cancer hallmarks from MSigDB[21] were examined. 

Statistical analysis 

All the statistical analyses were performed on R (version3.4.3, www.r-project.org). Hazard ratios were 

calculated using the “survcomp” package28 (version: 1.28.4) [22]. The LASSO regression was 

implemented using “glmnet” R package (version: 2.0.16). Cox regression analysis was used for single-

factor and multifactor analysis of the results, and the Receiver operating characteristic (ROC) curve and 

C-index were used to evaluate the model. A P value of less than 0.05 was defined as statistical 

significance in all tests. 

 

Results 

Construction and definition of the DNA repair-related gene signature (DRGS) 

A total of 1,768 CRC patients were included in the analysis. The CIT dataset (GSE39582, n=566) was 

used as training cohort and genes with relatively high variation were kept as candidates (Table 1, Fig. 1). 

With median absolute deviation (MAD) > 0.5 and excluding the genes expressed less median expression 

level, 1,286 genes were screened out of 1,376 DRGs measured on all platforms from the datasets. In 

addition, in order to improve the robustness of the identification for the limited sample size, we further 

selected DRGs by using the Cox proportional hazards regression against 1000 randomized trials (80% 

portion of samples each time) to assess the correlation between each candidate gene and patients’ disease-

free survival (DFS) in the training cohort. 46 DRGs were robustly associated with individual patients’ 

DFS. In order to minimize over-fitting risk, we applied a Cox proportional hazards regression model on 

CRC samples combined with the least absolute shrinkage and selection operator (LASSO). By using 

LASSO Cox regression, 11 prognostic DRGs were selected and combined for the construction of DNA 

repair-related gene signature (DRGS) (Fig. 2a, b). Risk scores were calculated by the formula designed 

by Cox regression model. The total risk score was imputed as follows: (−0.1145 × POLR2B) + (−0.0653 

× RAD1) + (0.0370 × CDA) + (0.1711 × NPR2) + (−0.0328 × UBE2D2) + (−0.0992 × BCL2) + (−0.0473 

× PLD6) + (0.0896 × ERBB2) + (0.1220 ×ARPC1B) + (−0.1086 × FUT4) + (−0. 0765×PSME2). Time-

dependent ROC curve analysis showed that the optimal cutoff to stratify high and low risk groups was -

0.147 (Fig. 2c).  



Prognostic evaluation of the DRGS 

Six colorectal cancer transcription datasets containing prognostic data were selected to assess prognostic 

ability of the DRGS. The entire CIT/GSE39582 dataset (n= 566) was used as a training dataset (Fig. 2d). 

TCGA CRC dataset was enrolled as validation-1 cohort (n=624), and additional datasets from GEO were 

combined as validation-2 cohort (n=578). Patients in the training and validation cohorts, more 

recurrences were found in the high-risk group compared to the low-risk group (Fig. 3a,d,g).When applied 

to a follow-up duration of 2, 3 and 5 years, promising prognostic values were also found base on the 

time-dependent ROC curve analysis in the training cohort (AUC = 0.640 at 2 years; AUC = 0.664 at 

3 years; AUC = 0.653 at 5 years) , validation-1 cohort (AUC = 0.620 at 2 years; AUC = 0.628 at 3 years; 

AUC = 0.606 at 5 years) and validation-2 cohort (AUC = 0.645 at 2 years; AUC = 0.631 at 3 years; AUC 

= 0.638 at 5 years) (Fig. 3b,e,h). DRGS significantly stratified patients into high and low risk groups in 

the training cohort (HR=2.40, 95% CI= 1.67-3.44, P < 0.001), validation-1 cohort (HR=2.20, 95% CI= 

1.38-3.49, P < 0.001), and validation-2 cohort (HR=2.12, 95% CI= 1.40-3.21, P < 0.001) (Fig. 3c, f, i). 

Besides, the overall survival (OS) in the low risk group was better than the high risk group (Additional 

file 1: Figure S1).  

When compared with the risk scores calculated using the algorithm in the FDA-approved assay 

Oncotype DX colon, we found that the DRGS achieved an improved survival correlation in the training 

cohort (C-index, 0.78 vs. 0.60), validation-1 cohort (C-index, 0.65 vs. 0.51) and validation-2 cohort (C-

index, 0.66 vs. 0.62) (Table 2). 

To further investigate whether the DRGS could serve as an independent predictor of prognosis, 

univariate and multivariate Cox proportional hazards regression analyses were performed. As expected, 

age, sex, tumor stage, tumor location and pathologic gene status were associated with outcomes for CRC 

patients (Table 3). In the univariate analysis, DRGS, MMR status and KRAS mutation status were 

significantly correlated with worse prognosis in the training cohort. After adjusting for clinical features 

such as age, gender, tumor location and molecular types, DRGS remained an independent prognostic 

factor in multivariate analyses in both validation cohorts.  

Functional annotation of the DRGS 

A gene set enrichment analysis was performed to further investigate the potential biological processes 



and examine the associated mechanisms of these 2 groups. Gene Ontology analyses revealed that some 

biological process pathways (extracellular region, cell proliferation, and cell adhesion) were the main 

enriched pathways in the high-risk group (Fig. 4a). In addition, the GSEA pathway enrichment analysis 

in the high-risk compared with the low-risk groups shown that metastasis-related pathways (ie, 

angiogenesis, KRAS signaling, epithelial mesenchymal transit and myogenesis pathways) enriched in 

the high-risk group (Fig. 4b, Additional file 2: Table S1). These findings suggested that the enrichment 

of pathways provided evidence of molecular mechanisms affected by the DRGS and thus can predict the 

prognosis of CRC. 

 

Discussion 

Colorectal cancer is the leading cause of death among gastrointestinal cancers. The incidence and 

mortality of colorectal cancer are increasing year by year, and its prognosis is closely related to early 

diagnosis [23, 24]. Numerous studies have highlighted the biomarkers are associated with the 

pathogenesis and biology of CRC, [25-28] and a lot of multigene prognostic signatures have been 

developed for CRC [28-32]. Unfortunately, the accuracy of their prognosis predictions remains 

uncertain[33]. More efforts are needed to achieve a good prognosis for CRC, which is still considered a 

challenge.  

Studies on DNA repair pathways and DRGs have found some new results. Inactivation of DRGs can 

disrupt genome integrity, which can increase the risk of the accumulation of gene mutations associated 

with cancer development[34]. Some reports suggest that the DNA repair process is involved in the 

intrinsic response of the body to chemotherapeutic agents and has been shown to be associated with the 

mechanisms of resistance acquired during treatment[34, 35]. In this study, we were aimed to identify and 

validate a robust and reliable DNA repair-related gene signature (DRGS) and thus improve the accuracy 

of survival prediction for CRC patients.  

This study consisted of a training cohort and 2 validation cohorts, which included 1,768 patients with 

CRC. Our prognostic DRGS can stratify CRC patients into two groups with different survival outcomes. 

A multivariate analysis suggested that DRGS remained an independent prognostic factor and 

significantly associated with poor prognosis in CRC. Furthermore, the C index results of the DRGS 

showed its clinical superiority to Oncotype DX[36]. Thus, it offers a significantly promising prognostic 



biomarker potential compared to the clinicopathological risk factors that are currently in use. The GSEA 

revealed that metastasis-related pathways (ie, angiogenesis, KRAS signaling, epithelial mesenchymal 

transit and myogenesis pathways) were enriched in the high-risk group, all of which were well-known to 

play a crucial role in the progression and proliferation of CRC in numerous studies[37-39]. Further 

studies are needed to clarify the effects of DNA repair in order to identify more targets and improve the 

prognosis of CRC patients. 

There some limitations to our study. First, this is a retrospective study, although we validated the 

signature in independent datasets. In addition, samples from primary tumor or metastatic disease may 

have inconsistent genetic heterogeneity, which could lead to sampling bias[40, 41]. What’s more, 

systematic errors result from analyzing samples of disparate databases, and not all batch effects can be 

eliminated based on their complexity. Although we investigated as many genes as possible, further 

clinical, and pharmacological tests are needed to validate our results. 

 

Conclusion 

In summary, our work provides an accurate prognostic approach for estimating survival outcomes of 

CRC patients. Further prospective studies are needed to evaluate the clinical application of this signature 

for the prognosis of CRC. 
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Figure legends 

Fig.1   Schema flow chart of the study. 

Fig.2 (a) Identification and selection of prognostic genes by LASSO Cox proportional hazards regression. 

(b) The establishment of 11 DNA repair-related genes signature from the LASSO COX regression. (c) 

The optimal cutoff point of prognostic gene signature at 5-year OS endpoint from ROC curve. (d) 

Heatmap of the 11 DNA repair-related genes in two risk groups.  

Fig.3 (a, d, and g) Distribution of the DRGS risk score and its correlation to recurrence in the training, 

validation-1, and validation-2 cohort. (b, e, and h) Time-dependent ROC analysis of disease-free 

survival for CRC patients in the training, validation-1, and validation-2 cohorts at the time points of 2, 3 

and 5 years. (c, f, and i) Kaplan–Meier curves comparing survival of patients within the low and high 

risk groups in training cohort, validation-1, and validation-2 cohorts. P‑values were calculated using 

log‑rank tests. 

Fig.4 (a) Gene ontology of the differentially expressed genes between the two risk groups. “GeneRatio” 

is the percentage of total differential genes in the given GO term. (b) GSEA showed several metastasis-

related processes enriched in the high risk group, including angiogenesis, KRAS signaling, epithelial 

mesenchymal transit (EMT) and myogenesis signal pathways. 
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Additional file 1: Figure S1 (a) Distribution of the DRGS risk score and its correlation to survival status. 

(b) Time-dependent ROC analysis of overall survival for CRC patients at the time points of 5 and 10 

years. (c) Kaplan–Meier curves comparing overall survival of patients within the low and high risk 

groups. P‑values were calculated using log‑rank tests. 
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Figures

Figure 1

Schema �ow chart of the study.



Figure 2

(a) Identi�cation and selection of prognostic genes by LASSO Cox proportional hazards regression. (b)
The establishment of 11 DNA repair-related genes signature from the LASSO COX regression. (c) The
optimal cutoff point of prognostic gene signature at 5-year OS endpoint from ROC curve. (d) Heatmap of
the 11 DNA repair-related genes in two risk groups.



Figure 3

(a, d, and g) Distribution of the DRGS risk score and its correlation to recurrence in the training, validation-
1, and validation-2 cohort. (b, e, and h) Time-dependent ROC analysis of disease-free survival for CRC
patients in the training, validation-1, and validation-2 cohorts at the time points of 2, 3 and 5 years. (c, f,
and i) Kaplan–Meier curves comparing survival of patients within the low and high risk groups in training
cohort, validation-1, and validation-2 cohorts. Pvalues were calculated using logrank tests.



Figure 4

(a) Gene ontology of the differentially expressed genes between the two risk groups. “GeneRatio” is the
percentage of total differential genes in the given GO term. (b) GSEA showed several metastasis-related
processes enriched in the high risk group, including angiogenesis, KRAS signaling, epithelial
mesenchymal transit (EMT) and myogenesis signal pathways.
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