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Objective: Multiple factors are involved in oxaliplatin-resistant process in colorectal cancer 

(CRC) patients including decreased drug accumulation and enhanced capacity to repair and 

tolerate DNA damage. In the present study, we aimed to assess the impact of six single-nucleotide 

polymorphisms (SNPs) in DNA repair genes and ABCG2 gene on prognosis in advanced CRC 

patients treated with oxaliplatin-based chemotherapy.

Methods: In this study, 580 advanced CRC patients were recruited. Six SNPs of DNA repair 

genes (XPA rs10817938, XPA rs2808668, XPC rs2607775, and WRN rs1346044) and ABCG2 

gene (rs2231142 and rs2622621) were genotyped by using the TaqMan assay.

Results: Regarding interaction with environmental factors, ABCG2 rs2231142 and the first-

degree family history of cancer and XPC rs2607775 or ABCG2 rs2622621 and lymph node 

metastases status demonstrated significant interactions. Of these six SNPs, XPA rs10817938 CT/

TT genotypes retained its significant association with longer overall survival (OS) (P=0.008) in 

CRC patients receiving oxaliplatin-based chemotherapy (n=580). Furthermore, a significantly 

better impact on the disease-free survival (DFS) (P=0.001) and OS (P<0.0001) was found in 

ABCG2 rs2231142CA/AA carriers. Furthermore, ABCG2 rs2622621 CG/GG genotype was 

verified to be an independent poor prognostic factor in DFS (P=0.010) and OS (P=0.030). In 

the stratification analysis, XPA rs10817938 CT/CC, rs2231142 CA/AA, and rs2622621 CC 

genotypes of ABCG2 were predictive of significantly better prognosis in the patients with tumor 

differentiation grade 3 (n=523), clinical stage IV (n=73), or lymph node-positive status (n=557). 

Additionally, multivariate logistic regression and multiple dimension reduction analysis con-

sistently revealed that the combination of selected SNPs and five known risk factors showed a 

better prediction prognosis and represented the best model to predict CRC prognosis.

Conclusion: The current data indicated that the XPA gene and ABCG2 gene had significant 

interaction with environmental factors and prognosis, which could provide a comprehensive 

understanding of the implications of those SNPs in the prediction of prognosis in advanced 

CRC patients receiving oxaliplatin-based chemotherapy.

Keywords: DNA repair pathway, ABCG2, genetic variation, prognosis, oxaliplatin, colorectal 

cancer

Introduction
Globally, colorectal cancer (CRC) is the third leading cause of cancer-related death.1,2 

Oxaliplatin-based chemotherapy acts as one of the most common therapeutic methods 

for CRC, which includes FOLFOX (oxaliplatin, 5-fluorouracil [5-FU], and folinic acid 

[FA]) and XELOX (oxaliplatin and capecitabine). Although it has become a standard 
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regimen for CRC both as adjuvant therapy and as treatment 

for metastatic cancer, the response to oxaliplatin-based che-

motherapy still varied wildly among individuals in clinical 

practice. The reported overall response rate was 40% in 

advanced CRC.3 Studies in human CRC cell lines confirmed 

that multiple factors are involved in the oxaliplatin resistance 

and clinical prognosis including decreased drug accumulation 

and enhanced capacity to repair and tolerate DNA damage.4,5 

Therefore, identifying biomarkers associated with multidrug 

resistance and survival time has a long been a research goal 

in improving the clinical efficacy of oxaliplatin.

The nucleotide excision repair (NER) system is one of 

the major DNA repair systems to remove a wide range of 

helix distorting lesions of those formed by various environ-

mental mutagens and certain chemotherapeutic agents from 

DNA.6–11 XPA, XPC, and DNA unwinding-related proteins 

such as XPB and XPD belong to the protein members of 

the NER signaling pathway.12,13 To date, hundreds of genetic 

variations of these genes are founded (https://genome-cancer.

ucsc.edu/), which may alter protein expression and the DNA 

repair capacity and thus play critical roles in carcinogenesis 

or response to chemotherapeutic agents.14–17 Previous stud-

ies provided evidence about the association of NER single 

nucleotide polymorphisms (SNPs) with cancer risk and 

mainly focused on SNPs such as XPA A23G, XPC Ala499Val, 

XPC Lys939Gln, and XPD Lys751Gln.18–23 However, little 

information is available about the impact of NER SNPs 

XPA rs10817938, XPA rs2808668, and XPC rs2607775 on 

clinical outcomes, especially in CRC. Furthermore, WRN 

protein plays a crucial role in DNA replication and the 

maintenance of genome stability.24 Inactivating mutations 

in WRN gene such as Cys1367Arg (rs1346044) was associ-

ated with accelerating aging, led to Werner syndrome, and 

increased susceptibility to multiple cancers.25–28 Therefore, 

it is speculated that above functional genetic polymorphisms 

may correlate with clinical outcomes in advanced CRCs 

patients with oxaliplatin-based chemotherapy.

Beside the function of DNA repair systems, ABC family 

of drug efflux transporters plays a vital role in pumping out of 

cancer cells more than 80% of currently used chemotherapeu-

tic drugs.29 Specifically, the ABCG2 subfamily (BCRP) has 

been shown to be involved in the multidrug resistance associ-

ated to anticancer agents such as adriamycin, mitoxantrone, 

and platinum drugs.30,31 Immunohistochemistry staining 

showed that BCRP expression was significantly associated 

with shortened survival; meanwhile, blood BCRP concentra-

tions were significantly higher in chemoresistance advanced 

non-small cell lung cancer treated with platinum-based 

chemotherapy.32,33 Our previous study found a remarkably 

better response to anthracycline-based chemotherapy among 

patients who carrying ABCG2 rs2231142 AA genotype.34 The 

SNP rs2231142 located in the ATP-binding region between 

Walker A and B motifs and is charged amino acid substitu-

tion (Gln141Lys, Q141K). The expression of ABCG2 protein 

is significantly lower in human placenta with rs2231142 A 

allele.35 Another study indicated that the ABCG2 rs2231142 

polymorphism is associated with reducing the plasma mem-

brane BCRP expression and the transport function in the 

model cells.36 These data suggested that the ABCG2 SNPs 

may alter the expression and transporter activity of ABCG2 

protein, which is useful for predicting the individualized 

response variability to anticancer chemotherapy.

Therefore, we expanded our previous studies by analyz-

ing additional potentially functional six SNPs in DNA repair 

genes and multiple dimension reduction (MDR)-associated 

genes (XPA rs10817938, XPA rs2808668, XPC rs2607775, 

WRN rs1346044, ABCG2 rs2231142, and ABCG2 rs2622621) 

for their correlation with clinical outcomes in CRC patients 

treated with oxaliplatin-based chemotherapy. The data could 

provide evidence that these genetic variations may influ-

ence clinical outcomes in advanced CRC patients receiving 

oxalipatin-based chemotherapy, as well as screening the most 

significantly functional SNP for predicting CRC prognosis.

Methods
Patients and clinical information
This hospital-based retrospective study was performed at 

China Medical University (Shenyang, China). This study 

acquired the approval of the Medical Ethics Committee of 

China Medical University. A total of 580 histopathologi-

cally confirmed advanced CRC patients were consecutively 

recruited from 2009 to 2015 at the First Hospital and the 

Shengjing Hospital of China Medical University. All of 

the patients received the oxaliplatin-based chemotherapy 

including FOLFOX4 regimen (n=464) and XELOX 

regimen (n=116). The inclusion criteria for CRC patients 

were as follows: 1) availability of complete clinical data 

and follow-up status; 2) patients with clinical stages III 

and IV; and 3) patients who underwent oxaliplatin-based 

chemotherapy. The exclusion criteria were as follows: 1) 

incomplete clinical data; 2) blood samples for genotyp-

ing were not available; 3) patients who underwent only 

radiation therapy; 4) other types of cancer and cancers 

with unknown primary sites; 5) did not receive the 

FOLFOX6 and XELOX regimens. Clinicopathological 

data were collected including age at diagnosis, gender, 

f irst-degree family history of cancer, smoking status, 

prime cancer (rectal cancer or colon cancer), tumor size, 
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tumor differentiation, pathological grade, and lymph 

node metastases. Moreover, the preoperative serum levels 

of tumor markers (B-mg, AFP, CEA, CA12-5, CA15-3, 

and CA19-9) were acquired from the interviewer-admin-

istered health risk questionnaires and medical records.  

Nonsmokers were defined as individuals who had <100 

cigarettes in lifetime. BMI was calculated from self-

reported height and weight. The patients were administered 

FOLFOX and XELOX regimens for at least 2–3 cycles 

and were followed up clinically for each month until an 

occurrence of recurrence and death. The last follow-up date 

was May 2018. With a median follow-up of 52 months, 

291 disease-free survival (DFS) events and 275 OS events 

were observed in these advanced CRC patients. All enrolled 

patients signed the written informed consent form accord-

ing to the relevant regulations. After interview, 5 mL of 

blood samples were collected for further SNPs’ genotyping.

snP selection and genotyping
Due to the huge number of SNPs in the human genome, 

we searched the National Center for Biotechnology 

Information dbSNP database (http://www.ncbi.nlm.

nih.gov/projects/SNP) and HapMap data (http://www.

broadinstitute.org/mpg/haploview), in order to minimize 

the number of potentially functional SNPs. The tag SNPs 

were selected separately using the following criteria: 1) the 

minor allele frequency >5% in Chinese Han population; 

2) potentially functional SNPs as predicted by SNPinfo 

software (http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.

htm); and 3) not investigated the clinical outcomes in 

the published genome-wide association studies of CRC. 

Ultimately, a total of six SNPs in DNA repair pathway and 

MDR-associated genes (XPA rs10817938, XPA rs2808668, 

XPC rs2607775, WRN rs1346044, ABCG2 rs2231142, and 

ABCG2 rs2622621) were selected for the present study. 

Location and  characterization of the selected SNPs are 

shown in Table S1.

Genomic DNA was isolated from a leukocyte cell pellet 

of each blood sample using the Tiangen DNA Blood Mini Kit 

(Tiangen Biotech Co., Ltd, Beijing, China) and performed 

the TaqMan assay for SNPs’ genotyping. The information 

about assay conditions, probes, and primers was available 

upon request. We labeled SNP allele-specific probes with the 

fluorescent dyes VIC and FAM by using the TaqMan SNP 

Genotyping Assays on the ABI 7500 Fast Real-Time PCR 

platform (Thermo Fisher Scientific, Waltham, MA, USA). 

The genotyping rates of these SNPs were all above 90%. For 

quality control, at least 10% of the samples were randomly 

selected for repeated genotyping for confirmation. Some 

samples were further confirmed by the DNA sequencing 

analysis. The concordance rate of these repeated samples 

reached 100%, indicating that the genotyping method and 

results were reliable.

statistical analysis
All data analysis was carried out using the SPSS 16.0  

software package (SPSS Inc., Chicago, IL, USA). All  

statistical tests were two sided, and P-value <0.05 was 

regarded as statistically significant. Associations between 

genetic polymorphisms and CRC and clinical variables 

were analyzed by OR and 95% CI using unconditional 

logistic regression models. The OR and 95% CI were 

assessed for per-allele, dominant, and recessive models 

with adjustment for age, gender, body weight, and smok-

ing status. DFS was measured from surgery until an 

occurrence of recurrence, death, or last known follow-up. 

Overall survival (OS) was defined as the time between the 

surgery and death or last known follow-up. The survival 

curves were generated by using the Kaplan–Meier method, 

and log-rank test was used to estimate the associations of 

the DFS or OS with SNPs. Multivariate Cox proportional 

hazards regression models were applied to obtain the 

adjusted HR and 95% CI for evaluating the independent 

prognostic value of each genotypes and clinical variables. 

The high-order interactions assessed between the SNPs 

and clinicopathological parameters’ interaction by using 

the MDR analysis.

Results
Characteristics of CRC patients
Overall, the demographics, risk exposure, and sero-

logical biomarkers of the advanced CRC patients are  

summarized in Table S2. Briefly, the mean age at diagnosis 

was 59 years (range, 21–82 years; mean) for CRC patients. 

Most of the cases were in grade 3 (poor, n=523) according 

to tumor differentiation classification, in clinical stages 

III (n=507) and IV (n=73) and had lymph node metasta-

ses (n=557). All the patients underwent oxaliplatin-based 

chemotherapy followed by FOLFOX (80.0%) and XELOX 

(20.0%) treatments. To minimize possible residual confound-

ing effects, the variables of age, gender, body weight, first-

degree family history of cancer, and smoking status were then 

adjusted in the subsequent multivariate logistic regression 

and multivariate Cox regression analyses.
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interaction between environmental 
factors, clinicopathological parameters, 
and genetic factors
To assess the clinical utility of the genotypes, the interactive 

effects of DNA repair pathway and MDR-associated gene SNPs 

and the environmental factors, clinicopathological parameters, 

and serological biomarkers were explored using the Chi-

squared test and unconditional logistic regression adjusted by 

age, gender, body weight, and smoking status. Because body 

weight, smoking, and first-degree family history of cancer were 

the environmental higher risk factors for CRC, we also stratified 

our analyses by these factors of CRC patients. There was no 

evidence of a statically significant increase in the environmental 

factors of body weight, smoking patients with all six SNPs 

even in the adjusted logistic regression model (data shown 

as in Table S3). However, there was a significantly increased 

frequency (58.7%) in the ABCG2 rs2231142 CC genotype in 

the CRC patients who had the first-degree family history of 

cancer compared with the CA/AA genotypes (45.1%) (adjusted 

OR =1.82; 95% CI =1.05–3.14, P=0.033) (Figure 1A and B 

and Table S3). We further observed a significant difference 

between lymph node metastases status and the XPC rs2607775 

and ABCG2 rs2231142 and rs2622621. The frequency (74.7%) 

of XPC rs2607775 CG/GG genotypes in patients with lymph 

node metastases was significantly higher than that in patients 

without lymph node metastases (64.5%) (adjusted OR =0.61; 

95% CI =0.41–0.92, P=0.018) (Figure 1A and B and Table 

S3). Moreover, in the patients with lymph node metastases 

who had higher frequency of ABCG2 rs2231142 CC genotype 

(51.2%; adjusted OR =1.53; 95% CI =1.05–2.24, P=0.028) and 

rs2622621 CG/GG genotypes (59.8%; adjusted OR =0.67; 95% 

CI =0.45–0.97, P=0.036) (Figure 1A and B and Table S3).

In addition, no significant association was observed 

between the distribution frequency of all six SNPs and pre-

operative serological biomarkers of CRC patients including 

B-mg, AFP, CEA, CA12-5, CA15-3, and CA19-9 (Table S4).

Prognostic markers’s evaluation in CRC 
patients
To test the hypothesis that all the selected SNPs are inde-

pendent prognostic factors in our population, we performed 

the log-rank test and multivariate Cox proportional hazard 

regression model analysis including all variables to possibly 

affect DFS or OS among patients receiving oxaliplatin-based 

chemotherapy (n=580), outlined in Figures 2–4 and Tables 1 

and 2. For simplicity, only clinical parameters in stratification 

analysis that were correlated with at least one genetic variant 

analyzed are shown and no significant data have been omitted.

Figure 1 histogram and box plots illustrating the frequency distribution of XPC and ABCG2 polymorphisms and stratified clinicopathological characteristics.
Notes: Pie chart (A) and histogram chart (B) illustrating the frequency distribution of XPC rs2607775 and ABCG2 rs2231142 and rs2622621 genotypes classified by lymph 
node metastasis status (node negative, node positive) and ABCG2 rs2231142 genotypes classified by first-degree family history of cancer (no and yes).
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Figure 2 Kaplan–Meier survival curves estimate the correlation of DFs and Os in advanced CRC patients with oxaliplatin-based chemotherapy and XPA gene and ABCG2 
gene.
Notes: (A) Kaplan–Meier cum hazard survival curves illuminating the correlation between the XPA rs10817938 and ABCG2 rs2231142 and rs2622621 polymorphisms and 
DFs in advanced CRC patients treated with oxaliplatin-based chemotherapy (log-rank test: P=0.055, 0.001, and 0.008, respectively). (B) Kaplan–Meier cum hazard survival 
curves illuminating the correlation between the XPA rs10817938 and ABCG2 rs2231142 and rs2622621 polymorphisms and Os in advanced CRC patients treated with 
oxaliplatin-based chemotherapy (log-rank test: P=0.008, <0.0001, and 0.022, respectively).
Abbreviations: CRC, colorectal cancer; DFs, disease-free survival; Os, overall survival; MsT, median survival time.
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At log-rank test, XPA rs10817938 CT/TT genotypes 

retained its significant association with longer OS (62 months, 

95% CI: 57–68 vs 55 months, 95% CI: 52–59; P=0.008; 

Figure 2B) in advanced CRC patients receiving oxaliplatin 

chemotherapy(n=580). This difference reflected into a bet-

ter survival in the dominant model by using multivariate 

Cox analysis (adjusted HR: 0.730, 95% CI: 0.576–0.924; 

P=0.009) as shown in Table 1. However, XPA rs10817938 

was found to withheld a tendency to DFS (P=0.055, Figure 

2A). As to ABCG2 gene, a significant impact on the DFS and 

OS was found in rs2231142 polymorphism (log-rank test: 

P=0.001 and <0.0001, respectively; Figure 2A and B). The 

estimated mean DFS time and OS time were significantly 

prolonged among the rs2231142CA/AA carriers (DFS: 

51 months, OS: 62 months) in comparison to those patients 

carrying CC genotype (DFS: 41 months, OS: 54 months). 

The multivariate Cox analysis also established rs2231142 as 

an independent prognostic factor (DFS: adjusted HR, 0.682; 

95% CI: 0.540–0.861, P=0.001; OS: adjusted HR, 0.666; 

95% CI: 0.527–0.843, P<0.0001), as illustrated in Table 1. 

Furthermore, the estimated median DFS time and OS time 

for patients who had rs2622621 CC genotype was 53 months 

(46–61) and 63 months (57–69) compared with the CG/

GG genotype carriers (40 months [37–44] and 55 months 

[52–57]), respectively. The multivariate Cox analysis also 

identified that ABCG2 rs2622621 dominant model was a 

predictive of poor prognosis in DFS (adjusted HR: 1.372, 95% 

CI: 1.079–1.744; P=0.010) and OS (adjusted HR: 1.309, 95% 
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Table 1 Multivariate Cox hazard regression analysis of snPs of Dna repair genes and ABCG2 gene in association with DFs and Os in 
CRC patients treated with oxaliplatin-based chemotherapy (n=580)

Variable DFS OS

Adjusted 
HRa

95% CIa P-valueb Adjusted 
HRa

95% CIa P-value

XPA rs10817938

TT vs CT 0.811 0.632–1.040 0.099 0.737 0.572–0.949 0.018
TT vs CC 0.870 0.709–1.068 0.184 0.845 0.686–1.041 0.114
TT vs CT/CC 0.794 0.629–1.002 0.052 0.730 0.576–0.924 0.009
CC vs CT/TT 1.223 0.823–1.819 0.319 1.230 0.821–1.842 0.316

XPA rs2808668

CC vs CT 1.196 0.898–1.593 0.221 1.134 0.849–1.515 0.396
CC vs TT 1.070 0.896–1.277 0.457 1.117 0.934–1.337 0.225
CC vs CT/TT 1.190 0.904–1.568 0.215 1.167 0.883–1.542 0.278
TT vs CT/CC 0.967 0.726–1.288 0.820 0.868 0.650–1.160 0.339

XPC rs2607775

CC vs Cg 0.868 0.666–1.131 0.294 0.857 0.656–1.120 0.259
CC vs gg 1.016 0.853–1.210 0.859 1.051 0.883–1.251 0.578
CC vs Cg/gg 0.905 0.703–1.165 0.438 0.909 0.704–1.173 0.461
gg vs Cg/CC 0.890 0.656–1.208 0.454 0.828 0.611–1.121 0.222

WRN rs1346044

CC vs Ca 0.990 0.745–1.315 0.946 1.014 0.763–1.347 0.925
CC vs aa 1.197 0.797–1.797 0.387 1.074 0.716–1.613 0.729
CC vs Ca/aa 1.020 0.775–1.341 0.889 1.025 0.779–1.349 0.859
aa vs Ca/CC 0.695 0.309–1.564 0.380 0.867 0.386–1.950 0.731

ABCG2 rs2231142

CC vs Ca 0.653 0.511–0.836 0.001 0.626 0.488–0.804 <0.0001
CC vs aa 0.916 0.748–1.121 0.394 0.952 0.779–1.162 0.627
CC vs Ca/aa 0.682 0.540–0.861 0.001 0.666 0.527–0.843 0.001
aa vs Ca/CC 0.972 0.662–1.428 0.885 0.882 0.603–1.290 0.519

ABCG2 rs2622621

CC vs Cg 1.308 1.011–1.692 0.041 1.242 0.956–1.612 0.104
CC vs gg 1.240 1.048–1.468 0.012 1.209 1.021–1.431 0.027
CC vs Cg/gg 1.372 1.079–1.744 0.010 1.309 1.027–1.669 0.030
gg vs Cg/CC 0.760 0.560–1.031 0.078 0.763 0.563–1.035 0.082

Notes: aadjusted hR (95% Ci) and P-valueb were assessed by multivariate Cox hazard regression analyses adjusted for age, gender, body weight smoking status, and first-
degree family history of cancer status. The bold values signify P<0.05.
Abbreviations: CRC, colorectal cancer; DFs, disease-free survival; Os, overall survival; snPs, single-nucleotide polymorphisms.

CI: 1.027–1.669; P=0.030). However, in this cohort, there was 

no impact of the XPA rs2808668, XPC rs2607775, and WRN 

rs1346044 on DFS, the same applied on OS, data not shown.

Poor tumor differentiation status, clinical stage IV, and 

lymph node metastasis are biomarkers of severe outcome espe-

cially in the later stages of CRC development. Thus, we next 

evaluated whether correlations found between selected SNPs 

and subgroup of tumor differentiation grade 3 (n=523), clinical 

stage IV (n=73), and lymph node metastasis (n=557) as inde-

pendent impacting factors for prognosis. When the SNPs results 

were considered in the stratification analysis, some SNPs such 

as XPA rs10817938 and ABCG2 rs2231142 and rs2622621 had 

significantly strengthened impact on clinical outcomes. These 

data showed evidence by the fact that XPA rs10817938 and 

ABCG2 rs2231142 dominant model and ABCG2 rs2622621 CC 

genotype indicating better prognosis in the subgroup patients 

with tumor differentiation grade 3 (n=523), clinical stage IV 

(n=73), and lymph node metastasis (n=557). Carrying XPA 

rs10817938 CT/CC genotype and ABCG2 rs2231142 CA/

AA genotype and rs2622621 CC genotype were predictive 

of a prolonged OS time in the patients with tumor differen-

tiation grade 3 (log-rank test: P=0.007, <0.0001, and 0.029, 

respectively; Figure 3A), or clinical stage IV (log-rank test: 

P=0.004, <0.0001, and 0.024, respectively; Figure 3B), or 

lymph node-positive status (log-rank test: P=0.002, 0.001, and 

0.037, respectively; Figure 3C). Meanwhile, the multivariate 

Cox analysis further verified that XPA rs10817938 and ABCG2 

rs2231142 and rs2622621 as independent better prognostic fac-

tors as illustrated in Table 2. As to DFS, note that the estimated 

median time for patients harboring the rs10817938 CT/CC 
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Figure 3 Stratification analyze the relationship between the XPA and ABCG2 polymorphisms and Os in advanced CRC patients using Kaplan–Meier analysis.
Notes: Stratification analysis illustrating XPA rs10817938 CT/CC and ABCG2 rs2231142 Ca/aa and rs2622621 CC genotypes had prolonged Os time in CRC patients with 
tumor differentiation grade 3 (P=0.007, <0.0001, and 0.029, respectively) (A), clinical stage iV (P=0.004, <0.0001, and 0.024, respectively) (B), and lymph node-positive status 
(P=0.002, 0.001, and 0.037, respectively) (C).
Abbreviations: CRC, colorectal cancer; Os, overall survival.
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Table 2 Stratification analysis of SNPs of XPA and ABCG2 in association with DFs and Os in CRC patients treated with oxaliplatin-
based chemotherapy (n=580)

Variable DFS OS

Adjusted HRa 95% CIa P-valueb Adjusted HRa 95% CIa P-value

XPA rs10817938: patients with tumor differentiation (grade 3)

TT vs gT 0.803 0.616–1.042 0.105 0.713 0.545–0.933 0.014
TT vs gg 0.880 0.713–1.086 0.234 0.865 0.698–0.933 0.185
TT vs gg/gT 0.792 0.619–1.013 0.063 0.719 0.560–0.923 0.010
gg vs gT/TT 1.191 0.793–1.788 0.399 1.168 0.772–1.767 0.462

XPA rs10817938: patients with clinical stage iV

TT vs gT 0.516 0.257–1.035 0.062 0.369 0.178–0.765 0.007
TT vs gg 0.747 0.273–2.046 0.571 0.770 0.281–2.110 0.611
TT vs gg/gT 0.520 0.264–1.023 0.058 0.375 0.185–0.760 0.007
gg vs gT/TT 1.325 0.179–9.810 0.783 1.151 0.156–8.472 0.890

XPA rs10817938: patients with lymph node metastases

TT vs gT 0.785 0.608–1.015 0.064 0.708 0.546–0.919 0.009
TT vs gg 0.833 0.668–1.038 0.104 0.801 0.639–1.003 0.053
TT vs gg/gT 0.760 0.597–0.967 0.025 0.692 0.542–0.884 0.003
gg vs gT/TT 1.317 0.859–2.020 0.207 1.340 0.866–2.075 0.189

ABCG2 rs2231142: patients with tumor differentiation (grade 3)

CC vs Ca 0.641 0.149–0.830 0.001 0.604 0.464–0.786 <0.0001
CC vs aa 0.876 0.698–1.099 0.253 0.923 0.738–1.154 0.482
CC vs Ca/aa 1.401 1.086–1.808 0.009 1.318 1.018–1.705 0.036
aa vs Ca/CC 0.715 0.517–0.990 0.043 0.703 0.508–0.972 0.033

ABCG2 rs2231142: patients with clinical stage iV

CC vs Ca 0.223 0.108–0.461 <0.0001 0.325 0.161–0.656 0.002
CC vs aa 0.433 0.226–0.829 0.012 0.407 0.193–0.857 0.018
CC vs Ca/aa 0.203 0.101–0.410 <0.0001 0.286 0.144–0.567 <0.0001
aa vs Ca/CC 1.843 0.649–5.234 0.251 1.853 0.651–5.277 0.248

ABCG2 rs2231142: patients with lymph node metastases

CC vs Ca 0.676 0.525–0.871 0.002 0.639 0.494–0.826 0.001
CC vs aa 0.912 0.740–1.124 0.385 0.941 0.766–1.157 0.565
CC vs Ca/aa 0.700 0.551–0.890 0.004 0.675 0.530–0.860 0.001
aa vs Ca/CC 0.999 0.670–1.488 0.995 0.915 0.617–1.357 0.659

ABCG2 rs2622621: patients with tumor differentiation (grade 3)

CC vs Cg 1.320 1.004–1.735 0.047 1.225 0.928–1.619 0.153
CC vs gg 1.287 1.074–1.543 0.006 1.252 1.045–1.500 0.015
CC vs Cg/gg 0.659 0.515–0.844 0.001 0.640 0.499–0.822 <0.0001
gg vs Cg/CC 1.042 0.672–1.614 0.855 0.898 0.584–1.380 0.624

ABCG2 rs2622621: patients with clinical stage iV

CC vs Cg 1.336 1.011–1.765 0.041 1.256 0.947–1.666 0.113
CC vs gg 1.253 1.044–1.506 0.016 1.223 1.019–1.469 0.031
CC vs Cg/gg 1.399 1.078–1.814 0.011 1.326 1.019–1.724 0.035
gg vs Cg/CC 0.748 0.536–1.042 0.086 0.738 0.530–1.027 0.072

ABCG2 rs2622621: patients with lymph node metastases

CC vs Cg 1.288 0.989–1.678 0.060 1.227 0.939–1.603 0.134
CC vs gg 1.207 1.014–1.438 0.034 1.189 0.999–1.416 0.051
CC vs Cg/gg 1.337 1.045–1.710 0.021 1.286 1.003–1.650 0.048
gg vs Cg/CC 0.796 0.580–1.092 0.157 0.788 0.574–1.081 0.140

Notes: aadjusted hR (95% Ci) and P-valueb were assessed by multivariate Cox hazard regression analyses adjusted for age, gender, body weight, smoking status, and first-
degree family history of cancer status. The bold values signify P<0.05.
Abbreviations: CRC, colorectal cancer; DFs, disease-free survival; Os, overall survival; snPs, single-nucleotide polymorphisms.
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genotype experience an increase in the subgroup of clinical 

stage IV (TT genotype: 37 months vs CT/TT genotype: 62 

months; Figure 4B) and lymph node-positive status (TT geno-

type: 44 months vs CT/TT genotype: 49 months; Figure 4C). 

More importantly, ABCG2 rs2231142 CA/AA and rs2622621 

CC genotypes also showed a significantly longer median DFS 

time in the patients with tumor differentiation grade 3 (log-rank 

test: P=0.001 and 0.007, respectively; Figure 4A), or clinical 

stage IV (log-rank test: P<0.0001 and 0.009, respectively; Fig-

ure 4B), or lymph node-positive status (log-rank test: P=0.002 

and 0.018, respectively; Figure 4C), which was also verified 

to be independent prognostic markers in the multivariate Cox 

analysis, listed in Table 2.

high-order interactions with CRC 
prognosis by MDR analysis
To further evaluate the existence of possible gene, envi-

ronmental and clinicopathological parameters’ interac-

tion in association with the clinical outcomes, high-order 

interactions assessed by using the MDR analysis were 

conducted with inclusion of the six selected SNPs (ie, 

rs10817938, rs2808668, rs2607775, rs1346044, rs2231142, 

and rs2622621) and five known risk factors (ie, gender, age 

at diagnosis, body weight, first-degree family history of 

cancer, and smoking). In the MDR analysis, the combina-

tion of five risk factors was the best model with the highest 

cross-validation consistency (CVC) and the lowest predic-

tion error in comparison to the one-factor model among 

all five risk factors. Moreover, the 11-factor model had a 

maximum CVC and a minimum prediction error, with the 

prediction error being statistically significant (Table 3) both 

in DFS and OS. Taken together, the 11-factor model showed 

a better prediction prognosis than the five-factor model and 

represented the best model to predict CRC prognosis for this 

study population.

Discussion
Oxaliplatin-based chemotherapy has been the mainstay 

of primary therapy for CRC; however, some patients will 

develop oxaliplatin resistance and then recurrence. Increas-

ingly, studies provided evidence that the genetic variation 

in the DNA repair genes especially in “damage incision” 

step was significantly associated with cancer risk and had 

interactions with environmental factors.17,37 Thus, searching 

potential genetic markers has always been a central topic in 

the field of oncology as to the clinical application with the 

perspective of individualized treatment.

In the present study, these six candidate SNPs in the NER 

pathway and MDR-associated genes were chosen; since previ-

ous studies mainly focused on the cancer risk, interaction with 

clinicopathological parameters and prognostic influence on 

the CRC of those SNPs needs to be further elucidated. First, 

a statistically significant distribution frequency difference 

was found between lymph node metastases status and XPC 

rs2607775 and ABCG2 rs2622621, and harboring rs2607775 

CG/GG or rs2622621CG/GG genotypes showed significantly 

higher distribution frequency than those without lymph node 

metastases. To data, only two studies investigated the interac-

tion between XPC rs2607775 and gastric cancer and gastro-

intestinal stromal cancer involved in environmental factors, 

but not CRC. Liu et al17 conducted a case (n=898)–control 

(n=937) study and found that XPC rs2607775 had significant 

interaction with smoking gastric cancer patients. In another 

gastrointestinal stromal cancer study, the DRC levels of UV 

induced-DNA damage were measured and a significantly dif-

ference in mean DRC per genotype for XPC rs2607775 was 

observed.38 Importantly, in our study, a significantly increased 

distribution frequency was observed in carrying rs2231142 

CC genotype patients who had the first-degree family history 

of cancer, which has not been reported yet. These data indi-

cated that above SNPs could serve as potential biomarkers for 

evaluating the interaction of clinicopathological parameters 

and advanced CRC-associated polymorphisms.

Previous studies demonstrated the role of enhanced NER 

activity and ABC transporters in oxaliplatin resistance and 

diminished NER activity and ABC transporters in oxaliplatin 

sensitivity,3,5,39 therefore, identifying the prognostic markers 

of oxaliplatin resistance that can be targeted effectively to 

increase sensitivity and improve the treatment efficacy of 

CRC. Thereafter, we assessed the association of six SNPs 

with PFS and OS in advanced CRC patients receiving 

oxaliplatin-based treatment. For XPA gene, a significant 

gene-clinical variables’ interaction between OS or DFS and 

CT/CC genotype of rs10817938, but not rs2808668, was 

observed. The log-rank test and multivariate Cox data showed 

that rs10817938 CT/CC genotype carriers had better OS in 

the advanced CRC patients with oxaliplatin treatment, tumor 

differentiation grade 3, clinical stage IV, and lymph node-

positive status. As to DFS, note that the estimated median 

time for patients harboring the rs10817938 CT/CC genotype 

experiences an increase in the patients with clinical stage IV 

(n=73) and lymph node-positive status (n=557). Although 

reports on the SNP in the XPA gene have been published 

previously, these did not share a relation with the significant 

XPA SNPs that was identified in our current study. Most of 

those previous studies mainly focused on identifying the 

relationships between the SNPs and cancer risk in different 

populations.17,38,40–49 Only Gao et al50 found a prognostic 
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Figure 4 Stratification analyze the relationship between the XPA and ABCG2 polymorphisms and DFs in advanced CRC patients using Kaplan–Meier analysis.
Notes: Stratification analysis using Kaplan–Meier method illustrating the correlation between XPA rs10817938 CT/CC and ABCG2 rs2231142 Ca/aa and rs2622621 CC 
genotypes and DFs time in CRC patients with tumor differentiation grade 3 (P=0.056, 0.0001, and 0.007, respectively) (A), clinical stage iV (P=0.044, <0.0001, and 0.009, 
respectively) (B), and lymph node-positive status (P=0.025, 0.002, and 0.018, respectively) (C).
Abbreviations: CRC, colorectal cancer; DFs, disease-free survival; MsT, median survival time.
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importance related to theXPArs10817938 C allele, which 

indicated that it is a potential functional SNP and a biomarker 

for prognosis in oral squamous cell carcinoma patients, simi-

larly with our results, no significant association of rs2808668 

polymorphism with OSCC prognosis observed. However, in 

another single tag SNP analysis study, XPA rs2808668 was 

found significantly associated with lung cancer risk in 265 

lung cancer patients and 301 healthy controls.40 It should be 

noted that all the studies did not include CRC patients. Our 

data suggest that rs10817938 may represent novel markers of 

CRC response to oxaliplatin-based chemotherapy, especially 

in the advanced CRC patients with tumor differentiation 

grade 3, clinical stage IV, and lymph node-positive status.

In the present study, our results for the first time demon-

strated that SNPs rs2231142 CA/AA genotype and rs2622621 

CC of ABCG2 gene showed significant association with DFS 

and OS in advanced CRC patients treated with oxaliplatin 

regimens and multivariate analysis further confirmed the 

significant prognostic value of the SNPs as independent of 

standard prognostic markers. MDR analysis consistently 

revealed a gene–gene interaction among those SNPs asso-

ciated with CRC prognosis. More importantly, results from 

stratification analysis with clinical variables between the 

SNPs and prognosis and found that harboring rs2231142 CA/

AA and rs2622621 CC genotypes showed better prognosis in 

the subgroup patients with tumor differentiation (grade III), 

clinical stage IV, or lymph node metastases. The rs2231142 

AA genotype was related to a remarkably better response to 

the anthracycline treatment of breast cancer in our previous 

study.34 In a recent study including series of metastatic renal 

cell carcinoma (mRCC) patients, polymorphism rs2231142 

in the efflux pump ABCG2gene was associated with hypo-

thyroidism in mRCC patients treated with sunitinib.51 These 

suggest that ABCG2SNPs are useful SNPs and potential 

biomarkers for predicting the individualized response vari-

ability to anticancer agents in CRC patients.

Therefore, a systematic evaluation of the relationship 

between above SNPs and interindividual variability in 

oxaliplatin response and the clinical outcome are urgently 

required. Through the multiple candidate gene approach, 

we extensively evaluated for the first time the significant 

associations between polymorphisms in DNA repair genes 

and ABC transporter gene, clinical pathological features, 

and clinical outcome in CRC patients. Our results provided 

evidence that XPA and ABCG2 polymorphisms are associ-

ated with oxaliplatin-based chemotherapy in a large and 

well-characterized cohort of advanced CRC patients, espe-

cially in the subgroup of tumor differentiation (grade 3), 

clinical stage IV, or lymph node-positive status. Therefore, 

the variation of NER pathway or ABC transporter polymor-

phisms such as XPA and ABCG2 genes might be applied in 

the prediction of advanced CRC prognosis and personalized 

treatment in future.

Conclusion
1.	 In gene–environmental factor interactions, the distribu-

tion frequency of harboring XPC rs2607775 CG/GG or 

ABCG2 rs2622621CG/GG genotypes was increased in 

Table 3 MDR analysis for the prediction of prognosis with and without six candidate snPs’ genotypes

Best interaction 
models

DFS OS

Cross-
validation 
consistency

P-valuea Training OR Cross-
validation 
consistency

P-valuea Training OR

1 100/100 0.9525 1.12 (0.03–47.05) 94/100 0.1637 1.57 (0.83–2.99)
1, 2 100/100 0.1637 1.30 (0.90–1.88) 100/100 0.1235 1.61 (0.88–2.95)
1, 2, 3 100/100 0.0098 1.63 (1.12–2.37) 100/100 0.0432 1.85 (1.01–3.37)
1, 2, 3, 4 100/100 <0.0001 2.21 (1.50–3.28) 100/100 0.0077 2.25 (1.22–4.12)
1, 2, 3, 4, 5 100/100 <0.0001 2.37 (1.61–3.51) 100/100 0.0005 2.99 (1.58–5.64)
1, 2, 3, 4, 5, 6 100/100 <0.0001 3.50 (2.37–5.16) 100/100 <0.0001 6.32 (3.06–13.07)
1, 2, 3, 4, 5, 6, 7 100/100 <0.0001 7.53 (4.93–11.48) 99/100 <0.0001 22.03 (8.44–57.45)
1, 2, 3, 4, 5, 6, 7, 8 100/100 <0.0001 24.13 (14.52–40.10) 100/100 <0.0001 199.41 (24.44–1626.69)
1, 2, 3, 4, 5, 6, 7, 8, 9 100/100 <0.0001 39.14 (22.49–68.12) 100/100 <0.0001 ∞
1, 2, 3, 4, 5, 6, 7, 8, 
9, 10

100/100 <0.0001 215.76  
(83.04–560.58)

100/100 <0.0001 ∞

1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11

100/100 <0.0001 2,389.35  
(309.14–18,467.16)

71/100 <0.0001 ∞

Notes: aP-value is for 1,000-fold permutation test. The best model with maximum cross-validation consistency and minimum prediction error rate was in bold. 1, gender; 2, 
age at diagnosis; 3, BMi; 4, family history; 5, smoking status; 6, XPA rs10817938; 7, XPA rs2808668; 8, XPC rs2607775; 9, WRN rs1346044; 10, ABCG2 rs2231142; 11, ABCG2 
rs2622621.
Abbreviations: DFs, disease-free survival; MDR, multifactor dimensionality reduction; Os, overall survival; snPs, single-nucleotide polymorphisms.
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lymph node metastases patients. Meanwhile, rs2231142 

CC genotype was higher in patients who had the first-

degree family history of cancer.

2.	 A significantly better OS was observed between CT/CC 

genotype of XPA rs10817938 and carriers with oxaliplatin 

treatment, tumor differentiation grade 3, clinical stage IV, 

or lymph node-positive status.

3.	 It is notable that a remarkably better prognosis for SNPs 

rs2231142 CA/AA genotype, rs2622621 CC of ABCG2 

gene in advanced CRC patients with oxaliplatin-based 

chemotherapy, tumor differentiation grade 3, clinical 

stage IV, or lymph node-positive status.

4.	 Future in vitro and in vivo studies in more numerous can-

cers of patients are needed to confirm these preliminary 

results.
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