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Abstract We aimed to assess the association of five non-
synonymous polymorphisms within three X-ray repair cross-
complementing group (XRCC) genes with gastric cancer risk
in Han Chinese. Genotyping was determined in 693 gastric
cancer patients and 681 healthy controls. Statistical analyses
were completed with SPSS (version 20.0) and Haplo.stats
(version 1.6.11). The genotypes of XRCCI gene 1525487
polymorphism (P=0.003) differed significantly between pa-
tients and controls, even after the Bonferroni correction
(P<0.05/5), and this polymorphism was significantly associ-
ated with gastric cancer after adjusting for age, sex, body mass
index, smoking, drinking, especially under a dominant model
(odds ratio or OR; 95 % confidence interval or CI; P 1.59;
1.20-2.00; 0.001). In multiple-marker analysis, the most com-
mon allele combination was C-G-G-G-C (alleles in order of
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rs1799782, 1s25489, rs25487, rs3218536, rs861539), which
was overrepresented in controls relative to patients (adjusted
simulated P=0.0001). Contrastingly, the frequency of allele
combination C-G-A-G-C was significantly higher in patients
than in controls (adjusted simulated P=0.0009), and this com-
bination was associated with a strikingly increased risk of
gastric cancer (OR; 95 % CI; P 2.39; 1.32-4.31; 0.0040) after
the Bonferroni correction (P<0.05/11) and adjusting for con-
founders. Our findings demonstrated that XRCCI gene
1s25487 polymorphism might play a leading role in pro-
nounced susceptibility to gastric cancer in Han Chinese.

Keywords Gastric cancer - DNA repair system - X-ray repair
cross-complementing group - Polymorphism - Case-control
association study

Introduction

Deoxyribonucleic acid (DNA) of a normal cell is vulnerable to
internal and external damage, leaving the cell the choice of
repairing the damage or dying [1, 2]. DNA repair is essential
to restore lost information, maintain genetic integrity, and guard
against the entry of normal cells into carcinogenesis. There is a
wide recognition that defects in DNA repair system can under-
lie cancer. Indeed, as human genomes are sequenced and re-
fined, multiple DNA mutations implying abnormal DNA repair
are continuing to surface [3, 4]. Therefore, understanding the
genetic underpinnings of DNA repair system might open a new
window to unravel the pathogenesis of cancer.

X-ray repair cross-complementing group (XRCC) is the
family of DNA repair genes that are responsible for the repair
of DNA base damage and single-strand breaks [5]. The genes
coding XRCC family members are polymorphic and several
non-synonymous polymorphisms, such as Argl194Trp,
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Arg280His, Arg399GIn in the XRCC1 gene, Arg188His in the
XRCC2 gene, and Thr241Met in the XRCC3 gene, have been
well-characterized as promising genetic biomarkers for carci-
nogenesis [6—10]. In view of obvious tumor heterogeneity, we
in this study sought to assess the association of the above five
non-synonymous polymorphisms with the risk of having gas-
tric cancer in a Han Chinese population. Gastric cancer is
established as a polygenic disease and it seems unlikely that
individual polymorphisms will make a major contribution to
risk prediction [11]. To yield more information, we therefore
conducted additional combined genetic analyses for these five
polymorphisms to enhance their predictive capability for gas-
tric cancer.

Materials and methods
Study population

In this study, all subjects were recruited from the Gastric and
Intestine Department, Yantai Affiliated Hospital of Binzhou
Medical University between February 2013 and September
2014. They were reported to be unrelated Han Chinese. This
study was approved by the ethics committee of Binzhou Med-
ical University with the protocols consistent with the Declara-
tion of Helsinki Principles. All study subjects completed writ-
ten informed consent prior to enrollment. In total, 1374 sub-
jects were genotyped in this study, and 693 of them were
diagnosed as sporadic gastric cancer patients according to
medical history, gastroscopic examination, or computed to-
mography scanning by experienced surgeons. Patients were
excluded if they had gastric cancer of unknown primary
source, and if they had a family history of gastric cancer in
first-degree relatives. The remaining 681 subjects, who had no
clinical evidence of gastric cancer and had no family history of
all cancer sites except skin within three generations, formed
the control group. The controls were frequency matched with
the patients on age and sex.

Baseline characteristics

A bespoke questionnaire was used to collect baseline infor-
mation of study subjects at the time of enrollment, including
age (onset age for patients with gastric cancer and age at en-
rollment for healthy controls), gender, body weight and
height, smoking and drinking habits, and a family history of
all cancer sites. Body mass index (BMI) was expressed as
body weight in kilograms divided by body height in meters
squared. Smoking status was categorized into never smokers
and ever smokers (including current and former smokers).
Similarly, drinking status was categorized into never drinkers
and ever drinkers (including current and former drinkers).
After enrollment, 3—5 ml venous blood was extracted from
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each subject for genomic DNA extraction and mass
genotyping.

Genotype determination

Genomic DNA preparations were carried out from 1 ml ve-
nous blood with TITANamp Blood DNA Kit (Tiangen Biotect
Beijing Co., Beijing, China) according to the manufacturer’s
instructions. Genotypes of five examined polymorphisms in
XRCC genes were determined by ligase detection reaction
(LDR) method [12]. All study samples have been successfully
genotyped for five examined polymorphisms in this study. In
detail, two specific probes were designed and synthesized to
make a distinction between wild and mutant bases. Firstly,
multiplex ligation reaction was performed in a 10-ml reaction
volume, including 2 pl of polymerase chain reaction product,
1 ul 10xTaq DNA ligase buffer, 1 uM of each discriminating
probe, and 5 U Taq DNA ligase. Secondly, 1 pl multiplex
ligation reaction product was mixed with 1 pul ROX passive
reference and 1 pl loading buffer (with marker), and then
denatured at 95 °C for 3 min and chilled rapidly in ice. Third-
ly, the fluorescent LDR products were discriminated with ABI
3730XL sequencer (Applied Biosystems, USA).

Statistical analysis

Comparisons of baseline characteristics and genetic distribu-
tions between gastric cancer patients and controls were con-
ducted by unpaired ¢ test and Pearson x? test where appropri-
ate. Hardy-Weinberg equilibrium was tested in the control
group by Pearson x” test. Each polymorphism was assessed
under assumption of additive, dominant, and recessive models
for risk prediction of gastric cancer, and effect estimates were
expressed as odds ratio (OR) and its 95 % confidence interval
(CI) after adjusting for age, sex, BMI, smoking, and drinking
in logistic regression analysis. The above statistical analyses
were conducted by IBM SPSS Statistics version 20.0. Allele
combination frequencies of five examined polymorphisms
were estimated by Haploview version 4.2 [13], and their risk
prediction for gastric cancer was computed by Haplo.stats
version 1.6.11. Unless otherwise indicated, the significance
level was set at 5 %. Multiple comparisons were controlled
by the Bonferroni method. Statistical power was estimated
using the Power and Sample Size Calculations (PS) software
version 3.0.

e¢QTL analysis

The potential functional impact of significant polymorphism
on the expression of its coding gene was explored by expres-
sion quantitative trait loci (€QTL) method with the Genevar
(HapMap3) database available at the website “http://www.
sanger.ac.uk/resources/software/genevar/” [14].


http://www.sanger.ac.uk/resources/software/genevar/
http://www.sanger.ac.uk/resources/software/genevar/
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Results
Baseline characteristics

Table 1 compares baseline characteristics between gastric can-
cer patients and controls. The mean levels of age (P=0.135)
and male gender (P=0.547) were comparable between the two
groups. BMI was slightly higher in patients than in controls
(P=0.013). The percentage of ever smokers was significantly
higher in patients than in controls, while that of ever drinkers
was lower (both £<0.0001).

Single-marker association analysis

At a 5 % test criterion, none of the genotypes of the five
examined polymorphisms deviated from the Hardy-
Weinberg expectations in the controls. Table 2 provides the
genotype and allele distributions of all polymorphisms be-
tween gastric cancer patients and controls. The genotypes of
the XRCC1 gene 1525489 (P=0.032) and rs25487 (P=0.003)
polymorphisms differed significantly between the two groups,
whereas only 1525487 survived the Bonferroni correction
(P<0.05/5, here 5 denotes the total number of all examined
polymorphisms). As for allele distributions, only rs25487 ex-
hibited statistical significance, but remained nonsignificant
after the Bonferroni correction. The statistical power to detect
significant allele difference of rs24587 polymorphism be-
tween patients and controls was estimated to be 93.5 % at an
alpha of 0.05. None of the other genotype and allele compar-
isons were significant at a level of 5 % for the other polymor-
phisms (all P>0.05).

The risk prediction of five examined polymorphisms with-
in three XRCC genes is summarized in Table 3 before and after
adjusting for confounding factors. After the Bonferroni cor-
rection (P<0.05/15, here 15 is the product of total number of
examined polymorphisms and total number of genetic

Table 1  Baseline characteristics of study population
Characteristics Patients Controls P
(n=693) (n=681)
Age (years) 59.11+9.99 59.89+9.27 0.135
Gender
Female 403 (59.18 %) 278 (40.82 %) 0.547
Male 399 (57.58 %) 1174 (77.44 %)
BMI (kg/m?) 26.40+6.64 25.40+5.22 0.013
Smoking
Ever smokers 224 (32.32 %) 149 (21.88 %) <0.0001
Never smokers 469 (67.68 %) 532 (78.12 %)
Drinking
Ever drinkers 147 21.21 %) 209 (30.74 %) <0.0001

Never drinkers 546 (78.79 %) 471 (69.26 %)

BMI body mass index

models), only rs25487 was significantly associated with the
risk of having gastric cancer under both additive and dominant
models, even after adjusting for age, sex, BMI, smoking, and
drinking. For instance, carriers of the mutant allele of rs25487
were 1.59 times more likely to have gastric cancer than the
wild homozygotes (95 % CI 1.20-2.00; P=0.001) after
adjusting for the abovementioned confounders. No signifi-
cance was observed for the other polymorphisms.

Multiple-marker association analysis

To test whether all examined polymorphisms act in a dose-
dependent manner, a panel of allele combinations were con-
structed and compared between gastric cancer patients and
controls (Table 4). To derive a reliable estimate, analysis was
only restricted to the allele combination with an estimated
frequency of at least 1 % among all subjects. The most com-
mon allele combination was C-G-G-G-C (alleles in order of
rs1799782, 125489, rs25487, rs3218536, and rs861539),
which was overrepresented in controls (50.14 %) relative to
patients (42.68 %, adjusted simulated P=0.0001), and the
statistical power to detect this difference was 97.5 %. By con-
trast, the frequency of allele combination C-G-A-G-C was
significantly higher in patients than in controls (5.07 versus
2.40 %, adjusted simulated P=0.0009) with statistical power
of 95.9 %. There was no significance for the rest of the nine
derived allele combinations. Moreover, selecting the most
common allele combination as a reference group, only allele
combination C-G-A-G-C showed significant association with
gastric cancer before (OR=2.54; 95 % CI 1.53-4.21; P=
0.0003) and after (OR=2.39; 95 % CI 1.32-4.31; P=
0.0040) adjusting for confounding factors, even after the
Bonferroni correction (P<0.05/11, here 11 is the total number
of qualified allele combinations) (Table 4).

Polymorphism-gene expression analysis

The potential functional impact of polymorphism rs25487 on
the XRCC1 gene expression is presented in Fig. 1. This poly-
morphism was observed to be marginally associated with dif-
ferent expression profiles of the XRCCI gene in
lymphoblastoid cell lines (permutated P=0.0713).

Discussion

In this candidate gene association study, we examined the
contribution of five non-synonymous polymorphisms within
three XRCC genes, both individually and in combination, to
the risk of having gastric cancer in a Han Chinese population.
The key finding of the present study was the leading role
conferred by XRCC/ gene rs25487 polymorphism in pro-
nounced susceptibility to gastric cancer. To the authors’
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Table 2 Genotype and allele distributions of five examined polymorphisms between gastric cancer patients and controls

Polymorphisms Groups Genotypes Alleles

XRCCI: 151799782 CC CT TT P T P

Argl194Trp (C>T) Patients 210 (30.30 %) 362 (52.24 %) 121 (17.46 %) 0.337 43.58 % 0.155
Controls 227 (33.33 %) 351 (51.54 %) 103 (15.12 %) 40.90 %

XRCCI: 1525489 GG GA AA P A P

Arg280His (G>A) Patients 468 (67.53 %) 203 (29.29 %) 22 (3.17 %) 0.032 17.82 % 0.072
Controls 481 (70.63 %) 191 (28.19 %) 8 (1.17 %) 1522 %

XRCCI: 1s25487 GG GA AA P A P

Arg399GIn (G>A) Patients 337 (48.63 %) 287 (41.41 %) 69 (9.96 %) 0.003 30.66 % 0.021
Controls 389 (57.12 %) 247 (36.27 %) 45 (6.61 %) 24.74 %

XRCC2: 153218536 GG GA AA P A P

Argl88His (G>A) Patients 590 (85.14 %) 98 (14.14 %) 5(0.72 %) 0.436 7.79 % 0.301
Controls 564 (82.82 %) 113 (16.59 %) 4 (0.59 %) 8.88 %

XRCC3: 15861539 cC CT TT P T P

Thr241Met (C>T) Patients 605 (87.30 %) 85 (12.27 %) 3(0.43 %) 0.750 6.57% 0.903
Controls 595 (87.37 %) 81 (11.89 %) 5(0.73 %) 6.68 %

knowledge, this is the first report to explore the association of
multiple XRCC genes and polymorphisms with gastric cancer
risk in the literature.

The majority of previous studies focused on only one gene
within the XRCC family, while disregarding other genes and
overlooking potential joint impact of multiple genes on gastric
cancer [15-17]. As the development of gastric cancer is a
complex biological process involving multiple physiological
pathways and multiple gene products [18, 19], it is reasonably
expected that multiple genetic polymorphisms render individ-
uals susceptible or resistant to gastric cancer. To fill this
knowledge gap, we in the present study aimed to test whether
five non-synonymous polymorphisms within three XRCC
genes act individually or together in the pathogenesis of gas-
tric cancer.

Our single-marker analysis revealed that only one poly-
morphism, rs25487 (Arg399GlIn), in the XRCCI gene was
significantly associated with the risk for gastric cancer, even
after the Bonferroni correction and adjusting for confounding
factors, arguing against the results of several previous meta-
analyses that failed to detect any relationship between rs25487
polymorphism and gastric cancer, as well as its cardia type [5,
20, 21]. By contrast, two recent large-scale meta-analyses
suggested that this polymorphism might be a prognostic bio-
marker for gastric cancer patients treated with platinum and
oxaliplatin-based chemotherapy [22, 23]. The above observa-
tions prompted us to speculate that the XRCC1 gene rs25487
polymorphism might be associated with the progression and
severity of gastric cancer. In addition, we employed the
Genevar (HapMap3) database to assess the potential

Table 3 Risk prediction of the

five examined polymorphisms for Polymorphisms

Additive model

Dominant model Recessive model

gastric cancer
Before adjustment

@ Springer

rs1799782
1325489
1325487
rs3218536
rs861539
After adjustment®

rs1799782
1rs25489
125487
rs3218536
rs861539

1.12; 0.96-1.32; 0.142
1.21; 0.99-1.49; 0.067
1.34; 1.13-1.58; 0.001
0.87; 0.66-1.14; 0.300
0.98; 0.73-1.32; 0.904

1.21; 0.98-1.49; 0.076
1.15; 0.87-1.52; 0.343
1.44; 1.16-1.80; 0.001
0.83; 0.58-1.20; 0.329
0.99; 0.66-1.49; 0.960

1.15; 0.92-1.44; 0.228
1.16; 0.92-1.45;0.214
1.41; 1.14-1.74; 0.002
0.84; 0.63-1.12; 0.242
1.01; 0.73-1.38; 0.969

1.26; 0.93-1.72; 0.136
1.09; 0.80-1.48; 0.581
1.59; 1.20-2.11; 0.001
0.79; 0.53-1.16; 0.221
1.03; 0.67-1.58; 0.884

1.19; 0.89-1.58; 0.242
2.76; 1.22-6.24; 0.015
1.56; 1.06-2.31; 0.025
1.23; 0.33-4.60; 0.758
0.59; 0.14-2.47; 0.468

1.30; 0.89-1.88; 0.173
2.56; 0.86-7.60; 0.090
1.59; 0.95-2.66; 0.076
1.99; 0.39-10.05; 0.404
0.57; 0.14-2.40; 0.443

Data are expressed as odds ratio, 95 % confidence interval, and P value

# Adjusting for age, sex, BMI, smoking, and drinking
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Table 4  Allele combination distributions and risk prediction for gastric cancer

Allele combinations® All subjects Patients Controls Sim P Adj. Sim P OR; 95 % CI; P Adjusted OR; 95 % CIL; P
C-G-G-G-C 0.4622 0.4268 0.5014 0.0010 0.0001 Reference Reference

T-G-G-G-C 0.1043 0.1070 0.0999 0.7894 0.9011 1.28; 0.97-1.7; 0.0865 1.40; 0.96-2.03; 0.0797
T-G-A-G-C 0.0986 0.1059 0.0920 0.1053 0.1032 1.39; 1.04-1.86; 0.0265 1.46; 0.99-2.17; 0.0581
T-A-A-G-C 0.0896 0.0973 0.0824 0.1496 0.1522 1.42; 1.06-1.9; 0.0205 1.44; 0.98-2.13; 0.0665
T-G-G-A-C 0.0732 0.0717 0.0729 0.4320 0.5164 1.18; 0.85-1.63; 0.3272 1.18; 0.77-1.81; 0.4402
C-G-A-G-C 0.0376 0.0507 0.0240 0.0034 0.0009 2.54; 1.53-4.21; 0.0003 2.39; 1.32-4.31; 0.0040
C-A-G-G-C 0.0299 0.0360 0.0252 0.3905 0.3969 1.68; 0.92-3.09; 0.0929 1.47;0.61-3.54; 0.3933
C-G-G-G-T 0.0264 0.0288 0.0209 0.6947 0.6497 1.86; 1.02-3.41; 0.0436 1.34; 0.53-3.37; 0.5365
T-G-A-G-T 0.0215 0.0235 0.0197 0.8426 0.8974 1.33; 0.71-2.48; 0.3695 1.79; 0.8-4.02; 0.1591
C-A-A-G-C 0.0167 0.0184 0.0138 0.1768 0.2132 1.61; 0.77-3.34; 0.2019 1.69; 0.58-4.89; 0.3345
T-A-G-G-C 0.0144 0.0144 0.0139 0.5901 0.5143 1.43; 0.66-3.13; 0.3643 1.23; 0.38-3.96; 0.7287

Sim P simulated P value, Adj. Sim P adjusted simulated P value, OR odds ratio, 95 % CI 95 % confidence interval

# Alleles in order of rs1799782, rs25489, rs25487, 133218536, and rs861539

functional impact of the rs25487 polymorphism on the
XRCCI gene expression, and found that this polymorphism
might be in cis eQTL with the XRCC! gene expression. How-
ever, the exact mechanisms underlying the association of the
XRCCI gene 1525487 polymorphism and gastric cancer re-
main unclear thus far, and if hypothetically involved, the mu-
tation of this polymorphism (399Arg— 399GIn) might reduce
the DNA repair capability of XRCC1 through lowering its
gene expression, accelerating the transition of normal cells
into carcinogenesis.

To see whether there was a joint genetic interaction on
gastric cancer susceptibility, we introduced the concept of “al-
lele combination,” in parallel to “haplotype,” which is com-
posed of different alleles from different genes in the same or
different chromosomes [24, 25]. This method could provide
more information than analysis with a single polymorphic
marker [26]. We therefore utilized this method to construct
all possible allele combinations on the basis of five examined
polymorphisms within three XRCC genes, and interestingly
found that when compared with the most common allele

CHB
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Fig. 1 The eQTL analysis of polymorphism rs25487 with XRCC1 gene
expression

combination C-G-G-G-C, allele combination C-G-A-G-C
was significantly associated with an increased risk of gastric
cancer. The only difference between the significant allele
combination and the reference combination was in the third
place, the two alleles of the XRCC/ gene rs25487 polymor-
phism. The reason for such association may be that the
1rs25487 polymorphism played a leading role in the develop-
ment of gastric cancer. Otherwise, antagonistic action might
exist or some allele might take a dominant place. Given the
complexity of the mechanisms through which genes affect the
occurrence of gastric cancer, further validation of our findings
is necessary in different ethnic or racial groups.

Several drawbacks for this study should be emphasized.
Firstly, the sample size of this study might not be large enough
to obtain a reliable effect estimate, especially for low-
penetrance genes or loci. Secondly, the retrospective case-
control study design prevented cause-effect inference. Thirdly,
only three genes from the XRCC family were selected and
only seven non-synonymous polymorphisms were analyzed.
Fourthly, data on the clinical subtypes, progression, and over-
all survival of gastric cancer were not available for us, limiting
further stratified and predictive analyses. Fifthly, the general-
izability of our findings to other ethnic groups was limited due
to the fact that only Han Chinese subjects were enrolled in this
study. Nevertheless, our findings highlight that the XRCC/
gene rs25487 polymorphism might be a useful genetic marker,
which can help identify individuals at high risk for gastric
cancer in clinical screening and facilitate the development of
preventive strategies.

Taken together, our findings demonstrated that XRCC1
gene rs25487 polymorphism might play a leading role in pro-
nounced susceptibility to gastric cancer in Han Chinese. Our
findings may help direct further efforts to identify the XRCC1
gene as a biomarker and potential therapeutic target for gastric
carcinogenesis in future investigations.
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