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Abstract
Our study was designed to investigate the relationship of the POAG (primary open angle

glaucoma) risk with the XRCC1 SNPs (single nucleotide polymorphisms) and other gene–dia-

betes interactions and haplotype combinations. HWE (Hardy–Weinberg equilibrium) test and

GMDR for the best haplotype interaction of four SNPs in XRCC1 gene and diabetes were

assessed. Logistic regression analysis revealed that rs25487-A and rs861539-C allele, with

adjusted ORs (95% CI) of 1.60 (1.19–2.02) and 1.62 (1.20–2.08), respectively, were the asso-

ciated risk factors with increased POAG. GMDR test indicated that testing accuracy of two-locus model (including rs25487 and T2DM)

was 62.11% (P< 0.01). Therefore, regardless of how the data are partitioned, the highest cross-validation consistency across the

multidimensional model is showed by this best model. The analysis indicated that T2DM influenced the POAG risk depending on the

genotypes at rs25487. Pairwise LD analysis suggested that the haplotype G-G was the most common in the POAG patients (49.45%)

and in the controls (55.78%), respectively. The results showed that haplotype A-A significantly correlated with a higher POAG risk. The

re25487-A and rs861539-c and the interaction of between rs25487 and T2DM and the haplotype A-A were all associated with higher

POAG risk.
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Introduction

Glaucoma-caused irreversible blindness represents a major
public health problem worldwide,1 in which POAG (pri-
mary open-angle glaucoma) is one type of the most
common form.2 Some risk factors including ocular hyper-
tension,3,4 age, a first-degree relative with glaucoma, pig-
ment dispersion, pseudoexfoliation, myopia, and genetic
factors5–7 have been previously reported.

NER (nucleotide excision repair) and BER (base excision
repair) can repair the oxidative DNA damage.8,9 BER is the
critical pathway for repair of oxidative DNA damage.10

Several SNPs belong to DNA repair genes were reported,
among which polymorphisms of XRCC (X-ray cross-
complementing group) genes may have phenotypic signif-
icance.11,12 To date, the molecular mechanism underlying
POAG remains largely unknown. Generally, the pathologic
mechanism underlying POAG is considered to be a

complex process that is mainly caused by the combined
action of environmental and genetic factors.13 Some studies
have suggested that one of the potential risk factors for
glaucoma is diabetes;14,15 however, no studies have focused
on the XRCC–T2DM interaction with respect to POAG risk.
Therefore, the present study evaluated the interactions
between the XRCC SNPs (single nucleotide polymor-
phisms) and environment in POAG.

Materials and methods

Subjects

This study collected 1233 participants, including 410 with
POAG and 823 controls, who were hospitalized in the
Second Hospital of Jilin University. The diagnosis of
POAG was determined by a gynecologist based on the fol-
lowing: (1) no other causes; (2) gonioscopic grading III or IV
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of open iridocorneal angle; and (3) glaucoma hemi-field test
showing glaucomatous visual field change detected by
the Humphrey automated perimeter. The IOP measured
by applanation tonometry before management was
> 21mmHg. Age-matched (�3 years) control subjects, in
1:2 ratio to patients, did not have glaucoma, the family
history of glaucoma, other major eye diseases (except
mild cataracts and refractive errors), tumors, diabetes, car-
diovascular diseases and neurologic diseases. All of the
recruited subjects were Han Chinese with no genetic rela-
tionships to one other. At recruitment, all subjects signed
the written informed consent.

SNPs selection and genotyping

NCBI SNPs-database was used for SNPs selection: (1) the
minor allele frequency reported in HapMap was> 5%; (2)
reported associations existed with glaucoma or related risk
factors, but were not well known; and (3) not included in a
published genome-wide association study; 3 mL EDTA-
treated blood samples were obtained from all of the partic-
ipants for genomic DNA extraction according to the
instructions of DNA Blood Mini Kit (Qiagen, Hilden,
Germany) and the gDNA was kept at �20�C until use.
The genotyping for the selected four SNPs was conducted
using PCR-based restriction fragment length polymor-
phism. The primers used in this study are shown in
Table 1. The amplification conditions were: initial denatur-
ation step at 95�C for 5 min, followed by 30 cycles at 94�C
for 0.5 min, 60�C for 0.5 min, 72�C for 1 min, and 10 min
final extension at 72�C.

Statistical analysis

A Chi-squared test was performed for difference analysis
between groups on percentages calculated for categorical
variables, and the t-test was used for the continuous vari-
ables with normal distribution (means� standard devia-
tions). HWE (Hardy–Weinberg equilibrium) for SNPs in
controls was analyzed by SNPstats. Logistic regression cal-
culated the ORs (95% CI) for associations between the four
XCRR SNPs and POAG risk. The ORs were adjusted for
age, gender, BMI, smoking, and alcohol consumption. The
best combination of SNP–T2DM interactions was assessed
by GMDR (generalized multifactor dimensionality reduc-
tion). Haplotype analysis was performed using PHASE 2.0
(University of Manchester, Manchester, UK). All P values
reported in the results section were two-tailed, and the
P values obtained from logistic regression were corrected
for multiple testing.

Results

A comparison of case and control groups with respect to
demographic characteristics is shown in Table 2. There
were total of 1233 participants including 410 patients
with POAG and 823 control participants. Their average
age was 65.9� 13.8 years. No significant change existed
in the parameters of interest, including gender, age,
BMI, and hypertension between the two groups (both
P> 0.05). In contrast, the percentage of participants
who smoked cigarettes, consumed alcohol, T2DM and
intraocular pressure in the POAG was higher than
in controls.

Table 1. Description and primer sequences designed for sequencing four SNPs.

SNPs Chromosome Functional consequence

Major/minor

alleles Primer (50fi30)

ERCC1-280 (Arg>His)

rs25489

19:43552260 Missense G/A Forward: 50-CAGTGGTGCTAACCTAATC-30

Reverse: 50-AGTA-GTCTGCTGGCTCTGG-30

ERCC1-399 (Arg>Gln)

rs25487

19:43551574 Missense G/A Forward: 50- CAGTGGTGCTAACCTAATC-30

Reverse: 50-AGTAGTCTGCTGGCTCTGGG-30

ERCC2-Lys751Gln

rs13181

19:45351661 Downstream variant 500B,

missense, nc transcript variant

A/C Forward: 50-GCCCGCTCTGGATTATACG-30

Reverse: 50-CTATCATCTCCTGGCCCCC-30

XRCC3-241 (Thr>Met)

rs861539

14:103699416 Intron variant, missense T/C Forward: 50-GGTCGAGTGACAGTCCAAAC-30

Reverse: 50-TGCAACGGC TGAGGGTCTT-30

SNPs: single nucleotide polymorphisms.

Table 2. Comparison for different demographic characteristics in case and control groups.

Variables

Case group

(n5410)

Control group

(n5823) P values

Males, n (%) 207 (50.5) 405 (49.2) 0.672

Age (year), (Means �SD) 66.8� 14.2 65.5� 15.3 0.150

Smokers, n (%) 127 (31.0) 208 (25.3) 0.034

Alcohol drinkers, n (%) 157 (38.3) 254 (30.9) 0.009

BMI (kg/m2), (Means �SD) 22.4� 9.5 23.1� 9.3 0.217

T2DM, n (%) 118 (28.8) 124 (15.1) <0.001

Hypertension, n (%) 131 (32.0) 226 (27.5) 0.101

Intraocular pressure (mmHg), (Means �SD) 27.6� 6.8 14.3� 4.1 <0.001

Family history of glaucoma, n (%) 50 (12.2) –

SD: standard deviation; BMI: body mass index; T2DM: type 2 diabetes.
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In the current study, the genotype frequencies in the con-
trol were distributed accordingly to HWE. The frequency of
the rs25487-A allele was 30.1% in cases and 19.9% in controls.
The frequency of the rs861539-C allele was 31.7% in cases and
20.8% in controls, which was also a statistically significant
difference. The rs25487-A and rs861539-C were associated
with a higher POAG risk (adjusted ORs [95% CI], 1.60
[1.19–2.02] and 1.62 [1.20–2.08], respectively; Table 3).

The comparison of CVC (cross-validation consistency)
and the TA (test accuracy) between gene–gene and gene–
T2DMmodel was determined by GMDR analysis (Table 4).
The TA for two-locus model rs25487 and T2DMwas 62.11%
at the P< 0.01 level indicating rs25487 and T2DM model
had the highest CVC independent of how the data were
divided, thus providing evidence of rs25487 gene–T2DM

interaction. The T2DM related to POAG risk was affected
by the rs25487 function.

Pairwise LD value between rs25489 and rs25487 within
the ERCC1 gene was> 0.75. Therefore, SHEsis software
was used for haplotype analysis for rs25489 and rs25487.
Among all samples, the G-G haplotype was 49.45% in the
POAG patients and 55.78% in the controls, respectively.
The A-A haplotype was also significantly related to the
increased risk of POAG (Table 5).

Discussion

In the current study, we have shown that the rs25487-A and
rs861539-C alleles are associated with an increased risk of
POAG and could be a risk factor for developing POAG;

Table 3. Association analysis for four target SNPs within XRCC gene and POAG risk.

SNPs

Genotypes

or alleles

Frequencies n (%)

OR (95%CI)a P values

HWE test

for controlsControls (n5823) Cases (n5410)

ERCC1-280 (Arg>His), rs25489

GG genotype 474 (57.6) 215 (52.4) 1.00 (ref) 0.086

GA genotype 289 (35.1) 155 (37.8) 1.24 (0.81–1.83) 0.426

AA genotype 60 (7.3) 40 (9.8) 1.57 (0.75–2.40) 0.628

G allele 1237 (75.2) 585 (71.3) 1.00 (ref)

A allele 409 (24.8) 235 (28.7) 1.26 (0.79–1.99) 0.578

ERCC1-399 (Arg>Gln), rs25487

GG genotype 535 (65.0) 204 (49.8) 1.00 (ref) 0.110

GA genotype 248 (30.1) 165 (40.2) 1.49 (1.15–1.87) 0.002

AA genotype 40 (4.9) 41 (10.0) 2.02 (1.31–2.76) <0.001

G allele 1318 (80.1) 573 (69.9) 1.00 (ref)

A allele 328 (19.9) 247 (30.1) 1.60 (1.19–2.02) <0.001

ERCC2-Lys751Gln, rs13181

AA genotype 483 (58.7) 215 (52.4) 1.00 (ref) 0.306

AC genotype 288 (35.0) 160 (39.0) 1.23 (0.95–1.61) 0.331

CC genotype 52 (6.3) 35 (8.5) 1.35 (0.87–1.86) 0.485

A allele 1254 (76.2) 590 (72.0) 1.00 (ref)

C allele 392 (23.8) 230 (28.0) 1.27 (0.93–1.66) 0.386

XRCC3-241 (Thr>Met), rs861539

TT genotype 524 (63.7) 196 (47.8) 1.00 (ref) 0.081

TC genotype 255 (31.0) 168 (41.0) 1.49 (1.25–1.87) <0.001

CC genotype 44 (5.3) 46 (11.2) 2.10 (1.41–2.86) <0.001

T allele 1303 (79.2) 560 (68.3) 1.00 (ref)

C allele 343 (20.8) 260 (31.7) 1.62 (1.20–2.08) <0.001

aAdjusted for age, gender, BMI, smoking and alcohol drinking.

P< 0.00417 (Bonferroni correction threshold).

POAG: primary open angle glaucoma; SNPs: single nucleotide polymorphisms; OR: odds ratio; HWE: Hardy–Weinberg equilibrium.

Table 4. GMDR analysis for the best interaction combination models.

Locus no. Best combination

Cross-validation

consistency

Testing

accuracy P values*

Gene–gene interactions

2 rs25489� rs25487 9/10 0.5399 0.0547

3 rs25489� rs25487� rs13181 9/10 0.4958 0.1719

4 rs25489� rs25487� rs13181� rs861539 7/10 0.4958 0.3770

Gene–T2DM interactions

2 rs25487� T2DM 9/10 0.6011 0.0010

3 rs25489� rs25487� T2DM 7/10 0.5399 0.3770

4 rs25489� rs25487� rs13181� T2DM 6/10 0.4958 0.4258

5 rs25489� rs25487� rs13181� rs861539� T2DM 3/10 0.4958 0.9893

*Adjusted for age, gender, BMI, alcohol drinking and smoking.
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however, there was no relationship between rs25489 and
rs13181 and POAG. It is well known that some gene poly-
morphisms were related to a lower DNA repair capacity
and oxidative stress in the eye has been thought as a risk
factor in the pathogenesis of cataracts,16 age-related macu-
lar degeneration,17 glaucoma,18 and POAG.19 Reports
involving the association between XRCC gene polymor-
phisms and POAG risk are limited and the results are
inconsistent. It has been suggested that XPD codon 751
and XRCC1 codon 399 polymorphisms are not related to
POAG risk;20 however, the sample sizes of the cases and
controls were not large enough to detect any true differ-
ences between the groups. An association has been
reported polymorphisms between rs25487 (XRCC1) and
rs13181 (XPD). Szaflik et al.21 concluded that the XRCC1-
399Arg/Gln its 399Gln allele is the potential risk factors for
development of POAG. Moreover, Szaflik et al.21 suggested
that XRCC1-399 Arg/Gln may be associated with progres-
sion of POAG. Based on a study22 involving a Polish pop-
ulation, it was suggested that the XRCC1-399Arg/Gln
mutation may act as a predictive risk factor of POAG.
The difference between these studies and the study
conducted by Güven et al.20 may reflect population group
differences. In addition, the sample size in the Güven et al.20

study was relatively smaller than the previous studies and
the current study.

Generally, the pathologic mechanism underlying POAG
is a complex process that is caused mainly by the interac-
tion between genetic and environmental factors.13 Some
studies have showed that diabetes may be a risk factor
for glaucoma;14,15 however, there are few reports on the
interaction between T2DM and the XRCC gene. In the
study, we found that the rate for T2DM was higher in
cases than in controls, our interaction analysis between
the XRCC gene and T2DM indicated significant interaction
between rs25487 and T2DM, which provided evidence of
XRCC 1 gene–T2DM interaction effects. The analysis indi-
cated that T2DM influenced the risk for POAG depending
on the genotypes at rs25487. The present study is the first
report attempting to elucidate the possible impact of an
XRCC gene–T2DM interaction on POAG risk. Our haplo-
type analysis for rs1799782 and rs13181 showed the
D0 value was> 0.75, indicating that the T-C haplotype
was significantly associated with increased POAG risk.
Pairwise LD analysis was also conducted for SNPs within
substantial LD. We showed that the G-G haplotype existed

most frequently in the two groups: the G-G was 49.45% in
the POAG patients and 55.78% in the controls, respectively.
As well, the results indicated that the haplotype A-A was
significantly related to an increased risk for POAG.

The limitations of this study were: First, we studied a
relatively smaller sample size, although statistical analysis
requirements were met. Second, the cases were all POAG
patients; other types of glaucoma patients should be stud-
ied in the future to explore the impact of this gene on dif-
ferent subtypes of glaucoma.

In conclusion, we showed that the rs25487-A and
rs861539-C alleles, as well as the interaction between
rs25487 and T2DM and haplotype A-A are accompanied
by a significantly increased risk of POAG.
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