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Abstract Werner syndrome is caused by mutations in
the DNA repair Werner helicase (WRN) gene and
characterized by accelerated aging including cataracts.
Age-related cataract (ARC) cases (N=504) and con-
trols (N=244) were recruited from a population-based
study to evaluate the association of single-nucleotide
polymorphisms (SNPs) of WRN and another DNA
repair gene (human 8-oxoguanine DNA N-glycosylase
1) with ARC. Among the five SNPs tested, only WRN
rs1346044 was found to be significantly associated
between cases and controls before multiple-testing
adjustment. The minor C allele of rs1346044 was
associated with ARC with an odds ratio (OR) of
0.66, suggesting a protective role of the C allele for
developing ARC. The stratification analysis on the
subtypes of ARC showed that rs1346044 was signif-
icantly associated with cortical cataract, but not with
nuclear, posterior subcapsular, and mixed types after
multiple-testing adjustment (OR=0.51, p<0.01). The
genetic model analysis showed that the results fit the
dominant model (OR=0.44, p<0.001). The comet
assay used to assess the extent of DNA damage in
peripheral lymphocytes of ARC cases found that the
DNA damage in lymphocytes from patients with CC

genotype was significantly less than that in patients
with TT genotype. We concluded that the C allele of
rs1346044, a non-synonymous SNP resulting in the
conversion of Cys to Arg at amino acid position 1367
of WRN, alters susceptibility to ARC, especially the
cortical type of the disease, in the Han Chinese. The
underlying mechanism of its protective role might be
related to the improved DNA repair function.
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Introduction

Age-related cataract (ARC) is one of the dominant
causes of visual impairment in the elderly (Di Stefano
2001). ARC is a complex disease with multiple genetic
and environmental risk components, but its etiology is
not fully understood (Shiels and Hejtmancik 2007;
Hammond et al. 2000). The disease is subtyped cortical,
nuclear, posterior subcapsular, or mixed type according
to the lesion site within the lens (Klein et al. 1992). It has
been suggested that the subtypes of cataract are associ-
ated with different risk factors (Lewis et al. 2004).
Studies on mono- and dizygotic twins have demonstrat-
ed that genetic factors play an important role in the
etiology of ARC (Hammond et al. 2001, 2000).
Multiple genetic loci have been reported to be associated
with ARC (Hejtmancik and Kantorow 2004).
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Involvement of oxidative stress appears to be one
of the critical events in ARC pathogenesis (Ates et al.
2010). DNA–DNA cross-linking and DNA breaks can
be formed in cells treated with both UV-B irradiation
and H2O2 (Kleiman et al. 1990b). The percentage of
DNA single-strand breaks in lens epithelial cells from
patients undergoing cataract surgery were substantial-
ly higher than those from non-cataractous human eye
bank lenses of similar ages (Kleiman and Spector
1993). DNA copy number variation within glutathione
S-transferase, an enzyme functioning in phase II bio-
transformation of oxidized toxic compounds, was
shown to be linked with ARC, particularly in the
Asian population (Guven et al. 2007; Sun et al.
2010; Zhou et al. 2010). Recently, studies have
reported that single-nucleotide polymorphism (SNPs)
and expression of genes involved in oxidative DNA
damage repair are associated with ARC (Padma et al.
2011; Luo et al. 2011).

Oxidative stress induces various types of DNA
damage that contribute significantly to aging and
age-related disorders (Martins et al. 1991). Thus, the
lens must have systems in place to efficiently repair
oxidative DNA damage. There are numerous DNA
repair genes, including CSB (Mahmoud et al. 2002),
XPD (Takayama et al. 1996), Werner helicase (WRN)
(Singh et al. 2009), and human 8-oxoguanine DNA N-
glycosylase 1 (hOGG1) (Yang et al. 2006). The WRN
gene plays an important role in aging and is known to
function extensively in the DNA repair process (Singh
et al. 2009). WRN gene encodes a nuclear protein of
the RecQ family. The protein is of 1,432 amino acids
and possesses both 3′→5′ DNA helicase and 3′→5′
DNA exonuclease activities. These biochemical func-
tions are known to have roles in DNA replication,
repair of DNA damage, gene transcription, and telo-
mere maintenance (Singh et al. 2009). WRN disrup-
tion causes Werner’s syndrome (WS), an autosomal
recessive segmental progeroid syndrome that results in
accelerated aging and affects multiple organs and tis-
sues (Gee et al. 2002). Apart from systematic symp-
toms such as neuropathy, skin atrophy, regional loss of
subcutaneous fat, loss and graying of hair, and devel-
opment of multiple cancers, most WS patients develop
bilateral ocular cataract when they are 20 years old
(Epstein et al. 1966; Goto 1997).

Human 8-hydroxyguanine (8-oxo-Gua) DNA gly-
cosylase is the primary enzyme for the repair of 8-oxo-
dG in human cells (Yang et al. 2006). The presence of

8-oxo-dG in DNA may lead to mutagenesis, and the
level of 8-oxo-dG in cell and body fluid is commonly
used as a biomarker of oxidative DNA damage
(Boiteux and Radicella 2000). The amount of 8-oxo-
dG in DNAwas reported to increase significantly with
age in the lenses of rats (Zhang et al. 2010).

Because ARC occurs in the elderly and mutations
in the WRN gene lead to accelerated aging and lens
opacity, we hypothesized that polymorphisms in the
WRN gene might confer ARC susceptibility. We also
included the hOGG1 gene due to its central role in the
repair of oxidatively damaged DNA. In this study, we
first tested the association of the polymorphisms of the
above genes with ARC. We then examined the corre-
lation between DNA repair capability and WRN
genotypes.

Materials and methods

Study participants

The research was approved by the Ethics Committee
of Affiliated Hospital of Nantong University and fol-
lowed the tenets of the Declaration of Helsinki. Each
participant was fully informed of the purpose of and
procedures involved in the study and signed informed
consent form. The study participants were recruited
from a population-based survey in Nantong, Jiangsu,
China. The covered area has a stable and ethnically
homogenous population. The participants were unre-
lated and self-identified Han Chinese (at least all four
grandparents were ethnically Han Chinese). Only the
ARC cases who met the including criteria were in-
cluded in this study. The control group was from the
same population.

ARC was defined as the appearance of the clinical
sign of cataract in one or both eyes in a person older
than 50 years. The clinical sign was characterized as
opacity of the lens resulting in visual acuity of 20/40
or worse in the cataract eye, as measured by the
ETDRS chart. All patients with ARC and controls
were subjected to a full ophthalmic examination, in-
cluding visual acuity measurement, lens examination
in transient, and side illumination using a slit-lamp
biomicroscope after mydriasis and ophthalmoscopic
examination. The opacity of the lens was classified
using the lens opacities classification system II
(Chylack et al. 1989). We only included the cases in
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≥ NII of nuclear cataract, in ≥ CII of cortical cataract,
and in ≥ PII of posterior subcapsular cataract and
excluded the cases with different cataract types be-
tween two eyes and with aphakia. The patients with
systemic diseases, a history of ocular trauma, second-
ary cataract due to glaucoma, age-related macular
degeneration, uveitis, diabetes, or other known causes
were excluded. The control included 244 unrelated
individuals with transparent lenses and a visual acuity
better than 20/25 in both eyes. The individuals with
other major eye diseases such as dislocated lenses,
glaucoma, age-related macular degeneration, diabetic
retinopathy, uveitis, or systemic diseases such as dia-
betes, kidney diseases, and cancers were excluded
from the control group. The demographic information
for the study participants is summarized in Table 1.

SNP selection and genotyping

We focused on non-synonymous SNPs by searching
NCBI dbSNP (http://www.ncbi.nlm.nih.gov/snp) and
found only four in WRN (rs1346044, rs1801195,
rs2230009, and rs3087414) and one in hOGG1
(rs1052133) with the minor allele frequency larger than
5 %. Even though there are different opinions about the
importance of rare and common alleles in disease sus-
ceptibility, we adopted the notion that “common alleles
cause common diseases.” We deselected rs3087414
from WRN because it is within the same domain as
rs1801195. We added hOGG1 rs125701 based on a
silicon analysis which indicates that the SNP is located
in a transcription factor-binding site (SNP function predic-
tion, http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm).
All of the SNPs examined as well as their associated genes
are listed in Table 2.

DNA was extracted from leucocytes in venous
blood by proteinase K digestion followed by phenol–
chloroform separation. The DNA samples were geno-
typed by the pre-designed TaqMan SNP assays
(Applied Biosystems, Foster City, CA, USA) using a
7500 real-time PCR system.

Comet assay

Comet assay (also known as the single-cell gel elec-
trophoresis assay) is a sensitive technique for the
detection of DNA damage at the level of an individual
cell. We randomly performed the assay on 114 cortical
ARC cases.

The peripheral lymphocytes from whole blood in
EDTA anticoagulation tube were isolated and sus-
pended in phosphate-buffered saline (PBS) at 1×104

cell/mL. The freshly prepared cell suspension (250
cells in 100 μL of 0.75 % low-melting-point agarose
in PBS) was spread onto microscope slides precoated
with 0.5 % normal-melting-point agarose. The cells
were then lysed for 2 h at 4 °C in a lysis buffer
consisting of 2.5 M NaCl, 100 mM EDTA, 1
%Triton X-100, and 10 mM Tris, pH10, followed by
electrophoresis (20 V, 200 mA) in the buffer consist-
ing of 300 mM NaOH and 1 Mm EDTA for 20 min.
The slides were then washed in deionized water and
stained with 2 μg/mL of ethidium bromide. To prevent
additional DNA damage, all the steps described above
were performed under dimmed light or in the dark
(Wozniak et al. 2009).

The comet images were observed at ×400 mag-
nification under a fluorescence microscope (Leica)
controlled by the image analysis system CASP, a
program available on the web (www.casp.of.pl).

Table 1 Demographics of study participants

Group N Gender Age (years)

Male (N, %) Female (N, %) Means Range

Control 244 115 (47.1) 129 (52.9) 60.2±5.7 50–82

ARC case 504 188 (37.3)* 316 (62.7)* 70.9±8.2* 50–90

Cortical 229 80 (34.9) 149 (65.1) 69.9±7.5 50–90

Nuclear 102 43 (42.2) 59 (57.8) 71.6±7.8 51–87

Posterior subcapsular 46 14 (30.4) 32 (69.6) 71.8±9.1 51–87

Mixed 127 50 (39.4) 77 (60.6) 71.8±8.1 50–89

*p<0.05, in the comparisons between the cases and the controls
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Twenty images were randomly selected from each
sample. The percentage of DNA in the tail of
comets and the olive tail moment (OTM) were
measured. Amount of DNA in the comet tail was
counted by the sum of intensities of pixels in the
tail. OTM was calculated by (in percent of DNA in
the tail) × (tail length). Higher percentage of DNA
in the tail of comets and OTM indicate severer
DNA damage.

Statistical analysis

The chi-square test was performed using Stata 8.0 (Stata
Corp., College Station, TX, USA) to compare the geno-
type distribution of SNPs between cases and controls
and to estimates odds ratio (OR) and 95 % confidence
interval (95 % CI). Hardy–Weinberg equilibrium
(HWE) tests were performed separately for controls
and case groups by using chi-square analysis. Logistic
regression was carried out to adjust for age and gender,
and Bonferroni correction was performed for any asso-
ciation found in the initial analysis. The values of the
comet assay in this study were expressed as mean ± SD.
The ANOVAwas used to compare the differences of the
comet assay parameters between the genotypes. p<0.05
was considered to be statistically significant.

Results

Data quality

The call rates of all SNP genotyping were >98 %. The
call accuracy (consistency of duplicate wells) of 10 %
DNA samples was 100 %. Significant deviation from
HWE was only found in the ARC group in WRN
rs1346044 and rs1801195 (Table 3).

Genetic analysis

Among the five SNPs tested, only the distribution of
WRN rs1346044 was found to be significantly differ-
ent between cases and controls before adjustment
(Table 3). The minor C allele of rs1346044 was asso-
ciated with ARC with an OR of 0.66 and 95 % CI of
0.47–0.92, suggesting that the minor allele might play
a protective role for developing ARC. Although the
association of combined types of ARC with
rs1346044 did not meet the significant level after
Bonferroni correction, stratification analysis on the
subtypes of ARC showed that rs1346044 was signif-
icantly associated only with cortical cataract after
Bonferroni correction (OR=0.51, 95 % CI 0.33–
0.80, p<0.01) (Table 4). The genetic model analysis
showed that the results fit the dominant model. As
such, individuals carrying at least one C allele had a
reduced risk of developing cortical ARC (OR=0.44,
95 % CI 0.27–0.71, p<0.001) (Table 4). No associa-
tion was detected between WRN rs1346044 and the
other three subtypes of ARC (Table 4).

Although there was no association between WRN
rs2230009 and combined types of ARC (Table 3), the
analysis on the subtypes of ARC showed a suggestive
association of WRN rs2230009 with the posterior
subcapsular type (Table 5). The A allele of
rs2230009 imposed a risk to the development of this
subtype with OR of 4.8 (p<0.05 before Bonferroni
correction). We did not detect any association between
ARC and control in the two SNPs of hOGG1
(Table 3).

Supplemental analysis

Because there was a 10-year difference in average
ages between cases and controls, and logistical regres-
sion alone might be insufficient to account for this
confounding factor, we performed a supplemental
analysis on rs1346044. We equilibrated the average
ages of cases and controls and selected the lower age
quartile in the cortical ARC group (N=164) and the
higher age quartile in the control group (N=157) for
the analysis, which brought an average age to 64.8±
5.8 in cases and 63.7±3.5 years in controls (p>0.05).
The results showed that the rs1346044 association
with cortical ARC followed a dominant model (OR=
0.34, 95 % CI 0.16–0.75, p<0.01) and was even
stronger than the result with all ages included (OR=

Table 2 SNPs being tested and assay information from Applied
Biosystems

Pathway Gene SNP ID SNP type

DSBR WRN rs1346044 C/T, exon_34 R1367C

rs1801195 T/G,, exon_26 F1074L

rs2230009 A/G, exon_4 I114V

BER hOGG1 rs125701 A/G, 5′-UTR (TFBS)

rs1052133 A/G, exon_7 S326C
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0.44, 95 % CI 0.27–0.71, p<0.001) (Table 6). The
association remained significant after Bonferroni cor-
rection (Table 6).

Genotype–phenotype correlation analysis

To further analyze the impact of the genotypes on the
phenotypic appearance of ARC, we did correlation
analysis of the level of cortical opacity and
rs1346044 genotypes. The results show that TT

carriers only had a slightly higher level of cortical
opacity than the individuals with at least one C allele,
but the difference did not reach the statistical signifi-
cance (p>0.05) (data not shown).

Comet assay on DNA damage

Individuals homozygous for the C allele of rs1346044
had less DNA damage than TT carriers in their periph-
eral lymphocytes as shown in tail of comet (tail

Table 3 SNP allele/genotype distribution in ARC and control groups

Gene/SNP allele Case
N (%)

Control
N (%)

p/Pa OR
(95 % CI)

p values of HWE
(Control/case)

WRN/rs1346044 T 917 (91.0) 424 (86.9) 0.2/0.0079
C 91 (9.0) 64 (13.1) 0.018/0.09 0.66 (0.47–0.92)

TT 422 (83.7) 185 (75.8)

CT 73 (14.5) 54 (22.1)

CC 9 (1.8) 5 (2.1) 0.78a 0.87 (0.29–2.62)

CT+CC 82 (16.3) 59 (24.2) 0.013b/0.065 0.61 (0.42–0.89)

WRN/rs1801195 G 368 (36.5) 184 (37.7) 0.13/0.04
T 640 (63.5) 304 (62.3) 0.69 1.05 (0.84–1.32)

GG 78 (15.5) 36 (14.8)

GT 212 (42.1) 112 (45.9)

TT 214 (42.4) 96 (39.3) 0.43a 1.14 (0.83–1.55)

GT+TT 426 208 0.83b 0.95 (0.62–1.45)

WRN/rs2230009 G 987 (97.9) 482 (98.8) 0.85/0.63
A 21 (2.1) 6 (1.2) 0.30 1.71 (0.69–4.26)

GG 483 (95.8) 238 (97.5)

GA 21 (4.2) 6 (2.5)

AA 0 (0.0) 0 (0.0)

GA+AA 21 6 0.30b 1.73 (0.69–4.33)

hOGG1/rs1052133 C 366 (36.3) 183 (37.5) 2.41/0.28
G 642 (63.7) 305 (62.5) 0.69 1.05 (0.84–1.32)

CC 72 (14.3) 40 (16.4)

CG 222 (44.0) 103 (42.2)

GG 210 (41.7) 101 (41.4) 1.000a 1.01 (0.74–1.38)

CG+GG 432 204 0.45b 0.18 (0.77–1.79)

hOGG1/rs125701 G 968 (96.0) 466 (95.5) 0.54/0.81
A 40 (4.0) 22 (4.5) 0.68 0.88 (0.51–1.49)

GG 465 (92.3) 222 (91.0)

GA 38 (7.5) 22 (9.0)

AA 1 (0.2) 0 1.000a 1.46 (0.06–35.92)

GA+AA 39 22 0.57b 0.85 (0.49–1.46)

Pa p value after Bonferroni correction
a In comparison with the other two genotypes in combined
b In comparison with the wild-type genotype
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DNA%) and OTM (p<0.01) (Table 7). We did the
analysis of the comet assay results according to the
dominant model, e.g., combination of TC and CC vs
TT. Even though TC+CC had less DNA damage than
that of TT, the difference was not statistically signifi-
cant. This result indicated that the functional conse-
quence of an impact allele does not always follow the
pattern of genetic model.

Discussion

We examined possible associations of five polymor-
phisms in two candidate DNA repair genes with prev-
alence of ARC in a Han Chinese population. The
results showed that WRN rs1346044 is associated
with ARC and that the C allele is protective against
ARC, particularly against the cortical type of the dis-
ease. The model analysis showed the association to be
present in a dominant mode. The carriers of homozy-
gous protective allele(s) had milder DNA damage in
their peripheral lymphocytes. This suggests that the
SNP might play a role in enhanced DNA repair
functionality.

Previous epidemiological studies have reported as-
sociation of others diseases, but not ARC, with WRN
rs1346044, which is a non-synonymous variation that
causes a conversion of Cys to Arg at amino acid
position 1367 (Bohr et al. 2004; Hirai et al. 2005;
Payao et al. 2004; Smith et al. 2005; Ye et al. 1997;
Castro et al. 2000, 1999; Kuningas et al. 2006; Morita
et al. 1999; Ogata et al. 2001). The association of
WRN rs1346044 with myocardial infarction was first
reported in a Japanese population (Ye et al. 1997). The
authors found that patients homozygous for Cys were
at a nearly threefold higher risk of myocardial infarc-
tion than the general population and suggested a
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Table 7 The correlation of WRN rs1346044 genotypes and
DNA damage measured using comet assay in peripheral lym-
phocytes from cortical ARC patients

WRN
rs1346044

N Age (mean ±
SD)

Tail DNA% ±
SD

OTM ± SD

TT 99 69.2±7.6 23.73±0.34 7.34±0.18

TC 12 72.1±8.9 22.32±0.73 7.00±0.51

CC 3 73.7±7.0 17.74±0.51* 5.15±0.18*

*p<0.01, in comparison of TT and TC combined
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protective role for the Arg variation. Other Japanese
studies found that the minor allele of rs1346044 may
be associated with a lower risk of type 2 diabetes
mellitus and bone and soft tissue sarcomas in a dom-
inant model (Hirai et al. 2005; Nakayama et al. 2008).

We noticed that an Israeli study reported the lack of
association of WRN rs1346044 with senile cataract
(Ehrenberg et al. 2010). However, the study only
included 81 cases and potentially had insufficient
power to produce conclusive results. It might also
suggest that the association of rs1346044 with ARC
susceptibility is ethnic group-dependent. We have not
found a report of ocular expression of WRN in the
human eye by PubMed search. However, UniGene
database (http://www.ncbi.nlm.nih.gov/unigene) lists
WRN to be expressed in the human eye, and WRN
expression has been detected in ARPE19 cells, a ret-
inal pigment epithelium cell line, and is believed to
play a role in mitochondria function of ARPE19
(Miceli and Jazwinski 2005). Additionally, WRN is
one of the key components for maintaining homeosta-
sis and DNA repair in fibroblasts (Rossi et al. 2010).

The WRN Cys1367Arg is located only three amino
acids away from the nuclear localization signal motif
which contains multiple Arg and Lys residues. An
additional Arg residue near this domain could there-
fore enhance the strength of translocation of WRN
from the cytoplasm to the nucleus (Matsumoto et al.
1998, 1997), thereby enhancing DNA repair capacity.
The protein with 1367Arg also exhibits higher helica-
se/exonuclease activities relative to the wild-type
WRN (Kamath-Loeb et al. 2004).

Oxidative stress induces various types of DNA dam-
age in lens which causes cataract (Ehrenberg et al. 2010;
Kleiman et al. 1990a). The WRN gene is known to
function extensively in repair of damaged DNA, playing
a vital role in repairing double-strand breaks (Yan et al.
2005). It is known that WRN with the C allele had
stronger DNA repair capacity (Matsumoto et al. 1998,
1997; Kamath-Loeb et al. 2004). Our results indicated
that the tail DNA% and OTM values in patients with
homozygous C allele were smaller than those in patients
with T allele. Those results were in line with a study that
found elevated levels of 8-oxo-dG, a marker of oxida-
tive DNA damage, and MDA, a marker for lipid perox-
idation, in the leukocytes of patients with cataract (Ates
et al. 2010).

The stronger association with cortical ARC than
with other types of ARC might come from different

genetic contributions among subtypes. Heritability for
cortical cataract in female twins was estimated to be as
high as 58 %, while only 11 % of total attribution was
accounted for by age (Heiba et al. 1995). In segrega-
tion analysis in the Beaver Dam Eye Study, a single
major gene accounted for 58 % of the variability of
age- and gender-adjusted measures of cortical cataract
(Hammond et al. 2001). After adjustment for con-
founding factors, cortical, but not posterior subcapsu-
lar, cataract showed significant familial aggregation in
an older population (Congdon et al. 2005).

In conclusion, we found that a functional variation of
the gene responsible for Werner syndrome confers a
protective role in the development of ARC, particularly
in the cortical type of the disease in Han Chinese. The
underlying mechanism of its protective role might be
related to the improved cellular DNA repair functionality.
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