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Abstract Werner syndrome is a rare autosomal reces-
sive disorder caused by mutations in the human WRN
gene and characterized by the early onset of normal
aging symptoms. Given that patients with this disease
exhibit osteoporosis, the present study aimed to deter-
mine whether the WRN gene contributes to the etiology
of osteoporosis. A genetic association study of eight non-
synonymous polymorphisms in the WRN gene and the
incidence of femoral fracture was undertaken in 1,632
consecutive Japanese autopsies in which 140 patients had
experienced the fracture during their lifetime. The results
were validated in 251 unrelated postmenopausal Japanese
women with osteoporosis and 269 non-institutionalized,
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community-dwelling Japanese adults. A statistically sig-
nificant association was observed between rs2230009
(c.340G > A)—which results in a Val to Ile substitu-
tion—and fracture risk; the incidence of femoral fracture
increased dose-dependently with the number of A alleles
(p = 0.0120). Femoral neck bone and whole bone den-
sities were lower among postmenopausal women with
osteoporosis and community-dwelling adults, respec-
tively, if they were of the AG instead of the GG genotype.
The results suggest that Japanese subjects bearing at least
one A allele of rs2230009 of the WRN gene are at a sig-
nificantly higher risk of femoral fracture, possibly due to
decreased bone density.
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Introduction

Werner syndrome (WS) is a premature aging disease char-
acterized by the early onset of normal aging symptoms,
including atherosclerosis, cancer, non-insulin-dependent
diabetes mellitus, ocular cataracts, graying and loss of
hair, and osteoporosis [1, 2]. Mutations in the human WRN
gene, which encodes a member of the RecQ family of DNA
helicases, give rise to this rare autosomal recessive genetic
disorder [3]. It has been reported that cells derived from
patients with a WRN mutation show increased genomic
instability, manifested as chromosomal alterations [4, 5];
WRN protein participates in several important DNA meta-
bolic pathways, including DNA replication, recombination,
and telomere maintenance, that together preserve genomic
integrity [6, 7]. Although these experimental observations
highlight the important link between defective DNA repair
mechanisms and aging or cancer, the contribution of WRN
mutations to these processes remains an open question.

Several recent studies have suggested an association
between single nucleotide polymorphisms (SNPs) in the
WRN gene and a variety of disease conditions, includ-
ing non-Hodgkin lymphoma [8, 9], breast cancer [10, 11],
chronic kidney disease [12], myocardial infarction [13,
14], bone and soft tissue sarcomas [15], the development
of benzene hematotoxicity [16], and decreased bone den-
sity [17]. One conjecture that can be made based on these
reports is that partial alterations in WRN gene function lead
to the development of diseases that are commonly seen in
the elderly, since the complete loss of gene function by
homozygous WRN mutations results in a premature aging
syndrome. To test this hypothesis, eight non-synonymous
SNPs in the WRN gene—1s2230009 (V114I), rs17847577
(R369X), rs113811718 (E510D), rs77969734 (L628 V),
rs34560788 (R711 W), rs1801195 (F1074L), 201107091
(A1260T), and rs1346044 (C1367R)—were investigated
for a possible genetic association with osteoporosis, an
aging-related condition.

Materials and methods
Subjects

The subjects consisted of autopsy cases, patients with oste-
oporosis, and community-dwelling adults from the Japa-
nese population.

The autopsies were performed consecutively at Tokyo
Metropolitan Geriatric Hospital between 1995 and 2011,

and comprised 924 males and 708 females with a mean age
of 81 years. None of the female subjects had undergone
hormone replacement therapy. The presence or absence of
any diseases was determined by thorough examination of
the autopsy report. Most major pathological diseases were
included in the database. The presence or absence of a fem-
oral fracture during each subject’s lifetime was determined
by thorough examination of the clinical record. Trau-
matic fractures due to traffic accidents, as well as apparent
pathological fractures caused by metastatic cancers, were
excluded from the assessment. In total, 140 patients (39
male, 101 female) with a femoral fracture were identified.

Osteoporosis patients comprised 251 unrelated postmen-
opausal women (with a mean age of 73 years) who visited
outpatient clinics of Tokyo Metropolitan Geriatric Hospi-
tal between 2006 and 2011. Before their first visit to the
clinics, some patients had already been treated with drugs
commonly prescribed for osteoporosis in Japan, including
bisphosphonates (n = 125), active vitamin D (n = 93), the
selective estrogen receptor modulator raloxifene (n = 18),
and vitamin K2, i.e., menatetrenone (n = 15), either alone
or in different combinations. The diagnosis of osteoporo-
sis was made according to the Japanese diagnostic criteria
for primary osteoporosis [18]. Individuals with disorders
known to cause abnormalities in bone metabolism, includ-
ing diabetes mellitus, renal diseases, rheumatoid arthritis,
and thyroid, parathyroid, or other endocrinological dis-
eases, were excluded from the study.

The community-dwelling adults included 269 non-insti-
tutionalized subjects (133 men and 136 women, with a mean
age of 75 years) who participated in a comprehensive health
examination in September 2012 in Hatoyama (Saitama Pre-
fecture). All participants read and signed informed consent
forms, which were approved along with the study protocol
by the ethics committee of Tokyo Metropolitan Geriatric
Hospital and the Clinical Research Ethics Committee of the
Tokyo Metropolitan Institute of Gerontology. For autopsy
cases, written, informed consent, including for the use of
extracted DNA in medical and genetic studies, was obtained
from the family prior to the autopsy.

Genotyping

To determine the functional relationship between WRN
gene polymorphisms and osteoporosis, non-synonymous
and putative functional SNPs were examined. The Illumina
Infinium HumanExome BeadChip v1.1 [19] contained a set
of 42 non-synonymous and two synonymous SNPs in the
WRN gene, of which eight were polymorphic in the study
population: 152230009 (V114I), rs17847577 (R369X),
rs113811718 (E510D), rs77969734 (L628 V), rs34560788
(R711 W), 51801195 (F1074L), rs201107091 (A1260T),
and rs1346044 (C1367R). These were evaluated for their
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association with the incidence of femoral fracture in autopsy
cases. Total genomic DNA was extracted from the renal
cortex using phenol/chloroform according to the standard
protocol. Study samples were processed on the HumanEx-
ome BeadChip v1.1 (Illumina, Inc., San Diego, CA, USA)
according to the manufacturer’s recommendations. The gen-
otyping success rate was 100 % for rs2230009, rs17847577,
rs113811718, rs77969734, rs34560788, and 201107091;
99.8 % for rs1801195; and 99.9 % for rs1346044.

For validation, genotyping of rs2230009 was carried
out using a real-time PCR system (StepOnePlus; Applied
Biosystems, Foster City, CA, USA) with the TagMan SNP
genotyping assay method [20] using ID C_15851779_10
(Applied Biosystems); the genotyping success rate was
100 %.

Measurement of body composition

Body weight and height were measured to the near-
est 0.1 kg and 0.1 cm, respectively, and body mass index
(BMI) was calculated by dividing the body weight (kg) by
the square of height (m?).

For community-dwelling adults, whole body bone min-
eral density (BMD) and fat-free mass (FFM) were obtained
by dual-energy X-ray absorptiometry (DXA) (Hologic
QDR-4500A scanner; Hologic, Waltham, MA, USA) using
a previously described method [20]. The whole body FFM
was divided into several regions, i.e., arms, legs, trunk, and
head, to estimate appendicular FFM (sum of arms and legs)
and relative skeletal muscle index (RSMI), which was cal-
culated as the ratio of appendicular FFM to the square of
height. Body compositions were analyzed using manual
DXA analysis software, version 11.2:3 (Hologic).

For osteoporosis patients, lumbar spine (anteroposterior,
L2-14) and femoral neck BMD, as well as appendicular
FFM, were determined by DXA (Model DPX-L, software
version 3.2; Lunar Radiation, Madison, WI, USA) using a
previously described method [21]. Fractured lumbar verte-
brae were excluded from BMD calculations.

Measurement of serum 25-hydroxyvitamin D (250HD)

Blood samples were collected in a fasting state and sitting
position and analyzed by a single laboratory (Special Refer-
ence Laboratories, Tokyo, Japan). Serum 250HD concentra-
tion was measured using a RIT 2 kit (DiaSorin, Stillwater,
MN, USA), which is based on an antibody specific to 250HD;
using this method, the coefficient of variation was <1 %.

Statistical analysis

The allele frequency was calculated, and a x> test was used
to determine the deviation of the genotype distribution
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from Hardy—Weinberg equilibrium. Analysis of associa-
tion was based on linear or logistic regression according to
the response variable (quantitative or binary disease status,
respectively). Multiple logistic regression analysis was con-
ducted to estimate the odds ratio (OR) and 95 % confidence
interval (CI) for the association between femoral fracture
risk and genotype, sex, and age. The Cochran-Armitage
proportion trend test was used to identify changes in frac-
ture incidence with respect to the number of risk alleles.
For a quantitative analysis, linear regression—adjusting
for sex and age as covariates—was conducted to estimate
the difference and 95 % CI. All statistical analyses except
for the linear regression were performed using SAS ver.9.2
(SAS Institute Inc., Cary, NC, USA). Linear regression
analyses were performed using SNP Stats [22]. A two-
sided p value of less than 0.05 was considered statistically
significant.

Results

To investigate the association between eight non-synony-
mous SNPs in the WRN gene and the incidence of femo-
ral fracture, 1,632 consecutive autopsies were studied; 140
were of individuals who experienced femoral fracture dur-
ing their lifetime. The minor allele frequency (MAF) of
four SNPs (rs17847577, rs113811718, rs34560788, and
rs20110791), was less than 0.01, and these were excluded
from subsequent analyses since a precise statistical evalu-
ation was not possible. Of the remaining SNPs, MAFs of
rs2230009, rs77969734, rs1801195, and rs1346044 were
0.018, 0.017, 0.42, and 0.067, respectively, and their gen-
otype frequency distributions were in Hardy—Weinberg
equilibrium.

The relationship between SNP genotypes and inci-
dence of femoral fracture is shown in Table 1. A statis-
tically significant association was observed between
12230009 (c.340G > A, p.V114]) and fracture risk; the
incidence of femoral fracture increased dose-dependently
with the number of A alleles (p = 0.0120), as assessed
by the exact Cochran-Armitage trend test. Applying a
dominant model, the logistic regression analysis revealed
an OR of 2.528 (95 % CI: 1.194-5.350; p = 0.0154)
for rs2230009 after adjusting for sex and age at autopsy
(Table 2). Prevalence of femoral fracture was negatively
associated with that of left ventricular hypertrophy
(p = 0.0089), colorectal cancer (p = 0.0449), pulmonary
cancer (p = 0.0293), and positively with Parkinson’s dis-
ease (p = 0.0060); however, none of these diseases were
associated with the rs2230009 genotype. There was no
association between femoral fracture and renal/parathy-
roidal diseases, which sometimes affect calcium metabo-
lism (data not shown).
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Table 1 Prevalence of femoral fracture in 1,632 consecutive Japa-
nese autopsies with different genotypes

SNP* Genotype Femoral fracture’ N p value
152230009  AA 1 (50.0) 2 0.0120°
AG 9(16.4) 55
GG 130 (8.3) 1575
1s77969734  CC 133 (8.4) 1578  0.3043
CG 7(13.5) 52
GG 0 (0) 2
rs1801195 GG 25(8.4) 299 04713
GT 62 (7.9) 781
TT 52(9.5) 548
rs1346044 CcC 0(0) 6  0.2409
CT 14 (6.8) 205
TT 126 (8.9) 1419

* Single nucleotide polymorphisms in the WRN gene
T Number (percent) of subjects is presented

¥ Significant (p < 0.05), as assessed by the exact Cochran-Armitage
trend test

Table 2 Multiple logistic regression analysis of the association
between the prevalence of femoral fracture and genotype, sex, and
age

Factors OR (95 % CI) p value

rs2230009, AA/AG vs. GG 2.528 (1.194-5.350) 0.0154*
Sex, women vs. men 2.983 (1.988-4.776) <0.0001*
Age at autopsy, 10 years older 1.746 (1.396-2.185) <0.0001°*

OR odds ratio, CI confidence interval
* Significant (p < 0.05)

To eliminate possible statistical error, we performed
replication analyses using secondary cohorts to confirm
the association between 152230009 and osteoporosis, since
none of the associations remained positive after Bonferroni
correction. To validate the observed association, 251 unre-
lated postmenopausal Japanese women with osteoporosis
and 269 non-institutionalized, community-dwelling Japa-
nese adults were evaluated. The characteristics of patients
with postmenopausal osteoporosis are shown in Table 3.
There were no significant differences in age, weight,
height, BMI, appendicular FFM, RSMI, and serum levels
of calcium or 250HD between GG and AG genotypes. In
contrast, femoral neck BMD was lower in patients with the
AG than with the GG genotype; a linear regression analysis
showed the difference to be —0.04 g/cm? (95 % CI —0.08—
0.00; p = 0.041) after adjusting for age. Lumbar BMD was
also lower in patients with the AG than with the GG geno-
type; however, the difference was not statistically signifi-
cant (p = 0.068).

As shown in Table 4, whole body BMD was signifi-
cantly lower in subjects with the AG than with the GG
genotype among 269 community-dwelling adults when
analyzed as a whole; the difference was —0.07 g/cm2 95 %
CI —0.12 to —0.02; p = 0.0079), as estimated by linear
regression analysis after adjusting for sex and age. A differ-
ence in the genotype-dependent whole body BMD was also
found (p = 0.016) when only male subjects were analyzed;
among female subjects, whole body BMD was lower in AG
than in GG allele carriers, but the difference was not statis-
tically significant (p = 0.20). As expected, no differences
were observed in appendicular FFM and RSMI between
GG and AG genotypes.

Table 3 Clinical characteristics

GG (n =236) AG (n=15) Difference (95 % CI) p value
of 251 postmenopausal women
with osteoporosis stratified by Mean SD Mean SD
rs2230009 genotype
Age (years) 70.9 8.09 71.7 6.83 0.76 (—3.43-4.94)  0.724
Weight (kg) 48.0 6.81 44.7 5.00 —3.33(—6.97-0.32)  0.074
Height (cm) 150 11.4 140 38.5 —11.20 (—32.6-10.1)  0.279
BMI (kg/m?) 21.0 288  20.1 2.51 —0.92 (—2.46-0.61)  0.240
Appendicular FFM (kg) 12.7 1.52 12.4 1.48 —0.24 (—1.18-0.71)  0.620
RSMI (kg/m?) 5.51 054 555 0.52 0.03 (-0.31-0.37)  0.850
Lumbar spine BMD (g/cm?) 0.79 0.14 0.73 0.17 —0.07 (—0.14-0.00)  0.068
BMD bone mineral density, BMI Femoral neck BMD (g/cm?) 0.63 0.08 0.59 0.08 —0.04 (—0.08-0.00) 0.041%*
body "iaS;;X;;X’ fCI confidence  gerum calcium level (mg/dl) 9.65 041  9.53 031  —0.12(=0.33-0.09)  0.270
interval, at-free mass,
250HD 25-hydroxyvitamin D, Serum. 250HD level (ng/ml) 21.5 6.45 19.4 5.15 —2.02 (—5.35-1.30)  0.230
RSMI relative skeletal muscle Oral bisphosphonate use, n (%) 116 (49) 9 (60)
index, SD standard deviation Active vitamin D use, n (%) 87 (37) 6 (40)
*Significant (p < 0.05), as Raloxifene use, n (%) 17 (7) 1(7)
assessed by linear regression Menatetrenone use, 1 (%) 15 (6) 0 (0)

analysis after adjusting for age
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Table 4 Body composition data

. . GG AG Difference (95 % CI) p value
for 269 community-dwelling
Japanese adults stratified by Mean SD Mean SD
rs2230009 genotype
Total
n 259 10
Whole body BMD (g/cmz) 0.87 0.10 0.80 0.06 —0.07 (—=0.12t0 —0.02)  0.0079*
Appendicular FFM (kg) 18.1 3.72 17.8 3.30 —0.48 (—1.89 t0 0.94) 0.52
RSMI (kg/mz) 7.40 0.97 7.20 0.85 —0.21 (—0.71 t0 0.28) 0.40
Female
n 131 5
Whole body BMD (g/cm?)  0.81 0.08 0.76 0.03 —0.05 (—0.12 t0 0.03) 0.20
BMD bone mineral density, Appendicular FFM (kg) 15.2 1.82 154 1.39 0.06 (—1.54t0 1.67) 0.94
CI confidence interval, FFM RSMI (kg/m?) 6.83 072 690  0.90 0.10 (—=0.55 0 0.76)  0.76
fat-free mass, RSMI relative Mal
skeletal muscle index, SD ale
standard deviation n 128 5
*Significant (p < 0.05), as Whole body BMD (g/cm?)  0.93 0.08 0.84 0.05 —0.09 (—0.16 to —0.02)  0.016*
assessed by linear regression Appendicular FFM (kg) 21.1 268 201 2.98 —0.89 (—3.23 to 1.45) 0.46
analysis after adjusting for sex RSMI (kg/m?) 798 085 749 077 —047(—12110028) 022
and age
Discussion WS patients exhibit osteoporosis [23—25] with possible

In the present study, a statistically significant associa-
tion between rs2230009 (c.340G > A, p.V114I) and the
incidence of femoral fracture was found among autopsy
cases in the Japanese population, such that the presence
of at least one copy of the A allele increased fracture risk
(Tables 1, 2). However, it should be noted that the MAF for
rs2230009 was 0.018; hence, the number of femoral frac-
ture cases with the risk allele was very small; there were
only one and nine cases for the AA and AG genotypes,
respectively (Table 1). This finding was validated by geno-
typing rs2230009 in patients with postmenopausal osteo-
porosis: femoral neck BMD was lower in A allele than in
homozygous G allele carriers (Table 3). Likewise, among
community-dwelling adults, whole body BMD was lower
in A allele than in homozygous G allele carriers (Table 4).
To our knowledge, this is the first study to investigate the
association between genetic polymorphisms in WRN and
the incidence of femoral fracture. The results suggest that
Japanese subjects bearing at least one A allele of rs2230009
have a significantly higher risk of femoral fracture, possi-
bly due to decreased bone density.

It is important to know whether the higher risk of femoral
fracture in subjects with the rs2230009 A allele is a direct
effect of this polymorphism for bone or an indirect effect
through dysfunction of other organs or tissues. To differenti-
ate the effects, we examined previous histories and patholog-
ical findings of subjects; however, we found that there was
no correlation with diseases that could mediate the associa-
tion between this polymorphism and femoral fracture. This
finding suggests a direct association between them.

@ Springer

impaired osteoblastic bone formation [26], but normal oste-
oclastic bone resorption [27, 28]. A target of the WRN pro-
tein is telomeric DNA [7], but long telomeres and abundant
telomerase in mice minimize the need for WRN, and thus
WRN knockout mice are relatively healthy. However, in a
model of accelerated aging that combined a WRN mutation
with the shortened telomeres of telomerase (TERC) knock-
out mice, the simultaneous loss of WRN and TERC genes
produced a low bone mass phenotype, and age-related oste-
oporosis resulted from impaired osteoblast differentiation
[29]. Although there is no evidence to date for the expres-
sion and function of the WRN protein in human bone cells
including osteoblasts, this, along with a subsequent report
[30], suggests that defective osteoblast differentiation due
to telomere dysfunction is an important cellular mechanism
that could partly explain the early onset of osteoporosis
in WS patients. Thus, it is possible that partial alterations
of WRN gene function play a role in the development of
osteoporosis during the normal course of human aging.
WRN protein has different functional domains, including
exonuclease, helicase, RecQ C-terminal, and helicase and
RNaseD C-terminal domains, as well as a nuclear locali-
zation signal [31]. The exonuclease domain is encoded by
exons 4-7 of the WRN gene, and 152230009 is located in
exon 4; however, it remains to be determined whether a
Val — Ile substitution at residue 114 or a G — A transition
at nucleotide position 340 can alter WRN protein function.
A G574R missense mutation in the WRN gene was
recently identified in a WS patient [32]; the mutation was
found to inhibit ATP binding, leading to a decrease in heli-
case activity, while preserving the exonuclease activity. It
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was concluded that impaired helicase activity may have
caused defects in replication and other DNA metabolic
processes in the patient, contributing in turn to the WS
phenotype. In contrast to typical manifestations of WS,
the G574R patient reportedly had normal stature, leading
to the suggestion that the stunted growth normally associ-
ated with WS may not be due to a defective helicase. The
present finding that the V1141 missense polymorphism in
the WRN gene, which alters an amino acid residue in the
exonuclease domain, was associated with osteoporosis also
supports the conjecture that the loss of exonuclease activity
is responsible for skeletal manifestations in WS patients,
including a short stature and osteoporosis.

An association of rs1346044 (C1367R) with bone den-
sity in the lumbar spine as well as the whole body was
reported among unrelated Japanese postmenopausal women
[17]. However, the present study did not find a signifi-
cant association between this SNP genotype and the inci-
dence of femoral fracture among autopsy cases (Table 1).
Although the reason for this discrepancy is unclear at pre-
sent, it may arise from differences in methodology for the
evaluation of bone fragility (i.e., by measuring bone den-
sity as compared to calculating fracture incidence, as was
done in the current study).

To date, at least 17 genome-wide association studies
(GWASSs) have been performed, and meta-analysis of these
studies identified 56 BMD-associated loci of genome-
wide significance [33]. However, the previous GWASs did
not identify the WRN gene as a major candidate gene for
osteoporosis. The disparity in results may be due to the fact
that the MAF for rs2230009 is 0.018, which is too low to
be analyzed by GWASs that detect the association among
common sequence variants (MAF > 0.05). Another expla-
nation is ethnic differences, since most of the subjects in the
reported GWASs were from Northern European descent. It
is well known that reported WS cases are mostly Japanese,
and the disease is extremely rare in other countries com-
pared to Japan. Therefore, there may be some ethnic differ-
ences in the mode of phenotype expression because of an
alteration in WRN gene function.

The mechanism underlying the association between the
genetic polymorphism in the WRN gene and fracture risk
remains to be elucidated. Future studies will include not
only a functional analysis of the WRN protein in the con-
text of bone metabolism, but also genetic analyses explor-
ing the effect of the polymorphism on the WRN protein.
However, the possibility cannot be ruled out that the SNP
marker may itself be in linkage disequilibrium with other
unmeasured and functional variants at or near the WRN
gene, which compose the true mechanistic basis for the
observed association. The 1s2230009 SNP may nonetheless
serve as a useful polymorphic marker for identifying at-risk
individuals and implementing preventive measures against

osteoporosis. The results of this study warrant further repli-
cation with larger size samples.
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