JOURNAL OF BONE AND MINERAL RESEARCH
Volume 17, Number 10, 2002
© 2002 American Society for Bone and Mineral Research

Klotho Gene Polymorphisms Associated With Bone
Density of Aged Postmenopausal Women
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ABSTRACT

Because mice deficient in klotho gene expression exhibit multiple aging phenotypes including osteopenia, we
explored the possibility that the klotho gene may contribute to age-related bone loss in humans by examining
the association between klotho gene polymorphisms and bone density in two genetically distinct racial
populations: the white and the Japanese. Screening of single-nucleotide polymorphisms (SNPs) in the human
klotho gene identified 11 polymorphisms, and three of them were common in both populations. Associations
of the common SNPs with bone density were investigated in populations of 1187 white women and of 215
Japanese postmenopausal women. In the white population, one in the promoter region (G-395A, p = 0.001)
and one in exon 4 (C1818T, p = 0.010) and their haplotypes (p < 0.0001) were significantly associated with
bone density in aged postmenopausal women (=65 years), but not in premenopausal or younger postmeno-
pausal women. These associations were also seen in Japanese postmenopausal women. An electrophoretic
mobility shift analysis revealed that the G-A substitution in the promoter region affected DNA-protein
interaction in cultured human kidney 293 cells. These results indicate that the klotho gene may be involved in
the pathophysiology of bone loss with aging in humans. (J Bone Miner Res 2002;17:1744-1751)
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INTRODUCTION

STEOPOROSIS IS a systemic bone disorder characterized

by decreased bone density and disturbed skeletal archi-
tecture, which results in an increased risk for bone fractures
with consecutively increased morbidity and mortality. Ac-
cumulating evidence has shown the involvement of genetic
factors in the decrease of bone density.?~® Twin and sibling
studies have revealed that 50-90% of the variation in bone
density is accounted for by genetic factors.“~ In fact, some
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loci, such as the vitamin D and estrogen receptor genes, as
well as the collagen type Ial gene, have been reported as
promising genetic determinants of bone density.!?~!
However, this is controversial and the molecular basis of
osteoporosis remains largely undefined.*" Considering
that the effect of each candidate gene is expected to be
modest, discrepancies between allelic association studies
may have arisen because different populations carry differ-
ent genetic backgrounds.

We recently established a mouse model for human aging
termed klotho.*® The mouse was serendipitously generated
by insertional mutation in a transgenic mouse, which dis-
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rupted the klotho gene encoding a novel single-pass mem-
brane protein (KL protein). Function of the KL protein
remains to be determined; however, this may be involved in
the suppression of aging because a defect in klotho gene
expression leads to multiple aging phenotypes and age-
related disorders. These include such maladies as a short-
ened lifespan, arteriosclerosis, decreased spontaneous activ-
ity, infertility, skin atrophy, premature thymic involution,
pulmonary emphysema, lipodystrophy, ectopic calcifica-
tion, and ostéopenia. Osteopenia observed in the klotho-
deficient ‘mouse is accompanied by low turnover during
bone metabolism, in which a decrease in bone formation
that exceeds a decrease in bone resorption results in a net
bone loss.®” Because this state resembles bone loss by
aging in humans, osteopenia observed in the klotho-
deficient mouse can be regarded as one of the manifesta-
tions of generalized aging.

A human homologue of the klotho gene was isolated and
its gene structure was determined.®® The human klotho
gene is composed of five exons and ranges over 50 kb on
chromosome 13q12. To examine a possible contribution of
the klotho gene to the pathophysiology of osteoporosis in
humans, this study screened for single-nucleotide polymor-
phisms (SNPs) in and around the coding regions of the
human klotho gene that could modify KL protein expression
or function and examined the association of these SNPs
with bone density. To avoid influence of the difference in

genetic backgrounds, we analyzed two genetically distant.

populations: white and Japanese women.

| MATERIALS AND METHODS
SNP screening

For the screening of SNPs in the klotho gene, DNA
samples were extracted from peripheral blood obtained with
written informed consent from 16 unrelated white women
taking part in Gemini Genomics clinical genetics programs
and 115 unrelated Japanese subjects (56 men and 59
women) who visited the orthopedic clinic of Tokyo Univer-
sity Hospital. All exons (exons 1-5) with their flanking
sequences and ~2.0 kb of the promoter region were directly
sequenced with DNA sequencer (ABI PRISM 310; Perkin
Elmer, Foster City, CA, USA) using 17 sets of primers (the
information of primers and polymerase chain reaction
[PCR] conditions are available on request). The allelic fre-
quency of each SNP in the Japanese population was calcu-
lated based on the results obtained from this direct sequenc-
ing. To determine the allelic frequency of each SNP in the
white population, 288 unrelated white female samples were
analyzed further in several ways as follows. For the
G-395A, G1110C, C1818T, and C2298T SNPs, Tagman

allelic discrimination assays were used (see the following®
paragraphs for details). The G-959C, -744delA, and IvS ..
4+22A->T SNPs were analyzed by allele-specific PCR,

and the G1204A SNP was analyzed by PCR restriction
fragment length polymorphism (RFLP) by Apol endonucle—
ase (details available on request).
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Association study

For the study on the white population, DNA samples
were obtained from 1187 unrelated white women recruited
nationwide from the United Kingdom via media campaigns,
as part of the St. Thomas’ UK Adult Twin Registry, and
written informed consent was obtained before investigation.
No participant had medical complications known to affect
bone metabolism, and no participant was receiving therapy
for osteoporosis. Genotyping was performed for the three
common SNPs (G-395A, C1818T, and C2298T) by Taqman
allelic discrimination assay using primers and probes as
follows (the polymorphic base in each probe is underlined):

G-395A—forward primer, TAGGGCCCGGCAGGAT;
reverse primer, CCTGGAGCGGCTTCGTC; FAM-labeled
probe, CCCCAAGTCGGGAAAAGTTGGTC; TET-labeled
probe, CCCCCAAGTCGGGGAAAGTTGGTC

C1818T—forward primer, GCCATCCAGCCCCAGATC;
reverse primer, GGGCCCAGTCCAGGGA; FAM-labeled
probe, TTTACTCCAGGAAATGCATGTTACACATTTT;
TET-labeled probe, TTACTCCAGGAAATGCACGTTA-
CACATTTT

C2298T—forward primer, CCTGCCCTTTCTCCCAAAA;
reverse primer, AATCTCCAGAGCCGAAAATGG; FAM-
labeled probe, CCAAAACTCTCTCAGCCACCTCTTTGT;
TET-labeled probe, CCAAAACTCTCTCGGCCACCTCTT.

Primer and probe concentrations were optimized accord-
ing to the manufacturer’s recommendations so that each
reaction contained 50 nM of FAM-labeled probe, 200 nM of

+ TET-labeled probe for assays G-395A and C1818T, and 350
.nM of TET-labeled probe for C2298T, 300 nM of reverse

primer, and 50, 300, or 900 mM of forward primer for
G-395A, C1818T, and C2298T assay, respectively. Tagman

-reactions were thermocycled as follows: 50°C for 2 min-

utes, 95°C for 10 minutes; 40 cycles of 95°C for 15 s
followed by 60°C for 1 minute. The completed reactions
were analyzed on an ABI Prism 7200 sequence detection
platform (Perkin Elmer). Bone mineral density (BMD),
g/cm?) of the whole body was measured by DXA (QDR
4500/w; Hologic, Inc. Waltham, MA, USA). This parameter
was also recorded as a Z score that is a deviation from the
weight-adjusted average BMD of each age based on data -
installéd in the densitometer.

For the study on the Japanese population, DNA samples
were obtained from thé peripheral blood of 215 Japanese

postmenopau_sal women living in a rural area of Akita:-

prefecture on the mainland of Japan. All were unrelated
volunteers and gave their written informed consent before
the study. The exclusion criteria were the same as those of
the white population described previously. Genotyping for
the three common SNPs was also performed by Tagman
allelic discrimination. BMD and its Z score of the distal
one-third of the radius were measured by DXA using a bone
rhineral analyzer (DTX-200; Osteometer Co., Ltd., Hoers-

“holm, Denmark).

Electrophoretic mobility shift assay

Two hundred ninety-three cells established from a human
primary embryonal kidney were confirmed to express the
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TABLE 1. SNPs DETECTED IN THE XKZOTHO GENE OF THE WHITE AND JAPANESE POPULATIONS

Location Nucleotide change Amino acid substitution Allelic frequency
White population Promoter -959(G—>0) — 0.003
(n = 288) Promoter —744 (del A) — 0.212
Promoter —-395(G—> A) — 0.196
Exon 2 1110 (G—-0C) Cys — Ser 0.154
Exon 2 1204 (G — A) Lys — Lys 0.170
Exon 4 1818 (C—T) His — His 0.411
Exon 4 2298 (C—>T) Ala — Ala 0.132
Intron 4 IVS4+22(A—T) —_— 0.121
Japanese population Promoter —395(G—>A) — 0.143
(n = 115) Exon 1 H“U€A->0) Gly — Pro 0.025
Exon 1 234 C—>G) Ala — Gly 0.031
Exon 3 1541 (C—1T) Ser — Ser 0.043
Exon 4 1818 (C—>T) His — His 0.247
Exon 4 2298 (C—>T) Ala — Ala 0.270

Allelic frequency indicates the frequency of the minor allele in each SNP.

klotho transcript by reverse-transcription (RT)-PCR. Two
hundred ninety cells were cultured in DMEM supplemented
with 10% FBS and lysed to obtain nuclear extracts. Com-
plementary single-stranded oligonucleotides were synthe-
sized as follows (variant nucleotides underlined): 5'-TCG-
ACAAGTCGGGG/AAAAGTTGGTG-3’. Complementary
strands were annealed by combining 200 pmol of each
oligonucleotide and 36 ul of annealing buffer (10 mM of
Tris-HCL, 1 mM of EDTA, and 0.1 M of NaCl, pH 8.0) in
a 40-pl reaction, incubating at 100°C for 5 minutes and
allowing to cool to room temperature. The DNA-protein
binding reaction was conducted in an 18-ul volume con-
taining 2.5 ug of nuclear extract, 1 ug of poly (dI-dC), 4 ul
of 5X binding buffer (Boehringer Mannheim, Mannheim,
Germany), and 5.0 X 10° cpm of [*?P]-labeled oligonucle-
otide probe. For the competition experiment, various con-
centrations (X1-X100 of the labeled probe) of unlabeled
probes with G- and A-bearing alleles were added to the
solution. The reaction mixture was incubated at room tem-
perature for 30 minutes and then was fractionated by 5%
polyacrylamide gel. The DNA-protein complex was de-
tected by exposing to X-ray film.

Statistical analysis

The x? test was used for the Hardy-Weinberg equilibrium
and the distribution of allelic frequencies. The difference in
BMD between the major and minor alleles was determined
by nonparametric analysis (Student-Newman—Keuls). The
differences in BMD, body height, weight, body mass index
(BMI) [BMI = (weight; kg)/(height; m)?] among geno-
types, and haplotypic analysis were performed using non-
parametric analysis (Kruskal-Wallis). This test indicates
whether there are differences among the population means
of the groups being compared, but it does not pinpoint
which groups, if any, differ from the others. All statistical
analyses were performed using the statistical package Stat
View version J-5.0 (Abacus Concepts, Inc., Berkeley, CA,

USA). A value of p < 0.05 was considered statistically
significant. -

|
/

RESULTS

Identification of polymorphisms in the klotho gene in
white and Japanese populations

In total, eight SNPs in the white popultion and six SNPs
in the Japanese population were identified (Table 1). Among
the 11 distinct SNPs identified in the two populations, three
of them, one in the promoter region (G-395A) and two in
exon 4 (C1818T and C2298T), were common in both pop-
ulations. The SNPs in exon 4 were not accompanied by
amino acid substitutions. Allelic frequencies of minor al-
leles in these SNPs were fairly frequent in both populations
but were significantly different between populations.

Characteristics of the common polymorphisms in white
and Japanese women

These three SNPs commonly identified in the two popu-
lations were used to study the association of the klotho gene
with bone density in women. Unrelated white: women (n =
1187, 18~72 years, 47.1 = 12.0 years, mean * SD) and
unrelated Japanese postmenopausal women (n = 215,
66-92 years, 72.9 * 5.5 years) were analyzed for associa-
tion. Because menopause is known to be a major factor for
bone loss in women, we divided the white population into
three subgroups according to their menopausal status: def-
inite premenopausal women (n = 506, 1858 years, 36.8 *
8.6 years), definite postmenopausal women (n = 364,
48-72 years, 57.9 * 6.7 years), and others whose meno-
pausal status was unclear. Aging is also known to be another
major factor affecting bone loss; therefore, we further di-
vided the white postmenopausal women into three age
groups: those =54 years, 55-64 years, and =65 years old
(Table 2). The allelic frequency of minor alleles was not
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FIG. 2. Association of the three common SNPs with BMD in Japa-
nese postmenopausal women. BMD of the distal radius was compared
between the major and minor alleles in Japanese postmenopausal
women (n = 215, 430 alleles, all >65 years old). Data are expressed
as means (bars) = SEMs (error bars) for the number of alleles shown
under each bar. The number above the bars is the p value of the
difference in the mean BMD.

Association of the common polymorphisms with BMD
in Japanese postmenopausal women

To examine if the association between the SNPs and
BMD observed in white women would extend to other
genetically distinct populations, we carried out similar anal-
yses in Japanese postmenopausal women (n = 215, 430
alleles, all >65 years old). In this population we also
observed significant association of allele types of G-395A
and C1818T SNPs with bone density (p = 0.023 and 0.035,
respectively; Fig. 2). Again, these results were unchanged in
the analysis of the Z score (p = 0.013 and 0.031, respec-
tively), and haplotypic analysis of these two SNPs also
revealed significant association with BMD in this popula-
tion (p = 0.009; data not shown).

Functional relevance of the G-395A polymorphism

We further explored the possible functional relevance of
the SNPs that were associated with bone density of post-
menopausal women. The C1818T SNP was not likely to
affect the function of the KL protein directly because it was
not accompanied by amino acid substitution; however, the
G-395A SNP located at the promoter region possibly may
be related to its function. To investigate the effect of the
G->A substitution, we used electrophoretic mobility shift
analysis to assess the DNA-binding activity (Fig. 3). Syn-
thetic allele-specific oligonucleotides representing the
G-395A site were incubated with nuclear protein extracts
from human embryonal kidney 293 cells that were con-
firmed to express klotho by RT-PCR. Differential binding
patterns were detected between the G- and A-bearing al-
leles. Amount of DNA-protein complex formed by the
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G-bearing allele was greater that by the A-bearing allele
(lanes 1 and 2). Cold competition with various concentra-
tions of unlabeled probes dose dependently decreased the
formation of the complex (lanes 3-12), and the 100-fold
excess of the competitor abrogated it (lanes 3 and 4). In each
concentration of cold competitors, the competition was
stronger by the G-bearing allele than that by the A-bearing
allele (lanes 5-12). These results indicate that the binding of
one or more proteins (presumably transcription factors) in
the complex is impaired by the G->A substitution of the
promoter region, and this may change the expression of the
klotho gene.

DISCUSSION

Based on the finding that the klotho-deficient mouse
exhibits multiple aging phenotypes,®**® this study pro-
vides the first evidence that the klotho gene may be involved
in pathophysiology of a common age-related disorder of
humans, osteoporosis. The klotho gene polymorphisms
were correlated with bone density in postmenopausal
women in two genetically distinct racial groups. There are
three major factors that determine bone density in women:
the peak bone mass in adolescence, a rapid bone loss after
menopause as a result of estrogen withdrawal, and a gradual
age-related bone loss thereafter.’ This study therefore
classified the white women into subgroups by menopausal
status and age. The klotho polymorphisms were not associ-
ated with either of these factors; however, they showed
much stronger association with bone density of aged post-
menopausal women than that of premenopausal women or
younger postmenopausal women. This indicates that the
klotho gene may be involved in the pathophysiology of bone
loss by aging rather than in peak bone mass or menopausal
bone loss.

Because osteopenia observed in the klotho-deficient
mouse was seen more predominantly in the cortical bone
rather than in the cancellous bone,?® in this study we
measured BMDs of the whole body and the distal radius,
which are reported to be better indicators of cortical bone
density than that of the spine or the hip.?” Although a
significant correlation of these two BMDs is described in
the manufacturer’s data of DTX-200, the associations of
G-398A and C1818T SNPs with bone density of aged
women (>65 years old) were stronger in the white popula-
tion than in the Japanese population. This may be because of
not only the difference in genetic background between the
two races, but also the difference in the sites where BMD
was measured: the whole body for the white population and
the distal radius for the Japanese population. Previous re-
ports strongly suggest that the pleiotropic klotho gene func-
tions are mediated by unknown humoral factors or by the
KL protein itself functioning as a circulating “antiaging”
hormone.?**?® Thus, it is possible that the bone metab-
olism of the whole body might be affected more strongly by
alterations of the klotho gene than specific bone site.

To study the functional relevance of the SNPs, we per-
formed electrophoretic mobility shift assay using cultured
human embryonal kidney 293 cells. This is because the
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FIG. 3. Differential binding pat-
tems between G- and A-bearing
alleles of the klotho promoter. Syn-
thetic allele-specific oligonucleo-
tides representing the polymorphic
G-395A site were incubated with
nuclear extracts from cultured hu-
man embryonal kidney 293 cells.
Lanes 1 and 2 show the DNA-
protein complex formed by labeled
probes with A- and G-bearing al-
leles. Lanes 312 show cold com-
petition with various concentra-
tions of unlabeled probes with G-

o o

and A-bearing alleles (X1-X100 of
LABELLED PROBE A G 8 ﬁ ((;5 i 8 i g i g i the labeled probe) against the com-
- - lex formation by the labeled

UNLABELLED PROBE XT00 K10 “XB X2 KT brove it Govang sher

klotho gene is known to be expressed most predominantly in
the kidney but not in bone or bone marrow, in mice and
humans.®>>¥ In fact, we confirmed the expression of the
klotho in 293 cells. Consequently, it was indicated that some
transcription factors, coactivators, or co-repressors bound to
the sequence including the polymorphic site in the promoter
region (G-395A) and the substitution affected its binding
affinity. Sequence analysis of the 5’ flanking region re-
vealed that there was no typical TATA box, but there were
five potential binding sites for Spl that are known to be
found often in TATA-less promoter.®” DNA sequences
around the G-395A site are highly conserved with those of
murine klotho gene (> 70%), and this site is located close
to Spl. It is interesting to note here that the polymorphism
in the collagen Ia1 gene associated with low bone density is
also located at the Spl binding site.'*'> However, our
functional study using 415 bp of the human klotho promoter
construct containing the G-395A site ligated to the lucif-
erase reporter gene failed to show a significant difference of
the reporter activity by the G/A substitution in transfected
293 cells (data not shown). This discrepancy might be
because there are other important elements than the G-395A
site in the promoter region that regulate the klotho gene
transcription. Another possibility might be that the expres-
sion of the transcription factors/cofactors in the 293 cells
was sufficient for the binding of the klotho promoter but
might be insufficient for the activation of exogenously
transfected promoter construct.

C1818T, the SNP in exon 4 associated with bone density,
was a variation that caused no amino acid substitution.
Although several reports have suggested the possibility that
a silent mutation in an exon may yield an alternative tran-
script with abnormal function or affect the expression level
of the product,”®*® our preliminary analysis has so far
failed to detect splicing variants of the klotho transcript by
RT-PCR using human kidney samples obtained from 18
renal disease patients (data not shown). Another possibility
is that the association of C1818T may be linked physically
to an SNP that could influence the function of the klotho
gene. Because C2298T that is located downstream of
C1818T did not exhibit any association with BMD, the

functional variant might possibly be located upstream of
C1818T.

Among identified SNPs, three of them, one in the white
population (G1110C) and two in the Japanese population
(A44C and C234G), resulted in amino acid substitutions
that might affect the structure of the protein. Recently, the
G1110C was identified by another group as a functional
variant that contributes to the longevity of humans®"; how-
ever, our association study failed to show significant asso-
ciations between G1110C and bone density in any subpopu-
lation (all p > 0.05, data not shown). In addition, the allelic
frequency of the minor C allele was not significantly dif-
ferent among subpopulations classified by ages in the white
postmenopausal women. This discrepancy might possibly
be caused by the difference of races. Neither A44C nor
C234G was applicable for the association study because of
the shortage of the number of patients with the minor allele
in the Japanese population.

Aging is a common and potent risk factor in all age-
related disorders in humans, and for the first time this study
indicated the involvement of an aging-related gene klotho in
the pathophysiology of a major age-related disorder, osteo-
porosis. The SNPs identified in this report will be useful for
testing the association between klotho and other age-related
diseases. We propose that further studies on the function of
the klotho gene will provide new insight into the under-
standing of molecular mechanisms of age-related disorders.
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