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cations or was undergoing treatment for conditions known to affect bone metabo-
lism, such as pituitary disease, hyperthyroidism, primary hyperparathyroidism, renal
failure, adrenal disease or collagen disease. Individuals under medical treatments
with oestrogen, bisphosphonates, calcitonin, vitamin D, or other drugs at the time
of examination were excluded from participation in this study.

2.2.  Measurement and criteria of BMD

The BMD of radial bone (expressed in gcm™2) of each participant was measured by
dual energy X-ray absorptiometry (DPX-L, Lunar Co., Madison, WI, USA). This
parameter was recorded as adjusted BMD, in order to correct for differences in age,
height and weight. The formulae were as follows: body mass index (BMI) = (body
weight) (kg)/(body height)* (m), adjusted BMD (ADJBMD)=BMD — 0.0052432908 x
(73.1716102 — age) +0.0088382 998 % (23.2271299 — BMI) (Kleinbaum, Kupper and
Muller 1988). We have previously established the regression constants for the adjusted
BMD formula in a large panel of individuals from the Japanese population. These
have been used in numerous previous studies under the guideline of Japanese Society
of Bone and Mineral Metabolism (Sano ez al. 1995, Miyao et al. 1998, 2000, Hosot ez
al. 1999, Ogawa et al. 1999, Tsukamoto et al. 1999, Ota et al. 2001). The individuals in
the present study consist of the same genetic background, i.e. all participants belonged
to the Japanese population. Although some researchers measure BMD in the lumbar
spine, we measure it in the radius according to the Guideline for Osteoporosis
Screening in a health check-up programme conducted by the Ministry of Health
and Welfare of Japan (Orimo, Sugioka, Fukunaga et al. 1996). This method is recom-
mended for measuring BMD in elderly females, in whom osteoporosis is often accom-
panied by osteoarthritis of the spine.

2.3. Genotyping for molecular variants in the TNFa gene

Polymorphisms in the promoter region of TNFa were genotyped by single-strand
conformational polymorphism (SSCP) analysis performed on PCR-amplified seg-
ments (Tsukamoto, Haruta, Shiba et al. 1998, Ota et al. 2001). Variant results
were confirmed by direct sequencing as described previously (Hopkins, Wu,
Stephenson et al. 1999). The DNA segment containing the SNP site at ~1031 was
amplified according to procedures described previously (Ota et al. 2001); using
primers TNFa-CF (5-CAATGGGTAGGAGAATGTCC-3)/TNFa-CR  (5'-
AACTCTGGGGACCCTGATTT-3). DNA segment containing the SNP sites at
—863 and —857 were amplified using primers TNFa-CTF (5-AAGATATGGCCA-
CACACTGG-3')/TNFa-CTR  (5-TGAAATCACCCCCGGGAATT-3). SSCP
analysis was carried out according to procedures described elsewhere (Hopkins et
al. 1999). Briefly, each PCR product was mixed with loading buffer, heated rapidly,
cooled on ice, and applied to a 5% polyacrylamide gel containing 5% glycerol in
0.5X TBE buffer. Electrophoresis was performed under two different conditions:
150V for 16 h at room temperature, and 240V for 16 h at 4°C. Each variant PCR
product was sequenced using the ABI 377 system with 3.2 pmol of the appropriate
primer and 0.1 pmol/pl of PCR product. Cycle sequencing conditions were 36°C for
305, 50°C for 155, and 60°C for 4 min, for 25 cycles.

2.4. Statistical analysis

Adjusted BMD values between individuals having different TVFa genotypes were
compared using a non-parametrical (Student—-Newman-Keuls) analysis, according
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to previously published similar works (Sano et al. 1995, Miyao et al. 1998, 2000,
Hosoi et al. 1999, Ogawa et al. 1999, Tsukamoto et al. 1999, Ota et al. 2001).
Differences in means were considered statistically significant for p values <0.05.
Before testing differences in BMD, values were adjusicd to ADIBMD (adjusted
BMD) as described above.

3. Results

We examined three molecular variants of the TNFu gene that were described
recently in Japanese alleles by Higuchi et «l., for association with BMD in 390
postmenopausal Japanese women living in northern Japan. Minor-allele frequencies
for these three SNPs (—1031C, —863A and —857T) in this population were 0.16, 0.13
and 0.20, respectively. As the —863 C/A alleles were in complete disequilibrium with
the T/C variation at —1031 in this population, we regarded them as haplotypes.
Association of SNP variations at both —308 and -238 was not included in this
study, because the frequencies of minor alleles of both SNPs in this Japanese popu-
lation were less than 0.017; allelic association could not be contemplated as over
98% of population was homozygous for the major allele. Mean BMD values in our
panel of women, classified by their TNFo genotypes, are presented in table 1.

Among the three SNPs examined, we observed a significant correlation between
the presence of a T allele at nt —1031 and decreased BMD, by analysis of variance.
BMD values were significantly higher in the T-negative genotype (C/C
homozygotes; mean + SD = 0.342 4+ 0.052 gem™2) compared to T-positive genotypes
(T/T homozygotes, 0.309+0.062gcm™; p = 0.0253 and T/C heterozygotes,
0.304 £0.062 gecm™2; p = 0.0164) (table 1). No significant dillerences in distributions
of age, weight or height were observed among these genotypic groups (table 2).

We defined affected status for osteoporosis as a decrease of BMD below 70% of
the mean in young adult women (cut-off value, 0.333+2.6 SD), and unaffected
status as a BMD above 80% of the mean in young adult women (cut-off value,
0.381 1.8 SD), according to general criteria recommended by the Japanese
Society for Bone and Mineral Research (Orimo et al. 1996). Of the 390 individuals

Table 1. Distribution of genotypes for TNFa polymorphisms and age-adjusted BMD.

Allele frequency ADJBMD (gem™2)
Nucleotide
Position  substitution (X/x) X X Xx Xx XX
—[031 T/C 0.836 0.164 0.309£0.062 0.304+£0.062 0.342£0.052
{n = 281) (n=90) (n=19
—-357 C/T 0.800 0.200 03070062 0313+0.058 0.3360.082
(n =251 (n=122) (n=17)

Values of ADJBMD (gcm-z) shown are means £+ SD.

Table 2. Clinical data for the 390 post-menopausal women studied for
TNFa genotypes at position —1031,

TT (n = 281) TC (1 = 90) CCn=19
Age (years) 73.054 £5.842 73.634 £5.735 T2511£5.115
Weight (kg) 49.54+8.6 49.4+8.0 429£89
Height {¢m) 145.1 £6.0 1445+ 5.8 143.8+7.9
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in the present study, 168 and 72 were classified as unaffected and affected, respec-
tively. Allelic association examined by comparing the frequency of each of TNFq
alleles at —1031, —863 and —857 among affected and unaffected groups in our test
population by chi-square test failed to reveal significant association between alleles
of each polymorphism and affected state (p > 0.05). This suggests that no linkage
disequilibrium exists between specific TNFa alleles and a causalive mutation,
although the numbers of affected individuals tested in the statistical analysis as
mentioned above were small.

4. Discussion

A relationship between the immune system and bone resorption was recognized
almost 40 years ago, with the first description of ‘osteoclast activating factor’ (OAF)
and other molecules produced by cells of the immune system (Luben et al. 1974). It
has gradually become clear since then that several molecular entities produced by
cells of the immune system can affect differentiation and maturation of osteoblasts or
osteoclasts i vitro. The most widely studied cytokines in that respect are interleukin-
| (IL-1), interleukin-6 (IL-6) and TNFa. TNFe, a multi-functional cytokine, is
involved in tumour-induced bone resorption (Johnson, Boyce, Mundy et al. 1989,
Mundy 1991) and non tumour-induced osteopenia (Bertolini, Nedwin, Bringman
et al. 1986) and, like IL-1, it is secreted from mononuclear cells of postmenopausal
women (Cohen-Solal, Graulet, Denne et al. 1993). TNFa is essential for regulating
the immune response, haematopoiesis and bone resorption; in bone it stimulates
formation of osteoclasts by inducing proliferation of osteoclast precursor cells or
by activating differentiated osteoclasts (Pfeilschifter, Chenu, Bird et al. 1989), espe-
cially when triggered by oestrogen deficiency (Ralston, Russell and Gowen 1990).

We reported earlier that the TNFa locus was linked to osteoporosis by sib-pair
linkage analysis and suggested that TNFo may be an important susceptibility gene
for determination of BMD (Ota et al. 2000). The data presented in the present study
suggest that variation or mutation in TNFe locus or unravelled adjacent locus in
linkage disequilibrium may affect bone metabolism and eventually cause variation in
BMD. However, since our study population is in a single ethnic group, further
confirmation in different populations would merit to draw definitive conclusion
regarding association between TNFa and BMD. TNFa synthesis is regulated at
the transcriptional fevel (Beutler 1992). The well-characterized TNFa promoter con-
tains a number of important regulatory elements that affect TNFo transcription in
response to various stimuli (Economou 1989, Jongeneel 1995, Kroeger, Carville and
Abraham 1997). Several polymorphisms have been reported in this region (Wilson,
di Giovine, Blakenbore et al. 1992, Wilson, Symons, McDowell et al. 1997), and
evidence exists that the region encompassing a polymorphic site at —308 has a role in
the transcription of TNFa (Braun, Michel, Ernst et al. 1996, Wilson, Symons,
McDowell et al. 1997). Genetic linkages between many autoimmune diseases and
TNFe polymorphism are well characterized (Jacob, Froken, Lewis et al. 1990,
Prociot, Briant, Jongeneel ef al. 1993). For example, cerlain SNPs within the
TNFa promoter are associated with a particular clinical subtype of systemic lupus
erythematosus or with cerebral malaria, septic shock, rheumatoid arthritis, or pre-
term premature rupture (McGouire, Hill, Allsopp et al. 1994, D’Alfonso, Colombo,
Della Bella et al. 1996, Kaijzel, van Krugten, Brinkman et al. 1998, Mira, Cariou,
Grall et al. 1999, Roberts, Monozon-Bordonaba, Van Deerlin et al. 1999). However,
allele frequencies of those polymorphisms are extremely low in the Japanese popula-
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tion (Higuchi, Seki, Kamizono et a/. 1998). Therefore in the present study we chose
to examine variations known to be present in Japanese to elucidate the mechanism of
osteoporosis, which is very common in Japan.

How sequence variation of the TN Fe locus 15 related to elements responsible for
controlling transcriptional activity in the promoter is not clear at present; some
polymorphic sequences may bind to unknown genetic elements or alter the second-
ary structure of DNA that affects accession of cis-acting transcription factors to the
promoter/enhancer regions of the TNFa gene. However, there are documented
instances where nucleotide polymorphisms within the regulatory regions of cytokine
genes have been associated with an altered rate of expression of the genes in ques-
tion. For instance, a strong association exists between a certain minor allele of the
TNFa promoter and a worse outcome from malaria or from mucocutaneous leish-
maniasis (McGuire et al. 1994). That particular polymorphism is a stronger inducer
of reporter-gene expression than the common allele.

In the present study, we detected significant association between a molecular
variant in the regulatory region of the TNFe gene, a T/C substitution at position
—1031, with BMD. These observations may provide some insight into a possible
mechanism of genetic predisposition to osteoporosis. The data presented here imply
that the —1031 variation in the TNFa promoter may affect bone metabolism and
eventually cause variation in BMD. Further genetic studies in different populations,
and functional studies of this TNFa variant, should clarify those issues in the near
future.

Acknowledgements

This work was supported in part by a special research grant for priority areas
‘Cancer’ and ‘Genome Science’ from the Ministry of Education, Science, Sports and
Culture of Japan; by a Research Grant from the Ministry of Health and Welfare of
Japan; and by a Research for the Future Program Grant of The Japan Society for
the Promotion of Science.

References

BerToLini, D. R., NepwiN, G. E., Bringman, T. S., SMmiTH, D. D., and Munpy, G. R., 1986,
Stimulation of bone resorption and inhibition of bone formation in vitro by human tumor necrosis
factors. Nature, 319, 516-518.

BeUTLER, B. A., 1992, Application of transcriptional and posttranscriptional reporter constructs to the
analysis of tumor necrosis factor gene regulation. Anierican Journal of Medical Seience, 303, 129—
133.

Braun, N., MICHEL, U., Ernst, B. P., METZNER, R., Birsch, A., WERER, F., and RieckMany, P., 1996,
Gene polymorphism al position —308 of the tumor necrosis factor (TNF-alpha) in multiple sclero-
sis and its influence on the regulation of TNF-alpha production. Newroscience Letters, 215, 75-78.

CoHEN-SoLAL, M. E., GRAULET, A. M., DiENNE, M. A, GUERIS, J., BaYLINK, D., and pDE VERNEJOUL,
M. C., 1993, Peripheral monocyte culture supernatants of menopausal women can induce bone
resorption: involvement of cytokines. Journal of Clinical Endocrinology and Metabolisn, 77, 1648
1653.

D'Avrronso, §., Corompo, G., DELLA BELLA, §,, Scroza, R., and MomiGLiANO-RIcHIARDI, P., 1996,
Association between polymorphisms in the TNF region and sysiemic lupus erythematosus in the
Italian population. Tissue Antigens, 47, 551-555.

Devoro, M., Saimova, K., Caming, J., OtT, J., TENENHOUSE, A., WHYTE, M. P., SEREDA, L., HALL, S.,
Couwsiving, E., WiLLiawms, C. J., Trour, G., Kuivaniemr, H., Ara-Kokko, L., Prockor, D. J..
and SpoTiLA, L. D., 1998, First-stage autosomal genome screen in extended pedigrees suggests
genes predisposing to low bone mineral density on chromosomes Ip, 2p and 4q. Human Molecular
Genetics, 6, 151-157.

Domur, Y., Iki, M., OuGusHi, H., TABATA, 8., KanTa, E., NisHiMoTto, H., and Yonemasy, K., 1998, A
novel polymorphism in the promoter region for human osteocalcin gene: the possibility of a

427



556 N. Ota et al.

correlation with bone mineral density in postmenopausal Japanese women. Journal of Bone and
Mineral Research, 13, 1633-1639.

DUNCAN, E. L., BROWN, M. A., SINSHEIMER, J., BELL, J., CARK, A. J., WORDSWORTH, B. P., and Wass,
J. A., 1999, Suggestive linkage of the parathyroid receptor type | to osteoporosis. Journal of
Bone and Mineral Rescarch, 14, 19931999,

EconomMou, 1. S., 1989, Genetic analysis of the human tumor necrosis factor alphafcachectin promoter

. region in a macrophage cell fine. Journal of Experimental Medicine, 170, 321-326.

GRANT, S. F. A, Relp, D. M., BLAKE, G., HERD, R., FOGELMAN, L., and RALSTON, S. H., 1996, Reduced
bone density and osteoporosis associated with a polymorphic Spl site in the collagen type I alpha |
gene. Nature Genetics, 14, 203-205.

Hicucai, T., Sek1, N., Kamizono, S., YaMmapa, A, Kimura, A, Kato, H., and 1to, K., 1998,
Polymorphism of the §'-flanking region of the human tumor necrosis factor alpha gene in
Japanese. Tissue Antigens, 51, 605-612.

HOHLER, T., KRUGER, A., GERKEN, G., SCUNEIDER, P. M., BUSCHENFELDE, K. H. M., and RITTNER, C.,
1998. Tumor necrosis factor alpha promoter polymorphism at position —238 is associated with
chronic active hepatitis infection. Journal of Virology, 54, 173-177.

Hoekins, P. N., Wu, L. L., Stepuenson, 8. H., XiN, Y., KATSUMATA, H., Nosg, Y., YAMAKL E.,
HiravaMa, T., Emi, M., and WiLLiams, R. R., 1999, A novel LDLR mutation, H190Y, in a
Utah kindred with familial hypercholesterolemia. Journal of Human Genetics, 44, 364-367.

Hosor, T., Mivao, M., Inout, S., Hosuino, S., SHiraKI, M., Orimmo, H., and Quci, Y., 1999,
Association study of parathyroid hormone gene polymorphism and bone mineral density in

_ Japanese postmenopausal women. Celcified Tissue International, 64, 205-208.

Jacon, C. O., FrokeN, Z., Lewis, G. D., Koo, M., Hansen, 1. AL, and McDevirt, H. O., 1990,
Heritable major histocompalibility complex class 1l-associated diflerences in production of
tumor necrosis factor alpha: relevance to genetic predisposition to systemic lupus erythematosus.
Proceedings of the National Acadeniy of Sciences of the USA, 87, 1233-1237.

JonGENEEL, C. V., 1995, Transcriptional regulation of the tumor necrosis factor alpha gene.
Immunobiology, 193, 210-216. :

Jounson, R. A., Bovce, B. F., Munpy, G. R., and Roobuman, G, D., 1989, Tumor producing human
tumor necrosis factor induced hypercalcemia and osteoclastic bone resorption in nude mice.
Endocrinology, 124, 1424-1427,

KauzeL, E. L., van KRUGTEN, M. V., BriNnkMaN, B. M., HuZinGA, T. W,, VAN DER STAATEN, T.,
Hazes, J. M., ZieGLER-HEITBROCK, H. W. ¢t af., 1998, Functional analysis of a human tumor
necrosis factor alpha (TNF-alpha) promoter polymorphism related to joint damage in rheumatoid
arthritis. Molecular Medicine, 4, 724-733.

KEeEn, R. W., WooDFORD-RIcHENS, K. L., LAUNCHBURY, . S.. and SpecTOR, T. D., 1998, Allelic varia-
tion at the interleukin-1 receptor anlagonist gene is associated with early postmenopausal bone loss
at the spine. Bone, 23, 367-371. :

KLEINBAUM, D. G., KuppER, L. L., and MULLER, K. E., 1988, Applied Regression Analvsis and Other
Muftivariate Methods, 2nd ednt (Boston: PWS-KENT Publishing), pp. 299-301.

KoLLER, D. L., Econs, M. J., Morin, P. A, Curistian, J. C., Hui, S. L., PARRY, P., CurraN, M. E.,
RopriGUEZ, L. A., ConneaLLy, P. M., JosLyN, G., Peacock, M., JounsTon, C. C., and
Foroup, T., 2000, Genome screen for QTLs contribuling to nonmal varialion in bone mineral
density and osteoporosis. Journal of Clinical Endocrinology and Metabolism, 85, 3116-3120.

KROEGER, K. M., CARVILLE, K. §., and AsranaMm L. J., 1997, The 308 tumor necrosis factor-alpha
promoter polymorphism effects transcription. Molecular Imnunology, 34, 391-399.

LUBEN, R. A., MUNDY, G. R., TRUMMEL, C. L., and Raisz, L. G., 1974, Partial purification of osteoclast-
activating factor from phytohemagglutinin-stimutated human leukocytes. Journal of Clinical
Investigation, 53, 1473-1480.

Masi, L., BEcHerIN, L., Gennari, L., CoLui, E., Mansani, R., FALCHETTI, A., CeroLLaro, C.,
GONNELLI, S., Tanini, A., and BRANDI M. L., 1998, Allelic variants of human calcitonin receptor:
distribution and association with bone muss in postmenopausal Ialian women. Biochemical and
Biophysical Research Communications, 245, 622-626.

McGuire, W., HiLL, A. V., ALLsorpr, C. E., GreEnwoop, B. M., and KwiaTkowskl, D., 1994,
Variation in the TNF-alpha promoter region associated with susceptibility to cerebral malaria.
Nature, 371, 508-810.

Mira, J. P., CarIOU, A., GrRALL, F., DELcLAuX, C., Losser, M. R., HEsHMATI, F., CHEVAL, C. et al.,
1999, Association of TNF2, a TNF-alpha promoter polymorphisim, with septic shock susceptibility
and mortality: a multicenter study. Jowrnal of the American Medical Association, 282, 561368,

Mivao, M., Hosor, T., Inous, 8., Hosuivo, S., SHiraki, M., Orivo, H., and OucHl, Y., 1998,
Polymorphism of insulin-like growth factor I gene and bone mineral density. Calcified Tissue
International, 63, 306-311.

Mivao, M., Hosol, T., Emi, M., NakaiMa, T., INOUE, S., HosHINO, S., SHIRAKI, M., OriMo, H., and
OucHl Y., 2000, Association of bone mineral density with a dinucleotide repeat polymorphism at
the calcitonin (CT) locus. Journal of Humean Genetics, 43, 346-350,

428



TNFcoe variants associated with BMD 557

Morrison, N. A, Q1 J. C., Toxkira, A., KeLry, P. )., CrorFTs, L., NGuven, T. V., Samiroox, P, N. et
al., 1994, Prediction of bone density from vitamin D receptor alleles. Nature, 367, 284-287.
Munpy G. R., 1991, Inflammatory mediators and the destruction of bone. Jowrnal of Perivdontal

Research, 26, 213-217.

Niu, T., Cren, C.. CORDELL, H., YANG, J.. WANG, Z., FaNG, Z., Scnork, N, J.. Rosen, C. )., and Xu,
X.. 1999, A genome-wide scan Tor loci linked to lorearm bone density. flwnan Genetics. 104,
226-233.

0OGawa, S., Urano, T., Hosol, T., Mivao, M., HosHino, S., Fusita, M., SHirakl, M., Orimo, H.,
OucHy, Y., and INOUE, S., 1999, Association of bone mineral density with a polymorphism of
the peroxisome proliferator-activated receptor gamma gene: PPAR gamma expression in osteo-
blasts. Biochemical and Biophysical Research Communications, 260, 122-126.

OriMo, H., SuGioka, Y., Fukunaca, H., Murtou, Y., FutusucHl, T., ITuraL [, NARKAMURA, T, ¢t «f.,
1996. The diagnosis of osteoporosis. Japanese Journal of Bone and Mineral Research, 14, 219~233.

Ota, N., HunT, 8. C., Nakasma, T., Suzukt, T., Hosor, T., SHirat, Y., and Ewmi, M., 2000, Linkage of
human tumor necrosis factor-alpha to human osteoporosis by sib-pair analysis. Genes and
Immunity, 1, 260-264.

OTa, N., Nakanma, T., Nakazawa, 1., Suzukl, T., Hosoi, T., Orimo, He, INOUE, 5., SHiral, Y., and
Emt, M., 2001, A nucleotide variant in the promoter region of Lhe interleukin-6 gene associated
with decreased bone-mineral densily, Jouwrnal of Human Genetics, 46, 270-2712.

PFEILSCHIFTER, J., CHENU, C_, Birp, A., MUNDY, G. R., and RoopmMan, G. D., 1989, Interleukin-1 and
tumor necrosis factor stimulate the formation of human osteoclast-like cells in vitre, Jowrnal of
Bone and Mineral Research, 4, 113118,

Pocock, N. A., Eisman, J. A., HoppER, J. L., YEATES, M. G., SamBrook, P. N., and EsEerL, S., 1987,
Genetic determinants of bone mass in adults. A twin study. Journal of Clinical Investigation, 80,
706-710.

Prociot, F., BrIaNT, L., JoNGeENEEL, C. V., MoLvig, J., Worsaag, H., AnpaL, M., THoMSEN, M.,
NEeure, )., and CAMBON-THOMSEN, A., 1993, Association of tumor necrosis factor (TNF) and
class 11 major histocompalibility complex alleles with the secretion of TNF-ulpha and TNF-beta
by human mononuclear cells: a possible link to insulin-dependent diabetes mellitus, European
Journal of Immunology, 23, 224-231.

Raisz, L. G., 1988, Locul and systemic fuctors in the pathogenesis of osteoporosis. New England. Journal
of Medicine, 318, 818-828.

RALSTON, S., 1994, Analysis of gene expression in human boue biopsies by polymerase chain reaction:
evidence for enhanced cylokine expression in postmenopausal osteoporosis. Journal of Bone and
Mineral Research, 9, 883-890.

RaLsTON, S. H., RusseLL R. G., and Gowen, M., 1990, Estrogen inhibils release of tumor necrosis factor
from peripheral blood mononuclear cells in postmenopausal women. Journal of Bone and Mineral
Research, 5, 983-988.

RoserTs, A. K., MonozoN-BorponaBa, F., VAN Deeruin, P, G., HOLDER, J., Macones, G. A,
MORGAN, M., A., STRAUSS, J. F., 3rd er al., 1999, Association of polymorphism within the promoter
of the tumor necrosis factor alpha gene with increased risk of the fetal membranes. American
Journal of Obstetrics and Gynecology, 180, 1297-1302.

Sano, M., INOUE, §., Hosor, T., Oucht, Y., Em1, M., SHirakL, M., and OriMo, H.. 1995, Association of
estrogen receptor dinucieotide repeat polymorphism with osieoporosis. Biochemical and
Biophysical Research Communications, 217, 373-383,

SekI, N., YamacucHt, K., YaMmapa, A., KaMizoNo, S., SuGITA, 8., TAGucHI, C., MATSUOKA, M.,
MaTsumoTo, H., NisHIZAKA, S., IToR, K., and MocHizuki, M., 1999, Polymorphism of the 5-
flanking region of the tumor necrosis factor (TNF)-alpha gene and susceptibility to human T-cell
lymphotropic virus type [ (HTLV-I) uveitis. Journal of Infections Disease, 180, 880-883.

SLEMENDA, C. W., CarisTian, J. C., WiLLiams, C. 1., NorTon, . A., and Jounston, C. C., Jr, 1991,
Genetic determinants of bone mass in adult women: a reevaluation of the twin model and the
potential importance of gene interaction on heritability estimates. Journal of Bone and Mineral
Research, 6, 561-567.

TaBouLET, J., FRENKIAN, M., FRENDO, J. L., FEINGOLD, N., JULLIENNE, A., and DE VERNEJOUL, M. C.,
1998, Calcitonin receptor polymorphism is associated with a decreased fracture risk in post-meno-
pausal women. Human Molecular Genetics, 7, 2129-2133.

Tsuat, S., MUNKHBAT, B., HaGinarRA, M., TsuriTang, L., Asi, H., and Tsun, K., 1998, HLA-A*24-
B*07-DRBI*01 haplotype implicated with genetic disposition of peak bone mass in healthy
young Jupanese women. fluman Immmology, 59, 243-249,

TsukamoTo, K., Yosipa, H., WaTaNABE, S., Suzuky, T., Mivao, M., Hosot, T., Orimo, H., and Ewmi,
M., 1999, Association of radial bone mineral density with CA repeat polymorphism at the inter-
leukin 6 locus in postmenopausal Japanese women, Journal of Humean Geneties, 44, 148-151.

Tsukamoto, K., HArUTA, K., Stuiea, T., and Emi, M., 1998, Isolation and mapping of a polymorphic CA
repeat sequence at the human interleukin 6 locus. Journal of Human Genetics, 43, 711-72.

429



558 N. Ota et al.

WiLsoN, A. G., bt GIOVINE, F. S., BLAKENBORE, A. 1. F.. and Durr, G. W., 1992, Single base polymorph-
ism in the human tumor necrosis factor alpha {TNF alpha) gene detectable by Neo [ restriction of
PCR product. Human Molecular Geneties, 1, 353-354.

WILsON, A. G., Symons, J. A., McDoweLe, T. L., McDevitt, H. O., and DUFF, G. W., 1997, Effects of
a polymorphism in the human tumor necrosis factor alpha promoler on transcriptional activation.
Proceedings of the National Academy of Sciences of the USA, 94, 3195-3199.

YAMADA, Y., Mivauctl, A., GoTo, J., TAKAGL Y., Okuizusi, H., KANEMATSU, M., Hase, M., TAKAL
H., HARADA, A.. and IkepA, K., 1998, Association of a polymorphism of the transforming
growth faclor-beta | gene with genetic susceptibility Lo osteoporosis in postmenopausal Japanese
women. Journal of Bone and Mineral Research. 13, 1569-1576.

Address for correspondence: Mitsuru Emi. 1-396 Kosugi-cho, Nakahara-ku, Kawasaki 211-8533,
Japan. Email: memignms.ac,jp

Zusammenfassung. Hintergrund: Der Tumor-Nekrose-Faktor Alpha (TNFa) wird als potentieller
Osteoporose ausldsender Faktor betrachtet, da er auf die Osteoklasten einen stimulierenden Eflekt hat
und in die Pathogenese des durch Ostrogenmange! bedingien Knochenverlustes einbezogen ist. Kirzlich
beschrieben wir einen genetischen Zusammenhang zwischen TNFa Locus und humaner Osteoporose
mittels Geschwisterpaaranalyse. Jedoch bleibt der molekulare Mechanismus, durch welchen dieser
Locus die Knochenmineraldichte (BMD) beeinflusst, unbekannt.

Ziel: Wir untersuchten. ob der beobachlele Zusammenhang auf einer Sequenzvariation beruht, welche die
Expression des TNFe Gens, oder dic Funklion des TNFe Proteins beeinflussen kénnle.

Material uind Methoden: Wir unlersuchten drei Einzelnukleotid Polymorphismen (SNPs) des TNFeo Gens
in einer Gruppe von 390 japanischen Frauen in der Postmenopause aus Nordjapan. Die Minor-Allel
Frequenzen fiir die drei SNPs (=103C, —863A und —857T) betrugen in dieser Population 0.16, 0.13
und 0.20.

Ergebnisse: Bei den drei untersuchten SNPs wurde mittels Varianzanalyse eine signifikante Korrelation
zwischen dem Auftreten eines T Allels auf nt -1031 und verringerter BMD nachgewiesen. Unter den drei
Genotypen auf nt -1031, waren die mittleren BMD-Werte im T-negativen Genotyp (C/C homozygot;
Mittelwerl = SD = 0.3424+0.052 gom™) signifikant héher als im T-positiven Genolyp (T/T homozygot,
0.309+£0.062 gem™2; p = 0.0253 und T/C heterozygot. 0.305£0.062 gem™; p = 0.0164).
Schiussfolgerungen: Aufgrund von unterschiedlichen genetischen Studien vermuten wir, dass TNFea eine
Rolle in der Pathogenese der Osteoporose spielt.

Résumé. Arricre plan: Le facteur de nécrose lumorale alpha (TNFa) est mainlenant connu comme
lacteur potentiel d"ostéoporose parce qu'il a un effet stimulant sur les lignées de cellules ostéoclastes et
a été impliqué dans la pathogénie de la perte osseuse associée 4 la déficience en oestrogéne. On a récem-
ment décrit un linkage génétique entre le locus TNFa et ["ostéoporose humaine par analyse de paires de
germains, cependant le mécanisme moléculaire par lequel ce locus régule la densité minérale osseuse
{DMO) reste obscur,

But: Etudier si le linkage observé refléle une variation de séquence qui pourrait altecter I'expression du
géne TNFa ou altérer la fonction de la proteine TNFe .

Sujets et méthodes: On a examiné trois polymorphismes d’un unique nucléotide du géne TNFe dans un
groupe de 390 japonaise ménopausées, vivant dans le nord du Japon. Les fréquences de alléle mineur
pour les trois SNPs (—1031C, —863A et —857T) dans celte population sont respectivement 0,16 0,13 et
0,20.

Résultats: On a seulement observé par analyse de variance, une corrélation significative entre la présence
d'un alléle T 4 nt -103! et une DMO diminuée dans les trois SNPs examinés. Dans les trois groupes
génotypiques 4 nt —1031, les valeurs moyennes de DMO sont significativement plus élevées dans le
génotype T-négatif (C/C homozygoles;: moyennex ET = 0,342 40,052 g cm™?), comparés avec les
génotypes T-positifs (T/T homozygotes. 0.309+£0.062 g em™% p = 00253 et T/C hétérozygotes.
0,305+£0.062 g cm™; p = 0,0164).

Conclusions: Etant donné ["évidence provenant de plusicurs éludes généliques, on suggére que TNFo
puisse jouer un role dans la pathogenic de 'osiéoporose.
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Abstract Osteoprotegerin {OPG), a secreted glycoprotein
and a member of the tumor necrosis factor receptor super-
family, is considered to play an important role in the
regulation of bone resorption by modifying osteoclast dif-
ferentiation. Overexpression of OPG in mice has been
reported to result in osteopetrosis, whereas targeted
disruption of OPG in mice has been associated with os-
teoporosis. Accordingly, OPG could be a strong candidate
gene for susceptibility to human osteoporasis. Here, we
analyzed whether OPG is involved in the etiology of os-
teoporosis using both linkage and association analyses. We
recruited 164 sib pairs in Gunma prefecture, which is lo-
cated in the central part of Honshu (mainland Japan), for a
linkage study, and 394 postmenopausal women in Akita
prefecture, which is in the northern part of Honshu, for an
association study. We identified two microsatellite poly-
morphisms in the linkage study, and six single-nucleotide
polymorphisms (SNPs) in the OPG region for the associa-
tion study. Although, no evidence of significant linkage
between OPG and osteoporosis was found, a possible
association of one SNP, located in the promoter region of
the gene, was identified. A haplotype analysis with the six
SNPs revealed that four major haplotypes account for 71%
of the alleles in the Japanese population.
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Introduction

Osteoporosis is a systemic skeletal disease characterized by
excessive bone resorption, typically in association with post-
menopausal estrogen deficiency, which leads to low bone
mass and microarchitectural deterioration with a conse-
quent increase in bone fragility and susceptibility to frac-
ture. Bone mineral density (BMD) is a complex trait that is
influenced by multiple genes and environmental factors.
Genetic factors have been estimated by twin studies to ac-
court for up to 80% of the variance in BMD (Giguere and
Rousseau 2000). A number of candidate genes have been
analyzed for involvement in the eticlogy of osteoporosis.
These include, for example, the vitamin D receptor
(Morrison et al, 1994), type I collagen (Grant et al, 1996),
estrogen receptor (Kobayashi et al. 1996), interleukin 6
(Ota et al. 1999), and calcitonin receptor genes (Taboulet
et al. 1998). Genome-wide screening of 330 DNA markers
with 149 members of seven large pedigrees has been
performed and several possible loci identified (Devoto et al.
1998). However, the contribution of these genes to the
etiology of osteoporosis is still controversial, possibly be-
cause of racial difference, type I error, or misgenotyping
(Morrison et al. 1997).

Osteoprotegerin {(OPG) is a secreted glycoprotein,
which was independently identified by three laboratories
(Simonet et al. 1997, Tsuda et al. 1997; Tan et al. 1997) and
which is considered to be a member of the tumor necrosis
factor receptor superfamily. Transgenic mice that
overexpress OPG exhibit a generalized increase in bone
density (Simonet et al. 1997). Two separate studies using
OPG-deficient mice, which showed severe early onset of
osteoporosis with increased osteoclast numbers, indicated
that the function of OPG is to block osteoclast formation
and bone resorption (Mizuno et al. 1998; Bucay et al. 1998).
Consistent with this, OPG administration protected against
the decrease in bone mass that occurs in ovariectomized
rats, an animal model of postmenopausal osteoporosis
(Simonet et al. 1997). From these findings, OPG appears to
be one of the most attractive candidate genes responsible



for postmenopausal-type osteoporosis susceptibility. To in-
vestigate possible effects of genetic variations at the OPG
loci, we performed a linkage study by a sib pair analysis, and
an association study with postmenopausal women by identi-
fying single-nucleotide polymorphisms (SNPs). A possible
association with one of the studied SNPs located in the
promoter region of the gene was detected: individuals with
TT genotype in the osteoporosis group had significantly

decreased bone mineral density (BMD) when compared
with those with TC or CC genotypes.

Subjects and methods
Subjects

For the sib pair analysis, DNA samples were obtained from
peripheral blood of 283 Japanese women from 131 families,
comprising 164 sib pairs. To determine the frequency distri-
bution of CA repeats in Gunma Prefecture 77 unrelated
Japanese women were recruited and their DNA analyzed.
All lived in the area, which is in the central part of Honshu
(mainland Japan). Their ages ranged from 50 to 86 years old
(mean 66.2 * 7.1 years). '

For the association study, DNA samples were extracted
from peripheral blood of 394 postmenopausal Japanese
women ranging in age from 66 to 92 (mean 73.2 * 5.8 years)
living in Akita prefecture, which is in the northern part of
Honshu. No participant in either study group had medical
complications or was undergoing treatment for conditions
known to affect bone metabolism, such as pituitary disease,
hyperthyroidism, primary hyperparathyroidism, renal
faiture, adrenal disease, or collagen disease, and none was
receiving estrogen replacement therapy. To analyze the
haplotype pattern of OPG in the Japanese popuiation,
48 DNA samples from volunteers of both sexes ranging in
age from 20 to 22, recruited in our medical school, were
used. The ethics committee of the Asahikawa Medical
College approved the protocol of this study. The nature,
purpose, and potential risks of the study were carefully
explained to all patients before they agreed to participate.
All were volunteers and gave informed consent prior to the
study.

Measurement of bone mineral density (BMD)

Instruments for BMD measurements were different be-
tween Gunma and Akita prefectures because we used the
installed machine in each health check-up center. The BMD
of the radial bone (expressed in g/cm®) of each participant
was measured by means of dual energy X-ray absorp-
tiometry by using a DTX-200 (Osteometer MediTech,
Hawthorne, CA, USA) instrument in Gunma, and with a
DPX-L (Lunar Madison, WI, USA}instrument in Akita. In
the sib pair linkage analysis, osteoporosis and osteopenia
wete defined as a decrease in BMD below 70% and 80%,
respectively, of the mean in young adult women (cut-off
values 0.333 = —2.65D and 0381 = —1.85D), according to
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the general criteria recommended by the Japanese Society
for Bone and Mineral Research (Orimo et al. 1996). On the
other hand, in the association study with the Akita popula- -
tion, the analysis was performed on the quantitative pheno-
type, BMD. Consequently, factors (age, height, and weight)
that would affect BMD values had to be adjusted, Thus, we
used the following formula: body mass index (BMI} = body
weight (kg)/body height’ {m); adjusted BMD (adjBMD) =
BMD - 0.0052 X (73.2 ~ age) + 0.0088 X (232 — BMI)
(Ota et al. 2001).

Genotyping of microsatellite. polymorphisms

A human genomic clone containing the OPG gene was
identified by a Pl-derived chromosome (PAC) Human
Genomic polymerase chain reaction (PCR) Screening Kit
(Incyte Genomics, Palo Alto, CA, USA), by using primer
sequences derived from the 3’ portion of the gene. A frag-
ment containing the CA repeat was identified by Southern
blotting of PAC DNA digested by Haelll or Sau3AT with a
(GT),, oligonucleotide probe, and then subcloned and se-
quenced. Two informative repeat sequences, named OPG1
and OPG?2 and shown in Fig. 1, were identified. PCR
primers were designed to flank the repeat sequences for
the polymorphism analysis (Fig. 1). The PCR primers used
were OPGIF (forward), 5'-GCACACACGCTCTGTTTC
TC-3'; OPGI1R (reverse), S'-GGAGGGTGGTAACTTG
GGAT-3"; OPG2F (forward), 5'-AGTCTGGGCAACA
GAGCAAG-3'; and OPG2R (reverse}, 5'-CTAGCCTGA
TGAATTGTCATC-3'. Fluorescent-labeled primers were
used for genotyping. PCR amplification was carried out as
described below for genotyping except that the annealing
temperature was 55°C. Electrophoresis was performed with
an ABI1 377 DNA sequencer; the data were extracted by
using GeneScan Analysis software and analyzed by the
Genotyper program (Applied Biosystems, Foster City, CA,
USA). :

a. OPGI

GCACACACGCTCTGTTTCTCTCTCTCTCTGTCTGTCTCTCT
CTCTGTGCATGTGAGTGCTTTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGGAATCAATATAGTAATAAGATATTTA
ARATTGTTABATCCCAAGTTACCACCCTCC

b. OPG2
AGTCTGGGCAACAGAGCAAGATTTCATCACACACACACA
CACACACACRCACACACACATTAGARAATGTGTACTTGGC
TTTGTTACCTATGGTATTAGTGCATCTATTGCATGGRAC
TTCCAAGCTACTCTGGTTGTGTTARGCTCTTCATTGGGT
ACAGGTCACTAGTATTAAGTTCAGGTTATTCGGATGCAT
TCCACGGTAGTGATGACAATTCATCAGGCTAG

Fig. 1a,b. Nucleotide sequences of the polymorphic repeats and their
flanking region in the osteaprotegerin (OPG) gene Jocus, Sequences
used for forward and reverse primers are underlined. CA (or GT)
repeats are shown in bold. a OPGI. b OPG2
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Search for single-nucleotide polymorphisms (SNPs)

A total of 23 primer sets were designed to amplify 12kb of
the OPG gene containing 1100 bases of the promoter re-
gion, all five exons and introns, and 840 base pairs of the 3
flanking region. SNPs were detected by sequencing DNA
samples from ten independent volunteers (20 alleles) on an
ABI 310 sequencer (Applied Biosystems).

Genotyping of detected SNPs

Primers for each SNP were designed for the amplification
refractory modification system (ARMS) (echnigue
{(Newton et al. 1989). in all, six SNPs were analyzed: one in
the 5 untranslated region (5"UTR) (SNP1), one in exon 1
(SNP2}, two in intron 2 (SNP3 and SNP4), and two in intron
3 (SNP5 and SNP6). ARMS primers were designed to
amplify a region of about 250bp. Sequences of the primers
used are as follows: OPGS5UTRA (forward), 5'-GGCTGC
GGAGACGCACCCGCA-3'; OPGSUTRC (forward),
5'-GGCTGCGGAGACGCACCCGCC-3"; OPGSUTRAS
(reverse), 5'-AGCATGGCATAACTTGAAAGC-3";
OPGEIK (forward), 5'-CGGGGACCACAATGAAC
TAG-3'; OPGELN (forward), 5'-CGGGGACCACAATG
AACTAC-3"; OPGELAS (reverse), 5'-GCTGTCTTCCA
TAAAGTCAGC-3'; OPGi21C (forward), 5'-ATGCTAG
AGTTTTGTGCATC-3"; OPGi2lT (forward), 5'-ATG

CTAGAGTTTTGTGCATT-3; OPGi21AS (reverse),
5-TTTCCTTTCTGAGTTAGCAGG-3"; OPGi22C
(forward),  5'-ACTAAATTGCTTGGTATITGCC-3';

OPGi22T (forward), 5'-ACTAAATTGCTTGGTATTIG
CT-3'; OPGi22AS (reverse), 5'-TACAAAATCGTACAA
AGACGT-3"; OPGi31G (forward), 5'“TCTCCCCAAAC
AGTTTTGCG-3'; OPGi31A (forward), 5'-TCTCCCCAA
ACAGTTTTGCA-3"; OPGi31AS (reverse), 5'-GTGCA
CAATAAATGAAAAAAAGT-3; OPGi32T (forward),
S-CAGTTCCAGCATTIGTITAAT-3; OPGi32C (for-
ward), 5'-CAGTTCCAGCATTGTTTAAC-3"; and
OPGi32AS8 (reverse), 5'-CTACTACCTATATTCATCT
GA-3". To confirm the reaction, a part of the 3-globin gene
was amplified as well, as a positive control. The PCR prim-
ers used were BGLOS (forward), 5'-ACACAACTGTG
TTCACTAG-3" and BGLOAS (reverse), 5'-CATGAGC
CTTCACCTITAGGG-3", which amplified a 360-bp region.
After amplification, 3% agarose gel or 12% acrylamide gel
electrophoresis were performed for genotyping. For some
of the SNPs, the PCR products were sequenced to confirm
the results obtained by the ARMS method. The PCR prim-
ers for sequencing were as follows: for SNP1 and SNP2,
OPGSNPIF (forward), 5'-GCTCTCCCAGGGGACAGA
CA-3’ and OPGSNPIR (reverse), S'-AGACCAGGTGGC
AGCAGCCT-3'; for SNP3 and SNP4, OPGSNP2F
{forward), 5'-TAGCGTCTTTAGTTGTGGACT-3' and
OPGSNPZR (reverse), 5'-CCGGAACATATGTTGTCG
TG-3'; and for SNP5 and SNP6, OPGSNP3F (forward), 5'-
GTGTTAAGCTCTTCATTGGGTA-3' and OPGSNP3R
(reverse), 5'-AAATGGGAGTAATGGGTGTTTG-3.
PCR was performed in a volume of 12.5p! containing 20ng
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genomic DNA, 10mM Tris HCl (pH 8.4}, 50mM KCl,
1.5mM MgCl,, 0.01% gelatin, 200pM deoxyribonucleotide
triphosphates (dNTPs}, 10pmol of each primer, and 0.25
units of Tag polymerase. PCR amplification was performed
with 30 cycles of 94°C for 30s, 49°-62°C for 30s, and 72°C
for 30s, depending on the region analyzed, with a final
extension step of Smin at 72°C in a Gene Amp PCR9600
System (Applied Biosystems). The amplified mixture was
electophoresed in 1.5% agarose gel to isolate the fragment
containing the PCR product, After that, the PCR product
was extracted by using a Geneclean III Kit (Bio 101, Vista,
CA, USA). The sequencing reaction and electrophoresis
were performed with a BigDye Terminator kit (Applied
Biosystems) following the manufacturer’s protocol.

Statistical analysis

In ar analysis using osteoporosis and osteopenia as the
affected status, we analyzed three classes of sib pairs: (1)
both sib unaffected (clinically concordant unaffected sib
pairs); (2) one sib affected and the other not (clinically
discordant sib pairs); and (3) both sibs affected (clinically
concordant affected sib pairs). A nonparametric linkage
analysis was performed by using the SIBPAL program (ver-
sion 2.7) of the SAGE package (Case Western Reserve
University, Cleveland, OH, USA). A significant increase in
allele sharing (>0.5) for concordant pairs and/or a signifi-
cant decrease in allele sharing (<0.5) for discordant pairs
was considered evidence for linkage. Here, the term “allele
sharing” means the proportion of shared alleles in a sib;
thus, the value ranges from 0 to 1 and the expected value
is 0.5.

For the association analysis, we compared BMD and
adjBMD as a quantitative phenotype between genotype
groups (TT vs. TC+CC and TT+TC vs. CC in SNP1; GG
vs. GC+CC and GG+GC vs. CC in SNP2) by using both ¢+
test (parametric) and the Mann-Whitney U test (nonpara-
metric) from the statistical analysis system package (SAS
Institute, Cary, NC, USA). A P value of < 0.05 was consid-
ered statistically significant.

Haplotype analysis

Haplotype frequency was estimated by the maximum-
likelihood method by using a simplified version of the com-
puter program GENEF (J-M Lalouel, University of Utah,
unpublished). Procedures to generate the haplotype, are
described in detail in Jeunemaitre et al. (1997). Briefly, two
SNPs were chosen to genecrate a haplotype, followed by
sequential inclusion of one SNP at a time. All haplotypes
below a frequency of 1/4 N, where N is the sample size, were
automatically eliminated.

The strength of linkage disequilibrium (LD) was calcu-
lated by using Arlequin software for population genetic
data analysis (http://anthropologie.unige.ch/arlequin). Pair-
wise LD was estimated as D = x;-p,p;, where x; is the
frequency of haplotype A,B,, and p, and p, are the frequen-
cies of alleles A, and B, at loci A and B, respectively. A



standardized LD coefficient, r, is given by D/(p,paq,q2)'"
where q, and g, are the frequencies of the other alleles at
loci A and B, respectively (Hill and Robertson 1968).
Lewontin’s coefficient D’ is given by D/D,,,, where D, =
min(p,p,q;) When D < 0 and Dy, = min[q,p.pa] when
D > 0 (Lewontin 1984). An appropriate LD measure for
association studies, d, is given by d = D/p,q,, where p, is the
variant frequency and p, is the marker allele frequency
(Kruglyak 1999).

Results
Sib pair linkage analysis

The frequency distribution of two microsatellite polymor-
phisms, OPG1 and OPG2, in the Gunma area was deter-
mined by using a randomly selected group of 77 unrelated
Japanese women (Table 1). The polymorphic PCR products
of OPG1 and OPG2 contained 16-23 and 15-21 repeats,
respectively. The frequency of heterozygotes was calculated
as 80.1% for OPG1 and 53.7% for OPG2. The total number
of successfully genotyped sib pairs for the linkage analysis

Table 1. Frequency distribution of CA repeat alleles in the OPG gene
locus among 77 Japanese women
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was 164 for OPG1 and 153 for OPG2. The results of the
analysis for osteoporosis and osteopenia are shown in Table
2. No significant linkage of OPG1 or OPG2 to either
osteoporosis or osteopenia was observed.

Association analysis

A total of six SNPs (SNP1 to SNP6, see Subjects and meth-
ods) were detected in the OPG gene locus. The observed
number of genotypes in each SNP site did not differ signifi-
cantly from what would be expected from the Hardy-
Weinberg equilibrium. Two SNPs (SNP1 and SNP2) out of
six, located in the 5'-UTR and in exon 1, appeared to be
more interesting in terms of OPG function. SNP1, either T
or C at 223bp upstream from the translation initiation site,
could have some influence on promoter activity. SNP2, ei-
ther G or C at the 9th base of the signal peptide coding
sequence, changed the third amino acid from lysine to as-
paragine. Because of their possible role in OPG function
and the limited amount of available DNA, we decided to
genotype these two SNPs for the 394 samples from post-
menopausal women of Akita Prefecture. Age, height,
weight, BMI, BMD, and adjusted BMD in each genotype
group are shown in Table 3 as mean * SD. The analysis was
performed with BMD and adjBMD as a quantitative phe-
notype between genotype groups (see Subjects and meth-
ods). In SNP1, individuals with the TT genotype showed
significantly tow BMD and adjBMD when compared with

OPG1 OPG2 those of the TC or CC genotypes (Table 4) (P = 0.028 in
Alleles Repeatno. - Freq, Repeat no. Freq. BMD and P = 0.021 in adjBMD, by the Mann-Whlt.ne)z U-
test). Because our samples showed a nearly normal distribu-
Al 16 0.0001 15 0.0001  tion, a t-test was also used, and it also indicated a significant
ﬁg : :; g'gégg }g g?;;; difference (P = 0.023). This result may indicate that the
Al 19 0.2078 18 nog41 allele with Cin SNP1 has a protective effect with respect to
AS 20 0.1169 19 0.1538 osteoporosis. On the other hand, in SNP2, no significant
AS 21 0.1429 20 00000  result was obtained (P = 0.561 for BMD and P = 0.369 for
AT z 00435 21 0.0064  ,4BMD by the Mann-Whitney U-test; P = 0.242 by the
OPG, osteoprotegerin t-test when GG was compared with GC+CC).
Table 2. Sib pair linkage
Locus Status Pairs Mean SD SE -values P-values
Osteoporosis
OPG1 0 82 0.517 0.262 0.029 0.591 0.28
1 49 0.470 0.259 0.037 0.807 0.21
2 33 (.499 0277 0.048 ~0.020 0.51
OPG2 0 77 0.492 0.205 0.023 -0.324 0.63
1 45 0.448 021 0.033 1.567 0.06
2 3 0.447 0.185 0.033 -1.593 0.94
Osteopenia
OPG1 Q 44 0.516 0.252 0.038 0.425 0.34
1 59 0.491 0.271 0.035 0.244 0.40
2 61 0.495 0.268 0.034 —-0.140 0.56
OPG2 a 41 0.483 0.216 0.034 —0.501 0.69
57 0.492 0.200 0.026 0.313 0.38
2 55 0.438 0.205 0.028 —-2.231 0.99

Status: 0, concordant unaffected pairs; 1, discordant pairs; 2, concordant affected pairs, Criteria for diagnosis
were bone mineral density (BMD) <70% (ostcoporosis) and <R0% (osteopenia) of the mean among young
adult females. Mean is the average value of allele sharing. SD and SE are standard deviation and standard

error, respectively, of the value of allele sharing
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Table 3. Polymorphic status and clinical characteristics

SNPIL SNP2

Genotype Genolype

T TC cC GG GC ccC
[ 171 I6s 55 203 159 32
Age {years) 732 £ 6.l 731 =57 731 £ 59 730 6.1 73.1 £57 742 x£52
Height (cm) 1447 = 6.1 144.6 + 5.9 1454 = 6.4 144.6 £ 6.2 1444 + 58 1455 = 6.0
Weight (kg) 49, = 80 49.0 £ 8.2 503 £ 87 494 = 8.0 439 * 84 0077
BMI 234 * 34 230+32 234 34 232 £ 34 230 £33 233+ 35
BMD (gfom®) 0.296 = 0.075 0.309 = 0.075 0.314 = 0.070 0.303 = 0.074 0.307 £ 0.077 0.297 * 0.059
adjBMD (gfcn?) 0.297 + 0.060 0311 = 0.058 G.312 = 0.060 0303 = 0.058 0.308 = 0.061 0.302 £ 0.060

BMI, bady mass index; adjBMD, adjusled bone mineral densily; SNP, single-nucleotide polymorphism

Table 4. Comparison of adjBMD between SNPL genotype groups

SNPI genotype

TT TC+CC
I I71 223
Age (years) 732+61 T30 £57
Height {cm) 1447 £ 6.1 1448 + 6.0
Weight (kg) 49.1 = 8.0 49.3 + 83
BMI 234 * 34 234 + 33
BMD (gicm®) 0.296 * 0.075* 0.310 + 0.074
adjBMD (g/em®) 0.297 % 0.060** 0.311 = 0.059

Values are mean £ 5D
* P = 0.028, ** P = (.02]1 (Mann-Whitney U test, TT versus TC+CC)

Haplotype analysis

In order to find the OPG susceptibility haplotype for os-
teoporosis or other diseases in the future, a haplotype
analysis was performed with all six SNPs, based on 3748
Japanese DNA samples. Unfortunately, the amount of
DNA collected from the 394 postmenopausal women of
Akita Prefecture was not enough for genotyping these four
additional SNPs. Thus, a haplotype association study could
net be performed in the present study. Genotype and allele
frequencies of these SNPs are shown in Table 5. As shown
in Table 8, a strong linkage disequilibrium of variable de-
gree was observed among these SNPs. Haplotype construe-
tion with these SNPs revealed that four major haplotypes
accounted for 71% of the population (Table 7).

Discussion

In the current study, we investigated the role of QPG in the
pathogenesis of osteoporosis by both linkage and associa-
tion analyses. In the sib pair linkage analysis, two disease
criteria (osteoporosis and osteopenia) were used to classify
sib pairs. As shown in Table 2, even including osteopenia, it
was possible to recruit only 61 affected sib pairs for OPG1
and 55 for OPG2. If ), is 3.0, a power to detect an effect of
about 80% can be attained with 100 affected pairs (Risch
"1990). However, the role of OPG in the pathogenesis of
osteoperosis or osteopenia is not estimated to be very
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strong (Giguere and Rousseau 2000). Thus, the negative
result of the present linkage analysis may be because the
sample size was too small for detection, even if QPG has
some role in the pathogenesis of osteoporosis.

In the association study, we analyzed the quantitative
phenotype iself, BMD and adjBMD, which is considered a
more powerful technique than a comparison between a dis-
ease group and a control group classified according to a
quantitative variable (Duggirala et al. 1997). When a group
of TT genotype in SNP1 was compared with a group of TC
or CC genotype, significantly lower BMD and adjBMD
values were identified by both parametric and nonparamet-
ric tests (Table 4), with marginal P values. SNPL,aTto C
change 233 bp upstream from the translation initiation site,
was localed in the promoter region. Thus, this polymor-
phism could derive its functional significance by altering the
level of promoter activity. A promoter assay with a reporter
gene fusion construct could clarify this point. SNP2 changed
the third amino acid (lysine to asparagine) of the signal
peptide, which is necessary for OPG to be secreted from the
cell. Lysine is a basic amino acid, while asparagine is an
uncharged polar amino acid. In angiotensinogen, another
secreted protein, a basic amino acid in the signal peptide
was shown to drastically affect secretory kinetics (Nakajima
et al. 1999a). Therefore, although we could not detect a
significant disease association with SNP2, the point muta-
tion could also influence OPG's secretory Kinetics.

An association study with a haplotype analysis is a pow-
erful Lool for delermining a genetic contribulion Lo a com-
mon disease, Our analysis of the OPG gene revealed that
four major haplotypes account for 71% of the population as
reflected by the considerable linkage disequilibrium among
the six SNPs (Table 6). With this information, another asso-
ciation analysis could be performed in the future with a
larger sample size to have a reasonable power to detect an
elfect. Moreover, our finding of the haplotype profile of the
gene is useful information for the study of the role of OPG
in other disease conditions. In fact, since OPG was identi-
fied as a novel secreted protein involved in the regulation of
bone density in 1997 (Simonet et al. 1997), several findings
suggesting the relevance of OPG to other conditions have
been reported. First, OPG-deficient mice had arterial calei-
fication in the large arteries by 2 weeks of age (Bucay et al.
1998}, indicating a possible role of OPG in diseases showing
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Table 5. Genotype and allele frequencies of all six SNPs

Polymorphism Nucleotide position Genotype No. Allele frequency
SNP1 -~223 TT TC CC T C
18 22 8 48 06 04
SNP2 +9* GG GC CC G C
27 17 4 48 0.74 026
SNP3 1V52-749G>T° TT TG GG T G
s 101 45 0.87 0.13
SNP4 1vS§2-5C>T" cC Cr TT C T
) 29 8§ 0 ¥ 0.89 0.11
SNPS5 IVS3-1059G>A° GG GA AA G A
35 9 2 46 086 0.14
SNP& IVS3-915T>C" T TC CC T C
16 21 8 45 0.41

05%

*Nucleotide position is ilentified from the translation initiation site

SNPs designated according to the mutation nomenclature in den Dunnen and Antonarakis (2000)

Table 6. Strength of linkage disequilibrium

SNP4

Polymorphism SNP1 SNP2 SNP3 SNP5 .
SNP2 D' 0.90
r 0.42
SNP3 -0.65 —-0.64
0.06 0.03
SNP4 0.53 -1 -1
0.05 0.05 0.03
SNPS -0.78 -1 -1 -0.21
0.09 0.08 0.04 0
SNP6 0.81 1 1 -0.03 -1
0.30 0.24 0.13 0 0.33
Table 7. Haplotype analysis of the OPG gene
SNPlL SNP2 SNP3 SNP4 SNP5  SNP6
T—=C G=C T-G CoT G-oA T-C  Frequency
C C T C G T 0.249
T G T C G c 0.174
T G T C A C 0.160
T G G C G T 0123
T G T Cc G T 0.084
C G T T G T 0.069
C G T C G T 0.039
T G T T G c 0.032
C G G C G T 0.023
C G T . T A C 0.016
C G T C G cC 0.015
T C G C G T 0015
Total 1000

arterial calcification. In addition, an association of serum
OPG levels with diabetes and cardiovascular mortality sug-
gests the possibility that OPG may be a cause of vascular
calcification (Browner et al. 2001). Second, expression of
OPG is not restricted to bone; it is expressed in a variety of
tissues and cell systems, such as heart, lung, kidney, pla-
centa, liver, thyroid gland, spinal cord, and brain. In addi-
tion, it is expressed in various immune and hematological
tissues and mesenchymal organs (Hofbauer 1999). Third, a
possible role of OPG in the immune system was shown in
experiments with OPG-deficient mice by Yun et al. (2001),

who reported that OPG regulates B cell maturation and
development.

Ethnic differences in the genetic background of diseases
are sometimes observed. For example, although Grant et al.
(1996) reported the association of osteoporosis with a poly-
morphic SP1-binding site in the collagen type Ial gene, we
could not find the polymorphism in a study of Japanese
individuals (Nakajima et al. 1999b). Thus, similar OPG
studies should be performed with samples from other ethnic
groups because OPG might also be related to osteoporosis
in populations other than Japanese.
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Klotho Gene Polymorphisms Associated With Bone
Density of Aged Postmenopausal Women

KEN-ICHI KAWANO,! NAOSHI OGATA,'! MATHIAS CHIANO,” HELEN MOLLOY,2 PATRICK KLEYN,?
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SATOSHI INOUE,® YOICHI NABESHIMA,® KOZO NAKAMURA,' MAKOTO KURO-0,” and

HIROSHI KAWAGUCHI' '

ABSTRACT

Because mice deficient in klotha 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)

Key words: osteoporosis, aging, pathophysiology, genetics, association

INTRODUCTION

STEOPOROSIS IS a systemic bone disorder characterized
Oby 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 variaticn in bone
density is accounted for by genetic factors.~* In fact, some

The authors have no conflict of interest.

loci, such as the vitamin D and estrogen recep{or genes, as
well as the collagen type Jal gene, have been reported as
promising genetic determinants of bone density.(%"'®
However, this is controversial and the molecular basis of
osteoporosis remains largely undefined. =2 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-

!Department of Orthopedic Surgery, University of Tokyo, T okyo, Japan.

%Gemini Genomics plc, Cambridge, United Kingdom.

3Twin Research and Genetic Epidemiology Unit, St. Thomas® Hospital, London, United Kingdom.

4Tokyo Metropolitan Geriatric Center, Tokyo, Japan.

SDepartment of Geriatric Medicine, University of Tokyo, Tokyo, Japan.
SDepartment of Pathology and Tumor Biology, Kyoto University, Kyoto, Japan.
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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, arleriosclerosis, decreased spontaneous activ-
ity, infertility, skin atrophy, premature thymic involution,
pulmonary emphysema, lipodystrophy, ectopic calcifica-
tion, and osteopenia. 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 stale resembles bone loss by
aging in humans, ostcopenia 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 klothe
gene is composed of five exons and ranges over 50 kb on
chromosome 13q12. To examine a possible contribution of
the kiotho gene to the pathophysiology of osteoporosis in
humnans, this study screened for single-nucleotide polymor-
phisms (SNPs) in and around the coding regions of the
human kotho 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 periphera! 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 [-5) with their fAanking
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, CI818T, 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 | 187 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 petformed for the three
common SNPs (G-395A, C1818T, and C2298T) by Tagman
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, TTFACTCCAGGAAATGCATGTTACACATTTT;
TET-labeled probe, TTACTCCAGGAAATGCACGTTA-
CACATTIT

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 cyeles 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/em?) of the whole body was measured by DXA (QDR
4500/w; Hologic, In¢, 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
instailed in the densitometer.

For the study on the Japanese population, DNA samples
were obtained from the peripheral blood of 215 Japanese
postmenopausal 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
minerzal analyzer (DTX-200; Osteometer Co., Lid., 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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TanLg 1. SNPs DETECTED IN THE KLOTHO GENE OF THE WHITE AND JAPANESE POPULATIONS

Location Nucleotide change Amino acid substitution Allelic frequency
White population Promoter ' ~959(G—C) — 0.003
(n = 288) Promoter =744 (del A) — 0.212
Promoter —385(G — A) —_ 0.196
Exon 2 110G —C) Cys —» Ser 0.154
Exon 2 1204 (G — A) Lys — Lys 0.170
Exon 4 1818 (C—T His — His 0411
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 = 15 Exon | 44 (A—0) Gly = Pro 0.025
Exon | 234 (C—G) Ala — Gly 0.03t
Exon 3 1541 (C—T) 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 undedined): 5'-TCG-
ACAAGTCGGGG/IAAAAGTTGGTG-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-ul 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-pl volume con-
taining 2.5 ug of nuclear extract, 1 pg of poly (dI-dC), 4 pl
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 filin.

Statistical analysis

The ¥* 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 commenly 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, 18-58 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 finor alleles was not
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TABLE 2. ASSOCIATION OF CoMMON SNPs WiTH MENOPAUSAL STATUS, AGE, AND BMI

C2293T

Cl1818T

G-395A

BMT

BMI

BMI

Allelic

Allelic

frequency

Allelic

frequency

c/C cr T

Jreguency

T

e

A/A

G/A

G/G

White population

58 + 0.88
91 £ 1.35
55 030
56 * 0.52
53x032

24
24
2593 =059 24

2462023 2422045 22
2515+026 2591 * 051

2404 £ 047 2530 > 1.06

2490+ 0.15 2484 026 22
25.64 * 0.35

2552 0.66 2677 *1.30

30
45
79

75
89

*0

+059 23640

2567044 25130

2522032 2473+ 053
23 2599+078 2536%0

2503 019 2479
35 2472030 24500

21
52

24.77
25990
2584 %1

0.421
0.448
0.416
0426
0.417
0382

70
35
99
18
66
76

2457025 24
2508 +0.29 25
2395057 25
2550+ 036 26
2593 +0.72 25

2475016 25

0.215
0.225
0.213
0.204
0.210
0.236

= 506)

= 164)
= 197)
= 55)

=54 years (n = 112}
5564 years (n

=65 years (n

Postmenopausal (n
Japanese population

Al (n = 1187)
Premenopausal (n

2321028 2289 =028 2346*224

0.256

0.248 2346 £ 048 2334 %046 21.02+083

2396 =034 22.73+£1.45 23.45+0.53

0.128

215, > 65 years)

All: Postmenopausal

(n

Allelic frequency indicates the frequency of the minor allele in each SNP. BMI data are mean *+ SEM. There was no significant difference of BMI among genotypes of each SNP {(allp >

0.05).

441

1747

significantly different among subpopulations in each popu-
lation and was similar to that obtained from the SNP screen-
ing study shown in Table 1. No significant difference in
height, weight (data not shown), or BMI (Table 2) was seen
among genotypes of these SNPs in any subpopulation (all
p > 0.03). These results indicate that these SNPs are not
associated with tenopausal status, age, height, or weight in
each population.

The genotypic frequencies for these SNPs in any sub-
populations were not significantly different from those ex-
pected for populations in Hardy-Weinberg equilibrium (all
p > 0.05, data not shown). Linkage disequilibrium among
these SNPs was evaluated by calculating haplotype frequen-
cies according to the method by Hill®’ and Thompson et
al.?® None of the disequilibrium values for marker pairs
differed significantly from zero (the maximume-likelihood
estimate of D = —0.047-0.058, all p > 0.05, data not
shown), indicating there was no significant linkage disequi-
librium among these SNPs.

Association of the common polymorphisnts with bone
density in white women

In all white women (n = 1187, 2374 alleles), there were no
significant differences in the whole body BMD between major
and minor alleles of these SNPs (Fig. 1A). We then investi-
gated the association between BMD and the allele types in
definite premenopausal women (7 = 506, 1012 alleles) and
definite postmenopausal women (1 = 364, 728 alleles), respec-
tively. No difference in BMD was seen between allele types of
any SNPs in premenopausal women. However, there was a
weak but significant association between BMD and C1818T
SNP in postmenopausal women: the minor T allele was asso-
ciated with lower BMD than the C allele (p = 0.029, Fig, 1A).
These results were unchanged when we repeated the analysis
using the Z score that was adjusted by age and weight. The T
allele at the C1818T site was still associated with a lower Z
score in postmenopausal women (P=0.004), although no as-
sociation was found in the overall population or in the pre-
menopausal subpopulation.

We performed further analysis by dividing the white
postmenopausal women into three age groups (Fig. 1B). No
significant association was seen between any of the SNPs
and BMDs in the two younger subpopulations. However, in
the oldest subpopulation (=65 years), the association was
stronger than that seen in the overall postmenopausal
women and was detected not only with the C1818T SNP (p
= 0.010) but also with the G-395A SNP (p = 0.001; Fig.
1B}). Association between the Z score and allele types was
also not seen in the two younger subpopulations but was
observed in the oldest subpopulation: G-395A SNP (p =
0.001) and C1818T SNP (p = 0.018). Association analysis
based on three genotypes was also performed (Fig. 1C),
Again, both G-395A and C!818T SNPs showed a signifi-
cant association with BMD in the oldest subpopulation (p =
0.003 and 0014, respectively), and BMD was decreased
dose dependently of the minor alleles.

Furthermore, G-395A and C1818T SNPs were examined
jointly by haplotypic analysis (Table 3). Here again, the
minor alleles were significantly associated with lower BMD
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FIG. 2. Associatiou of the three common SNPs with BMD in Jepa-
nese postmenopausal women, BMD of the distal radius was compared
between the major and minor atleles in Japanese postmenopausal
women (1 = 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 polymorphisins 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 cartied out similar anal-
yses in Japanese postmenopausal women (r = 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 (his popula-
tion (p = 0.009; data not shown).

Functional relevance of the G-395A pelymorphism

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 | 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 (Janes 5-12). These results indicate that the binding of
on¢ 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 klothe gene may be involved
in pathophysiology of a common age-related disorder of
humans, osteoporosis. The kiotho 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 esirogen 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
nuch 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 CIZIST SNPs with bone density of aged
women (>63 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.**-2428 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



