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Table 1. Linkage Analyses of BMD or Osteoporosis.
Chromosomal locus Marker Candlidate gene Phenotype Reference
1p36, 2p24-23, dqter D1S430, D25149, D4S1539 Low BMD {spine, hip) Devoto et al. 1998
1p36.3-36.2 DiS214 Low BMD (femoral neck) Devoto et al. 2001
1q25-31 D18§3737 Osteocalcin BMD Raymond et al. 1999
3p22-21.2 PTH receptor type |1 BMD Duncan et al, 1999
Tp2l Interleukin-6 osteopenia Ota et al. 1999
6p21.3 Tumor necrosis factor—ce osteoporosis, osleopenia Ota et al. 2000
Tiql2-13 D115987 High BMD (spine} Johnson et al. 1997

PTH, parathyroid hormone

focated on chromosome 1; interleukin (ILY-13 and IL-1
receptor antagonist on chromosome 2; CC chemokine
receptor 2 (CCR2), peroxisome proliferator—activated
receptor—y, and the calcium sensing receptor on chromosome
3; runt-related gene 2 and estrogen receptor o (ERat} on
chromosome 6; IL-6 and the calcitonin receptor on
chromosome 7; osteoprotegerin on chromosome 8;
calcitonin, parathyreid hormone, p57 (Kip2), and matrix
metalloproteinase—1 (MMP-1} on chromosome 11; the
vitamin D receptor (VDR} and insulin-like growth factor-I
on chromosome 12; aromatase on chromosome 13; collagen
type lael on chromosome 17, and transforming growth
factor-B1 (TGF-f1) and apolipoprotein E on chromosome
19. These genes are candidate loci for determination of BMD
or susceptibility to osteoporosis or osteoporotic fracture.
However, it is also possible that polymorphisms in these
genes are in linkage disequilibrium with other
polymorphisms in nearby genes that are determinants of
these conditions. In this review, | will discuss several
candidate genes that are of particular interest.

OSTEOCALCIN GENE (BGLAP)

Osteocalcin is an extracellular matrix protein that is
abundant in bone and is a marker of bone turnover in both
normal and diseased states. Calcitriol acting through the
VDR and a specific vitamin D-responsive element in the
BGLAP promoter induce its synthesis [Morrison et al. 1989].
Characterization of osteocalcin-deficient mice demonstrated
that this protein functions as a negative regulator of bone
formation [Ducy et al. 1996]. A C—T single nucleotide
polymorphism (SNP) at nucleotide 298 in the promoter
region of BGLAP was identified, and was suggested to be
associated with BMD [Dohi er af. 1998]. BMD for the
lumbar spine increased according to the rank order of
genotypes CC < CT < TT for this 298C—T polymorphism in
160 postmenopausal Japanese women, although the observed
differences were not statistically significant [Dohi et al.
1998]. Association of this SNP with BMD for other sites was
not examined. The molecular mechanism that might be
responsible for an association of the 298C— T SNP of
BGLAP with BMD remains unknown.
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CC CHEMOKINE RECEPTOR 2 GENE (CCR2)

CCR2 is a receptor for monocyte chemoattractant protein
{MCP)-1 and for closely related proteins including MCP-2, -
3, -4, and -5 [Luster 1998]. MCP-1 is chemotactic for
monocytes and other leukocyte subsets. It is expressed in
osteoblastic cells and is induced during both bone
inflammation [Rahimi er a/., 1995] and developmentally
regulated bone remodeling [Volejnikova et al., 1997]. The
recruitment of monocytes to bone induced by this chemokine
has been associated with an increase in the number of
osteoblasts lining the bone surface. The fact that monocytes
produce factors that regulate bone formation or resorption,
including platelet-derived growth factor, IL-1, and TNF-c,
suggests that the recruitment of these cells by MCP-] is
important in the regulation of bone remodeling.

We showed that a 190G—A SNP of CCR2, which results
in substitution of He for Val at amino acid 64 in the first
transmembrane domain of the encoded protein, was
associated with BMD at various sites in community-dwelling
Japanese middle-aged men and elderly women who
participated in a population-based study of aging and age-
related diseases, with the AA genotype representing a
contributing factor to increased bone mass [Yamada er al.,
2002a]). The molecular mechanism by which the A4 allele of
this SNP protects against age- related bone loss remains
unclear. Other ligands of CCR2, including MCP-2, -3, -4,
and -5, might help to explain the in vivo effects of the
190G—>A SNP. Alternatively, these effects may be mediated
through intracellular interactions of variant CCR2 proteins
with other chemokine receptors, such as CCR5 and CXC
chemokine receptor 4 [Lee et af. 1998]. However, our results
suggest that CCR2 is a candidate locus for the determination
of BMD, especially in middle-aged men and elderly women.

ESTROGEN RECEPTOR « GENE (ESRI)

The importance of ERa in the regulation of bone mass
was indicated by the occurrence of osteoporosis in a man
with a nonsense mutation in ESRJ [Smith er al., 1994] and
by the observation that the BMD of mice lacking a
functional ESRI is 20 to 25% less than that of wild-type
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Table2. Candidate genc association studies of BMD or osteoporosis

Candidate gene Chromosomal locus Phenotype Reference
Tumor necrosis factor receptor 2 1p36.3-36.2 Low BMD (spine) Spotila et al. 2000
Methylenetetrahydrofolate 1p36.3 BMD Miyao et al. 2000b
reductase
Osteocalcin 1q25-31 BMD., ostcopenia Dohi et al. 1998
Interleukin-13 2q14 BMD Nemetz et al. 2001
Interleukin-1 receptor antagonist 2q14.2 Osteoporotic fracture Langdahl et al. 2000a
Bane loss (spine) Keen et al. 1998
CC chemokine receptor 2 3p2! BMD Yamada et al. 2002a
Peroxisome proliferator-activated 3p25 BMD Ogawa ct al. 1999
receptor-y
Calcium sensing receptor 3g13.3-21 BMD Lorentzon et al. 2001
Runt-related gene 2 6p21 BMD, osteoporotic fracture Vaughan et af. 2002
Estrogen receptor & 6925.1 BMD Kobayashi et al. 1996
Interleukin-6 Tp21 BMD Lorentzon et al. 2000
BMD Ota et al, 2001
BMD Murray et al. 1997
Calcitonin receptor 79213 BMD, osteoporotic fraciure Taboulet et al. 1998
Ostcoprotegerin 8q24 Vertebral fracture Langdah[ et al. 2002
BMD Olimori et al. 2002
Calcitonin 11p13.2-15.1 BMD Miyao ¢l al. 2000a
Parathyroid hormone 11pl5.3-15.1 BMD Hosoi et al, 1999
p37 (Kip2) 11plis BMD Urano ct al. 2000
Matrix metalloproteinase-1 11922-23 BMD Yamada et al. 2002¢
Vitamin D receptor 12q12-14 BMD Meorrison ot al. 1994
BMD Gross et al. 1996
BMD Arai et al, 2001
Insulin-like growth factor-1 12g22-24.] BMD, osteoporosis Kim et al. 2002
Aromatase 15g21.2 BMD, osteoporosis, spinal fracture Masi et al. 200!
Collagen wype lal 17¢21.31-22 Osteoporosis Grant ¢t al. 1996
Osteoporolic fracture Uttterlinden et al. 1998
BMD Gurcia-Giralt et al. 2002
Transforming growth factor-pB1 19g13.1 BMD Langdah! et al. 1997
BMD, osteoporosis Yamada et al. 1998
BMD., osteoporosis Yamada et al. 2001b
Osteoporosis (femoral neck) Keen etal. 2001
Apolipopratein E 19q13.2 BMD Shiraki ctal. 1997

mice [Korach, 1994]. Two SNPs have been identified in the
first intron of £ESRI:a T—C SNP that is recognized by the
restriction endonuclease Pvw H [T and C alleles correspond
to the presence (p allele) and absence (P allele) of the
restriction site, respectively], and an A—G SNP that is
recognized by Xba 1 [4 and G alleles correspond to the
presence (x allele) and absence (X allele) of the restriction
site, respectively]. These SNPs, alone or in combination,
have been associated with BMD in postmenopausal women
[Kobayashi er al., 1996; Albagha er af., 2001] or pre-

menopausal women [Willing er af., 1998; Patel er af., 2000],
or with the response to hormone repiacement therapy (HRT)
[Salmén er al.,, 2000]. However, other studies did not
confirm these observations [Han ef al., 1997; Gennari et o/,
1998; Vandevyver et al., 1999; Becherini er af., 2000;
Langdahl et of., 2000b; Brown ef al., 20011, In addition, a
microsatellite (TA repeat) polymorphism of £§R/. but not
the T—C and A—G SNPs in the first intron, was associated
with BMD and with the prevalence of fractures [Becherini er
al., 2000; Albagha er al., 2001: Langdahl er al., 2000b).
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We showed that the A—G (Xba 1) SNP in the first intron
of ESR1, alone or in combination with the T—C (Pvu 1)
SNP, was associated with BMD for the femoral neck in
community-dwelling elderly women recruited to our large-
scale population-based study. The combined CC/GG
genotype was a genetic risk factor for predisposition to
reduced BMD whereas the T7/4A4 genotype was a
contributing factor to increased BMD, although the
contribution of these SNPs to BMD appeared relatively
small [Yamada ef al., 2002b]. For the T-—»C (Pvu IT) SNP of
ESR1, BMD tended to be reduced in elderly women with the
CC genotype compared with those with the IT or TC
genotypes, consistent with a previous observation in
postmenopausal Japanese women [Kobayashi et al., 1996].
For the A—G (Xba I} SNP of ESRI, however, BMD tended
to be lower in elderly women with the GG genotype than in
those with the 44 or AG genotypes. This finding differs from
the previous observation for postmenopausal Japanese
women that individuals with the GG genotype showed the
highest BMD for the lumbar spine or total body and those
with the 44 genotype showed the lowest BMD, although
statistical significance for these differences was not achieved
[Kobayashi ef al., 1996].

For women aged <60 years, we did not detect any
association between the THC (Pvu I1) or A—G (Xba I)
SNPs and BMD at various sites. In contrast, ERot genotype
was previously shown both to be associated with BMD for
the femoral neck or lumbar spine in women aged 24 to 44
years [Willing et al., 1998] and to be an independent
predictor of heel stiffness index determined by quantitative
bone ultrasound in women aged 18 to 35 years [Patel et al.,
2000]. However, the association of ESR! genotype with
BMD differed between these two previous studies:
individuals with the TT genotype or the A4 genotype showed
the lowest BMD in the former study, whereas individuals
with these genotypes showed the highest heel stiffness index
in the latter study. Our data are consistent with the results of
the latter study [Patel et af., 2000]. Although Albagha er al.
(2001) found no association between BMD and either of
these two ESR/! SNPs alone in women; these researchers did
detect an association of BMD for the lumbar spine or
femoral neck with the haplotype of these SNPs. No
association was detected between estrogen responsiveness of
BMD and ERa genotype in postmenopausal Korean women
who had undergone HRT [Han et o/, 1997). In contrast,
women with the 7T genotype (Pwy [I SNP) have been
suggested to be relatively estrogen insensitive; those with the
C allele appeared to benefit more from the protective effect
of HRT on fracture risk than did women with the 7T
genotype [Salmén et al., 2000]. The molecular mechanisms
that underlie the association of the T->C (Pvu I1) and A—G
(Xba 1) SNPs of ESR] with BMD or genetic susceptibility to
ostepporosis remain unclear. However, ESRI may be a
determinant of bone mass or of genetic predisposition to
postmenopausal osteoporosis.

INTERLEUKIN-6 GENE (IL6)
IL-6 is a multifunctional cytokine that is important in the

development of postmenopausal osteoporosis [Manolagas
and Jilka, 1995]. A VNTR (variable number of tandem
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repeats) polymorphism in the 3' flanking region of /L6 has
been associated with BMD in postmenopausal white women
[Murray er al., 1997), and sibling-pair analysis has provided
evidence of linkage between the IL6 locus and reduced BMD
in postmenopausal Japanese women [Ota ef l., 1999]. A
-174G— C SNP in the JL6 promoter has been shown to
affect both promoter activity and the plasma concentration of
IL-6 [Fishman et al., 1998]. This polymorphism was also
associated with peak bone mass in healthy white men
[Lorentzon et al., 2000], however, we have not detected this
SNP in the Japanese population [Y. Yamada, unpublished
data]. Three polymorphisms of IL6 have been identified in
Japanese, among which a -634C— G SNP in the promoter
region has been associated with BMD for the radius [Ota er
al., 2001]. For this SNP, BMD decreased according to the
rank order of genotypes CC > CG > GG in postmenopausal
Japanese women [Ota et af., 2001]; BMD for other sites was
not measured. The molecular mechanism responsible for the
association of the -634C—G SNP of IL6 with BMD has not
been determined.

OSTEOPROTEGERIN GENE (OPG)

Osteoprotegerin is a soluble member of the TNF receptor
superfamily of proteins. In vitro studies suggest that
osteoprotegerin inhibits osteoclastogenesis by interrupting
the intercellular signaling between osteoblastic stromal cells
and osteoclast progenitors [Simonet ef al, 1997].
Osteoprotegerin-deficient mice develop severe osteoporosis
[Bucay er al., 1998)], whereas the systemic administration of
recombinant osteoprotegerin results in a marked increase in
BMD in normal rats as well as in the prevention of bone foss
in ovariectomized rats [Simonet ef al., 1997; Yasuda er al.,
1998]. Both 209G— A and 245T— G SNPs in the OPG
promoter have been associated with BMD in postmenopausal
women [Arko et al., 2002], and 163A—G and 245T—G
SNPs were associated with vertebral fracture [Langdah! et
al., 2002]. A =223T—C SNP was also associated with BMD
in postmenopausal Japanese women [Ohmori et al., 2002].
Given that osteoprotegerin plays important roles in bone
remodeling; OPG may be a determinant of BMD or
predisposition to osteoporosis.

MATRIX METALLOPROTEINASE-1 GENE (MMPI)

MMP-1 is an interstitial collagenase that is expressed
widely among tissues, and therefore plays a prominent role
in collagen degradation. Given that collagens are the most
abundant proteins in bone; MMP-1 may contribute to the
modeling and remodeling of the bane matrix. A single base
insertion (G—GG) at nucleotide position ~1607 in the
promoter region of MMPI results in the creation of a binding
site for the Ets family of transcription factors adjacent to an
AP-1 (activator protein—1) site as well as in increased
transcription of MMP! and increased enzyme activity [Rutter
etal., 1998].

We showed that the —i607G—GG polymorphism of
MMPI was associated with BMD for the distal radius in
community-dwelling postmenopausal Japanese women, and
that the GG/GG genotype represents a risk factor for genetic
susceptibility to reduced bone mass at the distal radius
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[Yamada et al., 2002¢]. Three polymorphisms in the 5'
region (nucleotides —524 to +52) of MMP! were shown not
to be associated with osteoporosis [Thiry-Blaise et al., 1995].
These polymorphisms have also not been shown to affect
transcriptional activity or other gene function. Our resuits,
together with the fact that the ~1607G—GG polymorphism
affects the transcriptional activity of the gene, suggest that
MMP] may be a susceptibility locus for reduced BMD for
the distal radius in postmencpausal women.

VITAMIN D RECEPTOR GENE (VDR)

Vitamin D is a potent regulator of bone and calcium
homeostasis as well as of ceflular differentiation and
replication in many tissues. Its active form, 1,25-
dihydroxyvitamin D; (calcitriol), interacts with the highly
specific VDR, which mediates the effects of calcitriol on the
expression of target genes. A Bsm [ restriction fragment
length polymorphism of VDR was associated with BMD in
Australian women [Morrison et al., 1994]. Of the many
studies performed since this first report, some [Tokita et al,,
1996; Uitterlinden et al., 1996; Sainz et al., 1997] have
supported this association whereas others [Hustmyer et al,
1994; Melhus et al., 1994; Garnero et al., 1996] have not.
These apparently contradictory results are possibly
attributable to differences in several factors, including
sample size, as well as ethnic background, age, and calcium
intake of the subjects, among the various studies. In addition,
the effects of VDR genotype on BMD appear to be relatively
small. A meta-analysis of 16 studies concluded that BMD
was 2.5% lower for the spine and 2.4% lower for the femoral
neck in individuals with the BB genotype (B allele, absence
of the Bsm 1 restriction site) than in those with the bb
genotype (& allele, presence of the restriction site) [Cooper
and Umbach, 1996]. Another meta-analysis of 75 studies,
including those of polymorphisms (4dpa I, Tag 1, and Fok 1)
other than the Bsm I polymorphism, confirmed the
association of FDR polymorphisms with BMD {Gong et al.,
1999]. However, no consensus regarding the impact of the
Bsm 1 polymorphism of VDR on bone mass or bone loss has
yet been established.

The nucleotide sequence of the human VDR [Baker et af.,
1988] revealed two potential translation initiation sites, the
most 5' of which is affected by a T=C SNP (ATG—ACG).
Individuals with the T allele of this SNP thus have two start
sites and may initiate translation from the first ATG codon,
whereas those with the C allele initiate translation at the
second ATG. Initiation at the first ATG lengthens the
encoded VDR protein by three amino acids. The T—C SNP
of VDR has been associated with BMD in postmenopausal
Mexican-American women [Gross et al., 1996], pre-
menopausal American white women [Harris et al,, 1997],
and Japanese women [Arai et al., 1997], with the TT
genotype implicated as a risk factor for reduced BMD. This
SNP was alse associated both with BMD in small
populations of Caucasjan men, with the T allele being a
predisposing factor to reduced bone mass [Ferrari et al.,
1999], and with calcium absorption and BMD in girls and
boys of various ethnic ancestries [Ames ef al,, 1999].
However, no association of this SNP with BMD was
detected in pre-menopausal American black [Harris et al,
1997] or French [Eccleshall ez al., 1998] women. The T—=C
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SNP of VDR was shown to affect both the molecular mass of
the encoded protein (T allele, 50 kDa; C allele, 49.5 kDa)
and transcriptional activation of the gene by vitamin D (T
allele < C allele) [Arai ef al,, 1997]. These observations were
not independently confirmed, however [Gross et al., 1998].
The functional impact of this SNP thus remains to be
determined. A 3731 A—G SNP that affects the binding site
of the caudai-related homeodomain protein Cdx-2 in the
VDR promoter was also recently associated both with
transcriptional activity of the promoter and with BMD for
the lumbar spine in Japanese women, with the G allele
representing reduced transcriptional activity and low BMD
[Arai ef al., 2001]. These various observations thus suggest
that VDR is a susceptibility locus for reduced BMD or
predisposition to osteoporosis.

COLLAGEN TYPE Ial GENE (COLIAT)

Type 1 collagen is the most abundant protein of bone
matrix. Mutations in the coding regions of the genes for the
two type I collagen chains (COL1A4] and COLIA2) result in
a severe autosomal dominant pediatric condition known as
osteogenesis imperfecta [Sykes, 1990]. A G T SNP at the
first base of a consensus binding site for the transcription
factor Spl in the first intron of COLIAI was associated not
only with BMD in white women {Grant ef al., 1996] but also
with osteoporotic fracture in postmenopausal women
[Langdahl et al., 1998; Uitterlinden er al., 1998]. Other
studies, however, showed only a weak association of this
SNP with BMD or osteoporotic fracture in pre-menopausal
French women [Garnero et al, 1998], or a lack of
association in postmenopausal women in Sweden [Liden e?
al., 1998], in American women [Hustmyer et al., 1999], or in
postmenopausal Danish women {Heegaard et al., 2000]. The
T allele of the Spl binding site polymorphism affects
collagen gene regulation in such a manner that it increases
the production of the at1{l) collagen chain relative to that of
the a2(I) chain and leads to reduced bone strength by a
mechanism that is partly independent of bone mass [Mann er
al., 2001]. A -1997G—T SNP in the COLIAI promoter was
also recently associated with BMD for the lumbar spine
{Garcia-Giralt et al., 2002). The -1997G—T SNP, and the
G— T SNP of the Spl binding site were shown to be in
linkage disequilibrium [Garcia-Giralt et af., 2002). These
observations thus suggest that genetic variants that affect
type I collagen metabolism are important determinants of the
development of osteoporosis or osteoporotic fracture.

TRANSFORMING GROWTH FACTOR-81 GENE
(TGFBI)

TGF-B1, which is produced by osteoblasts and is stored
in substantial amounts in the bone matrix, is released during
bone resorption and subsequently activated by the acidic
microenvironment created by bone-resorbing osteoclasts
[Oursler, 1994]. TGF-f}1 is important in the proliferation and
differentiation of, as well as in matrix production by,
osteoblasts [Bonewald, 1996], and it stimulates bone
formation in vive [Noda and Camilliere, 1989]. TGF-B1 also
inhibits both the differentiation of osteoclasts and
osteoclastic bone resorption [Pfeilschifter ef al., 1988; Takai
ef al., 1998]. In addition, estrogen stimulates the production
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of TGF-B1 by human osteoblastic cells [Finkelman et al.,
1992]), and TGF-B1 contributes to estrogen-induced
apoptosis of osteoclasts, resulting in reduced bone resorption
[Hughes et al., 1996]. TGF-B1 may thus mediate the local
beneficial effects of estrogen on bore remodeling. Moreover,
TGF-B1—deficient mice exhibit reduced bone mass [Geiser er
al., 1998], suggesting that bone mass is regulated by TGF-
Bl.

A single nucieotide deletion in intron 4 (1553-8delC) of
TGFBI was shown to be more frequent in individuals with
osteoporosis than in normal controls [Langdahl ef al., 1997].
This deletion was also associated with low bone mass in
osteoporotic women and with increased bone turnover in
both osteoporotic and normal women. Several other
polymorphisms of TGFB1 have been described [Cambien et
al., 1996; Grainger et al., 1999], among which we focused
on an 869T—C SNP (LeulOPro) that affects the amino acid
sequence of the signal peptide of the encoded protein. We
showed that the serum concentration of TGF-B1 increased
according to the rank order of 869T—C genotypes TT < TC
< CC in control subjects as well as in individuals with
osteoporosis [Yamada er al., 1998]. The serum concentration
of TGF-B1 was also shown to increase according to the rank
order of genotypes CC < CT < TT for a —509C—T SNP, with
the concentration in individuals with the T genotype being
twice than that in individuals with the CC genotype
[Grainger er al., 1999). However, we did not detect a
significant difference in serum TGF-B1 concentration among
-509C— T genotypes [Yamada ef al, 2001b]. The
transcriptional activity of the —509T allele of TGFBJ was
shown to be slightly greater than that of the —509C allele
[Luedecking er al., 2000). However, it remains unclear
whether differences in the circulating concentration of TGF-
81 among individuals with different TGFB/ genotypes are
reflected in the concentrations of this cytokine in the
microenvironment of bone.

We examined whether the 869T—C SNP of TGFBI is
related to BMD and genetic susceptibility to osteoporosis in
postmenopausal women in two different regions of Japan
[Yamada ef al., 1998]. In both regions, BMD for the lumbar
spine was greater in women with the CC genotype than in
those with the TC or TT genotypes. Multivariate logistic
regression analysis with adjustment for age, height, body
weight, years since menopause, and smoking status revealed
that the frequency of the T allele was higher in subjects with
osteoporosis than in controls in both regions. We also
studied the assaciation of the 869T—C SNP of TGFB/! with
BMD in community-dwelling Japanese individuals {Yamada
et al., 2001a). BMD at the distal radius was lower in women
with the T allele than in those with the CC genotype.
Evaluation of BMD according to successive age groups
revealed that, for women in their 70s, BMD for the distal
radius was lower in those with the T allele than in those with
the C'C genotype, with the difference being 18% of the larger
value. These observations therefore suggested that TGFB/
genotype is a determinant of BMD, and that the T allele of
the 869T—C SNP is a risk factor for susceptibility to
osteoporosis in Japanese women.

We studied the relation of the 869T—>C SNP of TGFB!
to the prevalence of vertebral fracture in postmenopausal
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Japanese women [Yamada et al., 2000b]. The frequency of
vertebral fracture was higher in individuals with the T allele
than in those with the € C genotype. Multivariate logistic
regression analysis with adjustment for age, height, body
weight, smoking status, and body fat and lean mass revealed
that the frequency of the T allele was greater in the vertebral
fracture group than in the control group. Analysis with
adjustment for lumbar spine or total body BMD in addition
to the above parameters also yielded an association without a
significant change in the odds ratio. These data provide
evidence for an association of the 869T—C SNP of TGF8!
with the prevalence of vertebral fracture, with the T allele
being a risk factor for this condition in postmenopausal
Japanese women, and they suggest that the effect of TGFB/
genotype on the prevalence of this condition is, at least in
part, independent of BMD.

Whether genotype for the 869T—C SNP of TGFB/
affects the response of individuals with osteoporosis to
treatment with active vitamin D or HRT was examined in
postmenopausal Japanese women who were followed up for
measurement of lumbar spine BMD [Yamada et al., 2000a).
In the control group, the annual rate of bone loss decreased
according to the rank order of genotypes 7T > TC > CC, with
a significant difference apparent between individuals with
the CC genotype and those with the 7T genotype. [n the
group treated with active vitamin D, women with the TT or
TC genotypes lost bone at a rate similar to that of untreated
women with the corresponding genotypes, whereas
individuals with the CC genotype responded to treatment
with an annual increase in Jumbar spine BMD of 1.6%. In
the HRT group, lumbar spine BMD increased irrespectively
of 869T—C genotype; although the annual gain increased
according to the rank order of genotypes TT < TC < CC,
there were no significant differences among genotypes.
Multivariate regression analysis, with adjustment for age,
height, body weight, time since menopause, lumbar spine
BMD, and follow-up period, revealed that the annual
increase in BMD in individuals with the CC genotype who
were treated with active vitamin D was significantly
different from the annual loss in BMD in controls with the
same genotype, whereas no difference was apparent between
controls and active vitamin D-treated individuals with either
the TC or TT genotype. For all genotypes, the annual gain in
BMD in the HRT group was significantly different from the
annual loss in BMD in controls. These results suggested that
the 869T— C SNP affects both the rate of bone loss in
postmenopausal women and the therapeutic response to
active vitamin D in postmenopausal women with
0steoporosis.

In general, the effect of active vitamin D on BMD is
relatively small compared with that of HRT; however, our
observations suggest that the apparently modest effect of
active vitamin D on BMD s attributable to the inclusion of
non-responders with the 7T and TC genotypes, who
constitute approximately &0% of the population. The
molecular mechanism by which TGFB1 genotype affects the
response to active vitamin D therapy remains to be
elucidated. Evidence suggests the existence of substantial
cross talk between TGF-f signaling and signal transduction
through the nuclear VDR [Yanagisawa et af., 1999]. 1,25-
Dihydroxyvitamin D; stimulates the production and release
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of TGF-§ in osteoblasts, and vitamin D deficiency results in
reduced TGF-B concentrations in cortical bone [Finkelman et
al., 1991). In addition, the amount of TGF-B stored in bone
decreases with age [Nicolas ef ai., 1994]. These observations
suggest that the age-related decrease in the serum
concentration of 1,25-dihydroxyvitamin D; may result in a
similar reduction in the skeletal concentration of TGF-f3, and
a consequent increase in susceptibility to involutional
osteoporosis.

Previous studies indicated that the -509C-s T, and
869T— C SNPs of TGFBI are in linkage disequilibrium
[Cambien er al., 1996), suggesting the possibility that these
SNPs cooperatively affect BMD and genetic susceptibility to
osteoporosis. It was also possible that the association of the
869T—C SNP with BMD and the prevalence of osteoporosis
was attributable to an effect of the -509C—T SNP on the
transcriptional activity of TGFB!. We therefore investigated
whether the —509C— T SNP of TGFAB1I, alone or in
combination with 869T—C SNP, is associated with BMD
and susceptibility to osteoporosis in postmenopausal
Japanese women [Yamada et al,, 2001b]. Both lumbar spine
and total body BMD were lower in individuals with the
—~5097T genotype than in those with the —509CC or the
=509CT genotype. Multivariate logistic regression analysis
with adjustment for age, height, body weight, time since
menopause, smoking status, and fat and lean mass, revealed
that the —5097T genotype was associated with susceptibility
lo osteoporosis. Analysis of combined genotypes revealed
that lumbar spine BMD decreased as the number of T alleles
increased. individuals with both the -509CC and 869CC
genotypes showed the highest BMD, and those with both the
-5097T and 869TT genotypes showed the lowest BMD, with
the difference in lumbar spine BMD between these groups
being 38% of the larger value, We further studied the effect
of the number of T alleles in the combined genotype on
susceptibility to osteoporosis. Multivariate logistic
regression analysis with adjustment for the same parameters
revealed that the prevalence of osteoporosis was significantly
greater among individuals with 23 T alleles than among
those with <1 T allele. The —509C—T and 869T—C SNPs
thus exhibited additive effects on BMD and on the
prevalence of osteoporosis. These observations suggest that
the effects of the -509C—T and 869T—C SNPs on BMD
are, at least in part, independent.

CONCLUSION

In this review, | have summarized the candidate loci and
polymorphisms in candidate genes related to bone mass or to
predisposition to osteoporosis or osteoporotic fracture, both
of which are major age-related disorders of the human
skeleton. The studies described indicate the existence of a
substantial genetic component of osteoporosis. However,
despite the identification of several candidate genes related
to osteoporosis, the replicability of such findings is poor,
mainly because of the limited population size of the studies,
the ethnic diversity of gere polymorphisms, and
complicating environmental factors. Large-scale linkage
analyses and population-based association studies in various
ethnic groups are thus required to identify definitively the
genes that determine bone mass or susceptibility to
osteoporosis or osteoporotic fracture.
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ABBREVIATIONS

BMD = Bone mineral density

TNF = Tumor necrosis factor

L = Interleukin

CCR2 = CC chemokine receptor 2

ERa = Estrogen receptor &t

MMP-1 = Matrix metalloproteinase-1
VDR = Vitamin D receptor

TGF-f1 = Transforming growth factor—1
SNP = Single nucleotide polymorphism
MCP = Monocyte chemoattractant protein
HRT = Hormone replacement therapy.
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Abstract Although polymorphism of the mitochondrial
DNA 15497guanine/adenine (Mt15497G—A) leads to the
Gly2518er amino acid replacement on human cytochrome b,
it is unknown whether functional alteration of the mito-
chondrion is induced by the Gly251Ser replacement. To see
if an association exists between the Mt15497G—A poly-
morphism and obesity, we examined differences in body
size, body composition, and regional body fat distribution
between the two genotypes in middle-aged and elderly Jap-
anese individuals (825 women and 906 men). The Mt15497
genotype was determined with an automated colorimetric
allele-specific DNA probe assay system using the poly-
merase chain reaction (PCR) method. The Mt15497G—A
polymorphism was detected in 3.5% (n=60) of all subjects:
2.8% (n=23) among women and 4.1% (n=37) among men.
After adjusting for age and smoking, we found that body
weight, body mass index, waist and hip circumferences, fat
mass, fat-free mass, intra-abdominal fat and triglycerides
were significantly greater in women with the A allele com-
pared with the G allele (p=0.001-0.025). For men, waist to
hip ratio was significantly greater (p=0.032), and waist cir-
cumference, intra-abdominal fat and triglycerides had a
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trend to be significantly greater (p=0.062-0.087) in sub-
jects with the A allele compared with the G allele. These
data suggest that the Mt15497 polymorphism may be asso-
ciated with obesity-retated variables and lipid metabolism.

Introduction

Obesity probably develops through interaction of both ge-
netic and environmental factors. Polymorphisms of leptin,
the UCP family, and beta 3 adrenergic receptor genes are
examples of some of the genetic factors predisposing in-
dividuals to obesity (Bouchard et al, 1988). Variations in
mitochondrial (mt) DNA also have emerged as possible
genetic factors that lead to a high BMI (Rowe et al. 1991).
Hegel et al. (1997) and Kokaze et al. (2001) reported on
the association between plasma triglycerides concentra-
tion and polymorphisms of mtDNA 16517 and 5178, re-
spectively. They speculated that a polymorphism of mtDNA
may partially alter the function of the mitochondrial 3-ox-
idation of fatty acid. Moreover, qualitative change in the
mitochondria may affect the function of the TCA cycle
and energy consumption within skeletal muscle. Hence,
functional alterations of mtDNA could facilitate develop-
ment of obesity. Dionne et al. (1992) abserved in a mono-
zygotic twin study that the mtDNA D-loop Kpnl restric-
tion site polymorphism was associated with weight gain
after a 100 day over-feeding period. Other studies {(Merri-
wether et al. 1995; Rowe et al. 1997) also suggest that
mtDNA polymorphisms play a pivotal role in obesity.
Understanding the association between mtDNA poly-
morphisms and obesity may be helpful in preventing obe-
sity-related chronic diseases. We detected a novel mtDNA
nucleotide variation: polymorphism of mtDNA,. 15497 gua-
ninefadenine (Mt15497G—A). Although Mt15497G—A
leads to the Gly251Ser amino acid replacement on human
cytochrome b, it is unknown whether a functional alter-
ation of the mitochondrion is induced by the Gly251Ser
replacement (Tanaka et al. 2002). Therefore, to elucidate
an association between the Mt15497G—A polymorphism
and obesity, we examined a relatively large sample size of
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middle-aged to elderly Japanese individuals comparing
body size, body composition, and regional body fat distri-
bution of subjects carrying the G or A alleles of Mt15497,

Materials and methods

Subjects

The subjects were 825 women and 906 men who participated in the
2nd wave of examinations in the National Institute for Longevity
Sciences-Longitudinal Study of Aging (NILS-LSA) from April 2000
to April 2002. These were randomly sampled, community-dwelling
individuals aged 42 --82 years, stratified by age and gender, living
in the neighborhood of the NILS. Details of the NILS-LSA have
been described elsewhere (Shimokata et al. 2000). Physical char-
acteristics of subjects are shown in'Table 1. The aim and design of
the study was explained to each subject before they gave their writ-
ten informed consent, The study protocol was approved by the
Committee on Ethics of Human Research of National Chubu Hos-
pital and the NILS.

Determination of Mt15497 genotype

Mt15497 genotype was determined with an automated colorimet-
ric allele-specific DNA probe assay system (Toyobo Gene Analy-
sis, Tsuruga, Japan), In brief, the polymorphic region of the gene
was amplified by polymerase chain reaction (PCR) with allele-spe-
cifie sense (5-TATTCTCACCAGACCTCCTXGG-3" and 5°-AC-
TATTCTCACCAGACCTCCTXAG-3") and biotin-labeled anti-
sense (5-GTGTTTAAGGGGTTGGCTAGG-3") primers. The re-
action mixture (25 pl) contained 50ng of DNA, 5pmol of each
primer, 0.2 mmol/l of each deoxynucleoside triphosphate, 2.5 mmol/t
MgCl,, and 1 U of DNA polymerase (1Taqg; Toyobo, Osaka, Japan)
in 1Taq buffer. The amplification protocol consisted of initial de-
naturation at 95°C for 5 min; 35 cycles of denaturation at 95°C for
30 s, annealing at 60°C for 305, and extension at 72°C for 30s; and
a final extension at 72°C for 2 min. Amplified DNA was denatured
with 0.3M NaOH and then subjected to hybridization at 37°C for
30min in hybridization buffer containing 35% formamide with al-
lele-specific capture probes (5« TCCTXGGCGACCCAGACAA-3
or 5'- CTCCTXAGCGACCCAGACAAT-3') fixed to the bottom
of the wells of a 96-well plate. After thorough washing of the
wells, alkaline phosphatase-conjugated streptavidin was added to
each well and the plate was incubated at 37°C for 15min with ag-
itation. The wells were again washed, and after the addition of a so-
lution containing 0.8 mmol/l 2-(4-iodophenyl)-3-(4-nitrephenyl)-5-
(2.4-disuifophenyl)-2H-tetrazolium (monosodium salt) and 0.4 mmol/]
5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt, absorbance
at 450 nm was measured, .

Anthropometric variables

Body weight was measured to the nearest 0.01kg using a digital
scale, height was measured to the nearest 0.1cm using a wall-

Table1 Descriptive characteristics of subjects (n=1731)

Variables Women Men
Number of subjects 825 206

Age (year) 60.1+0.4 60.840.3
Height (em) 151.740.2 164.610.2
Body weight (kg) 52.640.3 62,7103
Body mass index (kg/m?) 22.940.1 -23.110.1
Percentage fat mass (%) 30.8+0.2 21.31+0.1
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mounted stadiometer, and body mass index (BMI) was calculated
as weight (kg) divided by height squared (m?). Waist circumfer-
ence and waist-to-hip ratio were used as the indices for body fat
distribution in this study. The waist-to-hip ratio was calculated as
a ratio of waist circumference measured at the leve!l of the umbili-
cus to hip circumference.

Body composition by dual-energy x-ray absorptiometry

Whole-body fat mass, fat-free mass, and percentage fat mass as-
sessed by dual-energy x-ray absorptiometry (QDR-4500, Hologic,
Madison, OH, USA) were used as the indices for determining body
composition. Transverse scans were used to measure fat mass and
fat-free mass, and pixels of soft tissue were used to calculate the
ratio (R value) of mass attenuation coefficients at 40-50keV (low
energy) and 80-100keV (high energy) using software version
1.3Z. '

Abdominal adipose tissue area by CT

The intra-abdominal fat area (IFA) and subcutaneous fat area
(SFA) were measured at the level of the umbilicus (L4-L5) using
computed tomography (CT) scans (SCT-6800TX, Shimadzu, Tokyo,
Japan} carried out on subjects in the supine position. The IFA and
SFA were calculated using a computer software program (FatScan,
N2system, Osaka, Japan) (Yoshizumi et al. 1996). Firstly, a region
of the SF layer was defined by tracing its contour on each scan,
and the range of CT values (in Hounsfield vnits) for fat tissue was
calculated, Total fat area was determined by delineating the sur-
face having a mean CT value plus or minus two standard devia-
tions, and the IFA was measured by drawing a line within the mus-
cle wall] surrounding the abdominal cavity, The SFA was then cal-
culated by subtracting the IFA from the total fat area, and the IFA
to SFA (1/S) ratio was determined. The intra-class correlation for
repeated IFA determinations in our laboratory is 0.99.

Biochemical examination of blood

An antecubital blood sample was drawn from each subject after an
overnight fast. Serum total cholesterol and triglycerides were de-
termined enzymatically, serum high-density lipoprotein cholesterol
was measured by the heparin-manganese precipitation method and
fasting plasma glucose was assayed by a glucose oxidase method.
Plasma insulin was measured in duplicate by radioimmunoassay.
Glycosylated hemoglobin (HbA,.) was measured by high perfor-
mance liquid chromatography. Serum low-density lipoprotein cho-
lesterol was estimated according to the Friedewald formula (1972).

Data analysis

Values are expressed as mean *t standard error (SE) in the tables.
Quantitative data were compared by General Linear Model with
age and smoking as covariates. Qualitative data were analyzed by
the chi-square test. In each statistical analysis, probability values
below 0.05 were regarded as significant. The data were analyzed
with the Statistical Analysis System (SAS), version 8.2.

Results

The Mt15497G— A polymorphism was detected in 3.5%
(n=60) of all subjects: 2.8% (n=23) of the women and
4.1% (n=37) of the men. In both sexes, age, smoking sta-
tus, and height were similar between the MtI5497G—A
genotypes (Table2). To examine the gender’s influence
on the relationship between the Mt15497G—A genotypes
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Table2 Anthropometric variables, body composition and abdominal adipose tissue areas of subjects according to sex and Mt

15497G—A genotype
Women Men
G A p value G A p value
Variables
Number (%) 802(97.2) 23(2.8) - 869(95.9) 37(4.1) -
“Age (year} 60.1+0.4 61.34+2.2 0.565 60.7£0.4 62.1+1.7 0.430
Smoking (%) 7.0 87 0.685 36.7 43.2 0373
Anthropometric variables
Height (cm) 152+0.3 153+£1.2 0.462 165+0.2 166+1.1 0.263
Body weight (kg) 52.6+0.3 57.5+1.7 0.004 62.610.3 64.2+1.5 0318
Body mass index (kg/m?) 22.840,1 24.820.7 0.004 23.1+0.1 23.410.5 0.530
Waist circumference (cm) 83.0£0.3 83.042.0 0.014 85.040.3 87.4+13 0.087
Hip circumference (cm) 090.810.2 04.311.1 0.002 92,210.2 92,710.8 0.524
Waist to hip ratio 0.91+0.003 0.9310.02 0.254 0.921+0.01 0.94%0.01 0.032
Body composition by dual-energy x-ray absorptiometry
Percentage fat mass (%) 30.840.2 32.4+1.1 0.139 21.310.2 22.020.7 0.312
Fat mass (kg) 16.440.2 18.7+1.0 0.025 13.510.1 14.310.7 0.273
Fat-free mass (kg) 36,102 38.6+1.0 0.010 49.010.2 49.9:1:1.1_ 0.445
Abdominal adipose tissue area by computed tomography
Intra-abdominal fat-area {cm?) 63.711.5 84.418.6 0.017 93.7%1.7 11048.5 0.065
Subcutaneous fat area (cm?) 165+2.4 182+13.9 0.237 11211.6 114+79 0.862
1/S ratio 0.40+0.01 0.48+0.05 0.122 0.86+0.01 0.9940.07 0.062
1/5 ratio: ratio of intra-abdominal and subcutaneous adipose tissue area. Data were adjusted for age and smoking
Table3 Biochemical measurements according to sex and Mt 15497G— A genotype
Women Men
G A p value G A p value
" Variables
Total cholesterol (mg/dl} 223.1+1.2 217.847.1 0.462 210.5%1.7 214.445.6 0.540
Triglycerides (mg/dl) 105.44+2.3 151.5+13.1 0,001 128.2+2.9 152.0£13.6 0.087
LDL cholesterol (mg/dl) 135.3£1.1 126.816.4 0.190 127.341.1 127.745.3 0.952
HDL. cholesterol (mg/dl} 66,510.5 60,7432 0.074 57.610.5 56.312.4 0.599
Glucose (mg/dl) 98.940.8 101.814.4 0.522 105.410.8 104.5+3.8 0.802
HbA . (%) 5.3+0.03 5.340.16 0.307 5.410.03 5.440.15 0.597
Insulin (pU/ml) 8.0£0.2 9.6+1.3 0.223 8.2403 8.9+1.4 0.653

Data were adjusted for age and smoking

and anthropometric variables, body composition, abdomi-
nal adipose tissue areas, and biochemical blood parameters,
we analyzed the data for men and women independently.

Anthropometric variables

For women, body weight, BMI, and waist and hip circum-
ferences were significantly greater in subjects with the A
allele than in those with the G allele (p=0.002-0.014). For
men, waist to hip ratio was significantly greater in sub-
jects with the A allele than in those with the G allele
{p=0.032) and a trend toward significant difference was
found in waist circumference (p=0.087). Although statis-
tical significance was not achieved in any other variables
(p>0.05), all measurement values were greater in subjects
with the A allele than in those with the G allele.

Body composition

For women, both fat mass and fat-frec mass were signifi-
cantly greater in subjects with the A allele than in those
with the G allele (p=0.025 and 0.010, respectively). For
men, although no significant difference was found in any
measurement variables between the genotypes, all mea-
surement values were greater in subjects with the A allele
than in those with the G allele.

Abdominal adipose tissue area

For women, IFA was significantly greater in subjects with
the A allele than in those with the G allele (p=0.017). For
men, a trend toward significant difference was found in -
IFA (p=0.065) and 1/S ratio (p=0.062).
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We next examined the relationship of the Mt15497G—A
polymorphism with biochemical parameters for lipid and
glucose metabolism (Table3). For women, triglycerides
were significantly higher in subjects with the A allele than
in those with the G allele (p=0.001). Plasma insulin was
also 20% higher in subjects with the A allele compared with
the G allele, but statistical significance was not achieved.
For men, a trend toward significant difference was found
in triglycerides (p=0.087).

Discussion

The mitochondrial oxidative phosphorylation system is a
major source of energy utilization for cellular activities.
Therefore, we tested a hypothesis that an association ex-
_ ists between the Mt15497 polymorphism and obesity-re-
lated measurement variables by examining a relatively
large sample size of middle-aged to elderly Japanese men
and women. Our data revealed that several obesity-related
variables were significantly different between subjects
having either the G or A alleles of Mt15497. It may be that
increased efficiency of mitochondrial energy conservation
at the cytochrome bcl complex results in decreased en-
ergy consumption (Tanaka et al.2002). Another possibility
is that inhibiting reduction in ubiquinone at the Qo site
(one of the ubiquinone-binding sites of complex III) re-
sults in a reduced B-oxidation of fatty acid, which leads to
fat accumulation. We are currently constmcting cybrid clones
carrying the Mt15497G—A polymorphism to determine
whether the G25185 replacement results in decreased ac-
tivity of ubiguinol-cytochrome ¢ reductase (complex III)
or not. Instead, we carried out a molecular dynamic simu-
- lation to understand the effect of the G2518 replacement to
the molecular structure of cytochrome b in our database sys-
tem http:/fwww.giib.or.jp/mtsnp/search_mtSAP_3D_e.htmL
Andreu et al. argued that the G251D replacement due to
the Mt15498G—A mutation is pathogenic because the
presence of Asp instead of Gly should cause charge repul-
sion with Glu271, a residue at the Qp site {Andreu et al.
2000). This, in turn, would change the structure of the Qp
site and impair hydroquinone binding.

For women, anthropometric variables, body composi-
tion and abdominal adipose tissue area were significantly
associated with the Mt15497 polymorphism, whereas these
associations were weaker in men compared with women.
There is other evidence supporting the idea that the asso-
ciation of genetic variation with obesity is stronger in
women than men (Borecki et al. 1993; Comuzzie et al.
1995). For instance, Comuzzie et al. (1995), in a Mende-
lian mixed model analysis for fat mass, incorporating geno-
type by gender interaction, reported that the major gene
accounted for 37% of the total variance of fat mass in men
compared with 43% in women. To our knowledge, how-
ever, little has been reported on gender’s effect on the as-
sociation between a mtDNA polymorphism and obesity.

It is well known that waist size and the amount of intra-
abdominal adipose tissue are strongly associated with var-
ious risk factors for coronary heart disease [e.g., hyperten-
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sion (Kanai et al. 1990; Matsuzawa et al. 1995), Type 2 di-
abetes (Yamashita et al. 1996; Macor et al. 1997) and Type 1
plasminogen activator inhibitor (Svendsen et al. 1996;
Lindahl et al, 1998)]. Japan Socicty for the Study of Obe-
sity (2002) defined *“obesity disease™ as not only the pres-
ence of obesity-related complications, but also their likely
occurrence. In this case, “likely occurrence” means high-
risk obesity as specified by an excess IFA (greater than
100 cm?) measured by CT scan. Thus, individuals with
high-risk obesity have a strong chance of suffering from
obesity-related complications in the near future.

The results presented in Table 3 show a significant as-
sociation in women and a trend toward significant associ-
ation in men between high triglycerides levels and the
Mt15457 polymorphism. In addition, plasma insulin level
was 20% higher in women with the A allele compared to
those with the G allele (see Table 3). Kokaze et al. (2001)
found in their epidemiological study that the Mt5178A/C
polymorphism was associated with the triglycerides level
in Japanese women, and Gerbitz (1992) reported that im-
pairment of ATP production by a mtDNA mutation caused
insulin secretion defects and possibly insulin resistance as
well. These reports suggest that mtDNA polymorphisms
impair lipid metabolism and insulin secretion through a
defect of mitochondrial function.

Detailed causes of the significant difference found in fat-
free mass between the Mt15497 genotypes in women could
not be clarified, Keightley et al. compared 10 cases of cyto-
chrome b mutation and found that most of the patients in
those studies presented with the predominant feature of se-
vere exercise intolerance or hypertrophic cardiomyopathy
(Keightley et al. 2000). Andreu et al. reported that the
G251D replacement due to the Mt15498G—A mutation led
to heart failure (histiocytoid cardiomyopathy) (Andreu et al.
2000). However, it is unknown how the Gly251Ser replace-
ment by the Mt15497G—A mutation affects the human
body. Finding of larger fat-free mass in subjects with the A
allele of Mt15497 in our study is likely to indicate that in-
creased fat mass indirectly affects the fat-free mass.

In conclusion, we have shown in a relatively large sam-
ple of middle-aged to elderly Japanese that significant as-
sociations exist between the Mt15497 polymorphism and
body size, body composition, abdominal adipose tissue
area, and lipid metabolism. Although these data suggest
that the A allele of Mt15497 may be one of the important
determinants of obesity, further studies are needed to val-
idate our speculation.
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Association of Cholecystokinin-A Receptor Gene
Polymorphisms and Panic Disorder in Japanese
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Several lines of 'evidence have suggei;ted thnt-
naturally cccurring alterations in cholecystoki-
nin (CCK) systems could contribute to the devel-
opment of panic disorder (PD). Among recent
investigations, polymorphisms of the CCK and
CCEK:-B receptor (R) genes were investigated, but *
the results were inconclusive. We recently cloned”
the genomic structures of human CCEK-AR, and

determined the transcriptional start site of the t

human CCK-AR gene. Two sequence changes were-
detected in the promoter region: aG to Tchangein:
nucleotide —128 and an A to G change in nucleo
tide -~81 (GenBank database under accessio
number D85606). The frequencies of the genotypes-
and haplotypes of these two polymorphisms were,
compared in 109 Japanese patients with PD and
400 age- and gender-matched normal Japanese
conirol subjects. The frequency of variant geno--
types (=81A/G, —128G/T; G/G,'G/T, and G/G, T/T).
having variant haplotype (—81GI—128T) was sig-
nificantly higher in PD than in controls
(P<0.0001, OR=2.81, 95% CI=1.74-4.39). The
statistical differences between the haplotype dis-
iributions in the PD and control groups were
highly significant: the frequency of variant hap-
lotype (—81G/-128T) was higher in-the former
group than in the latter (P < 0.0001). This associa-
tion was not affected by clinical characteristics
such as age, gender, and age at onset of PD. In this
study, the first to report the positive association of
the CCE‘AR polymorphisms and PD, haplotype
analyses further streng‘thened the mooiatxon
based on our comparison of genotype distribu-
tions. The CCE-AR gene polymorphism may be:
involved in the neurobiology of PD. . :
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Panic disorder (PD) is a common anxmty condition, char-
cterized by unprovoked anxiety attacks distinguished by such

- symptoms as palpitations, chest pain, dyspnea, choking,

tremors, faintness, and sweating; in addition to fear of dying,
loamg wontrol, or going crazy [American Psychiatric Associa-
ion, 1987). The carboxy-terminal tetrapeptide of cholecysto-
inin (CCK-4) induces pamc-hke attacks when administered
an intravenous bolus in healthy volunteers, and in patients
ith PD [De Montigny, 1989; Bradwejn et al., 1991].

-"CCK is a classical gastroi.ntestinal hormone-and one of the
ost abundant neurotransmitter peptides in the brain. CCK
-receptor (R)s have been ¢lassified into two subtypes, CCK-A
and CCK-B, on the basis of their affinities for a structurally and
: functlona]ly related family.of peptides that, :have identical
‘COOH-terminal pentapeptide sequences but’differences in
“sulfation’at the sixth (gastrin) and seventh (CCK) tyrosyl
‘residues [Wank, 1995), Among recent investigations [Wang
- et al.; 1998; Kennedy et al., 1999%; Hamilton et al.; 2001; Hattori
‘et al., 2001a.b; Yamada et al,, 2001] examined polymorphlsms
sof the CCK.and. CCK-BR genes, but the results were incon-
usive. There has been only one study to determine the CCK-
AR gene polymorph.lsm with no association’ [Kennedy et al.,
999), which was &’ area of the 3’ untranslated region, and 1ts
functional role is unknown.

. We recently cloned the genomie stmctures of human CCK-
AR [Funakoshi et al., 2000], and determined the transcrip-
.tional start site of the human CCK-AR~ gene. Two sequence
" changes were detected in the promoter vegion: a G to T change
“in nucleotide —128 and an A to G.¢hange in nucleotide ~81
[GenBank database under accession number D85606, Funa-
koshi et al., 2000). Six genotypes;: including a wild type (—814A/
A, —128G/G) and five other variants, have been identified
[Funakoshi et al., 2000; Shimokata et al., 2000]. The homo-
zygote (—81G/G, -—128TH') showed a mgmﬁcant]y higher
percent body fat, although the real mechanism has not been
arified::In this study, we investigated a possible association

“hetween the CCK-AR gene and PD by evaluating the distribu-

tion of not only the genotypes but also the haplotypes of the two
polymorphisms.

The subjects consisted of 109 Japanese patients with PD
(64 males, 18—63 years old; 45 females, 21-71 years old), all of
whom met DSM-III-R eriteria for PD on the PD part of the
Structured Clinical Interview for DSM-III-R (SCID) assess-
ment. The age- and gender-matched control group consisted of
400 unrelated Japanese. The controls were employees and
students in Kurihama National Hospital and in the Tokyo
Metropolitan Institute of Gerontology. Nobody shows signs of
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psychiatric disorders (234 males, 20—-62 years old; 166 females "
21-71 years old). The Ethics Committees of the Natmna.l
Alcoholism Center, Kurihama Hospital, and Tokyo Metropo-
litan Institute of Gerontology approved this study. Written
informed consent was obtained from each subject. Genomic
DNA was extracted from peripheral leucocytes.

Examination of the polymorphism in the promoter region
of the CCK-AR gene was accomplished using a mismatch
PCR-RFLP method [Funakoshi et al., 2000). Briefly, a pair
of primers (sense primer = 5-GCATATGTACACATGTGTGT-
AAAAAGCAGCCAGAC-3', and anti-sense primer = §'-GCC-
CTTTCCTGGGCCAGACT-3") were used to amplify the 103-bp

product, which was subsequently. digested -with :restriction .-

enzyme Hinf I and fractmnated by_12% polyacrylamlde gel
electrophoresis. -
Statistical differences between PD and control subjects were
assessed using Fisher's exact test. An odds ratio -with 85%-
confidence intervals was calculated to evaluate the difference -
in genotype frequencies between the groups--Probability
differences of P <;0.05 were considered statistically significant.
To assess linkage disequilibrium between the two polymorph-
isms of the CCK-AR gene, we caleculated the D value and:
its significance, using the ASSOCIAT program downloaded’
from the web site of Dr. J. Ott (ftp://linkage.rockefeller.edu/: :
software/utilities/). All statistical computations were carried
out using the Statistical Analysis System package, versmn 6 12
[SAS Institute In¢, 1988]. g
Comparison of the genotype and haplotype: dm 'but.lons ot‘
the CCK-AR gene —81A to G and —128G to T polymorphism ir*
PD patients and control subjects (Table I) revealed frequencies.
among the controls that were quite similar to those reported in'
community-dwelling individuals. Three kinds of genotypes
(—B1A/A, —128T/T), (—81A/A,; -’»12BG/T) and (—81A/G, ~128T/:]
T) were not detected in the previous cohort studies [Funakoshi
et al,, ‘2000; Shimokata et:al;"2000] and in the present
study 'I‘herefore, haplotype: -481A/ 128T was not present,
either. These polymorphisms'were in linkage d.l.sequ).hbnum
(PD samples, D=0.1495, P <0.0001: controls,:D= =0.0865, :
P <0.0001). Both genotypic frequencms'of dlstnbunons were

TABLE I Genotype and Haplotype Freqxiéi:%zéé of the —81A t.;) G
and — 128G to T Polymorphisms in Patlents Wmh Panic D1sorder

and Controls
- Polymorphisms v
——— Panicdisorder = Controls "
-81 128 N {%) N (%)
Genotype® N=109
G/G 48 (44.0%) 38 (59.5%)
13 (11.9%) T (17.8%)
36 (33.0%) 75 (18.8%)
1(0.9%) (L1.6%)f
9 (8.3%) (1.5%)
2{1.8%) 4(1.0%)
OR (95% CIP .81 (1.74-4.39)
Haplotype® co N 218

A G 5.(66.5%) _
A T 0{0.0%)" - L
G G 24 (11.0%) 89 (11 1%)
G T 49 (22.5%) 89 (11.1%)

*Percentages may not total 100 due to rounding. Three genotypes {(~81A/
A, -128T/T), (-B1A/A, —128G/T), and (—81A/G, —128T/T) were not present.
P < 0.0001 (df=5), P<0.0000 (with —81G/—128T haplotype va. without
~81G/-~128T haplotype, df = 1) when analyzed by Fisher's direct test.

tio of odds (genotypes with —81G/—128T haplotype/genotypes with-

out —81G/~128T haplotype) and 95% confidence interval.

“Haplotype (~81A/-128T) was not detected. P <0.0001 when analyzed
excluding —81A/—128T haplotype (df=2), P<(0.0001 when comparsd
between subjects with and without —81G/-128T haplotype (df =1).

Thefrequencyofvanant genotypes( 81A/G 128G1T G/G, G/
<1, and G/G, T/T) havmg variant. haplotype( ~-81G/—128T) was
51g1nﬁcantly higher in PD than in conirols (P<0.0001,
OR=2.81, 95% CI=1.74-4.39). The statistical differences
between the haplotype distributions in the PD and control
groups were highly significant: The frequency of variant
haplotype (—~81G/—-128T) was higher in the former group than
in the latter (P < 0.0001; Table I).

Stratification of the PD samples and controls with respect to
age and gender did not alter these relationships. Nor did the
age at onset of PI} affect the distributions of the CCK-AR gene
~polymorphisms {data not shown).
=The frequencies of both the variant genotypes and haplo-

types of the —B1A'to G-and —128G to T polymorphisms of the
CCK-AR gene were higher in our PD group than among our
control subjects, suggestmg that this gene is involved in the
'development of PD,

CCK-AR is expressed in Bpeclﬁc brain regions such as the
amygdala, nucleus tractus solitarius; ; posterior nucleus accum-
bens, ventral tegmental area, hypothal_a.mus substantia nigra,
hippocampus, area postrema, and raphe nucleus, whereas
:CCK-BR is widely distributed throughout the central nervous

. system [Wank, 1995). The expression’patterns of these
- receptors overlap in the brain, and the cross-reactivity of each
“antagonist could not be excluded in pharmacological studies.
:'Therefore, the functional differences of these two receptors

. Temain unclear. Recently, we daveloped CCK-AR, BR, and

ARBE gene knockout (—/—) mi¢e and found that CCK-AR and
". BR mayexert opposite influences on anxiety-related behaviors
" [Miyasaka et al., 2002a,b]. These evidences suggest that CCK-

" AR.might be involved in induction of panic.like attacks,

'although CCK-4 is a ligand of CCK-BR.

# Qur research has focused on two neighboring polymorph-
isms in the 5 regulatory- region of the CCK-AR gene, which
shares the region involved inthe regulation of the human CCK-
AR promoter function [Takata et al., 2002]. We have examined
“CCK-AR gene polymorphismsin 50 patlents with gallstone and
- 300 patients with diabetes mellitus before the establishment of
gRFLP method [Funakozhi et al., 2000]. We found one case with
G to.A in the intron 1,’and another case C to Gin the exon 3
-without change in‘amino acid (Thr). The polymorphisms of
‘promoter. region (between —351 and +176) were also examined
rand no polymorphisms besides —81A to G and 128G to T were
detected. Therefore, although various kinds of CCK-AR
‘polymorphisms -have been reported [Inoue et al., 1997;
“Tachikawa et al., 2001, Okubo et al. 2002], these may occur
‘sporadically,

Although our recent investigation using the STC-1 murine
euroendocrine cell line showed that neither the —81A to G nor
he —128G to T polymorphism affects luciferase activities
akata et al., 2002}, limitations in‘the experimental condi-
tions suggest that those ﬁndmgu :should be interpreted as
inconclusive, because no human cell lines have been available.
In a recent examination of the correlation of demethylation of
the CCK-AR gene and-its expression, we found significantly
higher gene expressidn when the methylation level of the gene
was low. [Matsusue et al., 1999, Mlyasaka et al., 2002a,b]. We
’observed many GC-rich segments in the CCK-AR promoter
“region, and the nucleotide position at —128 was methylated.
Thus, a G to T replacement at the —128 position might be
capable of altering CCK-AR gene expression.

In this study, the first to report the positive association of the
CCK-AR polymorphisms and PD, haplotype analyses further
strengthened the association based on our comparison of geno-
type distributions.
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Physical and mental changes with aging and geriatric syndrome
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