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In sity hybridization histochemistry of sFRP4 (A, B) and immunostaining of PCNA (C, D) were performed
using ovariectomized rat utert at 48 h after estrogen treatment. (A) sSFRP4 mRNA was expressed abundantly
in the endometrial stroma (e) whereas there was little in the myometrium (m) when hybridized with
sFRP4-specific antisense RNA probe. No sFRP4 mRNA expression was detected in either the luminal
epithelium () or glandular epithelium (g). (B) Higher magnification of (A). (C) PCNA-positive cells were
detected in the stroma, luminal epithelium and glandular epithelium. (D) Higher magnification of (C). All
experiments were performed three times. Bars represent (A, C) 200 pm and (B, D) 50 pm.

(Pepe & Albrecht 1995). Thus, we speculate the
regulation of sSFRP4 expression by estrogen in the
uterus. To investigate this possibility, we used
ovariectomized rats treated with estrogen. sFRP4
mRNA expression was detected 48 h after estrogen
treatment. Unlike during pregnancy, the 2-0kb
sFRP4 transcript was observed whereas the 2:9kb
transcript was not. It is possible that several splice
variants of sFRP4 may exist and only the 2:0kb
transcript can be especially up-regulated by
estrogen. Alternatively, other transcripts were not
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detected in our Northern analysis because the
expression levels were lower. In general, direct
estrogen-responsive genes are up-regulated within
several hours of estrogen treatment. For example,
the level of progesterone receptor mRNA was
elevated within 2 h after a single injection of 17f-
estradiol (Shughrue et al. 1997). It was rather late
that sFRP4 mRINA was detected in the uterus, at
48 h after estrogen injection, suggesting that
up-regulation of sFRP4 may be an indirect effect of
cstrogen.
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The expression of sFRP4 mRNA was observed
in the proliferating endometrial stroma. It was
reported that the maximal number of PCNA-
positive cells was found after 36 h in the epithelium
and stroma (Gunin 1997). Thus, the expression of
sFRP4 mRNA might be accompanied by the late
phase of proliferation after estrogen treatment.

In summary, we have identified sFRP4 as an
up-regulated gene in the uterus during pregnancy.
Our present data suggest that the expression of
sFRP+ mRNA was accompanied by a late phase of
proliferation in the decidual cells. It is possible that
sFRP4 modulates signals of Wnt genes in the
pregnant uterus.
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Abstract

Qestrogens are critical for the display of lordosis behaviour and, in recent years, have also been
shown to be involved in synaptic plasticity. In the brain, the regulation of ionotropic glutamate
receptors has consequences for excitatory neurotransmission. Oestrogen regulation of the
N-methyl-p-aspartate receptor subunit 2D (NR2D) has generated considerable interest as a possible
molecular mechanism by which synaptic plasticity can be modulated. Since more than one isoform of
the oestrogen receptor (ER} exists in mammals, it is possible that oestrogen regulation via the ERx
and ERf isoforms on the NR2D cestrogen response element (ERE) is not equivalent. In the kidney
fibroblast (CV1} cell line, we show that in response to 17 8-cestradiol, only ER«, not ERS, could
upregulate transcription from the ERE which is in the 3" untranslated region of the NR2D gene. When
this ERE is in the 5’ position, neither ERx nor ERfS showed transactivation capacity. Thyroid hormone
receptor (TR} modulation of ER mediated induction has been shown for other ER target genes, such
as the preproenkephalin and oxytocin receptor genes. Since the various TR isoforms exhibit distinct

roles, we hypothesized that TR modulation of ER induction may also be isoform specific. This is
indeed the case. The TRx1 isoform stimulated ER« mediated induction from the 3-ERE whereas
the TRA1 isoform inhibited this induction. This study shows that isoforms of both the ER and TR
have different transactivation properties. Such flexible regulation and crosstalk by nuclear receptor
isoforms leads to different transcriptional outcomes and the combinatorial logic may aid

neurgendocring integration.

Oestrogen and thyroid hormones play critical roles in
reproduction and growth in mammals. They are small
molccules that bind to intracellular nuclear receptors, the
oestrogen (ER) and thyroid hormone (TR} receptors (1).
These nuclear receptors are ligand-activated transcription
factors, which regulate the transcription of target genes (2).

The brain is an important target for both oestrogen (3, 4)
and thyroid hormones (5). In the brain, oestrogen, via the ER,
exerts a central neurcendocrine control on gonadotropin
production, thereby controlling reproduction and lordosis
behaviour (6-9). Thyroid hormone is important for growth,
development and thermoregulation in adult homeotherms
(10). Indeed, neonatal hypothyroidism leads to cretinism in
humans, a syndrome characterized by mental retardation

and growth defects (11}, Despite such important physiological
roles, the downstream target genes of either oestrogen or
thyroid hormone in the brain remain poorly understood.
N-methyl-p-asparate (NMDA) acting via the ionotropic
glutamate receptor, the NMDA receptor, has diverse and
important functions in synapse plasticity, excitotoxicity (12)
and reproduction (13) and long-term potentiation (14, 15).
Functional NMDA receptor channels are composed of a
NMDAT] subunit (NR1) and one of four NMDA2 subunits
(NR2A-2D) (16, 17). Expression of the NR2D (16, 18) and
ERx mRNA (19-21) has been demonstrated in the hypo-
thalamus and amygdala of the rat brain. The NR2D mRNA
has also been shown to be upregulated by oestrogen via ERx
and § through four half-palindromic oestrogen response
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elements (EREs) in the 3’ untranslated region (UTR) (22).
A decrease in glutamineragic transmission inhibits lordosis
while NMDA can facilitate lordosis in female rat {23) via
stimulation of gonadotropin-releasing hormone release
(23, 24).

More than one isoform of the ER and TR exists in
mammals. There are two ER isoforms, termed ERx and ERf
(25, 26) and four isoforms of the TR (27-29). Three of the
four TR isoforms, TR«l, TRA1 and TRS2, can bind ligand;
the fourth isoform TR22 cannot do so due to the loss of
40 amino acids in the C-terminal ligand-binding domain
(29). The ability of TR to modulate oestrogen dependent
transcription also demonstrates that the interactions between
different ER and TR isoforms lead to distinct transcriptional
outcomes. For example, on the behaviourally relevant pre-
proenkephalin (PPE) promoter, TRx«l inhibits the ERux-
mediated induction while stimulating the ERf-mediated
induction in kidney fibroblast cells (30). However, on the
same promoter, the TR 81 and TR 2 isoforms have no effect
on cither ERa or ER f-induced transcription (30). Therefore,
the crosstalk between the different ER and TR isoforms
shows considerable promoter and isoform specificity.

It has been hypothesized that the thyroid hormone ele-
vation that occurs at cold temperatures may signal unfa-
vourable environmental conditions for reproduction (31). It
is therefore possible that the NR2D gene, as an oestrogen
regulated gene that facilitates lordosis, is modulated by
thyroid hormone. However, among the ligand-binding TR
isoforms, the TRS2 has an extremely restricted distribution
in the anterior pituitary while the TRxl and TRjI isoforms
are expressed in the ventromedial hypothalamus (VMH)
and in the amygdala, both areas involved in reproductive
behaviour. Hence, we restricted our choice of TR isoforms to
ligand-binding TR isoforms expressed in the brain regions
of interest. The aim of the present study was to investigate
the interactions between these different ligand-binding TR
isoforms and the ER isoforms on a physiologically and
behaviourally relevant NR2D promoter containing four half-
palindromic EREs in the 3° UTR, with the hypothesis that
TR isoforms may inhibit ERz-mediated transactivation.

Materials and methods
Tissue culture

CV-1, kidney fibroblast cells, were maintained in Dulbecco's Modified
Eagle Medium (DMEM)} supplemented with 10% fetal bovine serum {Bio-
reclamation, Ing,, New York, NY, USA), 100 U/ml penicillin and 50 pg/m!
streptomycin. For transfections, cells were cultured in DMEM without phenol
red and 10% fetal bovire serum, which was charcoal stripped (Bioreclamation,
Inc.) to render it free of steroids, as described in previous studies (30, 32).

Plasmidsiconstructs

The 3’ NR2D and 5' NR2D reporter constructs were a gift from Dr Muramatsu
(22). They contain a 174-bp insert which comprises the four half-palindromic
EREs from the 3' UTR of the rat NR2D sequence inserted into the pBLCAT
vector upstream of the chioramphenicol acetyl transferase (CAT) sequence
(5 NR2D-CAT construct) or inserted into the ptkCAT2 vector as a 3' UTR
insertion (3" NR2D-CAT construct). In both cases, the minimal thymidine
kinase promoter is used to drive expression of the reporter gene (22). The pSG-
hERx and the pcDNAT/Amp expression vectors conlaining the rat TRzl,
A1 and 32 isoforms have been described previously (32, 33). The CMV-hER S is
the ERf? expression vecter and was provided by E. Enmark (34). The TRx P
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box mutant is a DNA binding mutant of rat TRzl expressed from pSG5X
vector (35).

Transfections

CV-1 cells were plated at a density of 0.1 x 10%wel in six-well plates {Falcon,
Lincoln Park, NJ, USA) and transfected using Effectene reagent as per
the manufacturer’s instructions {Qiagen, GmbH. Germany). The cells were
approximately 60-70% confluent at the time of transfection. Bricfly, 24 h after
plating, 0.2 pg of the reporter plasmid, 3’ NR2D-CAT or 5 NR2D-CAT, and
0.04 pg of the expression constructs (the pPCDNAI-TR vectors, the ER vectors)
were transfected into cells along with 0.08 pg of pSV-figal plasmid {(Promega;
Madison, WI, USA) and pBSSKII+ (Stratagene, La Jolla, CA, USA)to a
final DNA concentration of 0.4 ug per well. The pSV-fgal plasmid was used
as an internal control to normalize for transfection efficiency and lysate
preparation. After exposure to Effectene for 16 b, the cells were washed with
phosphate buffered saline. Then, DMEM media without phenol red contain-
ing stripped sera and 178-cestradiol (Sigma, St Louis, MO, USA) (10-7 M)
and triiodothyrenine (Ty) (Sigma) (107° M) dissolved in sthanol were added
to the media. Ethanol in equal amounts was added to the media as the vehicle
control, Forty-eight hours after hormone treatment, cells were lysed using
reporter lysis bufler as per the manufacturer’s instructions (Promega). The
lysates so obtained were used for both CAT and f-galactosidase (fgal)
assays (Promega). The CAT activity was normalized with the fgal activity for
every sample.

Statistical analysis

The results are presented as the mean+SEM of samples in a treatment
group from replicate experiments. The results were plotted as fold over control
vehicle levels using GraphPad Prism statistical software (GraphPad Prism,
San Diego, CA, USA). Statistical analysis on raw data was performed using
anovas followed by the Student-Newman-Keuls post-hoc test for comparison
between treatment groups.

Results

Oestrogen regulation of the rat NR2D gene

The rat NR2D gene has been reported to be regulated in
response to 17-oestradiol in MCF-7 cells (22). In this study, a
kidney fibroblast cell line, devoid of endogenous ER and TR
(36) was used to check for (i) oestrogen induction of the
NR2D gene via either the 5’ enhancer or the 3’ enhancer ERE
and (ii) cestrogen induction via either transfected ERx or
transfected ERf. The ERx acting via the ERE enhancer at
the 3 UTR position (Fig. 1a) but not via the 5 enhancer
(Fig. 1¢) could induce the rat NMDA gene in this cell line.
The oestrogen induction at 10~7 M concentration is small
but highly reproducible. In other studies using oestrogen-
tesponsive reporters in this cell line, this concentration of
oestrogen was used (30, 32, 37), and therefore this concentra-
tion was also used in subsequent experiments. Under the
same conditions used to test for oestrogen induction via ERz,
the ERf could not induce the reporter either when the ERE
was in its native 3’ UTR configuration or in the artificial
5' position at any of the concentrations of 17f-oestradiol
studied (Figs 18,0, respectively). Therefore, there is isoform
specificity in oestrogen regulation of the NR2D gene in this
cell ling.

Antagonistic effects of the oestrogen-ligand ERf isoform
towards the ER« isoform have been noted on the consensus
ERE in HeLa cells (38). Recently, a study from our lab-
oratory has also noted the antagonistic effect of ERf
toward ERa induction of the physiological OTR promoter
in a neuroblastoma cell line (32), Upon cotransfection of
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Fic. 1. {a-p) Dose-response curve for 17-ff-oestradiol using cestrogen receptor (ER)« (ac) and ERS (g,p) on the 3" and 5' NR2D gene promoters.
Transfections were performed as described in 1tke Methods section. Briefly, CV-1 celis were cotransfected with 3’ NR2DD (a.8) or 5 NR2D (c,p) conslructs
and pSG-hERx or pCMV ERf expression vectors as indicated. 17-8-Oestradiol dissolved in ethanol was added at various concentrations to the cells.
Ethanol in equal measure was added to the control (vehicle} wells. Chloramphenicol acetyl transferase {CAT) and f galactosidase (fgal) enzyme assays
were performed on the cell lysates 48 h afler hormone treatment. CAT values were normalized to figal values for every sample in each of the treatment
groups (A,C: n=4 per treatment group; 8,0: n =7 per ireatment group). The resulls are presented as mean + SEM from replicale experiments. The resulis
(lold over control} were analysed statistically using anova to compare between treatment groups. (a) *P <0.05 compared to vehicle treatment.

ERx and ERf and in response to 1077 M 178-oestradiol, the
ERf isoform also inhibited the ERa induction from the
3" NR2D gene promoter (Fig. 2).

Thyroid hormone (T;) modulation of ERx-mediated induction
from the 3' NR2D gene

Since the ERx could induce the 3’ NR2D construct in response
to 1077 M 178-cestradiol, this was chosen to investigate

thyroid hormone modulation of oestrogen-mediated induc-
tion. The TRx1 isoform stimulated ERx-mediated induction
from the 3' NR2D gene promoter (Fig. 3). In contrast, the
TR isoform inhibited ERa-mediated induction from the
3" NR2D promoter (Fig. 4). The TR P box mutant is a
mutant that cannot bind DNA (35) and was used to inves-
tigate if DNA binding is necessary for the stimulatory effect.
The TR P box mutant was unable to stimulate the ERx-
mediated induction (Fig. 5) and even led to an inhibition,

© 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 836-842
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Fic. 2. Coexpression ol oestrogen receptor (ER)S with ERx reduces
ERa«-mediated induclion from the 3' NR2D enhancer. CV-1 cells were
cotransfected with ERx alone, ERf alone or with ERx and ERf and 3’
NR2D reporter construct as detailed in the Methods section. A day aller
transfection, the cells were treated with either ethanol or 10 7 M 174-
oestradiol (n=8 per treatment group). 48 h aller hormone treatment,
cells were lysed and chloramphenicol acetyl transferase (CAT) and j
galaclosidase (figal) assays performed on every sample. The results are
presented as mean+SEM and were analysed statistically using anova
followed by the Student-Newman-Keuls post-hoc test to compare
between treatment groups. *P< (.01 compared to vehicle treatment
of ERx transfected group. tP<0.001 compared to oestrogen-treated
ERx group.

suggesting that DNA binding may be necessary for TR«l-
mediated stimulation from this enhancer element.

Discussion

QOestrogen regulation of the NR2D gene has been proposed
to be important in the regulation of sexual behaviour and
in synaptic plasticity (13, 39). Qestrogen regulates dendritic
spine density in CAl pyramidal cells via an NMDA receptor
dependent mechanism (40), However, the regulation of NR2D
by the different ER isoforms remains pootly characterized.
In this study, we provide evidence that the NR2D gene is
regulated principally by ER«. Long-term potentiation sensi-
tivity peaks during proestrous in intact female rats at a time
when excitatory synapse density is at its peak (41). NMDA
receptor activation in the hippocampus CAl layer aids
excitatory neurotransmission (42) and hence, synaptogenesis
(40, 43). Also, ERx and ERf mRNA has been detected
by in situ hybridization in adult CA1l cells (20, 21, 44} and
ER# protein detected in the inhibitory interneurones in the
hippocampus (43). In the adult rat, NR2D is expressed to

1: 2002 Blackwell Science Ltd, Journal of Neuroendacrinology, 14, 836-842
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Lo a set of eight plates as the vehicle control. The cells were then [ysed and
chloramphenicol acetyl transferase (CAT) activity normalized to the j
galactosidase (fgal) activity for every sample. The values are presented as
mean+SEM from replicate experiments. The results (fold over vehicle
control} were analysed using anova followed by the Student-Newman—
Keuls post-hoc comparison lest belween treatment groups. *P<0.05
compared to vehicle-treated group. $P<0.05 compared to oestrogen-
treated group.
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pSG-hERx as detailed in the Methods section. Oestrogen (E;, 10 7 M),
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Fic. 5. A DNA binding mutant, TR P box mutant, is unable to stimulate
oestrogen rteceptor (ER)z-mediated induction from the 3° NR2D
enhancer. CV-1 cells were cotransfected with 3 NR2ZD-CAT, pSG-
hERz and & non DNA binding mutant of the rat TRal (TR P box
mutant}, After hormone treatment for 48 h, § galactosidase (fgal) and
chloramphenicol acelyl transferase {CAT) assays were carried oul on
every sample in all Lreatment groups {n=4 per treatment group). The
CAT activity was normalized to figal activity for every sample. The values
are presented as mean + SEM. The results (fold over vehicle control) were
analysed using anova followed by Student-Newman-Keuls post-hoc test
to compare between groups. *P<(.001 compared to vehicle-ireated
group. TP <0.05 compared 1o oestrogen-treated group.

a moderate level in these interneuroncs (18). Therefore,
regulation of NR2D by ocstrogen via ERx may provide
a mechanism for improved synapse formation during
proestrous in rodents.

Position dependence of the enhancer in the NR2D
gene promoter

In a previous study using both 3" and 5-ERE constructs in
the MCF-7 cell line, 17f-ocstradiol could upregulate the
NR2D gene no matter the position of the enhancer (45).
However, the role of ERx and ER § remained unclear since the
MCEF-7 cell line possesses both ERx and ERJ. In this study
in the CV-1 cell line, the ERx regulates the NR2D gene only
via the physiological 3-ERE. This shows position dependence
of the enhancer element and demonstrates that this cell
line is a good model system to study oestrogen actions. The
noninducibility of the 3’ construct by ERf under similar
conditions to ERx is not due to unequal amounts of ERx
and ERf proteins. Using the *H-oestradiol binding technique
and this transfection model, we have shown previously that
both ER« and ERf proteins are equivalently expressed from
these plasmids in CV-1 cells {30). The ability of ER§ to induce
gene expression in response to 1077 M 17-oestradiol under
the same transfection conditions has also been previously
demonstrated on the physiological PPE promoter containing
two putative EREs where the fold transactivation obtained
with ERf is equivalent to ER«, demonstrating that ERp is
functionally active as a transactivator in this cell line (30).
However, on promoters and in cell lines which require both

AF-1 and AF-2 activity, ERf appears to be a poorer tran-
scriptional activator than ERz (46). Therefore, ERf induc-
tion of gene promoters containing EREs shows promoter
specificity.

TR modulation of ERx-mediated induction from the
3" NR2D gene

Since the consensus hormone response elements bound by
the TR and ER are similar, competition for the ERE by the
TR isoforms with consequent inhibition of ER action has
been shown in previous studies (47). Indeed, the TRal is
an inhibitor of ERx-mediated transactivation of the physio-
logical PPE (30), OTR (32) and simple consensus ERE (37)
promoters in the CV-1 cell line. In all these promoters, the
ERE functions as a 5 gene enhancer. This is the first study
that reports TR modulation via a 3-ERE.

In contrast, with the 3° NR2D construct, surprisingly,
TRaxl stimulates the ERx-mediated transactivation to a small
but reproducible extent. It is possible that the position of
the ERE enhancer (in this case, in the 3° UTR) may influence
TRxl modulation. Is DNA binding neccessary for such
stimulation? The TR P box mutant is an artificial TRal
mutant with a deletion of three amino acids in the conserved
DNA binding domain. This leads to a loss of DNA binding
ability (35). The use of the TR P box mutant shows that
DNA binding is critical in the ability of the TR«1 isoform to
stimulate transcription, This is in contrast to the PPE (30)
and OTR (32) promoters where the loss of DNA binding
ability does not result in loss of TRal-mediated inhibition.
The TRB] isoform inhibited the ERx-mediated induction
from this 3" ERE. This shows that the interaction of the TRx1
and TRBI isoform with the ER« isoform on the NR2D
enhancer is not equivalent.

Isaform specificity: ex-vivo and in-vivo studies

The ex-vive data clearly show that the different TR isoforms
interact differently with the ER« isoform and suggest that the
TRz and TRf isoforms may have unique physiological roles.
The TRe and TRJ isoforms also play distinct roles in the
facilitation of lordosis in female mice. Deletion of the TRxl
isoform resulted in decreased lordosis behaviour in female
mice while loss of the TRS isoforms resulted in increased
lordosis {(48). The data obtained from both cell culture and
knockout mice studies therefore reinforce the idea that TR
isoforms have distinet roles.

Colocalization studies show that, at a rostral level in the
VMH and Arc, 57% and 68% of the neurones which possess
ERx mRNA also possess NMDA-2D, respectively. In the
amygdala, 52% and 45% of ER=x positive cells expressed
NMDA-2D receptor mRNA in the cortical and medial nuclei,
respectively (49). Therefore, the data obtained in such ex-vive
cell culture studies may mirror ERa upregulation of NR2D
mRNA in the amygdala and VMH jn vive. A caveat to these
studies is that it is not clear if the upregulation of a single NR2
subunit would allow for an increase in glutaminergic trans-
mission and higher lordosis. Further studies on ocestrogen
regulation of other NR2 subunits would be neccessary.

¢ 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 836-842
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Role of differential crosstalk in neuroendocrine integration

Thyroid hormone elevation has been shown to have an
adverse effect of reproduction in several species, such as
starlings (50, 51), sheep (52-56) and redents {57, 58). Admin-
istration of thyroxine to ovariectomized oestrogen-treated
rats (58) and mice (57) reduces lordosis compared to
ovariectomized rodents that received oestrogen alone. Female
ovariectomized and oestrogen-treated mice deleted for TR
isoforms demonstrated higher lordosis than the STRWT,
suggesting that TRS may exert an inhibitory influence on
ER controlled reproduction (48).

Downstream ER target genes, such as OT, OTR and PPE
and NR2D, might comprise the causal routes through which
such inhibition could be mediated (31, 59). In fact, the
inhibition of ER«-mediated induction of NR2D by TRf1
could be one of the factors that results in the lower lordosis
behaviour of the female STRWT mice. The existence of
several isoforms of a single gene therefore could provide for
different transcriptional outcomes which, in turn, subserve
neuroendocrine integration and homeostasis.
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Background: Recent studies have revealed that a mis-sense mutation replacing tryp-
tophan with arginine at codon 64 (Trpé4Arg) of the beta3-adrenergic receptor (83-AR)
gene was associated with insulin resistance in non-diabetic subjects and to earlier onset of
non-insulin dependent diabetes mellitus. To analyze a possible involvement of #3-AR in
bone metabolism, we investigated the association between bone mineral density (BMD)
and the Trp64Arg polymorphism.

Methods: A large cohort of Japanese postmenopausal women comprised the study popu-
lation. The genotypic frequencies in this cohort were Trp/Trp, 61.8%; Trp/Arg, 33.2%; and
Arg/Arg, 5.0%.

Results: When the subjects were separated into two groups, one bearing at least one Trp
allele at codon 64 (Trp/Trp and Trp/Arg) and the other with none (Arg/Arg), the former
subjects had significantly higher Z scores for total-body BMD (mean+SD, 0.432+0.93
versus —0.135+0.93; P=0.033).

Conclusions: These data suggested an association between this single-nucleotide poly-
morphism (SNP) in the 83-AR gene and BMD, and therefore a possible involvement of the
Arg allele {or the absence of Trp64) in postmenopausal osteoporosis among Japanese
women,

Keywords: beta3-adrenergic receptor, genetics, osteoporosis, polymorphism.

Introduction

The beta3-adrenergic receptor (B3-AR), a G-protein
linked receptor with seven membrane-spanning
domains,! is expressed predominantly in brown adipose
tissue in neonates and in visceral adipose tissue in
adults.? Cumulative evidence indicates that p3-AR
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mediates adrenergic regulation of metabolism of adipose
tissues, playing important roles in the control of lipolysis
and thermogenesis. Dysfunction of B3-AR may cause
obesity and insulin resistance, a hypothesis supported
on the basis of phenotypes of knockout mice? In
humans, a Trp64Arg mis-sense mutation in the first
exon has been associated with increased body mass
index,* insulin resistance’ and earlier onset of type Il
diabetes mellitus.® Adrenergic receptors are present in
osteoblastic cells, and pharmacological activation of
B-AR has caused bone resorption in an organ-culture
system.” Moreover, B-adrenergic stimulation induces
expression of osteoclast differentiation factor (ODF) in
osteablastic cells in a process mediated by B-AR.8
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Amino acid variation and bone density

Osteoporosis is characterized by low bone-mineral
density (BMD) and by deterioration of the microarchi-
tecture of bone tissue with a consequent increase in
fragility and susceptibility to fracture.” Bone-mineral
density, the most important predictor of fracture, is
determined by genetic as well as environmental factors.
The importance of genetic factors has been well sup-
ported from twin'®1? and family studies.’®'* People car-
rying genetic risk are considered more susceptible to
life-style factors. Therefore genetic risk factors need to
be clarified for adequate diagnosis, prevention and early
treatment of osteoporosis and, from a scientific point of
view, if the relevant genes were identified the pathogen-
esis of osteoporosis could be explained by variations in
those genes or in loci adjacent to them.

After an association of BMD with vitamin D receptor
(VDR) genotypes was reported,’”® polymorphisms in
several other genes were investigated as potential risk
factors.'® These genes include the estrogen receptor
(ER),1"13 collagen type Ial (COLIAT),'® and parathyroid
hormone (PTI).? Considering the polygenic nature of
BMD distribution and the multiplicity of endocrine
factors known to regulate bone mass and bone turnover,
it is important that the panel of candidate genes be
expanded, to elucidate the whole genetic background of
osteoporosis.

For the present study we chose the i3-AR gene as a
candidate genetic marker for osteoporosis, and investi-
gated a possible association between the Trp64Arg poly-
morphism in this gene and BMD in postmenopausal
Japanese women.

Materials and methods

Subjects

Genotypes were analyzed in DNA samples obtained
from 280 healthy postmenopausal Japanese women
(mean age+SD; 65.4+8.9 years) living in Nagano pre-
fecture, Japan. Exclusion criteria included endocrine
disorders such as hyperthyroidism, hyperparathyroid-
ism, diabetes mellitus, liver disease, renal disease, use
of medications known to affect bone metabolism (e.g.
corticosteroids, anticonvulsants, heparin), or unusual
gynecologic history. Diagnostic criteria of diabetes mel-
litus for exclusion was as follows: (i) past history of dia-
betes mellitus; (if) medication of antidiabetic drugs; (iii)
fasting venous plasma blood sugar levels above 110 mg/
dL (see online at http:/fwww jds.orjp/shindankijyun/
tables/Table3_e.html), All were non-related volunteers
and provided informed consent before the study.

Measurement of BMD and biochemical markers

The lumbar-spine BMD and total-body BMD (in g/fcm?)
of each participant were measured by dual-energy X-ray

absorptiometry using fast-scan mode (DPX-L; Lunar,
Madison, WI, USA). We measured serum concentra-
tions of calcium (Ca), phosphate (P), alkaline phos-
phatase (AL-P), intact-osteocalcin (I-OC, ELISA; Teijin,
Tokyo, Japan), 1,25(OH),D;, parathyroid hormone
(PTH), and calcitonin (CT). We also measured the uri-
nary calcium/creatinine and phosphate/creatinine ratios,
pyridinoline (Pyr, HPLC method) and deoxypyridinoline
{Dpyr, HPLC method). The BMD data were recorded as
‘Z scores’; that is, deviation from the weight-adjusted
average BMD for each age. Z scores were calculated
using installed software (Lunar DPX-L) on the basis of
data from 20000 Japanese women.

Polymerase chain reaction-restriction fragment
length polymorphism

Polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP} experiments were per-
formed as previously described!® using oligonucleotide
PCR primers designed to amplify part of exon 1 of 83-
AR. The reaction was carried out in a final volume of
25pL containing 100ng of genomic DNA obtained
from peripheral white blood cells, 10pmol of each
primer (primer 1: 5’ ~ CGC CCAATACCG CCAACA -
3’ primer 2: 5" - CCA CCA GGA GTC CCATCA -39,
200 mmol/L each dNTF, 10 mmol/L Tris-HCl (pH 8.3},
S0mmol/L KCl, 1.5 mmel/L MgCl2, 0.001% gelatin
and 0.1 U Taq DNA polymerase (Takara, Kyoto, Japan).
Each PCR was performed in 30 cycles of 30s at 94°C,
30s at 61°C, and 30s at 72°C. The PCR product was
electrophoresed in a 2% agarose gel to verify the reac-
tion; then the amplified product was digested with BsfINI
and electrophoresed in a 3.0% agarose gel. DNA was
visualized by staining with ethidium bromide.

Statistical analysis

Comparisons of Z scores and biochemical markers
between the group of individuals possessing one or two
alleles of the Trp genotype and the group with only Arg
encoded at that locus were subjected to non-parametric
analysis (Student’s t-test; StatView-] 4.5). A P-value less
than 0.05 was considered statistically significant. Coeffi-
cients of skewness and kurtosis were calculated to test
deviation from a normal distribution. Because the clini-
cal and biochemical traits in each genotypic group were
normally distributed, we applied the Student’s t-test,
using the InStat 3 software package for Windows
{GraphPad software, San Diego, CA). Bonferroni’s cor-
rection was proposed for use in case-control association
studies using normal and case populations in which
allelic association derives from linkage disequilibrium
between alleles of certain loci and affected state (i.e.
when disease-bearing chromosomes are descended
from one or few ancestral chromosomes). In allelic asso-
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ciation studies, Bonferroni's school considers that this
correction would avoid type-1 errors (false positives).
However, most other statisticians believe that this cor-
rection is too stringent, because when each hypothesis
is tested independently, there is no reason to change the
significance level according to the number of hypothe-
ses tested in a single study. For instance, in a genome-
wide scan for allelic association using 300 markers, only
extraordinarily strong associations would be taken as
significant when the Bonferroni correction is applied
(i.e. P<0.00017, instead of the ordinary level of P<0.05).
In other words, the more loci being analyzed in an asso-
ciation study, the more difficult it would be to obtain
significant results under such a hypothesis.?!

Results

We used the PCR-RFLP method to detect the Trp — Arg
substitution in exon 1 of the 83-AR gene in DNA from
Japanese women (Fig. 1). As predicted, digestion of the
161-bp PCR product with Bst-NI produced three dis-
tinct patterns. A single 161-bp product was derived from
Arg/Arg homozygotes (lane 2); 161-, 99- and 62-bp
products were derived from Trp/Arg heterozygotes

Genotype
Arg/Arg Trp/Arg Trp/Trp

161 bp
99 bp
62 bp

Lane

Figure1 Electrophoresis of PCR products revealing
polymorphism in A3-AR, after digestion of DNA with BstNL
In recombinant DNA samples, a single 161-bp product was
derived from Arg/Arg homozygotes (lane 2); 161-, 99-, and
62-bp products were derived from Trp/Arg heterozygotes
(lane 3); and 99- and 62-bp products were derived from Trp/
Trp homozygotes (lane 4}. Lane 1, molecular-weight marker.
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(lane 3); and 99- and 62-bp products were derived from
Trp/Trp homozygotes (lane 4).

Among the 280 healthy postmenopausal volunteers
who were not taking any medication, 178 were Trp/Trp
homozygotes, 89 were Trp/Arg heterozygotes, and 13
were Arg/Arg homozygotes. Allelic frequencies were

03 -

02| |

<]
1<
& i
N
01
0
Trp/Trp ArglArg
Trp/Arg
b i
04
41}
<]
2 02 |
N
0
Tmp/Trp Arg/Arg
=02 = Tp/arg

Figure2 Z scores for (a) lumbar-spine bone mass density
and (b) total-body bone mass density in postmenopausal
women with each genotype of the 3-AR restriction fragment
length polymorphism. (l} Women with genotypes having one
or two Trp alleles (Trp/Ttp and Trp/Arg), n=267; (C) women
with Arg/Arg genotypes, n= 13. Values are expressed as mean &
SE. *P<0.05.
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0.795 for the wild-type Trp allele and 0.205 for the Arg
allele in this test population.

We compared Z scores for BMD of lumbar spine and
total body between subjects bearing at least one Trp
allele (Trp/Trp + Trp/Arg) and subjects with no Tip alle-
les (Arg/Arg). Z scores for lumbar BMD between the
groups with and without Trp alleles showed no statisti-
cally significant difference (Fig. 2a). In contrast, Z scores
for total-body BMD in the Arg/Arg homozygote group
were significantly lower than in women carrying at least
one Trp allele (Fig. 2b). As shown in Table 1, there were
no differences in the background data from one group
to the other; that is, mean age, height, weight, years
since menopause, and biochemical markers (AL-P, I-
OC, Pyr, and Dpyr). Thus, apart from whole-body BMD,
we found no statistically significant association between
the B3-AR polymorphism and any other profile.

Discussion

This study is the first to investigate the influence of a
genetic variation of the £3-AR gene on bone-mineral
properties. The allelic frequencies of the Trp — Arg sub-
stitution in exon 1 in Japanese postmenopausal women

were in Hardy-Weinberg equilibrium. We demonstrated
that the women who carried two alleles of the silent
transition to Arg at that locus showed lower total-body
BMD. Lowered BMD in postmenopausal women can
reflect abnormally rapid bone loss and/or lower peak
bone mass (bone mass of the young adult). The data
presented here showed no association between markers
of bone metabolism and the 83-AR polymorphism, sug-
gesting that the effects of this locus on BMD may be
related to metabolism of bone in an earlier period of life,
for example in the growing phase. Studies in different
age groups could assist our understanding the mecha-
nism involved.

In the present study, significant correlation was
observed between total body BMD and the allelic status
at the 83-AR locus; however, such correlation was not
found with lumbar spine BMD. It is known that lumber
spine BMD mainly reflects cancerous bone volume,
whereas total bone volume reflects both cortical bone
thickness and cancerous bone volume equally. The
present data implies that the 83-AR gene variation might
affect mainly cortical bone thickness and, to a lesser
extent, cancerous bone volume. Alternatively, site-
specific effects of the gene variation might influence

Table1l Comparison of background and biochermical data for all subjects in

the two genotypic groups

ftems Genotype (meanSD) P-value
Trp/Trp + Trp/Arg Arg/Arg
No, subjects 267 13 -
Age {years) 65.4+8.8 66.2+11.0 NS
Height (kg) 150.5+6.4 148.4+68 NS
Body weight (kg) 50.9+8.1 47.7+11.0 NS
Time since menopause (years)  15.6+9.6 18.6£9.7 NS
Lumber spine BMD (Z score)  0.145+1.36 0.179+2.11 NS
Total body BMD (Z score) 0.432+0.93 -0.135£0.93 0.033
Ca (mg/dL) 9.14+0.39 899+042 NS
P (mgtdl) 3.51+£0.43 3.35+£0.50 NS
AL-P (1U/1) 173.7+£56.2 166.1x64.1 NS
[-OC {ng/mL) 7.6+£3.7 6.7+3.0 NS
PD (pmolfumol of Cr) 33.5+10.5 32.2+498 NS
DPD (pmol/umol of Cr) 7.28+2.33 6.95x1.69 NS
Intact PTH (pg/mL) 37.2+13.6 41.0£13.1 NS
Calcitonin (pg/mL) 22.5+9.3 21.14£91 NS
1,25 {(OH),D; (pg/mL) 33.8x124 30.8+102 NS
TC (mg/dL) 195.7+33.4 201.3£37.2 NS
TG (mg/dL) 144.7+80.3 126.5+746 NS
% fat 32.1x7.9 28.0+£11.0 NS
BMI 22.5+3.2 21.2+42 NS

BMD, bone mass density; Ca, calcium; P, phosphate; AL-P, alkaline phosphatase; I-
OC, intact-osteocalcin; PD, pyridinoline; DPD, deoxypyridinoline; PTH, parathyroid
hormone; TC, total cholesterol; TG, triglyceride; BMI, body mass index; NS, not

significant.

Statistical analysis was performed according to the method described in the text.
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regulation of cancerous bone volume in regions other
than vertebral bone.

The Trp64Arg mis-sense mutation in exon 1 of the
B3-AR gene has already been associated with increased
body-mass index? and insulin resistance’ as well as ear-
lier onset® and high prevalence® of type I diabetes mel-
litus. If the polymorphism contributes to the observed
variability in body-mass index and insulin sensitivity,
those factors in turn may influence bone mineralization.
Moreover, recent studies have revealed that physiologi-
cal responses of osteoblastic cells to adrenergic stimula-
tion are mediated by B-AR as well as by a-AR;3?3 the
expression of ODF and its decoy receptor, osteoclast-
genesis inhibitory factor (OCIF), are regulated by b-AR
and a-AR, respectively.® It is possible that allelic varia-
tion at the (Trpb4Arg) site in the B3-AR gene can disturb
the physiological balance between ODF and OCIF
expression, thus modifying bone-mineral density.
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Klotho Gene Polymorphisms Associated With Bone
Density of Aged Postmenopausal Women

KEN-ICHI KAWANO,! NAOSHI OGATA,' MATHIAS CHIANO,Z HELEN MOLLOY,?2 PATRICK KLEYN,?
TIM D. SPECTOR,> MOTOYUKI UCHIDA,' TAKAYUKI HOSOL?* TAKAO SUZUKI,* HAJIME ORIMO,*
SATOSHI INQUE,® YOICHI NABESHIMA,® KOZO NAKAMURA,! MAKOTO KURO-0,” and
HIROSHI KAWAGUCHI"

ABSTRACT

Because mice deficient in klotho gene expression exhibit multiple aging phenotypes including osteopenia, we
explored the possibility that the klotho gene may contribute to age-related bone loss in humans by examining
the association between klotho gene polymorphisms and bone density in two genetically distinct racial
populations: the white and the Japanese, Screening of single-nucleotide polymorphisms (SNPs) in the human
klotho gene identified 11 polymorphisms, and three of them were common in both populations. Associations
of the common SNPs with bone density were investigated in populations of 1187 white women and of 215
Japanese postmenopausal women. In the white population, one in the promoter region (G-395A, p = 0.001)
and one in exon 4 (C1818T, p = 0.010) and their haplotypes (p < 0.0001) were significantly associated with
bone density in aged postmenopausal women (=65 years), but not in premenopausal or younger postmeno-
pausal women. These associations were alse 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:

INTRODUCTION

STEOPOROSIS 1S a systemic bone disorder characterized

by decreased bone density and disturbed skeletal archi-
tecture, which results in an increased risk for bone fractures
with consecutively increased morbidity and mortality. Ac-
cumulating evidence has shown the involvement of genetic
factors in the decrease of bone density." Twin and sibling
studies have revealed that 50-90% of the variation in bone
density is accounted for by genetic factors.™ " In fact, some

The authors have noe conflict of interest.

osteoporosis, aging, pathophysiology, genetics, association

loci, such as the vitamin D and estrogen receptor genes, as
well as the collagen type Il 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 10 be
modest, discrepancies between allelic association studies
may have arisen because different populations carry differ-
ent genetic backgrounds.

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

A human homologue of the klotho gene was isolated and
its gene structure was determined.”* The human kfotho
gene is composed of five exons and ranges over 50 kb on
chromosome 13q12. To examine a possible centribution of
the klotho gene to the pathophysiology of osteoporosis in
humans, this study screened for single-nucleotide polymeor-
phisms (SNPs) in and around the coding regions of the
human klotho gene that could modify KL protein expression
or function and examined the association of these SNPs
with bone density. To avoid influence of the difference in
genetic backgrounds, we analyzed two genetically distant
populations: white and Japanese women.

MATERIALS AND METHODS
SNP screening

For the screening of SNPs in the klotho gene, DNA
samples were extracted from peripheral blood obtained with
writtent informed consent from 16 unrelated white women
taking part in Gemini Genomics clinical genetics programs
and 115 unrelated Japanese subjects (56 men and 59
women) who visited the orthopedic clinic of Tokyo Univer-
sity Hospital. All exons (exons 1-5) with their flanking
sequences and ~2.0 kb of the promoter region were directly
sequenced with DNA sequencer (ABI PRISM 310; Perkin
Elmer, Foster City, CA, USA) using 17 sets of primers (the
information of primers and polymerase chain reaction
[PCR] conditions are available on request). The allelic fre-
quency of each SNP in the Japanese population was calcu-
lated based on the results obtained from this direct sequenc-
ing. To determine the allelic frequency of each SNP in the
white population, 288 unrelated white female samples were
analyzed further in several ways as follows. For the
G-395A, G1110C, C1818T, and C2298T SNPs, Tagman
allelic discrimination assays were used (see the following
paragraphs for details). The G-959C, -744delA, and IVS
4+22A->T SNPs were analyzed by allele-specific PCR,
and the G1204A SNP was analyzed by PCR restriction
fragment length polymorphism (RFLP) by Apol endonucle-
ase (details available on request).
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Association study

For the study on the white population, DNA samples
were obtained from 1187 unrelated white women recruited
nationwide from the United Kingdom via media campaigns,
as part of the St. Thomas' UK Adult Twin Registry, and
written informed consent was obtained before investigation.
No participant had medical complications known to affect
bone metabolism, and no participant was receiving therapy
for osteoporosis. Genotyping was performed for the three
common SNPs (G-395A, C1818T, and C2298T) by 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, TTTACTCCAGGAAATGCATGTTACACATTTT;
TET-labeled probe, TTACTCCAGGAAATGCACGTTA-
CACATTTT

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

Primer and probe concentrations were optimized accord-
ing to the manufacturer’s recommendations so that each
reaction contained 50 oM of FAM-labeled probe, 200 nM of
TET-labeled probe for assays G-395A and C1818T, and 350
nM of TET-labeled probe for C2298T, 300 nM of reverse
primer, and 50, 300, or 900 mM of forward primer for
G-395A, C1818T, and C2298T assay, respectively. Tagman
reactions were thermocycled as follows: 50°C for 2 min-
utes, 95°C for 10 minutes; 40 cycles of 95°C for 15 s
followed by 60°C for 1 minute. The completed reactions
were analyzed on an ABI Prism 7200 sequence detection
platform (Perkin Elmer). Bone mineral density (BMD),
gfem?®) of the whole body was measured by DXA (QDR
4500/w; Hologic, Inc. Waltham, MA, USA). This parameter
was also recorded as a Z score that is a deviation from the
weight-adjusted average BMD of each age based on data
installed 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
mineral analyzer (DTX-20{; Osteometer Co., Ltd., Hoers-
holm, Denmark).

Electrophoretic mobility shift assay

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

Location Nucleotide change Amino acid substitution Allelic frequency
White population Promoter -959 (G —C) — 0.003
(n = 28%) Promoter —744 (del A) — 0.212
Promoter -395(G —A) — 0.196
Exon 2 1NigG —=C) Cys — Ser 0.154
Exon 2 1204 (G — A) Lys — Lys 0170
Exon 4 1818(C—T) His — His 0.411
Exon 4 2298 (C—T) Ala — Ala 0.132
Intron 4 IVS4 +22(A—T) — 0.121
Japancse population Promoter —395(G — A) —_ 0.143
{n = 115) Exon 1 44 (A-0) Gly - Pro 0.025
Exon 1 234(C—-G) Ala — Gly 0.031
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.

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

Statistical analysis

The ¥ 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,
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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 sobstitutions. Allelic frequencies of minor al-
leles in these SNPs were fairly frequent in both populations
but were significantly different between populations.

Characteristics of the common polymorphisms in white
and Japanese women

These three SNPs commonly identified in the two popu-
lations were used to study the association of the klotho gene
with bone density in women. Unrelated white women (n =
1187, 18-72 years, 47.1 = 12.0 years, mean * SD) and
unrelated Japanese postmenopausal women (n = 215,
66-92 years, 72.9 * 5.5 years) were analyzed for associa-
tion. Because menopause is known to be a major factor for
bone loss in women, we divided the white population into
three subgroups according to their menopausal status: def-
inite premenopausal women (r = 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, 35-64 years, and =65 years old
(Table 2). The allelic frequency of minor alleles was not
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TABLE 2. ASSCCIATION OF CoMMON SNPs WITH MENOPAUSAL STtaTus, AGE, AND BMI

C2298T

Ci1818T

G-3954

BMI

BMI

BMI

Allelic
Jrequency

Allelic
Jrequency

Allelic
Sfrequency

T

ciC

T

T

c/C

A/A

G/A

GG

White population

2455 * 0.30

2462 £ 023 2422045 2291 * 135
24.04 £ 047 2530 1.06 2456 *£0.52

2490 20,15 2484 x 0.26 22583 +0.88
2515026 2591 *0.51

0.124
0.121
0.109

0.120
0.093
0.136

2503 019 2479+ 0.30
2522032 2478+ 0.53
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0.225
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Premenopausal {(»
54 years (n
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Postmenopausal (n
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All(n =

0.66 2677 x1.30

25.64 £ 0.35 2593 059 2453032
+
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2599 = 0.52 2567 + 044 2513075
2584+ 123 2599+ 078 1536* 089

0417
0.382

25502036 26.11 =059 2505 1.66
2593 £0.72 2565023 2636* 176

0.210
0.236

= 197)
= 55

65 years (n

Japanese population

=

0.256 23212028 22890+ 028 2346+224

2346 = 048 2334 > 046 21.02+083

0.248

2396+ 0.34 2273 x 145 2345053

0.128

215, > 65 years)

All: Postmenopausal

[¥3

Allelic frequency indicates the frequency of the minor allele in each SNP, BM!I data are mean * SEM. There was no significant difference of BM1 among genotypes of each SNP (all p >

0.05).
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significantly different among subpopulations in each popu-
lation and was similar to that obtaincd 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 > 0.05). These results indicate that these SNPs are not
associated with menopausal 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 maximum-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 polymorphisms 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 (n = 506, 1012 alleles) and
definite postmenopausal women (n = 364, 728 alleles), respec-
tively, No difference in BMI> was seen between allele types of
any SNPs in premenopausal women. However, there was a
weak but significant association between BMD and CI1818T
SNP in postmenopausal women: the minor 7T 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 CI818T site was still associated with a lower Z
score in postmenopausal women (£=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 CI§18T 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 C1818T SNPs showed a signifi-
cant association with BMD in the oldest subpopulation (p =
0.003 and 0.014, 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. 1. Association of the three common SNPs with BMD in white
women. BMD of the whole body was compared (A and B) between the
major and minor alleles and (C) among genotypes. (A) Association of
allele types with BMD in the three different subgroups classified
according to their menopausal status: all women (ALL; n = 1187, 2374
alleles), definite premenopausal women (PRE; n = 506, 1012 alleles),
and definite postmenopausal women (POST, n = 364, 728 alleles). (B)
Association of allele types with BMD in the three different age groups
of definite postmencpausal women (r = 364): those =54 years (n =
112, 224 alleles), 55-64 years (n = 197, 394 alleles), and = 65 years
(n = 85, 110 alleles). (C) Association of three genotypes with BMD in
the oldest subpopulation (=65 years old, n = 55). Dala are expressed
as means (bars) = SEMs (error bars) for the (A and B) number of
alleles and (C) women shown under each bar. The p values of the
difference in the mean BMD between major and minor alleles in panels
A and B are shown as the numbers above the bars (Student-Newman-
Keuls test) and those among genotypes in panel C are 0.003, 0.014, and
0.573 for G-395, C1818T, and C2298T, respectively (Kruskal-Wallis
test).

in postmenopausal women (p = 0.007), especially in aged
women (=65 years, p << 0.0001), but not in all premeno-
pausal or younger postmenopausal women.
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=65 years {n = 55)
1.052 = 0.010(15)
1.009 + 0.014(18)
0.985 = 0.020 (4
0.944 = 0.015(18)

197)

1.116 * 0.006(51)
1.115 + 0.009(73)
1.097 = 0.014(17)
1.080 = 0.019(56)

(n

55-64 years

112)

1.139 = 0.009¢21)
1.112 = 0.009(49)
1.101 = 0.014 (9)

Postmenopausal
1111 = 0.014(33)

54 years {n

=

Al {n = 364)

1.113 = 0.004 (87)

1.098 = 0.006 (140)
1.081 £ 0.010(30)

1.069 £ 0.012 (107)

(n = 506)
1.169 = 0.003 {120)
1.170 + 0.004 {181)
1.173 = 0.007 (30)
1.186 * 0.006(175)

TasLE 3. BMD oF EacH HarLOTYPE OF G-395A anp C1818T SNPs 1N THE WHITE POPULATION
Premenopausal

All (n = 1187)
1.138 % 0.002 (301)
1.135 x 0.003 (423)
1.138 = 0.006 (82)
1.142 *+ 0.006 (381)

H2{— +)
H3 (+ =)
H4 (+ +)
p Value

HI (- =)

Haplotype

KAWANO ET AL.

0.140 0.007 0.066 0.054 <0.0001

0.644

(—) Denotes women without the minor allele (G/G for G-395A and C/C for C1818T) and (+) denotes those with the minor allele (G/A or A/A for G-395A, and C/T or T/T for C1818T).

Data are means = SEM for the number of women in the parenthesis. p Values were determined by nonparametric analysis (Kruskal-Wallis).




