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Abstract

Summary The P2X; receptor is an ATP-gated cation channel.
We investigated the effect of both loss-of-function and gain-
of-function polymorphisms in the P2X; receptor gene on
BMD and risk of vertebral fractures and found that five poly-
morphisms and haplotypes containing three of these poly-
morphisms were associated with BMD and fracture risk.
Introduction The P2X; receptor is an ATP-gated cation
channel. P2X; receptor knockout mice have reduced total
bone mineral content, and because several functional poly-
morphisms have been identified in the human P2X receptor
gene, we wanted to investigate the effect of these polymor-
phisms on BMD and risk of vertebral fractures in a case—
control study including 798 individuals.

Methods Genotyping was carried out using TagMan assays.
BMD was measured using dual energy X-ray absorptiometry,
and vertebral fractures were assessed by lateral spinal X-rays.
Results The rare allele of a splice site polymorphism, 151+1:
G-T, was associated with increased fracture risk and reduced
BMD in women. Two other loss-of-function polymorphisms,
Glu496Ala and Gly150Arg, were also associated with BMD.
The Glu496Ala variant allele was associated with decreased
lumbar spine BMD in women and decreased total hip BMD in
men. The 150Arg allele was associated with decreased total
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hip BMD in women and men combined. The minor allele of
the gain-of-function polymorphism, Ala348Thr, was associ-
ated with reduced fracture risk and increased BMD at all sites
in men. The GIn460Arg variant allele, which has been asso-
ciated with increased receptor function in monocytes, was
associated with increased total hip BMD in women. With
the exception of His155Tyr for which we found conflicting
results in men and women, our results are consistent with the
phenotype of the knockout mouse. Analysis of a haplotype
containing Ala348Thr, GIn460Arg, and Glu496Ala showed
that the effects of the haplotypes on BMD and fracture were
driven by Ala348Thr in men and by Gln460Arg and
Glu496Ala in women.

Conclusion In conclusion, we found that functional poly-
morphisms in the P2X; receptor gene and haplotypes con-
taining three of these polymorphisms are associated with
osteoporosis.

Keywords Genetics - Osteoporosis - P2X; receptor -
Polymorphisms - Vertebral fracture

Introduction

Osteoporosis is a common skeletal disorder characterised by
low bone mineral density (BMD) and microarchitectural
deterioration of bone tissue, resulting in increased fracture
risk [1]. The disease is caused by multiple genetic and
environmental factors, as well as interactions between these
factors. The genetic influence on the pathogenesis is high.
Twin and family studies have suggested that between 50 %
and 80 % of the interindividual variance in BMD is genet-
ically determined depending on age and skeletal sites [2].
Fracture risk is also heritable, but several studies have
shown that the inheritance of fracture risk is at least partly
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independent of BMD, suggesting that other factors such as
bone turnover, bone geometry, and risk of falling may also
mediate the genetic susceptibility to fracture [3, 4]. The
effect of individual polymorphisms is, however, modest
and most of the genes involved in the pathogenesis of
osteoporosis are still unknown [5].

The P2X; purinergic receptor is a ligand-gated cation
channel [6] that is expressed in many cell types including
cells of the immune system [7], osteoclasts [8, 9], and
osteoblasts [10, 11]. P2X5 receptors are trimers and the
P2X; subunit is 595 amino acids long and consists of two
hydrophobic transmembrane domains, intracellular N- and
C-termini and a large extracellur domain [6]. Activation of
the receptor by extracellular ATP opens the cation-selective
channel allowing influx of Ca®>" and Na* and efflux of K*
[12]. Prolonged or repeated exposure to ATP induces for-
mation of a larger pore that allows passage of molecules up
to 900 Da [13].

In cells of the immune system, P2X receptor activation
leads to multiple downstream events, including activation of
metalloproteases [14, 15], release of interleukin-1(3 [16] and
apoptosis [17, 18]. The effects of P2X5 receptor activation
in osteoclasts and osteoblasts have not been as thoroughly
described, but it has been shown that P2X receptor activa-
tion in osteoblasts induces membrane blebbing [10, 19],
stimulates differentiation, enhances mineralization [20],
and increases the response to fluid shear stress [21]. In
osteoclasts, activation of the P2X receptor leads to activa-
tion of NF-«kB [22] and induction of apoptosis [23]. P2X,
receptors on osteoclasts are also involved in formation of
multinucleated osteoclasts [11, 24, 25] and intercellular
calcium signaling between osteoblasts and osteoclasts [26].

The importance of the P2X; receptor in bone metabolism
has been demonstrated by the characterization of a knockout
model. Disruption of the P2X; receptor gene in mice
resulted in reduced total bone mineral content, decreased
periosteal bone formation, increased trabecular bone resorp-
tion, and increased osteoclast surface and numbers [11].
Furthermore, the effect of mechanical loading on periosteal
bone formation was strongly reduced in the knockout mice
[21].

There is a considerable variation in P2X; receptor func-
tion between humans [27]. This may be explained at least, in
part, by several loss-of-function and gain-of-function poly-
morphisms. Eight loss-of-function polymorphisms in the
gene encoding the human P2X; receptor, P2RX7, have been
well-characterized. The three most frequent of these, substi-
tution of Val76 with Ala (rs17525809), Thr357 with Ser
(rs2230911), and Glu496 with Ala (rs3751143), have minor
allele frequencies between 6 and 18 % in Caucasians and
cause reduced receptor function [28-31]. In contrast to these
polymorphisms, a splice site polymorphism, 151+1G-T
(rs35933842) and the nonsynonymous polymorphisms,
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Gly150Arg (1rs28360447), 1le568Asn (rs1653624), and
Arg307Gln (rs28360457), are very rare and result in com-
plete lack of functional P2X; receptors [28, 29, 32-34].
Four other nonsynonymous polymorphisms, Arg270His
(rs7958311), Hisl155Tyr (rs208294), Ala348Thr
(rs1718119), and GIn460Arg (rs2230912), have been char-
acterized as being gain-of-function polymorphisms using
recombinant expression or have been shown to be associat-
ed with gain of P2X; receptor function [27-29, 35].

Two recent studies have found associations between non-
synonymous polymorphisms in P2RX7 and BMD, bone
loss, and vertebral fracture risk in early postmenopausal
women [36, 37]. In this study, we wanted to examine if
genetic variations in P2RX7 affect BMD and the risk of
vertebral fractures in older Danish men and women.

Study population and methods
The AROS study population

The study was a case—control study. The cases comprised 462
osteoporotic women and men, defined by a T-score <—2.5 or
at least one nontraumatic fracture of the spine, referred to the
Department of Endocrinology at Aarhus University Hospital.
Patients with secondary causes of osteoporosis such as vita-
min D deficiency, thyroid disease, or early menopause and
patients receiving medication known to influence BMD or
bone turnover were excluded from the study. Vertebral frac-
ture was defined as a 20 % or more reduction of the anterior,
posterior, or central height of a vertebra as assessed by X-ray
[38]. The controls comprised 336 men and women not having
diseases or taking medications known to influence BMD and
bone turnover. The controls were recruited from the local
community by invitations posted at places of work, senior
citizens clubs, schools, educational institutions, hospitals, and
at general practitioners. Characteristics of the case and control
groups are shown in Table 1. Analyses of association between
the polymorphisms and the risk of fracture were conducted in
subgroups matched for age, gender, and menopausal status
(Table 2). The study was approved by the local ethical com-
mittee and conducted according to Helsinki Declaration II.

BMD measurements

BMD of the lumbar spine and the following standard sites at
the hip: femoral neck, trochanter, intertrochanteric region,
and Wards triangle, was assessed using dual energy X-ray
absorptiometry (DXA) on a Hologic 1000 (Hologic Europe,
Belgium) (CV=1 % at the lumbar spine and 2 % at the total
hip) or a Norland bone densitometer (Gammatec, Denmark)
(CV=1 % at the lumbar spine and 1.8 % at the total hip).
Results obtained on the Norland densitometer were
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Table 1 Characteristics of the
AROS study population Osteoporosis Normal control
Women Men Women Men
Number 360 102 262 74
Age (years) 64.6+10.1 55.6+14.8 57.9+15.1 52.5+16.7
Weight (kg) 62.2+11.2 76.8+12.3 66.1+10.3 80.5+12.4
Height (cm) 160.3+6.7 175.9+7.6 163.5+6.2 176.5+£7.1
BMI (kg/m?) 24.2+4.3 24.9+3.8 24.8+3.9 25.9+£3.5
BMD LS (g/cm?) 0.721£0.120 0.788+0.129 0.960+0.141 1.017+0.158
BMD FN (g/cm?) 0.590+0.098 0.667+0.112 0.750+0.111 0.787+0.147
Age, weight, height, BMI, and BMD TH (g/cm?) 0.673+0.119 0.774%0.128 0.868+0.117 0.974+0.162

BMD are shown as mean + SD

corrected for the difference between the two densitometers
using the correction formulas suggested by Genant et al.
[39].

Selection and genotyping of P2RX7 polymorphisms

For selection of polymorphisms in P2RX7, we searched the
literature for functional polymorphisms and the dbSNP da-
tabase for nonsynonymous polymorphisms with a minor
allele frequency of at least 5 % in May 2009. This resulted
in the identification of 11 polymorphisms. Genomic DNA
was isolated from whole blood leukocytes as described by
Kunkel et al. [40] or by using commercially available kits
from Qiagen or Sigma-Aldrich. Genotyping was performed
using TagMan allelic discrimination assays. Assay-specific
primers and allele-specific TagMan MGB probes were
obtained from Applied Biosystems as Pre-Designed or Cus-
tom TagMan SNP Genotyping Assays. PCR was carried out
with reaction mixes of 3 or 4 ul containing 5-20 ng of
genomic DNA, TagMan Universal PCR Master Mix No
AmpErase UNG (Applied Biosystems) and TagMan SNP
Genotyping Assay Mix. Thermocycling was performed on
an ABI 7500 FAST Real-Time PCR System using the fol-
lowing protocol: 95 °C for 10 min followed by 40 cycles of
92.1 °C for 15 s and 60 °C for 1 min. Pre- and post-PCR

fluorescence measurements were done with the same instru-
ment. Sequence detection software version 1.3 (Applied
Biosystems) was used to call genotypes manually. The
reproducibility of genotyping was determined by analyzing
45 randomly selected samples (approximately 5 % of the
study population) twice. No inconsistent genotype calls
were observed.

Statistical analyses

Deviation of genotype frequencies from those expected
under Hardy—Weinberg equilibrium was tested in the normal
controls by the x” test. Pairwise linkage disequilibrium (LD)
between all SNPs was calculated using Haploview v4.0
[41].

Differences in the prevalence of the genotypes between
osteoporotic patients with vertebral fractures and age- and
gender-matched normal controls were tested using the x>
test. The effect of genotypes on fracture risk was also
examined by logistic regression analysis including age,
body weight, and lumbar spine BMD as covariates. The
effect of genotypes on measured BMD corrected for age,
gender, and body weight was evaluated by analysis of
variance (ANOVA), trend tests, and Student's? test for un-
paired data. BMD was corrected for age, gender, and body

Table 2 Characteristics of sub-
groups of age-matched patients

Vertebral fracture

Normal control

with vertebral fracture and nor-

mal controls Women Men Women Men
Number 228 63 226 57
Age (years) 65.1+8.2 60.2+14.1 65.3+8.2 59.3+14.3
Weight (kg) 62.4+11.3 75.9+10.6 65.7+10.7 79.9+11.0
Height (cm) 159.6+6.4 173.6+6.8 162.1£5.5 176.1£7.3
BMI (kg/m?) 245445 25.3+3.4 25.0+3.9 25.8+3.3
BMD LS (g/cm?) 0.701+0.124 0.7700.137 0.881+0.150 0.950+0.169
BMD FN (g/cm?) 0.579+0.101 0.632+0.092 0.688+0.109 0.745+0.141

Age, weight, height, BMI, and BMD TH (g/cm?) 0.653+0.130 0.733+0.116 0.804+0.121 0.916%0.177

BMD are shown as mean £+ SD
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weight based on correlation analyses in the normal individ-
uals. The analyses were done using SPSS version 15.0.

To study the effect of haplotypes on BMD and fracture risk,
we used the program haplo.stats (http://cran.r-project.org),
which takes the different effects of the individual haplotypes
into account. We used the function haplo.score to investigate
the influence of the individual haplotypes on BMD and frac-
ture risk and the function haplo.glm to investigate the effect
size—with and without correction for covariates—of the hap-
lotypes compared with the most common haplotype. For both
analyses, different models of inheritance—additive, recessive,
and dominant—were used.

The association analyses were stratified by gender be-
cause the effect on bone of P2X, receptor deletion is more
pronounced in male than female mice [11]. The level of
significance was set at 0.05.

The power to detect a 10 % difference in carriers of the
minor allele between women with and without vertebral
fracture was 53-97 %, whereas the power to detect a 5 %
difference was 17-57 %. In men, the power to detect a 10 %
difference in carriers of the minor allele between patients
with fracture and normal controls was 15-38 %. The power
was 18-81 % and 54-100 % to detect a difference in BMD
of 5 and 10 %, respectively, between women homozygous
for the common allele and women carrying the minor allele.
In men, the power to detect a change in BMD of 10 %
between carriers of the variant allele and noncarriers was
16-87 %.

Results
P2RX7 polymorphisms and linkage disequilibrium

The polymorphisms genotyped in this study are depicted in
Fig. 1. All polymorphisms were found to be in Hardy—
Weinberg equilibrium (x*=0.01-3.57, p=0.17-0.99). Pair-
wise LD calculations showed that several of the polymor-
phisms with a minor allele frequency above 5 % were in LD

(Fig. 2).
Associations between genotypes and fracture risk

Table 3 shows the genotype distribution in patients with
vertebral fractures and normal controls. In women, the fre-
quency of carrying the T allele of the 151+1: G-T polymor-
phism was higher among patients with vertebral fractures
5.7 % versus 0.9 % among normal controls (x*=8.14, p=
0.004). There were only two men carrying the T allele.
Using logistic regression analysis including age and the
151+1: G-T polymorphism, there was a significant associ-
ation between the 151+1: G-T polymorphism and fracture
risk in women (p=0.04). When body weight and crude
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lumbar spine BMD was included in the model, the associ-
ation disappeared (p=0.26) suggesting that the association
with fracture risk was mediated by body weight and/or
BMD.

The Ala348Thr minor allele was associated with reduced
risk of vertebral fractures in men. The distribution of the
genotypes, AlaAla, AlaThr, and ThrThr, in men with oste-
oporotic vertebral fracture and normal controls were 42.9 %,
50.8 %, and 6.3 % and 31.6 %, 36.8 %, and 31.6 %,
respectively; y>=12.7, p=0.002. Logistic regression analy-
sis including age, body weight, and the Ala348Thr poly-
morphism confirmed the association (p=0.003). Inclusion
of crude lumbar spine BMD in the analysis revealed that the
association between the Ala348Thr polymorphism and frac-
ture risk was partly independent of lumbar spine BMD (p=
0.03). In women, there was no association between
Ala348Thr and fracture risk.

For the Glu496Ala polymorphism, there was a trend for
an association between carriers of the Ala allele and in-
creased fracture risk in men (x*=3.03, p=0.08) but not in
women. None of the other polymorphisms were associated
with fracture risk.

Associations between genotypes and BMD

The polymorphisms that were associated with fracture risk
were also associated with BMD (Table 4). Women carrying
the T allele of the 151+1: G-T polymorphism had lower
BMD at the lumbar spine 0.763+0.167 g/cm? (mean + SD)
versus 0.855+0.157 g/cm? in women with the GG genotype
(»=0.02). A similar significant reduction in BMD was
found at the total hip (»p=0.01), but at the femoral neck,
the reduction in BMD was not significant. In men, BMD
was also reduced in carriers of the T allele of the 151+1: G-
T polymorphism although not significant.

The Ala348Thr variant allele was associated with in-
creased BMD in men. In men homozygous for the 348Thr
allele, BMD at the lumbar spine was 0.948+0.188 g/cm?
compared with 0.886+0.163 g/cm” and 0.841+0.143 g/cm?
in men with AlaThr and AlaAla genotypes, respectively (p=
0.04). The same pattern of association was found at the
femoral neck (p=0.04) and total hip (p=0.01). At all sites,
trend test showed evidence of an allele dose effect (p=0.01,
p=0.02, and p=0.003, respectively). In women, BMD was
also highest for the ThrThr genotype, but the differences in
BMD between genotypes were not significant.

BMD at the hip and lumbar spine was also increased for
the minor allele of the GIn460Arg polymorphism, which
was in LD with the Ala348Thr polymorphism. In contrast to
the Ala348Thr polymorphism, the difference in BMD be-
tween the GIn460Arg genotypes was not significant in men,
but it was significant at the total hip in women (p=0.01). As
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Fig. 1 Investigated P2RX7 Arg460GIn$
polymorphisms and haplotypes.

Asterisk indicates complete 151+1:GT* Gly150Arg* Arg270Hist  Ala348Thrt Glu496Ala*
loss-of-function polymor- Val76Ala* His155Tyrt Arg307Gin* |Thr357Ser* lle568Asn*

phisms. Number sign indicates
polymorphisms with reduced
receptor function. Dagger indi-
cates polymorphisms with in-

creased receptor function.

Section sign indicates polymor- Exon
phism associated with increased

receptor function most likely

through linkage with other

functional polymorphisms

for the Ala348Thr polymorphism, there was evidence of an
allele dose effect (p=0.003 for trend).

A significant association was also found between the
Glu496Ala polymorphism and total hip BMD in women
(»=0.01). BMD at the total hip was lowest in women
heterozygous for the polymorphism, but when carriers of
the Ala allele were compared with noncarriers, BMD at the
total hip was reduced in carriers of the Ala allele (0.772+
0.119 g/em?® versus 0.804+0.133 g/cm?, p=0.01). In men,
carriers of the 496Ala allele had reduced BMD at the lumbar
spine (p=0.02).

For the rare Gly150Arg polymorphism, BMD was de-
creased in carriers of the Arg allele. In women, the differ-
ence was borderline significant at the total hip (p=0.07).
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Fig. 2 Haploview analysis of pairwise LD between P2RX7 polymor-
phisms with a minor allele frequency above 5 %. Each diamond
represents a pairwise LD relationship between two SNPs. The numbers
within the diamonds denote D' values multiplied by 100. Diamonds
without a number indicates D'=1. Different shades of gray correspond
to 7% values between 0 and 1 where the extent of LD is lowered as the
shading lightens. White diamonds represents r°=0
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Haplotype 1: Ala348-Arg460-Glu496
Haplotype 2: Thr348-Arg460-Glu496
Haplotype 3: Thr348-GIn460-Glu496
Haplotype 4: Ala348-Arg460-Ala496

However, when men and women were combined, the dif-
ference was significant (p=0.047).

The His155Tyr minor allele was associated with de-
creased lumbar spine BMD in women (p=0.03) and women
carrying the Tyr allele had also lower BMD at the femoral
neck (p=0.08) and total hip (p=0.03). In men, however,
BMD was higher for the TyrTyr genotype compared with
men carrying the His allele at the femoral neck (not signif-
icant) and total hip (p=0.04). None of the other polymor-
phisms were associated with BMD at any site.

P2RX7 haplotypes

Three polymorphisms, Ala348Thr, Gln460Arg, and
Glu496Ala, which were associated with fracture risk and/
or BMD were in LD (Fig. 2), and therefore, haplotypes
could be reconstructed. Although the Thr357Ser polymor-
phism was in LD with these polymorphisms, it was not
included in the haplotype analysis because it did not affect
BMD or fracture risk. Four common haplotypes comprising
more than 99 % of all haplotypes were found. These were
designated haplotype 1 (Ala348-GIn460-Glu496) account-
ing for 42.7 % of the alleles, haplotype 2 (Thr348-Gln460-
Glu496) accounting for 22.0 % of the alleles, haplotype 3
(Thr348-Arg460-Glu496) accounting for 18.8 % of the
alleles, and haplotype 4 (Ala348-GIn460-Ala496) account-
ing for 16.3 % of the alleles (Fig. 1).

Associations between haplotypes and fracture risk

Using the haploscore function of haplostats, we found that
haplotype 2 was associated with decreased fracture risk in
men (additive model p=0.006, dominant model p=0.009)
and that there was a trend for an association between hap-
lotype 4 and increased fracture risk in men (additive model
p=0.05, dominant model p=0.08). The odds ratio for verte-
bral fracture was 0.42 (95 % CI 0.22—-0.83) in men with one
copy of haplotype 2 compared with men that are homozy-
gous for haplotype 1, assuming an additive model. Similar
results were obtained after adjusting for age and body
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Table 3 Genotype distribution in patients with vertebral fracture and normal controls

Women

Vertebral fracture

Control

Men

Vertebral fracture

Control

151+1: G-T
GG

GT

XZ

Val76Ala
ValVal

ValAla+AlaAla

XZ

Gly150Arg
GlyGly
GlyArg

2
His155Tyr
HisHis
HisTyr
TyrTyr

2
Arg270His
ArgArg
ArgHis
HisHis

N
Arg307GIn
ArgArg
ArgGln

XZ

Ala348Thr
AlaAla
AlaThr

ThrThr

XZ

Thr357Ser
ThrThr

ThrSer+SerSer

XZ

GIn460Arg
GInGIn
GlnArg
ArgArg

v
Glu496Ala
GluGlu
GluAla

AlaAla

X2

[le568 Asn
Ilelle

IleAsn+AsnAsn

XZ

215 (94.3 %)
13 (5.7 %)
X>=8.14, p=0.004

204 (89.5 %)
24 (10.5 %)
X>=1.43, p=0.23

217 (95.6 %)
10 (4.4 %)
x*=1.00, p=0.32

57 (25.1 %)

122 (53.7 %)

48 (21.1 %)
X>=4.11, p=0.13

127 (55.7 %)

95 (41.7 %)

6 (2.6 %)
X>=1.53, p=0.47

224 (98.2 %)
4(1.8 %)
x>=0.88, p=0.35

81 (35.5 %)
111 (48.7 %)

36 (15.8 %)
x*=0.69, p=0.71

193 (84.6 %)
35 (15.4 %)
x>=0.10, p=0.75

152 (66.7 %)
69 (30.3 %)

7 (3.1 %)
x*=0.26, p=0.88

156 (68.4 %)
61 (26.8 %)

11 (4.8 %)
x>=0.49, p=0.78

216 (94.7 %)
12 (5.3 %)
x*=0.97, p=0.33

222 (99.1 %)
2(0.9 %)

193 (85.8 %)
32 (142 %)

219 (97.3 %)
6 (2.7 %)

76 (33.8 %)
108 (48.0 %)
41 (182 %)

133 (59.1 %)
83 (36.9 %)
9 (4.0 %)

218 (96.9 %)
7(3.1 %)

82 (36.4 %)
102 (45.3 %)
41 (182 %)

188 (83.6 %)
37 (164 %)

154 (68.1 %)
64 (28.3 %)
8 (3.5 %)

158 (69.9 %)
60 (26.5 %)
8 (3.5 %)

209 (92.5 %)
17 (7.5 %)

62 (98.4 %)
1 (1.6 %)
X*=0.01, p=0.94

56 (88.9 %)
7 (11.1 %)
X>=0.04, p=0.84

62 (98.4 %)
1(1.6 %)
X*=0.45, p=0.50

16 (25.4 %)
31 (49.2 %)
16 (25.4 %)
X>=1.14, p=0.57

36 (57.1 %)

25 (39.7 %)
2(3.2 %)
x>=1.06, p=0.59

61 (96.8 %)
2(32 %)
x>=0.01, p=0.92

27 (42.9 %)
32 (50.8 %)

4 (6.3 %)
X>=12.7, p=0.002

50 (79.4 %)
13 (20.6 %)
x>=0.19, p=0.67

44 (71.0 %)
15 (24.2 %)

3 (4.8 %)
x>=0.74, p=0.69

40 (64.5 %)
20 (32.3 %)
2(3.2 %)
x>=3.03, p=0.08°

58 (92.1 %)
5(7.9 %)
x*=1.07, p=0.30

56 (98.2 %)
1(1.8 %)

50 (87.7 %)
7(12.3 %)

55 (96.5 %)
2(3.5%)

15 (26.3 %)
32 (56.1 %)
10 (17.5 %)

33 (57.9 %)
20 (35.1 %)
4(7.0 %)

55 (96.5 %)
235 %)

18 (31.6 %)
21 (36.8 %)
18 (31.6 %)

47 (82.5 %)
10 (17.5 %)

39 (68.4 %)
13 (22.8 %)
5(8.8 %)

45 (78.9 %)
12 21.1 %)
0 (0 %)

55 (96.5 %)
2(3.5%)

Genotype frequencies are shown as absolute numbers and in percentage. Significant p values are in boldface

?GluAla and AlaAla combined
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weight. None of the haplotypes were associated with frac-
ture risk in women.

Associations between haplotypes and BMD

Haploscore analysis of the association between BMD and
haplotypes in men showed that haplotype 2 was associated
with increased BMD at the lumbar spine and femoral neck
assuming an additive model (p=0.047 and p=0.049, respec-
tively) and that haplotypes 1 and 4 were associated with
decreased BMD at the total hip (p=0.02 for both additive
and dominant models) and lumbar spine (dominant model
p=0.04), respectively. Using the haplo.glm function and
assuming an additive model, we found that in men, each
allele of haplotype 2 increased BMD at the lumbar spine,
femoral neck, and total hip with 0.055+0.027 g/cm? (mean +
SEM), 0.047+0.021 g/cm?, and 0.060+0.028 g/cm?, respec-
tively, compared with haplotype 1 (»p=0.03-0.04). A similar
effect was found after correction for age and body weight (p=
0.03-0.048). Haplotype 3 increased BMD at the total hip in
men by 0.062+0.026 g/cm? compared with haplotype 1 as-
suming an additive model (p=0.02). The association was,
however, only borderline significant after correction for age
and body weight (p=0.06).

Among women, the haploscore analysis showed that
haplotype 3 was associated with increased BMD at the total
hip assuming a recessive model (p=0.007) and that haplo-
type 4 was associated with reduced total hip BMD assuming
a dominant model (»p=0.01). Haplo.glm analysis assuming
the same models showed that haplotype 3 increased BMD at
the total hip with 0.111£0.04 g/cm® (»p=0.006) and that
haplotype 4 reduced BMD at the total hip with 0.039+
0.015 g/em® (p=0.01) compared with haplotype 1. Similar
effects were found after correction for age and body weight.

Discussion

In the present study, we have investigated the effect on the
risk of osteoporotic vertebral fractures and BMD of non-
synonymous SNPs with a minor allele frequency above 5 %
and any functional polymorphisms in P2RX7. The variant
alleles of three loss-of-function polymorphisms, 151+1: G-
T, Gly150Arg, and Glu496Ala, were associated with de-
creased BMD and/or reduced fracture risk.

The 151+1: G-T polymorphism is a splice site polymor-
phism, which results in complete loss-of-function because
no mRNA can be detected from the variant allele [32]. The
effect we found of this polymorphism on fracture risk in
women seemed to be mediated through effects on BMD
and/or body weight because the association was abolished
by adjustment for these covariates.

The rare allele of Glyl150Arg has been associated with
decreased pore activity in monocytes [27], and recent stud-
ies using recombinant expression have shown that this poly-
morphism is a lack-of-function polymorphism [28]. The
glycine residue is completely conserved among the different
P2X receptors suggesting that a larger side chain cannot be
tolerated at this position [13].

It has been shown that the variant allele of the Glu496Ala
polymorphism reduces pore function but conflicting results
have been obtained as to whether the polymorphism also
affects the function of the receptor as a small cation channel
[28, 31, 42]. Furthermore, in an in vitro study, it has been
demonstrated that osteoclasts with the 496 AlaAla genotype
are less affected by ATP-induced apoptosis than osteoclasts
with the GluGlu and GluAla genotypes [23]. In accordance
with the effect of this polymorphism in osteoclasts, we
found an association between the Ala allele and decreased
BMD in both women and men and a borderline significant
association with increased fracture risk in men. In the Dan-
ish Osteoporosis Prevention Study (DOPS), the Ala allele
was associated with increased fracture risk but there was no
association with perimenopausal BMD, hip geometry, or
postmenopausal bone loss [23, 43].

We did not find any effect on BMD or fracture risk of the
two complete loss-of-function polymorphisms: Arg307GIn
and Ile568Asn. The 307GlIn allele has recently been shown
to be associated with decreased BMD in Scottish postmen-
opausal women [36] and with increased bone loss in DOPS
[37] as well as increased risk of total hip replacement
revision [44]. The lack of replication in our study may be
due to limited power for the very rare polymorphisms. In the
DOPS cohort, the 568Asn allele was found to be associated
with enhanced gain of bone mass in women treated with
hormones for 10 years and with decreased risk of vertebral
fractures in women not treated with hormones. However, the
number of vertebral fractures in that study was limited and
only five of the women treated with hormones were carriers
of the Asn allele [23].

For His155Tyr, Ala348Thr, and GIn460Arg, which all
have been demonstrated to be associated with increased
P2X; receptor function [27, 28, 35], we found associations
between the variant alleles and increased BMD and/or de-
creased fracture risk. The minor allele of Ala348Thr was in
addition to increased BMD at all sites in men also associated
with decreased risk of vertebral fractures in men. Adjust-
ment for lumbar spine BMD revealed that the association
with reduced fracture risk was only partly explained by the
increased BMD. This is in line with results from DOPS,
where an association with decreased risk of vertebral frac-
tures but not BMD was found [37].

The Ala348Thr polymorphism is located in the second
transmembrane region, which forms the channel [45]. Al-
though the corresponding residue in the rat P2X, receptor is
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Table 4 BMD adjusted for age and weight of the lumbar spine, femoral neck, and total hip in women and men with different genotypes

Women Men

No. Lumbar spine Femoral neck Total hip No. Lumbar spine Femoral neck Total hip
151+1: G-T
GG 524 0.855+0.157 0.693+0.108 0.796+0.129 140 0.884+0.164 0.714£0.123 0.799+0.151
GT+TT 17+0 0.763+0.167 0.657+0.092 0.708+0.098 2+1 0.873+0.207 0.687+0.176 0.786+0.118
T test p=0.02 p=0.18 p=0.01 p=0091 p=0.71 p=0.88
Val76Ala
ValVal 481 0.854+0.159 0.692+0.108 0.792+0.130 125 0.887+0.166 0.710£0.125 0.795+0.155
ValAla+AlaAla 59+2 0.845+0.149 0.691+0.103 0.804+0.122 17+1 0.860+0.159 0.740+0.112 0.824+0.117
T test p=0.69 p=0.96 p=0.46 p=0.52 p=0.32 p=0.48
Gly150Arg
GlyGly 518 0.854+0.159 0.693+0.107 0.796+0.128 140 0.886+0.164 0.716+0.124 0.801+0.152
GlyArg 23 0.824+0.141 0.670+0.111 0.741+0.159 3 0.741+0.097 0.630+0.038 0.731+0.031
T test p=0.38 p=0.32 p=0.07 p=0.13 p=0.24 p=0.43
His155Tyr
HisHis 162 0.880+0.153 0.704+0.105 0.813+0.126 37 0.882+0.165 0.714+£0.134 0.784+0.153
HisTyr 269 0.839+0.160 0.686+0.107 0.784+0.128 74 0.888+0.167 0.701+£0.106 0.786+0.153
TyrTyr 110 0.847+0.156 0.688+0.112 0.790£0.137 32 0.874+0.163 0.746+0.147 0.854+0.132
Anova p=0.03 p=0.22 p=0.10* p=0.93 p=0.23 p=0.13°
Arg270His
ArgArg 308 0.856+0.161 0.694+0.109 0.793+0.129 82 0.905+0.173 0.725+0.127 0.823+0.145
ArgHis 205 0.843+0.153 0.685+0.102 0.790+0.125 57 0.850+0.144 0.697+0.120 0.769+0.156
HisHis 29 0.895+0.154 0.711+0.127 0.827+0.153 4 0.926+0.231 0.736+0.083 0.790+0.120
Anova p=023 p=0.40 p=0.38 p=0.14 »=0.39 p=0.16
Arg307GIn
ArgArg 527 0.852+0.158 0.691+0.107 0.793+0.130 138 0.886+0.166 0.715+0.125 0.801+0.151
ArgGln 15 0.868+0.147 0.712+0.123 0.815+0.111 5 0.815+0.074 0.676+0.086 0.746+0.111
T test p=0.70 p=0.46 p=0.54 p=0.35 p=0.49 p=0.48
Ala348Thr
AlaAla 199 0.846+0.145 0.691+0.107 0.790£0.130 42 0.841+0.143 0.694+0.107 0.767+0.132
AlaThr 258 0.854+0.163 0.690+0.103 0.790£0.122 77 0.886+0.163 0.707+£0.122 0.791+0.157
ThrThr 85 0.865+0.171 0.700+0.121 0.815+0.147 24 0.948+0.188 0.770+£0.143 0.896+0.124
Anova P=0.63 p=0.72 »=0.30 p=0.04 p=0.04 p=0.01°
Thr357Ser
ThrThr 449 0.853+0.159 0.692+0.107 0.795+0.130 118 0.880+0.166 0.715+0.127 0.798+0.155
ThrSer+SerSer 91+2 0.851+0.152 0.691+0.108 0.785+0.128 22+3 0.902+0.160 0.711£0.110 0.802+0.132
T test p=091 p=091 p=0.50 p=0.54 p=0.88 p=0.92
GIn460Arg
GInGln 357 0.847+0.150 0.691+0.103 0.789+0.129 95 0.878+0.163 0.715+0.122 0.788+0.148
GlnArg 167 0.860+0.166 0.690+0.109 0.794+0.124 37 0.897+0.165 0.708+0.114 0.818+0.162
ArgArg 19 0.910+0.215 0.729+0.160 0.889+0.167 10 0.901+0.190 0.744+0.180 0.863+0.133
Anova p=0.19 p=0.31 p=0.01° p=0.79 p=0.74 p=0.34
Glu496Ala
GluGlu 374 0.859+0.161 0.695+0.111 0.804+0.133 105 0.903+0.167 0.722+0.123 0.809+0.158
GluAla 148 0.836+0.155 0.681+0.099 0.765+0.117 34 0.817+0.140 0.692+0.126 0.771£0.126
AlaAla 21 0.858+0.115 0.717+0.105 0.825+0.119 3 1.009+0.123 0.753+0.080 0.851
Anova p=0.30 p=0.22 p=0.01 p=0.02¢ p=027¢ p=0.25¢
1le568 Asn
Ilelle 507 0.852+0.156 0.691+0.107 0.792+0.130 135 0.884+0.163 0.716+0.124 0.804+0.147
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Table 4 (continued)

Women Men

No. Lumbar spine Femoral neck Total hip No. Lumbar spine Femoral neck Total hip
IleAsn+AsnAsn 36+0 0.866+0.187 0.703+0.110 0.824+0.115 7+1 0.866+0.193 0.672+0.123 0.731+0.186
T test p=0.60 p=0.53 p=0.17 p=0.76 p=0.33 p=0.19

Adjusted BMD values are shown as mean + SD. Significant p values are in boldface

T test (HisHis versus HisTyr+TyrTyr), p=0.03
® 7' test (HisHis+HisTyr versus TyrTyr), p=0.04
¢ Test for trend, p=0.003

9T test: GluAla and AlaAla combined

not part of the water accessible surface of the open channel
[46], two recent studies using recombinant expression has
shown that this polymorphism possesses both increased
channel and pore function [28, 47].

In accordance with our findings, an association between
the 460Arg allele and increased femoral neck BMD was
found in the DOPS cohort [37]. However, studies using
recombinant P2X; receptors could not confirm that this
polymorphism is a gain-of-function polymorphism [28,
29], and it is, therefore, likely that the clinical effects of this
polymorphism are caused by another polymorphism in link-
age disequilibrium with this polymorphism. We, therefore,
examined whether polymorphisms within or close to P2RX7
have an effect on the expression of the gene in lymphoblas-
toid cell lines using a public available database [48]. Indeed
there was an association between the 460Arg allele and
increased expression levels of P2RX7 (p=3.6x10"°).

Our results for the individual polymorphisms are gener-
ally in accordance with the phenotype of the knockout
mouse described by Ke et al. [11]. Regarding the His155Tyr
polymorphism, our results in men, but not women, are
consistent with the knockout mouse. Due to the number of
statistical tests performed in this study, it is possible that the
results in women are a chance finding. We found two men,
who are homozygous for a complete loss-of-function poly-
morphism. Similar to the knockout mouse, these men do not
have an extreme bone phenotype. The bone phenotype of
another P2X, receptor knockout mouse model has been
characterized by Gartland et al. [49]. These mice had a
normal bone phenotype with the exception of increased
cortical bone thickness. The inconsistency between the
two mouse models could be caused by the different strate-
gies used to generate the knockout mice or by differences in
their genetic background.

The analysis of haplotypes containing the Ala348Thr,
GIn460Arg, and Glu496Ala polymorphisms showed that
there were several associations between haplotypes, BMD,
and risk of vertebral fractures. These haplotypes have not
been studied in relation to osteoporosis previously, but

functional studies using recombinant expression have
shown that both haplotypes containing the 348Thr allele
(haplotypes 2 and 3) have increased P2X- receptor function
and it was suggested that the clinical effects of GIn460Arg
are caused by linkage with Ala348Thr [29]. This is in
accordance with our findings in men; however, our results
in women suggest that the effects of the haplotypes are not
only caused by the Ala348Thr polymorphism because we
found an association between haplotype 3 and increased
BMD but no association with haplotype 2. Since Gln460Arg
is a nonfunctional polymorphism, the effect of haplotype 3
may be caused by a polymorphism that is not part of the
investigated haplotype. When haplotype 4 was compared
with haplotype 1, we found an association with decreased
total hip BMD in women but no association in men pointing
to an effect of Glu496Ala in women. An association with
decreased BMD is consistent with the in vitro study where
this haplotype was shown to have decreased receptor func-
tion [29].

Our study has several strengths as well as limitations. A
strength of the study is that individuals with secondary
osteoporosis were excluded from the study whereby con-
founding factors were reduced. A limitation is, on the other
hand, that we have no information about smoking status,
calcium intake, and physical activity. Especially information
about physical activity could have been important in this
study as the response to mechanical loading was suppressed
in P2X; receptor knockout mice [21]. Another limitation of
this study is that we have focused primarily on nonsynon-
ymous polymorphisms and have not covered the entire
genetic variation in P2RX7 by selecting tag SNPs, and
therefore, it cannot be excluded whether additional poly-
morphisms including common regulatory polymorphisms
contribute to the genetic influence of P2RX7 on
osteoporosis.

The power of the study was adequate to detect effects of
the common polymorphisms in P2RX7, but the power to
detect small effect sizes for the rare polymorphisms was
limited especially in the male subgroup. The number of
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statistical tests carried out in this study is large and attempts
to correct for multiple testing are, therefore, desirable. Bon-
ferroni correction is generally considered to be too conser-
vative as the polymorphisms are in linkage disequilibrium
and the phenotypes, fracture risk, and BMD at different
sites, are not independent. If we adjust for the number of
independent polymorphisms using the method suggested by
Nyholt et al. [50], the significance level is p=0.0047 and the
associations between fracture risk and the 151+1: G-T
polymorphism in women and Ala348Thr in men as well as
the associations between BMD at the total hip and the
Ala348Thr polymorphism in men and GIn460Arg in women
would still be significant. Furthermore, if the majority of the
associations found in this study were due to chance, it would
have been expected that the directions of the associations
were random and that there was no overall concordance
between the functional and clinical effects of the polymor-
phisms and the phenotype of the knockout mice. However,
as discussed, there is fine concordance between our results
and the functional studies. Moreover, the results we
obtained for three of the common polymorphisms, which
have been studied before in relation to osteoporosis, were in
line with the previous results [23, 37]. In contrast to the
previous studies, our study included both women and men,
and the number of vertebral fractures was substantial.

In conclusion, we have shown that functional polymor-
phisms in P2RX7 are associated with BMD and risk of
vertebral fractures. Nevertheless, our and the previous find-
ings need to be replicated and extended in larger studies
before firm conclusions can be drawn about the importance
of genetic variants in P2RX7 for bone mass and fracture
risk.

Conflicts of interest None.
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