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Genetic Analyses in a Sample of Individuals With High or Low BMD
Shows Association With Multiple Wnt Pathway Genes
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ABSTRACT: Using a moderate-sized cohort selected with extreme BMD (n = 344; absolute value BMD,
1.5-4.0), significant association of several members of the Wnt signaling pathway with bone densitometry
measur es was shown. This confirms that extreme truncate selection is a power ful design for quantitative trait
association studies of bone phenotypes.

Introduction: Although the high heritability of BMD variation has long been established, few genes have been
conclusively shown to affect the variation of BMD in the general population. Extreme truncate selection has
been proposed as a more powerful alternative to unselected cohort designs in quantitative trait association
studies. We sought to test these theoretical predictions in studies of the bone densitometry measures BMD,
BMC, and femoral neck area, by investigating their association with members of the Wnt pathway, some of
which have previously been shown to be associated with BMD in much larger cohorts, in a moderate-sized
extreme truncate selected cohort (absolute value BMD Z-scores = 1.5-4.0; n = 344).

Materials and Methods: Ninety-six tag-single nucleotide polymorphism (SNPs) lying in 13 Wnt signaling
pathway genes were selected to tag common genetic variation (minor allele frequency [MAF] > 5% with an
* > 0.8) within 5 kb of all exons of 13 Wnt signaling pathway genes. The genes studied included LRPI, LRPS5,
LRP6, Wnt3a, Wnt7b, Wntl10b, SFRPI, SFRP2, DKKI, DKK2, FZD7, WISP3, and SOST. Three hundred
forty-four cases with either high or low BMD were genotyped by Illumina Goldengate microarray SNP
genotyping methods. Association was tested either by Cochrane-Armitage test for dichotomous variables or
by linear regression for quantitative traits.

Results: Strong association was shown with LRP5, polymorphisms of which have previously been shown to
influence total hip BMD (minimum p = 0.0006). In addition, polymorphisms of the Wnt antagonist, SFRPI,
were significantly associated with BMD and BMC (minimum p = 0.00042). Previously reported associations
of LRPI, LRP6, and SOST with BMD were confirmed. Two other Wnt pathway genes, Wnt3a and DKK2,
also showed nominal association with BMD.

Conclusions: This study shows that polymorphisms of multiple members of the Wnt pathway are associated
with BMD variation. Furthermore, this study shows in a practical trial that study designs involving extreme
truncate selection and moderate sample sizes can robustly identify genes of relevant effect sizes involved in
BMD variation in the general population. This has implications for the design of future genome-wide studies
of quantitative bone phenotypes relevant to osteoporosis.
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INTRODUCTION

THE IDENTIFICATION OF MUTATIONS in the LRP5 gene as a
cause of high bone mass and of the osteoporosis-
pseudoglioma syndrome provided the first indications that
the Wnt pathway was an important component of the con-
trol of skeletal development. Although in many cases genes
implicated in monogenic disorders characterized by ex-
treme phenotypes have not proven to be involved in less
extreme variation in the general population, there have
now been several studies indicating that LRP5 variation
influences BMD and fracture risk in the general popula-
tion.'® There have also been some reports suggesting that
other Wnt pathway genes, including SOST (encoding
sclerostin)® and LRP6, also influence BMD in the gen-
eral community. Suggestive evidence has been presented
that LRP5 variants in particular are associated with height
and bone area in adolescents,” and lumbar spine bone
area in adults.®

Theoretical studies have suggested that power to detect
genetic associations with quantitative traits can be in-
creased by selection of subjects from the extremes of the
population distribution (extreme truncate selection).!0-!»
This is particularly relevant in the era of genome-wide as-
sociation studies, where the genotyping costs can be as high
as $US1000 per individual. Study designs that optimize
power while minimizing the number of subjects genotyped
are thus essential for these studies to be affordable.

The principal aim of this study was to test the relative
role of major genes in the Wnt signaling pathway on BMD
variation. We also sought to test whether, in practice, genes
of the effect size that influence population variation in
BMD can be detected using moderate sample sizes of ex-
treme truncate selected subjects.

MATERIALS AND METHODS
Cohorts studied

Subjects were recruited from four Australian population
studies, including the Dubbo Osteoporosis Epidemiology
Study,"® Geelong Osteoporosis Study,'* Tasmanian
Older Adult Cohort,"*> and the Calcium Intake Fracture
Outcome Study,"® and from the Oxford Familial Osteo-
porosis Study,!” a study of British families recruited with
probands with low BMD (Z-score < -2). Subjects selected
from these cohorts were unrelated white women >55 and
<80 yr of age and >5 yr postmenopausal. Screening had
been performed for secondary causes of osteoporosis, and
subjects had not been taking osteoporosis agents before
bone densitometry measures. In addition, subjects were se-
lected by bone densitometry criteria (measured at the total
hip), having either low BMD (Z-scores > —4 but < -1.5;n =
174) or high BMD (Z-scores > +1.5 but < +4; n = 170).
Further details regarding the cohorts are provided in Table
1. All subjects gave written, informed consent, and each
study had been approved by its ethics review committee.

Single nucleotide polymorphism selection and
genotyping methods

Ninety-six single nucleotide polymorphisms were se-
lected from International HapMap Project Data Release 20
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(January 2006). SNPs (Table 2) were selected to tag com-
mon genetic variation (minor allele frequency [MAF] > 5%
with an 7% > 0.8) within 5 kb of all exons of 13 Wnt signaling
pathway genes, using the Haploview program.”'® The
genes studied included LRP1, LRP5, LRP6, Wnt3a, Wnt7b,
Wntl0b, SFRP1, SFRP2, DKKI, DKK2, FZD7, WISP3,
and SOST.

Genotyping was performed by Illumina Goldengate as-
say, a microarray chip SNP genotyping technology; five 96-
sample chips were required for the study. For quality con-
trol purposes, three Centre d’Etude dU Polymorphisme
Humain (CEPH) control samples and five samples (one
from each recruitment center) were genotyped on each
chip. Genotypes for the CEPH controls were already avail-
able from the International HapMap Study (www.hapmap.
org) and could therefore be used for quality control pur-
poses. Genotyping accuracy was also assessed by assess-
ment of the genotype clustering accuracy using the [llumina
Gencall score and by checking Hardy-Weinberg equilib-
rium. The Gencall score is a measure of the confidence of
the clustering of individual SNP genotypes.

Statistical analysis

The primary analysis performed was a single marker
analysis of allelic association in which data were analyzed as
a dichotomous trait comparing high and low BMD subjects
by the Cochrane-Armitage test. Quantitative trait analysis
was performed for BMD, BMC, and femoral neck area
using the program WHAP, which uses linear regression for
quantitative traits and logistic regression for binary
traits.'? Single marker and two-marker sliding window
haplotype analyses were performed. All BMC data pre-
sented were adjusted for age by linear regression.

BMD was measured using different densitometers in dif-
ferent centers, and no cross-calibration was performed. The
quantitative analyses are thus potentially susceptible to bias
caused by between-center measurement differences. To test
whether this had a significant effect, association was tested
with permutations clustered within centers and compared
with permuted p values performed with no clustering, using
the program PLINK (http://pngu.mgh.harvard.edu/
~purcell/plink/). Correlation between the clustered and un-
clustered analyses was performed by linear regression, and
the paired r-test was used to investigate differences in find-
ings for individual SNPs analyzed by either method. No bias
was observed because of differences between centers in
BMD measurements (see Quality control).

Gene—-gene interaction was studied for associated SNPs
(p < 0.05 for BMD analysis) in two-marker combinations
with all other individual SNPs by logistic regression.

Nominal significance was defined as uncorrected p <
0.05; all p values presented are uncorrected. To estimate the
appropriate level of correction for the number of SNPs
analyzed while taking into account the linkage disequilib-
rium between SNPs, the required level of Bonferroni cor-
rection was determined using the program SNPSpD.?
Power calculations for BMD and area studies were per-
formed using Genetic Power Calculator.®") The presence
of population stratification was studied using the program
Structure, version 2.2.?® Population attributable risk for
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TABLE 1. AGE AND BONE DENSITOMETRY CHARACTERISTICS OF COHORT STUDIED
Age (yr) BMD (Z-score) BMC (g) Area (cm?)
High BMD group (n = 170) 67.7 (55-84) 1.99 (1.51-3.97) 4.92 (2.78-7.37) 5.01 (3.98-6.79)
Low BMD group (n = 174) 68.7 (57-85) -1.94 (-1.5 to -3.33) 2.88 (1.44-4.5) 4.93 (3.5-6.35)

TABLE 2. CHARACTERISTICS OF GENES STUDIED AND SNPs

GENOTYPED
Gene symbol Region Length (kb) SNPs used
DKKI 10g21.1 35 1
DKK2 4q25 114.5 12
FZD7 2q33.1 3.9 2
LRPI 12q13.3 84.9 11
LRP5 11q13.2 136.6 12
LRP6 12q13.2 146.1 12
SFRPI 8p11.21 47.5 9
SFRP2 4q31.3 8.5 4
SOST 17q21.31 5.1 3
Wisp3 6921 16.9 4
Wnt3a 1q42.13 54.2 3
Wnt7b 22q13.31 55.1 8
Wnt10b 12q13.12 6.4 1

specific markers was calculated using the dichotomized
BMD data using the method of Miettenin.*®

RESULTS
Quality control

Excluding markers whose Genecall scores indicated un-
reliable genotype clustering, 88 SNPs were successfully
genotyped, of which 82 were polymorphic in this popula-
tion. All duplicate samples gave identical genotypes, and
CEPH control genotypes matched the listed genotypes on
the HapMap database. All markers were in Hardy-
Weinberg equilibrium. Excluding failed and monomorphic
SNPs, the overall genotyping success rate was 97.9%
(52,472/53,604 alleles called). Structure analysis identified
just one cluster, with no evidence of unidentified popula-
tion stratification.

Significance levels and comparison of
analysis methods

Spectral decomposition analysis indicated that the 82
SNPs genotyped were equivalent to 60.5 independent ob-
servations and that the equivalent uncorrected p value to a
corrected p value of 0.05 was 0.00085.

Findings for BMD analyzed as a dichotomous trait were
virtually identical with analysis as a quantitative variable
(Z-scores). The correlation between p values by these two
methods was high (» = 0.95), and comparing p values for
the same SNPs, no significant difference was observed
(paired -test, p = 0.4). Potential bias because of center
BMD instrument differences was analyzed by comparison
of p values determined either by permutations clustered
within centers or with no clustering. Clustered and nonclus-
tered analyses producing very similar results (r = 0.996)
and with no significant difference observed comparing p

values for the same SNPs analyzed by either method
(paired t-test, p = 0.8). Thus, we concluded that there was
no bias because of center BMD instrument differences.

Associations with BMD, BMC, and area

BMD was associated with 19 SNPs with uncorrected p <
0.05 (Table 3); the probability of obtaining this many sig-
nificant findings by chance having genotyped 82 SNPs is
1075, The strongest association observed was with LRP5, in
which 5 of the 12 SNPs genotyped achieved nominal sig-
nificance, the most strongly associated SNP being rs3781590
(p = 0.0006, BMD Z-score = —0.57 lower in minor allele
carriers; n = 213). Haplotypic findings globally were less
significant than for this individual SNP, suggesting that this
marker is the primary associated marker. However, regres-
sion analysis, in which the presence of association with one
SNP is tested controlling for the association tagged by an-
other marker, showed that associations of each of the as-
sociated LRPS5 markers were interdependent. Having con-
trolled for the association tagged by any individual
associated marker, no other marker remained associated
with BMD. Thus, the study is not able to differentiate as-
sociation caused by linkage disequilibrium from true asso-
ciation with a functionally relevant polymorphism.

Other genes with two or more SNPs associated with
BMD included LRPI (4 nominally significant SNPs of 11
studied), LRP6 (2 significant SNPs of 12 studied), SOST (2
significant SNPs of 3 studied), Wnt3a (2 significant SNPs of
3 studied), and DKK2 (2 significant SNPs of 12 studied).

One LRPI SNP was associated with bone area
(rs4759044), with a stronger association noted with the two
marker combinations of this SNP with the neighboring SNP
(rs11172113; global p = 0.0018). The haplotype of the com-
mon allele at rs11172113 and rare allele at rs4759044, which
made up 8.7% of haplotype combinations for this pair of
SNPs, was associated with bone area (p = 0.00014, area
0.31 cm? lower in carriers of this haplotype). This haplotype
was also associated with BMC (p = 0.015, BMC 0.556 g
lower in carriers).

SFRPI was associated with BMC with four markers; two
of which (rs921142 and rs4736965) were also associated ei-
ther individually or as part of a two-marker haplotype with
BMD. The strength of association of the two-marker hap-
lotype was particularly strong (p = 0.00042 for BMC and
p = 0.0046 for BMD). This association is primarily caused
by association of a haplotype of the common allele at
rs921142 and rare allele at rs4736965 (p = 0.00047 for
BMC, p = 0.0014 for BMD, making up 22% of observed
haplotypes; BMC was 0.423 g lower in carriers).

The study power for BMD and area are given in Fig. 1.
Power was investigated for each model with different minor
allele frequencies, with findings being very similar for
marker and disease-associated allele frequencies ranging
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TABLE 3. SINGLE MARKER OR TWO-MARKER HAPLOTYPE ASSOCIATIONS WITH BMD, BMC, AND FEMORAL AREA

BMD dichotomous BMD Z-score Age-adjusted BMC Femoral area

Two Two Two Two
Chromosome Gene SNP MAF OR Single sliding  Single sliding  Single sliding Single  sliding
1 WNT7b 1512756110 046 0.9 NS 0.095 NS NS NS NS NS NS
1 WNT7b 1512131703  0.07 0.6 0.036  0.033  0.046  0.046 NS NS NS NS
1 WNT7b 157526484 012 08 NS NS NS NS NS NS NS NS
1 WNT3a 15708114 025 08 NS 0.028 0.1 0.017 NS 0.059 NS NS
1 WNT3a  rs4653533 0.05 0.6 0057 0.045 0.04 0.022 0.068 0.071 NS NS
1 WNT3a 15752107 019 14 0.043 NS 0.021 — 0.08 NS NS NS
4 DKK2  rs17037083 0.03 1.3 NS NS NS NS NS NS 0.05 NS
4 DKK2 1513103371 049 0.9 NS NS NS NS NS NS NS NS
4 DKK2 15419764 016 1.0 NS 0.066 NS 0.072 NS NS 0.053 NS
4 DKK2 1517037102  0.04 0.5  0.027 — 0.045 — 0.086 — NS —
4 DKK2 156827902 039 08 NS 0.046 NS 0.032 NS 0.0204 NS NS
4 DKK2 1517037297 0.01 0.3  0.023 0.06 0.017  0.042 0.026 0.0465 NS NS
6 WISP3 154947163 013 1.0 NS NS NS NS NS NS NS NS
6 WISP3 151230348 015 12 NS NS NS NS — NS NS NS
6 WISP3  1s17219737 047 04  0.019 — 0.011 — NS — NS —
8 SFRPI 157832749 021 08 NS NS 0.097 NS 0.037 0.027 NS NS
8 SFRPI 1510106678 025 0.8 NS NS NS NS 0.0052 0.013 NS NS
8 SFRPI 157832767 002 1.8 NS NS NS NS NS NS NS NS
8 SFRPI 159694405 025 11 NS NS NS NS NS NS NS NS
8 SFRPI 15968427 028 1.0 NS NS NS NS NS NS NS —
8 SFRPI 15921142 032 1.0 NS 0.0014 NS 0.0046  0.014 0.00042 NS NS
8 SFRPI 154736965 039 1.8 0.0011 — 0.0029 — 0.001 — NS —
11 LRP5 1s7116604 0.06 1.0 NS NS NS NS NS NS NS NS
11 LRPS 1314756 047 0.6 0092  0.058 NS 0.084 NS NS NS NS
11 LRP5 15729635 043 1.6 0.083 0.033  0.098  0.013 NS NS NS NS
11 LRPS rs312786 014 13 0084  0.04 0.034  0.015 NS NS NS NS
11 LRP5 rs160607 0.21 1.5 0.012  0.0041 0.0038 0.0026  0.071 0.067 NS NS
11 LRPS rs3781590 018 1.7 0.0012 0.019  0.0006 0.0097  0.01 NS 0.0939 NS
11 LRPS5 1314750 034 1.6 0018  0.0031 0.019  0.0065 0.039 0.026 NS NS
11 LRP5 151784235 038 1.1 NS 0.0072 NS 0.011 NS 0.018 NS NS
11 LRPS 157125942 046 24 00036 0.0079 0.0063 0.012 0.0091 0.019 NS NS
11 LRP5 1s676318 046 0.7 NS NS NS NS NS NS NS NS
12 LRP6 1s2075241 041 12 NS 0.049 NS 0.082 0.045 0.032 NS NS
12 LRP6 rs11054704  0.07 0.5 0.019  0.052  0.041 0.089 NS 0.04 NS NS
12 LRP6 rs12320259  0.07 0.9 NS NS NS NS NS 0.09 NS NS
12 LRP6 152302685 041 07 NS NS NS NS NS NS NS NS
12 LRP6 1s2417085 028 0.8 NS NS NS NS NS NS NS NS
12 LRP6 rs10845493  0.06 0.6  0.056 NS 0.075 NS 0.083 0.042 NS NS
12 LRP6 rs10492120 031 0.9 NS NS NS NS NS NS NS NS
12 LRPI rs11172113 028 0.9 NS NS NS NS NS 0.046 0.066  0.0018
12 LRPI rs4759044 028 1.0 NS NS NS NS NS NS 0.046 NS
12 LRPI 15715948 015 0.8 NS NS NS NS NS 0.051 NS NS
12 LRPI 154759277 018 0.9 NS NS NS NS NS NS NS NS
12 LRPI 1s7975818 018 1.3 0.034 0.034 0.047 0.043 NS NS NS NS
12 LRPI rs1800175 017 13 0027 0.034 0.034 0.043 NS NS NS NS
12 LRPI rs6581128 018 14 0.021 0.029  0.037  0.04 NS 0.079 NS NS
12 LRPI rs1800154 017 14 0.029 NS 0.038 NS NS NS NS NS
12 LRPI rs1800159 017 1.3 0.062 NS 0.069 NS NS NS NS NS
12 LRPI 157956957 032 12 NS 0.0068 NS NS NS NS 0.024  0.024
17 SOST 1851054 033 1.5 0007  0.0078 0.0035 0.0041 NS NS NS NS
17 SOST 1rs851056 033 1.4 00084 0.027  0.0045 0.016 NS NS NS NS
17 SOST 152023794 047 07 NS — NS — 0.046 — NS —

Two-marker haplotypes are combinations of the listed marker and the next most 3’ SNP. p = NS indicates p = 0.1.
—, no analysis was performed because this was the most g-telomeric SNP in the gene; MAF, marker minor allele frequency; OR, odds ratio of the
individual SNP.

from 0.05 to 0.95 (data not shown). The sample size of here was calculated for different values of D’ and marker
unselected cases that would be required to have equal and disease-associated allele frequencies. For D’ ranging
power to the 344 extreme truncate selected cases studied from 0.4 to 0.8 and allele frequencies from 0.05 to 0.95, the
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equivalent required sample size ranged from 1207 to 1286,
being 3.51-3.74 times greater than required for the extreme
truncate selected cohort. The bone area measures are nor-
mally distributed (Kolmogorov-Smirnov test, p = 0.8),
whereas the BMC and BMD data are not (Kolmogorov-
Smirnov test, p < 107*), reflecting the ascertainment
scheme.

DISCUSSION

This study confirmed the significant association of BMD
with LRP5 polymorphisms in particular and supports the
association of polymorphisms of other genes in the Wnt
signaling pathway with BMD variation. The study also
shows that extreme truncate selection designs can, in prac-
tice, detect genes of relevant effect sizes influencing BMD
variation, using moderate sample sizes.

LRP5 mutations have been shown to cause high or low
bone mass syndromes, and several studies have now shown
effects of common polymorphisms on BMD. Association of
LRPS5 polymorphisms with BMC has been reported in ado-
lescents,® and our study showed that this association is
strongly observed in late adulthood. Furthermore, early
studies suggested that the association of LRP5 polymor-
phisms with BMD variation was stronger in men than in
women.®* This study, showing a strong association in
postmenopausal women and in combination with previous
studies, indicates that LRP5 polymorphisms are associated
with both male and female BMD variation, consistent with
mouse models. The study was not able to determine the
primary disease-associated variant, which may require ei-
ther larger sample sizes and/or studies in different ethnic
groups, where difference in the linkage disequilibrium
structure may lead to greater genetic resolution.

The magnitudes of effect of the observed LRP5 associa-
tions are not great, as expected for any relatively commonly
polymorphic locus. Comparing allele frequencies in our
high and low BMD groups, the ORs for associated LRP5
polymorphisms were 1.3-2.4. Considering BMD as a di-
chotomous trait using the thresholds used in this study (ab-

linkage disequilibrium (D’) between marker
and disease-associated alleles.

solute value BMD Z-score >1.5 and <4), the association of
the LRP5 SNP 153781590 contributes a remarkably high
17% of the population attributable risk. This value likely
over-represents the contribution in unselected populations.
Given that LRP5 seems to be a major gene for affecting
BMD variation in the general population, it is likely that
most BMD-associated genes would have lower effect sizes.

The association with LRP5 was primarily with BMC, and
no significant association of this gene was observed with
area. In this cohort, BMC was a much greater determinant
of BMD than was area. However, this observation should
be interpreted with caution. The projected area of the re-
gion of interest has a fixed scan length, so differences in
area reflect differences in femoral neck width. Conse-
quently, our study has much less power to identify effects
on bone area than BMD or BMC (see Fig. 1). Thus, al-
though we can say that these findings indicate that LRPS is
associated with BMD in this dataset because of effects on
BMC, whether it also has effects on bone area in the gen-
eral population is unclear.

SFRPI is a well-characterized soluble Wnt antagonist
that has not previously been studied for genetic association
with osteoporosis. Our study identified association of four
SNPs in SFRPI with BMC, and two of these were also
associated with BMD (15921142, rs4736965). The associa-
tion of the haplotype of these two markers was particularly
strong (p = 0.00042 for BMC). These two markers lie in a
single haplotype block in the 3" UTR of SFPRI. No asso-
ciation was observed with bone area. SFRPI~~ mice have
increased trabecular bone mass,** with minimal effect
noted on cortical bone. This is consistent with the findings
of this study, because increases in trabecular bone produces
increased BMC/BMD without affecting bone area. Our ob-
servation suggests that genetic variation in this region in-
fluences SFRPI function in some manner, perhaps through
effects on RNA stability.

LRP6 bears 71% amino acid identity with LRP5,* and
murine models suggest incomplete functional redundancy
between the two receptors.®*® Heterozygous or homozy-
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gous deletions at either the LRP5 or LRP6 locus result in
decreased trabecular bone volume fraction compared with
wildtype controls,?” and LRP6 haploinsufficiency exacer-
bates the low BMD phenotype of LRP5~~ mice.*”” Fur-
thermore, spontaneous loss-of-function mutation of LRP6
in mice leads to dysmorphologies of the axial skeleton and
digits, as well as the neural tube.®® In humans, a missense
mutation has been linked to early coronary disease and
severe osteoporosis.*” Association of a coding LRP6 SNP
with BMD (rs2302685, Ile1062Val) has also been re-
ported.® The two markers showing association in our
dataset with BMD and/or BMC in our dataset lie just 2129
(rs11054704) and 10,419 bp (rs2075241) away from that
SNP, and HapMap data indicate that they are part of the
same linkage disequilibrium block, in strong linkage dis-
equilibrium with rs2302685 (D' = 1 for both markers). The
data are therefore supportive of the earlier association re-
ported but extend their single marker study, showing that
the association is with a particular haplotype block, which
also encodes the Dickkopf binding region.®” The associa-
tion of LRP6 genetic variation with both coronary artery
disease and BMD may partially explain their clinical asso-
ciation; if confirmed, this finding would be of obvious major
public health significance.

Four SNPs in LRPI were associated with both BMD and
BMC and, although none of these reached experiment-wise
significance, the probability of this many positive associa-
tions by chance of 11 SNPs studied is extremely low (p =
0.001). Furthermore, a haplotype of the neighboring SNPs
154759044 and rs11172113 was associated with lower femo-
ral area and lower BMC. This suggests that this haplotype
contains a genetic variant associated with reduced bone
formation. These two SNPs, both located in intron 1, lie in
a haplotype block that extends as far as intron 6 and in-
cludes two nonsynonymous SNPs (152306691, Asp166Asn;
rs1800127, Val217Ala) in exon 6. Further fine-mapping and
confirmation studies of this region are needed to determine
the principal associated variants. Because the haplotype
was associated with reduction in both BMC and area, no
effect was seen on BMD. This emphasizes the value of
studying these measures separately, because genetic effects
that influence BMC and area in parallel are not expected to
be observed by studies of BMD alone.

No previous reports of association studies of LRPI have
been published. LRP1 is known to be expressed by osteo-
blasts and is involved in uptake of vitamin K in chylomicron
remnants, in turn leading to increased osteocalcin +y-
carboxylation.®" Vitamin K has also been show to stimu-
late osteogenic and inhibit adipogenic marrow stromal dif-
ferentiation. LRPI knockout mice are not viable,®? and no
murine models are yet available to study the role of LRPI
genetic variants on bone. However, our data suggest that
LRPI polymorphisms influence BMD and BMC variation
and may also influence bone area.

Mutations of SOST are known to cause the high bone
mass syndrome van Buchem disease.®**" SOST polymor-
phisms have been shown to be associated with BMD in the
Rotterdam Study.” Two of the three SNPs studied in
SOST were BMD associated (p = 0.004-0.008). SOST is a
known Wnt signaling antagonist expressed primarily in os-
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teocytes and thought to be involved in osteocytic control of
bone deposition. The associated SNPs lie in the 5" region of
the gene, distant from the region deleted in van Buchem
disease but close to the deletion reported to be associated
with BMD by Uitterlinden et al., lying 303 and 904 bp
away, and thus likely to tag the deletion.

Two other genes in the same signaling pathway, Wnt3a
and DKK?2, showed nominally significant association with
BMD involving more than one SNP. We are not aware of
any previous association studies of these genes in osteopo-
rosis. In both cases, the strength of the observed association
was not definitive, and further studies in other cohorts and
higher density mapping will be needed to confirm these
findings and identify true condition-associated variants.

A potential weakness of any association study design us-
ing unrelated individuals is unaccounted population strati-
fication, where differences in ethnicity between individuals
can inflate the type 1 and type 2 error rates. Unrecognized
population stratification is difficult to exclude in any study
of unrelated individuals, and it is not impossible that it may
have affected our findings. In British whites, analysis of the
healthy control cohort in the Wellcome Trust Case Control
Consortium has identified 13 regions with significant geno-
type frequency variation in British whites.*> None of the
loci investigated in this study lie within these 13 regions.
Furthermore, analysis of ethnic structure within this study
indicated that all cases belonged to the one cluster. This
suggests that our findings are not significantly influenced by
population stratification.

This study used a novel design, with extreme truncate
selection of samples, aiming to improve power. The ap-
proach of studying cohorts drawn from the extremes of the
population distribution of BMD has been used in several
linkage studies of BMD variation,!”**=% but rarely in as-
sociation studies.'’? The power calculations presented in
Fig. 1 show that for BMD (studied by extreme truncate
selection), the power was substantially greater than for area
(where values were normally distributed) across a wide
range of levels of linkage disequilibrium and also marker
and disease-associated allele frequencies. Using a relatively
small sample size, we showed statistically robust associa-
tions, indicating that this is a good model for future study
designs in osteoporosis genetics. To achieve the same
power using an unselected population sample would re-
quire studying 1207-1286 individuals depending on the ge-
netic model, a sample size 3.51-3.74 times larger than stud-
ied here. This study does not formally compare extreme
truncate selection with unselected cohort designs, but the
strong positive findings produced with the moderate sample
size studied would be quite unexpected in unselected co-
horts of this size. Our findings support the conclusion of
previous theoretical analyses, that extreme truncate selec-
tion is an efficient study design, providing optimum power
and minimizing genotyping requirements, and is well suited
to genome-wide association analysis to minimize genotyp-
ing costs.

In conclusion, this study confirmed the major role played
by LRP5 polymorphisms in determining population varia-
tion in BMD and BMC and supports a role for several other
Wnt pathway genes including LRPI1, LRP6, SFRPI, SOST,
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Wnt3a, and DKK2, in which more than one SNP showed
nominal association. This study also provides a practical
demonstration of the power of extreme truncate selection
methods in quantitative trait genetics.

10.

11.

12.

13.

REFERENCES

. Bollerslev J, Wilson SG, Dick IM, Islam FM, Ueland T, Palmer

L, Devine A, Prince RL 2005 LRP5 gene polymorphisms pre-
dict bone mass and incident fractures in elderly Australian
women. Bone 36:599-606.

. van Meurs J, Hugens W, Arp P, Bartels C, Ai M, Hofman A,

Warman M, Pols H, Uitterlinden A 2003 Association of LRP5
polymorphisms with bone mineral density in elderly men and
women. Calcif Tissue Int 72:327.

. van Meurs JB, Rivadeneira F, Jhamai M, Hugens W, Hofman

A, van Leeuwen JP, Pols HA, Uitterlinden AG 2006 Common
genetic variation of the low-density lipoprotein receptor-
related protein 5 and 6 genes determines fracture risk in elderly
white men. J] Bone Miner Res 21:141-150.

. Koay MA, Woon PY, Zhang Y, Miles LJ, Duncan EL, Ralston

SH, Compston JE, Cooper C, Keen R, Langdahl BL, MacLel-
land A, O’Riordan J, Pols HA, Reid DM, Uitterlinden AG,
Wass JA, Brown MA 2004 Influence of LRP5 polymorphisms
on normal variation in BMD. J Bone Miner Res 19:1619-1627.

. Little RD, Carulli JP, Del Mastro RG, Dupuis J, Osborne M,

Folz C, Manning SP, Swain PM, Zhao SC, Eustace B, Lappe
MM, Spitzer L, Zweier S, Braunschweiger K, Benchekroun Y,
Hu X, Adair R, Chee L, FitzGerald MG, Tulig C, Caruso A,
Tzellas N, Bawa A, Franklin B, McGuire S, Nogues X, Gong
G, Allen KM, Anisowicz A, Morales AJ, Lomedico PT,
Recker SM, Van Eerdewegh P, Recker RR, Johnson ML 2002
A mutation in the LDL receptor-related protein 5 gene results
in the autosomal dominant high-bone-mass trait. Am J Hum
Genet 70:11-19.

. Ferrari SL, Deutsch S, Choudhury U, Chevalley T, Bonjour JP,

Dermitzakis ET, Rizzoli R, Antonarakis SE 2004 Polymor-
phisms in the low-density lipoprotein receptor-related protein
5 (LRPS) gene are associated with variation in vertebral bone
mass, vertebral bone size, and stature in whites. Am J Hum
Genet 74:866-875.

. Xiong DH, Shen H, Zhao LJ, Xiao P, Yang TL, Guo Y, Wang

W, Guo YF, Liu YJ, Recker RR, Deng HW 2006 Robust and
comprehensive analysis of 20 osteoporosis candidate genes by
very high-density single-nucleotide polymorphism screen
among 405 white nuclear families identified significant associa-
tion and gene-gene interaction. J Bone Miner Res 21:1678-
1695.

. Xiong DH, Lei SF, Yang F, Wang L, Peng YM, Wang W,

Recker RR, Deng HW 2007 Low-density lipoprotein receptor-
related protein 5 (LRP5) gene polymorphisms are associated
with bone mass in both Chinese and whites. J Bone Miner Res
22:385-393.

. Uitterlinden AG, Arp P, Paeper B, Charmley P, Proll S, Ri-

vadeneira F, Fang Y, van Meurs J, Britschgi TB, Latham JA,
Schatzman RC, Pols HA, Brunkow ME 2004 Polymorphisms
in the sclerosteosis/van Buchem disease gene (SOST) region
are associated with bone-mineral density in elderly whites. Am
J Hum Genet 75:1032-1045.

Huang BE, Lin DY 2007 Efficient association mapping of
quantitative trait Loci with selective genotyping. Am J Hum
Genet 80:567-576.

Abecasis GR, Cookson WO, Cardon LR 2001 The power to
detect linkage disequilibrium with quantitative traits in se-
lected samples. Am J Hum Genet 68:1463-1474.

Chen Z, Zheng G, Ghosh K, Li Z 2005 Linkage disequilibrium
mapping of quantitative-trait Loci by selective genotyping. Am
J Hum Genet 77:661-669.

Nguyen T, Sambrook P, Kelly P, Jones G, Lord S, Freund J,
Eisman J 1993 Prediction of osteoporotic fractures by postural
instability and bone density. BMJ 307:1111-1115.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

505

Sanders KM, Pasco JA, Ugoni AM, Nicholson GC, Seeman E,
Martin TJ, Skoric B, Panahi S, Kotowicz MA 1998 The exclu-
sion of high trauma fractures may underestimate the preva-
lence of bone fragility fractures in the community: The Gee-
long Osteoporosis Study. J Bone Miner Res 13:1337-1342.
Zhai G, Cicuttini F, Srikanth V, Cooley H, Ding C, Jones G
2005 Factors associated with hip cartilage volume measured by
magnetic resonance imaging: The Tasmanian Older Adult Co-
hort Study. Arthritis Rheum 52:1069-1076.

Prince RL, Devine A, Dhaliwal SS, Dick IM 2006 Effects of
calcium supplementation on clinical fracture and bone struc-
ture: Results of a 5-year, double-blind, placebo-controlled trial
in elderly women. Arch Intern Med 166:869-875.

Duncan E, Brown M, Sinsheimer J, Bell J, Carr A, Words-
worth B, Wass J 1999 Suggestive linkage of the parathyroid
receptor type 1 to osteoporosis. J Bone Miner Res 14:1993—
1999.

Barrett JC, Fry B, Maller J, Daly MJ 2005 Haploview: Analysis
and visualization of LD and haplotype maps. Bioinformatics
21:263-265.

Purcell S, Daly MJ, Sham PC 2007 WHAP: Haplotype-based
association analysis. Bioinformatics 23:255-256.

Nyholt DR 2004 A simple correction for multiple testing for
single-nucleotide polymorphisms in linkage disequilibrium
with each other. Am J Hum Genet 74:765-769.

Purcell S, Cherny S, Sham P 2003 Genetic power calculator:
Design of linkage and association genetic mapping studies of
complex traits. Bioinformatics 19:149-150.

Pritchard JK, Stephens M, Donnelly P 2000 Inference of popu-
lation structure using multilocus genotype data. Genetics
155:945-959.

Miettinen OS 1974 Proportion of disease caused or prevented
by a given exposure, trait or intervention. Am J Epidemiol
99:325-332.

Bodine PV, Zhao W, Kharode YP, Bex FJ, Lambert AJ, Goad
MB, Gaur T, Stein GS, Lian JB, Komm BS 2004 The Wnt
antagonist secreted frizzled-related protein-1 is a negative
regulator of trabecular bone formation in adult mice. Mol En-
docrinol 18:1222-1237.

Tamai K, Semenov M, Kato Y, Spokony R, Liu C, Katsuyama
Y, Hess F, Saint-Jeannet J-P, He X 2000 LDL-receptor-related
proteins in Wnt signal transduction. Nature 407:530-535.
Bejsovec A 2000 Wnt signaling: An embarrassment of recep-
tors. Curr Biol 10:R919-R922.

Holmen SL, Giambernardi TA, Zylstra CR, Buckner-Berghuis
BD, Resau JH, Hess JF, Glatt V, Bouxsein ML, Ai M, War-
man ML, Williams BO 2004 Decreased BMD and limb defor-
mities in mice carrying mutations in both Lrp5 and Lrp6. J
Bone Miner Res 19:2033-2040.

Kokubu C, Heinzmann U, Kokubu T, Sakai N, Kubota T,
Kawai M, Wahl MB, Galceran J, Grosschedl R, Ozono K, Imai
K 2004 Skeletal defects in ringelschwanz mutant mice reveal
that Lrp6 is required for proper somitogenesis and osteogen-
esis. Development 131:5469-5480.

Mani A, Radhakrishnan J, Wang H, Mani MA, Nelson-
Williams C, Carew KS, Mane S, Najmabadi H, Wu D, Lifton
RP 2007 LRP6 mutation in a family with early coronary disease
and metabolic risk factors. Science 315:1278-1282.

Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, Niehrs
C 2001 LDL-receptor-related protein 6 is a receptor for Dick-
kopf proteins. Nature 411:321-325.

Niemeier A, Kassem M, Toedter K, Wendt D, Ruether W,
Beisiegel U, Heeren J 2005 Expression of LRP1 by human
osteoblasts: A mechanism for the delivery of lipoproteins and
vitamin K1 to bone. J Bone Miner Res 20:283-293.

Herz J, Clouthier DE, Hammer RE 1992 LDL receptor-related
protein internalizes and degrades uPA-PAI-1 complexes and is
essential for embryo implantation. Cell 71:411-421.
Staehling-Hampton K, Proll S, Paeper BW, Zhao L, Charmley
P, Brown A, Gardner JC, Galas D, Schatzman RC, Beighton P,
Papapoulos S, Hamersma H, Brunkow ME 2002 A 52-kb de-
letion in the SOST-MEOX]1 intergenic region on 17q12-q21 is



506

34.

3s.

36.

37.

38.

associated with van Buchem disease in the Dutch population.
Am J Med Genet 110:144-152.

Balemans W, Patel N, Ebeling M, Van Hul E, Wuyts W, Lacza
C, Dioszegi M, Dikkers FG, Hildering P, Willems PJ, Verheij
JB, Lindpaintner K, Vickery B, Foernzler D, Van Hul W 2002
Identification of a 52 kb deletion downstream of the SOST
gene in patients with van Buchem disease. ] Med Genet 39:91-
97.

Wellcome Trust Case Control Consortium 2007 Genomewide
association study of 14,000 cases of seven common diseases and
3000 controls. Nature 447:661-683.

Ralston SH, Galway N, MacKay N, Albagha OME, Cardon
LR, Compston JE, Cooper C, Duncan EL, Keen RW, Lang-
dahl B, McLellan A, O’Riordan JLH, Pols HA, Reid DM,
Uitterlinden AG, Wass JA, Bennett ST 2004 Loci for regula-
tion of BMD in men and women: The FAMOS study. Calcif
Tissue Int 74(Suppl 1):S39-S40.

Deng HW, Livshits G, Yakovenko K, Xu FH, Conway T, Dav-
ies KM, Deng H, Recker RR 2002 Evidence for a major gene
for bone mineral density/content in human pedigrees identified
via probands with extreme bone mineral density. Ann Hum
Genet 66:61-74.

Wilson SG, Reed PW, Bansal A, Chiano M, Lindersson M,

39.

SIMS ET AL.

Langdown M, Prince RL, Thompson D, Thompson E, Bailey
M, Kleyn PW, Sambrook P, Shi MM, Spector TD 2003 Com-
parison of genome screens for two independent cohorts pro-
vides replication of suggestive linkage of bone mineral density
to 3p21 and 1p36. Am J Hum Genet 72:144-155.

Reneland RH, Mah S, Kammerer S, Hoyal CR, Marnellos G,
Wilson SG, Sambrook PN, Spector TD, Nelson MR, Braun A
2005 Association between a variation in the phosphodiesterase
4D gene and bone mineral density. BMC Med Genet 6:9.

Address reprint requests to:

Matthew Brown, MBBS, MD, FRACP
Diamantina Institute of Cancer, Immunology and
Metabolic Medicine

Princess Alexandra Hospital

Ipswich Road

Woolloongabba, Queensland 4102, Australia
E-mail: matt.brown@uq.edu.au

Received in original form May 15, 2007; revised form September 4,
2007; accepted November 15, 2007.



