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Abstract
Polymorphisms in the LRP5 gene have been associated with bone mineral density (BMD) in men
and/or women. However, the functional basis for this association remains obscure. We hypothesized
that LRP5 alleles could modulate Wnt signaling and the relationship between physical activity and
BMD.

This genetic association study was performed in the population-based Framingham Study Offspring
Cohort, and included a subset of 1797 unrelated individuals who provided blood samples for DNA
and who had BMD measurements of the hip and spine. Ten single-nucleotide polymorphisms (SNPs)
spanning the LRP5 gene were genotyped and used for association and interaction analyses with BMD
by regression methods. LRP5 haplotypes were transiently co-expressed with Wnt3a, MesD and Dkk1
in HEK293 cells and their activity evaluated by the TCF-Lef reporter assay.

Six out of ten SNPs in LRP5 were associated with one or more of the femur or spine BMDs in men
or women after adjustment for covariates, and these associations differed between genders. In men
≤age 60 years, 3 SNPs were significantly associated with BMD: rs2306862 on Exon 10 with femoral
neck BMD (p=0.01) and Ward’s BMD (p=0.01); rs4988321/p. V667M with Ward’s BMD (p=0.02);
and intronic rs901825 with trochanter BMD (p=0.03). In women, 3 SNPs in intron 2 were
significantly associated with BMD: rs4988330 for trochanter (p=0.01) and spine BMD (p=0.003);
rs312778 with femoral neck BMD (p=0.05); and rs4988331 with spine BMD (p=0.04). For each
additional rare allele, BMD changed by 3–5% in males and 2–4% in females. Moreover, there was
a significant interaction between physical activity and rs2306862 in exon 10 (p for interaction=0.02)
and rs3736228/p. A1330V in exon 18 (p for interaction=0.05) on spine BMD in men. In both cases,
the TT genotype was associated with lower BMD in men with higher physical activity scores,
conversely with higher BMD in men with lower physical activity scores. In vitro, TCF-Lef activity
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in presence of Wnt3a was significantly reduced in cells expressing LRP5 haplotypes carrying the T
allele of exon 10 and 18 compared to the wild-type allele, whereas co-expression of Dkk1 completely
inhibited Wnt3a response through all LRP5 haplotypes.

In summary, genetic variation in exons 10 and 18 of the LRP5 gene modulates Wnt signaling and
the relationship between physical activity and BMD in men. These observations suggest that Wnt-
LRP5 may play a role in the adaptation of bone to mechanical load in humans, and may explain some
gender-related differences in bone mass.

INTRODUCTION
Bone mineral density (BMD), a major risk factor for osteoporotic fractures, has high
heritability.1, 2 Despite ample suggestion from humans and mice that osteoporosis genes may
partly differ between males and females,3–5 most association studies with bone density,
turnover and/or fractures have focused on gene polymorphisms in women.6–10 The few studies
that have examined osteoporosis genes in men, such as the aromatase gene (CYP19)11 and the
vitamin D receptor gene (VDR),12 have rarely studied women from the same population. Not
only genes, but also environment/life style factors and their interaction with genetic variation
play a prominent role in osteoporosis risk;13,14 yet the contribution of interactions between
non-genetic and genetic factors remains poorly understood. Among these environmental
factors, physical exercise is an important determinant of peak bone mass acquisition and
maintenance, which effects may also differ between men and women.15 The mechanisms for
gender-related differences in the skeletal response to physical activity are currently unknown.
Nevertheless, there is some evidence that genetic variation may influence the response of
muscles and the skeleton to intense physical training.16, 17

Recently, mutations in the lipoprotein receptor-related protein 5 (LRP5) gene have been
demonstrated to result in different single gene disorders with either a high or low BMD
phenotype18. Thus in the autosomal recessive disorder, osteoporosis-pseudoglioma syndrome
(OPPG), very low bone mass and blindness have been linked to loss-of-function mutations in
the LRP5 gene.19 Concurrently a high bone mass phenotype was described in several extended
pedigrees as being linked to gain-of-function mutations in the LRP5 gene.20–22 The high bone
mass phenotype is characterized by greater amounts of both cortical and trabecular bone, and
a skeleton of greater strength resulting in a complete absence of fractures in one of the pedigrees
described.23

LRP5 mutations affect bone formation by osteoblasts, principally by altering Wnt signaling
through the canonical beta-catenin pathway.18 In turn, ablation of the LRP5 gene in mice
mimics the skeletal phenotypes reported in humans with OPPG.24 Conversely, transgenic mice
containing the high bone mass mutation have greater bone mass, density, and strength as
compared to non-transgenic littermates.25 Some have suggested that the superior resistance to
fracture observed in the transgenic animals may indicate a role for LRP5 in bone adaptation
to mechanical load.25, 26

Based on these provocative findings in several human kindreds and in transgenic mice, the
contribution of the LRP5 gene to BMD in the general population has recently been investigated.
27, 28 In one recent cross-sectional study of 889 healthy Caucasian male and female, significant
associations were found for a missense substitution in exon 9 (p.V667M/rs4988321) and its
haplotypes with a missense SNP in exon 18 (p.A1330V/rs3736228) with lumbar spine bone
mineral content (BMC) and projected bone area.28 The associations with peak bone mass were
observed mainly in men, in whom LRP5 polymorphisms accounted for up to 15% of the traits’
variances, and with BMC gain in prepubertal male children. Others have observed a stronger
association and linkage between spine BMD, projected bone area and/or fragility fractures and
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certain alleles of the LRP5 gene in males than in females,29, 30 as well as an association
between LRP5 alleles and idiopathic male osteoporosis.31 It is possible therefore that the LRP5
gene could display gender-specific effects on osteoporosis risk. Previous studies, however, did
not explore the possibility of interaction between variants in this gene, physical activity, and
BMD, nor did they assess the functional significance of LRP5 genetic variation on Wnt
signaling.

The Framingham Osteoporosis Study offers a unique opportunity to examine multiple
polymorphisms in osteoporosis candidate genes as they relate to BMD at both the spine and
hip in a large number of men and women sharing a similar genetic and environmental
background32. These observations prompted us to hypothesize that an interaction of physical
activity with LRP5 alleles might explain some gender-related differences in bone mass.18

METHODS
Study Sample

In 1971, the Framingham Offspring Study was initiated with the intent to evaluate, among
other goals, the role of genetic factors in the etiology of coronary artery disease, and included
a total sample size of 5124 subjects.33 The Offspring Cohort is comprised of adult offspring
(and their spouses) of couples from the Original Framingham Cohort and 96.4% of the
Offspring Cohort are Caucasians, with origin in Eastern and Western Europe. After their initial
evaluation, these individuals have undergone repeat examinations approximately every four
years, and participated in the Framingham Osteoporosis Study at either their examination cycle
6 or 7, as described in details elsewhere.32, 34 Informed consent was obtained from participants
before entry into the study, which was approved by the Boston University Institutional Review
Board for Human Subjects Research, and the Hebrew Rehabilitation Center for Aged
Institutional Review Board.

Participants in the current study are a subset of unrelated individuals from the Framingham
Offspring cohort who provided blood samples for DNA and who had BMD measurements of
the hip and spine; 1797 of these (868 men and 929 women) also had genotyping done on most
of the ten LRP5 SNPs that were used for the current study. These subjects were not selected
on the basis of any trait, but only on the basis that they were biologically unrelated and had
DNA.

Bone Mineral Density
The participants underwent bone densitometry of the spine, femoral neck, trochanter, and
Ward’s area by dual x-ray absorptiometry using a Lunar DPX-L device to measure BMD (g/
cm2) in 1996 – 2001. The coefficients of variation in normal subjects for the DPX-L were 0.9%
(spine), 1.7% (femoral neck), 2.5% (trochanter), and 4.1% (Ward’s area).35

Physical Activity
Physical activity was examined using the Physical Activity Scale for Elderly (PASE)
questionnaire,36 which has been validated against activity diaries,37 activity monitors,38 and
doubly labelled water.39

Other variables
Variables influencing BMD were obtained at the time of BMD measurement along with overall
medical history. Details of these measurements have been published previously 35, 40. These
variables included age, sex, weight, and for women, estrogen use and menopausal status. Age
squared was considered in the models to account for potential non-linear age effects41. Weight
was measured using a standardized balance beam scale.35, 40 Analyses were conducted
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separately by sex and then women were further stratified by menopausal status, where
menopause was defined as having no menstrual period for at least one year or no menstrual
history for less than a year but taking postmenopausal estrogen. For postmenopausal women,
oral estrogen use was evaluated as current use (yes/no). Past users of estrogen replacement
therapy (ERT) represented only 0.6% of all women, and were included among never users in
all analyses.

DNA Extraction and Genotyping
Genomic DNA was extracted from peripheral blood leukocytes, from Offspring Cohort
participants attending their sixth examination cycle (1993–1998), using standard methods. We
selected tag SNPs to account for at least 80% of the common haplotypes42 for each of three
linkage disequilibrium (LD) blocks in LRP5 previously identified by Twells, et. al.43 In
addition, exonic SNPs were selected in the genomic region separating the second and third
LD block. From the 13 SNPs initially selected, 3 failed to be genotyped for technical reasons,
mostly pertaining to assay design issues. Genotyping was performed using the Applied
Biosystems TaqMan SNP genotyping assays, available either on-demand or custom designed.
The thermal cycler conditions used for PCR were: denaturation at 95 C for 10 min, 48 cycles
of denaturation at 95 C for 15 sec and annealing/extension at 60 C for 1 min. ABI PRISM
7900HT Sequence Detection System was used for allelic discrimination.

In vitro activity of LRP5 haplotypes
We used the Lef-TCF sensitive transcription assay to evaluate canonical Wnt3a signaling
mediated by common LRP5 haplotypes. HEK293T were seeded at a density of 8. 104 cells/
well in 24-well tissue culture plates in 0.5 ml of complete DMEM and transfected after 24
hours using Fugene® reagent (Roche, Basel, Switzerland) with 100 ng DNA of TOPFLASH
luciferase reporter (Upstate, Lucerna, Switzerland) and LRP5 constructs carrying SNPs in exon
9, 10 15 and 18 (haplotype 0, wild-type, G-C-A-C; haplotype 1, G-T-G-T; haplotype 2, A-T-
G-T). Cells were co-transfected with expression vectors encoding Wnt3a, MesD-C2 and Dkk1
(generous gifts from Dr. G. Rawadi, Prostrakan, Paris, FR) or empty pcDNA3.1 vector as
needed to make the total transfected DNA amount equal in all wells (equivalent to 100ng cDNA
for LRP5, Wnt3a and MesD, and 5ng for Dkk1). As an appropriate control for transfection
efficiency, HEK cells were co-transfected with plasmid pRLTK, encoding for Renilla
luciferase (5 ng DNA per ). Eight hours after transfection, the medium was replaced by fresh
medium containing 1% FCS. 24h after transfection, cells were lysed in 300l passive lysis buffer
(Promega, Madison, WI). The firefly luciferase activity (Topflash) and the Renilla luciferase
activity were quantitated on a TD-20/20 luminometer (Turner BioSystems, Sunnyvale, CA)
using the dual Luciferase Assay kit (Promega, Madison, WI) and the specific TCF-Lef reporter
activity expressed as relative luciferase units.

Statistical Analysis
The observed SNP genotype frequencies were analyzed, using a 1-degree of freedom χ2 test,
to determine if they were in Hardy-Weinberg equilibrium. For each pair of markers linkage
disequilibrium was evaluated using D′ and r2 calculated from estimated haplotype frequencies.
44 Genotype-phenotype association analyses were conducted separately in men and women
to examine the main effects of genotype. Initially genotype groups were compared with regard
to covariates using analysis of variance for continuous variables and χ2 statistics for categorical
variables.

We assessed the association between polymorphisms in the LRP5 gene and BMD at all bone
sites using multiple linear regression, with simultaneous adjustment for covariates. For SNPs
with minor allele frequencies of 20% or greater, the effect of the genotypes on BMD was
assessed coding each genotype as a factor with three groups (2 degrees of freedom test). For
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SNPs with minor allele frequency less than 20%, the number of homozygotes for the minor
alleles was small, and we coded the genotype as the number of minor alleles (0, 1, or 2) and
used additive models for the genotype effect (1 degree of freedom test). Previous work has
suggested that 1) LRP5 genetic variation influences peak bone mass acquisition 28 and 2) the
strength of the association for some LRP5 SNPs could differ in males and females 28, 29 Since
our sample included both genders and was middle-aged, we hypothesized a priori that our
findings might be more significant in men and for younger aged members of our sample.
Accordingly, analyses were performed separately in men and women, in pre- and
postmenopausal women, and in younger (≤ 60 years of age) and older (>60 years of age) men.
Age 60 years old was chosen to create a group of men who were young enough not to have
manifest the more significant bone loss that comes with advanced age, while providing
sufficient sample size for analyses. We generated plots of the −log10 of the p-values for the
analyses for each SNP at the various skeletal sites for each of the individual samples such as
women and men, young men, and premenopausal women. For SNPs found to be significantly
associated with BMD, the proportion of variance in BMD explained by the individual SNP
was determined. To estimate the magnitude of effect of SNPs that were significantly associated
with BMD, we also compared differences in BMD according to the number of rare alleles. All
10 SNPs were entered into a single model adjusting for all covariates only to estimate the
proportion of variance in BMD explained by the set of ten SNPs.

We also performed haplotype analyses using the software haplo.score.45 The haplo.score
function estimates haplotype frequencies via the expectation-maximization algorithm and
performs statistical tests of association using score statistics for quantitative traits adjusting for
the same covariates as included in the single SNP analyses. We performed haplotype analysis
for each previously described block separately, and for the exonic SNPs between blocks 2 and
3.43 Haplotype analyses were performed for males and females separately.

Since our main goal was to test for an interaction between physical activity and polymorphisms
in the LRP5 gene, we added interaction terms (PASE score*genotype) to the regression models.
We also examined the adjusted BMDs according to percentiles of PASE scores across genotype
groups for several SNPs for which significant interaction terms were observed (p<0.05).
Analyses were performed using R – Language and environment for statistical computing and
graphics. (www.r-project.org).

RESULTS
The 10 LRP5 SNPs used in this study are shown in Table 1 with detailed information about
each polymorphism, and Figure 1 shows them in the context of the gene structure, as well as
linkage disequilibrium (LD) for each pair of markers using D′ and r2 calculated from estimated
haplotype frequencies.44 As indicated, SNPs were chosen to span the entire gene locus. The
characteristics of the sample of men and women who had both BMD measures and genotyping
data are presented in Table 2. The mean ages were in the early sixties, 86% of the women were
menopausal and 34% used estrogen (including 0.6% of past users). Smoking was uncommon
in both men and women but men tended to be more physically active as measured using the
Physical Activity Scale for the Elderly (PASE). In the regression models with all covariates,
the proportion of variance (R2) in BMD explained by the covariates varied between 8.5%
(spine) and 19.9% (femoral neck) in men. Moreover, in men 60 years of age and younger
(n=386), we found a consistent pattern of statistically significant association between physical
activity and BMD at almost every skeletal site (increase to R2 by adding PASE to the models
ranged from 1.5% to 1.8% with p-values between 0.005 and 0.009). In women, the covariates
explained between 24.1% (spine) and 39.5% (trochanter) of the variability in BMD, although
physical activity did not contribute significantly to the overall R2.
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Linear regression analyses revealed that 6 out of the 10 SNPs in LRP5 were associated with
one or more of the femur or spine BMDs in men or women after adjustment for covariates, and
these associations differed between genders. In men ≤age 60 years, 3 SNPs were most
significantly associated with BMD: SNP #6 in Exon 10 with femoral neck BMD (p=0.01) and
Ward’s BMD (See Figure 2); SNP #5 in Exon 9 with Ward’s BMD (p=0.02); and SNP #10
with trochanter BMD (p=0.03). In men ≤ 60 years, the increase to R2 by adding these individual
SNPs to the models containing covariates ranged from 1.4–1.6%. There were no significant
associations in men over age 60 years.

In women, 3 SNPs, all situated in intron 2, were significantly associated with BMD (Figure
2): SNP #1 with trochanter BMD (p=0.01) and spine BMD (p=0.003) in all women, and
trochanter BMD (p=0.007) and spine BMD (p=0.01) in postmenopausal females; SNP #4 with
femoral neck BMD in all women (p=0.05); and SNP #3 with spine BMD in all women (p=0.04)
and in postmenopausal women (p=0.02). In women, the increase to R2 by adding these
individual SNPs to the models containing covariates ranged from 0.4–0.8%. Although each of
the significant SNPs only contributed a small amount to the variation in any of the BMD
measures, when all ten SNPs were simultaneously entered into the regression model adjusting
for all covariates, the SNPs explained between 5.4% (for the femoral neck) and 7.4% (for the
spine) of the total BMD variation in men ≤60 years and as much as 2.6% of the trochanter
BMD and 2.7% of spine BMD in postmenopausal women. The number of premenopausal
women was too small to calculate the R2 in this group (n=58).

To estimate the effect-size of these significant SNPs on BMD, we calculated the percent
difference in adjusted BMDs according to the number of rare alleles (0, 1, or 2). In general for
most of the SNPs that were significantly associated with BMD, each additional rare allele (SNP
#1, SNP #3 and SNP #4) accounted for 2–4% differences in BMD among women, and for 3–
5% BMD difference among men (SNP #5, SNP #6 and SNP #10). Figure 3 displays the
consistency of two of the representative associations between SNP #6 in men 60 years of age
and younger, and SNP #1 in women, and adjusted hip and spine BMDs. Haplotype analysis
confirmed genotypes associations, without improving upon the information from the individual
SNPs (data not shown).

We then specifically focused on our primary hypothesis of an interaction between genotype
and physical activity. In all men, there was a significant interaction between SNP #6 in exon
10 (p-value for interaction = 0.02), and a borderline significant interaction between SNP #9 in
exon 18 and physical activity on BMD of the spine (p-values for interaction = 0.05) despite
the fact that the main genotype effects of these two SNPs were observed for the hip in men ≤
60 years. Hence, the CC homozygotes demonstrated a positive association between physical
activity and spine BMD, whereas for the TT homozygotes, PASE scores were inversely
associated with BMD, and the CT heterozygotes showed no correlation (See Figures 4a and
4b). Despite the fact that the main genotype effects of these two SNPs were observed for the
hip in men ≤ 60 years, these interactions were specific for the spine as they were not observed
at other skeletal sites in men. Moreover, no interaction between PASE and any LRP5 allele
was observed in females (all p-values ≥ 0.15).

To evaluate the functional significance of LRP5 T or C alleles in exon 10 and 18, we expressed
in HEK293 cells three common haplotypes encompassing SNP #5, #6, #7, and #9 in exon 9,
10, 15 and 18, namely G-C-A-C (haplotype 0, wild-type), G-T-G-T (haplotype 1) and A-T-G-
T (haplotype 2) and measured TCF-Lef reporter activity in response to canonical Wnt3a
signaling (figure 5). LRP5 haplotypes 1 and 2, which carry the T allele of exon 10 and 18, both
had significantly reduced Wnt3a-stimulated TCF-Lef activity compared to wild-type alleles.
Co-expressing MesD, a chaperone molecule which facilitates translocation of LRP5 to the cell
membrane, increased Wnt-stimulated activity of LRP5 haplotype 0 (3.5 fold greater than
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control vs 2.1 fold without MesD) and haplotype 2 (1.5 fold greater than control vs 1.1 fold
without MesD). Yet, in the presence of MesD, Wnt-stimulated luciferase activity remained
significantly lower in cells expressing heplotypes 1 and 2 compared to wild-type (Figure 5).
Next, cells expressing wild-type LRP5 and MesD were co-transfected with increasing
concentrations (0.1 to 100 ng cDNA/well) of Dkk1 construct, an LRP5 antagonist. At the
maximal concentration, Dkk1 completely abolished Wnt-stimulated luciferase activity (data
not shown), whereas at 2–5 ng Dkk1 cDNA/well, some luciferase activity remained detectable.
In these conditions, the TCF-Lef response to Wnt was similar among LRP5 haplotypes 0, 1
and 2 led to similar results (data not shown). These observations suggest that LRP5 alleles,
particularly SNP #9 in exon 18 (V1330A variant), decrease Wnt signaling independent of
Dkk1.

DISCUSSION
In this large association study in middle and older age Caucasian men and women from a
relatively homogeneous population, living in Framingham, MA, we detected significant
(p<0.05) evidence of association with both hip and spine BMD using multiple SNP tags and
missense substitutions in the LRP5 gene. Although individual SNPs accounted for a small
proportion of the variation (<2%) in BMD of the hip and spine, when all of the SNPs were
considered simultaneously, a substantial proportion of variance in spine BMD was explained
by genetic variation at the LRP5 locus (as much as 7.4% in men ≤ 60 years, and as much as
2.7% in post-menopausal women). Furthermore, for polymorphisms significantly associated
with BMD, the difference in adjusted BMDs according to the number of rare alleles ranged
between 2–5%. Not only did SNPs in LRP5 explain a greater proportion of BMD variance in
younger men than women, but also the SNPs associated with BMD in men and women were
grouped in different genomic regions. It is possible therefore that SNPs in the more 5′-region
of LRP5 could interact with X-linked genes and/or influence transcriptional regulation of LRP5
by gonadal steroids in women. Alternatively, intronic tag SNPs upstream of the LRP5 coding
and promoter regions could be markers for genetic variation in other genes on 11q12–13
contributing to BMD variance in females.46, 47 Finally, our finding that SNPs in exons 10
and 18 modified the influence of physical activity on spine BMD in men represents the first
demonstration that the LRP5 gene may be implicated in the adaptation of bone to mechanical
load in humans, as previously suggested in mice.26, 48 Thus, LRP5 genetic variation and, in
particular, its interaction with physical activity might explain some gender-related differences
in bone mass.49

There have been several previous studies of variations in the LRP5 gene and BMD. Although
all have used different study designs and types of populations,27–29, 50 several SNPs found
to be associated with BMD in these studies are concordant with our own observations. An
association study between BMD of the radius and nine candidate genes in 481 healthy Japanese
women aged 54.2±12.4 years50 reported significant associations with BMD at radius for three
SNPs in LRP5, including SNP #6 in exon10 and SNP #9 in exon 18. A case-control study of
126 women with osteoporosis and 131 normal control women by the same investigators
confirmed an association between two of the LRP5 SNPs and osteoporosis, although the ages
of the women, and other potential confounding factors were not considered.50

Ferrari and colleagues investigated 5 common LRP5 polymorphisms in 889 male and female
children and adults in Switzerland. They identified a missense substitution, SNP #5 and
haplotypes of SNP #5 with SNP #9 that were significantly associated with bone mineral content
and projected bone area and BMD of the lumbar spine in adult men. Altogether, LRP5
polymorphisms accounted for as much as 10–15% of the trait variance in men, but no
significant associations were found for women.28 A third study confirmed both linkage and
association of LRP5 alleles with BMD in 152 osteoporotic probands, their families and 160
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women with BMD greater than 2.5 standard deviations above young normals, all recruited
from a single region in England.29 In keeping with our own findings that LRP5 SNPs #5 and
#6 in exons 9 and 10 were associated with BMD in men, but not women, the latter study reported
within-family association between an intronic SNP near exon 21 and BMD of the hip, which
was stronger in males. Moreover, linkage analysis revealed linkage between SNP #9 and total
hip and femoral neck BMD, and comparing osteoporotic probands to unrelated postmenopausal
women with high BMD revealed three other SNPs in exons 8 (rs545382), 9 (rs2277268), and
21 (IVS21 +52c<a) to be associated with BMD. Finally, Koller and colleagues confirmed an
association of several LRP5 polymorphisms, including SNP #9, with BMD at the hip and spine
in 1301 premenopausal women taking part in a sibling pair study using both population-based
and family based association approaches.27 Despite the large number of observations,
associations in these younger women were somewhat weaker compared to the other studies,
supporting the hypothesis of a potentially stronger effect of LRP5 genotypes in men and older
women.18

Noteworthy, one of the most commonly identified LRP5 SNPs for BMD in these studies was
the SNP #9. In a large cohort from the Netherlands, this SNP has very recently been identified
to be more strongly associated with projected bone area of the spine and fragility fractures in
men than in women30. Our results now indicate that this polymorphism as well as SNP #6,
that is in strong LD with SNP #9 (Figure 2), interact with physical activity in men, suggesting
that SNP association with bone mass at the spine could result from a differential response of
the axial skeleton to mechanical loading. In the Gothenburg Osteoporosis and Obesity
Determinants (GOOD) study, trabecular volumetric BMD was associated with the level of
overall physical activity in young men, whereas cortical volumetric BMD was not.51 Our own
observation of a unique association between spine BMD and PASE score in men is fully
consistent with these findings. Based on the observation that CC homozygotes for SNP#9
showed a positive association between PASE and spine BMD, whereas heterozygotes showed
no correlations and TT homozygotes showed an inverse relation (albeit the latter was a small
group), we propose that allelic differences in LRP5 may alter the bone remodeling balance in
response to physical exercise. Thus, substitution of valine to alanine at position 1330 (i.e. C>T)
could alter LRP5-mediated Wnt signaling such that catabolic signals provided by physical
exercise would predominate over anabolic signals.

In keeping with this hypothesis, modulation by genetic variants of the skeletal response induced
by strenuous exercise has previously been reported 16, 17. By expressing exon 18 alleles in
the context of their haplotype in vitro, we found the T variant to be associated with a
significantly decreased response to canonical Wnt3a signaling. Since this inhibition was
observed independently of the co-expression of MesD chaperone molecule and the LRP5
antagonist Dkk1, we suggest that functional alterations associated with the LRP5 1330V
variant do not necessarily involve trafficking to the cell membrane nor receptor interaction
with Dkk1. Using a similar in vitro assay, Crabbe and coll. recently reported that S356L and
S455L mutations in exon 6 of LRP5 identified in some men with idiopathic osteoporosis also
inhibited Wnt signal transduction.52 It appears therefore that amino acid changes in various
propeller modules of the LRP5 extracellular domain have the potential to influence bone mass
acquisition, particularly in males. Additional experiments will be required to elucidate the
actual mechanisms for altered Wnt signaling with LRP5 variants and, particularly, their
osteoblastic response to mechanical stress.

Our study had several strengths including the sample size, SNP selection across the LRP gene
high enough heterozygosity to enable us to maximize our power to detect association, and use
of a well-validated physical activity self-report instrument (PASE) 37,39 to examine an
interaction between physical activity and LRP5 polymorphisms on BMD in men specifically.
It is possible therefore that differences in muscle strength or physical activity between men
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and women could modulate the influence of LRP5 polymorphisms on bone mass that in some
previous studies have demonstrated gender-specific effects. 28–30

There were several potential limitations to our study. First there were some inconsistencies
between the significant main effects of a SNP #6 mostly on the hip in men ≤60 years and the
interaction of this SNP with physical activity in all men on spine BMD. Second, in all
association studies there are concerns that results with p<0.05 may be false positives. Spurious
allelic associations may result from population stratification; however, such risks may have
been overestimated.53 Another cause of false positives arises from multiple comparisons,
which we acknowledge in our analyses. A large meta-analysis recently suggested that there
was replication and evidence of a true association in around one in three initial positive
association studies of common variants.54 Thus, given the size of our study, the absence of
population stratification in the Framingham Cohort55 and the replication of findings from other
groups, it is unlikely that our findings are false positives. Finally, since data from the
International Hap Map Project were not available at the time this work was done, we selected
our SNPs based on the published literature at the time. Nevertheless, we examined our SNP
locations in the context of the new Hap Map data (http://www.hapmap.org). Three of our SNPs
(SNP#1, SNP#5 and SNP#10) were not genotyped as part of the Hap Map consortium; however
our SNPs spanned the whole gene.

In conclusion, this population-based association study confirms work from previous studies
that natural variation in and around LRP5 does influence variability in bone mineral density,
with a suggestion of a stronger association in relatively younger adult males. The influence of
any one polymorphism was small, but taken together, the proportion of variance explained by
all studied polymorphisms was not inconsequential, and BMD differences conferred by the
number of rare alleles were of a magnitude to be considered clinically significant, particularly
in men. Perhaps the most provocative findings in our study were that LRP5 variants influence
the effects of physical activity on spine bone density in men and Wnt signaling in vitro. Future
studies in human populations are needed to further substantiate these findings of the interaction
with regard to fracture risk in later years.
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Figure 1.
Diagram of the physical map of the LRP5 gene with exons, introns, and 10 SNPs used in current
analysis. Also shown is the linkage disequilibrium for each pair of markers using D’ and R2

calculated from estimated haplotype frequencies.
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Figure 2.
a Multivariate adjusted (age, age2, weight, physical activity) p-values for association between
10 SNPs in the LRP5 gene and BMD at the hip (femoral neck, trochanter, Ward’s area) and
spine in men. The y-axis provides the –log10 of the p-value. The first of the three panels is for
all men combined, the second, for men ≤ 60 years and the third, for men > 60 years. The lower
dotted horizontal line is placed at a p-value of 0.05 and the upper dotted line, at a p-value of
0.01.
b Multivariate adjusted (age, age2, weight, physical activity, and estrogen use) p-values for
association between 10 SNPs in the LRP5 gene and BMD at the hip (femoral neck, trochanter,
Ward’s area) and spine in women. The first of the three panels is for all women combined, the
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second, for premenopausal women and the third, for postmenopausal women. The lower dotted
horizontal line is placed at a p-value of 0.05 and the upper dotted line, at a p-value of 0.01.
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Figure 3.
Association between two SNPs (rs2306862 in men ≤ 60 years and rs4988330 in women) in
the LRP5 gene and multivariate adjusted BMD (least squares means ± SE) at the femoral neck,
trochanter and spine. All associations were significant (p<0.05) except for rs2306862 in men
at the spine (p=0.11).
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Figure 4.
Significant interaction between two SNPs (rs2306862 and rs3736228) and physical activity
(measured by PASE) on BMD of the spine in men. The x-axis provides continuously measured
PASE scores divided into percentiles, the y-axis provides adjusted BMD of the lumbar spine,
and the z-axis provides the three genotype groups for each SNP. For rs2306862 there were 535
men with CC, 192 men with CT and 18 men with TT genotypes. For rs3736228 there were
529 men with CC, 187 men with CT and 16 men with TT genotypes.
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Figure 5.
Functional differences between LRP5 haplotype 0 (wild type, G-C-A-C, closed bars), 1 (G-T-
G-T, hatched bar) and 2 (A-T-G-T, dotted bar) were evaluated in HEK293 cells with or without
co-expression vectors for Wnt3a, MesD and Dkk1. Canonical signaling response was measured
by the TCF-Lef (Topflash®) reporter assay and expressed as luciferase units relative to an
internal control (Renilla luciferase). Bars represent mean ± SE of triplicates from one
experiment out of three independent experiments with similar results. **, p≤0.01 vs control
(no Wnt, open bar); ‡, p<0.05 vs haplotype 0.
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Table 1
LRP5 single nucleotide polymorphisms genotyped in this study

SNP Location LD block* Position** Alleles Minor Allele Frequency

1 rs4988330 Intron 2 Block 1 13386794 C>T 7.6%
2 rs312016 Intron 2 Block 1 13388198 A>G 29.8%
3 rs4988331 Intron 2 Block 1 13391128 T>C 9.5%
4 rs312778 Intron 2 Block 2 13414127 C>T 42.4%
5 rs4988321 Exon 9 Inter-block 2

& 3
13479984 A>G† 5.5%

6 rs2306862 Exon 10 Inter-block 2
& 3

13483305 C>T 15.4%

7 rs556442 Exon 15 Inter-block 2
& 3

13498485 A>G 34.5%

8 rs607887 Intron 16 Block 3 13502756 C>T 34.0%
9 rs3736228 Exon 18 Block 3 13507090 C>T† 13.1%
10 rs901825 Intron 21 Block 3 13511992 C>G 10.4%

*
LD blocks according to Twells41

**
position relative to contig number NT_033903.7

†
Missense substitutions in exon 9 (p. V667M) and 18 (p.A1330V)
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