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Association Analysis of WNT10B With Bone Mass and Structure
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ABSTRACT: Wnts comprise a family of secreted growth factors that regulate the development and main-
tenance of many organs. Recently, Wnt10b was shown to stimulate osteoblastogenesis and bone formation in
mice. To evaluate further the role of Wnt10b in bone health in humans, we performed bidirectional se-
quencing of ;8 kb of the WNT10B gene region in 192 individuals (96 African, 96 white) to identify single
nucleotide polymorphisms (SNPs). We identified 19 SNPs with minor allele frequency (MAF) �0.01. Ten of
these SNPs were not present in the NCBI dbSNP database (build 127), whereas 10 of the 20 SNPs (50%)
reported in dbSNP were not verified. We initially genotyped seven tagging SNPs that captured common
(MAF � 0.05) variation in the region with r2 > 0.80 and a potentially functional SNP in exon 5 in 1035 Afro-
Caribbean men �40 yr of age. Association analysis showed three SNPs in a 39 region of linkage disequilib-
rium that were associated with DXA measures of hip BMD. Associations between two of these three SNPs
(rs1051886, rs3741627) with hip BMD were replicated in an additional 980 Afro-Caribbean men (p < 0.05), in
the combined sample of 2015 men (p� 0.006), and in 416 individuals�18 yr of age (mean, 44 yr) belonging to
eight extended, multigenerational Afro-Caribbean families with mean family size >50 (3535 relative pairs; p <
0.05). Further analysis showed that rs1051886 and rs3741627 were associated with cortical cross-sectional
area, periosteal circumference, and BMC in the radius, such that individuals with the minor alleles had lower
biomechanical indices of long-bone bending strength. This analysis implicates the WNT10B locus as a genetic
element in the regulation of bone mass and structural geometry.
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INTRODUCTION

GENETIC SUSCEPTIBILITY PLAYS a predominant but poorly
understood role in the etiology of osteoporosis and its

associated fractures.(1) A genetic component to osteopo-
rosis is supported by the strong heritability (60–80%) of
BMD(1) and the increased risk of osteoporotic fractures
among first-degree relatives with a positive family history
of fracture.(2,3) Although there is compelling evidence that
susceptibility to low BMD and osteoporosis is largely
governed by genetic factors, the inherited factors involved
remain largely unknown. Identifying the genetic factors
underlying normal variation in BMD may provide impor-
tant insight on bone biology and osteoporosis risk.

The most compelling evidence of a specific gene influ-
encing BMD comes from a report of a large family in which
high BMD (Z-score > 5) segregated as an autosomal
dominant trait linked to chromosome 11q12–13.(4) Subse-
quent studies showed that the high BMD trait is caused by
a gain-of-function mutation (G171V) in the low-density

lipoprotein receptor-related protein 5 (LRP5),(5,6) a cell
surface receptor that mediates signaling by the Wnt growth
factor family.(6,7) Transgenic mice expressing the human
LRP5 gene with the gain-of-function mutation recapitulate
the phenotype of increased BMD caused by increased os-
teoblast number and activity.(8) Normal variation in BMD
in the general population has also been linked to the same
genomic region containing LRP5,(9) and single nucleotide
polymorphisms (SNPs) in LRP5 have been associated with
BMD in ethnically diverse samples of unrelated indi-
viduals,(10–13) including a large meta-analysis(14) and a ge-
nome-wide association screen.(15) More recent studies have
shown that the Wnt family member, Wnt10b, stimulates
osteoblastogenesis in vitro and increases BMD in mice.(16)

These studies implicate the Wnt signaling pathway as
having an important role in bone biology.

To investigate further the role of Wnt10b in bone health
in humans, we resequenced ;8 kb of the WNT10B gene
region to identify SNPs and genotyped tag SNPs across the
region and conducted genetic association analyses of these
SNPs and BMD in a population- and family-based study
of Afro-Caribbeans recruited from the same geographic
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region. We report a novel and reproducible association be-
tween SNPs in the 39 region of the WNT10B gene and BMD
among a total of 2431 individuals of African ancestry.

MATERIALS AND METHODS

Resequencing samples

White American DNA samples for resequencing the
WNT10B gene were randomly selected from among 523
men�50 yr of age who were enrolled in a study of BMD in
Pittsburgh, PA.(17) Participants were recruited by popula-
tion-based mailings to age-eligible men. We selected DNA
samples from a random sample of 96 men regardless of their
BMD or health status. Written informed consent was ob-
tained from all participants, and the protocol was approved
by University of Pittsburgh Institutional Review Board.

Afro-Caribbean DNA samples for resequencing WNT10B
were randomly selected from a larger study of BMD
among 2501 men �40 yr of age on the island of Tobago.(18)

Men were recruited by word of mouth, through health care
workers at the hospital, health centers, or private physi-
cians, and local advertising by poster, flyers, and public
service announcements. The Tobago population is predom-
inantly of West African origin (97% of the island according
to the most recent census data) with low non-African ad-
mixture. Previous studies using ancestry informative genetic
markers have confirmed a low admixture (6% non-African)
in this population in contrast to the black American popu-
lation.(19) Written informed consent was obtained using
forms approved by the Institutional Review Boards of the
University of Pittsburgh and the Tobago Ministry of Health.

Population sample

We genotyped SNPs identified in the resequencing study
in a larger subset of Afro-Caribbean men from the Tobago
population study who had BMD measures (N = 1035). An
additional 980 men from this same study population were
subsequently selected to validate associations from the
initial genotyping sample.

Family study sample

We attempted to replicate the most promising SNP as-
sociations for WNT10B in our population-based analysis
using DNA samples and phenotypic data collected from
individuals belonging to eight multigenerational families of
African ancestry.(20) Potential probands for the family
study were identified from the Tobago population without
regard to medical history or BMD. To be eligible, a pro-
band must have been Afro-Caribbean, have a spouse who
was willing to participate in the study, and have at least six
living offspring and/or siblings�18 yr of age residing on the
island of Tobago. In addition, all first-, second- and third-
degree relatives of these probands and their spouses were
invited to participate regardless of their medical history or
BMD. There were 471 individuals (60% women) 18–103 yr
of age (mean, 43 yr) in eight multigenerational families
with a mean family size of >50 individuals. The following
relationships exist in these pedigrees: 361 parent-offspring,

495 full siblings, 101 grandparent-grandchildren, 1137 avun-
cular, 61 half sibs, and 1380 cousins (3535 relative pairs).
Genotyping for this analysis was completed in 416 family
members. Written informed consent was obtained using
forms approved by the Institutional Review Boards of the
University of Pittsburgh and the Tobago Ministry of Health.

DXA

BMD was measured at the proximal femur and subre-
gions using a single Hologic QDR 4500W densitometer
(Hologic, Bedford, MA, USA). The left hip was scanned
unless the participant had a fracture or a total hip re-
placement. Trained and certified technicians performed
the DXA scans and followed a strict protocol for patient
positioning and analysis. Longitudinal machine stability
was assessed from plots of daily spine phantom scans. The
scanner was stable throughout the course of the study.

pQCT

Single axial tomographic slices of the nondominant
forearm and left tibia were scanned using a Stratec XCT
2000 scanner (Stratec Medizintechnik, Pforzheim, Ger-
many) according to standardized measurement and anal-
ysis procedures. Each scan was acquired with a 0.5-mm
voxel size, slice thickness of 2.5 mm, and at a speed of 20
mm/s. The precise position of the measurement sites were
determined in a 30-mm planar scout view using the medial
endplate of the radius as standard anatomic landmarks
and automatically set by the software at 4% or 33% of the
length of the radius proximal to the distal endplate. These
anatomical sites were chosen to assess primarily trabecular
and cortical bone, respectively. Forearm length was mea-
sured from the olecranon to the ulna styloid process. Image
processing was performed using the Stratec software
package (Version 5.5E). A phantom was scanned daily to
maintain quality assurance.

All 4% distal radius scans were analyzed using identical
parameters for contour finding and separation of trabecu-
lar and cortical bone (contour mode 2, T = 169 mg/cm3;
peel mode 1, area = 45%) to determine the volumetric
BMD of the trabecular (mg/cm3) bone compartment. All
33% proximal radius shaft scans were analyzed using
identical parameters for contour finding and separation of
total and cortical bone (contour mode 2, T = 169 mg/cm3;
cortmode 1, T = 710 mg/cm3) to determine the volumetric
BMD of the cortical bone compartment not including the
bone marrow (mg/cm3). In addition, measures of cortical
BMC (mg/mm), cortical cross-sectional area (CSA, mm2),
and endosteal and periosteal circumference (EC and PC)
were obtained at the diaphysis (at 33% of the bone length
in the proximal direction of the distal end of the bone) of
the radius using the circular ring model. The material
properties of bone, such as the elastic modulus or ultimate
load, cannot be deduced directly from QCT measurements.
However, these parameters show a close relationship with
the mineral density of the cortex. To take the material
properties of bone into consideration for assessing the
structural properties, the strength strain index (SSI, mm3)
was also calculated (Eq. 1) as the integrated product of the
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section modulus and cortical density (CoD). Section mo-
dulus (mm3) was first calculated as (a 3 d2)/dmax, where a is
the cross-sectional area of a voxel (mm2), d is the distance
of the voxel from the center of gravity (mm), and dmax is
the maximum distance (eccentricity) of one voxel to the
center of gravity (mm). The ratio of CoD and ND (normal
physiological density, 1200 mg/mm3) provides an estimate
of the modulus of elasticity.(21)

Strength 2 strain index SSI;mm3
� �

¼
X

i

ai 3 d2
i

� �
CoD=NDð Þ

� �

dmax

Resequencing and variation discovery

The WNT10B gene region was bidirectionally sequenced
using DNA samples from 96 unselected individuals of
African ancestry and 96 unselected individuals of white
ancestry (384 chromosomes). DNA sequencing was per-
formed by Polymorphic DNA Technologies(Alameda,
CA, USA). Briefly, DNA was amplified in a nested reac-
tion where the first round of PCR amplifies a large booster
fragment that is used as the template for the nested am-
plification of a smaller target fragment. The target frag-
ment was sequenced using ABI Big Dye Terminator 3.1
chemistry following the manufacturer’s recommended
protocol. Sequencing products were analyzed using the
ABI 3730 XL DNA Analyzer (Applied Biosystems, Foster
City, CA, USA). We sequenced 7798 bp of the WNT10B
gene including 2033 bp of the 59 promoter region, all five
exons, all introns excluding a 933-bp segment of intron 3,
the 59 and 39 UTRs, and 278 bp downstream of the gene.
Variant detection was performed using Sequencher 4.5
sequence analysis software (Genecodes, Ann Arbor, MI,
USA). SNP numbering is based on the translational start
site. Our resequencing screen of 384 chromosomes is pre-
dicted to detect 99% of variable sites with a minor allele
frequency (MAF) >1% and >99.9% of sites with a minor
allele frequency >5%.(22) Thus, our resequencing study was
sufficiently powered to detect the majority of common
variation within WNT10B.

Selection of SNPs for association analysis

We used the resequencing genotype data in the Afro-
Caribbean samples to determine the patterns of linkage
disequilibrium (LD) among common SNPs in WNT10B
and to select tag SNPs using the program HClust.(23)

HClust uses hierarchical clustering based on LD to parti-
tion SNPs into ‘‘clusters.’’ The SNP that is most correlated
with the other SNPs within each cluster is selected as a
proxy or ‘‘tag’’ SNP. We considered only SNPs with an
MAF �5% and required that the subset of tag SNPs pre-
dict the remaining SNPs with an r2 � 0.8. Two SNPs failed
manufacturing (G/T at position 21297; A/G at posi-
tion 1487) and one SNP (rs833843) was out of Hardy-
Weinberg equilibrium (p < 0.01). Our final design used
seven tagSNPs to capture the common SNPs in WNT10B at
a mean r2 of 0.99.

In addition to the seven tagSNPs, we also genotyped a
synonymous SNP in exon 5 (rs1051886) that was predicted
by the function analysis and selection tool for SNPs
(FASTSNP; http://fastsnp.ibms.sinica.edu.tw/) to alter an
exon splicing enhancer motif.(24) Two additional SNPs in
the 39 flanking region of WNT10B were subsequently
identified from the International HapMap database
(www.hapmap.org) and genotyped to clarify the extent of
LD in the 39 region of WNT10B: rs10875902 at chromo-
some position 47,641,559 in the intergenic region ;4 kb
away from rs1051886 and rs903570 at chromosome position
47,554,786 ;90 kb away from rs1051886.

Genotyping

Genotyping was completed using genomic DNA pre-
pared from blood clots or whole blood. All SNPs were
genotyped using the fluorogenic 59-nuclease TaqMan al-
lelic discrimination assay system (Applied Biosystems,
Foster City, CA, USA). The assays were performed under
standard conditions on a 7900HT real-time PCR instru-
ment with probes and reagents purchased from Applied
Biosystems. All genotype calls were determined by two
independent investigators, and only concordant calls were
used. Our genotyping consensus rate based on 1207 blind
replicate genotypes was 99.2%. The average completeness
of genotyping for working markers was 94.9%.

Statistical analysis

We calculated site-specific allele frequencies by gene
counting and tested for departures from Hardy-Weinberg
equilibrium using a goodness of fit statistic. Pairwise estimates
of LD were measured as D9 and r2 from the diploid data.(25)

In the population study, single SNPs were tested for their
association with bone parameters assuming three genetic
models and the best fitting model is presented. Linear
regression was used to test for association between the
number of rare alleles and the bone parameters. Analysis

FIG. 1. Physical map of the human WNT10B gene, position of SNPs genotyped, and blocks of LD. The position of SNPs on chro-
mosome 12 that were genotyped in this study was obtained from NCBI map Build 36. LD blocks were determined by Entropy Blocker.(23)

Block 2 was extended by genotyping an additional marker not shown in the figure (rs903570; see text for details).
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of covariance was used to assess the dominant and reces-
sive models. All models were adjusted for age, and the age-
adjusted, genotype-specific means and SEs are presented.
Analyses were performed using SAS version 9.1 (SAS In-
stitute, Cary, NC, USA).

To conduct the haplotype analysis, we first examined the
LD structure across the gene region using Entropy
Blocker, which parses the region of interest into haplotype
blocks based on LD patterns (http://wpicr.wpic.pitt.edu/
WPICCompGen/blocks.htm).(23) Using a sliding window
size of five SNPs, we identified two distinct haplotype
blocks. One block spans the upstream region and 59 UTR
of WNT10B, and the second block encompasses a region
starting in intron 3 and spanning downstream of the gene
(Fig. 1).

Haplotype analysis was completed separately for each
LD block. We used PHASE (version 2.1.1)(26) to infer

haplotypes from the unphased SNPs and coded the re-
sulting haplotype variables according to the number of
copies present for each participant. To accommodate un-
certainty in haplotype estimation, participants were as-
signed multiple haplotype combinations along with a
probability, and only individuals with �70% probability of
haplotype assignment were included in the analysis. Hap-
lotypes present in <5% of participants were also excluded
from the analysis. Haplotype associations with bone pa-
rameters were completed in the same manner as single
SNP analyses using an additive, recessive, or dominant
model and adjusting for age.

We performed association analyses in the pedigree-
based data using the measured genotype approach within the
variance components analytical framework implemented in
program Sequential Oligogenic Linkage Analysis Routines
(SOLAR).(27) The variance components-based approach

TABLE 1. SNPS IDENTIFIED BY RESEQUENCING THE HUMAN WNT10B GENE

Polymorphism
rs# (dbSNP 127)

Major allele /
minor allele*

Location MAF

Gene region
Relative to
start codon

Position on
chromosome 12†

African
(N = 96)

White
(N = 96)

rs833839 T / A 59 flanking region 22578 47,653,157 0.42 0.44

G / A 22438 47,653,017 0.03

C / T 22427 47,653,006 0.02

rs833840 G / C 21838 47,652,417 0.09 0.47

G / A 21677 47,652,256 0.02

rs833841 C / T 21526 47,652,105 0.39 0.44

G / T 21297 47,651,876 0.08

rs833842 T / G 59 UTR 21111 47,651,690 0.28 0.49

C / G Intron 1 2468 47,651,047 0.03

rs833843 C / T 279 47,650,658 0.16 0.49

G / A Intron 3 541 47,650,038 0.01

A / G 1487 47,649,093 0.10

rs833834 C / A 1534 47,649,046 0.29 0.01

A / C 1739 47,648,841 0.04

G (Glu) / A (Glu) Exon 4 2332 47,648,248 0.03

rs1051886 C (His) / T (His) Exon 5 4324 47,646,256 0.15 0.36

A / G 4620 47,645,960 0.10

rs3741627 A / C 39 UTR 4726 47,645,854 0.15 0.36

rs3782353 C / T 39 flanking region 5433 47,645,147 0.15 0.36

* Minor allele in African population sample.
† Map positions were obtained from NCBI Build 36.

TABLE 2. PAIRWISE LD BETWEEN SNPS IN THE WNT10B GENE REGION IN AFRO-CARIBBEANS

r2

D’

rs833839 rs833840 rs833841 rs833842 rs833834 rs1051886 4620 rs3741627 rs10875902 rs903570

rs833839 0.993 0.993 0.986 0.931 0.986 0.736 0.986 0.879 0.095

rs833840 0.231 0.993 0.995 0.896 0.911 1.000 0.911 0.789 0.092

rs833841 0.976 0.234 0.977 0.940 0.972 0.746 0.972 0.877 0.100

rs833842 0.668 0.338 0.663 0.926 0.958 1.000 0.958 0.900 0.019

rs833834 0.250 0.054 0.252 0.170 1.000 1.000 1.000 0.828 0.111

rs1051886 0.101 0.020 0.097 0.066 0.081 1.000 1.000 0.886 0.237

4620 0.092 0.015 0.095 0.043 0.049 0.018 1.000 0.805 0.267

rs3741627 0.101 0.020 0.097 0.066 0.081 1.000 0.018 0.886 0.237

rs10875902 0.079 0.015 0.078 0.057 0.054 0.771 0.011 0.771 0.180

rs903570 0.006 0.001 0.007 0.000 0.005 0.011 0.008 0.011 0.006
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accounts for the nonindependence among family members.
The association of selected WNT10B genotypes from
haplotype block 2 with BMD was assessed after incorpo-
rating age, sex, weight, and height as covariates. Briefly, the
effects of WNT10B genotypes were assessed by comparing
the likelihood of a model in which the effects of genotypic
effects were constrained to zero.

RESULTS

SNPs identified in WNT10B by resequencing

SNPs in the human WNT10B gene region were identified
by bidirectional sequencing of ;8 kb of the gene in 192
individuals: 96 Africans and 96 white Americans. We
identified 16 SNPs in the African and 12 SNPs in the white
samples for a total of 19 unique SNPs with MAF �0.01
(Table 1). Of these 19 SNPs, 7 were found only in the
African samples, 3 were found only in whites, and 9 were
present in both populations. Despite having sufficient sta-
tistical power to identify variants with minor allele fre-
quency >1%, we did not observe any missense or obvious
splice site variants in either population sample. However,
two synonymous coding variants were identified: rs1051886
in exon 5 was detected in both populations, and a G
(Glu)/A (Glu) substitution at position 2332 was found
only in whites.

Previous studies have indicated that a substantial frac-
tion of SNPs in the NCBI dbSNP database cannot be
detected in other samples, suggesting that these reported
genetic variants may be either very rare or artifacts.(28) We
examined this issue for WNT10B by mapping the SNPs
identified here by resequencing to those found in dbSNP
build 127. Approximately one half (53%) of the 19 SNPs (7
in Africans; 3 in whites) were not present in dbSNP build
127, whereas 10 of the 20 SNPs reported in dbSNP (50%)
were not confirmed by our analysis.

LD structure at the WNT10B locus

We assessed the pairwise LD between SNPs in the
WNT10B gene region and used Entropy Blocker(23) to
define regions with substantial multilocus LD and limited
haplotype diversity (Table 2). Two blocks of LD were ev-
ident in the WNT10B gene region, labeled block 1 and
block 2 (Fig. 1). Within these blocks, a small number of

common haplotypes were observed. Four haplotypes in
block 1 (a 1.5-kb genomic segment) accounted for 99.3% of
the chromosomes. Likewise, four haplotypes in block 2
(7.5-kb genomic segment) represented 97.5% of the chro-
mosomes.

Association of single allelic variants and BMD in the
population-based sample

We initially genotyped 1035 Afro-Caribbean men for
seven tagSNPs and a potentially functional SNP in exon 5
of WNT10B. Their mean age and BMI were 62 yr and 27.4
kg/m2, respectively (Table 3). None of the tagSNPs ana-
lyzed in haplotype block 1 were significantly associated
with hip BMD (Table 4). One tagSNP (rs833834) and a
potentially functional SNP (rs1051886) in haplotype block
2 were associated with hip BMD (p < 0.05 for both). A
second tagSNP (rs3741627) in block 2 that was in high LD
with rs1051886 (r2 = 0.95, D9 = 0.49) was also marginally
associated with hip BMD (p = 0.06). The magnitude of the
effect on BMD for each of these SNPs was modest. For
example, men who were homozygous for the minor allele
of rs1051886 had 0.03 g/cm2 or ;0.25 SDs lower BMD than
those who were homozygous for the major allele. Two
additional SNPs (rs10875902, rs903570) were subsequently
identified and genotyped in the 39 flanking region of
WNT10B to extend LD block 2. Neither of these 39

flanking SNPs was significantly associated with hip BMD.

Associations of WNT10B haplotypes with BMD in
the population-based sample

We inferred haplotype frequencies in the population-
based sample using four SNPs in block 1 and five SNPs in
block 2. Consistent with single marker association analyses
of block 1 SNPs, we found no significant differences in hip
BMD for any of the four common haplotypes in block
1 (data not shown). Consistent with the single marker as-
sociation analyses of block 2 SNPs, we found significant
haplotype associations with hip BMD. Men with two copies
of haplotype 2C, which contained the minor alleles at
rs1051886 and rs3741627, had 0.05 g/cm2 or ;0.3 SDs lower
total hip BMD compared with men without this haplotype
(p < 0.05). None of the other common haplotypes were
significantly associated with hip BMD (p > 0.05).

Replication of block 2 SNPs

We attempted to replicate the single SNP associations
with hip BMD by genotyping an additional 980 men from
the population-based cohort for rs833834, rs1051886, and
rs3741627. These men were slightly younger but had simi-
lar BMI as the initial replication sample (Table 3). Both
rs1051886 and rs3741627 were significantly associated with
hip BMD in the replication sample (p = 0.04; Table 5).
Moreover, rs1051886 and rs3741627 were significantly as-
sociated with hip BMD in the pooled sample of 2015 men
from the initial discovery and the replication samples (p =
0.003 and p = 0.006, respectively). rs833834 was not sig-
nificantly associated with hip BMD in the replication
sample or in the combined sample.

TABLE 3. CHARACTERISTICS OF THE AFRO-CARIBBEAN

STUDY POPULATIONS

Tobago Bone Health Study
Tobago
Family
Study

Discovery
sample

Replication
sample

Pooled
sample

Sample size 1035 980 2015 416

Sex (% male) 100 100 100 39

Age (yr) 62 56 59 44

Height (cm) 174.8 175.1 175.0 170.5

Weight (kg) 84.0 84.4 84.2 81.4

BMI 27.4 27.5 27.5 28.1

WNT10B POLYMORPHISMS AND BONE MASS 441



Measured genotype analysis in multigenerational
families

We genotyped rs1051886 and rs3741627 in an indepen-
dent sample of 416 individuals belonging to eight multi-
generational families of Afro-Caribbean ancestry from the
same geographic region as the population study (>3500
relative pairs). Their mean age was 44 yr, and BMI was 28.1
kg/m2 (Table 3). Consistent with the population-based
analyses, both SNPs were significantly associated with hip
BMD (Table 6). For example, individuals who were ho-
mozygous for minor allele of rs1051886 had ;0.07 g/cm2

(;0.5 SD) lower BMD than individuals who were homo-
zygous for the major allele. The magnitude of effect and

direction of association with hip BMD was similar for
rs3741627.

Association analysis of pQCT phenotypes

We attempted to refine the observed phenotypic asso-
ciations with rs1051886 and rs3741627 by analyzing cortical
and trabecular volumetric BMD and bone structure at the
radius measured with pQCT in Afro-Caribbean men from
the population-based study (Table 7). Men with two copies
of the minor allele at rs1051886 had significantly reduced
cortical BMC and periosteal circumference compared with
those with the major homozygous genotype (p = 0.006 and
p = 0.003, respectively). The net effect of these phenotypic

TABLE 5. REPLICATION AND POOLED ANALYSIS OF LD BLOCK 2 SNPS AND TOTAL HIP BMD (g/cm2) IN AFRO-CARIBBEAN MEN

SNP

Genotype mean

P Best fitting model1/1 1/2 2/2

Replication sample (N = 980)

rs833834 1.143 (0.007) 1.157 (0.007) 1.132 (0.017) 0.277 Dominant

rs1051886 1.155 (0.005) 1.132 (0.01) 1.147 (0.031) 0.045 Dominant

rs3741627 1.153 (0.005) 1.130 (0.01) 1.143 (0.031) 0.045 Dominant

Pooled sample (N = 2015)

rs833834 1.139 (0.005) 1.150 (0.005) 1.156 (0.011) 0.061 Additive

rs1051886 1.153 (0.004) 1.129 (0.007) 1.137 (0.023) 0.003 Dominant

rs3741627 1.150 (0.004) 1.128 (0.007) 1.134 (0.023) 0.006 Dominant

Values are age-adjusted mean (SE).

1, major allele; 2, minor allele.

TABLE 6. ASSOCIATION OF WNT10B SNPS AND HIP BMD (g/cm2) IN 416 MEMBERS OF EIGHT MULTIGENERATIONAL

AFRO-CARIBBEAN FAMILIES

SNP MAF

Genotype mean

p Best fitting model1/1 1/2 2/2

rs1051886 0.14 1.113 (0.008) 1.116 (0.014) 1.037 (0.044) 0.040 Recessive

rs3741627 0.14 1.113 (0.008) 1.118 (0.014) 1.037 (0.044) 0.038 Recessive

Values are mean (SE) and are adjusted for age, sex, and BMI.

1, major allele; 2, minor allele.

TABLE 4. ASSOCIATION OF INDIVIDUAL WNT10B SNPS AND HIP BMD (g/cm2) IN 1035 AFRO-CARIBBEAN MEN

(DISCOVERY SAMPLE)

SNP

Genotype mean

P Best fitting model1/1 1/2 2/2

Block 1

rs833839 1.139 (0.008) 1.144 (0.007) 1.143 (0.013) 0.646 Dominant

rs833840 1.144 (0.005) 1.141 (0.011) 1.121 (0.04) 0.578 Recessive

rs833841 1.136 (0.008) 1.142 (0.007) 1.149 (0.013) 0.402 Additive

rs833842 1.140 (0.007) 1.15 (0.008) 1.117 (0.018) 0.140 Recessive

Block 2

rs833834 1.135 (0.007) 1.144 (0.007) 1.172 (0.015) 0.042 Recessive

rs1051886 1.150 (0.006) 1.125 (0.01) 1.125 (0.034) 0.021 Dominant

4620 1.141 (0.005) 1.155 (0.012) 1.153 (0.047) 0.262 Dominant

rs3741627 1.147 (0.005) 1.126 (0.01) 1.125 (0.034) 0.063 Dominant

rs10875902 1.146 (0.006) 1.129 (0.01) 1.132 (0.03) 0.142 Dominant

rs903570 1.144 (0.009) 1.140 (0.007) 1.147 (0.01) 0.640 Recessive

Values are age-adjusted mean (SE).

1, major allele; 2, minor allele.
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differences was evident in the strength-strain index (p =
0.003), a biomechanical indicator of long bone resistance to
bending.(29) Similar phenotypic associations were observed
for rs3741627. In contrast, trabecular volumetric BMD was
not associated with either rs1051886 or rs3741627.

DISCUSSION

Wnts comprise a large family of secreted proteins that
have recently been implicated in bone development and
remodeling in mice.(30) In this study, we performed deep
resequencing of the human gene encoding the Wnt family
member, WNT10B, and identified 19 SNPs with MAF
�0.01. Ten of these SNPs were novel (i.e., not reported in
NCBI dbSNP version 127). We performed genetic associ-
ation analyses of tagging SNPs and a potentially functional
SNP in WNT10B and measures of bone health in a large
population-based cohort of men and a sample of large,
multigenerational families, both of African ancestry. These
analyses showed a novel and reproducible association be-
tween two SNPs in WNT10B and hip BMD. Minor alleles
for a SNP in the 39 untranslated region (rs1051886) and
exon 5 (rs3741627) of WNT10B were significantly associ-
ated with lower hip BMD in both the population- and
family-based samples. For example, men who were ho-
mozygous for the minor allele of rs1051886 had 0.03 g/cm2

or ;0.25 SDs lower BMD than those who were homozy-
gous for the major allele. The magnitude of this association
is modest but comparable to the effect of common genetic
variation in the LRP5 gene on BMD.(14) Moreover, multi-
marker haplotype analyses of an extended LD block that
included rs1051886 and rs3741627 identified a single com-
mon haplotype that was significantly associated with hip
BMD. Further analyses of these 39 SNPs showed a significant
association with cortical bone mass and with SSI, a biome-
chanical indicator of long bone bending strength. Our results
suggest that WNT10B may be a novel genetic element in the
regulation of bone mass and structure in humans.

Transgenic mice expressing Wnt10b have increased tra-
becular bone mass, which is evident throughout the endo-
cortical compartment of the femur and results in increased
bending strength.(16) Morphometric properties of the distal
femur, including trabecular number and thickness, are also
increased in these animals.(16) Cross-sectional area, thick-
ness, and bending moments are increased at the mid-
cortical region of the femur.(16) The effects of Wnt10b on
bone mass in transgenic mice are also evident at the tibia,
hip, humerus, and vertebrae.(16) We were unable to show
an association between WNT10B genotype and trabecular
bone mass in this study. Rather, WNT10B genotype was
associated with the cross-sectional area and mineral con-
tent of the cortical bone compartment at the radius. The
net effect of these differences was apparent in SSI, an in-
dicator of long bone resistance to bending.(29) SSI is more
strongly correlated with the experimentally determined
breaking force of bone than measures of areal BMD, cross-
sectional moment of inertia, or cortical volumetric BMD
alone.(29) It is possible that the WNT10B genotype has
differential effects on bone in mice and humans. The
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finding that WNT10B genetic variations may have differ-
ential effects on cortical and trabecular bone is consistent
with findings in humans(31) and mice(32) and underscores
the importance of assessing these bone compartments with
QCT in genetic association studies.

The physiological and cellular mechanisms by which Wnt
signaling influences bone are beginning to emerge from ex-
perimental models. Wnt signaling may direct mesenchymal
precursor cell fate toward the osteoblast lineage by sup-
pressing the expression of adipogenic transcription factors
peroxisome proliferator-activated receptor g (PPAR-g) and
CCAT/enhancerbindingprotein(C/EBP-a)andby increasing
the expression of osteoblastogenic transcription factors
Runx-2, Dlx-5, and osterix.(33) Indeed, activation of Wnt sig-
naling by Wnt10b inhibits adipogenesis,(34–36) and rare mis-
sense mutations in WNT10B have been associated with
obesity.(37) In transgenic mice, Wnt10b increases bone mass
by stimulating osteoblastogenesis and bone formation.(16,38)

The increase in bone formation is caused by increases in

the number of osteoblasts per bone surface area, the rate of
bone mineral apposition, and the percent mineralizing
surface.(38) There is also accumulating evidence that the Wnt
signaling pathway is needed for bone formation in response
to mechanical loading. For instance, Lrp5 G171V transgenic
mice have enhanced sensitivity to mechanical loading,(39)

whereas Lrp5 knockout mice fail to generate an osteogenic
response to mechanical loading.(40) Moreover, mechanical
loading increases the expression of several Wnt signaling
pathway components in osteoblasts, including Wnt10b.(41)

Polymorphisms in the human WNT10B gene might increase
the expression and/or activity of WNT10B in osteoblasts and/
or produce a longer and more sustained activation of Wnt
signaling in response to mechanical loading.

The functional significance of the synonymous SNP in
exon 5 (rs1051886) is unknown. The C allele is inferred to
be ancestral on the basis of the chimpanzee sequence and
was present in 0.85 of African and 0.64 of white samples in
this study. An eight-way vertebrate sequence alignment

FIG. 2. In silico analysis of rs1051886 and predicted RNA secondary structures. (A) Sequence comparisons between designated species.
Sequence comparisons were obtained using the UCSC comparative genomics browser (http://genome.ucsc.edu). The location of
rs1051886 is shown in blue. (B) Predicted RNA secondary structure shown in dot-parenthesis notation from the EvoFold program within
the UCSC Genome browser.(42) A dot in the string indicates that the corresponding nucleotide is unpaired. Base-pairing positions are
annotated with the same pair symbol. If nucleotides i and j are paired, where i < j, a left parenthesis ‘‘(‘‘ at position i and a right
parenthesis ’’)’’ at position j are shown instead of a dot. (C) RNA secondary structure predictions for the two alleles of rs1051886
were made with the Vienna RNA Folding program (www.tbi.univie.ac.at/).(43) Arrows indicate the positions of the two alleles for
rs1051886.
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analysis showed that the C allele is highly conserved (Fig.
2A). The less common T allele is predicted by FASTSNP
(http://fastsnp.ibms.sinica.edu.tw/)(24) to abolish an exon
splicing enhancer (ESE) motif for the human serine/
arginine-rich protein splicing factor 2/alternative splicing
factor (SF2/ASF), which has a role in splicing, stability,
export, and translation of mRNA. Correct pre-mRNA
splicing not only requires splice-site sequences to be pre-
sent at the exon–intron borders but is also critically de-
pendent on additional intronic and exonic regulatory
sequences. Exonic splicing enhancers bind splicing factors,
such as SF2/ASF, to affect recognition of nearby splice
sites. Exon splice enhancers also seem to be important in
exons that normally undergo alternative splicing. Genetic
variants that inactivate ESE sequences in WNT10B might
contribute to phenotypic variability in bone mass by in-
fluencing splicing accuracy or efficiency.(44)

We also used the EvoFold program within the University
of California Santa Cruz (UCSC) Genome Browser (http://
genome.ucsc.edu/) to construct RNA secondary structure
predictions for the exonic sequence containing rs1051886
(Fig. 2). EvoFold exploits the evolutionary signal of ge-
nomic multiple-sequence alignments to identify conserved
RNA structures.(42) The rs1051886 polymorphic site lies in
a stem-pairing region and is predicted to influence the
secondary structure of RNA as illustrated with the Vienna
RNA folding package in Fig. 2C (www.tbi.univie.ac.at/).(43)

Further studies will be needed to experimentally verify if
rs1051886 influences splicing events and/or mRNA stabil-
ity and half-life.

The functional significance of rs3741627 in the 39 UTR of
WNT10B is also unknown. Noncoding SNPs in the 39 UTR
may interfere with motifs involved in post-transcriptional
regulation of WNT10B. The A allele is inferred to be an-
cestral on the basis of the chimpanzee sequence and was
present in 0.85 of African and 0.64 of white samples. This
SNP is predicted by in silico analysis (http://compbio.
utmem.edu/miRSNP/home.php)(45) to alter a putative mi-
croRNA target site within the 39 UTR of WNT10B. The
sequence containing the ancestral A allele contains a pu-
tative binding site for hsa-miR-518c*, whereas the C allele
is predicted to abolish this microRNA site. MicroRNAs
pair to the transcripts of protein-coding genes and cause
translational repression or mRNA destabilization. Poly-
morphisms in microRNA target sites may affect the base-
pairing between the microRNA and its target site and
hence influence microRNA-mediated gene repression.
Many target sites for microRNAs seem to be disrupted by
SNPs,(46) and recent studies have shown that these SNPs
may alter microRNA target gene expression(47) and con-
tribute to phenotypic variability.(48)

This study has several potential limitations. Participants
from the Tobago population are of West African de-
scent(19) and thus our results may not be generalizable to
other populations. We also cannot rule out the possibility
that associations in this study are driven by LD with SNPs
that are distant from the WNT10B gene, and experimental
studies will be needed to validate the molecular conse-
quences of rs1051886 and rs3741627. Finally, our study did
not address the possible contribution of rare substitu-

tions or other types of genetic variation in WNT10B to
bone-related phenotypes. Nonetheless, this study also has
notable strengths including its large sample size. We also
addressed the multiple comparisons issue by replicating
the most promising SNP associations. Skeletal assessments
included 3D pQCT measures of trabecular and cortical
volumetric BMD and bone structure in addition to 2D
DXA measures. We resequenced the WNT10B gene region
to identify novel SNPs and to validate candidate SNPs
in the public databases. In addition, our study conducted
replication analyses in a family-based sample recruited from
the same geographical region as the population-based
sample.

In conclusion, we report that SNPs within the WNT10B
gene are associated with measures of cortical bone mass
and biomechanical indices of bone strength among indi-
viduals of African heritage. Our analyses suggest that se-
quence variation in the WNT10B gene may contribute to
the genetic control of interindividual variability in bone
health in this population.
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