
META-ANALYSIS OF GENOME-WIDE STUDIES IDENTIFIES
WNT16 AND ESR1 SNPS ASSOCIATED WITH BONE MINERAL
DENSITY IN PREMENOPAUSAL WOMEN

Daniel L. Koller1, Hou-Feng Zheng2,*, David Karasik3,4,*, Laura Yerges-Armstrong5, Ching-
Ti Liu6, Fiona McGuigan7, John P. Kemp8,9, Sylvie Giroux10, Dongbing Lai1, Howard J.
Edenberg1, Munro Peacock1, Stefan A. Czerwinski11, Audrey C. Choh11, George
McMahon9, Beate St Pourcain9, Nicholas J. Timpson8,9, Debbie A Lawlor8,9, David M
Evans8,9, Bradford Towne11, John Blangero12, Melanie A. Carless12, Candace Kammerer13,
David Goltzman14, Christopher S. Kovacs15, Jerilynn C. Prior16, Tim D. Spector17, Francois
Rousseau10, Jon H. Tobias18, Kristina Akesson7, Michael J. Econs1, Braxton D. Mitchell5,
J. Brent Richards2,17,†, Douglas P. Kiel3,†, and Tatiana Foroud1

1Indiana University School of Medicine, Indianapolis, IN, USA
2Departments of Medicine, Human Genetics, Epidemiology and Biostatistics, Jewish General
Hospital, McGill University, Montreal, Quebec, Canada
3Institute for Aging Research, Hebrew SeniorLife and Harvard Medical School, Boston, MA, USA
4Faculty of Medicine in the Galilee, Bar-Ilan University, Safed, Israel
5University of Maryland School of Medicine, Baltimore, MD, USA
6Department of Biostatistics, Boston University, Boston, MA, USA
7Lund University, Malmö, SW
8School of Social and Community Medicine, University of Bristol, Bristol, UK
9Medical Research Council Centre for Causal Analyses in Translational Epidemiology, University
of Bristol, UK
10Department of molecular biology, medical biochemistry and pathology, Centre de recherche du
Centre hospitalier universitaire de Québec, Faculty of Medicine, University Laval, Quebec,
Canada
11Wright State University Boonshoft School of Medicine, Dayton, OH, USA
12Texas Biomedical Research Institute, San Antonio, TX, USA
13University of Pittsburgh, Pittsburgh, PA, USA
14Department of Medicine, McGill University, Montreal, Canada
15Faculty of Medicine – Endocrinology, Health Sciences Centre, Memorial University, St. John’s,
Newfoundland, Canada
16British Columbia CaMOS Centre, University of British Columbia, Vancouver, BC, Canada

Address correspondence to: Daniel L. Koller, Ph.D., Indiana University School of Medicine, 410 W. 10th Street, Indianapolis IN
46202, Tel: 317-274-2477, Fax: 317-278-1100, dkoller@iupui.edu.
*, †These authors contributed equally

DISCLOSURE PAGE
All authors state that they have no conflicts of interest.

NIH Public Access
Author Manuscript
J Bone Miner Res. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
J Bone Miner Res. 2013 March ; 28(3): 547–558. doi:10.1002/jbmr.1796.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17Department of Twin Research, King’s College London, London, UK
18School of Clinical Sciences, University of Bristol, Bristol, UK

Abstract
Previous genome-wide association studies (GWAS) have identified common variants in genes
associated with variation in bone mineral density (BMD), although most have been carried out in
combined samples of older women and men. Meta-analyses of these results have identified
numerous SNPs of modest effect at genome-wide significance levels in genes involved in both
bone formation and resorption, as well as other pathways. We performed a meta-analysis restricted
to premenopausal white women from four cohorts (n= 4,061 women, ages 20 to 45) to identify
genes influencing peak bone mass at the lumbar spine and femoral neck. Following imputation,
age- and weight-adjusted BMD values were tested for association with each SNP. Association of a
SNP in the WNT16 gene (rs3801387; p=1.7 × 10−9) and multiple SNPs in the ESR1/C6orf97
(rs4870044; p=1.3 × 10−8) achieved genome-wide significance levels for lumbar spine BMD.
These SNPs, along with others demonstrating suggestive evidence of association, were then tested
for association in seven Replication cohorts that included premenopausal women of European,
Hispanic-American, and African-American descent (combined n=5,597 for femoral neck; 4,744
for lumbar spine). When the data from the Discovery and Replication cohorts were analyzed
jointly, the evidence was more significant (WNT16 joint p=1.3 × 10−11; ESR1/C6orf97 joint p=
1.4 × 10−10). Multiple independent association signals were observed with spine BMD at the
ESR1 region after conditioning on the primary signal. Analyses of femoral neck BMD also
supported association with SNPs in WNT16 and ESR1/C6orf97 (p< 1 × 10−5). Our results confirm
that several of the genes contributing to BMD variation across a broad age range in both sexes
have effects of similar magnitude on BMD of the spine in premenopausal women. These data
support the hypothesis that variants in these genes of known skeletal function also affect BMD
during the premenopausal period.
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INTRODUCTION
Osteoporosis, a major public health problem due to the associated increased risk of fractures
and consequent morbidity and excess mortality, is a skeletal disorder characterized by
compromised bone strength predisposing to an increased risk of fracture. Low bone mass is
a major contributor to reduced bone strength. In the United States osteoporosis accounts for
1.5 million new fracture cases each year, and more than 40 million people (primarily
women) either have osteoporosis or are at high risk due to low bone mass. (1)

Previous studies have demonstrated that bone mineral density (BMD) in older adults is
influenced by genes underlying both bone accrual (i.e., peak bone mass) and bone loss.(2)

The contribution of genetic factors to variation in BMD is substantial;(3,4) however, only
recently have specific genes and variants associated with BMD been identified and
replicated. (5–12) Because of the small effect sizes of identified variants, the most robust
results have been obtained by combining results across numerous studies, most including
older women and men, to obtain very large sample sizes. These highly powered meta-
analyses with very large discovery and replication samples have both replicated known
genes or variants and detected novel genes or variants contributing to BMD variability.(13,14)

However, these studies have not focused on the genetic determinants of premenopausal bone
density.
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Peak BMD, which generally occurs around the third to fourth decade of life at the lumbar
spine, and much earlier at the hip,(15) is one of the strongest predictors of BMD in later life.
Peak BMD is highly heritable, with estimates in Caucasian samples that 50–85% of its
variation is genetically determined.(2) De-coupling the effects of peak BMD and
premenopausal bone loss(16,17) on BMD in later life is important for understanding
osteoporosis risk. Bone loss with age is influenced by substantial environmental as well as
genetic factors. These factors may or may not also contribute to peak BMD. Thus, studies of
older populations in whom bone loss is likely to have begun may not identify genes that
uniquely contribute to acquisition and maintenance of peak BMD. Rather, in women
changes in BMD related to the menopausal transition may be influenced by genetic variants
that do not reflect peak BMD and may mask the ability to identify specific variants
associated with this phenotype.

This study was designed to identify genes contributing to peak BMD in premenopausal
women. While several drugs exist to inhibit bone loss, including bisphosphonates and
RANKL inhibitors, there are currently few medicines aimed at enhancing bone formation.
Thus, the identification of genes responsible for bone accrual may serve to identify drug
targets whose manipulation could aid in the improvement of BMD, which has been a
successful strategy for therapeutic development.(18)

METHODS
Discovery Sample

Genotypic and phenotypic data were obtained from four cohorts of well-characterized
European-American premenopausal women, with DXA BMD data available at both the
lumbar spine (L1-L4 or L2-L4) and femoral neck (Table 1 and Supplemental Methods). All
four Discovery cohorts also contributed GWAS results to the Estrada et al analysis(13); the
Discovery cohorts for our study (except the Indiana Sister sample) represent subsets of
larger samples also containing older individuals of both sexes. To obtain a sample of female
subjects yet to reach menopause and as near to their peak BMD level as possible, the age
range was limited to subjects between 20 and 45 years of age at the time BMD was
obtained. When serial BMD measures within this range were available, the earliest measure
was used. The precise age of menopause could not be uniformly determined in all
participating cohorts; therefore, 45 years was chosen because it is the inflection point in the
trend of BMD with age(19) and because population-based prospective data show this is
where major bone loss begins.(20) Exclusion criteria for all studies included inability to have
BMD measured because of obesity, irregular menses or a history of pregnancy or lactation
within three months prior to BMD measurement. Women taking oral contraceptives were
not excluded. Additional cohort-specific criteria for exclusion of peri- and post-menopausal
women are detailed in the Supplemental Material.

Genotyping was performed independently in each sample and results of the Discovery
GWAS studies were previously reported.(7,8,21,22) Each study independently imputed their
autosomal data to the CEU HapMap II release 22 SNP map; 2,543,887 genotyped and
imputed SNPs were then available for analysis in each cohort. Association analyses of each
SNP with the two BMD phenotypes were conducted in each cohort separately. Each study
included appropriate covariates such as age, weight, and familial relationships, as needed
(see Supplemental Material for details). All cohorts contributing to the meta-analysis had
study approval from their appropriate institutional research ethics boards, and written
informed consent was provided by all subjects.

Meta-analysis—Results from the different Discovery Sample datasets were combined
using inverse variance fixed-effects meta-analysis as implemented in METAL.(23) The
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contribution of each study to the meta-analysis was weighted by the standard error of the
SNP association parameter (beta of the SNP effect). Double genomic control correction was
applied to account for possible inflation of association test statistics due to cryptic
stratification among or between the Discovery cohorts.

Selection of SNPs for replication
SNPs with p-values < 5 × 10−5 were prioritized for further review and potential inclusion in
the replication studies. All SNPs meeting this threshold were reviewed in detail to determine
whether: 1) at least 3 of the 4 studies in the Discovery Sample supported the association (β
in same direction); 2) there was at least 1 other SNP within the surrounding 100 kb region
that supported the association (p<10−4); and 3) the MAF was >10%, so as to have sufficient
power to replicate the association in the Replication Sample. We then pruned the set of
SNPs in a chromosomal region to remove all SNPs in linkage disequilibrium (r2>0.3) with
the SNP having the most significant p-value in the region. Using this approach, a total of 23
SNPs were selected for genotyping in an independent Replication Sample.

Replication Sample
For replication, we identified 7 additional studies that included premenopausal women for
whom BMD measurements had been made at the femoral neck and lumbar spine sites. The
majority of these samples were independent of those employed in the larger, more
heterogeneous BMD study by Estrada(13) (Table 1 and Supplemental Methods). The primary
inclusion and exclusion criteria for the Replication Sample were identical to those applied to
the Discovery Sample (details of each Replication cohort are provided in the Supplemental
Material). Each dataset included in the Replication Sample was analyzed separately, and
summary results were then meta-analyzed in the same manner as for the Discovery Sample.

Replication and Joint meta-analyses
A total of 23 independent SNPs were evaluated for association in the Replication Sample. A
joint analysis of the data from the Discovery and Replication Samples was conducted for the
23 SNPs on which data were available for all the contributing studies (termed the Joint
Sample). The significance of these joint meta-analysis results was evaluated using a
genome-wide threshold of 5 × 10−8. Due to the racial diversity of the Replication Sample,
the Joint Analysis was also performed in only those cohorts that were Caucasian and non-
Hispanic.

Conditional analysis
The GWAS meta-analyses revealed two regions (WNT16 and ESR1/C6orf97) for which
multiple SNPs provided evidence of association with lumbar spine BMD. We performed
conditional analyses to test whether there was evidence to support other independent
association signals for BMD in these regions (see Supplemental Materials for details).

RESULTS
Discovery Sample – lumbar spine BMD

The Discovery sample consisted of 4,061 women with BMD measurements. Results from
the GWAS meta-analysis of lumbar spine BMD are presented in Figure 1A. Following
double genomic control, there was no evidence to suggest any inflation of the association
results (genomic inflation factor = 1.001; Supplemental Figure 1A). Details of SNPs with
evidence of association with lumbar spine BMD are provided in Table 2.
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Two SNPs in the lumbar spine BMD GWAS exceeded conventional criteria for genome-
wide significance (p<5 × 10−8). The most significant result was on chromosome 7 with a
SNP in the last intron of WNT16 (rs3801387; p-value=1.7×10−9). The association extends to
SNPs with similar minor allele frequency (MAF=0.26–0.29, p<10−7) across a linkage
disequilibrium block containing WNT16 and the neighboring gene FAM3C (Figure 2A).

The second genome-wide significant result was obtained with a SNP on chromosome 6 in
C6orf97 (rs4870044; p-value = 1.3 × 10−8). For the chromosome 6 region including ESR1
and C6orf97, the evidence for association extended to nearby SNPs with a range of MAF;
these SNPs included rs6930633 (p=1.0 × 10−6; MAF=0.33) and rs2982575 (p=8.3 × 10−7;
MAF=0.47, Figure 2B).

Several other SNPs associated with suggestive p-values of 5 × 10−5 or less were genotyped
in the Replication Sample (Table 2). These included 2 additional SNPs in the ESR1/C6orf97
region, and 9 SNPs at genomic locations distinct from WNT16 and ESR1/C6orf97.

Discovery Sample – femoral neck BMD
Results from the GWAS meta-analysis of femoral neck BMD are presented in Figure 1B.
Following double genomic control, there was no evidence of genomic inflation (genomic
inflation factor = 1.003; Supplemental Figure 1B). Further details on SNPs with evidence of
association are provided in Table 3. No SNPs in the femoral neck BMD GWAS exceeded
conventional criteria for genome-wide significance.

Several SNPs had p-values making them eligible for consideration in the panel to be
genotyped in the Replication Sample (p<5×10−5; Table 3). This included rs3801387 in
WNT16 (p=2.68 × 10−6), which had already met our criteria for inclusion in the replication
genotyping based on the results with the lumbar spine BMD phenotype (p=1.7×10−9).
Several associations unique to the femoral neck BMD meta-analysis were also identified.
These included rs1566045 on chromosome 16, 120 kb 5’ of LOC100652974 (p=2.57 ×
10−7) and rs7386 on chromosome 11, 28 kb 5’ of METTL12 (p=6.12 × 10−6).

Replication and Joint Analysis
There were 5,597 women in the Replication Sample, of whom 4,158 were of European
descent. Only femoral neck BMD was available for the ALSPAC cohort (Replication
n=4,744 for lumbar spine BMD). A total of 23 SNPs in 20 distinct chromosomal regions
were selected for genotyping in the Replication Sample. Results for the 23 SNPs are
presented for lumbar spine BMD (Table 2) and femoral neck BMD (Table 3).

In the joint meta-analysis of both the Discovery and Replication Samples, the evidence for
the lumbar BMD association with SNPs in WNT16 and ESR1/C6orf97 became more
significant. In the WNT16 region, the p-value in the Joint Analysis for rs3801387 was 1.3 ×
10−11 (Table 2). In the ESR1/C6orf97 region, the p-value for rs4870044 improved to 1.4 ×
10−10 and another SNP, rs6930633, now met genome-wide significance (p = 1.16 × 10−8;
Table 2). For most other SNPs, the Joint Analysis did not substantially improve the evidence
of association observed in the Discovery Sample. Plots of the effect size estimates for each
of the cohorts and for the Joint Analysis as a whole are provided for WNT16 SNP
rs3801387 (Figure 3A) and for the SNPs in the ESR1/C6orf97 region (Figure 3B).

The Joint Analysis of the femoral neck BMD phenotype (Table 3) did not result in any SNPs
achieving genome-wide significance. However, for several SNPs (rs3801387 in WNT16 and
rs4870044 in the ESR1/C6orf97 region) the evidence for association improved following the
Joint Analysis (p = 4.3 × 10−7 and 1.0 × 10−5, respectively; Table 3).
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The Replication Sample included an African American and a Hispanic cohort. Given the
potential heterogeneity that could be introduced with their inclusion, we performed the Joint
Analysis without these cohorts included. The sample now including 8,219 Caucasian and
non-Hispanic subjects (85% of the original) yielded similar association results, although for
a few SNPs, the evidence of association was substantially improved (ESR1, rs6930633: p =
8.9 × 10−11 and rs2982575: p=4.6 × 10−8).

Conditional analysis
Conditional analyses were performed to determine whether the associations detected at the
WNT16 or C6orf97 loci might be the result of multiple independent genetic factors in these
regions. For WNT16, including the SNP (rs3801387) with the most significant lumbar spine
BMD GWAS p-value as a covariate in association analysis resulted in nearly complete
reduction of the association signal in this region (compare Figures 2A and 4A), suggesting
that there is no evidence for a second, independent genetic factor in this region. In contrast,
for the ESR1/C6orf97 region, the evidence of association with the other SNPs in the region
was largely unaffected when conditioning on any of the 3 individual SNPs from this region
included in the replication set (compare Figure 2B and Figures 4B–D). This supports the
hypothesis that there is more than one genetic factor influencing peak BMD in the ESR1/
C6orf97 region. Similar results were observed in the Replication Sample and Joint Analysis
when the same 3 SNPs were analyzed (Table 4 and Supplemental Figure 2).

Discussion
This is the first GWAS analysis of an exclusively premenopausal female sample to identify
genes associated with peak BMD. The two-stage design included an initial Discovery stage
consisting of genome-wide analysis of a sample of premenopausal women of European
descent for lumbar spine and femoral neck BMD phenotypes. This was followed by a
second-stage analysis of 23 SNPs in a Replication Sample using the same BMD phenotypes.
The Replication Sample was more diverse and included women of European, Hispanic-
American, and African-American descent. We identified SNP associations in the Discovery
Sample that reached genome-wide significance. The joint analysis of the Discovery and
Replication Samples resulted in greater evidence of association for three SNPs in two
distinct regions (WNT16 and ESR1/C6orf97). For two SNPs in ESR1, the evidence of
association improved substantially when the analysis was limited to only the Caucasian,
non-Hispanic cohorts.

We found the greatest evidence for association in this study between lumbar spine BMD and
the SNP rs3801387, in the last intron of the WNT16 gene. The evidence of association
extended to SNPs in linkage disequilibrium with rs3801387 in the neighboring gene,
FAM3C (Figure 2A), which encodes a less well-characterized interleukin-like molecule.
Suggestive evidence of association to this region was also observed in analyses of femoral
neck BMD, suggesting an effect on BMD at multiple skeletal sites.

WNT16 is a member of the Wnt-frizzled signaling pathway, and is believed to be a ligand
for transmembrane receptors of the frizzled gene family.(13). Functionally, Wnt16 is
involved in specification of the sclerotomal somite compartment, which houses vertebral
and vascular smooth muscle cell precursors and has been proposed to signal via the non-
canonical pathway(24), which is conserved in vertebrates. Wnt16 knockout mice have
reduced bone strength and increased susceptibility to fracture(25). SNPs in the human
WNT16/FAM3C region, and rs3801387 in particular, have been associated with BMD and
bone phenotypes at other skeletal sites, including total body and skull BMD(26), as well as
radial BMD, cortical thickness of the tibia as measured by pQCT and forearm fracture.(25)

SNPs in WNT16 have also been associated with bone phenotypes across the human lifespan.
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Previous studies have shown an association with BMD in early childhood(26) and in
heterogeneous samples primarily composed of elderly individuals of European descent.(13)

The effect size observed for rs3801387 association in our Joint Analysis with lumbar spine
BMD is larger than that observed for lumbar spine BMD in the large sample of primarily
older women from the GEFOS consortium reported by Estrada et al(13). A similar trend is
observed for estimated effect sizes of top SNPs from our study with those observed in the
larger, more heterogeneous sample (Table 5). This suggests that earlier periods of life might
be important with respect to which genetic variants in WNT16 and other BMD genes
identified by the GWAS approach have a lasting effect.

Two recent studies(25,26) have detected multiple independent genetic factors at WNT16
contributing to BMD at skeletal sites not examined in our study, total body and radial BMD.
In our conditional analyses, we did not detect evidence to support a second independent
genetic factor in that region influencing peak spine BMD. However, our study was not
sufficiently powered to exclude the presence of a second signal in this region.

We also detected significant evidence of association with lumbar spine BMD and SNPs in
the chromosomal region encompassing the ESR1, estrogen receptor alpha gene. ESR1 has
multiple isoforms and a distinct, non-overlapping open reading frame near its 5’ terminus,
named C6orf97, whose biological role is poorly understood. The SNPs associated with
lumbar spine BMD are located within the C6orf97 sequence or the non-coding region 5’ of
the longer ESR1 isoforms. Other investigators have reported complex patterns of association
with genetic variants at or near the ESR1 locus with bone-related phenotypes such as radial
BMD and heel ultrasound parameters.(27) ESR1 encodes a nuclear transcription factor, with
evidence suggesting a possible skeletal role in periosteal mechanosensitivity and
expansion.(28,29)

Because the chromosome 6 SNPs associated with lumbar spine BMD had differing MAF
(0.29, 0.33 and 0.49) and low levels of linkage disequilibrium between them, we performed
conditional association analysis to test whether these SNPs represented independent genetic
factors influencing peak BMD. Association results were unchanged when either of the two
nearby ESR1/C6orf97 SNPs was included in the association model along with the SNP
under consideration. This confirms the finding of the prior study on radius and heel BMD
phenotypes(27) that there are multiple independent factors in this chromosomal region. These
results are also consistent with the results from Estrada et al,(13) who detected a second
association achieving genome-wide significance in the ESR1 region in a more
heterogeneous sample of men and women with a wider age range. Investigators of common-
variant associations with complex disease should continue to pursue detailed analyses of key
findings using conditional analyses and other approaches to enable the most complete
dissection possible of the role of common variants in complex diseases.

The association results were less significant for femoral neck than for lumbar spine BMD.
This may be due to several factors. First, our analyses tended to identify smaller effect sizes
for femoral neck BMD as compared with lumbar spine BMD for the same SNPs (Table 5),
suggesting we have lower power to detect associations with femoral neck BMD. Second,
there are higher measurement errors at the femoral neck skeletal site. Third, the age range of
subjects in our analyses were further beyond the typical age of peak bone mass at the
femoral neck than at the lumbar spine; peak lumbar spine bone mass occurs at 33- 40 years
in women, while femoral neck peak bone mass occurs earlier (16–19 years).(15) This
suggests that even though we included only premenopausal women, the femoral neck BMD
may be influenced by both bone acquisition and bone loss. Fourth, the spine and femoral
neck sites could be differentially affected by lifestyle factors such as weight-bearing or high-
impact exercise. However, suggestive p-values for several SNPs were observed at both sites,
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notably for SNPs in the WNT16 and ESR1 regions, suggesting effects of variants at these
loci across both BMD phenotypes.

We also compared our results with those obtained in the largest BMD GWAS meta-analysis
published to date from the GEFOS consortium(13), which analyzed men and women across a
wide age range. The two genes in which we identified SNPs with genome-wide evidence of
association, WNT16 and C6orf97/ESR1, also contained SNPs associated with BMD in the
GEFOS study. As shown in Table 5, we generally did not find strong evidence that the same
SNPs in these genes were associated with BMD in the current study as in the GEFOS
paper(13) ; and only 4 of the 56 loci detected in the joint female GEFOS analysis(13) were
observed to have p-values below 5 × 10−5 in the present study for one or both BMD
phenotypes (Supplemental Table 1). This may be due to several factors. One might be that
some genes contribute to BMD variation primarily in premenopausal women. Another factor
could be that because we limited our sample to premenopausal women, we had limited
power to detect genetic factors of small effect. The Discovery Sample used in our study had
67% power at our inclusion threshold to detect associations of similar effect (standardized
regression coefficient = 0.10) to the larger effects observed in the much larger meta-analysis
of Estrada et al(13) for common SNPs (MAF=0.30–0.40). Thus, we were reasonably
powered to detect SNP associations that were at least as large as those identified in the
phenotypically more heterogeneous GEFOS study, but may not have been powered to detect
these effects if they were smaller in our sample.

In conclusion, we identified SNPs in two genes that were significantly associated with BMD
in premenopausal women, who are likely to be at or around peak BMD. These genes have
been previously reported to affect BMD at the same skeletal sites in heterogeneous samples
of older and younger subjects. Importantly, there is evidence in premenopausal women to
support allelic heterogeneity in ESR1. Future studies will focus on the identification of the
genetic variants that underlie these replicated associations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genome-wide results from the meta-analysis of the Discovery Sample
A. Lumbar Spine BMD. B. Femoral Neck BMD. The X axis indicates the chromosomal
position of each SNP while the Y axis denotes the evidence of association shown as -log(p-
value).
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Figure 2. Evidence of association with lumbar spine BMD in WNT16/FAM3C and ESR1/C6orf97
chromosomal regions
X axis is the physical position on the chromosome (Mb); Y-axis denotes the association test
result as -log(p-value), with colored shading reflected degree of linkage disequilibrium with
the top SNP in the region (white diamond symbol). A. SNP rs3801387 in the WNT16
region; B. SNP rs4870044 in the ESR1/C6orf97 region.
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Figure 3. Effect sizes for all studies contributing to the meta-analysis for lumbar spine BMD
Effect sizes in standardized units (mean BMD=0, standard deviation=1) are shown along
with their 95% confidence intervals for each individual study. The overall effect size
estimate from the Joint meta-analysis is indicated in the bottom bar. Results are shown for
SNPs: A. rs3801387 in WNT16; B. rs487004, rs6930633; and rs2982575 in the C6orf97/
ESR1 region. In panel B, effect sizes are shown as positive quantities for ease of
comparison.
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Figure 4. Results from conditional analysis of lumbar spine BMD with GWAS SNPs in the
WNT16 and ESR1/C6orf97 regions
−log(p-value) is shown for SNPs in these regions. Degree of linkage disequilibrium with the
SNP with highest remaining −log(p-value) after conditioning (indicated by white diamond
symbol) is shown according to the color scale at top left or top right. A) SNPs in WNT16
region conditioned on SNP rs3801387 (compare to Figure 2A). B–D) SNPs in ESR1/
C6orf97 region conditioned on SNPs rs487004, rs6930633; and rs2982575 respectively
(compare to Figure 2B).
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Table 1

Discovery and Replication Samples

Cohort Sample size Age
(years)

Spine BMD
(g/cm2)

Femoral Neck BMD
(g/cm2)

DISCOVERY SAMPLE

    TwinsUK 1536 36.47± 8.87 1.03± 0.12 0.85± 0.12

    Indiana Sisters Study* 1504 33.15 ± 7.21 1.28 ± 0.13 1.02 ± 0.12

    Framingham Heart Study 841 36.29 ± 6.04 1.27 ± 0.15 1.01 ± 0.13

    Amish Family Osteoporosis Study 180 38.50 ± 8.34 1.00 ± 0.11 0.89 ± 0.11

    TOTAL 4,061

REPLICATION SAMPLE

    Indiana Sisters Extended Study, (European American)* 802 29.02 ± 7.25 1.25 ± 0.13 1.05 ± 0.12

    Indiana Sisters Extended Study, (African American)* 1090 32.14 ± 6.77 1.33 ± 0.15 1.11 ± 0.14

    San Antonio Family Study 349 34.14 ± 8.47 1.05 ± 0.15 0.88 ± 0.17

    Fels Longitudinal Study 245 34.58 ± 8.67 1.06 ± 0.12 0.86 ± 0.12

    PEAK25 Swedish Study 999 25.49 ± 0.20 1.22 ± 0.13 1.05 ± 0.12

    GEOS† 996 31.62 ± 7.38 1.19 ± 0.13 0.98 ± 0.13

    CaMOS† 263 32.01±8.45 1.04± 0.11 0.83 ± 0.11

    ALSPAC** 853 43.04 ± 2.12 NA 1.01 ± 0.14

    TOTAL 5,597

*
The Indiana study consists of a European-American sample with GWAS genotypes, and an extended sample of both European- and African-

American subjects without GWAS

**
The ALSPAC study did not measure BMD at lumbar spine; the Replication Sample therefore consisted of 4,744 subjects for this phenotype

†
The premenopausal subset of these cohorts overlap (all of the CaMOS samples, 341 of the GEOS samples) with replication samples used in (13)
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Table 4

Conditional Analysis for lumbar spine BMD with SNPs in the ESR1/C6orf97 Region

SNP Analysis Discovery
Sample Replication Sample Joint

analysis

rs4870044 Original P-valuea 1.32 × 10−8 5.17 × 10−4 1.40 × 10−10

Conditional P-valueb 9.05 × 10−7 0.003 3.31 × 10−8

rs6930633 Original P-value 1.03 × 10−6 0.001 1.16 × 10−8

Conditional P-value 2.83 × 10−5 0.001 1.62 × 10−7

rs2982575 Original P-value 8.27 × 10−7 4.01 × 10−2 8.85 × 10−7

Conditional P-value 1.33 × 10−4 0.19 3.07 × 10−4

a
Result from association analysis without additional SNP covariates

b
Result from analysis with genotypes for the other two ESR1/C6orf97 SNPs as covariates
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