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ABSTRACT

Bone mineral density (BMD) achieved during young adulthood (peak BMD) is one of the major determinants of osteoporotic fracture in
later life. Genetic variants associated with BMD have been identified by three recent genome-wide association studies. The most
significant single-nucleotide polymorphisms (SNPs) from these studies were genotyped to test whether they were associated with peak
BMD in premenopausal American women. Femoral neck and lumbar spine BMD were determined by dual-energy X-ray absorptiometry
in two groups of premenopausal women: 1524 white women and 512 black women. In premenopausal white women, two SNPs in the
C60rf97/ESR1 region were significantly associated with BMD (p < 4.8 x 10~%), with suggestive evidence for CTNNBLT and LRP5 (p < .01).
Evidence of association with one of the two SNPs in the C60rf97/ESR1 region also was observed in premenopausal black women.
Furthermore, SNPs in SP7 and a chromosome 4 intergenic region showed suggestive association with BMD in black women. Detailed
analyses of additional SNPs in the C60rf97/ESR1 region revealed multiple genomic blocks independently associated with femoral neck
and lumbar spine BMD. Findings in the three published genome-wide association studies were replicated in independent samples of
premenopausal American women, suggesting that genetic variants in these genes or regions contribute to peak BMD in healthy women
in various populations. © 2010 American Society for Bone and Mineral Research.
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Introduction receptor 1 (ESR1), low-density lipoprotein-related protein 5 (LRP5),

and osteoprotegerin (OPG), have well-characterized roles in

Osteoporosis is a common skeletal disease characterized by
reduced bone mineral density (BMD). After the age of 50
years, the lifetime risk of osteoporotic fractures is approximately
40% in white American women and 14% in white American
men."” A major predictor of future osteoporotic fracture risk is
peak BMD obtained during early adulthood.” Although
attainment of peak BMD is determined by both genetic and
environmental components, twin and family studies indicate
that genetic factors account for up to 80% of normal variation in
BMD.®

Recent genome-wide association studies have identified
single-nucleotide  polymorphisms (SNPs) associated with
BMD.“"® Several of the associated genes, such as the estrogen

skeletal biology. However, these studies also have identified
novel genes that were not known previously to affect BMD but
may play an important role in bone accrual or loss.

The three genome-wide association studies were published at
the start of the current study. They were performed on the
Framingham family sample of approximately equal proportions
of men and women,” a UK twin sample of only women,” and an
Icelandic sample consisting of over 85% women.® However,
since all three samples had a mean age greater than 50 years, the
associations identified may reflect a combination of age-related
bone loss and peak BMD. Thus the aim of this study was to
replicate the most significant SNPs identified in these three
studies in samples of premenopausal women.
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Subjects and Methods

Sample

Families with two or more healthy premenopausal sisters were
recruited from the state of Indiana to identify genes contributing
to bone mass. These provided a sample of 1524 American white
and 512 American black women (Table 1). A detailed medical
history of the siblings was obtained through administration of
health and lifestyle questionnaires. Parents of the siblings were
recruited to obtain blood for DNA extraction but did not undergo
phenotypic assessment. Studies were performed at the Indiana
Clinical Research Center. The study was approved by the
Institutional Review Board of Indiana University-Purdue Uni-
versity Indianapolis. Informed written consent was obtained
from all subjects prior to their participation in the study.
Sisters were between the ages of 20 and 51 years. Sisters were
required to be premenopausal and within 10 years of each other
in age. Women who had irregular menses or a history of
pregnancy or lactation within 3 months prior to enrollment were
excluded. Women taking oral contraceptives were not excluded.
Additional exclusion criteria included a history of chronic disease,
use of medications known to affect bone mass or metabolism,
and an inability to have BMD measured because of obesity.

BMD, height, and weight measurements

Areal BMD (g/cm?) at the lumbar spine (vertebrae L, to L4) and
femoral neck was measured by dual-energy X-ray absorptio-
metry (DXA) using two DPX-L and one Prodigy instrument (GE
Lunar Corp., Madison, WI, USA). All three instruments were cross-
calibrated weekly using a step-wedge phantom. There was no
detectable systematic difference between the three machines
over the course of the study. The coefficient of variation on
duplicate measurements after repositioning the subject was
1.0% for femoral neck and 0.52% for lumbar spine. Siblings
were measured on the same instrument usually at the same
visit. Height and weight were measured using a Harpenden
stadiometer (Holtain Ltd., Crymych, UK) and a Scale-Tronix
(White Plains, NY, USA) weighing scale, respectively.

SNP Genotyping

The most significant SNPs for replication were selected from the
three published genome-wide association studies available at
the time this study was initiated. The top 25 SNPs for lumbar
spine BMD and the top 25 SNPs for femoral neck BMD were
selected from the studies of the TwinsUK cohort® and an

Table 1. Sample Characteristics

White women Black women

Number of families 762 236
Number of sibling subjects 1524 512

Age, years® 331472 33.0+6.6
Height, cm? 165.4 + 6.1 164.44+6.2
Weight, kg® 700+ 16.6 81.9+19.8
Lumbar spine BMD, g/cm?? 1.275£0.141 1.339£0.142
Femoral neck BMD, g/cm®  1.021+£0.136  1.110+£0.145

*Mean = SD.

Icelandic sample.® Since the genome-wide association study
from the Framingham Heart Study reported association results
using both men and women,” we selected the 20 most
significantly associated SNPs each for femoral neck and lumbar
spine BMD from a reanalysis of these data in only women
(www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id =
phs000007.v5.p3). This secondary analysis was performed to
maximize the likelihood of identifying genes that affect BMD
in women. Because 6 of the 140 SNPs were significant in
both BMD phenotypes, 134 unique SNPs were tested for
replication.

When an SNP failed to work in genotyping assays, another SNP
was selected as a replacement using the genotypic information
of the CEPH Utah sample in HapMap. The criteria for selection of
the replacement SNP was the closest SNP in physical distance to
the original SNP (and always within 20kb), strong linkage
disequilibrium (r* > 0.5) with the original SNP, and minor allele
frequency within 0.1 of the original SNP. When no SNPs met
these criteria, then the SNP with the highest r? was chosen from
all SNPs within 20 kb. The complete list of SNPs tested is provided
in Supplemental Table 1.

Genotyping was performed using the iPLEX genotyping assays
on the MassARRAY platform, which is based on allele-specific
primer extension with mass-modified terminators (Sequenom,
Inc, San Diego, CA, USA). The average missing rate for the
genotyping assays was 2.1%, with a range from 0.6% to 8.2%
(Supplemental Table 1). Using one randomly selected individual
in each family, each SNP was tested for significant (p <.001)
deviation from Hardy-Weinberg equilibrium. In addition, par-
ental genotypes were used to identify Mendelian inconsistencies
using the program PedCheck.” Inconsistent genotypes were
reviewed individually, and the minimum number of genotypes
was removed to resolve the Mendelian inconsistencies.

Genome-wide association data

A genome-wide association study was completed recently in the
same sample of 1524 premenopausal white sisters.®’ Thus, for
those regions where the previous associations were replicated,
the data were augmented with those generated by the genome-
wide association study.

Genotyping was performed on the Human610Quadvi_B
(Ilumina, San Diego, CA, USA) by the Center for Inherited
Disease Research (CIDR) using the lllumina Infinium Il assay
protocol. Genotype calls were made when a genotype yielded a
quality metric (Gencall score) of 0.15 or higher. Blind duplicate
reproducibility was 99.99% based on 36 paired samples. Samples
having genotypes for at least 98% of the SNPs were included in
the analyses. Our final analytic sample included 1524 women
from 762 different families. This data set demonstrated minimal
evidence of stratification, as indicated by a lack of inflation in
genome-wide association study p values (A = 1.003) for both the
spine and neck BMD phenotypes.

SNPs with a call rate of 98% or greater (n=581,255) were
included and subjected to further quality-control analyses. From
these, SNPs were removed if either the minor allele frequency
was less than 0.01 in this data set (n=32,948) or there was
significant  deviation (p <.00001) from Hardy-Weinberg
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equilibrium (n = 1998). The final data set for analysis consisted of
547,971 SNPs that passed all quality-control measures.

Statistical analysis

In these samples of women, age and weight were significant
covariates of BMD.®'? Therefore, regression residuals represent-
ing age- and weight-adjusted BMD values for each subject were
computed separately in white women and black women and
used in all analyses.

A population-based association test was performed using a
linear regression framework. SNP genotypes were modeled as
taking on three levels (0, 1, and 2) corresponding to the observed
genotypes, with BMD as the dependent variable. This model was
fitted using the gfam-total analysis in PLINK.'" Correlation
between siblings in the same family was corrected for by
obtaining empirical p values for the association test using a
permutation approach."? Permuted replicates were generated
by randomly assigning phenotype values among family
members, thus preserving the phenotypic correlations and
linkage disequilibrium structure from one replicate to another.
p Values were estimated empirically using 10° permutations.

The significance threshold for the association tests was
derived using the simpleM method.">" The effective SNP count
for this set of SNPs based on our genotype data was 105,
providing a corrected threshold for significant association p
value of 4.8 x 107 p Values less than .01 were considered
suggestive evidence of association. Effect size estimates
correcting for sibling correlation were obtained using a
mixed-model approach.

For genes or chromosomal regions with SNPs showing
replication in white women, the data set was augmented with

SNPs from our genome-wide association study to allow more
rigorous evaluation of the association. The haplotype block
structure was examined with HAPLOVIEW, ¥ with blocks defined
using the method of Gabriel and colleagues.’® Linkage
disequilibrium confidence interval parameters of (0.5, 0.75)
were employed, with recombination and informative fraction
values of 0.5 and 0.75, respectively. Rates of recombination were
determined as described previously."'® The blocks then were
examined regarding their independent and combined effect on
BMD, as measured by the traditional r* measure of proportion of
phenotypic variance explained.

Results

Replication of published genome-wide association
studies

White and black women were comparable in age and height
(Table 1). However, black women were heavier than white
women and had higher BMD values at both the femoral neck and
the lumbar spine. In these samples, 129 of the 134 possible SNPs
from the three published genome-wide association studies“®
had a greater than 90% call rate and were analyzed for
association with BMD (Supplemental Table 1). Two SNPs,
rs1406493 and rs10496481, were not in Hardy-Weinberg
equilibrium (p <.001).

Five chromosomal regions associated with BMD in the three
genome-wide association studies showed evidence of associa-
tion (p < .01) (Table 2). However, only SNPs in a region harboring
C6orf97 and ESRT reached significance level corrected for
multiple testing. Only rs851993 in ESR1T was replicated in both
white and black premenopausal women. The study design had

Table 2. Replication of Significant SNPs Identified in the Previous Genome-wide Association Studies

White women

Black women

Femoral neck

Lumbar spine Femoral neck Lumbar spine

SNP GeneP  Chr. Position Chr MAFY  p Value p Value ?  MAFY  p Value ? pValue P
rs4870044 Cé6orf97 151,943,102 6 0.30 56x107% 1.21%

rs6929137 Cé6orf97 151,978370 6 0.34 38x 107> 0.25%

rs7752591 Cé6orf97 151,988,761 6 046 2.9X107% 0.11% 22x 107> 0.72%

rs6900157 Cé6orf97 151,995820 6 036 7.6x 103 001% 32x 10> 0.86%

rs851993 ESR1 152,047,704 6 036 26x10> 0.40% 3.3X10 % 040% 0.12 4.5X 10 % 0.67%
rs3020331 ESR1 152,050473 6 042 37x1073 1.24%

rs851982 ESR1 152,066,678 6 0.38 89x 1073 1.29%

rs4811196 CTNNBL1 35,903,108 20 0.19 69x107* 0.61%

rs2179320 CTNNBL1 35,905,199 20 0.19 3.0x 10> 0.57%

rs910760 CTNNBL1 35,933,409 20 025 1.8x 10> 0.21%

rs3736228 LRP5

rs10876432 SP7
(rs2886129%)

rs6535028

67,957,871 11 0.13
52,018,251 12

Intergenic 135,757,169 4

45%x 1073 0.40%
045 6.6x 107> 3.99% 53 x 107> 5.00%

0.14 80x 1073 1.18%

“SNP genotyped as a replacement.

PThe nearest genes located within 25 kb.

“Chromosome positions are from NCBI dbSNP Build 130.
dRace-specific minor allele frequencies (MAFs).

®p Values and r* are shown only for SNPs with p <.01. p Values that met the corrected significance level of p < 4.8 x 10~* are in boldface.
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80% power to detect an effect size of 1.4% of total BMD variation
in the white sample and 2.3% in the black sample.

White women

The sample of white women replicated association in three
different regions. Seven SNPs in a 125-kb region that included
neighboring C6orf97 and ESR1 were associated with BMD
(p <.01). However, only two SNPs (rs7752591 and rs851993) met
a more stringent level of significance (p < 4.8 x 107%). All but
rs6929137 in C6orf97 were associated with lumbar spine BMD,
and four SNPs were associated with femoral neck BMD. The
estimated effect size on lumbar spine and femoral neck BMD for
each SNP individually was no more than 1.3%.

A nonsynonymous LRP5 SNP (rs3736228) was marginally
associated with lumbar spine BMD (p =4.5 x 10~ >). Three SNPs
in CTNNBL1 also showed suggestive evidence of association with
femoral neck BMD (p < 3.0 x 10™3). These three SNPs, spanning
30kb, were in high linkage disequilibrium (* > 0.66).

Black women

One SNP (rs851993) in the C60rf97/ESR1 region that also
replicated in the white women had the most significant

association with femoral neck BMD in black women
(p=4.5x10"%. In addition, one SNP in SP7 (rs2886129) on
chromosome 12 showed suggestive evidence of association with
both femoral neck (p=6.6x1073) and lumbar spine BMD
(p=5.3 x 103). An intergenic SNP (rs6535028) on chromosome
4 was marginally associated with femoral neck BMD
(p=8.0x1073). None of the SNPs in the CTNNBLT or LRP5
region replicating in the sample of white women demonstrated
evidence of association with either BMD phenotype in black
women (p >.01).

Supporting evidence from our genome-wide association
study

For the three regions associated in the sample of white women,
data from our genome-wide association study® were reviewed
to assess whether there was further support for the association.

CTNNBL1

Four additional SNPs from our genome-wide association study
supported evidence of the association between femoral neck
BMD and CTNNBL1 (Fig. 1). The region harboring associated SNPs
spanned about 100 kb. The most significant SNPs were located in
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Fig. 1. Evidence of association in the CTNNBL1 region. Arrows indicate the size and location of the genes. Circles (femoral neck) and triangles (lumbar
spine) denote SNPs tested in white women in our replication study (black) and genome-wide association study (gray). Association results (top panel) are
indicated by chromosomal location on the x axis and -log of p values on the y axis. Threshold of p =.01 is marked by the dashed line. The extent of linkage
disequilibrium () structure (bottom panel) is represented by the degree of shading. Darker shades indicate greater linkage disequilibrium.
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the 3’ end of the gene and had minor allele frequency (MAF) of
about 0.20 to 0.25.

LRP5

In addition to the association with lumbar spine BMD, there was
an association between femoral neck BMD and two SNPs located
in the 5’ end of the gene (Fig. 2). Two SNPs in the neighboring
SAPS3 gene also were associated with lumbar spine BMD. These
SNPs were in moderate linkage disequilibrium with the
replicated LRP5 SNP (rs3736228).

C60rf97/ESR1

A total of 170 SNPs spanning 622 kb around C60rf97 and ESR1
were genotyped in our genome-wide association study. Thirty-
three SNPs spanning 346 kb provided evidence of association
with BMD (Fig. 3). Closer examination of the association, allele
frequency, recombination, and linkage disequilibrium data
uncovered a complex pattern of association in this region.
Based on the linkage disequilibrium and recombination rate, this
region can be divided into four distinct genomic blocks
independently associated with femoral neck and/or lumbar
spine BMD.

The block most distal to ESRT (ie, within C60rf97) was defined
by SNPs rs9371528 and rs6925996, and 13 SNPs in this block all
were associated with lumbar spine BMD. The most significant
SNP in this block was rs6925996 (p= 1.1 x 10~%), which had an
MAF of 0.31; it had moderate to high linkage disequilibrium with
all the associated SNPs in this block.

The second block, marked by SNPs rs900195 and rs851993,
showed a complex pattern of association. Thirteen SNPs were
associated with either lumbar spine or femoral neck BMD, and
four of those were associated with both phenotypes. SNP
rs7752591, located in the center of the block, was the most
significant SNP for femoral neck BMD (p =7.0 x 10~°), whereas
the SNP most proximal to ESRT (rs851993) was most significant
for lumbar spine BMD (p=22x 10~%. Both SNPs also were
associated with the other phenotype.

The block between SNPs rs9383939 and rs2504065 (block 3) is
adjacent to block 2 and extended from immediately upstream of
the long isoform of ESR1 to its intragenic region. Six SNPs in this
block were associated with lumbar spine BMD; two of these SNPs
also were associated with femoral neck BMD. All associated SNPs
in this block, except one, were relatively common, with MAFs of
0.34 to 0.50. The most significantly associated SNPs with lumbar
spine and femoral neck BMD were rs3020331 (p=4.1 x 10~3)
and rs851991 (p=1.3 x 10 3), respectively.
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Fig. 2. Evidence of association in the LRP5 region. Arrows indicate the size and location of the genes. Circles (femoral neck) and triangles (lumbar spine)
denote SNPs tested in white women in our replication study (black) and genome-wide association study (gray). Association results (top panel) are indicated
by chromosomal location on the x axis and -log of p values on the y axis. Threshold of p=.01 is marked by the dashed line. The extent of linkage
disequilibrium (%) structure (bottom panel) is represented by the degree of shading. Darker shades indicate greater linkage disequilibrium.
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Fig. 3. Evidence of association in the C60rf97/ESR1 region. Arrows indicate the size and location of the genes. Circles (femoral neck) and triangles (lumbar
spine) denote SNPs tested in white women in our replication study (black) and genome-wide association study (gray). Association results (top panel) are
indicated by chromosomal location on the x axis and -log of p values on the left y axis. Threshold of p =.01 is marked by the dashed line. Peaks indicate
historic recombination in this region. Recombination rates are shown on the right y axis. The extent of linkage disequilibrium structures (middle, D’ and
bottom, r?) is represented by the degree of shading. Darker shading indicates stronger correlation between SNPs. Blocks based on linkage disequilibrium
are represented by inverted triangles. The chromosomal regions corresponding to these blocks are marked by colored horizontal lines (top panel).

The last block (block 4), spanning SNPs rs17081685 and
rs9322336, was located at the beginning of the main ESR7
isoform. Only one SNP (rs1709183) was associated with femoral
neck BMD (p=1.3 x 1073) and had an MAF of 0.29.

The most significant SNPs in each block provided evidence of
independent effects on BMD (Fig. 4). The most significant SNPs in
each block had little linkage disequilibrium with the most
significant SNPs in other blocks (r* < 0.4 for spine BMD, r* < 0.2
for neck BMD; Table 3). In block 1, the more frequent allele was
associated with increased lumbar spine BMD, whereas in blocks 2
and 3, the minor allele was associated with increased BMD.
Similarly, in blocks 2 and 4, the minor allele was associated with
high femoral neck BMD, whereas in block 3, the major allele was
associated with increased BMD. Furthermore, when analyzed
jointly, these SNPs explained a significantly greater proportion of
BMD variability than each SNP did individually. Each SNP had a

relatively small effect size (1.5% or less); however, when analyzed
jointly, the simultaneous 3-SNP effect was essentially additive,
with the individual SNP summed effect sizes accounting for 71%
and 84% of the combined effect on spine and neck BMD,
respectively (Table 3). Nonindependent effects would be
expected to produce a summed effect much larger than the
combined effect. Our results indicate that the effect of each block
(and SNPs within) is largely independent of one another.

A more detailed analysis of these blocks uncovered the fact
that even the associated SNPs within the same block had only
moderate linkage disequilibrium () owing to significant
differences in MAF (data not shown). Even when two physically
overlapping groups of SNPs had similar MAFs, they sometimes
had little linkage disequilibrium with each other. Thus it is
possible that each block has “subblocks” that may affect BMD
independently.
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Fig. 4. Comparison of mean BMD as a function of SNP genotypes. The most significant SNP for lumbar spine and femoral neck BMD was selected from
each of the four different blocks in Fig. 3. Genotypes and corresponding sample numbers (in parentheses) are on the x axis; mean BMD = SEM (g/cm?) is on

the y axis.

Discussion

In this study we sought to replicate findings from the three
published genome-wide association studies*® in our samples
of white and black women, who are significantly younger than
those in the original studies. Multiple genes/regions were
replicated in our sample, indicating that genetic variants in these

genes/regions contribute to peak BMD in the general female
population. Most of the replicated associations were observed in
our white women sample. This is most likely so because the
sample of white women was substantially larger than that of
black women and therefore had greater power to detect
association. In addition, the initial associations were reported in
white cohorts consisting primarily of women, and some of the

Table 3. Additive Effects of the Most Significant SNPs From Separate Blocks

Observed effect

Expected effect

Linkage Linkage

SNP size () size () disequilibrium (D’) disequilibrium (@)
Lumbar spine
rs6925996 rs851993 rs3020331 2.18% 3.08%
rs6925996 rs851993 1.82% 2.14% 0.363 0.035
1s6925996 rs3020331 1.82% 2.07% 0.263 0.024
rs851993 rs3020331 1.43% 1.94% 0.675 0.356
rs6925996 1.13%
rs851993 1.00%
rs3020331 0.94%
Femoral neck
rs7752591 rs851991 rs1709183 2.52% 3.01%
rs7752591 rs851991 1.73% 2.28% 0.353 0.108
rs7752591 rs1709183 2.08% 2.07% 0.005 0
rs851991 rs1709183 1.75% 1.68% 0.025 0
rs7752591 1.34%
rs851991 0.94%
rs1709183 0.73%
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genetic effects may be race-specific. Our sample of black
women was smaller than that of white women, resulting in
decreased power to detect significant association. However,
some of the previously reported associations also were
associated in the sample of black women, suggesting that
some genes may contribute to variation in BMD across multiple
ethnic groups.

Detailed analysis of the C60rf97/ESR1 region demonstrated a
complex pattern of association. There were four linkage
disequilibrium blocks independently associated with lumbar
spine or femoral neck, suggesting the presence of multiple
genetic factors affecting peak BMD. Since many of the associated
SNPs were located upstream of ESR1, these factors likely regulate
expression of ESRT. This association pattern is in agreement with
the previous genome-wide association study in the Icelandic
sample, in which the associated SNPs spanning 273 kb were
distributed over several linkage disequilibrium blocks, and many
of the SNPs had modest to minimal linkage disequilibrium.© A
similar pattern also was observed in a study of several cancer
types, where five haplotype blocks on chromosome 8q24 were
associated with the risk of different cancers."” These data
suggest that high-density SNP genotyping is essential to uncover
intricate association patterns because there may be multiple
SNPs affecting expression of a gene.

Many of the replicated SNPs are located in or near ESR1, LRP5,
and SP7, genes that have known function in bone. The
importance of ESRT and LRP5 in bone biology is clear from
Mendelian disorders caused by mutations in these genes,'-2"
meta-analyses of association studies for skeletal pheno-
types,?>?® and phenotypes of genetically modified mice.?*?>
Although our sample of black women is smaller than the white
sample (and thus the effect size is likely inflated), the association
between BMD and the SNP in SP7 (osterix) supports its candidate
gene status as an important regulator of osteoblast differentia-
tion.?® Of note, the same SNP was marginally associated with
femoral neck BMD in white women (p = 3.6 x 1072, and osterix
also was identified in the recent genome-wide association study
in a sample of UK children.*” Thus this study confirms the
observed associations with these genes and further strengthens
their roles in determination of peak bone mass in young
adulthood.

On the other hand, the major advantage of genome-wide
association studies is the ability to identify novel genes without a
priori knowledge of gene functions. In this regard, CTNNBLT,
encoding a protein homologous with B-catenin,?® is one such
gene that has no known role in bone biology. Expression of this
gene was detected by RT-PCR in all 24 human tissues and cell
lines, including bone and osteosarcoma cell lines, MG-63, and
5a0S-2 (data not shown). In a yeast two-hybrid system,? it also
interacts with secreted phosphoprotein 1 (osteopontin), which
has a known function in bone remodeling. Although association
with the SNPs located in C60rf97 is likely due to linkage
disequilibrium with adjacent ESR1, involvement of this open-
reading frame in bone cannot be ruled out at present. Similarly,
suggestive evidence of association with the intergenic SNP on
chromosome 4 should not be overlooked because SNPs like
this will provide an opportunity to identify novel genes or
regulatory elements including microRNAs. Molecular investiga-

tions targeting these genes and regions may open up avenues
for new drug targets for osteoporosis.

We have analyzed the white and black women separately
because of the documented differences in allele frequency at
many of the SNPs considered, along with the BMD differences
between the two cohorts. Based on the genome-wide associa-
tion study,® data in the whites are not stratified and are unlikely
to produce false-positive associations. To assess the evidence
for stratification in our black American sample, we used an
admixture covariate derived from principal-component analysis
of genotypes at 145 SNPs that we have genotyped previously
compared with HapMap controls (YRl and CEU). This analysis
demonstrated no appreciable difference in the p values for the
black American association findings reported and enabled us to
rule out stratification as a contributor to the results reported
here.

The consistent findings across independent samples of
women provide further evidence that the genes or regions
replicated are important in determining BMD. The results of this
study also showed that certain genes affect both postmeno-
pausal and premenopausal women, suggesting that some genes
may act across a wide age range. Alternatively, some of these
genes may exert their effects on peak BMD, but the evidence of
their effects may persist into older ages. On the other hand, the
fact that many of the previously identified regions did not
replicate suggests that some of these regions may affect age-
related bone loss rather than peak BMD. A further study is
necessary to distinguish genetic effects on bone mass and loss.

In summary, we determined that significant SNPs identified
in three recent genome-wide association studies also were
associated with peak BMD in healthy white and black American
women. Replication of the previous genome-wide association
studies indicates that variants in ESR1, LRP5, and SP7 affect peak
BMD in healthy women and suggests that novel genes such as
CTNNBL1 may have a role in attainment or maintenance of peak
BMD. Similar replication studies in more recent genome-wide
association studies®’>%*" are likely to identify additional
variants important across multiple ethnicities.

Disclosures

All the authors state that they have no conflicts of interest.

Acknowledgments

We thank the siblings and their parents who participated in this
study, as well as the study coordinators, without whom this work
would not have been possible. This work was supported by NIH
Grants P01 AG18397 and UL1 RR025761. We thank Howard J
Edenberg and Xiaoling Xuei from the Center for Medical Geno-
mics at Indiana University School of Medicine for assistance with
SNP genotyping by MALDI-TOF mass spectrometry. The center is
supported in part by a grant from the Indiana Genomics Initiative
(INGEN). INGEN is supported in part by the Lilly Endowment, Inc.
We also thank Kim Doheny and Elizabeth Pugh from CIDR
and Justin Paschall from the NCBI dbGaP staff for valuable
assistance with genotyping and quality control in developing

B 13828 Journal of Bone and Mineral Research

ICHIKAWA ET AL.



the genome-wide association data set. CIDR is fully funded
through a federal contract from the NIH to The Johns Hopkins
University (Contract Number HHSN268200782096C).

References

10.

11.

12.

13.

14.

15.

. Cummings SR, Melton LJ 3rd. Epidemiology and outcomes of osteo-

porotic fractures. Lancet. 2002;359:1761-1767.

. Marshall D, Johnell O, Wedel H. Meta-analysis of how well measures

of bone mineral density predict occurrence of osteoporotic fractures.
BMJ. 1996;312:1254-1259.

. Peacock M, Turner CH, Econs MJ, Foroud T. Genetics of osteoporosis.

Endocr Rev. 2002;23:303-326.

. Kiel DP, Demissie S, Dupuis J, Lunetta KL, Murabito JM, Karasik D.

Genome-wide association with bone mass and geometry in the
Framingham Heart Study. BMC Med Genet. 2007;8:514.

. Richards JB, Rivadeneira F, Inouye M, et al. Bone mineral density,

osteoporosis, and osteoporotic fractures: a genome-wide association
study. Lancet. 2008;371:1505-1512.

. Styrkarsdottir U, Halldorsson BV, Gretarsdottir S, et al. Multiple

genetic loci for bone mineral density and fractures. N Engl J Med.
2008;358:2355-2365.

. O'Connell JR, Weeks DE. PedCheck: a program for identification of

genotype incompatibilities in linkage analysis. Am J Hum Genet.
1998;63:259-266.

. Koller DL, Ichikawa S, Lai D, et al. Genome-wide association study of

bone mineral density in premenopausal European-American women
and replication in African-American women. J Clin Endocrinol Metab.
2010;95:1802-1809.

. Econs MJ, Koller DL, Hui SL, et al. Confirmation of linkage to

chromosome 1q for peak vertebral bone mineral density in preme-
nopausal white women. Am J Hum Genet. 2004;74:223-228.

Peacock M, Koller DL, Fishburn T, et al. Sex-specific and non-sex-
specific quantitative trait loci contribute to normal variation in bone
mineral density in men. J Clin Endocrinol Metab. 2005;90:3060-3066.

Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J
Hum Genet. 2007;81:559-575.

Gao X, Becker LC, Becker DM, Starmer JD, Province MA. Avoiding the
high Bonferroni penalty in genome-wide association studies. Genet
Epidemiol. 2009;34:100-105.

Gao X, Starmer J, Martin ER. A multiple testing correction method for
genetic association studies using correlated single nucleotide poly-
morphisms. Genet Epidemiol. 2008;32:361-369.

Barrett JC, Fry B, Maller J. Daily MJ. Haploview: analysis and visualiza-
tion of LD and haplotype maps. Bioinformatics. 2005;21:263-265.

Gabriel SB, Schaffner SF, Nguyen H, et al. The structure of haplotype
blocks in the human genome. Science. 2002;296:2225-2229.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

. Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O'Donnell CJ,

de Bakker PI. SNAP: a web-based tool for identification and annota-
tion of proxy SNPs using HapMap. Bioinformatics. 2008;24:2938-
29309.

. Ghoussaini M, Song H, Koessler T, et al. Multiple loci with different

cancer specificities within the 8924 gene desert. J Natl Cancer Inst.
2008;100:962-966.

. Boyden LM, Mao J, Belsky J, et al. High bone density due to a

mutation in LDL-receptor-related protein 5. N Engl J Med. 2002;
346:1513-1521.

. Gong Y, Slee RB, Fukai N, et al. LDL receptor-related protein 5 (LRP5)

affects bone accrual and eye development. Cell. 2001;107:513-523.

Little RD, Carulli JP, Del Mastro RG, et al. A mutation in the LDL
receptor-related protein 5 gene results in the autosomal dominant
high-bone-mass trait. Am J Hum Genet. 2002;70:11-19.

Smith EP, Boyd J, Frank GR, et al. Estrogen resistance caused by a
mutation in the estrogen-receptor gene in a man. N Engl J Med.
1994;331:1056-1061.

loannidis JP, Ralston SH, Bennett ST, et al. Differential genetic effects
of ESR1 gene polymorphisms on osteoporosis outcomes. JAMA.
2004;292:2105-2114.

van Meurs JB, Trikalinos TA, Ralston SH, et al. Large-scale analysis of
association between LRP5 and LRP6 variants and osteoporosis. JAMA.
2008;299:1277-1290.

Babij P, Zhao W, Small C, et al. High bone mass in mice expressing a
mutant LRP5 gene. J Bone Miner Res. 2003;18:960-974.

Clement-Lacroix P, Ai M, Morvan F, et al. Lrp5-independent activation
of Wnt signaling by lithium chloride increases bone formation and
bone mass in mice. Proc Natl Acad Sci U S A. 2005;102:17406-
17411.

Nakashima K, Zhou X, Kunkel G, et al. The novel zinc finger-contain-
ing transcription factor osterix is required for osteoblast differentia-
tion and bone formation. Cell. 2002;108:17-29.

Timpson NJ, Tobias JH, Richards JB, et al. Common variants in the
region around Osterix are associated with bone mineral density and
growth in childhood. Hum Mol Genet. 2009;18:1510-1517.

Jabbour L, Welter JF, Kollar J, Hering TM. Sequence, gene structure,
and expression pattern of CTNNBL1, a minor-class intron-containing
gene--evidence for a role in apoptosis. Genomics. 2003;81:292-303.

Rual JF, Venkatesan K, Hao T, et al. Towards a proteome-scale map of
the human protein-protein interaction network. Nature. 2005;437:
1173-1178.

Cho YS, Go MJ, Kim YJ, et al. A large-scale genome-wide association
study of Asian populations uncovers genetic factors influencing eight
quantitative traits. Nat Genet. 2009;41:527-534.

. Xiong DH, Liu XG, Guo YF, et al. Genome-wide association and follow-

up replication studies identified ADAMTS18 and TGFBR3 as bone
mass candidate genes in different ethnic groups. Am J Hum Genet.
2009;84:388-398.

REPLICATION OF GENOME-WIDE ASSOCIATION STUDIES OF BMD

1829 A

Journal of Bone and Mineral Research



