
Multistage genome-wide association meta-analyses
identified two new loci for bone mineral density

Lei Zhang1,2, Hyung Jin Choi4,{, Karol Estrada5,6,7,{, Paul J. Leo8,{, Jian Li2, Yu-Fang Pei1,2, Yinping

Zhang2, Yong Lin1, Hui Shen2, Yao-Zhong Liu2, Yongjun Liu2, Yingchun Zhao2, Ji-Gang Zhang2,

Qing Tian2, Yu-ping Wang2, Yingying Han1, Shu Ran1, Rong Hai1, Xue-Zhen Zhu1, Shuyan Wu1,

Han Yan2, Xiaogang Liu2, Tie-Lin Yang2, Yan Guo2, Feng Zhang2, Yan-fang Guo2, Yuan Chen2,

Xiangding Chen2, Lijun Tan2, Lishu Zhang2, Fei-Yan Deng2, Hongyi Deng2,

Fernando Rivadeneira5,6,7, Emma L Duncan8,9, Jong Young Lee10, Bok Ghee Han10, Nam H. Cho11,

Geoffrey C. Nicholson12, Eugene McCloskey13,14, Richard Eastell13, Richard L. Prince15,16,

John A. Eisman17, Graeme Jones18, Ian R. Reid19, Philip N. Sambrook20, Elaine M. Dennison21,

Patrick Danoy8, Laura M. Yerges-Armstrong22, Elizabeth A. Streeten22,23, Tian Hu3,

Shuanglin Xiang24, Christopher J. Papasian25, Matthew A. Brown8,{, Chan Soo Shin4,{,
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Aiming to identify novel genetic variants and to confirm previously identified genetic variants associated with
bone mineral density (BMD), we conducted a three-stage genome-wide association (GWA) meta-analysis in
27 061 study subjects. Stage 1 meta-analyzed seven GWA samples and 11 140 subjects for BMDs at the
lumbar spine, hip and femoral neck, followed by a Stage 2 in silico replication of 33 SNPs in 9258 subjects,
and by a Stage 3 de novo validation of three SNPs in 6663 subjects. Combining evidence from all the stages,
we have identified two novel loci that have not been reported previously at the genome-wide significance
(GWS; 5.0 3 1028) level: 14q24.2 (rs227425, P-value 3.98 3 10213, SMOC1) in the combined sample of males
and females and 21q22.13 (rs170183, P-value 4.15 3 1029, CLDN14) in the female-specific sample. The two
newly identified SNPs were also significant in the GEnetic Factors for OSteoporosis consortium (GEFOS,
n 5 32 960) summary results. We have also independently confirmed 13 previously reported loci at the GWS
level: 1p36.12 (ZBTB40), 1p31.3 (GPR177), 4p16.3 (FGFRL1), 4q22.1 (MEPE), 5q14.3 (MEF2C), 6q25.1 (C6orf97,
ESR1), 7q21.3 (FLJ42280, SHFM1), 7q31.31 (FAM3C, WNT16), 8q24.12 (TNFRSF11B), 11p15.3 (SOX6), 11q13.4
(LRP5), 13q14.11 (AKAP11) and 16q24 (FOXL1). Gene expression analysis in osteogenic cells implied potential
functional association of the two candidate genes (SMOC1 and CLDN14) in bone metabolism. Our findings
independently confirm previously identified biological pathways underlying bone metabolism and contribute
to the discovery of novel pathways, thus providing valuable insights into the intervention and treatment of
osteoporosis.

INTRODUCTION

Osteoporosis is the most common metabolic skeletal disorder in
humans. It predisposes people to fragility fracture particularly at
the hip and confers substantial morbidity and mortality (1),
affecting over 200 million people worldwide (2).

Osteoporosis is mainly characterized by low bone mineral
density (BMD), which is highly heritable with heritability
ranging from 0.5 to 0.8 (3). To date, genome-wide association
studies (GWASs) and their meta-analyses have identified over
50 loci associated with variations in BMD (4–12). Cumulative-
ly, however, genetic loci identified through GWAS account for
no more than 6% of total BMD phenotypic variation (6). There-
fore, there is little doubt that additional novel loci await to be
uncovered. We here report a new multistage genome-wide asso-
ciation meta-analysis of samples of diverse ancestries and of
imputed sequence variants with the 1000 genomes project
(1KG) reference panels (13).

RESULTS

This study of meta-analysis comprises three stages (Fig. 1).
Stage 1 incorporated seven GWAS samples encompassing 11
140 individuals of diverse ancestries (Supplementary Material,
Table S1). The majority (7738; 69.5%) of the individuals were
women. Principal component analysis (PCA) was applied to
each individual sample (14), and no population outliers were
observed. Imputation with the 1KG reference panels generated
5 842 825 SNPs that were qualified for analysis (Supplementary
Material, Table S2). After adjusting phenotypes by PCA in each
individual study (14), overall genomic control inflation factors
were smallor modest in both individual GWASand meta-analysis
for each of the spine (SPN-), total hip (HIP-) and femoral neck
(FNK-) BMD traits (l ¼ 0.99–1.06, Supplementary Material,
Table S2), implying the limited effects of potential population
stratification. A logarithmic quantile–quantile plot of the meta-
analysis test statistics showed a marked deviation in the tail of
the distribution, both in the gender combined and female-specific

samples, implying the possible existence of true associations in
these samples (Fig. 2). In the combined sample, a total of 281
SNPs from 10 genomic loci were associated with BMD at the
genome-wide significance (GWS; 5.0 × 1028) level (Supple-
mentary Material, TableS3).Another 102SNPs from18 addition-
al loci yielded P-values between 1.0 × 1026 and 5.0 × 1028,
which was defined as a borderline association (Supplementary
Material, Table S4). In the female-specific sample, 45 SNPs
from four loci were associated with BMD at the GWS level (Sup-
plementary Material, Table S3); all of these loci overlapped with
those identified with the combined sample. Another seven SNPs
from an additional four loci were associated at the borderline
level (Supplementary Material, Table S4). In the male-specific
sample, only one SNP (rs77687936 in 9q21.33) was associated
with HIP-BMD at the borderline level (P ¼ 1.88 × 1027, Supple-
mentary Material, Table S4). In total, 303 SNPs from 10 different
genomic regionswereassociatedwithBMDat the GWSlevel,and
138 from an additional 23 regions fell into the borderline level.

To validate the findings of Stage 1, one SNP (generally the one
with the strongest signal, with a few exceptions in which the con-
sistency of effect directions was also considered) from each of
the 33 (10 GWS plus 23 borderline) regions was selected and
subjected to Stage 2 in silico analysis in another three independent
GWAS samples encompassing 9258 individuals (Supplementary
Material,Tables S1andS5). In the joint analyses ofStages 1 and2,
9 of the 10 SNPs attaining GWS level in Stage 1 retained signifi-
cance at the GWS level, whereas the last SNP rs11696050 was fil-
tered out. Of the 23 borderline SNPs, the signals at five SNPs
(rs525592, rs6827815, rs9533095, rs1463104 and rs227425)
emerged as being significant at the GWS level, and that of
rs170183 nearly reached the GWS level in the female-specific
sample (P ¼ 6.16 × 1028). No significant, or nearly significant,
associations were identified in the male-specific samples. In
total, 15 SNPs were identified as being significant, or nearly sig-
nificant (rs170183), at the GWS level by the joint analysis of
Stages 1 and 2.

Twelve of these 15 SNPs reside in genomic regions that had
previously been reported to be associated with variations in
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BMD at the GWS level (4,7,8,11). Of the remaining three SNPs,
two reside in genomic regions 14q24.2 (rs227425) and 21q22.13
(rs170183), respectively, which had not been previously
reported at the GWS level; the third SNP, rs6827815, resides
in 4p16.3 which was independently reported by the GEnetic
Factors for osteoporosis consortium (GEFOS) during the prepar-
ation of this manuscript (6). To validate these three SNPs
(rs227425, rs170183 and rs6827815), they were de novo geno-
typed in a Stage 3 replication study of two additional independ-
ent samples encompassing 6663 subjects of European- and East
Asian-ancestries. All the three SNPs showed evidence of

association after Bonferroni correction of multiple testing
(0.05/3 ≈ 0.02) in the Stage 3 meta-analysis, though rs170183
did not reach the nominal level in Asian subjects (Supplementary
Material, Table S6). They remained to be significant at the GWS
level in the joint analyses of the three stages (Tables 1 and 2).

During preparation of this manuscript, the GEFOS released
genome-wide association summary results in samples of as
many as 17 discovery GWAS samples and 32 960 subjects (6).
We checked the replicability of the two newly identified SNPs
(rs227425 and rs170183) in the GEFOS results. Two samples
(FHS and IFS) in Stage 1 and two in Stage 2 [Rotterdam study
(RS) and AOGC] of the present study overlapped with the
GEFOS samples; therefore, the GEFOS summary results could
not be readily used as independent replication. We were able
to obtain replication data of three of the GEFOS remaining
samples: two (n ¼ 1479 and 2762, respectively) from the
TwinsUK cohort and the third from the Amish family osteopor-
osis study (AFOS, n ¼ 918). The results were listed in Supple-
mentary Material, Table S7. One of the TwinsUK samples
successfully replicated rs227425 (P ¼ 0.02) at 0.05 level.
Both TwinsUK samples replicated the effect direction of
rs170183, though neither P-value was significant. The AFOS
sample (475/918 female/combined subjects) replicated neither
P-value nor direction at both SNPs, likely due to the relatively
small sample size, among other things. To incorporate the
entire GEFOS results, we performed two alternative analyses.
In the first analysis, we analyzed associations in the GEFOS
remaining samples. In the second analysis, we analyzed associa-
tions in the remaining samples of the present study, and then inte-
grated the GEFOS summary results as a whole. For the first
analysis, though association signals at the GEFOS remaining
non-overlapped samples were not publicly available, we could
derive them analytically given signals at combined samples
(overlapped plus remaining) and at overlapped samples (Supple-
mentary Material). In Supplementary Material, Table S8, we
derived the P-values at rs227425 and rs170183 were 0.18 and
1.41 × 1023 in the GEFOS remaining samples, respectively,
both having the same effect direction as that in the present
study. In this sense, rs170183 was successfully replicated by
the GEFOS remaining samples. Though rs227425 was not

Figure 1. Diagram workflow of the study design. This study of meta-analysis
comprises three stages. In the first stage, seven genome-wide association study
(GWAS) samples were analyzed for a meta-analysis. In the second stage, a set
of significant SNPs were selected from Stage 1 and subjected to in silico analysis
in three additional samples. Novel SNPs significant (or nearly significant) at
the GWS level from joint analysis of the above stages were followed up by
Stage 3 de novo genotyping in two additional samples. BMD: bone mineral
density.

Figure2. Stage 1 logarithmic quantile–quantile (QQ)plot ofGWAS results.A logarithmic QQplots forBMDsin the combinedsample (left) and in the female-specific
sample (right). For each sample, results were plotted for the hip (red), femoral neck (blue) and spine (green) BMDs.
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replicated at P ¼ 0.05, its effect direction was indeed consistent.
For the second analysis, after removing four overlapped samples
(FHS, n ¼ 3747; IFS, n ¼ 1488; RS, n ¼ 4904; AOGC, n ¼
1955; total n ¼ 12 094) from the present study, P-values at
rs227425 and rs170183 were 1.34 × 10210 and 3.74 × 1026

(Supplementary Material, Table S9). P-values in the GEFOS
samples were 1.24 × 1023 and 5.90 × 1024. Therefore, both
SNPs were successfully replicated by the GEFOS. Though
rs170183 was not significant at the GWS level in the present
study without the four overlapped samples, including the
GEFOS signal (with all the GEFOS samples) did reached a
GWS signal (P ¼ 4.62 × 1028).

For the two familial samples (FHS and IFS), we used the
method that we developed previously to test association (16).
Here, we verified the analyses by two alternative methods. The
first method was Chen and Abecasis (17), which gave nearly
identical P-values to our previous analyses (Supplementary Ma-
terial, Table S10). The second method was the transition disequi-
librium test (TDT) implemented in PLINK (18). Signals at both
SNPs by TDT got weaker (Supplementary Material, Table S10),
implying that TDT was possibly low-powered, as is generally
expected (16,17).

rs227425 was associated with SPN-BMD at the GWS level
(P ¼ 3.98 × 10213, Table 1); the associations for both
HIP-BMD (P ¼ 2.03 × 1026) and FNK-BMD (P ¼ 1.63 ×
1024) were also suggestively significant. Allele G at this
imputed SNP has a frequency between 0.48 (East Asian) and
0.70 (African) and tended to decrease BMDs (Fig. 3). This
SNP is located in an intron of the SMOC1 (secreted modular
calcium-binding protein 1) gene (Supplementary Material,
Fig. S1) in 14q24.2. Though several other genes, including
SRSF5, SLC10A1 and SLC8A3, also reside in this region,
SMOC1 is of particular interest because of its known regulatory
function on bone development. This gene encodes a glycopro-
tein with a calcium-dependent conformation (19). It acts as a
regulator of osteoblast differentiation of bone marrow-derived
mesenchymal stem cells (20), and is essential for ocular and
limb development (21). Its regulatory mechanism also involves
antagonism of activities of bone morphogenetic protein (18).

The association of the imputed SNP rs170183 in 21q22.13
was only found in the female-specific sample, most convincingly
with HIP-BMD (P ¼ 4.15 × 1029, Tables 1), but also with
FNK-BMD (P ¼ 5.88 × 1028) and SPN-BMD (P ¼ 1.17 ×
1025). There was no evidence of association in the male-specific
sample (HIP-BMD P ¼ 0.26). Allele G at this SNP increased
BMD (Fig. 3). This region has been previously reported to be
associated with hip (P ¼ 3.90 × 1024) and spine (P ¼ 7.70 ×
1023) BMDs in a female-specific sample through two SNPs
(rs219779 and rs219780), though neither of the signals achieved
GWS in that study (22). In the present study, the signals at both
SNPs were weak (rs219779 P ¼ 0.04; rs219780 P ¼ 0.07, for
HIP-BMD). Though the two SNPs were in strong LD with
each other (r2 ¼ 0.75), neither of them was strongly correlated
with rs170183 (rs219779 r2 ¼ 0.24; rs219780 r2 ¼ 0.17). The
association of rs170183 conditioning on both rs219779 and
rs219780 remained significant (Stage 1 P ¼ 3.45 × 1025), im-
plying that rs170183 may represent a largely independent
signal from what was reported previously (22). It is located in
an intron of the CLDN14 (claudin 14) gene (Supplementary Ma-
terial, Fig. S2), which was previously proposed as a candidateT
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gene (22). The product of CLDN14 is an integral membrane
protein and a component of tight junction strands (23). It has
been reported to be associated with levels of urinary calcium
and serum parathyroid hormone (22), and may therefore regulate
bone development through its regulatory effect on calcium
metabolism.

The 13 previously reported loci that were replicated in the
current study at the GWS level included the following:
1p36.12 (ZBTB40), 1p31.3 (GPR177), 4p16.3 (IDUA,
FGFRL1), 4q22.1 (MEPE), 5q14.3 (MEF2C), 6q25.1 (ESR1,
C6orf97), 7q21.3 (FLJ42280), 7q31.31 (WNT16, FAM3C),
8q24.12 (TNFRSF11B), 11p15 (SOX6), 11q13.4 (LRP5),
13q14.11 (AKAP11) and 16q24.1 (FOXL1) (Table 2). Among
these loci, 4p16.3 is of particular interest. rs6827815 in this
loci was strongly associated with FNK-BMD (P ¼ 5.19 ×
10212) and HIP-BMD (P ¼ 4.38 × 1029). Its association with
SPN-BMD was also suggestively significant (P ¼ 2.44 ×
1024). The region was recently reported to be associated with
variations in BMD by another SNP (rs3755955) (6), which
showed association in the current study as well (stage 1 P ¼

1.80 × 1026 for FNK-BMD). The signals at both rs6827815
and rs3755955 were likely to be derived from the same source
due to their strong LD pattern (r2 ¼ 0.97). rs6827815 is
located in the intergenic region between IDUA (iduronidase,
1.1 kb) and FGFRL1 (fibroblast growth factor receptor-like 1,
6.3 kb). Despite being located in the same haplotype block
with IDUA, rs6827815 is also in strong LD with multiple
SNPs within FGFRL1 (Supplementary Material, Fig. S3).
Even for SNP rs4647940 in FGFRL1 that is �20.9 kb from
rs6827815, the LD pattern between these two SNPs remains
rather strong (r2 ¼ 0.93). FGFRL1 is of significant interest
due to its biological function. The protein encoded by
FGFRL1, which is expressed preferentially in skeletal tissues,
is a member of the fibroblast growth factor receptor (FGFR)
family (24). FGF and FGF receptors have been shown to be im-
portant for bone development (25), and mutations in FGFRL1
induce skeletal disorders in humans (26). FGFRL1 appears to
function as a decoy receptor, i.e. it binds FGF ligands, without
inducing signal transduction. Thus, the regulatory role of
FGFRL1 is likely to occur through competitive inhibition; it

Table 2. Previous loci replicated in the current study at the GWS level

Region SNP Nearby gene Dis.(kb) Trait Stage N P-value

1p36.12 rs34920465 ZBTB40 78.0 SPN 1 11 030 6.01E210
2 8469 5.62E25
1 + 2 19 609 2.67E213

1p31.3 rs1430740 GPR177 8.2 SPN 1 11 026 8.46E29
2 6070 3.50E24
1 + 2 17 096 1.43E211

4p16.3 rs6827815 FGFRL1 6.3 FNK 1 11 125 6.01E27
2 9161 3.48E23
1 + 2 20 286 9.89E29
3 6663 1.17E24
1 + 2 + 3 26 949 5.19E212

4q22.1 rs1463104 MEPE 31.7 SPN 1 11 026 7.08E27
2 7303 6.64E24
1 + 2 18 329 2.04E29

5q14.3 rs6894139 MEF2C 148.5 FNK 1 11 125 2.02E29
2 6762 2.55E210
1 + 2 17 887 6.86E218

6q25.1 rs1871859 C6orf97 0.0 SPN 1 11 029 1.27E210
2 6070 9.10E24
1 + 2 17 099 9.29E213

7q21.3 rs10429035 FLJ42280 0.0 HIP 1 10 444 4.24E29
2 1882 9.70E25
1 + 2 12 326 4.18E212

7q31.31 rs10242100 WNT16 2.2 HIP 1 10 444 4.63E28
2 2399 8.81E24
1 + 2 12 843 1.94E210

8q24.12 rs4424296 TNFRSF11B 48.9 SPN 1 11 029 5.94E210
2 6070 3.00E25
1 + 2 17 099 8.68E214

11p15 rs7108738 SOX6 277.9 FNK 1 11 125 6.73E29
2 9161 2.86E28
1 + 2 20 286 1.03E215

11q13.4 rs525592 LRP5 0.0 SPN 1 11 029 9.04E27
2 6070 6.74E26
1 + 2 17 099 3.44E211

13q14.11 rs9533095 TNFSF11 179.2 SPN 1 11 029 8.32E28
2 8469 2.95E29
1 + 2 19 498 1.98E215

16q24.1 rs71390846 FOXL1 99.4 HIP 1 10 444 1.29E29
2 1882 0.055
1 + 2 12 326 2.36E210
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binds FGF ligands and sequesters them away from functional
FGF receptors (27).

We checked the cumulative effects of identified GWS SNPs
on BMD variation in two of the tested samples: KCOS (Kansas
City Osteoporosis Study, n ¼ 2250) and COS (China Osteopor-
osis Study, n ¼ 1547) samples. Collectively, the two SNPs
(rs227425 and rs170183) explained 0.3–0.7% of phenotypic
variation in BMD. Taking the 13 SNPs from previously
reported loci into account, the total explainable phenotypic
variation ranged from 2.8 to 4.9% depending on population
sample and skeletal site. Considering that heritability of
BMD is estimated to be as high as 50–80%, the majority of
genetic determination for BMD variation still remains to be dis-
covered.

To explore the potential functional relationship between the
two candidate genes (SMOC1 and CLDN14) and variations in
BMD, we compared their in vivo expression in peripheral
blood monocytes (PBM; potential osteoclastogenic cells,

which may also secrete cytokines important for bone metabol-
ism) in a group of 15 premenopausal female subjects of Cauca-
sian population with high hip BMD (z-score .0.7, 25% top of
the phenotypic distribution) versus another group of 14
matched premenopausal female subjects with low hip BMD
(z-score ,20.5, 30% bottom of the phenotypic distribution).
Both genes were differentially expressed in PBMs between the
two groups at the nominal level P , 0.05 (Table 3), strengthen-
ing the argument that these genes may be biologically relevant to
the regulation of bone metabolism.

DISCUSSION

In this study, using a three-stage genome-wide association
meta-analysis, we have identified two novel loci that are asso-
ciated with BMD variation at the GWS level. We have also repli-
cated 13 previously identified loci at the GWS level.

Figure 3. Forest plots for the two newly identified SNPs. Regression coefficient (beta) and its 95% confidence interval (CI) were presented as un-transformed estimates
from individual studies.
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Though the samples that we analyzed were diverse in ances-
tries, neither of the two loci we identified through the present
meta-analysis was likely to have emerged from this heterogen-
eity. First, neither Q nor I2 measures gave evidence of heterogen-
eity at either of the identified SNPs. Second, the random-effects
model, which is more robust against heterogeneity, gave similar
results to the fixed-effects model. Third, sensitivity analysis on
the two newly identified SNPs gave consistent results among
studies (Supplementary Material, Table S11). Finally, multiple
genomic regions that were previously identified using similar
analytical approaches were replicated in the present study.
Therefore, our newly identified loci are likely to represent true
genetic susceptibility loci for variations in BMD that are
shared across the different populations studied. Despite lack of
validation of the imputation by real genotyping, the two SNPs
were accurately imputed with remarkable MACH imputation ac-
curacy measures in Stage 1 (ranging from 0.78 to 0.99). In add-
ition, the real genotyping we performed for all of the .6600
subjects at Stage 3 replication testing showed consistently sig-
nificant effects for these two SNPs, which partially attests to
the high accuracy of the imputation in Stages 1 and 2.

In the recently published paper by the GEFOS (6) a total of 56
SNPs were identified to be associated with SPN and/or
FNK-BMDs at the GWS level. Four samples (FHS, RS, IFS
and AOGC, n ¼ 12 094) used in that study overlapped with
the present one. Though both of the newly identified SNPs in
the current study were suggestively significant in the over-
lapped samples (Fig. 3), none of them was significant at the
GWS level in the study by Estrada et al. (6). Our findings there-
fore imply that though a new meta-analysis of a smaller sample
size is less powerful than that of a larger sample, it may still
have power to identify a few novel responsible loci (28,29).
For a SNP with an effect as low as 0.05%, the power to detect
it is as low as 0.57% (Stage 1 threshold 1 × 1026) for a
sample of 11 140 subjects. But as we are performing a hypoth-
esis free genome-wide scan, the power to detect at least one of
many causal SNPs, i.e. 500, is as high as 94.26%. Nevertheless,
for a sample of �33 000 discovery subjects, the power to iden-
tify/replicate any particular SNP is quite low, only 8.21% at the
GWS level, or 24.41% at the suggestive level (GWS threshold
5 × 1028, suggestive threshold 1 × 1026). Another explan-
ation of our new findings may lie in different heterogeneity set-
tings in different analyses. Of the 56 SNPs identified in Estrada
et al. (6), 54 were available for analysis in our Stage 1 results
(Supplementary Material, Table S12). Among them, 30 were
significant after multiple testing adjustment (P ¼ 0.05/54).
With the random-effects model, however, only 20 of these

30 SNPs retained significance, implicating the potential
heterogeneity effects for the remaining 10 SNPs identified
earlier in the present study. When extending the analyses to
the most significant SNP within the 100 kb flanking region
for each reported SNP, 40 were significant with the fixed-
effects model, and 35 were significant with the random-effects
model (Supplementary Material, Table S12). The non-
replicability on the remaining regions implies that heteroge-
neous effects are sample specific, so that loci identified in one
set of samples may be masked in another set of samples due
to the specific heterogeneous structures related to that particu-
lar set of samples on particular loci.

We recognize that our original discovery sample includes
samples that are included in the GEFOS consortium, so the
overall evidence of association in the GEFOS paper cannot be
taken as completely independent replication. We were unable
to obtain results for the subset of GEFOS samples not included
in our original discovery sample. We were able to obtain replica-
tion data from two samples of the TwinsUK cohort (n ¼ 2762
and 1479, respectively) and one sample of the AFOS (n ¼
918/475 combined/female subjects). We therefore removed
the GEFOS data from our original discovery data (which still
left a genome-wide significant result) and also tried to computa-
tionally and theoretically estimate the P-values that would have
been obtained in the GEFOS data, excluding those samples that
are in our discovery set. Nevertheless, independent validation of
this finding would be desirable to more completely rule out a
false-positive association or to establish population heterogen-
eity in the genetic effects identified.

On replicating the identified novel SNPs by the GEFOS
results, the shift of the overlapped samples from the discovery
phase into the replication phase may incur a ‘winner’s curse’
effect (30). Nonetheless, we would expect this effect to have a
minimum impact in this case for the following two reasons:
first, analysis of samples in the present study without the over-
lapped samples already achieved (or nearly achieved) the
GWS significance level, which means the SNPs could have
been selected even without the involvement of any of the
GEFOS samples. Second, the most promising and convincing
evidence is the combined analysis of all samples, which still
leaves the two SNPs significant at the GWS level.

In summary, by performing a multistage genome-wide associ-
ation meta-analysis, we have identified two novel loci for BMD
at the GWS level, and have replicated many previously reported
loci. We have also explored the functional importance of the
two involved candidate genes by gene expression experiments.
Our findings, together with one previously reported larger
meta-analysis, provide solid and coincident evidence of associ-
ation for the two identified loci. The discovery stage GWAS as-
sociation summary results were available at https://tulane.app.
box.com/s/biemkwud7cm3cvn4ut1u.

MATERIALS AND METHODS

Study design

This study of meta-analysis comprises three stages. In Stage 1,
we collected seven GWAS samples and performed a
meta-analysis of BMDs at the spine, total hip and femoral neck
(due to its clinical significance to hip fractures) for association.

Table 3. Gene expressions in PBM cells

Gene Probe ID Mean intensity (s.d.) P-value
High (n ¼ 15) Low (n ¼ 14)

SMOC1 991 408 6.91 (0.72) 6.27 (0.37) 2.93E23
CLDN14 1 310 762 10.48 (0.64) 10.06 (0.35) 0.04

Gene expressions in human potential osteoclastogenic cells (peripheral blood
monocytes, PBMs) were examined. The sample consisted of 29 premenopausal
female subjects of European ancestry, 15 of which had high hip BMD (z-score
.0.7) and 14 had low hip BMD (z-score ,20.5). Gene expression experiment
was conducted with Affymetrix Human Exon 1.0 ST Array.
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In Stage 2, we selected a set of SNPs of interest in Stage 1, and
analyzed them in silico in three additional samples. Novel
SNPs significant, or nearly significant, at the GWS level from
joint analysis of both stages were followed up by Stage 3
de novo genotyping in two additional samples.

Study populations

This study incorporated samples from multiple research and/or
clinical centers. All samples were approved by the respective in-
stitutional ethics review boards, and all participants provided
written informed consent.

In Stage 1, seven GWAS samples were incorporated, of
which three were from in-house studies and four were identified
from the database of genotype and phenotype (dbGAP). The
three in-house samples consisted of two with 987 (Omaha
osteoporosis study, OOS) (5) and 2250 (Kansas City osteopor-
osis study, KCOS) unrelated individuals, respectively, of Euro-
pean ancestry, and the third (China osteoporosis study, COS)
with 1547 unrelated individuals of Chinese Han ancestry.
The fourth sample was derived from the Framingham Heart
Study (FHS), a longitudinal and prospective cohort comprising
.16 000 individuals spanning three generations, of European
ancestry (4). Focusing on the first two generations, we identi-
fied 3747 phenotyped individuals. The fifth sample was the
Indiana Fragility Study (IFS), a cross-sectional cohort compris-
ing 1493 premenopausal sister pairs of European ancestry (6).
After quality control, 1488 subjects were qualified for analysis.
Both the sixth and seventh samples were derived from
the Women’s Health Initiative (WHI) observational study,
a partial factorial randomized and longitudinal cohort with
.12 000 genotyped women aging 50–79 years, of African-
American or Hispanic ancestry (31). The sixth sample
comprises 712 phenotyped individuals of African-American an-
cestry, and the seventh sample comprises 409 phenotyped
individuals of Hispanic ancestry.

The Stage 2 in silico replication incorporated three GWAS
samples. The first sample was the RS comprising 4904 unrelated
individuals of European ancestry (4). The second sample was the
Korean genome epidemiology study (KoGES) comprising 2399
unrelated individuals of Eastern Asian ancestry. The third one
was the Anglo-Australasian Osteoporosis Genetics Consortium
(AOGC) (10), an extreme-ascertained cohort comprising 1955
unrelated menopausal women of European ancestry with
either high total hip BMD (z-score between +1.5 and +4.0) or
low total hip BMD (z-score between 24.0 and 21.5).

The Stage 3 de novo genotyping replication included two add-
itional samples, one with 3923 unrelated independent indivi-
duals of European ancestry derived from the KCOS (KCOSR)
cohort, and the other with 2740 unrelated independent indivi-
duals of Chinese Han ancestry derived from the COS (COSR)
cohort.

Phenotype measurements and modeling

BMD was measured at the lumbar spine and hip and/or femoral
neck with dual-energy X-ray absorptiometry (DXA) scanners
(either Lunar Corp., Madison, WI, USA; or Hologic Inc.,
Bedford, MA, USA was used within individual study samples)
following the manufacturer protocols (Supplementary Material,

Table S1). In each of the Stage 1 GWAS samples, covariates
were screened among gender, age, age2, weight, height, scan
side (in FHS) and scanner ID (in WHI) with the stepwise linear
regression model. Raw BMD measurements were adjusted by
significant covariates. To adjust for potential population stratifi-
cation, the first five principal components derived from genome-
wide genotype data were included as covariates (14). Residual
phenotypes after adjustment were normalized by inverse quan-
tile of the standard normal distribution to impose a normal distri-
bution on phenotypes that were analyzed subsequently (32).

Genotyping and quality control

All Stage 1 GWAS samples were genotyped by high-throughput
SNP genotyping arrays (Affymetrix Inc., Santa Clara, CA, USA;
or Illumina Inc., San Diego, CA, USA within individual
samples) following the manufacturer’s protocols (Supplemen-
tary Material, Table S2). Quality control of genotype data
were implemented with Plink (18), with the following criteria
applied: individual missingness ,5%, SNP call rate .95%,
and Hardy–Weinberg equilibrium (HWE) P-value . 1.0 ×
1025. For familial samples (FHS and IFS), all genotypes with
the Mendel error were set to missing. Population outliers were
monitored by principal components derived from genome-wide
genotype analysis.

Genotype imputation

Each GWAS sample from Stage 1 was imputed by the 1KG se-
quence variants (as of August, 2010). Reference haplotypes repre-
senting 283 individuals with European ancestry, 193 with Asian
ancestry, and 174 with African ancestry were downloaded from
MACH (15) download website. Each GWAS sample was
imputedby the respective reference panelwith theclosestancestry.

Prior to imputation, a consistency test of allele frequency
between GWAS and reference samples was examined with the
chi-square test. To correct for potential mis-strandedness,
GWAS SNPs that failed a consistency test (P , 1.0 × 1026)
were transformed into reverse strand. SNPs that again failed con-
sistency were removed from the GWAS sample.

To distribute imputation computation to multiple parallel
CPUs, chromosomes were split into non-overlapping fragments
each of 10 Mb length. In each fragment, haplotypes of individual
GWAS were phased by a Markov Chain Haplotyping algorithm
(MACH) (15).For familial samples (FHS and IFS), 200 unre-
lated founder individuals were randomly selected to estimate
model parameters, which were then used to impute all family
members. Based on phased haplotypes, untyped genotypes
were then imputed by a computationally efficient imputing algo-
rithm Minimac (15). Each GWAS sample was imputed by rele-
vant population’s reference haplotypes. SNPs with r2 score
,0.3 as estimated by Minimac were considered of poor imput-
ation accuracy. SNPs of high accuracy in at least two samples,
and of minor allele frequency (MAF) .0.05 in at least one
sample, were included for subsequent analyses.

Stage 1 association testing

Each GWAS sample was tested for association between pheno-
types and genotyped and imputed SNPs under an additive mode
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of inheritance. For unrelated samples, association was examined
by the linear regression model with MACH2QTL (15), in which
allele dosage was taken as the predictor for the phenotype. For
familial samples (FHS and IFS), a mixed linear model was
used in which the effect of genetic relatedness within each pedi-
gree was also taken into account (16). Genomic control inflation
factor (33) was estimated for each individual GWAS. Associa-
tions in both the gender combined sample and gender-specific
samples were examined.

Stage 1 meta-analysis

Summary statistics of associations from each GWAS were com-
bined to perform weighted fixed-effect meta-analysis with
METAL (34), in which weights were proportional to the square-
root of each sample size. Cochran’s Q statistic and I2 were cal-
culated as measures of between-study heterogeneity (35).
Random-effect meta-analyses were performed to those SNPs
with Q P-value of ,0.05 or I2 value .50% with the standard
procedure meta.summaries in the R package rmeta.

Stage 2 in silico analysis

A total of 33 SNPs, each representing a distinct genomic region,
were selected for Stage 2 in silico analyses. The prioritization of
SNPs for Stage 2 was primarily based on the strongest P-values,
with a few exceptions in which the consistency of direction of the
effects was also considered. PCA was applied in all Stage 2
samples to account for population stratification effects. For im-
putation, the RS used overlapping fragments each of 2000
markers with 100 markers of overlap to improve imputation
quality. Overlapping regions were removed after imputation. As-
sociation analyses in the RS sample were performed with
MACH2QTL (15) via GRIMP (36) (which uses genotype
dosage value as a predictor in a linear regression framework). Im-
putation and association analyses in KoGES were performed with
IMPUTE2 (37) and Plink (18). For the AOGC sample, genotypes
data quality control was performed as in the earlier study (10). Ef-
fective BMD was calculated correcting for weight, age, age2 and
the first four eigenvectors of the principle components (14). The
16 densitometers for BMD measurement were taken as random
variables to adjust for their effects. Imputation was performed
with MACH (15), with the 1KG European reference panel (as
of August 2010). The corrected BMD distribution follows an ap-
proximate normal distribution using the Shapiro–Wilk normality
test (P ¼ 0.537). MACH2QTL (15) was used to perform the asso-
ciation analysis. The summary statistics of Stage 2 were
meta-analyzed with Stage 1 results with METAL (34).

Stage 3 de novo genotyping analysis

Joint analyses of Stages 1 and 2 produced at GWS level 12 loci
that had been reported previously, and 3 new loci (one was
reported during the preparation of this manuscript). The three
SNPs were followed up in Stage 3 of de novo genotyping in
two independent samples, namely KCOSR and COSR. The
KCOSR and COSR samples were genotyped by Kbiosciences
(UK) and Shanghai Biowing (China) companies, respectively.
Quality control included individual missingness ,5%, SNP
call rate .90%, and HWE P-value .1.0 × 1025. Associations

for Stage 3 were examined with Plink (18). Joint meta-analysis of
Stage 1 + 2 + 3 were performed with METAL (34), and region-
al Manhattan plot was drawn with LocusZoom (38).

Sensitivity analysis

Sensitivity analyses were conducted by removing each study in
turn, studies with Asian ancestry, and studies with African and
Hispanics ancestries, respectively.

Gene expression analysis in human osteoclasts

The two candidate genes (SMOC1 and CLDN14) implied by the
identified SNPs were tested for their expressions in human po-
tential osteoclastogenic cells (PBMs) between subjects with
high versus low BMDs. The sample consisted of 29 premenopau-
sal female subjects of European ancestry, 15 of which were with
high hip BMD (z-score .0.7, 25% top of the phenotypic distri-
bution) and 14 were with low hip BMD (z-score ,20.5, 30%
bottom of the phenotypic distribution). Gene expression experi-
ment was a part of an ongoing project, conducted with Affyme-
trix Human Exon 1.0 ST Array following the manufacturer
protocols. Association analyses of gene expression intensities
between the two groups were performed with the R package
linear models for microarray data (limma) (39).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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