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Abstract
Context: Previous genome-wide association studies (GWASs) of bone mineral density (BMD) were mainly conducted in Europeans.
Objective: To explore genetic variants that affect BMD and sex differences in a Chinese population.

Methods: A total of 5428 middle-aged and elderly Chinese were included. Dual-energy X-ray absorptiometry was used to measure BMD at the
lumbar spine, and total and specific sites of the hip. A mixed linear model was used to analyze the associations between BMD and autosomal
genetic variants, adjusting for age, age squared, sex, and menopausal women (model 1); model 2 was further adjusted for height and weight. A
GWAS of osteoporosis in the Biobank Japan (BBJ) project was used for replication. GWAMA software was used to detect the statistical
significance of sex differences of estimated effects. Gene annotation and pathway enrichment analysis were performed.

Results: \Women lost BMD at earlier ages and faster than men. The 2 models identified a total of 12 loci that were associated with BMD at any
site. Single nucleotide polymorphisms rs72354346, rs2024219, rs1463093, rs10037512, and rs5880932 were successfully replicated in the BBJ.
Variations of rs79262027 G>A (VKORC1LT) and rs4795209 A>G (DDX52) were associated with BMD only in men, and rs1239055408 G>GA
(KCNJ2) was associated with BMD only in women. Gene enrichment analysis showed that BMD in a Chinese elderly population was mainly
related to ossification, bone resorption, sex hormones, and kidney physiology.

Conclusion: The present GWAS identified 12 loci that were significantly associated with BMD at any site in a Chinese population, and 3 of them
showed sex differences in their effects.

Key Words: bone mineral density, genome-wide association study, sex interaction, East Asian

Abbreviations: BBJ, Biobank Japan; BMD, bone mineral density; DXA, dual-energy X-ray absorptiometry; eQTL, expression quantitative trait locus; GRM,
genetic relationship matrix; GO, gene ontology; GWAS, genome-wide association study; MAF, minor allele frequency; M(eff), effective number; PC,
principal component; SNP, single nucleotide polymorphism.

Osteoporosis is an aging-related condition characterized by
low bone mineral density (BMD) and microarchitectural de-
terioration of bone tissue, resulting in bone fragility and in-
creasing risk of fractures (1). It is a highly prevalent
metabolic bone disease estimated to affect 13% of the
Chinese population (2), and the age-standardized prevalence
is about 6.46% and 29.13% for men and women aged 50
years and older in China (3). Previously, we found that

osteoporosis is an independent predictor of all-cause mortality
in a middle-aged and elderly Chinese population with a popu-
lation attributable risk percentage of 11.7% (4).

BMD has an estimated heritability of 50% to 80% (5).
Genome-wide association studies (GWASs) and meta-
analyses have discovered hundreds of susceptibility loci for
BMD, osteoporosis, or fractures (5). Early studies with rela-
tively small sample sizes have found or validated some
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susceptible genes with greater effects, such as ESR1, LRPS,
PPARG, CYP19, SP7, SOST, MARK3, RANKL,
TNFRSF11A, ZBTB40, and so on. The GEnetic Factors for
OSteoporosis (GEFOS) consortium carried out GWAS meta-
analysis of several European cohorts with sample sizes from
19195 to 66628 and identified more than 60 new loci that
were associated with BMD, explaining about 6% of BMD
variation (6-9). Another remarkable work is the UK
Biobank project, in which 153 and 301 new loci were identi-
fied to be associated with ultrasound-measured heel-estimated
BMD in more than 140 000 and 420 000 participants respect-
ively, explaining nearly 20% of BMD variation (10, 11).
These studies, however, were mainly performed in European
populations, and there exists heterogeneity between BMD
measured by different types of methods and at different skel-
etal sites. Only a few GWASs have focused on East Asian pop-
ulations, but their sample sizes were relatively small (<3000)
(12-17).

Sex differences in bone characteristics including bone dens-
ity, bone strength, bone geometry, and osteoporotic fracture
rates are well established (18). Women lost bone mass rapidly
after menopause with trabecular number decreased and cor-
tical porosity increased, whereas men lost trabecular thickness
with aging (18, 19). Elucidating sex-specific gene effects on
BMD may shed light on the pathogenesis and therapeutic tar-
gets of osteoporosis.

In the present study, we aim to identify genetic variants as-
sociated with BMD at multiple skeletal sites measured with
the gold standard, dual-energy X-ray absorptiometry
(DXA), in the middle-aged and elderly Chinese population
of the Shanghai Changfeng Study. We also tested single nu-
cleotide polymorphism (SNP) by sex interaction effects of
the identified SNPs.

Materials and Methods

Study Population

During 2009 to 2012, a total of 6595 middle-aged and elderly
(>45 years old) Chinese participants from Shanghai
Changfeng Community were recruited by the Shanghai
Changfeng Study (4, 20). Participants answered standard
questionnaires relating to menopausal status (for women),
health history, lifestyle, and medication, underwent physical
measurements, and provided biological samples. Among
them, 6203 participants underwent DXA scans. We excluded
304 participants who had received treatments that might in-
fluence bone metabolism (eg, hormone replacement therapy,
anti-osteoporotic drugs) in the 1 month before blood draw
or who had self-reported thyroid diseases or parathyroid dis-
eases, and 24 participants whose information on age, sex, or
menopause was missing, resulting in 5875 participants pass-
ing the phenotype quality control (QC). Among the 6595 par-
ticipants enrolled, 5689 had DNA samples and were
genotyped at baseline. During 2014 to 2017, we conducted
a follow-up survey, and another 433 DNA samples that did
not overlap with baseline DNA samples were collected.
After genotyping QC (see “Genotyping, Imputation, and
Quality Control”), 60 of the 5689 participants genotyped
at baseline and 9 of the 433 participants genotyped at the
follow-up survey were excluded, resulting in a total of 6053
genotyped participants who passed the QC. In genome-wide
association analysis of BMD, 5428 eligible participants who
had passed both phenotype QC and genotype QC were

included in Model 1. In Model 2, another 33 participants
missing height or weight were excluded, and the remaining
5395 participants were analyzed (Fig. 1).

Ethics approval was granted by the ethics committee of
Zhongshan Hospital affiliated to Fudan University and writ-
ten informed consent was provided by all participants before
participation.

Phenotypic Measurements

Participants underwent whole-body DXA scans and separate
scans on the spine and hip, which were conducted by a trained
technician using DXA (GE Healthcare Lunar iDXA system)
incorporated with enCORE software (version 13.0). BMD
(g/cm?) at the lumbar spine L1 to L4 was derived from spine
DXA scans and BMD of the bilateral total hip, femoral
neck, trochanter and intertrochanter from hip DXA scans.

Genotyping, Imputation, and Quality Control
Genomic DNA of the participants was extracted from periph-
eral blood leukocytes using the QIAGEN (Hilden, Germany)
QIAamp DNA Mini Blood Kit and genotyped with the
[llumina (San Diego, CA, USA) Infinium BeadChip genotyp-
ing array (707180 markers). QC was carried out using
PLINK v1.90b4 (21). Samples that had a sex discrepancy be-
tween genotypic and reported sex, had a genotype hard call
rate <95%, deviated from the expected inbreeding coefficient
(-0.2<F<0.2), or were duplicated were excluded, and
markers that had genotype missingness >2%, or Hardy-
Weinberg equilibrium P < 1x 107, or minor allele frequency
(MAF) <1% were filtered out, resulting in 6053 participants
with 426 070 markers.

We performed prephasing and phasing using SHAPEIT
v2r790 (22) and imputation with IMPUTE2 v2.3.1 (23) with
the 1000 Genomes (1000G) phase 3 data as reference. QC
was carried out again, and 8 604 360 variants with call rate
>98%, Hardy-Weinberg equilibrium P>1x10~°, MAF
>1%, and INFO score >0.8 were included in the final analysis.
All genomic positions were in reference to hg19/build 37.

SNP Heritability

SNP-based heritability of BMD at each site in each stratum
was estimated using GCTA-GREML analysis in family data
implemented in GCTA (24). This method estimates pedigree-
based and SNP-based heritability simultaneously in 1 Model
using family data without having to remove related
individuals.

Genome-Wide Association Analysis

Sex-stratified and combined GWASs were performed for each
trait (ie, BMD at each site). BMD values approximated normal
distribution, and outliers >4 SD from mean were removed separ-
ately in men and women prior to analysis. In order to maximize
the sample size, we used the mixed linear model in the fastGWA
software (25) instead of removing samples due to relatedness.
This approach controls population stratification by principal
components (PCs) and for relatedness using a sparse genetic re-
lationship matrix (GRM). PCs were calculated with linkage dis-
equilibrium (LD) pruned genotype calls in unrelated participants
and projected onto the complete set of 6053 participants (26).
Autosomal genetic variants were used to calculate sparse
GRM and to test for association with BMD at each site in each
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Participants enrolled at baseline (N=6595)

Participants underwent DXA scan
(N=6203)

Participants genotyped || Participants genotyped

at baseline (N=5689) at follow up (N=433)

Had received treatments that might
influence bone metabolism (n=304)

Missing age or sex or menopause
information (n=24)

Participants passed QC || Participants passed QC
(N=5629) (N=424)

Participants passed phenotype QC
(N=5875)

Participants genotyped and passed QC
(N=6053)

Participants included in Model 1 (N=5428)

Missing height or weight (n=33)

Participants included in Model 2 (N=5395)

Figure 1. Flowchart of the study participants.

stratum (ie, men, women, and total). Raw BMD values were
used as response variables, and autosomal genetic variants
were included as random effects. BMD was significantly associ-
ated with age, height, and weight in both sexes and associated
with menopause in women (see Fig. S1in (27)). Given the poten-
tial for collider bias from using heritable traits as covariates, we
conducted GWASs for BMD with and without height and
weight as fixed covariates with the assumption of an additive al-
lelic effect: Model 1, adjusted for age, age squared, sex, meno-
pausal women, PCs 1 to 8, and sparse GRM; Model 2, Model
1 plus height and weight. We modeled the covariate effect of
sex and menopausal women simultaneously by adjusting the
dummy variables transformed from dividing participants into
men, premenopausal women, and postmenopausal women.
When analyzing women only, we adjusted the covariate effect
using menopause as a binary variable.

BMD values at all sites were correlated with each other with
Pearson r values ranging between 0.49 and 0.97 (Fig. S1 in
(27)). Correlated multiple testing were corrected by calculat-
ing the “effective number” (M(eff)) of independent tests (28)
followed with Bonferroni correction. M(eff) was calculated
by summing the integral and nonintegral parts of each decom-
posed eigenvalue of the correlation matrix of BMD at the
9 sites, which yielded 3. Therefore, we set P<S5.6x10~
(5 x78/3 tests/3 strata) as the study-wide significant threshold,
and P < 5x107® as the genome-wide significant threshold.

Interaction Between SNPs and Sex

GWAMA (genome-wide association meta-analysis) software
v2.2.2 (29, 30) was used to test for the heterogeneous effects

of the associated lead SNPs between sexes. This method per-
forms sex-combined and sex-differentiated meta-analysis
from GWAS summary statistics of men and women. An
asymptotically chi-square distributed test statistic was ob-
tained by subtracting the sex-combined squared t-statistic
from the sum of the 2 sex-specific squared t-statistics, which
is equivalent to a normal z-test of the difference in allelic effects
between sexes (30). The gender heterogeneity P value was cal-
culated for each significant SNP in the corresponding models,
and P<.017 (0.05/3 M(eff)) was considered statistically
significant.

Conditional Analysis

Conditional and joint (COJO) association analysis (gcta
—cojo-slct —cojo-wind 10000) (31) was performed for all
GWAS summary data to identify independent signals for
BMD at each site in each stratum. One locus might be signifi-
cantly associated with BMD at different sites or in a different
stratum but had different lead SNPs, hence we also performed
“cross-trait” COJO association analysis conditioning on the
most significant lead SNP for those GWAS results that had
lead SNPs on the same chromosome with distance less than

10000 kb.

Regional Association Plots

Regional association plots showing the LD between markers
in the prioritized loci were generated using LocusZoom (ver-
sion 0.14.0) (https:/my.locuszoom.org/) (32) with 1000
Genome East Asian (EAS) reference data.
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Overlap With Findings From Previous GWASs

Lead SNPs from all independent signals were cross-referenced
with the following databases to determine whether they over-
lapped with previously identified associations from previous
GWASs: FinnGen (https:/r5.finngen.fi/), GenATLAS (http:/
geneatlas.roslin.ed.ac.uk/), TEU GWAS database (https:/
gwas.mrcieu.ac.uk/), and NHGRI-EBI GWAS catalog
(https:/www.ebi.ac.uk/gwas/). We also carried out PheWAS
using PhenoScanner V2 (33, 34) with catalog set to “disease
& traits,” proxies to “EAS,” and LD r2 to 0.6 to search for
published phenome-wide associations between our lead
SNPs or proxy SNPs and other diseases and traits.

As we were unaware of publicly available GWAS data on
BMD, we looked up the lead SNPs in the GWAS summary
data of osteoporosis from the Biobank Japan project (BBJ,
http:/jenger.riken.jp/en/result). In the BBJ, osteoporosis was
defined on the basis of physicians’ diagnoses in hospitals,
and 7788 cases (696 men, 7092 women) aged 72.8 +10.1
years and 204 665 controls (108651 men, 96 014 women)
aged 61.6 +13.7 years were included in the study (335).

Gene Annotation and Enrichment Analysis

We annotated variants with ANNOVAR (36). Functional
Mapping and Annotation (FUMA) was applied to identify
candidate genes for each lead variant. Two gene-mapping cri-
teria were compiled based on (1) physical distance (within a
10000 base pair window from the known protein-coding
genes) (37); and (2) significant expression quantitative trait lo-
cus (eQTL) association (GTEx v8 database, false discovery
rate < 0.05) with the lead variant (38-40). Genomic Regions
Enrichment of Annotations Tool (GREAT version 4.0.4)
(41) and Metascape (https:/metascape.org) (42) were applied
to explore potential biological functional pathways.
Significant (false discovery rate Q-value <0.05) enriched
gene ontology (GO) biological terms and mouse phenotypes
associated with significant signals were identified.

Statistical Analysis

Continuous variables were expressed as mean (SD) and
Student’s t tests were used to compare BMD means between
men and women. Categorical variables were expressed as per-
centages. Phenotypic correlations between BMD at different
sites were estimated using the Pearson correlation test.
Correlations between BMD and covariates were estimated us-
ing the Pearson test for continuous variables and the
Spearman correlation test for categorical variables. Cubic
polynomial curves were generated for men and women separ-
ately to graphically represent BMD variation at each site with
aging. Associations between the identified SNPs and height
and weight were analyzed with linear models adjusting for
age and sex. A 2-sided P <.05 was considered statistically sig-
nificant. Analyses were conducted using R 3.4.4 software.

Power Analysis

We estimated the power to detect an effect of our study in total
(n=15428), and in men (n =2364) and women (n=3064). The
power was estimated by dependence of the coefficient (beta)
and the effect allele frequency usingQuanto software (version
1.2.4 from May 2009) (43). Parameters used for simulation
were continuous (quantitative) phenotype, significance level

a=5x10"% phenotype mean value 0.85, SD 0.15, additive
genetic model, and no gene—environment interaction.

Results

Characteristics of the Study Population

The mean (SD) age of the 5428 participants was 63.5 (9.47)
years (Table 1). There were 3064 (56.4%) women, among
whom 2749 (89.7%) were postmenopausal. Men had higher
mean BMD at all investigated sites than women (Table 1).

At about 45 years old, women did not have lower BMD at
any site than men, but their BMD decreased dramatically
afterwards, while men lost bone mass from about 65 years
old (Fig. 2). In both sexes, BMD at the lumbar spine and inter-
trochanter was the highest, followed by total hip, femoral
neck, and trochanter. BMD values at left sites and correspond-
ing right sites were similar, with Pearson r values ranging be-
tween 0.72 and 0.94 (Fig. 2).

Heritability of BMD Varies by Site and Sex

The SNP heritability of BMD at different sites was about 0.27
to 0.39 in Model 1. Men had higher SNP heritability of BMD
than women at the femoral neck (about 0.5 vs 0.4). The results
did not show great change after further adjusting for height
and weight in Model 2 (see Fig. S2 in (27)).

GWAS Reveals Novel Loci Associated With BMD

GWAS was performed for BMD at each of the 9 sites in the
total population and when stratifying by sex (men and wom-
en). The Manhattan plots and QQ plots in Model 1 are pre-
sented elsewhere (Figs. S3-S8 in (27)). Conditional analysis
found no new signals, and the results are presented elsewhere
(Table S1 in (27)). A total of 6 loci were identified to be asso-
ciated with BMD at any site (Fig. 3A), and 17q12-rs4795209
and 17q24.3-rs1239055408 were only significantly associ-
ated with BMD at the lumbar spine in men and at the right in-
tertrochanter in women, respectively (see Table S1 (27)).

The Manhattan plots and QQ plots in Model 2 are pre-
sented elsewhere (Figs. $9-S14 in (27)). A total of 10 loci
were identified to be associated with BMD at any site in
Model 2 (Fig. 3B), and 7q11.21-rs79262027 was only signifi-
cantly associated with BMD at the left femoral neck in men
(see Table S1 in (27)).

The 2 models yielded 12 nonoverlapping loci that were asso-
ciated with BMD at any site (Table 2). Regional association plots
showed that most of the SNPs in high LD were also associated
with BMD (see Fig. S15 (27)). The effects of the 12 loci on
BMD of the significant site and stratum were comparable in
Model 1 and Model 2, with ratios of beta values in Model 1
and Model 2 (a measure of the degree of attenuation of the
BMD associations after further adjustment of height and weight)
ranging between 0.85 and 1.38 (Fig. 4 and Table 2). Among the
12 loci, 1p36.12-rs72354346, 3p22.1-rs2024219, 4q22.1-rs1
463093, 5q14.3-rs10037512, 6q25.1-rs5880932, and 15q21
.2-rs730154 have been previously found to be associated with
BMD mainly in Europeans, and the other 6 loci were novel
(Table 2 and Table S2 in (27)). SNPs 3p22.1-rs2024219, 5q1
4.3-rs10037512, and 15¢21.2-rs730154 were previously found
to be associated with height (see Fig. S16 in (27)). SNP 5q1
4.3-rs10037512 was also associated with plateletcrit, fat-free
mass, forced vital capacity, and balding type 1 (Table 2 and
Table S2 in (27)). Notably, 7q11.21-1s79262027 G>A
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Table 1. Basic characteristics of the study participants

Overall (N =5428) Men (N =2364) Women (N =3064) P value

Age, years 63.5(9.47) 64.5 (9.54) 62.7 (9.35) <.001
Menopause, n (%) — — 2749 (89.7) —
Height, cm 161.6 (8.30) 168.0 (6.34) 156.7 (5.91) <.001
Weight, kg 63.49 (10.65) 69.13 (9.83) 59.13 (9.10) <.001
BMI, kg/m> 24.25 (3.30) 24.46 (3.10) 24.08 (3.44) <.001
Bone mineral density, g/cm®

Lumbar spine 1.07 (0.19) 1.15(0.18) 1.02 (0.17) <.001
Total hip (L) 0.91 (0.14) 0.96 (0.13) 0.87 (0.14) <.001
Total hip (R) 0.91 (0.15) 0.96 (0.15) 0.87 (0.14) <.001
Femoral neck (L) 0.83 (0.14) 0.87 (0.13) 0.79 (0.14) <.001
Femoral neck (R) 0.83 (0.15) 0.87 (0.15) 0.79 (0.13) <.001
Trochanter (L) 0.73 (0.13) 0.80 (0.12) 0.68 (0.12) <.001
Trochanter (R) 0.74 (0.13) 0.80 (0.12) 0.69 (0.12) <.001
Intertrochanter (L) 1.09 (0.18) 1.14 (0.17) 1.05 (0.17) <.001
Intertrochanter (R) 1.10 (0.18) 1.15 (0.18) 1.06 (0.17) <.001

Data are presented as mean (SD) or n (%).

polymorphism only existed in EAS population, and 3q26.2-rs1
47371655 and 4q22.1-rs1463093 had higher minor allele fre-
quencies in EAS than in other populations (Table 2).

Our power analysis showed that we had a power of 82.3%
to detect a variant with effect allele frequency of 0.3 and an ef-
fect of 0.02 g/em? in the total sample (see Fig. S17A in (27)). In
sex-stratified analysis, the power to detect the effects of
rs79262027 and rs4795209 in men and rs1239055408 in
women was 12.4%, 89.3%, and 55.8% respectively (see
Fig. S17B and C in (27)).

Three Variants Showed Sex-Heterogeneous Effects
on BMD

For the identified significant SNPs, GWAMA software was used
to test for sex-heterogenous effects. SNPs 17q12-rs4795209 and
7q11.21-rs79262027 had significantly stronger effects in men,
and 17q24.3-rs1239055408 had significantly stronger effects
in women (Fig. 4 and Table S3 in (27)).

In Silico Replication of the Lead SNPs in BBJ

We then looked up the lead SNPs in GWAS summary data of
osteoporosis in the BBJ. SNPs 7q11.21-rs79262027,
9q21.12 -rs17522056, and 17q24.3-rs1239055408 or their
proxy SNPs (LD r* > 0.6) were not found in BBJ, and 5 exact
lead SNPs (1p36.12-rs72354346, 3p22.1-rs2024219,
4q22.1-rs1463093, 5q14.13-rs10037512, and 6g25.1
-rs5660932) were successfully replicated, with P values low-
er than .05 and the effect directions were the same as those in
Changfeng (Table 3).

Next, we reviewed previous GWAS on BMD or osteopor-
osis in East Asian populations, and looked up their signals
in the present study. Among the 16 lead SNPs identified in 6
studies, JAG1-rs2273061, ESR1-rs9371538, and WNT16
-rs7776725 were significantly associated with BMD in the
Changfeng population (see Table S4 in (27)); and
ESR1-rs9371538 was in high LD (r*=0.97) with our lead
SNP rs5880932, implying the same signal.

Gene mapping and Pathway Enrichment Analysis
We identified 12 potential genes associated with BMD in
which 5 genes had not been reported in previous BMD
GWASs (see Table S5 in (27)). Five of the lead SNPs showed
significant eQTL association with genes like WNT4, SPP1,
and CYP13A1 in hormone-related organs such as the thyroid
and testis (Table S6 and Fig. 18 in (27)). Besides, we found
that genes associated with the lead variants were highly en-
riched for the GO biological processes of ossification and
regulation of secretion (Fig. SA and Table S7 in (27)).
Moreover, the lead variants were mainly enriched for abnor-
mal bone resorption, increased osteoclast cell number, and
kidney-related physiology among mouse phenotypes
(Fig. 5B and Table S8 in (27)). These mapped genes were
enriched in GWAS catalog reported gene sets, including
BMD, lumbar spine BMD and, heel BMD (Fig. 5C and
Table S9 in (27)).

Discussion

In the Shanghai Changfeng study with more than 5000 partic-
ipants, we carried out GWASs of BMD measured using DXA
at the lumbar spine, total hip, femoral neck, trochanter, and in-
tertrochanter, and found that (1) 12 loci were significantly as-
sociated with BMD at any site, among which 1p36.12-rs7235
4346, 3p22.1-rs2024219, 4q22.1-rs1463093, 5q14.13-rs
10037512, and 6q25.1-rs5880932 were successfully repli-
cated in osteoporosis GWASs in the BBJ, (2) the newly identi-
fied SNPs 7q11.21-rs79262027 and 17q12-rs4795209 were
associated with BMD only in men, and 17q24.3-rs1239055
408 was associated with BMD only in women, (3) BMD in a
Chinese elderly population was mainly related to ossification,
bone resorption, hormone secretion, and kidney physiology.
Height and weight were included as covariates in some
BMD GWASs (44) but not in others (11). However, adjusting
for heritable covariates can bias effect estimates in GWASs,
unless the tested variants have no effect on the covariate
(45). Since height and weight were significantly associated
with BMD in the Changfeng participants, we carried out 2
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Figure 2. BMD variation at each site with aging in men and women. For the last 4 panels, solid lines represent the left site, and dashed lines represent

right site.

A

-log,,(p)

¢ i »
1 > 3 4 5 6 7 8
Chromosome
W 0 c v e %Ry
e ‘\“QO €?€ \\f\?'??’ GC'O\(\OQ R?N\ ol ‘J\C"‘?
"""""""""""" oo ot vs g, AL i
% gl

6 7 8 9 10 11 12 13 14151617 18 20 22
Chromosome

Figure 3. A Manhattan plot with combined results for association studies of BMD at different sites in combined and sex-stratified analyses in Model 1
(A) and Model 2 (B). Loci that have not previously found associated with BMD or osteoporosis are highlighted in red.

models (without and with adjustment of height and weight) in weight of the Changfeng participants, and the estimated
our BMD GWAS. As a result, although 3 of the identified 12 effects and P values were comparable in the 2 models.
lead SNPs were previously reported to be associated with ~ Therefore, we would not recommend that height and weight
height, they were not significantly associated with height or ~ be adjusted in future BMD GWAS analysis. Otherwise, the

2202 JaquieAoN (] UO Jasn SyDeousiog 8yl 4oy anjua) ojul leybueys Agq 15909/9/26G59e6p/wauio/QLZ ] 01 /10p/8|oIie-aoueApe/waol/woo dno-oiwepeoe//:sdiy Wwolj pepeojumod



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 00, No. 0

Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgac597/6760651 by Shanghai info Centre for Life ScienceCAS user on 10 November 2022

WBRY 4TV ‘AN [2°H;,
-areydsoyd ‘qQINg [9°H,

*1 9d4) Surpreq ‘asereydsoyd surey[e ‘ssewr 9313-1e 311039[93e[d ‘pu0d3s | ur swnjoa L1o3endxs pasiog ‘Ayoedes [ea pad1oy yySoy Suns oy Surpuess ¢ ‘AN,

‘proe oun ‘qNg,

*SaSUa] 10PIUOD 10 s3sse|S Surream parress age tamod [eorrayds ySiay Surpuess JySioy Sunyts “TapIosip auoq ‘srs010d0aiso ¢ andg,

‘AN [°°H»

YA PIIRIDOSSE 3 03 PUNOJ A[SNOTAL]

‘uRISY yInog ‘§ys ‘ueadoing YNF fUrISY IS ‘SYH UBdLIDWY YNV ULy IV ‘Aousnbaiy spoye qvy ‘wsiydiowkjod spnosonu s[duts ‘INS A3ISusp [eIsUIW auoq ‘NG SUOHBIASIqQY

— — — — — druagrarug ZINDY OTXTLT 1100 840 ¢ 0T X0LY 7100 990
9€T0 80T°0 Y10 6170 680°0 R: AN gXaa ~OLXTLS L0070 9¢0° g-01X56'C 8000 (440
9670 s o §6€°0 SI¥°0 66C°0 Sraonug CdIOW s-0IX16°€ <000 10— g-01XL¥'9 <000 €10'—
€€E0 w10 6T€0 S1T0 80L°0 Sraonur IV6IdAD g-01 X881 €00°0 610° g-0IX08v €000 610°

60°0 650°0 9€0°0 L2070 110°0 sronuy ENdYL g-01X¥1°€ 600°0 8%0° g-01X9%'C 600°0 1§0°

0 0 60070 0 0 oruagra3u] I'TIDYONA g-01 X#8°€ L1070 ¥60° 901 X9€°9 810°0 080"
09T0 1€1°0 6610 §8T0 ¥S$1°0 srmonuy 0£1ID5dDD g-01XT19°¢ 000 110°= (0T XSP'S 200°0 110"~
98§70 S0 66€°0 LEV'O LET'O srmonug OCddN g-01 X88°C 000 (410} (0T X89°1 000 cro
$¥0°0 990°0 1LT0 860°0 €10 oruagrau] dddN 01 X98°¢ 000 €10 g-0LXL¥'S 000 €10
9tro 650°0 67€°0 €500 110°0 sruonul WOOIW 0L X188 €00°0 810"~ g-0L X €18 €000 810"~
L6T°0 8C§°0 S§ETO 86€°0 1110 oruagayug TANNLD 601 X96°€ 000 1410 0L XSTC €000 S10°
6S1°0 8I1°0 §T0 801°0 8CC0 RIEREECHY | 0vdLdZ 0L X69°1 000 ST0° g-01XT6'C €000 10

d EN eRd d EN eeg

dv dv dv dv v

SVS and svd ANV RNy ouug dun{ aud3 1591BIN (passnlpe 1ySrom pue 3ySioy) 7 [PPoN T [PPOIN
I 6150 878’ €LE €000 €00° L2070 5 VO §106%989 80¥7SS06£TTST €4cbLT () 393uBY201I23UT (USWO )
€0¢” €Yo 0sT (e 100°0 100"~ 6€1°0 v O 8C01L6SE 60TS6LYST TIbLY suids requn (W)
SLY €81°0 LLO— LEE 10070 100 8€€E0 v L S§C188TY6 LTCPLOTTSY 1'97bsT (7) 33ueyo0mn ([e30])
L €81°0 180 6¢l” 1000 00"~ 1€€°0 L o) Y0CI6S1S JPS10€ELST TTebsT surds requiny (je30,[)
vL8 661°0 6L0° 089 €000 100°— €0°0 L o) EVLLELEL 980TCSLIST T1'1hs (7) so3ueyd0MIIUL ([EIOL)
8SY” ¥¥8°0 979" = 6¥8" §00°0 100°= 10°0 5 v 85L69759 LT0TIT6LSE 1z ribs (1) 3}o3u Jes0oWay (USN)
€59° [7AN0) 8L0° §§9° 100°0 000° €6¥°0 O VO L98T681S1 26088551 1'57b9 () s93ueyd0n ([E30])
0L6 SL1°0 900" LT 100°0 100° ¥0t°0 O L SL9¥SE88 pCLSLEOOTST €y1bg () oau [er0Wy (JEI0])
956 961°0 110 16T 100°0 100° 8T0o O L 0TST6LSS 2€60€97181 1'7ehby (1) 3e3ueyo01n ([E30])
619 810 160° 324 100°0 100"~ €0 L VL 659€67691 SSOTLELYTST T9Tbe (T) s93ueyd0mI33UL ([eIO])
L6€" 861°0 89" 0sL 100°0 000° LST0 O L SCEOYLLY q61THT0Tst 1'cede (7) 3e3ueyo01n ([e30])
1s¢ 0T0 881~ LT6 100°0 000 Yo O01D015 O €C6TILTT IV EVSETLST zroedy (g) Yoou [esowdg (Jero])

d s eRd d s eRd
1YS1oM 1M SUONRIOSSY YS9y YIIM SUONBIDOSSY 14V 44 v SOd dNS Hibleg | adfyouoyd pea

sjopow g 9y} ui wnjets Aue ui aus Aue je g YHm pajeldosse alam jeyl 190] buiddepianouou anjam] g sjqel



8 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 00, No. 0

Total

Male Female

1p36.12-rs72354346 *

Effect

3p22.1-rs2024219 *x | x| % * | %

(g/cm?)

3926.2-rs147371655

4922.1-rs1463093

0.1

5914.3-rs10037512

6925.1-rs5880932

7q11.21-rs79262027

Model 1

9921.12-rs17522056 *

0.05

156921.2-rs730154 | *

15q26.1-rs11074227

17q12-rs4795209

17924.3-rs1239055408

1p36.12-rs72354 346 *

3p22.1-rs2024219 * | % * | *

3026.2-rs147371655 * | %

4q22.1-rs1463093 * | %

-0.05

5q14.3-rs10037512 *

6925.1-rs5880932 x| *
7q11.21-rs79262027
9921.12-rs17522056 *

Model 2

15921.2-rs730154 | *

15q26.1-rs11074227 *

17q12-rs4795209

17924.3-rs1239055408

ANAN A AN AN TN AN TNAN AN TMNADNTNAN TNAN A AN AN AN
SYETYIYIYE SYTYEYIYE LYy veve
Q. & & Q. & 4 - LN &
SESFILELE CTSPILILS CTSFF LS8
&\\QQQC‘QQ_‘? \QQ@Q@Q@\\QQQQ‘@Q‘
F TS TS @ F& 5 SNy NN Gy
SOSTLETEIS SOSLRIEITS SOSLEIESS
VUL EREEE NV T EEREEE T L EIREES
Q‘Z'Qo) ) & ) QQ'QQ: L.
S S £

Figure 4. Effect estimates of the associated lead SNPs on BMD at different sites in total population, men, and women. Asterisk represents P<5x 1075,

Table 3. Effects of the identified lead SNPs in osteoporosis GWAS in BBJ project

Chr SNP Locus POS A1l A2 AF1 Beta SE P value

1 rs72354346 1p36.12 22712923 G GTCTCC 0.268 -.055 0.02 6.07x1073
3 rs2024219 3p22.1 41146355 T C 0.221 —.042 0.022 4.97x1072
3 rs147371655 3q26.2 169293659 TA T 0.31 .02 0.019 2.93%x107"
4 rs1463093 4q22.1 88792520 T C 0.231 -.089 0.021 1.44%x107°
S rs10037512 5q14.3 88354675 T C 0.333 —-.061 0.018 8.55x107*
6 rs5880932 6q25.1 151892867 GA G 0.498 .039 0.017 2.45%x1072
7 rs79262027 7q11.21 65269758 A G — — — —

9 rs17522056 9q21.12 73737743 C T — — — —

15 rs730154 15q21.2 51591204 C T 0.411 —.008 0.018 6.35%107
15 rs11074227 15q26.1 94288155 T A 0.386 .012 0.019 5.14x107
17 rs4795209 17q12 35971028 G A 0.116 .039 0.027 1.46x 107!
17 rs1239055408 17q24.3 68649015 GA G — — — —

P <.05 are marked bold.

associations between the identified variants and the heritable
covariates should be analyzed post-GWAS, and the results
should be interpreted with caution.

SNPs rs72354346, rs2024219, rs1463093, rs10037512,
rs5880932, and rs730154 were reported to be associated
with BMD of participants in the UK Biobank and/or GEFOS
(9-11, 46). In the present study, we found that they also
have a significant genome-wide association with BMD in
Chinese participants, and are nominally associated with
osteoporosis diagnosed on the basis of BMD in the Japanese

population (except for rs730154). This suggests overlapping
mechanisms of bone metabolism in different ethnic groups.
Few BMD or osteoporosis GWASs have been carried out in
the EAS population (see Table S4 in (27)). Kung et al reported
that rs2273061 mapping to JAG1 was associated with BMD
at the lumbar spine and femoral neck, and osteoporotic frac-
ture in 800 unrelated southern Chinese women with extreme
BMD (13), which was also nominally associated with lumbar
spine BMD in the Changfeng participants. A GWAS of
DXA-measured BMD in about 2700 Korean individuals

2202 JaquieAoN (] UO Jasn SyDeousiog 8yl 4oy anjua) ojul leybueys Agq 15909/9/26G59e6p/wauio/QLZ ] 01 /10p/8|oIie-aoueApe/waol/woo dno-oiwepeoe//:sdiy Wwolj pepeojumod



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 00, No. 0 9

A B

r
|

G0:0001503: ossification
G0:1903530: regulation of secretion by cell

0.0 0510 15 20 25 3.0 35 4.0

10

®  @ossification Y
@ regulation of secretion by cell

C Proportion of overlapping

genes in gene sets

Dental caries -
Chronic myeloid leukemia
Bone mineral density -
Lumbar spine bone mineral density
Bone mineral density (hip) -
Endometriosis -
Bone ultrasound measurement (broadband ultrasound attenuation) -
Intelligence (MTAG)
Coffee consumption (cups per day)
Response to fenofibrate (HDL cholesterol levels) -
Idiopathic dilated cardiomyopathy
Bone mineral density (total hip) -
Rosacea symptom severity
Fractures -
Overweight status
Retinal arteriolar caliber
Bone mineral density (spine)
Type 1 diabetes nephropathy -
Macular telangiectasia type 2 -
Bulimia nervosa
Estradiol levels
Cerebrospinal fluid t-tau levels in Alzheimer's disease dementia -
Heel bone mineral density |

Oy m A No0
QOO QY
-log,, (adjusted p value)

Proportion

Mouse Phenotype
-log, (Binomial p value)

Abnormal bone resorption U 1020 30 40 -50- 5.54
Decreased gonadotroph cell number | O N R 5 74
Abnormal mesonephros Mo hol0gy e e S B Nl & 1 C
Increased osteoclast Cell NUMb e e e e S Nl 5.0
Abnormal kidney physiology s S N R ] 5.0
Increased mammary fat pad weight s e e S S 4 82
Abnormal granulosa cell morphology IR 4 65
Abnormal gonadotraph morphology I NN R 4. 6.4
Abnormal nephron morphology. NI ERENEN] 4 60

Abnormal reproductive system development RN EREEEN 4 55
Increased bone resorption N N RN 4 49
8

0
9
7

Abnormal bone marrow cell morphology/development EIEEEEEEEE RN - 4.

4.38

Decreased circulating estradiol level NN NN 1 35
Failure of ejaculation IR NN 4.37

Abnormal trabecular bone morphology INEENEREN NN NN 436
Increased luteinizing hormone level IR NN NN 4,36
Abnormal osteoclast cell number IIIEEEEEEENENEEEEN 4 .

28
Increased circulating follicle stimulating hormone level INIINENRNRNRNENEEN 427
25

Decreased circulating estrogen level IR NN 4

Enrichment p value

Overlapping genes

S oS 9 ags
o o woala
oo=

SV2B
KLHLS -|
HSD17B13 -|
CETN3 -
RGMA |

CTNNB1 -
TNFAIPEL3 |
CYP19A1 |
TMEM181B |
TD-2643K12 3
ARHGAP24

Figure 5. Enrichment analysis of lead variants. (A) Network of enriched GO Biological Processes by Metascape. Pathway enrichment analysis has been
carried out with GO Biological Processes. All genes in the genome have been used as the enrichment background. Terms with a P < .01, a minimum
count of 3, and an enrichment factor >1.5 (the enrichment factor is the ratio between the observed counts and the counts expected by chance) are
collected and grouped into clusters based on their membership similarities. The lower left network is colored by cluster ID, where nodes that share
the same cluster ID are typically close to each other. The lower right network is colored by Pvalue, where terms containing more genes tend to have a
more significant P value. (B) Mouse phenotype enrichment by GREAT. The test set of 12 genomic regions picked 20 (0%) of all 18549 genes. The

mouse phenotype has 9554 terms covering 9592 (52 %) of all 18549 genes, and 709451 term-gene associations. (C) Enrichment of GWAS catalog

reported genes by FUMA. See details elsewhere (Table S9 in (27)).

identified 4 signals (17), among which ESR1-rs9371538
was the same signal as CCDC170-rs5880932, and
WNT16-rs7776725 was nominally significant in our study.
Another 3 GWASs had been performed in an EAS population
on osteoporotic fracture or osteoporosis (12, 14, 15), but
none of the 3 reported SNPs was significant in our study.
This might be due to the small sample sizes, or the fact that
osteoporotic fracture is caused by not only low BMD but
also many other factors such as sarcopenia, falls, and so on.
Recently, a GWAS in 8842 Koreans reported 7 SNPs associ-
ated with osteoporosis diagnosed on the basis of distal radius
BMD, with P<1x107 but >5x10"® (46). Notably,
rs9396260 and rs9464419 mapping to ZNF451, and
rs10977574 and rs4390000 mapping to PTPRD were also as-
sociated with femoral neck BMD in our study. Together, fu-
ture endeavors should be made on GWAS and replication
on BMD in EAS populations with larger sample sizes.
Another 6 novel loci were identified in the present study. An
interesting finding is that rs79262027 G>A near VKORCI1L1
was associated with BMD in men but not in women, and the
polymorphism almost only existed in the EAS population.
VKORCIL1 (Vitamin K Epoxide Reductase Complex

Subunit 1 Like 1) encodes vitamin K oxidoreductase, which
catalyzes the de-epoxidation of vitamin K 2,3-epoxide. The
product vitamin K is important in the y-carboxylation of glu-
tamate residues of osteocalcin, which allows its binding to cal-
cium and hydroxyapatite, and promotes bone formation (47).
The function of VKORCIL1 is currently not well reported
(48). However, its paralog gene VKORCI was reported to
play a role in BMD and osteoporosis (49, 50), and
VKORC1 SNPs were associated with BMD in non-Hispanic
Black men and Mexican American men but not in women
or non-Hispanic White people from NHANES III (51), which
showed similar sex-specific effects on BMD to our findings on
VKORCI1L1. Therefore, VKORC1L1 might be a susceptible
gene of BMD specific to Asian men. Another novel signal is
rs147371655 mapping to MECOM, which has a higher
MAF (0.329) in EAS than in other populations. MECOM
(MDS1 And EVI1 Complex Locus) encodes a transcription
coactivator that regulates the differentiation and proliferation
of hematopoietic stem cells, and MECOM mutations in hu-
mans may exhibit bone marrow failure, radioulnar synostosis,
and other skeletal anomalies (52). Deletion of Mecom in
mouse results in early-onset spinal deformity and osteopenia
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(53). A GWAS meta-analysis in Koreans and Japanese people
identified MECOM as a predisposing factor of osteoporotic
fractures, and knockdown of MECOM by RNA interference
suppresses osteoclastogenesis (15). However, the LD r* be-
tween rs147371655 in the present study and their lead SNP
rs784288 is less than 0.001, which implies independent sig-
nals. SNP rs17522056 is a significant eQTL for TRPM3 in
brain in GTEX (P=6.4x10"7). TRPM3 (Transient
Receptor Potential Cation Channel Subfamily M Member 3)
is important for cellular calcium signaling and homeostasis.
A functional experiment reported that agonists of TRPM3 in-
creased intracellular Ca** concentration from the extracellu-
lar space and RANKL protein expression in mouse
osteoblastic cells (54). Unfortunately, they were not success-
fully replicated in the BBJ study. There might be several rea-
sons: population heterogeneity in different environments
and backgrounds, inconsistence of phenotype definitions (ie,
BMD and osteoporosis), insufficient power (there is no signifi-
cant variant in the GWAS of osteoporosis in the BB]), or false
positives.

The present study is to our knowledge the largest GWAS of
BMD in an East Asian population. Limitations, however, ex-
ist. Firstly, the small sample size and insufficient power could
have resulted in some true associations being unidentified.
Secondly, we acknowledge the differences between the present
GWAS and that of osteoporosis in the BB]. We could find an-
other replication cohort, but we hope these findings will pro-
vide possible clues for other researchers. Thirdly, the
underlying mechanisms need further investigation after the
novel loci have been validated.

In summary, this GWAS identified 12 loci associated with
DXA-measured BMD in a middle-aged and elderly Chinese
population, and 3 of them showed sex differences in their ef-
fects. These variations are related to ossification, bone resorp-
tion, hormone secretion, and kidney physiology.
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