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Abstract

Osteoporosis is a complex disease with developmental origins. It is therefore important to
understand the genetic contribution to pediatric areal bone mineral density (aBMD). Individual
skeletal site phenotyping has been primarily used to identify pediatric aBBMD loci. However, this
approach is limited because there is a degree of aBMD discordance across skeletal sites. We,
therefore, applied a novel multi-dimensional phenotyping approach to further understand the
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genetic regulation of pediatric aBMD. Our sample comprised a prospective, longitudinal cohort of
1,293 children of European ancestry (52% female; up to 7 annual measurements). Principal
components analysis was applied to dual energy X-ray absorptiometry derived aBMD Z-scores for
total hip, femoral neck, spine and distal radius to generate multi-dimensional aBMD phenotypes
(i.e. principal component scores). We tested the association between a genetic score (percentage of
bone lowering alleles at 63 loci) and each principal component. We also performed a genome wide
association (GWAS), using the multi-ethnic baseline data (N=1,885) to identify novel loci
associated with these principal components. The first component (PC1) reflected a concordant
phenotypic model of the skeleton (e.g., higher loading score=higher BMD across all sites). In
contrast, PC2 was discordant for distal radius versus spine and hip aBMD, and PC3 was discordant
for spine versus distal radius and hip aBMD. The genetic score was associated with PC1 (beta=
-0.05, P=3.9x10710), but was not associated with discordant PC2 or PC3. Our GWAS discovered
variation near CPEDI that associated with PC2 (rs67991850, P=2.5x10711) and near RAB1IFIP5
(rs58649746, P=4.8x1079) that associated with PC3. In conclusion, an established bone fragility
genetic summary score was associated with a concordant skeletal phenotype, but not discordant
skeletal phenotypes. Novel associations were observed for the discordant multi-dimensional
skeletal phenotypes that provide new biological insights into the developing skeleton.
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Genetic; GWAS; bone mineral density; children

Introduction

Osteoporosis is a common complex disease, more prevalent among women than men(2.2),
with a substantial genetic component(34). Low areal bone mineral density (aBMD),
estimated by dual energy X-ray absorptiometry (DXA) at the lumbar spine or femoral neck,
surpassing a T-score <-2.5, is used to diagnose osteoporosis in adults(2:2). Among U.S.
women over the age of 50, osteoporosis prevalence varies by skeletal site; it is estimated at
9.8% at the femoral neck, 11.6% at the lumbar spine osteoporosis, and 16.5% at either
skeletal site(?). The observation of a higher prevalence of lumbar spine osteoporosis is
interesting, and from a clinical standpoint aBMD discordance is often observed (e.g., a
patient with normal femoral neck, but clinically low lumbar spine aBMD)(®). Such
discordance has not been systematically addressed in genetic studies to date; it is known that
the genetic contributors to lumbar spine and femoral neck osteoporosis do not exactly
overlap("). Furthermore, osteoporosis may have developmental origins if bone accretion is
insufficient in childhood(®). Thus, understanding the genetics of skeletal site aBMD
concordance and discordance across the lifespan is particularly crucial.

Over the past decade, large-scale genomic studies have discovered in excess of 60 common
and low frequency variants that are associated with pediatric and adult aBMD(":%-18)_ |n the
adult setting, lumbar spine and femoral neck aBMD primarily have been studied, and
emerging evidence highlights genetic skeletal site heterogeneity. Specifically, tests of
heterogeneity have indicated that variants near MPP7, INSIG2and KCNMA1 are associated
more strongly with lumbar spine aBMD("), whereas variants near KL HDC5/PTHLH, XKRY/
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LACTB2and SALL1/CYLDare aligned more with femoral neck aBMD("). In the pediatric
setting, Kemp et al. derived skeletal regional phenotypes by dividing total body less head
(TBLH) aBMD into lower limb and upper limb segments(19). Similar to findings in the adult
setting, evidence of genetic skeletal region heterogeneity was observed (e.g., variants near
RIN3were more strongly associated with lower limb aBMD, whereas variants near CPED1
and WNT16were more strongly associated with upper limb aBMD)(10), In addition, we
previously reported genetic associations in the pediatric setting with distal radius aBMD
near CPEDI®), with spine aBMD near /ZUMO319), and with femoral neck aBMD within
TBPLA1Y),

Investigating genetic variation and its associations with individual skeletal sites/regions has
led to important findings. However, these studies have not directly addressed skeletal site
aBMD discordance. One approach would be to define both higher and lower aBMD cutoffs
for each skeletal site and group participants into discordant and concordant categories.
However, defining cutoffs is not straightforward, and there is the inherent problem that
belonging to one category assumes being very different from another, even if close or very
far from the cutoff boundary(29). Indeed, in contrast to adults, in children osteoporosis is not
diagnosed on the basis of densitometric criteria alone, because optimal cutoffs are not
known(21), We therefore elected to use a multi-dimensional phenotyping approach that
combined information from individual skeletal sites, without the need to categorize, called
principal component analysis(22.23). We specifically applied principal component analyses to
generate multi-dimensional phenotypes(22:23) using estimates of aBMD at the lumbar spine,
femoral neck, total hip, and distal radius derived from the Bone Mineral Density in
Childhood Study (BMDCS)(24.25), In the process, we identified four principal components
that provide concordant and discordant phenotypic models for the pediatric skeleton. In this
study we: 1) present the results from the principal component analysis and describe the
multi-dimensional phenotypes generated; 2) determine if established genetic variants are
associated with the principal component phenotypes; and 3) used the principal component
phenotypes to perform a genome wide association study (GWAS) in an effort to uncover
novel aBMD loci.

The Bone Mineral Density in Childhood Study (BMDCS) enrolled 6- to 18-year-olds, in
2002-2003, who were followed annually until 2008-2009, at one of five clinical centers in
the U.S.: Los Angeles, (CA), Cincinnati (OH), Omaha (NE), Philadelphia (PA), and New
York (NY)(@5). All participants were considered “healthy”. The inclusion criteria were:
males aged 6-16 years, females aged 6-15 years, term birth (=37 weeks gestation), birth
weight >2.3 kg, no evidence of precocious or delayed puberty, and height, weight and body
mass index (BMI) within the 3rd to the 97th percentiles for age. The exclusion criteria were:
multiple fractures (more than two fractures if age <10 years or more than three fractures if
age >10 years), current or previous medication use or medical condition known to affect
bone health, extended bed rest, and same sex siblings. In 2006-2007, the BMDCS
additionally enrolled 5 and 19 year olds, who were followed annually until 2008-2009. At
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the final study visit (2008-2009), blood or saliva were collected for the purpose of extracting
and genotyping DNA. As part of the DNA collection effort, additional cross-sectional
samples of children were recruited at the Cincinnati (OH) and Omaha (NE) sites to serve as
a replication cohort. The same eligibility criteria and study protocol were applied to all
cohorts. For participants under the age of 18, parent/guardian written informed consent and
participants assent were provided. Written informed consent was obtained from participants
aged 18 years or older. Institutional Review Boards at each study site approved the BMDCS
protocol.

Bone Density Phenotyping

Dual energy X-ray absorptiometry (DXA) scans were performed annually. The skeletal sites
scanned included the lumbar spine, distal radius and proximal femur (total hip and femoral
neck). The following Hologic, Inc. (Bedford, MA) densitometers were used throughout:
QDR4500A, QDR4500W, Delphi A and Apex models. All scans were centrally analyzed at
the University of California, San Francisco’s DXA Core Laboratory to estimate aBMD for
each skeletal site. For quality control purposes scan results were adjusted to account for the
cross-calibration of DXA devices and longitudinal calibration stability. Site-specific aBBMD
Z-scores were calculated using the BMDCS reference values(2>26), Each Z-score was
adjusted for height using the height-for-age Z-score method. This method adjusts for the
effect of stature on aBMD during growth, and has been shown to be the least biased height
adjustment method (26),

There is a degree of correlation between aBMD Z-scores across the four skeletal sites
included in our study, but the correlations are not equal to one (Supplementary Figure 1).
This suggests that there is some discordance in aBBMD Z-scores between skeletal sites (e.g.,
low spine aBMD, but high total hip aBMD). There are no established cutoffs to define
higher and lower aBMD in the pediatric setting to attempt to group participants into
discordant and concordant categories. As noted above, there are limitations with such
categorization(@9). We therefore used principal component analysis to reduce our data to
principal component loading scores that represent multi-dimensional continuous aBMD
phenotypes. We used the pca command in Stata (StataCorp LLC, version 14.2, College
Station, TX) for this purpose, using all available BMDCS data. We then calculated Z-scores
for each principal component loading score, using the sample means and standard
deviations, to standardize the loading score units for the analyses. This approach has been
applied in previous related studies to generate multi-dimensional phenotypes(22:23), For
example, Karasik et al. included 1,180 men and 1,758 women from the Framingham
Osteoporosis Study and the following were entered into a principal component model to
identify multi-dimensional bone and musculoskeletal phenotypes: DXA estimates of spine
aBMD, femoral neck aBMD, hip geometry, and lower leg lean mass, along with ultrasound
estimates of heel bone properties(22).,

Genotyping and Genetic Variables

All DNA samples were genome-wide genotyped using the Illumina Infinium™ 11 OMNI
Express plus Exome BeadChip (Illumina, San Diego) at the Center for Applied
Genomics@”). PLINK (v1.07), an open source toolkit for genotype-based analyses(®), was
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used for quality control purposes to exclude: 1) those with incorrect sex assignment (or if
sex could not be determined by genotype), 2) those with a missing rate per person >5% (i.e.,
excessive missing genotype data for an individual), 3) SNPs with a call rate <95% (i.e.,
removal of SNPs for which the alleles could not be readily identified at a rate of 95% or
higher in the sample), and 4) SNPs with a minor allele frequency (MAF) <0.5% (i.e.,
variants that are too rare). Next, we imputed genotypes using the 1000 Genome Phase |
Integrated Release Version 3 reference panel to provide greater resolution of variation across
each participant’s genome. A two-step imputation process was applied: 1) SHAPEIT
software was used for haplotype phasing to align alleles from the same chromosome, and
allow for more efficient imputation(2%); and 2) IMPUTE2 software was used for imputation
of missing genotypes using phased haplotypes(9). For the X chromosome we used the
specific cArX flag in SHAPEIT and IMPUTEZ2. Imputed genotypes were only used when
directly assayed genotypes were unavailable.

Genetic Ancestry Markers

Covariates

Population ancestry was defined using genetic markers. First we, pruned the autosomal
genotyped SNPs using PLINK(8) to remove any pairs of SNPs within a window of 200
markers that were in linkage disequilibrium (LD; r2=0.05). After pruning, 35,000 SNPs
remained and were used to estimate each participant’s ancestry using ADMIXTURE(®D),
This software applies a maximum likelihood estimation approach that models the probability
of observed genotypes using ancestry proportions and ancestral population allele
frequencies. The clustering method was set to group individuals in three ancestral
populations (K=3), corresponding to African, European, and Asian ancestry components.
Participants were assigned to one of these groups based on their highest fraction of
estimated ancestry proportions (>0.50), using the HapMap Phase 2 population labels as a
reference. The ancestry plot is given in Supplementary Figure 2.

A physician or nurse with expertise in pediatric endocrinology assessed pubertal stage by
physical exam. Participants were categorized as pre-pubertal, pubertal and post-pubertal
(Tanner stages I, 11 to 1V, and V, respectively)2). Height (m) and weight (kg) were
measured to allow for the calculation of BMI (kg/m2) and BMI Z-scores using U.S.
standards(®3). Dietary calcium intakes (g/d) were assessed from foods and drinks reported
using a semi-quantitative food frequency questionnaire (Block Dietary Data Systems,
Berkeley, CA)34). Physical activity (hours per day) was estimated using the modified
Slemenda questionnaire that included activities related to sports, leisure and activities of
daily living(35:36),

Statistical Analyses: Candidate Loci Analyses

For the candidate loci analysis we calculated a bone fragility genetic risk score (GRS) using
63 common variants that have been GWAS-implicated with adult aBMD(". Specifically, all
bi-allelic variants were coded so that the aBMD lowering alleles were summed (i.e., a higher
score means that more aBMD-lowering alleles are carried). The percentage of aBMD
lowering alleles carried for each participant was calculated. In addition to the common
variants, we also included the low frequency variant rs11692564, near £NZ, as part of the
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candidate loci analyses (this variant was not included in the calculation of the genetic scores)
(14,

Linear mixed models were used to test for associations between the genetic scores and the
principal component loading scores, using all available data provided by those of European
ancestry (longitudinal data from the discovery cohort and cross-sectional data from the
replication cohort). The between-subject variability was modeled as a random effect and we
used the method of maximum likelihood estimation. Robust standard errors (i.e., Huber-
White standard errors) were calculated to ensure that the assumption of heteroskedasticity
was achieved, using the robust option in Stata. We first tested if there was a main association
between each genetic score and each principal component loading score, with BMI Z-score,
dietary calcium, sex, Tanner stage, and physical activity included as covariates. We then
tested for sex and age statistical interactions with respect to the genetic score. For the age
interactions we considered quadratic and cubic age interactions to account for potential non-
linear age modifications. The same modeling process was done for the low frequency variant
rs11692564 (ENJI). For the candidate loci analyses, P-values <0.05 were used as the
threshold for statistical significance and these analyses were completed using Stata
(StataCorp LLC, version 14.2, College Station, TX).

Statistical Analyses: GWAS

Results

For the GWAS, we analyzed all genotyped and imputed SNPs for our trans-ethnic sample
and for a sample restricted to European ancestry. We used cross-sectional data for these
analyses because there are no established methods available for longitudinal GWAS. Linear
mixed models were used to test for an association between each SNP and the principal
component loading scores using GEMMA software(3). This approach accounts for
population stratification and relatedness, using the Wald test and restricted maximum
likelihood estimation of the beta coefficients. The statistical significance thresholds in the
discovery, replication and combined cohorts were set at A<5x1078, £<0.05 and P<5x1078,
respectively. We performed sex-combined and sex-stratified analyses and study site was
included as a covariate in all models; cohort (discovery or replication) was included as
covariate when both cohorts were analyzed together; and sex was included as a covariate
when both sexes were analyzed together.

The characteristics of the 1,234 European ancestry participants in the longitudinal study
sample, used for the candidate gene analysis, are presented in Table 1. The characteristics of
the 1,885 participants in the cross-sectional multi-ethnic sample used in the GWAS are
presented in Supplementary Table 3.

Multi-Dimensional Bone Phenotypes

Our principal component analysis yielded four principal components (PC1-PC4) that
explained 68.1%, 18.6%, 10.5% and 2.8% of the variance, respectively (Table 2). The PC1
beta coefficients were directionally consistent for each skeletal site. This translates to a
concordant phenotypic model of the skeleton, i.e. those with a higher PC1 loading score
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have higher aBMD at each skeletal site, and conversely those with a lower PC1 loading
score have lower aBMD at each skeletal site (Figure 1). In contrast, PC2 and PC3 reflect
discordant phenotypic models of the skeleton. The PC2 beta coefficients were negative for
spine, total hip and femoral neck aBMD, but positive for distal radius aBMD (Table 2 and
Figure 1), whereas the beta coefficients for PC3 were positive for spine aBMD, but negative
for total hip, femoral neck and distal radius aBMD (Table 2 and Figure 1). Therefore, PC2
represents a phenotype discordant for distal radius versus hip and spine aBMD (Figure 1),
and PC3 represents a phenotype discordant for spine versus hip and distal radius aBMD
(Figure 1). Finally, given that PC4 explained only a relatively small proportion of the
variance (2.8%) this phenotype was not included in the genetic analyses.

Candidate Loci Results

Each 1% increase in the genetic score was associated with lower PC1 loading score (Table 3,
beta=—0.047, P=2.69x10714). This association was directionally consistent for both males
and females, but stronger in the latter (beta=—0.061, P=2.18x10713; sex interaction A-
value=0.011), and was directionally consistent across the age range of 5 to 19 years (Figure
1, age interaction P-value=0.100). On the other hand, the genetic score was not associated
with PC2 or PC3 (Table 3 and Figure 2).

The low frequency T allele of rs11692564, near ENZ, was positively associated with PC1
(Table 3, beta=0.46, P=0.028), and strongest in females (beta=0.76, P=2.4x107%: sex
interaction P-value=0.002). Furthermore, this association varied over the 5-to-19-year-old
age range in a non-linear pattern: positive associations were observed at ages 5 and 6 and
again at ages 13 to 18 (Figure 2, age3 interaction A-value=0.029). In contrast, a negative
association was observed between rs11692564 and both PC2 (beta=-0.38, £=0.048) and
PC3 (beta=-0.32, P=0.043) (Table 3). However, as the standard errors were relatively large
these PC2 and PC3 associations were borderline and should therefore be interpreted with
caution. Finally, there was no statistical evidence of sex or age interactions with respect to
rs11692564 and PC2 or PC3 (Table 3 and Figure 2, interaction P-values >0.05).

GWAS Results

In the trans-ethnic sample, we observed three genome wide significant associations (Table 4
and Figure 3). The strongest signal was for the C allele of rs67991850 near CPEDI with
PC2. In the sex-combined analyses, this variant was positively associated with the PC2
loading score (discovery and replication combined beta=0.24, SE=0.04, P=2.5x10711). This
positive association was also observed when the sample was restricted to females only
(discovery and replication combined beta=0.33, SE=0.05, P=3.7x10712), In addition to a
strong signal nearest to CPEDI, there was an indication of a weaker secondary signal at the
7931.31 locus for PC2 nearest to WNT16 (Figure 3). We therefore performed a conditional
analysis on our lead CPED1 variant (rs34249834) to observe if the partial signal nearest to
WNT16 changed. The signal above WNT716 gained slightly in strength when conditioned on
the CPED1 lead SNP, but it did not reach genome wide significance (Supplementary Figure
3).
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In females, the G allele of rs58649746 (RAB11FIP5) was associated with PC3 (discovery
and replication combined beta=—0.42, SE=0.07, P=4.76x1079), and the G allele of
rs75321045 (ZMAT4) was associated with PC1 (discovery and replication combined
beta=0.61, SE=0.11, P=2.5x1078). The same findings were observed in the sample restricted
to participants of European ancestry (Supplementary Table 4).

Discussion

We used principal components analyses to generate multi-dimensional phenotypes by
leveraging measures of aBMD at the lumbar spine, femoral neck, total hip and distal radius.
Beyond the first component (PC1), which reflected a phenotype with concordant aBMD at
all the skeletal sites examined, we also identified two discordant phenotypic models, namely
PC2 (aBMD discordant for distal radius versus spine and hip) and PC3 (aBMD discordant
for spine versus distal radius and hip). Importantly, we observed that a bone fragility genetic
score, comprised of 63 known GWAS implicated aBMD loci, was associated with a lower
PC1 loading score, but not with the PC2 or PC3 loading scores. These striking contrasts
suggest that the majority of genetic aBMD discoveries thus far have been related to a
concordant phenotypic model of the skeleton, while it further suggest that genetic
discoveries can still be made using discordant phenotypic models of the skeleton. Indeed,
our GWAS implicated a novel locus with the discordant phenotypic model for PC3 among
females (RAB11F/P5). This multi-dimensional phenotyping approach is in its relative
infancy, but has been used to uncover novel genetic loci for multi-dimensional
anthropometric phenotypes and musculoskeletal phenotypes in adults(?2.23). Our study
serves as proof of principle for larger scale genomic efforts in the future to further unveil the
genetic regulation of concordant and discordant phenotypic models of the pediatric skeleton.

The bone fragility genetic score association with PC1 was in the expected negative direction,
which translates to lower aBMD at the spine, hip sites and distal radius with a greater
proportion of aBMD lowering alleles carried. Likewise, the relatively infrequent T allele of
rs11692564 (£NI) was associated with PC1 in the expected positive direction, translating to
higher aBMD at the spine, hip sites and distal radius for each additional copy of this aBMD
increasing allele. In contrast, there were no genetic score associations with either of the
discordant phenotypes, while there was only borderline association with rs11692564 (ENJ).
Overall, our candidate locus analyses suggest that genetic discoveries related to bone
fragility thus far provide biological insight into a concordant model of the skeleton and are
not applicable to less common, more complex discordant aBMD profiles. Given that a
proportion of osteoporosis diagnoses are indeed discordant in nature, it is important to study
the genetic basis of this discordancy in order to fully understand the underlying biology,
which in turn could inform alternative treatments and preventive measures.

Our strongest GWAS signal was located near CPED for the discordant PC3, and was
particularly strong among females. Indeed, our previously reported individual skeletal site
GWAS had already implicated variants at this same locus with distal radius aBMD©:19);
therefore, our new findings with these discordant phenotypes build on that original
observation. Our findings are in line with another pediatric study, which modeled individual
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skeletal regions that reported an association between this locus and upper limb, but not lower
limb, aBMD(9),

There are functional data to support the CPEDI signal with bone biology. SNP rs67991850
resides at the 7931.31 locus and its proxies interestingly span two topologically associated
domains (TADs)(38) (Supplementary Figure 4), so that the full list of possibly causal genes
include WNT16and FAM3C (hgl9 start-end TAD domain positions: 120750000 -
121670000) plus ING3and TSPAN12(hgl9 TAD domain start-end positions: 120425000 -
120750000) (Supplementary Tables 5 and 6). Zheng et a/. discovered a low frequency
variant near CPED1 that associated with adult aBMD and this variant was correlated with
DNA accessibility at the WNT16 promoter (r=0.43, P=2.2x10715), and to a lesser extent at
the 7SRAN12 promoter (r=0.17, £=0.003), in over 300 cell types®4). Overall, given the
known biology, WNT16is the most likely causative gene at the 7931.31 locus regulating
aBMD; after all, Wnt16knockout animals have lower total body and femur bone mineral
content, aBMD and bone area compared to wild-types!1): they also have lower femur shaft
total area, bone area, marrow area, cortical thickness compared to wild-types(®9, plus they
have lower bone strength at the femur and tibia compared to wild-types®9). However,
TSPAN1Zis also a plausible candidate given that it is also involved in the regulation of
WNT signaling (TSPAN12 facilitates the binding of Norrin to the Frizzled Receptor 4
[FZD4] and this complex binds to LDL Receptor-related Protein 5 [LRP5])(40).

We also found that variation near RAB11F/P5 was associated with the phenotype discordant
for spine versus hip and distal radius aBMD among females. This principal component has
potential clinical relevance since it is discordant for skeletal sites used to diagnose
osteoporosis, so warrants further investigation, particularly from a potential personalized
medicine perspective. In addition, we observed a novel signal near ZMAT4 for the
concordant phenotypic model among females. Because roles for these loci have not
previously been implicated in bone density related phenotypes, fewer functional data are
available to support our observed signals. RAB11F/IP5resides at the 2p13.2 locus, with the
signal residing in a TAD that includes four other genes: NOTO, SFXN5, SPRand EMX1.
We queried the International Mouse Phenotyping Consortium (IMPC) phenotyping
catalog®Y), and Rab11fip5knockouts did not exhibit any impact on bone phenotypes. No
aBMD, BMC or bone area data were available for Noto, Sfxn5, Sprand EmxI knockouts.
However, Emx1 knockouts do exhibit decreased grip strength, along with decreased
circulating insulin and infertility in females. Importantly, aBMD, BMC and bone area in
Wht16 knockouts within this catalog are similar to wild type; therefore, the IMPC DXA
effort may not always yield results that reflect the biology in humans.

The major strengths of our study are the multi-dimensional phenotyping approach; the
extensive longitudinal data used for the candidate loci analyses consisting of over 4,600
observations; and the use of both trans-ethnic and European ancestry specific samples in our
GWAS analyses. We elected to use measures of aBMD at the spine, hip (total and femoral
neck) and the distal radius, as the spine and hip are used to diagnose osteoporosis while the
distal radius is the most common fracture site in childhood. Our study, though, does have
some limitations. We observed concordant and discordant phenotypic models of the
skeleton, but it is not known if these multi-dimensional phenotypes are typical in the
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population or if they are a unique feature of the BMDCS sample; therefore, it will be
important for independent studies to replicate our phenotypic models across the pediatric
and adult age spectra. The inclusion of hip geometry and lean mass phenotypes, as reported
by Karasik et a/.(22), may prove valuable in a future principal component based phenotyping
effort. Similarly, combining DXA estimates of aBMD with p-QCT estimates of volumetric
BMD could also be leveraged for a future principal component phenotyping approach. Our
candidate locus analyses were restricted to participants of European ancestry as the variants
used were discovered among adults of European ancestry(7:14). Furthermore, we only
included GWAS-implicated aBMD variants for calculating the genetic score and not GWAS-
implicated variants associated with p-QCT bone phenotypes(243) because we only include
aBMD, and not volumetric BMD, estimates in our study. Lastly, while we replicated our
GWAS discovery signals, our sample size for the GWAS analyses overall is relatively small
and we are likely underpowered to detect variants with small effect sizes in the constrained
settings dictated by our principal components.

In conclusion, established bone fragility variants were associated with a concordant
phenotypic model of the pediatric skeleton, but not with discordant phenotypic models. We
discovered a novel locus that was associated with the multi-dimensional phenotype of
discordant spine versus hip and distal radius aBMD. These findings provide insight into the
underlying biology of aBMD concordance and discordance, plus place previously reported
loci in context. Our observations have the potential to drive the development of
individualized approaches to the diagnosis and treatment of osteoporosis.
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Correlations between standardized principal component scores and each aBMD bone Z-

score.
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Figure 2.
Candidate loci associations by age. Top row: no evidence of statistical genetic score-age

interactions for PC1, PC2, or PC3. Bottom row: a quadratic, non-linear rs11692564-age
interaction for PC1 (P=0.029); no statistical rs11692564-age interactions for PC2 or PC3.
PC1, principal component 1 (concordant phenotypic model); PC2, principal component 2
(discordant phenotypic model for distal radius versus the hip and spine aBMD); PC3,
principal component 3 (discordant phenotypic model for spine versus the hip and distal
radius aBMD).

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Mitchell et al.

Fdr Chr8 Pheno 1

Page 15

Plotted SNPs [T Sl N N S N IS P e

—logyo(p-value)

10

rs75321045
L 4

< ZMAT4

40.2

T T
40.4 40.6
Position on chr8 (Mb)

Fdr Chr7 Pheno 2

Plotted SNPs | DU I 0 O v O AN N

—logyo(p-value)

12

Figure 3.
Regional plots illustrating the trans-ethnic GWAS signals among females for the concordant

phenotypic model (PC1) and the discordant phenotypic models of the skeleton (PC2 and

PC3).

1s34249834
[

— 100

KCND2—> ING3—> WNT16—>
[ P e
< TSPAN12 CPED1—> <« FAM3C
———
I I T I
120.4 120.6 120.8 121

Position on chr7 (Mb)

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.

— 100

(an/o) erel uoleuIquicoey

(a/N0) erel uoleuiquooey



Page 16

Mitchell et al.

(zL9) 9ve (0'99) s82 (9'6v) 692 (v'2v) 8ee (0'62) 16T (8'12) 8Y1 (022) ege (%) N ‘A JauueL
(e'6T) €8 (9'1€) TOT (vee) 181 (Tee) 981 (TL2) 8Lt (9°52) vLT (T'92) ¢z (%) N ‘Al-11 Jauue]
(s€2) TOT (7'et) €9 (0L1) 26 (9ve) 8eT (6'¢v) 682 (229) 85¢ (6'97) 625 (%) N ‘I JauueL
(en2T (1) 871 (zm 8T (1) 871 (zm 8T (1) ST (@1) ST | Py (@s) uesw ‘AnAnoy [eatshud oL
(oLv) sv8 (015) 068 (035) 668 (v2S) 916 (687) €6 (s6v) vE6 (e6v) T€6 p/Bu *(@s) uesw ‘wniofed Arelalq
(28'0) €20 (16°0) ¥2'0 (z6'0) €2°0 (88°0) €2°0 (28'0) 92'0 (98'0) 920 (18'0) 62°0 8109s-7 '(Qs) uesw ‘IINg
(7'vS) vee (e'29) 992 (L'€9) 162 (e29) v62 (c'es) ose (v€9) €9¢ (z'29) 79 (%) N "arewad
2 v'st (82 T'sT 0€e) vyt (o) g€t (e) 211 (s¢) 80T (CRoRan s1eaf (Qs) uesw ‘sby
S97 N ‘(A6T~G) s1dwes [euondss-sso1
(11537 605 s 295 859 089 692 N ‘(Aoz—G) Hoyo Jeutpmifuo
(0ev=N) L ¥sIA | (605=N) 9 ¥SIA | (@vS=N) G ISIA | (29G=N) ¥ ISIA | (859=N) € ISIA | (089=N)Z ISIA | (¥EZ'T=N) T ISIA

sasAJeue 190] ayepIpued ayl 10} pasn ajdwes Ansaouy ueadoin3 feuipniibuol ay) o) sa1seIs aAndiiosaq

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.



Page 17

Mitchell et al.

Author Manuscript

‘(@ge sniped Jeisip pue diy ayl snsiaA auids 1oy japow d1dAlouayd Juepiodsip)
¢ uauodwiod jedidund ‘€Dd ‘(@nge aulds pue diy sy snsiaA snipes [elsip Joy [apow d1dArouayd juepiodsip) z usuodwod fediduiid ‘20d ‘(japow d1dAlousyd Juepioduod) T wsuodwod jediound ‘TOd

(05€0°0'1870°0) | €7000 | 992070 | snipey resia
(2989°0'2€29°0) | z€00'0 89°0 | 99N [esowdS
(9522°0-'09€2'0-) | 92000 | 80EL0- diH [el0L
(9590°0'6T¥0°0) | 79000 | 8€S00 aulds 8'C ¥0d
(¥00T°0-'829T°0-) | 6GTO0 | 9TET0- | snipey [eisia
(6€2€°0-'920%°0-) | €200°0 | €88€°0— | Y98N [ei0WwdS
(6882°0-'99T€'0-) | TL000 | L20OE0- diH [el0L
(9598°0'1558'0) | L2000 | #0980 aulds G0T €0d
(1826'0'9¥16°0) | ¥€00'0 | ¥Te6'0 | snipey [esia
(T922°0-'280€°0-) | €800°0 | ¥262°0— | Y98N [eiowaS
(6622°0-'9852'0-) | €L000 | 2vve0- diH [el0L
(2/v0°0-'£90T°0-) | ¢ST00 | 2L0°0- aulds 981 20d
(92£€°0'6T5€°0) | 99000 | Lv9e0 | smipey [esia
(0665°0'0e¥5°0) | T€00°0 6750 | 99N [eJowad
(2995°0'9555°0) | L2000 | 60950 diH [el0L
(2805°0'1€6%°0) | ¥000 | 60050 aulds 7'89 10d
1D %56 ES) epd | 1S eRRXS | douelreA | jueuodwod fedioulid

sadAjouayd euoisuawip-11jNWw PaALIBp pue s)nsal sisAeue sjusuodwod [edioulid

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.



Page 18

Mitchell et al.

"313] e 19313 #95269T TSI [euonIppe Jad 10 ‘109 2138Uab 8y Ul 8sealoul 9T [euonippe Jad $a102s-7 Juauodwod [ediound ur abueyd ayl Juasaidal se1aq ay L ‘%T SI ¥95269TTSI 40) 3J3]|e 1 ay: Jo
Aouanbaly sy “(@ge sniped [elsip pue diy ayy snsian auids 1oy japow a1dAlouayd jueploasip) € wauodwod fediounid ‘€0d ‘(ainge auids pue diy ayi snsian sniped [eisip Joj [apow d1dArousyd juepiodsip)
Z Wauodwod ediound ‘zod ‘(japow a1dAlouayd juepioduod) T jusuodwod fediourid ‘TOd 8409s Ysu 2118Uab ‘SHO ‘sjapowl JeurpniiBuo] 8yl Ul papnjoul UOIRAISSGO JO JBCINU [810} ‘SO :SUONRIAIAY

T6€°0 2220 2000 62T | 0ELy X8S#1-795269TTS!
6€€0 | (902°0'865°0-) 96T°0- G810 | (69T°0228°0-) 2GE0- 0910 | (8ST'0'ev6'0-) ¥6€°0- | 189 | 9092 3B 1-795269TT8!
G200 | (6v0°0-'8€L'0-) ¥6€0- 1990 | (96€0'6T9°0-) 2TT0- | ¥0-Iev'e (02T'T'95€°0) €920 | 92L | Ozsz | orewed 1795269118/
€v0'0 | (TT0'0-'€€90-) 22Z€0- 8v0'0 | (v00'0-'€5L°0-) 8E0- 8200 (228:0'050°0) €9°0 | V62T | OELY ylog 1795269118/
770 €000 1100 €9zt | sToY uylog XaS#95H9
2190 (520°0'5T0°0-) G00°0 2900 (z€00'100°0-) 910°0 | S0-322'2 | (8T0'0-'050°0-) ¥€0'0- | 299 | LeSe 3eN 89549
9800 (¢€0'0'200°0-) 5100 2v0'0 | (T00°0-'¥€0°0-) LTO0- | €1-38T2 | (5v0°'0-'820'0-) T90'0- | TTL | 09/2 | @lewsd 89549
8120 (T20°0'900°0-) 800°0 2eL'0 | (0T0°0'¥T0°0-) 2000~ | ¥1-369'C | (G€0°0-'650°0-) L¥0'0- | €92T | ST9¥ ulog 9549

anfeA-d (1D %s6) eleg | anfeA-d (1D wse)eled | enread (1D %S6) eleg N | sdo xS 91nsodx3

€0d zod 10d

Author Manuscript

$81095 1Uau0dwod [ediounid ay) YlIM SUOITRID0SSE JURLIBA /T PUR 8109 SLI 2118U39)

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.



Page 19

Mitchell et al.

"3]9] e 19848 [euonippe Jad $3109s-7 Jusuodwod jedidurid ul abueyd ayy Juasaidal seiaq ayl “(6TPY) 2EUDHO :awoush mo:m_ﬁmmm

‘(@ge sniped [eisip pue diy ayl snsian auids 1oy japow o1dArouayd jueploasip) € uauodwod jediouiid ‘€0d ‘(ainge auids pue diy ayi snsIaA snipel [elsip 104 [apow d1dAjouayd Jueploasip) z usuodwod
lediounid ‘zod ‘(japow a1dAlouayd juepioouod) T Jusuodwod jedioulid ‘TOd ‘wsiydiowAjod apnoajonu ajbuis ‘dNS ‘10418 pJepuels ‘IS ‘afew ‘| ‘ajewsy A ‘Aouanbaiy a|a|[e 19849 ‘43 :SUOBINABIQAY

GdI41TavY | 60-39L% | L00 | zvo- 8100 | 210 | ov0o- | 80-380°€ | 800 | €v0- | 98°0 9 | 9081G€EL | 9v.6v98SSI z| 4 £0d
1a3do | z1-399°€ | s00 | eg0 | vo-3z0%6 | 800 | 8z0 | 60-38%'T | 900 [ ¥e0 | 990 o | ottPi202T | VESEVEZVES! A zod
1a3do | 11-3a15z | vo0 | vzo | vo-a10T | 200 [ 920 | so-308s | voo | £z0 | s90 O | 0z6£1802T | 0581662951 R zod
vivwz | 80-30s2 | tT0 | 190 0200 | szo | 650 | 20-39TZ | 210 | €90 | s60 9 | ssoesyov | SvoTZESLS! s 4 10d

a9 ameN | anead | 3s | ewa | enead [ 3s | ewa | enead | 3s | ewg | dva [ epnv | eUoBsOd dNs | uo | xes | adAloueud

(688'T=N) pauIquwi0D (98v=N) uoljedljdey (66€'T=N) AA03SIQ

$2109s Bulpeo| Jusuodwod jedioutid ayy 10y PanIasqo Ssfeubis SWYAD d1UyIa-suel |

¥ alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Bone Miner Res. Author manuscript; available in PMC 2020 September 04.



	Abstract
	Introduction
	Methods
	Sample
	Bone Density Phenotyping
	Genotyping and Genetic Variables
	Genetic Ancestry Markers
	Covariates
	Statistical Analyses: Candidate Loci Analyses
	Statistical Analyses: GWAS

	Results
	Multi-Dimensional Bone Phenotypes
	Candidate Loci Results
	GWAS Results

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

