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Failure to achieve optimal bone mineral accretion during childhood and adolescence results in
subsequent suboptimal peak bone mass, contributing to osteoporosis risk later in life. To identify
novel genetic factors that influence pediatric bone mass at discrete skeletal sites, we performed a
sex-stratified genome-wide association study of areal bone mineral density (BMD) measured by
dual energy X-ray absorptiometry at the 1/3 distal radius, spine, total hip and femoral neck in a
cohort of 933 healthy European American children. We took forward signals with A<5x10~° and
minor allele frequency (MAF) >5% into an independent cohort of 486 European American
children in search of replication. In doing so, we identified five loci that achieved genome wide
significance in the combined cohorts (nearest genes: CPEDI, IZUMOS3, RBFOX1, SPBT, and
TBPL2), of which the last four were novel and two were sex-specific (SPT7B in females and
1ZUMO3in males), with all of them yielding associations that were particularly strong at a
specific skeletal site. Annotation of potential regulatory function, eQTL effects and pathway
analyses identified several potential target genes at these associated loci. This study highlights the
importance of sex-stratified analyses at discrete skeletal sites during the critical period of bone
accrual, and identifies novel loci for further functional follow-up to pinpoint key genes and better
understand the regulation of bone development in children.

Introduction

Osteoporosis is a common condition of aging affecting both men and women, which
imposes a heavy burden on public health systems worldwide(). Childhood and adolescence
are considered critical periods for the determination of osteoporotic risk, since failure to
achieve optimal bone mineral accretion during growth results in suboptimal peak bone mass,
potentially contributing to lower bone mass later in life(2). Therefore, identifying the factors
that influence bone mineral accretion during childhood and adolescence is pivotal for
preventing this common, disabling disorder.

Family studies(®-5) and population ancestry differences(® suggest that bone mineral density
(BMD) and osteoporosis have a strong heritable component, but little is known about the
genetic factors that regulate bone mineral accretion and bone mineral status during growth
and development, and the timing of their effects. The genetic factors that affect pediatric
bone acquisition may differ from those that impact bone loss later in life. Therefore, to fully
understand risk factors for osteoporosis across the life cycle, it is useful to characterize the
genetic factors operant during childhood.

Femoral neck and lumbar spine areal BMD measured by dual-energy X-ray absorptiometry
(DXA) are the main diagnostic markers of osteoporosis(’:8), and genome-wide association
studies (GWAS) have identified > 60 genetic loci associated with these traits in adults(®:19),
However, despite recent progress(!1), genetic influences specific to bone traits in childhood
largely remain to be elucidated. To date, only four distinct pediatric bone density loci have
been discovered (SP7, RIN3, EYA4and 9p21.3)(12-14),

We have previously utilized a deeply phenotyped pediatric cohort (the Bone Mineral Density
in Childhood Study, or BMDCS) with DXA measurements to identify genetic loci operating
at specific bone sites relevant for osteoporosis and fracture risk in the pediatric
context(4-18)_|n particular, we previously reported our findings from a trans-ethnic GWAS
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analysis at the distal radius only(14). The current study extends our analysis to three
additional skeletal sites (i.e., total hip, femoral neck and spine) which are particularly
relevant for osteoporotic risk later in life. We first performed a trans-ethnic analysis of the
whole BMDCS cohort, which did not reveal any genome-wide significant loci for these three
additional skeletal sites. We therefore restricted our analyses to the BMDCS children of
European ancestry, since genetic loci in different populations may be tagged by different
genetic markers leading to effect dilution in a trans-ethnic sample and the possibility of
missing true positives signals. Additionally, because sexual dimorphism in bone strength,
structure and accrual is well-recognized9-22), we investigated the sex-specific effects of
genetic loci operating during childhood and adolescence by performing sex-stratified
analyses. Indeed, we have previously reported sex-specific effects in children for several
known bone loci established in adults(14-18),

Materials and Methods

Discovery cohort sample

The Bone Mineral Density in Childhood Study (BMDCS) is a multi-center, multi-ethnic
longitudinal study established to determine standards for BMC and BMD for American
children aged 5 to 20 years old which has been previously described®). Baseline
measurements at the first visit were used for this study.

Replication cohort sample

Children of European descent aged 5 to 18 years (N=486) were subsequently enrolled as a
replication cohort for a one-time visit in two US centers (Creighton and Cincinnati). All
study procedures were the same as for the primary BMDCS cohort.

Skeletal phenotypes by bone densitometry

Genotyping

Hologic, Inc. (Bedford, MA) bone densitometers (QDR4500A, QDR4500W, Delphi A and
Apex models) were used to obtain DXA scans of the 1/3 distal radius, spine, total hip and
femoral neck. Both hip sites were included because total hip has a larger amount of cortical
bone than the femoral neck, whereas the femoral neck has a greater proportion of trabecular
bone. Hologic software (version Discovery 12.3 for baseline and Apex 2.1 for follow-up
using the “compare” feature) was used for scan analysis at the DXA Core Laboratory
(University of California, San Francisco, CA). Scans were adjusted for differences among
devices and longitudinal drift in performance. Both BMD and bone mineral content (BMC)
are routinely used to assess bone mineralization in children®). BMD/BMC Z-scores were
calculated using the BMDCS reference values®) to account for nonlinear increases,
increasing variability, and sex differences in BMD/BMC during growth. BMD/BMC Z-
scores were adjusted for height-for-age Z-scores to minimize potential confounding by
skeletal size, as previously described(®).

High-throughput genome-wide SNP genotyping was performed using the lllumina
Infinium™ 11 OMNI Express plus Exome BeadChip technology (Illumina, San Diego, CA)
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at the Children’s Hospital of Philadelphia Center for Applied Genomics, as previously
described(23).

The PLINK software (v1.07) package(®4) was employed to carry out quality control
measures. Prior to imputation, we excluded individuals with incorrect sex assignments or
whose sex could not be determined by genotype, and individuals with missing rate per
person >5%. SNPs with a call rate <95%, and MAF <0.5% were removed. After quality
control, 1,885 individuals who were genotyped at 739,284 SNPs were available for
imputation. Genotypes were imputed to the 1000 Genome Phase | Integrated Release
Version 3 reference panel(2®). A two-step imputation process was performed using
SHAPEIT(20) for haplotype phasing and IMPUTE2(27) for imputation, yielding a total of
39,345,920 imputed SNPs. For the X chromosome we used the specific options in SHAPEIT
and IMPUTEZ2. Imputed genotypes were only used where directly assayed genotypes were
unavailable.

Estimation of genomic ancestral components

Autosomal genotyped SNPs of all samples were pruned with PLINK(24), so that no pair of
SNPs within a window of 200 markers was in linkage disequilibrium (LD r2=0.05). Based
on these ~35,000 SNPs, we performed a maximum likelihood estimation of individual
ancestries using ADMIXTURE software(?8). This program models the probability of
observed genotypes using ancestry proportions and ancestral population allele frequencies.
The clustering method was set to group individuals in 3 ancestral populations (K = 3),
corresponding to the expected main African, European and Asian ancestry components.
Children were assigned to one of the three ancestry groups, based on their highest fraction
(i.e., >0.50) of estimated ancestry proportions, using the HapMap Phase 2 population labels
as a reference. Subjects were excluded from further analyses if none of the three ancestral
populations reached this proportion of >0.5.

Statistical analysis

After estimation of genomic ancestral components, 933 children of European ancestry from
the discovery cohort were included in the European-only analysis. For the trans-ethnic
analysis, 1,399 children from the discovery cohort were included. We excluded SNPs with
MAF <5%, imputation quality <0.4 or Hardy-Weinberg Equilibrium P-value<10~5; this
yielded ~6.6 million SNPs for the analysis, including all autosomes and the X chromosome.
The association between each SNP and the quantitative trait (BMD at multiple skeletal sites)
was assessed using a univariate linear mixed model (as implemented in the software
GEMMA(@) to account for population stratification and relatedness, using the Wald test
and the restricted maximum likelihood estimate (REML) of B. Our significance thresholds
were P<5x1075 in the discovery cohort, £<0.05 in the replication cohort and A<5x1078 in
the combined discovery and replication cohorts. We performed a sex-stratified analysis and
included a covariate for study site in the model. We also included a covariate for discovery
or replication cohort when performing analyses of the combined cohorts. The P-value for the
test of sex heterogeneity was calculated as the right-tailed probability of the chi-squared
distribution (Bg — Bm)?/(SER2 + SEpm?2). The significance threshold was set at A<4x1073
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[alpha=0.05/(7 loci + 2 traits + 4 skeletal sites)]. For the conditional analysis, we included
the imputed dosages of the sentinel SNP as a covariate in the linear mixed model. The
genome-wide significance threshold was set at Pp,,;,;<5%1078. We considered a secondary
signal significant if P,,,7<0.05 after Bonferroni correction for the number of SNPs tested in
a 1 Mb region centered around the sentinel SNP.

Functional annotation, expression quantitative trait loci (eQTL) and Topologically
Associated Domain (TAD) analyses

Results

We annotated /n-silico potential regulatory functions for all the genome-wide significant
SNPs we observed, as well as all SNPs in high LD (r2>0.8), using HaploReg v 4.130). This
is an online tool developed to explore non-coding variants on haplotype blocks at GWAS
trait-associated loci. HaploReg performs variant annotation using information from publicly
available databases (chromatin mark ChlP-seq tracks, DNase tracks, chromatin state
segmentations from the Roadmap Epigenomics Project, conserved regions by GERP and
SiPhy, and the SPP narrow peaks called by the ENCODE project on ChIP-seq experiments)
and scores the SNPs’ effect on regulatory motifs(31).

To assess whether variants in the identified loci were involved in the regulation of messenger
RNA levels via eQTLs, we queried publicly available genome-wide expression datasets
using HaploReg, which also integrates multiple resources from the Genotype-Tissue
Expression (GTEX) pilot study (Release 6) and published eQTL studies (http://
www.broadinstitute.org/mammals/haploreg/data/eqtl_metadata_v4.1.tsv).

For the TAD analysis, we used the TAD boundaries reported in Dixon er a/.32). For each
sentinel GWAS SNP, we retrieved the names of genes whose transcriptional starting site
(TSS) was contained within the SNP’s TAD boundaries using custom MySQL scripts to
query the RefSeq Genes track of the UCSC Genome Browser. We performed a literature
search both by manually querying Google and PubMed using the “gene name AND bone”
keywords and by using the Bioprofiler function of the Ingenuity Pathway Analysis software
(QIAGEN).

To identify novel genetic factors that influence pediatric bone phenotypes, we performed a
sex-stratified GWAS of BMD Z-scores at four discrete skeletal sites (1/3 distal radius, spine,
total hip and femoral neck) in a cohort of 933 European American children (488 girls and
445 boys). The study population is described in Table S1.

We tested signals with 2 < 5x107° for replication in an independent, similarly-aged cohort of
486 European American children (245 girls and 241 boys). The replication study population
is described in Table S2. Summary statistics for the discovery and replication phases, plus
the combined analysis, are reported in Table S3 (together with a similar analysis for BMC Z-
scores). Phenotypic correlations among the analyzed traits are reported in Table S4.
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The results showed appropriate control for population structure, with genomic inflation
factors (\) approaching unity and Q-Q plots revealing no early inflation of the test statistic
(Figures S1 and S2).

In females, we identified two significant loci for radius BMD: a known bone locus nearest
‘cadherin-like and PC-esterase domain containing 1’ (CPEDI) (top signal rs67991850,
Prombined= 8-91%x10712) and one novel locus, rs1957429 nearest ‘spectrin, beta, erythrocytic’
(SPTB) (Peombined =5.97x1079). In males, we identified a novel significant locus:
rs184374109 nearest IZUMO family member 3 (/.ZUMOS3) for spine BMD
(Peombined=1.18x1078).

In analyses including both sexes, two loci were genome-wide significant: the same locus
identified in females near CPEDI for radius BMD (top signal rs6963115, r2 with
rs67991850=0.90, Peombined =3.89%10712) and a novel locus nearest “TATA-box binding
protein like 2* (7BPL2) for femoral neck BMD (top signal rs34652660,
Preombined=1.45%x1078). In addition, despite not reaching the threshold for the discovery
cohort alone, chr16:7788155 nearest ‘RNA binding protein fox-1 homolog 1’ (RBFOX1) did
achieve nominal significance in the replication cohort along with genome-wide significance
in the analysis of both cohorts combined for spine BMD (Peombined=4.06%1078). The results
are summarized in Table 1 and regional Manhattan plots are shown in Figure 1. Summary
statistics for the significant loci at all four skeletal sites are reported in Table S5 (together
with a similar analysis for BMC Z-scores).

To identify independent secondary signals, we performed conditional analysis accounting
for the effect of the sentinel SNP for each trait. The results are shown in Table S6 and Figure
S3. None of the conditional signals were genome-wide significant. The only locus showing a
significant secondary peak in a 1 Mb region around the sentinel SNP was the CPEDI locus
(rs2536180; P,y=1.72x1077). The secondary peak is not in LD with the primary signal
(r?=0.01) and maps to the genomic region containing WN716and FAMS3C.

We then assessed sex-specificity of the identified loci. A test of heterogeneity of the betas
indicated sex-specificity for two loci implicated in the sex-stratified analyses only (Table 1;
SPTB: rs1957429, P=1.9x1074, radius BMD and /ZUMO3. rs184374109, P=2.3x107%,
spine BMD).

To investigate the role of these pediatric-implicated loci in the adult setting, we performed a
look-up of the key sentinel SNPs in the latest release of the The GEnetic Factors for
OSteoporosis (GEFOS) Consortium data (http://www.gefos.org/?q=content/data-
release-2015), which includes summary statistics for three DXA-derived sites (femoral neck,
lumbar spine and forearm BMD)(33). We confirmed a role for the CPED1 locus at the
forearm (rs6963115, =—0.07, P=1.97x1075) and to a lesser extent at the lumbar spine (B=
-0.03, P=5.01x1073) and the femoral neck (B=-0.02, P=3.49x102). The other loci did not
show evidence of association [/.ZUMOS3, rs184374109: Prgrearm=0.78, As=0.45, Ppx=0.92;
TBPL2, rs34652660: Prgrearm=0.15, As=0.26, Pn=0.69; SPTB, rs1957429: Prorearm=0.66,
As=0.50, P:,=0.75; RBFOXI, rs11640907 (proxy for chr16:7788155:D, R?=0.72):
Prorearm=0.26, As=0.15, Pq=0.58].
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Expression Quantitative Trait Loci (eQTLS)

Subsequently, we investigated whether the pediatric-implicated variants we identified were
correlated with eQTLs using HaploReg v4.1(30). We found evidence for two of the sentinel
SNPs at the CPEDI locus (rs67991850 and rs6963115) influencing the expression of
CPED1 in transformed fibroblasts(34), the sentinel SNP at the 7BPL2locus (rs34652660)
influencing expression of a long intergenic noncoding RNA (lincRNA) (RP11-665C16.6) in
testis(34) and the sentinel SNP at the SP7B locus (rs1957429) influencing SPTB expression
in pancreas®4) and CHURC1 and RAB15 expression in lymphoblastoid cell lines(%). These
tissues and cell lines are not primary sites with functional relevance to BMD and bone
biology, and thus, further analyses in more relevant cell types (such as human osteoblasts)
will be required to identify the target transcripts regulated by these GWAS signals.

Annotation of potential regulatory functions

All genome-wide significant SNPs, as well as all SNPs in high LD (r2>0.8), were non-
coding (either intronic or intergenic). Therefore, we annotated /n-silico potential regulatory
functions for these SNPs using HaploReg v 4.1(30),

We did not observe any significant enrichment of these SNPs in regulatory elements in
specific tissues. However, three out of five of our GWAS loci had SNPs in high LD (r2>0.8;
SPTB, 2 SNPs; TBPLZ, 12 SNPs; CPED1, 4 SNPs) that were located in either predicted
enhancer or promoter regions in one of three bone-relevant cell types: osteoblast primary
cells, mesenchymal stem cell derived chondrocyte cultured cells, and bone marrow derived
mesenchymal cultured cells. Most of these regulatory regions are active in a variety of cell
types and are not bone specific, with the exception of three SNPs in the CPEDI locus
(rs1917118 and rs62469350, located in an enhancer that is active in mesenchymal stem cell-
derived chondrocyte cultured cells and skeletal muscle tissues only, and rs6947494, in an
enhancer active in mesenchymal stem cell-derived chondrocyte cultured cells, skeletal
muscle and heart tissues).

Topologically Associated Domain (TAD) analysis

In order to identify potential candidate genes that might be regulated by our GWAS signals,
we identified all the genes contained in each SNPs’” TAD (regions where SNP-promoter
interactions are more likely to occur(32)) and performed a literature search to link these
genes to pathways relevant to bone biology. The results are shown in Table S7. Besides
WNT16, already known to play an important role in cortical bone homeostasis(®), we
identified several genes with links to bone biology (A7G14, KTN1, GPX2and LGALSS3)
which may represent attractive targets for further functional studies.

Discussion

Our GWAS performed in two cohorts of children of European ancestry identified five loci
that associated with BMD at four discrete skeletal sites (one already reported: CPEDI, and
four novel: IZUMOS3, RBFOX1, SPTBand TBPL2). Importantly, the associations involving
variants near SP7Band /ZUMO3were sex-specific (Table 1). We also observed skeletal site

J Bone Miner Res. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chesi et al.

Page 8

specificity, with CPEDI and SPTB being more strongly associated at the radius, TBPLZ2 at
the total hip and femoral neck, /ZUMO3 and RBFOX1 at the spine, (Table S5).

The intronic GWAS signals harbored within CPEDI are in high LD (r2>0.8) with each other
and are associated with radius BMD, with the association being stronger in females. This
locus includes three genes in close proximity (CPEDI, WNT16and FAM3C) and has been
established as a key genomic locus for pediatric bone density phenotypes®314.37) This
locus is also associated with BMD in adults at various skeletal sites(3®), particularly at the
forearm(39), but with smaller effect sizes.

CPED1 (‘cadherin-like and PC-esterase domain containing 1’, also known as C70rf58) is a
poorly characterized gene encoding a protein expressed in several tissues (most abundantly
in the gastrointestinal mucosa) and containing an ATP-Grasp domain fused to a PC-esterase
domain. FAM3C (‘“family with sequence similarity 3 member C”) is an uncharacterized gene
encoding a secreted protein with a GG domain that is expressed in most tissues. The
neighboring gene, WNT16, is a member of the WNT gene family, implicated in many
cellular developmental pathways such as cell fate determination, proliferation,
differentiation, and apoptosis. The canonical or B-catenin WNT signaling pathway is
involved in the regulation of bone formation and maintenance, and when activated leads to
increased bone mass in mice and humans, inducing the differentiation of bone-forming
osteoblasts and suppressing bone-resorbing osteoclasts(). In mice, Wnt16 is derived from
osteoblast-lineage cells and inhibits osteoclastogenesis, and Wnt16 deficiency causes
spontaneous fractures in cortical bone®L). While the role of WNTZ6in bone biology is well
established, it remains to be shown whether the genetic variants identified by these GWAS
actually influence the expression of WN/T16 or another nearby gene (such as CPEDI,
FAM3C or others) in bone tissue.

None of the genes nearest to the novel signals identified by this study have been previously
linked to bone biology, and available eQTL data do not implicate any obvious candidate
genes which may be therapeutic targets for osteoporosis and bone strength. When we
expanded our search for bone-related functions to genes residing in the TADs surrounding
the signal SNPs, where SNP-promoter interactions are more likely to occur, we found four
potentially interesting target genes: GPX2 (‘glutathione peroxidase 2’), a member of the
glutathione peroxidase family which was found upregulated in adults affected with Kashin-
Beck disease (KBD), an endemic, chronic osteochondropathy with unknown etiology
diffused in China?), near the SP7B locus (associated with radius BMD in females); ATG14
(‘autophagy related 14’), whose decreased expression promoted cisplatin-induced apoptosis
in a drug-resistant osteosarcoma cell line in vitro3): K7NZ (‘kinectin 1°), responsible for
various functions related to tumorigenesis and found upregulated in giant cells tumors of
bone (GCTBY), benign bone tumors that cause osteolytic destruction4); and L GALS3
(‘lectin, galactoside binding soluble 3’), a downstream regulator of matrix
metalloproteinase-9 functioning during endochondral bone formation(®); these three genes
all reside near the 7TBPLZ2locus (associated with femoral neck BMD).

Among the newly identified loci, the strongest effect size (p=0.74) was found for a low-
frequency SNP (rs184374109, MAF=5%), located in a gene desert on chromosome 9
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flanked by /.ZUMO3and TUSCI (‘tumor suppressor candidate 1°). The effect size for this
low-frequency variant is higher than those for recently described rare variants (MAF~1%) in
ENIand WNT16in adults®3) and comparable to the effects size of the same rare ENI
variant we investigated in the BMDCS cohort(6). Similar to the £N/Z variant (which was
more strongly associated in females in the BMDCS), we found this association to be highly
sex-specific, with the locus being associated with spine BMD in males only. Interestingly,
the signal resides in the same region (9p21.3) in which we found signals associated with
radius BMC - also in males only — in our previously published trans-ethnic analysis of the
BMDCS cohorts (14), but these signals are not in LD (r?=0.0003). The radius BMC locus
previously identified in our trans-ethnic analysis achieved only a suggestive P-value
(rs7035284; P=5.47x1077) in the current analysis (using the European portion of the
BMDCS cohort), due to a smaller sample size, in agreement with the observation of a very
consistent magnitude of effect in both European American (f=0.32, SE=0.06, N=673) and
African American (p=0.25, SE=0.10, N=164) males.

Conversely, the novel loci identified in this analysis (restricted to children of European
ancestry only) achieved only suggestive P-values (P<5x107°), but not genome-wide
significance, in the trans-ethnic analysis combining children of all ethnicities (Table S8),
suggesting that these loci are driven mainly by the European ancestry portion of the cohort.
CPED1 was the only locus achieving genome-wide significance in the trans-ethnic analysis,
although this signal, too, was principally from the European portion of the cohort (Table S8
and Chesi et a/(14). The association of this locus (previously described in the
literature(13.14.37)) with radius BMD was evident from both the trans-ethnic and the
European-specific Q-Q plots (Figures S1 and S2).

These findings suggest that combining individuals of different ethnicities in the same
analysis can either increase or decrease discovery power, depending on the locus and its LD
structure in the different populations, and also validates our approach of performing both
ethnicity-stratified and combined analyses. Our study also demonstrates the advantage of
phenotyping discrete skeletal sites for bone genetic discovery, in agreement with previous
studies(3); in fact, there appears to be a strong site specificity, with certain genetic loci
acting preferentially at one or a few specific skeletal sites, such as the CPEDI locus acting
mainly at the radius (Table S5).

Our GWAS in children (unlike adult studies) outlines two unexpected results — the sex-
specificity of two loci and the large effect sizes. Sex-dependent genetic influences can be
expected for BMD, a highly sexually-dimorphic trait. Bone size, strength and accrual differ
greatly between sexes from birth to late adolescence, and it is conceivable that this
dimorphism could be driven by distinct genetic influences. Although a well-powered meta-
analysis for BMD in adults found no genome-wide significant evidence for gene-by-sex
interaction®®), it is possible that sex-specific effects are stronger during childhood and
adolescence, when bone accrual occurs. The signals identified in this study do not reside in
the X chromosome, adding to the mounting evidence for autosomal sex-specific effects that
recent GWAS have begun to uncover for different traits (cardiac-diseases related and
anthropometric traits(4748), type 11 diabetes“%) and asthma(®®). We cannot exclude that
small sample size and potential sampling bias might affect the sex-specific findings in our
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study, although the two-step design we employed, with a discovery and a replication cohort,
should mitigate the chance of spurious observations. Also, confounding arising from a
potential collider bias between covariates and outcomes that differ between sexes should not
be a concern, since the only covariates used in our model are site of visit plus sex and/or
cohort in the combined analyses, which are not outcomes of either the exposures (SNPs) or
the analyzed phenotype (BMD Z-scores).

The effect sizes we report for the GWAS associations in our study are higher (sometimes by
an order of magnitude) than those reported in larger adult meta-analyses. While this could be
an effect of the “winner’s curse” or Beavis effect due to the relatively small sample size of
our study;, it is plausible that genetic variation exerts a stronger influence in children (in
whom cumulative exposure to environmental factors is lower) than in adults®L). This age-
specificity may explain why we could not find strong evidence of replication for many of our
pediatric signals in the publicly available datasets for BMD in adults (which also are not
stratified by sex).

In summary, we report four novel loci for pediatric BMD at four discrete skeletal sites, plus
the previously published 7931.31 (CPED1/WNT16/FAM3C) locus. Since the two US sites
where the replication cohort for this study was recruited also coincided with two of the
recruitment sites for the discovery cohort, further studies will need to be conducted in larger
pediatric cohorts in fully independent settings (once they become available) in order to
validate our findings further.

In addition, functional studies in relevant tissues will be required to shed light on the
molecular mechanisms linking these genetic signals to their key biological pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Regional association plots of 5 genome-wide significant signals identified in this study

(combined discovery plus replication analysis). Circles show P-values and positions of SNPs
within each locus. The top SNPs are denoted by a purple diamond. Colors indicate varying
degrees of pairwise linkage disequilibrium (HapMap CEU release 22) between the top SNP
and all other SNPs.
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