Expression quantitative trait locus study of bone mineral density GWAS variants in
human osteoclasts

Benjamin H Mullin1,2, Kun Zhu1,2, Jiake Xu2, Suzanne J Brown1, Shelby Mullin1,2, Jennifer
Tickner2, Nathan J Pavlos2, Frank Dudbridge4, John P Walsh1,3, Scott G Wilson1,2,5

1

Department of Endocrinology & Diabetes, Sir Charles Gairdner Hospital, Nedlands, WA,
Australia

2

School of Biomedical Sciences, University of Western Australia, Crawley, WA, Australia

3

Medical School, University of Western Australia, Crawley, WA, Australia

4

Department of Health Sciences, University of Leicester, Leicester, UK

5

Department of Twin Research & Genetic Epidemiology, King’s College London, London,
UK

Corresponding author
Benjamin H. Mullin
School of Biomedical Sciences
The University of Western Australia
Crawley, Western Australia 6009
T: +61 8 6457 2466
E-mail: Benjamin.Mullin@uwa.edu.au

A supplemental table has been included with this submission.

1

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

2

Abstract
Osteoporosis is a complex disease with a strong genetic component. Genome-wide
association studies (GWAS) have been very successful at identifying common genetic
variants associated with bone parameters. A recently published study documented the results
of the largest GWAS for bone mineral density (BMD) performed to date (n=142,487),
identifying 307 conditionally independent single-nucleotide polymorphisms (SNPs) as
associated with estimated BMD (eBMD) at the genome-wide significance level. The vast
majority of these variants are non-coding SNPs. Expression quantitative trait locus (eQTL)
studies using disease-specific cell types have increasingly been integrated with the results
from GWAS to identify genes through which the observed GWAS associations are likely
mediated. We generated a unique human osteoclast-specific eQTL dataset using cells
differentiated in vitro from 158 participants. We then used this resource to characterise the
307 recently identified BMD GWAS SNPs for association with nearby genes (+/- 500 kb).
After correction for multiple testing, 24 variants were found to be significantly associated
with the expression of 32 genes in the osteoclast-like cells. Bioinformatics analysis suggested
that these variants and those in strong linkage disequilibrium with them are enriched in
regulatory regions. Several of the eQTL associations identified are relevant to genes that
present strongly as having a role in bone, particularly IQGAP1, CYP19A1, CTNNB1 and
COL6A3. Supporting evidence for many of the associations was obtained from publicly
available eQTL datasets. We have also generated strong evidence for the presence of a
regulatory region on chromosome 15q21.2 relevant to both the GLDN and CYP19A1 genes.
In conclusion, we have generated a unique osteoclast-specific eQTL resource and have used
this to identify 32 eQTL associations for recently identified BMD GWAS loci, which should
inform functional studies of osteoclast biology.
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Introduction
Osteoporosis is a common and debilitating disease characterised by low bone mineral density
(BMD), deterioration of the bone micro-architecture and increased fracture risk. The disease
is particularly prevalent in postmenopausal women due to reduced oestrogen levels.
Environmental factors such as dietary calcium intake and exercise have also been shown to
have a role in the disease.(1,2) In addition to these effects, it has been demonstrated that there
is a strong genetic component to osteoporosis. Twin and family studies have generated BMD
heritability estimates of 0.46-0.92 depending on the anatomical site studied,(3,4) and
individuals with an affected first-degree relative have an elevated estimated familial relative
risk of fragility fracture of 1.31-4.24.(5,6)
Genome-wide association studies (GWAS) have been very successful at identifying common
genetic variants associated with bone parameters.(7-11) A recent GWAS performed in 142,487
individuals from the UK Biobank, the largest GWAS performed so far for a bone density
phenotype, identified 307 conditionally independent single-nucleotide polymorphisms
(SNPs) located in 203 loci as associated with estimated BMD (eBMD) at the genome-wide
significance level.(12) Like many complex trait GWAS, the vast majority of these are noncoding variants localised in intergenic or intronic DNA, suggesting that they may influence
the eBMD phenotype through regulatory effects on nearby genes. However, for many of
these variants the identity of the gene responsible for mediating the observed effect on BMD
remains to be determined. Expression quantitative trait locus (eQTL) studies, which
characterise associations between genetic variants and gene expression at the cellular level,
have increasingly been integrated with the results from disease GWAS to specify the genes
involved. However, many of these studies have used complex tissues and, apart from a study
using osteoblasts cultured from surgical explants of bone,(13) there is a lack of data that is
specific for bone cells.
5

In an effort to identify some of the regulatory effects caused by BMD GWAS variants, we
have generated a unique eQTL dataset using osteoclast-like cells differentiated in vitro from
peripheral blood mononuclear cells (PBMCs) obtained from 158 subjects. We have integrated
this information with that from the recently published eBMD GWAS, selected due to its large
sample size and strong power to detect risk loci, to identify genetic regulatory effects relevant
to osteoporosis and to gain a better understanding of the biological pathways underlying the
disease.
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Materials and Methods
Subject recruitment
We recruited 158 female patients aged 30-70 undergoing dual-energy X-ray absorptiometry
(DXA) BMD scanning (Hologic, Bedford, MA, USA) in the Bone Density Unit at Sir
Charles Gairdner Hospital in Western Australia. All subjects had self-reported European
ancestry. Patients suffering from medical conditions or using medications that are likely to
affect osteoclastic bone resorption or the ability of their cells to undergo osteoclastogenesis
were excluded. This included rheumatoid arthritis, primary hyperparathyroidism, oral
glucocorticoid treatment or the medications alendronate, risedronate, zoledronic acid or
denosumab. One 4 ml ethylenediaminetetraacetic acid (EDTA) and two 6 ml lithium heparin
blood tubes were collected from each patient. All participants gave written informed consent
and the study was approved by the Sir Charles Gairdner and Osborne Park Health Care
Group Human Research Ethics Committee.
Isolation of peripheral blood mononuclear cells and osteoclastogenesis
PBMCs were isolated from each pair of 6 ml lithium heparin blood tubes by density gradient
centrifugation using protocols well established in our laboratory.(14) Briefly, each pair of
blood tubes was centrifuged at 2,200 rpm for 13 min at room temperature. The buffy coats
were harvested and diluted to a total volume of 4 ml with 1× phosphate buffered saline (PBS)
before being gently layered over 3 ml of Ficoll-Paque Premium (GE Healthcare) and
centrifuged again at 1,600 rpm for 45 min (no brake). The PBMC layer was collected and
washed by re-suspending in 6 ml 1× PBS, centrifuging at 1,000 rpm for 12 min then
removing the supernatant. The wash step was repeated, with the resulting cell pellet resuspended in 1 ml complete α-MEM (minimum essential medium) supplemented with 25
ng/ml macrophage colony stimulating factor (M-CSF). A cell count was then performed, with
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each sample used to seed 3 wells (triplicates) of a 24-well cell culture plate with 1.5×106 cells
each. After two days, the medium was replaced with α-MEM supplemented with 25 ng/ml
M-CSF and 100 ng/ml receptor activator of nuclear factor kappa-B ligand (RANKL). The
cells were then grown in this medium formulation for another 12 days while
osteoclastogenesis occurred.
Cultures of osteoclast-like cells were stained for tartrate resistant acid phosphatase (TRAP)
using a chromogenic TRAP enzyme substrate to confirm production of the TRAP enzyme as
an indicator of the osteoclast phenotype. This involved washing the cells with 1× PBS,
fixation with 4% (v/v) paraformaldehyde for 10 min, washing twice with 1× PBS before
incubation with filtered TRAP stain solution at 37°C for 40 min. The stained cells were then
washed with sterile water prior to visualisation using light microscopy.
Nucleic acid extraction
Genomic DNA was extracted from 200 µl EDTA blood for each patient using the QIAamp
DNA Blood Mini Kit (QIAGEN) according to the manufacturer’s instructions. Each batch of
osteoclast-like cell cultures was washed once with 1× PBS prior to nucleic acid extraction at
day 14 of culture. Total RNA and genomic DNA were extracted from each set of triplicate
cultures using the AllPrep DNA/RNA Mini Kit (QIAGEN) according to the manufacturer’s
instructions, with on-column DNase digestion for the RNA fraction. Once cell lysis had been
performed, the cell lysate from each of the 3 cultures for each sample was combined into a
single aliquot. RNA integrity numbers (RINs) were assessed for each RNA sample using the
Agilent 2100 Bioanalyzer, with all samples recording RIN values ≥9.7 indicating that the
RNA samples used in this study were of very high quality.
Genotyping and imputation
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Genotyping of the genomic DNA extracted from each EDTA blood sample was performed by
the Australian Genome Research Facility (AGRF) using the Illumina Infinium OmniExpress24 BeadChip array. QC criteria applied to the genotype data prior to imputation included
removal of individuals with a call rate <90%, removal of variants that were monomorphic,
unmapped, minor allele frequency (MAF) <5%, Hardy-Weinberg equilibrium P<5×10-8 or
call rate <90%, leaving 572,898 variants for imputation. Genotype imputation was performed
by the Sanger Imputation Service using the Haplotype Reference Consortium (HRC) release
1.1 reference panel(15) with pre-phasing by Eagle v2.3.2(16) and imputation performed by
PBWT (Positional Burrows-Wheeler Transform).(17) Post-imputation QC included removal of
variants with an IMPUTE2 info score <0.4.
Relatedness testing and principal components analysis
Relatedness testing and principal components analysis (PCA) were performed on the
genotyped data using Plink v1.9.(18) Ten principal components were generated for the cohort
and retained for use as covariates in the eQTL analysis to correct for population stratification.
Gene expression data processing
Quantitation of gene expression was performed by AGRF on the RNA samples extracted
from the osteoclast-like cells using 50 bp single-end RNA-Seq on an Illumina HiSeq 2500.
The primary sequence data was generated using the Illumina bcl2fastq 2.19.0.316 pipeline.
Per-base sequence quality for all 158 samples passed QC, with >96% of the bases above Q30
across all samples. Cleaned sequence reads were aligned against the Homo sapiens genome
(build version HG38) and the TopHat aligner v2.0.14(19) was used to map reads to genomic
sequences. Raw counts were summarised at gene level (GENCODE v25) using the
featureCounts v1.4.6-p5 utility of the Subread package.(20) Genes with a read count <1 per
million were removed from the dataset, as were those expressed in <10 individuals. Trimmed
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mean of M-values (TMM) normalisation and correction of the gene expression data for total
read count by conversion to counts per million (CPM) was performed using the edgeR
package.(21) Calculation of reads per kilobase per million (RPKM) values for comparison of
expression levels between different genes was also performed using the edgeR package.(21)
eQTL analysis
The eQTL analysis was performed on the TMM normalised CPM values and only included
variants with a MAF ≥5%. We performed a hypothesis-driven association analysis of
quantile-normalised gene expression levels with probabilities of imputed genotypes for 307
genetic variants using FastQTL,(22) which performs linear regressions between the genotypes
and gene expression phenotypes. These 307 variants were recently identified as
independently associated at the genome-wide significance level with eBMD, a phenotype
derived from quantitative ultrasound measurements at the heel, in a GWAS performed in
142,487 individuals from the UK Biobank Study.(12) This is the largest GWAS performed to
date for a bone density phenotype, and the 307 genetic variants collectively accounted for
~12% of the phenotype variance in that study. The eQTL analysis was corrected for the
covariates patient age, RNA-Seq batch and 10 principal components. Each variant was tested
for association with the expression of any gene where the transcription start site (TSS) fell
within a 500 kb window on either side of the variant (cis-eQTLs). The 500 kb window size
was selected as it has been shown that the vast majority of cis-eQTL variants are located well
within this distance of their gene TSS,(23) and this represents a compromise between capturing
as many cis-eQTLs as possible without incurring excessive multiple testing penalties.
Correction for multiple testing was performed using the Benjamini-Yekutieli procedure(24)
using a false discovery rate (FDR) of 5%.
Bioinformatics analysis
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Genetic variants identified as significantly associated with expression of nearby genes were
analysed using the GREGOR (Genomic Regulatory Elements and Gwas Overlap algorithm)
v1.4.0 software,(25) which tests for enrichment of a variant set and its linkage disequilibrium
(LD) proxies in Encyclopedia of DNA Elements (ENCODE) regulatory elements relative to
MAF, TSS-distance and number of LD neighbours-matched null SNP sets. We used
GREGOR to test for enrichment of the eQTL-variants (eSNPs) in the University of
California, Santa Cruz (UCSC) ENCODE datasets for DNase Hypersensitivity Clusters (125
cell types, V3) and Transcription Factor ChIP-seq (161 factors, V3). The following
parameters were used, as reported in the original GREGOR publication: r2 threshold = 0.8,
LD window size = 1 Mb and minimum neighbour number = 500. Assessment of colocalization of eBMD and eQTL association signals within 500 kb of each eQTL-gene
(eGene) TSS was performed using the coloc package in R,(26) which uses a Bayesian
framework to calculate posterior probabilities to quantify support for 5 different hypotheses
regarding the presence and sharing of causal variants for traits of interest. Bioinformatics
analysis to determine potential regulatory effects of individual eSNPs was performed using
HaploReg v4.1(27) and RegulomeDB(28), with LD data derived from HaploReg v4.1 (1000G
Phase 1 EUR population).
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Results
An overview of the steps used in this study to generate the genotype and gene expression data
and perform the eQTL analysis is presented in Fig. 1. The demographics of the 158 women
aged 30-70 years with self-reported European ancestry recruited into the study are presented
in Table 1. No outliers were observed in the PCA. After genotype imputation and filtering,
we had genotype data for 5,373,348 variants in the study sample with a MAF ≥5% and an
IMPUTE2 info score ≥0.4. After applying QC criteria to the RNA-Seq data, 15,688
expressed gene transcripts were identified.
Association of eBMD variants with gene expression
Of the 307 eBMD-associated genetic variants included in the analysis, 199 had a MAF ≥5%
in our study cohort and an expressed gene located within the +/-500 kb analysis window
(mean 7.6 genes per 199 variant). After correction for multiple testing, 24 of these variants
were found to be eSNPs significantly associated with the expression of 32 genes (Table 2),
including genes with a strong potential role in bone such as IQGAP1(29) (Fig. 2A),
CYP19A1(30,31) (Figs. 2B and 3), CTNNB1(7,32) (Fig. 2C) and COL6A3(33) (Fig. 2D), as well as
many with no known role in bone biology. As expected, a number of the variants
demonstrated associations with more than one gene, including rs6680737 (WARS2 and RP11418J17.1), rs11636403 (GLDN and CYP19A1) (Figs. 2B and 3), rs58057291 (MLPH and
COL6A3) (Fig. 2D), rs757980 (CHN2 and CREB5), rs72767980 (FAM129B and ZNF79) and
rs2696264 (CACNA1G, EPN3, ACSF2, PPP1R9B). Since eSNPs influence gene expression,
it is anticipated that many are located in close proximity to the eGene TSS. Out of the 32
eSNP-eGene associations, 23 (72%) were for variants located within 250 kb of the eGene
TSS (Table 2). We also found that the associations were stronger for variants located in close
proximity to the TSSs and the five strongest eSNP-eGene associations were for variants
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located in the 160 kb region immediately 5’ of the TSS, suggesting enrichment of these
variants in regulatory regions. Bioinformatics analysis using the GREGOR software
supported this, with statistically significant enrichment of the 24 eSNPs and their LD proxies
(r2≥0.8) observed in DNase hypersensitivity clusters and transcription factor binding sites
from ENCODE relative to matched null SNP sets (P=0.0004 and 0.04 respectively). Colocalization analysis yielded evidence for co-localization of eBMD and eQTL association
signals (posterior probability >50%) at 8 loci, including SF3A3 (63%), MLPH (64%),
SERPINB1 (75%), FADS2 (88%), GLDN (94%), CYP19A1 (94%), IQGAP1 (57%) and
CACNA1G (52%).
Replication in other cell/tissue types
We queried each of the 24 eSNPs using the GTEx(23) and Blood eQTL(34) browsers for
evidence of replication in other cell/tissue types. For the GTEx portal, eSNPs from our
analysis were queried against pre-calculated eQTLs for tissues having more than 70 samples,
with a multiple-testing corrected q-value threshold of 0.05 used to identify significant
associations. The Blood eQTL dataset was generated using peripheral blood samples from
5,311 individuals, with a multiple-testing corrected FDR threshold of 0.5 used. We found
supporting evidence for 14 of the 32 eSNP-eGene associations, including associations in
multiple tissue types for rs3790608 – ST7L (11 tissues, P=1.9×10-5–4.2×10-11), rs6680737 –
WARS2 (22 tissues, P=1.9×10-5–2×10-35), rs6680737 – RP11-418J17.1 (20 tissues,
P=3.1×10-5–6.3×10-16), rs4360494 – SF3A3 (27 tissues, P=2.3×10-5–2.3×10-37), rs58057291
– MLPH (3 tissues, P=3.7×10-5–1.6×10-13), rs6547870 – TRMT61B (20 tissues, P=1.2×10-5–
3×10-13), rs6829296 – DGKQ (10 tissues, P=1.1×10-5–1.5×10-12), rs174574 – FADS2 (19
tissues, P=6.6×10-5–1.5×10-23), rs11637971 – IQGAP1 (33 tissues, P=2.5×10-5–4.5×10-33)
and rs2301522 – TMEM8A (12 tissues, P=1.7×10-5–5.5×10-23). Single-tissue associations
were seen for rs4589135 – PIGV (whole blood, P=4.4×10-9), rs6761129 – THADA
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(subcutaneous adipose tissue, P=1.7×10-5), rs7578166 – DYSF (testis, P=3.2×10-7) and
rs757980 – CREB5 (whole blood, P=1.3×10-9).
Individual variant bioinformatics analysis
Analysis of the 24 eSNPs and their LD proxies (r2≥0.8) using the HaploReg v4.1(27) and
RegulomeDB(28) tools yielded a large number of variants with potential regulatory effects,
often with multiple observed for a single locus (including at least 11 for the rs174574 –
FADS2 locus and 20 for the rs6761129 – THADA locus) (Supplemental Table 1). Five of the
24 eSNPs were not found to be in strong LD (r2≥0.8) with any other variants: rs3790608,
rs6829296, rs757980, rs72767980 and rs62028332. We confirmed the LD around these
variants using the updated 1000G Phase 3 data for the EUR population, and discovered a
variant in strong LD with rs6829296 (rs111588353, r2=0.97). The other 4 eSNPs present
strongly as having potential regulatory effects and, considering the lack of LD proxies, it is
possible that these may be the quantitative trait nucleotides responsible for the associations
seen between eBMD and gene expression. The bioinformatics findings for these 4 eSNPs are
described below.
rs3790608 (ST7L) is predicted to be located in enhancer histone marks in 8 tissues and alter
the regulatory motifs DMRT4 and DMRT5. RegulomeDB assigned rs3790608 a strong score
of 1f (likely to affect binding and linked to expression of a gene target).
rs757980 (CHN2 and CREB5) presents very strongly as having a potential regulatory role. It
is predicted to be located in a GERP (Genomic Evolutionary Rate Profiling) conserved
region, in promoter histone marks in 21 tissues, enhancer histone marks in 8 tissues, DNase
hypersensitivity sites in 51 tissues, binding sites for 16 transcription factors and to alter the
regulatory motifs E2F, Nkx2 and Nkx3.
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rs72767980 (FAM129B and ZNF79) is predicted to lie in promoter histone marks in 4 tissues,
enhancer histone marks in 22 tissues, DNase hypersensitivity sites in 13 tissues and alter 13
regulatory motifs.
rs62028332 (SNX20) is predicted to lie in a GERP conserved region, promoter histone marks
in 2 tissues and alter the regulatory motifs CEBPB and Hoxa7.
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Discussion
In this study we have identified a number of significant associations between eBMD GWAS
SNPs and gene expression levels in osteoclast-like cells. Although not routinely used
clinically in the diagnosis of osteoporosis, the quantitative ultrasound measurements that are
used to calculate the eBMD phenotype are moderately correlated with DXA BMD at the hip
and spine (r=0.4–0.6)(35), and the eBMD GWAS results provided evidence of replication for
54 out of the 64 DXA BMD GWAS loci described by Estrada et al.(7) Our bioinformatics
analysis suggests that the eSNPs identified in this study and their LD proxies are enriched in
regulatory regions, and we were able to demonstrate strong predicted regulatory effects for
many individual variants. Interestingly, we were able to identify significant eQTL
associations for several genes that appeared to be expressed at a lower level in this cell type.
Although it is tempting to deprioritise the findings for these genes or question if they may be
false positives, the validity of many (such as ST7L, CREB5, WARS2, RP11-418J17.1) was
supported with publicly available data from the GTEx(23) and/or Blood eQTL datasets,(36)
suggesting that they may have a legitimate role in bone, acting through mechanisms that are
as yet unknown and achieved with less transcription.
One of the most convincing eQTL associations identified in this study was between the
variant rs11637971 and expression of the gene IQGAP1, which encodes the IQ motif
containing GTPase activating protein 1. This gene was found to be expressed at a high level
in the osteoclast-like cells and supporting evidence for the eQTL association was seen in both
the GTEx(23) and Blood eQTL(36) datasets, with consistent allelic effects. We also observed
evidence of co-localization of the eBMD and eQTL association signals at this locus,
suggesting the presence of a single variant affecting both traits. The product of the IQGAP1
gene is a ubiquitously expressed scaffolding protein that has been shown to have a role in
podosome/sealing zone formation in mouse osteoclasts.(29) Consistent with the potential role
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for this gene in osteoclastic bone resorption, the C allele at rs11637971 was associated with
an increased eBMD(12) and reduced IQGAP1 expression. Interestingly, the IQGAP1 protein
has been found to interact with the RhoA GTPase,(37) and we have previously published
evidence suggesting a role for variation in the RHOA gene in regulation of BMD.(38)
Expression of IQGAP1 has also been found to strongly positively correlate (P=9.1×10-5)
with that of the RHOA gene in iliac crest bone biopsies obtained from 84 postmenopausal
women.(39)
eQTL associations were identified between the variant rs11636403 and the genes CYP19A1
and GLDN. This variant demonstrated strong associations with expression of both of these
genes, which to our knowledge have not been previously identified in any cell/tissue type,
and we believe we may have identified a regulatory region located in intron 2 of CYP19A1
(relative to transcript NM_031226) that is relevant to both genes (Fig. 3). Both of these genes
also demonstrated strong evidence for co-localization of eBMD and eQTL association
signals. The product of the GLDN gene, gliomedin, has a role in the formation of the nodes of
Ranvier(40) and does not currently have an established role in bone metabolism. The
CYP19A1 gene on the other hand does present strongly as having a role in bone, and we have
previously demonstrated that variation in this gene is associated with postmenopausal
osteoporosis.(31) The CYP19A1 gene encodes the aromatase enzyme, which catalyses the
aromatisation of androgens to oestrogens. There is an established relationship between
oestrogen deficiency and osteoporosis, thought to be mediated through loss of the restraining
effect that oestrogen has on bone resorption, as well as effects on extra-skeletal calcium
homeostasis.(41) Aromatase inhibitors, commonly used for treatment of patients with
hormone-receptor positive breast carcinoma, are known to increase osteoporosis risk.(42)
Consistent with the positive effect of oestrogen on bone, we found that the T allele at
rs11636403, which was associated with increased expression of CYP19A1 in this study, was
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associated with increased eBMD.(12) The fact that this eQTL association has only been
demonstrated in osteoclast-like cells is interesting and could suggest the existence of a local
intercellular signalling (i.e. paracrine) mechanism within the basic multicellular unit coupling
the activities of bone resorption and formation,(43) and mediated through increased localised
production of oestrogen.
The eBMD GWAS variant rs370387 was identified in this study as significantly associated
with expression of the gene CTNNB1, which encodes the intracellular signal transducer betacatenin. Beta-catenin has a major role in the canonical Wnt signalling pathway, which is an
important regulator of skeletal homeostasis. Loss of beta-catenin has been shown to inhibit
osteoblastogenesis(44,45) and reduce production of osteoprotegerin by differentiated
osteoblasts,(46) thus increasing osteoclast differentiation and bone resorption. Studies in
osteoclasts have suggested that beta-catenin is required for osteoclast precursor proliferation,
but that it inhibits differentiation of these precursors into mature osteoclasts.(47) Consistent
with this pro-osteogenic role for beta-catenin in bone cells, we found that the A allele at
rs370387, which is associated with an increased eBMD,(12) was associated with increased
expression of CTNNB1.
We identified two eQTL associations for the variant rs58057291 in our dataset for the genes
MLPH and COL6A3. The MLPH gene encodes melanophilin, which forms a complex with
the small Ras-related GTPase Rab27A and the motor protein myosin Va and is involved with
melanosome transport. This gene does not have an obvious role in bone metabolism, however
the COL6A3 gene does present strongly as having a role in bone. This gene encodes the alpha
3 chain of type VI collagen, an extracellular matrix protein found in almost all connective
tissues including bone. Mutations in this gene have been found to cause Bethlem
myopathy(48) and Ullrich congenital muscular dystrophy,(49) both of which are characterised
by muscle weakness and joint contractures. Expression of COL6A3 in articular cartilage and
18

subchondral bone samples obtained from osteoarthritic knee tissue has been shown to
correlate with osteoarthritis severity and bone structural abnormalities.(33) The A allele at
rs58057291 was associated with increased expression of MLPH and COL6A3, and a reduced
eBMD.(12)
One limitation of our eQTL study is that the cells used were cultured and differentiated in
vitro, and therefore may not accurately reflect gene expression in osteoclasts in vivo. It should
also be noted that some of the eSNP-eGene associations identified in this study are for genes
that do not present as the most likely bone candidate gene from the chromosomal region. For
example, the variant rs2696264 was found to be associated with the expression of
CACNA1G, EPN3, ACSF2 and PPP1R9B in this study. However, the COL1A1 gene is also
located in this locus (around 54 kb from rs2696264) and presents as the most likely BMD
candidate gene from the region, having long been associated with osteogenesis imperfecta.(50)
This phenomenon could be due to the fact that if rs2696264 is influencing BMD through
regulatory effects on the COL1A1 gene, these effects are likely not mediated through the
osteoclast. It is well established that many regulatory regions are cell-type specific.(51)
Interestingly, the rs2696264 variant has no demonstrated associations with expression of
COL1A1 in any of the 53 tissues studied by the GTEx project.
In conclusion, we have generated a unique osteoclast-specific eQTL dataset and have
identified 32 eSNP-eGene associations for genetic variants recently identified as associated
with BMD. The eSNPs are enriched in predicted regulatory regions and several of the genes
that appear to be regulated by these variants present strongly as having a role in bone,
particularly IQGAP1, CYP19A1, CTNNB1 and COL6A3. Supporting evidence for many of
the associations identified in this study was obtained from publicly available eQTL datasets.
We have also generated strong evidence for the presence of a regulatory region on
chromosome 15q21.2 relevant to both the GLDN and CYP19A1 genes. These findings
19

highlight some of the genes that BMD GWAS variants likely influence, and the results from
this study will help to target future research in the area.
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Fig. 1. Flow diagram depicting the steps used to generate the genotype and gene expression
data used in the eQTL analysis.
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Fig. 2. Regional association plots generated using the eBMD association results from Kemp
et al.(12) and combined with the eQTL results for rs11637971 (IQGAP1) (A), rs11636403
(CYP19A1 and GLDN) (B), rs370387 (CTNNB1) (C) and rs58057291 (COL6A3 and MLPH)
(D). Genetic variants within 400kb of the lead variant are depicted (x axis) along with their
eBMD P value (–log10). Variants are colour coded according to their LD (r2) with the lead
variant (1000GP Nov 2014 EUR population). The recombination rate (blue line) and position
of genes, their exons and direction of transcription is also indicated.(52) Significant association
between the lead variants and expression of nearby genes is indicated by the red arrows and P
values, with the allelic effects on gene expression presented in the box-and-whisker plots.
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Fig. 3. Regional association plots generated for (A) eBMD GWAS association results from
Kemp et al.(12), (B) eQTL association results from this study for the GLDN gene and (C)
eQTL association results from this study for the CYP19A1 gene. The location of an
association signal for eBMD and expression of both the GLDN and CYP19A1 genes is
indicated by the red box.
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Table 1. Demographics of the study cohort
Demographic variable

Mean (SD)

Subjects (n)

158

Age (years)

57.2 (9.7)

Age (range)

30.5 – 69.8

Height (cm)

162.7 (6.2)

Weight (kg)

67.7 (13.0)

BMI (kg/m2)

25.6 (5.1)

Spine BMD (g/cm2)

0.94 (0.15)

Spine BMD T-score

-0.96 (1.34)

Total hip BMD (g/cm2)

0.84 (0.12)

Total hip BMD T-score

-0.80 (0.99)

Femoral neck BMD (g/cm2)

0.72 (0.11)

Femoral neck BMD T-score

-1.17 (0.96)

SD = standard deviation; BMD = bone mineral density.
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Table 2. eBMD variants significantly associated with expression of nearby genes in the osteoclast-like cells
Variant

Location

rs4589135
rs4360494
rs3790608
rs6680737
rs6680737
rs7516171
rs6547870
rs6761129
rs7578166
rs58057291
rs58057291
rs370387
rs6829296
rs6870556
rs4959677
rs757980
rs757980
rs283324
rs72767980
rs72767980
rs174574
rs7959604
rs11636403
rs11636403
rs11637971
rs2301522
rs62028332
rs4888151
rs2696264

chr1:26715223
chr1:37990219
chr1:112512401
chr1:118979008
chr1:118979008
chr1:210293587
chr2:28714735
chr2:43508574
chr2:71402911
chr2:237486836
chr2:237486836
chr3:41082493
chr4:1006350
chr5:31134730
chr6:2500586
chr7:28685919
chr7:28685919
chr8:69268016
chr9:127558278
chr9:127558278
chr11:61832870
chr12:1527963
chr15:51256547
chr15:51256547
chr15:90536631
chr16:309953
chr16:50991557
chr16:81525404
chr17:50255988

EA
C
C
A
A
A
T
C
T
C
A
A
A
G
A
C
A
A
A
T
T
C
G
T
T
C
G
A
C
A

OA
T
G
G
G
G
C
G
C
A
T
T
G
C
G
G
G
G
G
C
C
A
C
C
C
A
A
G
A
G

EAF eBMD β

Gene

0.42
0.57
0.13
0.45
0.45
0.20
0.60
0.10
0.64
0.24
0.24
0.56
0.39
0.58
0.51
0.73
0.73
0.25
0.15
0.15
0.62
0.06
0.49
0.49
0.70
0.71
0.13
0.71
0.18

PIGV
SF3A3
ST7L
WARS2
RP11-418J17.1
IRF6
TRMT61B
THADA
DYSF
MLPH
COL6A3
CTNNB1
DGKQ
C5orf22
SERPINB1
CHN2
CREB5
GS1-44D20.1
FAM129B
ZNF79
FADS2
RPS4XP14
GLDN
CYP19A1
IQGAP1
TMEM8A
SNX20
RP11-303E16.2
CACNA1G

-0.02
0.02
0.04
0.03
0.03
0.03
-0.02
0.04
0.02
-0.02
-0.02
0.04
-0.02
-0.02
-0.03
-0.04
-0.04
-0.02
0.03
0.03
-0.02
-0.06
0.03
0.03
0.03
-0.03
0.04
-0.03
0.03

Expression
4.22 ± 0.57
7.45 ± 1.01
1.35 ± 0.36
1.88 ± 0.33
0.38 ± 0.11
0.65 ± 0.38
4.67 ± 0.77
5.16 ± 1.74
4.95 ± 3.71
0.95 ± 0.87
1.16 ± 0.86
38.1 ± 5.32
4.44 ± 1.72
7.72 ± 1.29
36.3 ± 6.40
0.65 ± 0.32
0.41 ± 0.39
20.3 ± 6.84
99.2 ± 19.33
3.56 ± 1.03
21.1 ± 6.96
1.27 ± 0.58
0.05 ± 0.07
5.61 ± 5.31
66.3 ± 9.26
28.4 ± 4.18
12.7 ± 4.09
4.06 ± 1.29
0.04 ± 0.04

Distance to TSS P
-72249
-703
-108425
-161664
-161388
487411
-155567
-87473
-50811
1408
72460
-112344
19454
-397536
-341421
-436354
386596
138418
-20712
133904
39890
-230049
-85082
-82064
148413
-77161
310203
494634
-305080

3.40E-05
3.76E-04
9.94E-07
5.88E-04
3.97E-03
4.96E-03
1.91E-06
1.86E-03
2.61E-08
3.38E-04
3.35E-03
1.48E-02
5.81E-04
5.78E-03
2.49E-04
1.46E-02
3.57E-02
3.69E-02
7.92E-04
9.62E-04
1.17E-04
1.01E-03
3.17E-15
3.53E-11
9.60E-06
1.59E-04
7.52E-04
1.83E-03
1.43E-03

Slope*
-0.447
0.408
0.850
-0.379
-0.348
-0.409
-0.565
-0.598
-0.680
0.450
0.380
0.298
-0.358
-0.338
0.441
0.308
0.266
0.281
-0.523
-0.542
-0.438
-0.807
0.756
0.673
-0.540
-0.514
0.573
-0.381
0.455
30

rs2696264
rs2696264
rs2696264

chr17:50255988
chr17:50255988
chr17:50255988

0.18 0.03
EPN3
0.18 ± 0.53
-276555 1.54E-03
A
G
-0.438
0.18
0.03
ACSF2
7.84
±
1.97
-170170
A
G
1.87E-03
0.458
0.18 0.03
PPP1R9B
32.4 ± 4.36
105357 2.03E-03
A
G
0.435
EA = effect allele; OA = other allele; EAF = effect allele frequency; eBMD = estimated BMD; TSS = transcription start site; variant locations
derived from dbSNP build 150 (GRCh38/hg38); eBMD β values obtained from Kemp et al.;(12) expression levels are stated as mean RPKM ±
standard deviation. eQTL associations are significant using multiple testing corrected FDR of 5%.
*Slope of the linear regression between the variant and gene expression level (effect size).

31

