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abstract

background: The intimate relationship between bone and muscle is governed by 

various mechanical and biochemical interactions; regulated by a complex network of 

pleiotropic genes within common biological pathways. We aimed to assess pleiotropy 

between bone and muscle by performing a bivariate genome-wide association study 

(GWAS). 

Methods: We included 15 cohorts from populations across Europe, the US and Austra-

lia (Ntotal= 30,531). Total body BMD (TB-BMD; g/cm2) and lean mass (TB-LM; kg) were 

measured in all cohorts using DXA. Genetic variants were imputed to the Haplotype 

Reference Consortium (HRC) reference panel. Each cohort performed univariate  

GWAS adjusting for age, gender, height, fat percentage and principal components us-

ing 8,027,751 SNPs. After GWAS meta-analysis genome-wide significance (GWS) was 

set at P<5×10⁻⁸.

results: The univariate TB-BMD GWAS identified 18 signals all mapping to known 

BMD loci. Only four loci were associated with TB-LM, three of which were novel as-

sociations mapping to ZC3H11B (rs1810144-G, beta=0.06SD) SPEG (rs1810144-C, 

beta=0.05SD) and MYPN (rs12415105-G, beta=0.04SD). Both SPEG and MYPN have 

evidence from animal models for implication in muscle biology. Notably, the bivariate 

meta-analysis yielded 17 pleiotropic signals from 15 different loci mapping in or near 

MEF2C, XYLB/ACVR2B, PPP6R3/LRP5, LRP4 and SLC27A6 among others, linked with 

both bone and muscle biology.

conclusion: Our findings provide basis for future functional assessments aimed at 

unravelling biological mechanisms underlying complex bone-muscle interactions; 

with the potential of pin-pointing strategies for the joint prevention and intervention 

of osteoporosis and sarcopenia.
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introduction

The intimate relationship between bone and muscle is governed by various mechani-

cal and biochemical interactions. To begin with, bone and muscle precursors originate 

from the mesenchymal stem cells, go through well-orchestrated, multifaceted mecha-

nisms of cell proliferation and differentiation, and eventually give rise to bone or 

muscle tissue. The bone tissue begins to experience mechanical stimulations during 

embryogenesis with the start of the first muscle contractions; contributing to fetal 

bone development and growth. The mechanical stimulation and loading continues 

after birth and is pivotal for reaching peak bone mass in early adulthood and maintain-

ing bone mass later in life.1 At the same time, bone and muscle tissues release variety 

of endocrine, paracrine, and autocrine factors which influence the surrounding tissues 

or each other.2 All these mechanisms are regulated by complex network of genes that 

can affect either one or both tissues. Therefore, bone and muscle may share common 

biological pathways i.e. pleiotropy; a genetic variant that influences multiple traits.

Multitude genetic factors have been associated with the variation of bone and lean 

mass in the general population. Several of these loci such as MC4R, FTO and MGMT 

harbor genetic variants associated with both bone and muscle;3,4,5 indicating pos-

sible pleiotropy. However, simple cross-phenotype association is not an evidence of 

pleiotropy. Although pleiotropy is a challenging to be determine several approaches 

have been developed which can be generally classified as multivariate or univariate. 
6The former approach requires all individuals included in the study to have pheno-

type information of all traits of interest. On the other hand, the univariate approach 

combines summary statistics of single-trait GWAS. Combining summary statistics 

several genes have been proposed to have pleotropic effect on both bone and muscle 

traits such as METTL21C and GLYAT.7,8 However, these results are yet to be replicated 

in large-scale efforts and validated by functional studies. Recently, a large pediatric 

effort presented a novel gene, SREBF1, exerting opposite effects on total body bone 

and muscle mass.9 We have now extended this effort by including individuals across 

different age categories in order to identify novel genes affecting bone and muscle 

using much more powerful study settings.

subjects and Methods

study Populations
This effort included 15 cohorts from populations across Europe, the USA and Australia 

from the GEFOS consortium. The majority of the cohorts were of European ancestry 

with only two cohorts with admixed background (GENR and RAINE). In addition, two 
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out of the 15 cohorts were pediatric cohorts (GENR and ALSPAC). Each of the studies 

was approved by their local Medical Ethical Committee and only participants with 

written informed consent were included.

Phenotype assessment
Total body BMD (g/cm2) and total body lean mass (kg) were assessed in all cohorts 

using dual-energy X-ray absorptiometry (DXA). The pediatric cohorts used total body 

less head as recommended by the International society for clinical densitometry.

Genotyping and imputation
All cohorts used commercially available genome-wide arrays to genotyped their 

participants. All cohorts did pre-imputation quality control using already established 

protocols. SNPs were imputed to the Haplotype Reference Consortium (HRC) reference 

panel10 (build 37). The imputation was done using free imputation servers (Michigan 

or Sanger) and resulted in approximately 40,000,000 SNPs.

univariate Genome-wide association analysis
Each study preformed linear regression models for both BMD and lean mass adjusted 

for age, gender, height, fat percentage and principal components. For both traits re-

siduals were computed separately by sex while in the family studies sex was included 

as a covariate in the model. Prior meta-analysis quality controls (QC) was performed 

with easy QC.11 Genetic variants with low imputation quality (r2<0.3) or low minor 

allele frequency (MAF<0.01) were excluded. Each cohort was tested for possible 

spurious inflation by computing lambda and visual inspection of the QQ plots. Finally, 

all cohorts were combined using inverse variance weighted fixed meta-analysis in 

Metal.12 Genome wide significant threshold was set to 5x10-8. Independent SNPs were 

defined using clumping methods in Plink (parameters of --clump-p1 5e-8 --clump-kb 

500 --clump-r2 0.2).

Multi-trait analysis
Next, we preformed multi-trait analysis of genome-wide association summary statis-

tics using MTAG in order to boost statistical power to detect additional genetic loci 

from the univariate GWAS for each trait analyzed.13 The advantages of this method 

are that 1) statistics don’t need to come from independent efforts and overlap does 

not influence the results as it is based on the LD score repression which accounts for 

sample overlap, 2) it can included more than two traits and 3) it is computationally 

very quick. Finally, if a SNP is null for one trait but not for the other can lead to false 

positives however MTAG also account for this credibility.
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bivariate analysis
Finally we used the sum rank method, a novel approach, to test for possible pleio-

tropic variants influencing both BMD and lean mass.14 The sum ranking method is a 

simple statistical test that is based on the GWAS summary p-values which covert to 

an individual rank of every variant for a given trait and computes a final pleiotropy 

p-values and is robust to extreme values.

characterization and annotation of the Genomic Loci
First, for each of the lead SNP we evaluated the DNA features and regulatory elements 

in noncoding regions of the human genome using RegulomeDB.15 Next we used the 

CAAD tool to score the deleteriousness of the lead SNPs.16,17 The higher the score the 

more deleterious the variant is. We then searched the closest genes in the Mouse 

Genome Informatics (MGI) database to explore presence of musculoskeletal pheno-

types in mice mutants (http://www.informatics.jax.org).18 Finally, we performed eQTL 

analysis using the online GTEx database based on 54 non-diseased tissue sites across 

nearly 1000 individuals (https://gtexportal.org/home/).19

resuLts

univariate and Multi-trait analyses
In the univariate GWAS meta-analysis of TB-BMD 2,081 SNPs surpassed the genome-

wide significant threshold (Figure 1, upper half; supplementary table 1) which 

mapped to 18 different genomic loci. All discovered loci are known BMD loci and 

the top genetic variants mapped in or near WNT4 (rs10493013-C, beta=0.09SD), 

WLS (rs2566752-C, beta=0.05SD), EN1 (rs141795717-A, beta=0.21 SD), CSRNP3/

GALNT3 (rs6719426-G, beta=0.05SD), DGKD (rs7584554-G,beta=0.05SD), CTNNB1 

(rs7609599-G, beta=0.05SD), RSPO3 (rs4580892-T, beta=0.05SD), C7orf76/

SHFM1 (rs7787512-T, beta=0.06SD), CPED1/WNT16 (rs2908004-A, beta=0.10SD), 

TNFRSF11B (rs7014574-C, beta=0.05SD), MBL2 (rs7902708-G, beta=0.07SD), 

CCDC34 (rs60212556-C, beta=0.08SD), C11orf49 (rs79232684-A, beta=0.09SD), 

PPP6R3 (rs4752957-A, beta=0.07SD), TMEM135 (rs618926-C, beta=0.05SD), SP7 

(rs10747668-C, beta=0.06SD), FABP3P2 (rs9533094-A, beta=0.05SD) and MEOX1/

DUSP3 (rs66838809-A, beta=0.09SD). On the other hand, only four loci harbored GWS 

variants for TB-LM which mapped near or to ZC3H11B (rs1810144-G, beta=0.06SD), 

SPEG (rs1810144-C, beta=0.05SD) MYPN (rs12415105-G, beta=0.04SD) and FTO 

(rs56094641-G, beta=0.05SD) (Figure 2, upper half; supplementary table 1). Both 

meta-analyses did not show any inflation in the test statistics (supplementary Figure 

1a and 1b). In the multi-trait analysis, the genetic correlation between TB-BMD and 
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TB-LM was 0.40. Although moderate, no additional SNPs reached GWS for TB-BMD 

(Figure 1, lower half) while for TB-LM only one additional variant surpassed the GWAS 

threshold (Figure 2, lower half) which mapped to PPP6R3; known TB-BMD loci that 

have not been reported with TB-LM before.

Figure 1 | Miami plot displaying the univariate –log10 (P values) (top half) and multi-trait GWAS 
(MTAG) –log10 (P values) (bottom half) for the SNP associations with TB-BMD. Dashed red lines 
mark the GWS threshold (P < 5×10−08).

Figure 2 | Miami plot displaying the univariate –log10 (P values) (top half) and multi-trait GWAS 
(MTAG) –log10 (P values) (bottom half) for the SNP associations with TB-LM. Dashed red lines mark 
the GWS threshold (P < 5×10−08).
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bivariate analysis
The bivariate meta-analysis yielded 17 GWAS hits mapping to 15 different loci (table 

1; supplementary Figure 2a-p) Eleven variants were intronic and mapped to ZC3H11B 

(rs10779360-T), XYLB (rs1381798-A), SLC27A6 (rs7706547-C), PPP6R3 (rs7113287-

A), AMBRA1 (rs61882720-A), LRP4 (rs12806687-C), DNAH10 (rs10846578-C), UPF3A 

(rs2701321-A), DGKN (rs9590675-G), FTO (rs55872725-T) and EMP2 (rs56092102-G). 

The other six were intergenic mapping near SYPL2/PSMA5 (rs4970731-T, kb=13.64), 

MEF2C (rs254777-C, kb=5.10), RSPO3 (rs9491689-A, kb=41.15), SMOC2 (rs2609312-

C, kb=25.35), PACSIN3 (rs1976143-G, kb=17.52) and COL2A1 (rs11168357-G, 

kb=13.85). The top most significant locus (PPP6R3) displayed stronger association 

with TB-BMD and was only suggestive for TB-LM in the univariate GWAS analyses. All 

variants exhibited the same direction of effect on both lean mass and BMD.

characterization and annotation of the Genomic Loci
All of the lead variants had high RegulomeDB score (>=4) indicating that the SNPs 

are less likely to be functional, thus, do not affect gene biding and expression. Simi-

larly, all lead SNPs had low CAAD score; demonstrating they are not deleterious. In 

the MGI database only the Mef2c knock-out (KO) mice presented with both muscle 

and bone abnormalities such as dilated cardiomyopathy, abnormal skeletal muscle 

fiber type ratio, decreased bone length, abnormal trabecular bone morphology 

abnormal endochondral bone ossification among others. In addition, only the Sypl2 

and Rspo3 KO mice presented only with muscle abnormalities, whereas, Xylb, Smoc2, 

Lrp4, Col2a1, and Fto KO mice had only skeletal deformities. Finally, five of the lead 

SNPs (rs4970731, rs2609312, rs12806687, rs2701321, rs55872725) were cis-eQTL 

variants that can regulate gene expression (SYPL2, SMOC2, LRP4, CDC16, and FTO 

Figure 3 | Manhattan plot displaying the bivariate –log10 (P values) for the SNP associations with 
TB-BMD and TB-LM. Dashed red and yellow lines mark the GWS threshold (P < 5×10−08) and sugges-
tive threshold (P < 1×10−6), respectively.
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respectively) in skeletal muscle tissue. However, the variants also showed significant 

eQTLs in other tissues such as lungs, testis, thyroid and skin.

discussion

We performed a large scale bivariate GWAS between TB-BMD and TB-LM including 

up to 30,000 individuals and discovered 15 loci harboring variants associated with 

both TB-BMD and TB-LM. The top variant at the 5q14.3 locus mapped near the Myo-

cyte enhancer factor–2C (MEF2C) gene that have been previously linked to various 

aspects of bone and muscle biology. On top of this we also identified other genes 

with potential pleiotropic effects such as XYLB, PPP6R3, COL2A1 and FTO. Finally, our 

univariate TB-LM GWAS yielded three novel lean mass associated variants mapping to 

1q41 (ZCH311B), 2q35 (SPEG) and 10q21.3 (MYPN).

The 5q14.3 locus harbored the strongest pleiotropic signal (rs254777-C) which 

maps near MEF2C (5.10kb). This gene belongs to the MEF2 transcription factor family 

which encodes four muscle-specific transcription factors: Mef2a, -b, -c, and -d, that 

regulate different aspects of skeletal, cardiac and smooth muscle cell growth and 

differentiation.20,21 In mice, Mef2c is the first expressed gene during embryogenesis 

from the mef222 and it is crucial for myocardiogenesis and morphogenesis23. The 

mef2 factors are expressed in all developing muscle cell types22 and are important for 

muscle fiber differentiation, elongation and fusion;24 thus, may influence muscle mass 

variation in the general population. The loss of Mef2c and Mef2d proteins causes a 

defect in myofibrillogenesis and sarcomere formation.25 Notably, in matured muscles 

the mef2 factors have been associated with improved skeletal muscle regeneration 

after muscle injury;26 fortifying the important role of the MEF2 family in muscle 

biology. MEF2C is also a known BMD locus27,28 which was suggestive GWAS signal in 

our univariate TB-BMD GWAS. In mice, it has been shown to promote chondrocyte 

hypertrophy and bone development.29 Furthermore, MEF2C also controls the corti-

cal expression of Sfrp2 and Sfrp3 (WNT inhibitors) and it is vital for adequate Sost 

expression;30 important regulator of bone formation. Nevertheless, the increased 

bone mass in Mef2c mutants is not directly related to the reduced Sost expression.30 

Overall, mutations in the MEFC2 gene lead to both impaired muscle and bone struc-

ture. Elucidating the underlying pathways may be crucial for preventing and treating 

osteoporosis and sarcopenia simultaneously.

Another interesting pleiotropic region is the 11q13.2 locus harboring GWAS vari-

ants mapping to the PPP6R3 gene which are also in high LD (r2>0.8) with variants 

from the LRP5 gene region. The PPP6R3/LRP5 region is a known BMD locus and have 

been associated with both bone and lean mass in children.28 LRP5 is an important WNT 
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co-receptor and it is involved in bone formation and mechanotransduction.31 Muta-

tions in the LRP5 gene case autosomal recessive osteoporosis-pseudoglioma syndrome 

characterized by infancy-onset vision loss and severe juvenile osteoporosis32 but also 

muscular hypotonia and ligamentous laxity.33 However, the exact effects of LPR5 on 

muscle mass remain unknown. Furthermore, on chromosome 11 there is additional 

locus (11p11.2) that harbor four possible pleiotropic genes such as LPR4, AMBRA1, 

PACSIN3 and DDB2. The LRP4 gene is an important mediator of the SOST-dependent 

inhibition of bone formation.34 In addition, LRP4 is essential for neuromuscular junc-

tion (NMJ) formation and maintenance.35 Mutations in this gene have been associated 

with i) Cerani-Lenz syndrome characterized by syndactyly and oligodactyly of the 

fingers and toes with malformations of the forearm bones and lower limbs36 and ii) 

Myasthenic syndrome characterized by failure in neuromuscular transmission result-

ing in increased fatigue and generalized muscle weakness.37 Next, AMBRA1 is a known 

BMD gene and the top SNP is in LD (r2>0.8) with variants mapping to the surrounding 

genes also related to BMD and variety of neurological traits. The third lead SNP in this 

locus was intergenic mapping between the PACSIN3 and DDB2. Both genes have been 

previously related to total body and heel BMD.28,38 The exact mechanisms of action of 

these genes on bone and muscle are yet to be determine.

The 1p13.3 GWAS signals are intergenic and map between the SYPL2 and PSMA5 

gene regions that have been previously associated with glomerular filtrationrate,39 

human intelligence40 and BMI41. The lead SNP from this locus is in strong LD (r2>0.8) 

with variants mapping to the SORT1 gene that has been recently linked with variation 

in appendicular lean mass42 and variants mapping to the MYBPHL gene which have 

been associated with increased risk for cardiomyopathy and arrhythmia in humans.43 

This gene is mainly expressed in heart ventricles,43,44 whereas, its paralog MYBPH is 

highly expressed in skeletal muscles only43,44. Several GWAS variants also mapped 

to the XYLB gene. The lead variant from this locus is in moderate LD with variants 

mapping to the ACVr2B gene. This gene encodes the activin type 2 receptor protein 

and it is part of the TGF-beta superfamily of signaling proteins. Administration of 

soluble form of ACVR2B in wild-type mice leads to substantial increase in muscle 

mass by up to 60%45 as well as increase in bone and muscle mass in a mouse model of 

osteogenesis imperfect46 and in dystrophic mice.47 In addition, mice lacking ACVR2B 

and ACVR2A demonstrated sustained increases in trabecular bone volume.48 Next, the 

top signal in 5q23.3 is located in the vicinity of the SLC27A6 gene which encodes 

several members of the fatty acid transport protein family. Importantly, this gene is 

part of the PPAR signally pathway. Par is an important regulator of bone turnover in 

both mice and humans.49 On the other hand, PPARα is expressed in skeletal muscles 

in both humans and mice and its activation in rare cases (<1%) may lead to muscle 

weakness, muscle pain and even breakdown of muscle.50 Furthermore, RSPO3 may 

Shared Genetics between BMD and Lean mass 11



also have pleiotropic effects on both bone and muscle. This gene is a well-known BMD 

and fracture risk; however, it has not been associated with muscle mass before. What 

we know so far is that the Rspo3 protein promotes angioblast, vascular and cardiac 

development.51,52 Similar, the top variants from the 6q27 locus mapped to the SMOC2 

gene which have been also implicated in angiogenesis. Mutations is this gene have 

been related to Dentin Dysplasia.53 DNAH10 have been previously associated with 

appendicular lean mass42 and BMI.54 There is no evidence for association with BMD 

or other bone phenotypes. On the other hand, the COL2A1 gene located on 12q13.11 

is a well-established bone region. In addition, the lead SNP from this region is in a 

moderate LD (r2>0.6) with SNPs associated with appendicular lean mass.42 COL1A1 

is relevant for the production of type II collagen which is found primary in the bone 

cartilage but also in the muscle tissue among others. Mutations in this gene are 

characterized by variety of skeletal phenotypes such as achondrogenesis type II and 

hypochondrogenesis.55 Two additional pleiotropic signals mapped on two distinct loci 

on chromosome 13. The signals on 13q14.11 maps to the DGKH gene which has been 

associated with glomerular filtration rate56 and height.57 Now we also show evidence 

for its possible implication in bone and muscle mass variation. Notably, its paralog 

DGKD have been associated with bone density and calcium levels among other 

traits.28,58 The second locus 13q34 contained the UPF3A gene which is involved in 

both mRNA nuclear export and mRNA surveillance. Its effects on bone and muscle 

tissue are still unknown. Last but not least chromosome 16 also harbored two loci 

with possible pleiotropic effects. On 16q12.2 the GWS variants mapped to FTO a well-

known obesity gene which have been also related with both BMD and muscle mass in 

previous GWAS efforts;3,38 indicating that FTO may be important link between bone, 

muscle and fat tissue. Finally, the signals on the second locus (16p13.13) mapped 

near EMP2 a known heel BMD gene38 that have not been related to any muscle trait till 

date. Notably, this gene is a positive relator of the vascular endothelial growth factor 

A (VEGF). Interestingly, we discovered several genes related to vascular development 

and angiogenesis. Given bone and muscle tissue are highly vascularized, these genes 

may play important role in osteo- and or myogenesis.

Our univariate analysis for TB-BMD yielded 18 loci that have been previously re-

ported by large GWAS efforts.27,28,38 Notably, we identified three novel loci associated 

with TB-LM which have not been previously reported. The most significant variant on 

locus 2q35 mapped to SPEG (Striated muscle preferentially expressed protein kinase) 

which encodes a protein similar to the members of the myosin light chain kinase 

family and it is required for myocyte cytoskeletal development.59 Mutations in this 

gene have been associated with centronuclear myopathy which is characterized by 

muscle weakness and wasting60 and often occur due to interaction between SPEG and 

myotubularin (MTM1). In addition, Speg-KO mice were weaker and smaller compared 
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to their wild-mice controls.61 Next, we also identified the MYPN (Myopalladin) gene 

as novel muscle-related gene which have been previously associated with cardiomy-

opathy and nemaline myopathy.62 MYPN is relevant for the interaction between the 

sarcomere and nucleus in cardiac and skeletal muscles.63,64 In the MGI database Mypn 

mice-KOs are characterized by abnormal myocardial fiber morphology, abnormal 

cardiac muscle relaxation, abnormal intercalated disk morphology, abnormal Z line 

morphology, and myopathy.

Our study is the largest bivariate GWAS meta-analysis that have been done so 

far on TB-BMD and TB-LM providing adequate power to detect loci with pleiotropic 

effects. In addition, we used a novel rank-based approach to detect these pleiotropic 

variants and our findings should not be biased by strong association with one of the 

phenotypes; producing false positive results. Finally, both TB-BMD and TB-LM were 

measured using the same technique (DXA) and each study used the same scanner. We 

cannot rule out possible false positive findings. Replication and functional studies 

need to confirm and further characterize our findings. Currently we are working on 

embarking meta-analysis using individual level data in order to prove more robust 

evidence of pleiotropy.

In summary, through bivariate genome-wide association study we were able 

to provide strong evidence for genetic overlap between TB-BMD and TB-LM in the 

general population. Our findings provide basis for future functional studies aimed 

to unravel the biological mechanisms behind the complex bone-muscle interaction; 

bring us one step closer to the joint prevention and intervention of osteoporosis and 

sarcopenia.
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supplementary Figure 2 | Regional association plots for each of the genome-wide signifi cant loci 
1p13.3 (a), 1q41(b), 3p22.2 (c), 5q14.3 (d), 5q23.3 (e), 6q22.33 (f), 6q27 (g),11q13.2 (h),11p11.2 (i, 
j, k),12q24.31 (l),12q13.11 (m),13q34 (n),13q14.11 (o),16q12.2 (p), 16p13.13 (q) 
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supplementary Figure2 | Regional association plots for each of the genome-wide signifi cant loci 
1p13.3 (a), 1q41(b), 3p22.2 (c), 5q14.3 (d), 5q23.3 (e), 6q22.33 (f), 6q27 (g),11q13.2 (h),11p11.2 
(i, j, k),12q24.31 (l),12q13.11 (m),13q34 (n),13q14.11 (o),16q12.2 (p), 16p13.13 (q) (continued)
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