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Large meta-analysis of genome-wide associati
studies identifies five focilean body mass

M. Carola Zillikens et*al.

Lean body masspnsisting mostly sifeletaimusclejs important for healthy aglg.

performed a genome-wide association studwforle body (20 cohorts oEuropean

ancestry with n = 38,292) and appendicular (arms and legs) lean body mass (n = 28,330)
measured using duanergy X-ray absorptiometry bioelectricalnpedance analysis,

adjusted for sexge,heightand fatmass.Twenty-one single-nucleotide polymorphisms

were significantly associated with lean body mass e@heme wide (p < 5 %816r
suggestively genome wide (p < 2.3% Replication in 63,475 (47,227 &uropean

ancestry) individuals from 33 cohorts for whole body lean body mass and in 45,090 (42,360
of European ancestry) subjects from 25 cohorts for appendicular lean body mass was suc-
cessfufor five single-nucleotide polymorphisms in/near HOANBIIAMTSL3IRS1,

and FTO for totdean body mass and for three single-nucleotide polymorphisms in/near
VCAN,ADAMTSL3and IRSTor appendiculdean body mas®ur findings provide new

insight into the genetics of lean body mass.

Correspondence and requests for materials should be address¢dnailkiRKahsl.harvard.edu)
#A fullist of authors and their affliations appears at the end of the paper.
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ean body massonsistprimarily ofskeletaimusclejs organs, appendicular lean mass, estimated by DXA and BIA, r
an importantontributoto physicaktrengthmobility, be a better reflectionskéletamuscle mass24 To identify
stamina, and baldntaend has been a very recent fogenefic lo@ssociated with whole body and appendicular lean
an effort to define “sarcopenia” (loss of muscle tissue) fioasdimécperformed a large-scale GWAS meta-analysis in over
care and drug developfm&hé determinants of adult skel@f4],000 participants from 53 studies yielding sufficient powe
muscle mass have not beercherldcterizdtis knownfor identify common variants with @mabderate effect sizes.
examplghatexercise produces increases in muscl@maass,
there is some evidence that protein intake is directly afesudtted
with lean massHeavier people have increased musde n&WAS meta-analysedor discovery and replication.
which may be due to the loading effect of increased fatDesdpiionand characteristio$ the studypopulationfn
may reflect a common genetic background between mtiseléiscalergtageand the replication stagee shown in
adipose tisSud/ith aginghere is a progressive loss of sk&dapgllementary Tables 4 and 5 and Supplementaryh¢ote 2.8.
muscle masad a concurrent increase in fatty infiltratioagendf the participants ranged from 18 to 100 years. In the G
fibrosis of muscldis loss of muscle mass may reach a cdiicalvery setpomprising 38,292 participémtsvholebody
pointat which time functionieipairmerdnd even disabilityean mass and 28,330 participants for appendicular lean mas
occur® In factthe annudlealthcare costs of sarcopenia irathebstantiatxcesof low p-valuexompared tathe null
United States are estimated to be in excess of 18 billiodigtilausion wasbserved aftegenomicontroladjustment
As estimated from family and twin stukias,masss a  of the individusiiludies prior to meta-anaNgsis: 1.076 and
highly heritablephenotypewith heritabilityestimate®f M;c= 1.075for whole body and appendiculalean mass,
0.52-0.6811 While there have been previous studies relagmbtoively (Supplementaty Fig.
the genetic backgrounBMf and fatmassfew studies have Meta-analyseasereconducted usinthe METAL package
searched for genes associated with fatPid<sTo date, (www.sph.umich.edu/csg/abecasis/Mietastd the inverse
no single-nucleotide polymorphisms (SNPs) have been Vauiath¢e weighting and fixed-effectmodel approach.
be associated at a %enome-wide significance level witlSl@aplenasatafable 1 showsthe genome-widsignificant
(p-values < 5 81819 A copy number variation located (BWS) and suggestiusGWS) resultsin the discoverget.
the GREM1 genewas reported tobe associated with leanFor whole body lean masspbserved one GWS result in/near
body mass in a genome-wide association study (GWASHSDIGB/L1 and 12 sGWS results (in/near VADAMTSL3,
Chines®. Guo et al?identified in 1627 Chinese and replitREd¢FTO (two SNPsYJOV1IOHMCN1,RHOC,FRK,AKR1B1,
in 2286 European ancestry individuatsjs near CNTF andCALCR,and KLF12For appendicular lean noassresult was
GLYAT genesat 11g12.1 in a bivariate GWAS fbone-size GWS (intronic SNP in PKIBand seven were sGWS (in/near
phenotypes and appendicular lean mass. Most recentIWiGANSADAMTSL3, HSD17B11, IRS1, FRK, TXN, and CTNNA3).
of Japanesavomenthe PRDM16 genavassuggested to be We selected 21 associations (13 for whole body lean mass -
associated with lean fhass for appendicular lean nebstabf 16 discovery SNPs with 5
With the advent oflatively simpileexpensive methods 8NPs overlapping between the two phenotypes) (Supplement
measuring the fat and lean compartments of the body Teddte Huad conduet replication study in a €33 cohorts
energy X-ray absorptiometry (DXA) and bioelectrical inqgpedprisiang up to 48,125 participarEsmipean desceior
analysis(BIA), multiplecohort studieshave accumulatedwhole body lean mass and 43,258 participants for appendicul
phenotypic information on body composition that permliéstangasBoth in silico replication and de novo genotyping for
scaleGWAS to be performedihile wholebody lean massreplicatiorwas conductedTable 1 showsthe resultsfor
incorporates alf the non-fat soft tissue including the inteur@essfully replicated SNPs in participants of European ance

Table 1 Results for the successfully replicated SNPs in discepécation and combined sample

SNP ID Chrom Position Closest Allele %> EAF  Discovery (n = 38,292 Replication EU Combined EU
gene (n=47,227) (n =85,519)

Beta SE p-value Beta SE p-value Beta SE p-value

Whole body lean mass

rs2943656 2 226830162IRS| A/G 0.38 —0.170.03 2.5 x I§ —0.13 0.03 8.0 x I¥ —0.14 0.02 1.5 x 1d}

rs9991501 4 88477507 HSD17B11 T/C 0.04 —-0.610.01 2.9 x I§ —0.26 0.08 1.9 x I8 —0.39 0.07 5.8 x I

rs2287926 5 82851164 VCAN A/G 0.12 0.24 0.05 8.6 x I¥ 0.15 0.04 85 x Id 0.19 0.03 7.5 x 19

rs4842924 15 82378611 ADAMTSL3 T/C 0.52 —-0.170.03 1.4 x I6 —0.08 0.03 3.9 x I —0.12 0.02 1.4 x 18

rs9936385 16 52376670 FTO T/C 0.61 —-0.170.03 1.1 x1® -0.11 0.03 1.6 x 16 —-0.140.02 1.4 x 18
SNP ID Chrom Position Closest geneAllele Y2 EAF Discovery (n = 28,330Replication EU Combined EU

(n = 42,360) (n=70,690)

Beta SE p-value Beta SE p-value Beta SE p-value

Appendicular lean mass
rs2943656 2 226830162IRS1 A/G 0.38 —0.10 0.02 1.1 x19 —0.06 0.01 2.2 x I8 —0.07 0.01 2.9 x 130
rs2287926 5 82851164 VCAN AIG 0.13 0.14 0.03 8.1 x 1 0.08 0.02 3.5 x ¥ 0.10 0.02 4.5 x I
rs4842924 15 82378611 ADAMTSL3 T/C 0.52 —0.09 0.02 1.2 x 16 —0.05 0.02 1.6 x I8 —0.06 0.01 5.0 x I®

All results reflect analyses in participants of European ancestry

No significant heterogeneity was observed at a = 0.00625 (0.05/8)
Only mildzheterogeneity was indicated in two associations for whole body lean mass when using an uncorrected threshold of a = 0.05,2FG4¢90363 35 (Pl ZBLDA&A991501
(p = 0.047= 31%)

All results were adjusted for the following covesigdgeheight and fat mass (kg)
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Table 2 Tissue-specific regulatory-element enrichment analyses of the GWAS loci (GWAS SNPs and SNPs in LD wjith the GV
SNPs)

SNP ID In/near SNP functional Coding variant Number of p-valu@ of tissue-specific regulatory element enrichment &njalyses
gene role function by SNPs in L3 in five tissueh
Polyphen2
Skeletal Smooth Fat Brain  Blood Gastrointestinal
muscle muscle tract
rs2943656 IRS1 Intergenic 86 0.14 0.38 1x I3 0.04 082 1
rs9991501 HSD17B11 Exonic missensdenign 1 NA® NA NA NA NA NA
(Arg283GlIn)
rs2287926 VCAN Exonic missens@ossibly damaging 1x1d 1x10 1x1¥ 1x1d 1 0.98
(Gly428Asp)
rs4842924 ADAMTSL3 Intronic 87 1xI0 1xI0 1x1d 1x10 1 0.23
rs9936385 FTO Intronic 91 0.78 0.38 0.49 0.45 1 0.51

aSNPs in LDnumber of SNPs in LB #r0.8 and MAF = 184ased on CEU samples in the 1000 Genome Project) with the lead GWAS SNP in each locus
Minimum p-value permutation tests: this analysis included all SNPs in LD with the GWS lead SNPs. Multiple testing correction was done by the minimum p-value permutation test. P
<0.05 are considered as statistically significant.

Enhancers and promoters (regulatory elements) in 25 chromatin states (retrieved from HapbRRg 4 redtadaded)within active regulatory elerdedisg promoter upstream TSS,
promoter downstream T§Sdmoter downstream TSSahscribed and regulatory (promgteahscribed preferentiaind enhtranscribed Breferentiaind entranscribed and weak

enhancegctive enhanceritive enhanceraztive enhancer flam&ak enhancemieak enhancergrimary H3K27ac possible enhguised promotand bivalent promoter

dSee Supplementary Note 2.6 for description of human primary cells and tissues that were included in each tissue group

&We did not perform enrichment analysis on rs9991501 because rs9991501 has no other SNPs in LD to obtain overlapping regulatory elements

includingthe discoveryphase,replicationphase,and the anthropometric traits for the IRS1 (hip circumference (HC), w:
combined results. circumference (WQYAN (hip ratioWC adjusted for BMI,

For wholebody lean masgopint analysi®f the discovery waist to hip ratio adjusted for BvilJ,the ADAMTSL3 locus
and replication cohorts successfully replicated five SNPheigtehip,and WC with the association becoming more sig-
HSD17B11YCAN, ADAMTSL3, IRS1, and FTO (p-values nificant for hip and waist adjusted fof BMigplicated FTO
between 1.4 x88nd 1.5 x 1®and lowerthan discoverySNP was very significantly associated with BMI (52f2.7 x 10
p-values)Threeof thesefive SNPs (located in/nea¢CAN, ~and significantly associated with HC (p = ®3and@C
ADAMTSL3, and IRS1) were also successfully replicated(pp=val3ez?pin the same direction as the lean mass associa-
between 5 x"8and 2.9 x 1¥ for appendiculdean mass. tion (i.ethe higher lean mass allele was associated with highe
None of the eight replicated associations (five for wholedlady ehdnthropometric traits).
three appendicular lean mlaad)significariieterogeneity at

a = 0.00625 (0.0B#hferroni-corrected for etghts)Only  Annotation and enrichmeanalysis ofegulatory elements.
mild heterogeneityas indicatedn two wholebody lean Among five replicated SNB9991501 (HSD17B11 locus) and
massSNPs when using an uncorrected threshotd=f0.05:rs2287926 (VCAN locuafe missens&NPs. rs2287926 was
FTO (p = 0.01B,= 34%) and HSD17B11 (p =18:881%). predicted as possibly damaging to the protein structure and/c
For appendiculdean massp-valuedor heterogeneity werginction by PolyPhed® Sincethe remaining GWAS SNPs
>0.05 for dihree replicated SNPs. . are non-codintp estimate whether these SNPs are located in
_ Supplementary Table 1 shows the resultsffartalipantsreqgulatoryelementsin  specifichuman tissue/celtypes,
including those obn-European descastwellResults wereywe performed a tissue-speaiigulatory-elememirichment
similarshowinglow heterogeneitysing “transethnimeta- analysis using experimental epigenetic evidence including D!
analysis” (MANTR&for inclusion of both cohorts of EuropggBrsensitisétes,histonemodificationsnd transcription
ancestryand replicationcohortswith Asians or African factor-binding sités human cellinesand tissuefrom the
Americansieterogeneity probability values were below BNTODE Project and the Epigenetic Roadmap Project. As shov
allreplicated SNPs both for whole body and appendiculagy 188l 286 SNPs were in high LB=r0.8) with the GWAS
massFurthermoran this combined analysésccepfor the |ead SNP rs2943656 at the IRS1 locus. The SNPs in this locus
VCAN locusjog o Bayesfactors were >6.0 and p-values W@&ein high LD were enriched in enhanceestimated by
smaller than those found in European-only ancestry anglygifaHMM! (permutation p-values <&f@5: multiple test-
~Additionalanalysestratifiedby sex failed to identify jnhg correctiongspecially enriched in fat and brain tissues,
significant sex-specific associations or evidence of an iRrafrERAletal mustiepoth musdiood and gastrointestinal
between SNPs and sex (Supplementary Table 2 and Suprlef®Rues in the ENCODE and Roadmap projects. Although
tary Note 1). Similarly,we also found no evidencdor |RS1 |ocus was not specifically enriched with skeletal muscle
heterogeneity between measuteaterijue8IA vs DXA;  enhancerthe lead SNP rs2943656 isdete IRS1 locus was
Supplementary Table 3 and Supplementary oy e actually located within a histone mark-identified promoter in
failed to replicate previously reported candidate genesfguiesieletamusclesampleand a histonemark-identified
mass (Supplementary Note 2.4) enhancein severamusclesample¢such asmusclesatellite
cultured cells, fetal skeletal muscle, skeletal muscle myoblast
Association with other anthropometric phendtypesked skeletahuscle myotubes (Supplementabydfigs7))Based
for associations between the lead SNPs in the five repliaatdo:lposition weight matrices (PWMs) score from Chip-seq :
and other reported anthropometric phenotypes from thatl@AN&quencing resources, rs2943656 was found to possibly
Consortium (Supplementary Tabi&30There were no sigregulatory motifeluding Irfoxo,Soxand Zfp105 in skeletal
nificantassociations (p < 0.05) between the SNP in HSDhIiB&I® tissues with a PWM score p-valueod4x 132
and any reportedphenotypesihe allele associateavith For the ADAMTSL3 locus, the GWAS lead SNP rs4842924 we
greater lean mass was associated with lower vae@rasusflocated in a histone mark-identified enhancer in smooth mus
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tissues (Supplementarylfigsmd 12Jhe promoter/enhanceonsortiufi~22Four novel GWS loci for lean mass phenotypes
enrichment analysis in the ADAMTSL3 locus showed sidraftmamngADAMTSL3, VCAN, HSD17B11and IRS1 genes
enrichments skeletamusclesmooth musclétand brain have biologic effecispporting theiole in skeletamuscle.
tissuedut not in blood and gastrointestinal traciAtitbeedlthough the functioriavolvememif the ADAMTSL3 gene

FTO locusa few SNPs in high LD with the GWAS lead SNR, disintegrin-like and metalloprotease domain with thrombos
rs228792@iere located within a groupeohancers thate pondin type | motifs-like 3) remains unknown, it has been shc
not muscle tissue-specific (Supplemenidjthegeformo to be consistently associated withhadgifin large human
significant enrichment was found in any tissues listed isafalplé®including individuals of African ante$trg gene

is expressed ubiquitousigluding in skeletauscle buthe

lead GWAS SNP in this locus was msignificantly associated

expression quantiatve loaeQTLS analyses on the v SXpression SOANTELS I ary afe issues examped.
replicatedGWAS SNPs r529_43656|:s999150}552287926, his gene and lean mass could be a reflectiorlddmetric
rs4842924nd rs9936385 with transcripts within 2 tie ot o oo\ chin between muscle mass/size andbsidy@iaar
SNP position in sI_<eIeta_1I mu_scle tissues as well as In su %@@Séﬁere adjusted for lieigiptausible thét variation in
adiposegmentadiposdiver tissugymphocytemd primary

. ; . ADAMTSL3 is associated with muscle masslidifactin a
osteoblasttobtainedrom bone biopsies)Rs993638was recentstudythatidentified classe$ potentiallyegulatory

?assﬁgﬂtggr%”ﬁggg iﬁjT_Sféo(nstnpzm?&;gs#ae&g;.th enomic elements tévat enriched in GWAS lothe height
However, in sequential conditional analysis, upon addi N % egfjfsr?gjte;;g%sggg%:ggﬁ?iecﬂ In ﬁDNAZ?aigres

lead FTO eQTL SNP (rs116498&dqgciation p-value with F el " t>k/1' | n both skeletain gl dy
geneexpression = 5.17%}10s993638%as no longersig- %%Thmreni?celg I;:'/1vhiclﬁ r?m;l;/sll\%t ?uIIySsSpepc?rt Léchjr?iaqnue role of -
nificantlyassociated (p = 0.1@)ereass11649091 remaine nly skélehajscle tissue.

significantly associated with FTO gene expression(h = exi. L . . .
SNP rs11649091 could nbe imputed usingur HapMap ers:lgn (VCAN) plays a role in intercellular signaling and in

: . . e nectingellswith the extracellulanatrix,which also is
gg?vljéaetr']opsﬁ?;ggg?ss%elgg ir::])it havsezgzsol C&%t'c.’l.?]ées%ortant for the skeletal minselestinglyCAN facilitates

. . p Y- . drocyte differentiation and regulates joint mofShogenesi
T allele 0fs99363858ssociated with reduced lean mass i Eg

Expression quantitatiteait loci. We queried existings-

present studyas significantly associated with lower FT erefore haswiderrole in the musculoskeldtablth.

. . AS SNP in the HSD17B1llocuswassignificantly
gﬁg@i?g{;:ﬁ‘éﬁ!{;; Ehge) ngf—(sgrgdﬁgbg%eerg?:;ae?aﬁmg ssociated with the HSD17B11 gene expression in skeletal m

IRX3 and IRX5 expression in skeletadcle tissues, recent f ydroxysteroid17-beta)dehydrogenasel (HSD17811)

reports have implicated GWAS SNPs associated with obt’i%g%%%m steroid biosynthaais,mostelevanto muscle
h

intron 2 of the FTO gene as being associated with IRX3 rlbutesgoluzdaJndrog_en fatak%ﬂl.'c pr.éttessﬂ;_}h.ntot ith
gene expression in %%énd adipose tissi8NP rs9936385 nown abolibw variants in this gene associate with
was not significantlgssociated with IRXand IRX5 gene sex-hormone related human phenotypes, androgen metabolis

expression in skeletal muscle tissues. For missense SNIS(;i %I;/ai)egrlver of muscle tissue anabolism and catabolism.

. Lo o . FTO locusyariantsn the FTO genewhich is
in the HSD17B11 loausignificant association with HSD1 -
gene expression was found in skeltetstle from the GTExZ N to regulate postnatal growti3maniedeen found to

project (p = 1.4 3 10here were no significant GWAS SNE%Iﬁ]slsoaated with adiposity/bbasityelated traiiach as

; ; } e metabolicyndrome/type diabetesand even with
;Z?fggr]rrlm_gdwwh thione;thusconditionanalysewere not o4 4a Apart from its role in adipositywo recent can-

As shown in Supplementary Tablddr0GWAS lead SNP didate gene stud&éPs in FTO were found to associate both

rs2943656 in the IRS1 locus, significant eQTLs with theﬁfﬁ}g@(ﬁ@e”ved fat and lean¥hasl in onethe associa-

SO - . n mass wasly slightly attenuated aftemizds
?;;lreessizn;%&rgfenggt(n%—‘4-6>arid)subcutaneous fat tis3Uistmett similar to our results using fat mass-adjusted lean

: . . . : massAlso,FTO knockoumice have been shown to have not
Finally we found no evidence thfferentiadxpression of g ;
our five replicated gends young vs old musclebiopsies only reduced fat mass, but also decrease ifi3dRecemibs,

obesity associated non-coding sequences in the FTO gene we
(Supplementary Note 2.7 for methods and results). found }clo be functionally conngcte%l to the nedmyw%,

directly interacting with the promoters of thisugeresting

Discussion obesity SNPkcated inside the FTO gene may regulate gene
In this first large-scale GWA meta-analysis study for leaaxprassion other than FDOr GWAS lead SNP rs9936385 in
thatincluded mosgif the cohortsvorldwide with lean masshe FTO locuswasin LD with the obesity GWAS SNP and
phenotypewe identified and successfully replicated fivdda@t&d in the same haplotype. A denser fine-mapping study
loci (in/neatHSD17B1 1 CAN, ADAMTSL3,IRS1,and FTO sequencing dhe FTO locuswith a betteresolution wilhe
genesfor whole body lean maaad three ofhese (in/nearhelpfuln narrowing down the FTO region to identify potential
VCAN, IRS1, and ADAMTSL3 genes) for appendicular leaausaigariant(s)lhe actuafunction ofthe variantand the
both important for sarcopenia diagnosis. underlying mechanisms of FTO’s involvement imekeletal

This study contributes to a better understanding of théobaglpgyill need to be further elucidated by in vitro and anin
underlying inter-individwagiation in muscle mabwx;e lean experiments.
body mass consists primarimudcle mass (especially in th&he other body composition-related gene that was successt
extremitiegenetic determinants of lean body mass cameptibated is the insulin receptor substrate 1 (IRS1), which be
studiedspecificallpy usinganthropometrimeasuresuch to the insulin signalingathway and participateggrowth
as heightwaistcircumferenchip circumferences; BMI, hormone and adipocytokine sighaling patBesgebeing
as evidenced by our finding of associations between gervetieXpressed in adipocyR&s] is also highly expressed in
and lean mass that were not observed in results from thlee@isiTuscfe IRS1 polymorphisnisavebeen associated
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with fastinginsulin-relatetrait8® adiposify and serum analysedVe examined potentiak differences in the genetic
triglycerides/HDL choledteénir GWAS lead SNP rs2943656sociationkean massis a highly heritabldrait and the
wasassociated with IRS1 gesxpression in skeletaluscle heritabilitys of similarmagnitudén both gendefé: 30
obtained from th6TEx projectinterestinglpnothelSNP, No formalnteraction test between SNP and sex was significan
rs2943650ear IRS1 in high LD with our lead SNPAB54) for any of theseSNPs. Thus, our findingsdo not support
was previously found to be associated with percent bodyfatubstiatiaex-specifigenetidinfluencdor any of the
opposite direction from the associatiowdHatd with leansuccessfully replicated lean r8dk%s. We cannotrule out
mass3 The body fapercentage decreasing allele in this shedgossibility théte reported GWS SNRere false-positive
was associated with lower IRS1 expression inardeniiad findingslthough the chance of such false positives is extreme
cutaneous ¥atAnother study reported an association betoweetue to the robustnessreplication in ouwell-powered
SNP in high LD (rs2943641) with IRS-1 protein expressistudyithere are also other limitations to ouBstadyge lean
insulin-induced phosphatidylino3#®H kinaseactivityin mass is correlated with fat mass, we adjusted for fat mass to
skeletamuscle® Also rs2943656 wassociated with obesigur search on genes contributing to lean mass indegfendent
traits in the GIANT Consortium; the allele associated wittogeeetgulating fat mass. A potential limitation with this stra
lean mass was inversely associated with obesiEyrttadts.of adjusting for fahass is thathe power to identify genetic
understanding of the potential functional effects of thesigmalsawtth a similar impact on lean and fat mass will be redu
in the IRS1 locus are needed to determine whether thepMéwamrthelesthe FTO signal was found to be significantly
pleiotropic and opposite effects on fat and lean tissue. 3bsosatadisvith lean mass after fat adjustment and the direct
true for variants in the FTO locus for which the allele thatisvassociation was the same as the associationmeith. fat
associated with greater lean mass was previously repoBieddé@mhdrogens have a major ingpaatuscle mass,is a
associated with greater fat mass. limitation of the present study that the X chromosome, harbo

From the currereQTL data analysige have no definitivehe androgen receptmmewasnotincluded in the present
evidence that the non-coding GWAS SNPs (or variants imbtgkanalysfnother potentialeakness this study is our
LD) functionally influence gene expresdi®1gifiSD17B1, decision to meta-analyze body composition tesnutswo
and FTO in skeletaluscleUse ofa larger reference pdioel differenttechniqueéBIA and DXA). Neverthelesd)e two
imputation in the GWAS sampled analysis ddirger tissuemethods are highly correlated (r = 0.83 for Framingham coho
expression data sets coupled with conditapsils wilielp participantgnd by combining them power to detect GWS loci
revealif underlyindunctionabssociationsxist.It should was greatly enhanced.
be emphasized thaith the currendata we are nadible to  In conclusioin this first large-scale meta-analysis of GWAS,
determine which SNPs may be funaiahilis possible thatve GWS variants in or near the HSD17B11, VCAN, ADAMTSL.
the identified lean mass variants are not driving the aslR&igainth$TO genes were found to be robustly associated witl
with expressiddsing ENCODE and Epigenetic Roadmap dedia,body mass. Three of these loci were found to be significa
we found that the GWAS SNPs (or SNPs in LD with thesersifsd in enhancers and promoters in musclggedténg
weresignificantlgnriched in thepredicted geneegulatory that our signals have a potdntiationalole in muscl@®ur
regions (in our caeahancers) not only in sketatatlehut findings shed light on pathophysiological mechanisms underl
also in smooth muscle, fat and brain tissues. With the deerpharity variation and potential complex interrelations betw
of lean mass phenotywes;annot rule out the possibility thatgenetic architecture of muscle mass, fat mass, body heig
these genes are involved in regulating lean mass biologyet&abtibe disease.
sues other than skelatacle.

Using results from the ovemetia-analydise percent varyeth d
|ance eXpIa'ned by the SUCCGSSfU”y rep“cated SNPS Waﬁ@j;&gmary\[e focused on two phenotfﬂ)kwhom body lean m@s’
and 0.16% for whole body and appendicular |leess passappendicular lean messthese two phenotywesperformed a genome-wide
tivelyEstimates were slightly higher when we used indigkﬂ@;@'ﬁa'éSi;:ifntf:spcliiicsgggﬁrzoi%hrgsrt(ss(t%igﬁ)elg g;/eg gﬁ;ﬁgzlgiﬁi&s genc
level data from the Framingham Study cohorts (percent atio
CXPIEIne oF 0197% o 0.S55 for Whale hady an sppAASARayey and epcation oo (Supplemetiayipisiample
lean massrespectivelylhis relativelyymallpercentagef results are based on the ~85,000 individuals of European descentsn 47 studie
explained variance is dissimilar to other body compositis pre-specifidécause whole body and appendicular lean mass are correlate
measures such as bone makenslty of the femoratifor et mast N, anales e sdusted o e potente conoune
which 6,3 SNPs e),(plamed 5.8% of the%ﬁ:a,emmate thegenes contribu'ting to lean mass indgpgndent of those of body height and fat r
proportion of variance for lean mass explaingdrimtygbled

SNPs across the genome In Framlngham StUdy pamelpg{&tdsy populatiofihe Stage | Discovery sample comprised 38,292 individuals of

applied a GREML .mOchplemented in the GCTA padgag@uropean ancestry drawn from 20 cohorts with a variety of epidemiological de
with the assumption thalt 550K genotyped SNBaptured and participant characteristics (Supplementary Tables 4-6 and Supplementary
=80% ofthe common sequence variance in the Framindfe&e? 8MWhole body lean mass was measured using DXA (10 cohorts,

P i @?‘S_ 074) and BIA (10 cohorts17,21&)f the 20 cohoris consisted
StUdy participants who are Caucasians of EuropeaNen 0 meg ' and female subjetif 2 had male and 3 had female subjects only.

estlmat_ed thabe proportion PﬁNhOlebOdY lean masand In totaghe cohorts included 22,705 women and 15,3®pendicular lean
appendicular lean mass variance explained by all genogy4gedasNttmated in 28,330 subjects from a subset of 15 cohorts (9 using D
together was 43.3%2(3E6) and 44.2% S&%), respectivedpd 6 using BIA).

(after adjustmeit ageag%, sexheightand fatmass)sug- Subjects from 33 additional studies were used for replication with a total sal

. : ™ i 63,475 individ@flshese 63,475¢ majority was of European ancestry
gesting most of the heritability of lean mass was not d%ﬁ&?éﬂﬁin 27 cohatg),the remaining 16,248 were of African American,

the currenstudy due to the limitationstafdy design (onlysouth Asian, or Korean ancestry (Supplementary Table 4). Al these 33 cohorts
common variants in this study). This percent variance igasiroil ahdte body lean rassng theml6 studies had DXA measurements
the 45% of the variance explained for height using*this(me2Rdd8) and 17 studies had BIA measurements (fweRByFA).

: : f : cohorts had data for appendicular lean mass of 43@80 individuals
Becauseof the substantiatexualdimorphism in body (16 cohorts, with DXA (n = 23,718) and 9 with BIA (n 02ih2ga)2,360

composition with men having higher muscle mass compagfi MIEDs cohorts) were of European ancestry and the remaining 2730 of
womefft we performed both sex-combined and sex-stratifies American and Korean descent. Our a priori aim was to perform replicat
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in cohorts with European subjects only and to explore if adding non-Etgeﬁ@grping that did not have data available at the time afisbeviertial

cohorts would increase power or show ewd_ence pf _heterogenelty due ‘Pf@mnésméplementary TabRe?novo replication genotyping was done using:

The Stage Il Replication included cohorts with existing GWAS data thakwryScience Allele-Specific Polymorphism (KASP) SNP genotyping system

unavailable at the time of the Stage | Discovery, and cohorts who agrepddprmeermers AGES, CAIFOS,DOPS cohortsTagMan (METSIM),

de novo genotypifly studies were approved by their institutional ethicq|fgMiey OmniExpress + lllumina Metabochip (PIVUS and ULSAM),

committees andgalticipants provided written informed consent. or Sequenom’s iPLEX (WHI) (Supplementary Table 8). Samples and SNPs that c
not meet the quality comtitéria defined by each indi\dtludy were

; ; ; excludedMinimum genotyping quality-coaritelia were definedsa call
Lean mass measuremerifsan mass was measured @otadirts using either t§p>e(%9?{° and Hardy-Weinberg equilibrium g% 1 x 10

DXA or BIA. DXA provides body composition as three materials based &
X-ray attenuation properbi@se minerdipid (triglyceridgfhospholipid
membranestc.) and lipid-free soft tisawezach pixel on the DXA sttaege ) . ) ) -
three materials are quanEfiethe cohorts with DXA meaghreghenotype Meta-analysis of replication and discovery stunig replication stage,
used for these analyses was the lisioftfégsue compartment that is refeffgl-analyzed results fibnindividuals of European descent only (Rep-EUR);
to as lean massid is the sum of body wateteinglycerobnd soft tissue 2" (2) alteplication cohorts W|th_mult|ple ethnicities (ReélpeMlise
minerahassTwo lean mass phenotypes werenrsale: body lean mass and'e meta-analyzed results from discovery cohorts and European-descent-only
appendicular lean niBise. latter was obtained by considering only pixeld §Rfgation cohorts (“Combined EUR") from discovery cohortplaratiat .
arms and legs collectivedich has been demonstrated to be a valid meaS® 5"’ § (“Combined All"). To investigate and account for potential heterogene:
skeletahuscle mads inaflelic effectg_between stweiedso performed “trans-ethnic meta-analysis”
Some of the cohorts estimated body composition using BIA, which rét88 oty IRA%in the replication sample that inclueédrai groups .
geometrical relationship between impedangtHZLpnd volume (V) of anl ReP- .I gnd in the ctJ”rnblneq ana|y§|s of the discovery and all ethnic groups
electrical conducatapted to the human bddyprresponds to the volume B¢ replication sample (“Combined All”). - .
fat-free mass (FFM) and L to the height of theZsisbjechposed of the pure A successfadplication was considerdd)ithe association p-value in
resistance (R) of the conduttefFMand the reactance ($oduced by §ne cumulative-meta-analysis (Combined EUR) was genome-wide significant
the capacitance of cellular membissuesinterfaces and non-ionic tissuedP < 5 xIPand less than the discovery meta-analysiop{2altte:
Z2= R+ X2 A variety of BIA machines were used by the various cohor sociation p-value in the meta-analysis of replication-cohorts only (Rep-EUR)
(summarized in Supplementary Tabled5)) some cohottse specific ess than p = 0.0024 (a Bonferroni-adjusted threshold at p = 0.05/21 since th_e
resistance and reactance measures were not available because the m rFE 21 tests performed for whole body and appendicular lean mass ir
provided only summary output onFiFMRIA cohorts with specific resistanged coRorts during replication). Using the METAL package we also estima
and reactance measwesised the validated equation from KAwith @in 1<to quantify heterogeneity and p-values to assess statistical significance for a

R2 of 0.95 between BIA and DXA to calculate the appendicular lean m&d<eight associations that were replicated in the cumulative-meta-analysis
PP combined EURye SNPs for whole body and three for appendicular lean mass).

To estimate the phenotypic variance explained by the genotyped SNPs

Stage 1: genome-wide association analyses in discovery Gdrmtgping in the Framingham Heart Study (Ri¢S)sed a restricted maximum likelihood
and imputatioBenome-wide genotyping was done by each study on a vaoid: lemented in the GCTA (Genome-wide Complex Trait Analysis) tool
platforms following standard manufacturer péiatibfscontrelas per- packagé~8and adjusted for the same set of covariates included in our GWAS.
formed independently for each Soudyilitate meta-analgsish group Finallywe examined associations between all imputed SNPs in/near five gen
performed genotype imputation with IFPMTBACH>4software using ~ (THRH,GLYAT, GREM1,CNTF,and PRDM16 including 60 kB up and
HapMap Phase Il release 22 reference panels (CEU or CHB/JPT as apprdpmatgyeam of the gene) and learasidssse genes have been implicated to
Overallmputation quality scores for each SNP were obtained from IMPbi@Ee associations with lean mass in previous associdiot? studies
(“proper_info”) or MACH (“rsq_hd2&kails on the genotyping platform used,
genotype quality controtedures and software for imputation employed for
each study are presented in Supplementary Table 6. Annotation and enrichment analysis of regulatory elefoerdsding

Study-specific genome-wide association analyses witmleaohnsasdy, variantsve predicted their function by PolyHiverall variantse annotated
a multiple linear regression matlehdditive genetic effect was applied tBQesttialegulatory functions of our replicated GWAS SNPs and loci based on
for phenotype-genotype association using ~2.0 to 2.5 million genotyp@tPgranentapigenetic evidence including DNAse hypersensitistesées,
imputed autosorf#llPs.Other covariates adjusted in the imddded modifications, and transcription factor-binding sites in human cell lines and tis
ancestral genetic background, sex? dgsghgedat mass measured by thefbo@ythe ENCODE Project and the Epigenetic Roadmapverfijstiselected
composition device (kg) and study-specific covariates when appropriafN&gdn th LD fe= 0.8) with GWAS lead SNPs based on the approach of
clinicatenter for multi-center cohfdjsstment for ancesbealkground was Trynka et Pwe then identified potential enhancers and promoters in the GWA!
done within cohorts using princdwaponent ana|y5e5 as necessary. loci(GWAS SNPs and SNPs in LD with the GWAS SNPs) across 127 healthy
Furthermordor family-based studieduding the Framingham SR, human tissues/normelllines available in the ENCODE Project and the
UK-Twins, Old Order Amish Study and the Indiana ciamoittatelatedness Epigenetic Roadmap Project from the HaploReg4 wétd bsovgser ]
was taken into account in the statistical analysis within theiflddiners BghromHMML To evaluate whether replicated GWAS loci were enriched with
mixed-effects models that specified fixed genotypic and covariate efféeguai®® elements in skeletal muscledipsugrmed a hypergeometric test.
random polygenic effect to account for éamélations (the R Kinship Specifically we tested vyhethgr es_,tlmated tlssue-speuflc promoters and enhan
package; http://cran.r-project.org/web/packages/) in the Framingham StGdi/ARlogus were enriched in eight relevantrakelgeatissues/teks vs
GenABEP®in the ERF and UK-Twins cohotB3; the Mixed Model Analysis f@nrichment in non-skeletal muscle tissues (119 tissucBfeefidimasiation .
Pedigrees (MMAP) program (http://edn.som.umaryland.edu/mmap/ind&&ishm)nimum p-value approach was performed to correct for multiple testing.
the Amish cohort; and GWAF, an R package for genome-wide associatReiransajiar p-values <0.05 were considered statisticallyrsigpdfttant.
with family data in the Indiana &8hort we also performed enrichment analyses in smooth muscle fadstiesjeells,

Meta-analyseNleta-analysasere conductedising the METAL package brainblooq cells and gastrointesta|tissuethe eighF skelel@uhscle
(www.sph.umich.edu/csg/abecasisMietassd the inverse variance relevar_\t tissues/cells were e>_<c|uded \_/vhen co.nductlng enrichment anglyses for
weighting and fixed-effect model apPricado. meta-analysie, filtered out othgr t|§sug typ'E}se'detallled information for tissue types and chromatin state
SNPs with low minor allele frequéhdy (<1%) and poor imputation qualif‘?t'mat'on is described in the Supplementary Materials.
(proper_info<0.4 for IMPUTE and rsq_hat<0.3) and applied genomic control

correction where the genomic cpatesheter lambdg-JWwas >1.0. . . . . .
We used quantile-quantile (Q-Q) plots of obseexpdared -lgg cis-eQTL. We conducted cis-eQTL analyses on the five replicat&NBNVS loci,

(p-value) to examine the genome-wide distribution of p-values for sign§4943656999150852287926:4842924nd rs9936388th gene expression

excessive false-positive raaltgnerated Manhattan plots to report gen¥fii@in 2 Mb of the SNP position. A linear regression model was applied to exan

wide p-valuaggionaplots for genomic regions within 100 Kb of mits?ss_ouatlon.s bet\_/veen SNP and gene expression. The eQTL ana)lgllses were perfi

forest plots for meta-analyses and study-specific results of the most st with available human skakefel tissuéscludingsTEX,

associations threshold of p < 5 X3Mds pre-specified as being genome-wid$RIDE™ a study with chest wraliscle biopsies from patients who

significant (GWS), while a threshold of p €@vaswied to select SNPs foderwent thoracic surgery for lung and cardla‘é“,ctlseafslelﬁnd—Umteq

replication study (suggestive genome-wide sa@\NERNt, States Investigation of NIDDM Genetics (FUSIONY, St study of Pima
Indian®® In additioneQTL analyses were also conducted in studies with other
human tissuésgcluding subcutaneous adiptementaddipokd 8 liver

Stage 2: replicatiom each GWS or sGWS locws, selected the lead SNP tissu®’ lymphocyt®sand primary osteobld¢tbtained from bone biopsies).

with the lowest p-value for repli¢atémditionGWS or sGWS SNPs that had’hese five GWAS SNPs were either genotyped or imputed in edttesample.

low-linkage disequilibrium with the lead SNPs (LD < 0.5) were also seldetadddrmethods are described in the SupplementariMMéai@edkssting

replicatiomBoth in silico replication and de novo genotyping for replicativasveasrected by using false discovery rate (FDR g-value <0.05) to account fo

conductedh silico replication was done in 24 cohorts with GWAS SNP cpigirs of SNP-gene expression analyses in multiple tissues and studies.
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