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A bstract429

L arge consortiahave revealed hundredsof genetic lociassociated w ith anthropom etric430

traits,one trait at atim e.W e exam ined w hethergenetic variantsaffect body shape asa431

com posite phenotype that isrepresented by acom bination ofanthropom etric traits.W e432

developed an approach that calculatesaveraged P Cs(AvP Cs) representing body shape433

derived from six anthropom etric traits(body m assindex,height,w eight,w aist and hip434

circum ference,w aist-to-hip ratio).T he first fourAvP Csexplain >99% ofthe variability,are435

heritable,and associate w ith cardiom etabolic outcom es. W e perform ed genom e-w ide436

association analysesforeach body shapecom positephenotypeacross65 studiesand m eta-437

analyzed sum m ary statistics. W e identify six novelloci: L EM D2 and CD47 for AvP C1,438

R P S 6KA5/C14orf159 and GAN AB forAvP C3,and AR L 15 and AN P 32 forAvP C4.O urfindings439

highlight the value ofusing m ultiple traitsto define com plex phenotypesfordiscovery,440

w hicharenotcapturedby single-traitanalyses,and m ay shedlightontonew pathw ays.441
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IN T R O DU CT IO N442

L arge-scale m eta-analysesof genom e-w ide association studies(GW AS ) have identified443

num erouslociforanthropom etrictraits,includingm ore than 600 lociforheight1-3 and over444

160 lociforobesity-related outcom es,predom inantly forcom m only available traitssuch as445

body m assindex (BM I)2 and w aist-to-hip ratio (W HR )4,5,butalso forbody fatpercentage6 ,446

childhood obesity7 and extrem eand early onsetobesity7-9.W hileGW AS -m eta-analyseshave447

successfully revealed new loci,so far,all these studieshave focused on one single448

anthropom etrictrait at atim e and m ay not adequately capture differencesin body shape449

betw een individualsw ho are sim ilarin one trait but different in others. Forexam ple,tw o450

individualsm ay havethesam eBM I,buttheirW HR and/orheightcandiffersubstantially,so451

that each hasadifferent body shape,w hich m ay translate into differencesin disease452

risk10,11. S everallociidentified from previoussingle-traitGW AS on BM I,BM I-adjusted W HR453

(W HR adjBM I)and height are associated w ith m ore than one anthropom etric trait1,2,4,12.For454

exam ple,the locinear M C4R and near P O M C/ADCY3 are each associated w ith BM Iand455

height. How ever,the BM I-increasing allele of the near-M C4R locusisassociated w ith456

increased height,w hereasthe BM I-increasing allele of the near-P O M C/ADCY3 locusis457

associated w ith reduced height1,2.T hus,these lociare likely each associated w ith am ore458

com prehensive body shape phenotype that isnot captured by current GW AS that only459

consideranthropom etrictraitsindividually.460

In recentyears,severalapproacheshave been developed to exam ine w hetherS N P s461

influence m ultiple correlated traitsassociated w ith disease13,14.How ever,m ostapproaches462

testphenotypesseparately and arethussubjecttom ultipletestingpenaltiesthatultim ately463

reduce the statisticalpow erto detectgenotype-phenotype relationshipsam ong correlated464

traits.O ne w ay forw ard isto apply adim ension reduction m ethod to the traitsofinterest,465
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such asprincipalcom ponent analysis(P CA)that com binesm ultiple correlated traitsinto a466

set of uncorrelated outcom es(P Cs)15,16. T hism ethod isvery appealing to capture a467

com posite phenotype,such asbody shape.T o date,no large-scale GW AS m eta-analyses468

have been reported that aim to identify geneticlociassociated w ith body shape based on469

sim ultaneousanalysisofm ultipleanthropom etrictraitsusingP CA m ethods.470

T herefore,the purpose ofourstudy w astw ofold.First,w e aim ed to capture body471

shape in itsm ulti-dim ensionalstructure using principalcom ponents(P Cs) from several472

com m only available anthropom etrictraits.T o allow the m eta-analysisofsum m ary statistics473

acrossalarge num berofcohorts,w e developed an approach that calculatesaveraged P Cs474

(AvP Cs)that robustly represent body shape acrossaw ide range ofstudies.S econd,using475

thisapproach,w e aim ed to identify geneticlociassociated w ith body shape based on the476

AvP Csin65 studiesoftheGIAN T Consortium ,including>170,000 individuals.477

478

R ES U L T S479

DefiningCom positeP henotypesofBody S hapeinaM eta-A nalysisS etting480

Asbasisforouranalysisofbody shapew eused six anthropom etrictraits:BM I,W HR ,height,481

w eight,hip and w aist circum ference.First,w e perform ed separate P CA in asubset of20482

large population-based studies (up to 82,355 individuals, S upplem ent T able 1) and483

com pared the loadingsofthe anthropom etric traitsin each P C betw een studies. Visual484

inspection ofP CA loadingsshow ed high concordance acrossstudies(S upplem entary Fig.1)485

and betw een m en and w om en.Betw een-study variation in variance explained by the P Cs486

w assm all(S upplem entary Fig.1,S upplem entary T able 2).O n average,the first fourP Cs487

explained m ore than 99% percent ofthe variance (Figure 1,S upplem entary T able 2),and488

w ere therefore pursued asbody shape outcom esforourgene-discovery effort.Given the489
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across-study stability ofP Cs,w e derived averageloadingsthatw ere calculated asw eighted490

m eansofloadingsfrom all20 population-based studiesthatw ere analyzed in thisstep.W e491

used theseaverageloadingsto calculateaverageprincipalcom ponents(AvP Cs)astargetsin492

each ofthe GW AS included in the first and second stage.In otherw ords,the phenotypes493

used forgenom e-w ideassociationw ereconstructed inaconsistentw ay acrossstudies,such494

thatthesum m ary statisticscouldbem eta-analyzed.495

Each AvP C representsaspecific com position ofthe six anthropom etric traitsand496

thuscapturesaspecificaspect ofbody shape (Figure 1).T he first AvP C,w hich explainson497

average 64.4% ofthe variation in alltraits,show shigh loadingsforalltraits,except for498

height. T he loadingsare in the sam e direction; m eaning that the AvP C capturesinter-499

individualvariation in either increased or decreased BM I,w eight,W HR ,hip and w aist500

circum ference. T herefore,variation in thisP C seem sto predom inantly capture overall501

adiposity. T he second AvP C,w hich explains18.5% of the variation,ischaracterized by502

particularly high butopposite loadingson heightand W HR .In otherw ords,AvP C2 captures503

variationinacom positephenotypethatrepresentstallindividualsw ithasm allW HR ,orvice504

versa,shortindividualsw ith alarge W HR .T he third AvP C,explaining13.8% ofthe variation,505

also show spredom inantly high loadingson heightand W HR butin the sam e direction,w ith506

an opposite loading ofnearly the sam e size on hip circum ference.Given these loadings,507

AvP C3 discrim inatesm ainly betw een tallindividualsw ith ahigh W HR resulting from a508

sm allerhip circum ferenceon oneextrem eand shortindividualsw ith low W HR ,and alarger509

hip circum ference on the otherextrem e.T he fourth AvP C explainson average 3% and is510

harderto interpret.Itdisplayshigh loadingsonBM Iand body w eight,and oppositeloadings511

ofasim ilarsize on hip and w aistcircum ference.T hese could be interpreted asaphenotype512

rangingbetw een high BM Iand w eight,w ith relatively sm allhip and w aistcircum ference on513
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the one hand and low BM Iand w eight but large w aist and hip circum ference on the other514

hand.515

Consistent w ith the individualanthropom etric traits,the fourAvP Csthat describe516

body shape are also heritable.U sing datafrom fourisolate populations(n = 4,000),w e517

estim ated that AvP C2 hasthe highest heritability (75-80% ),consistent w ith the fact that518

height isthe m ain contributing trait to thisAvP C w ith astrong genetic com ponent 1.T he519

heritability ofAvP C1 (35-50% ),AvP C3 (50-75% )and AvP C4 (25-50% )w ere m oderately high520

and sim ilarto the heritability forindividualanthropom etrictraits17 (S upplem entary Fig.2).521

From aclinicalperspective,each ofthe fourAvP Csexhibit know n correlationsw ith cardio-522

m etabolic traits(S upplem ent Fig. 3),including diastolic blood pressure,systolic blood523

pressure,totalcholesterol,low -density lipoprotein cholesterol,high-density lipoprotein524

cholesterol,andtotaltriglycerideslevels.525

526

Genom icDiscovery ofBody S hapeCom positeP henotypes527

W e perform ed atw o-staged m eta-analysisto identify geneticlocithat are associated w ith528

the fourAvP Cs(S upplem entary T able 3,S upplem entary T able 4).In the firststage,am eta-529

analysisof43 studiesw ith im puted genom e-w ide S N P dataincluding m ore than 133,000530

individualsidentified S N P sin 385 lociacrossthe fourAvP Cs(56 lociforAvP C1,205 for531

AvP C2,89 forAvP C3,and 35 forAvP C4)thatshow ed prom isingassociation (p-value < 5x10-532

6)foratleastoneofthefourAvP Cs(Figure2,S upplem entary Fig.4).L eadS N P s(and proxies;533

see M ethods)ofeach locusw ere taken forw ard forvalidation in asecond stage,including534

datafrom m ore than 39,900 individualsfrom 22 studiesofw hich 12 studieshad genotypes535

from theIllum inaCardioM etabochip and 10 studieshad im puted genom e-w ideS N P data.In536

the com bined analyses,consisting ofthe first and second stage studies,the association of537
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207 ofthe 385 locireached genom e-w ide significance (p-value <5x10-8)(31 forAvP C1,124538

for AvP C2,45 for AvP C3,and 7 for AvP C4) (Figure 2,Figure 3,S upplem entary Fig. 4,539

S upplem entary T able 6),ofw hich 16 lociw ere identified fortw o AvP Csand one show ed540

significant association w ith three AvP Cs(S upplem entary Fig. 7,S upplem entary T able 5)541

resulting in atotalof189 lociw ith association to atleastone AvP C.T o determ ine w hether542

the lociw e identified w ere independent ofthe locipreviously found forBM I,W HR adjBM I543

and height,w e perform ed conditionalanalyseson S N P sreported in previousGIAN T -GW AS544

publicationson BM I,W HR adjBM I,and height1,2,4,5,18,19.A locusw asconsidered independent545

ofreported findingsifthe p-value in the analysesconditioned on allpreviously identified546

locirem ained suggestive (p-value <5x10-6).In total,183 locihad already been established547

forBM I,W HR adjBM Iorheight (Figure 3,S upplem entary Fig.7),w hereassix locihad not548

previously been identified forassociation w ith conventionalanthropom etrictraits;tw o for549

AvP C1,tw o for AvP C3 and tw o for AvP C4 (T able 1,local association plotsgiven in550

S upplem entary Fig.5).Forthese six novelloci,the resultsofthe lead S N P sw ere checked in551

previously perform ed GW AS m eta-analyseson anthropom etricand cardio-m etabolictraits552

(S upplem entary T able7).553

554

R esultsforA vP C1555

For AvP C1,w e identified 31 genom e-w ide significant loci,of w hich tw o w ere novel556

(upstream of L EM D2 and CD47). O f the 29 previously established loci,24 have been557

associated w ith BM Ionly18,3 w ith height only1,3,w hile tw o locihave been reported for558

associationsw ith both BM Iand height3,18 (Figure 3A).W hile both novellocishow ed som e559

evidence ofassociation w ith BM Iin the latest GIAN T -GW AS (n >339,000;p<7.2x10-3;T able560

1),they did notreach genom e-w ide significance.T he lead S N P (rs943466)7kb upstream of561
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to L EM D2 hasbeen reported tobeassociated w ith expression ofL EM D2 in liver(p=1.66x10-562

9)20,21.Anothervariant in L EM D2 (rs2296743 at 8kb from ourlead S N P rs943466; r2=0.2,563

D’=1.0)w aspreviously reported foritsprom ising association (p-value = 8x10-6)w ith energy564

intake at dinnerin asm allGW AS of815 Hispanicchildren22.T he lead S N P (rs7640424)for565

thesecondnovellocusw aslocated inanenhancerregion10kbupstream ofCD4723,24,w hich566

encodesam em brane protein thatm ightbe involved in signaltransduction and m em brane567

transport25.N o genom e-w ide significant associationshave been reported forthe lead S N P568

orotherS N P sin the CD47 gene before23-25.How ever,arecentstudy revealed alinkto diet-569

induced obesity inm iceand suggestsCD47 asapotentialdrug-targettocom batobesity and570

m etaboliccom plications26,27.571

572

R esultsforA vP C2573

ForAvP C2,w e identified no novelloci.Alm ost all(n=122)ofthe 124 lociassociated w ith574

AvP C2 had previously been identified for height1 (Figure 3B),w hich isconsistent w ith575

AvP C2’shigh loadingsonheightand oppositeloadingson W HR .O fthese122 loci,103 w ere576

reported for association to height only,w hereasof the 19 rem aining loci,four w ere577

previously associated w ith height,BM Iand W HR adjBM I,tw o lociw ere reported forheight578

and BM I,and 13 locioverlapped w ith height and W HR .T he tw o AvP C2 locithat did not579

associatew ithheightw erepreviously identifiedforW HR adjBM I19.580

581

R esultsforA vP C3582

W e identified 45 locithatreached genom e-w ide significance forAvP C3,ofw hich tw o w ere583

novel.Consistent w ith the loadingsofAvP C3,43 ofthe associated locihad been reported584

before forheight1 orW HR 4,19 (Figure 3C).T he lead S N P ofthe firstnovellocusrs7492628,585
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upstream ofthe genesR P S 6KA5 (> 20kb)and C14orf159 (>30kb),failed to reach genom e-586

w ide significance in previousW HR adjBM I GW AS (p-value =9.3x10-8) and w asnom inally587

associated w ith extrem e obesity risk(p-value=7.26x10-5)28.T he lead S N P ofthe othernovel588

locus,GAN AB,rs7949030,show ed som eevidenceofassociation w ithW HR adjBM Iin thelatest589

GIAN T GW AS (p-value=3.3x10-6)and w asreported to be an eQ T L forseveralothergenes21:590

Inm onocytes,regulationofM IR 3654,EEF1G,EM L 3,BS CL 2,HN R N P U L 2-BS CL 2,L R R N 4CL w as591

found29-31. BS CL 2 isof interest,asit isa know n candidate gene for the m ost severe592

lipodystrophy phenotype32.In blood rs7949030 w asfound to be an eQ T L ofHN R N P U L 2-593

BS CL 2,AHN AK,L R R N 4CL and IN T S 533,34,w hileinskinand adipocytesitw asfound asaneQ T L594

forEM L 330,31,35.595

596

R esultsforA vP C4597

S even lociw ere identified forAvP C4,ofw hich five had been previously reported;one for598

BM Iand height,one forW HR and height,one forheight only and tw o forW HR only1,3,4,36599

(Figure 3).T he lead S N P softhe tw o novellociidentified w ith AvP C4 w ere both intronic,in600

AR L 15 and AN P 32.T he allele associated w ith increased AvP C4 ofthe lead S N P (rs4865796)601

in AR L 15 w as m oderately associated w ith higher BM I (p-value=1.6x10-4), increased602

adiponectin levels (p-value=4.2x10-6 ADIP O GEN 37) and decreased risk of diabetes (p-603

value=1.8x10-5,DIAGR AM 38). T hisS N P w asassociated w ith fasting insulin (rs4865796,604

p=2.1x10-8 and 2.2x10-12 afteradjustm ent forBM I39).O thernearby S N P sin high L D,have605

previously been reported for associations w ith BM I-adjusted adiponectin levels606

(rs6450176/rs4311394,r2=0.087,D’=0.8737,40),HDL -C levels(rs645017641,42)and riskoftype607

2 diabetes(rs702634,r2=1.0 ,D’=1.038). A duplication in AR L 15,tagged by rs16992296)w as608

previously found to be associated w ith increased riskofchildhood obesity in European and609
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African Am ericans43.How ever,thisduplication isindependent ofthe association w e found610

forrs4865796-AR L 15 and AvP C4,w hich isin low L D (r2EU R = 0.065)w ith the duplication611

(represented by rs16992296),located 168kb upstream .T he lead S N P (rs7855432) ofthe612

second locus,AN P 32B,w asm oderately associated w ith height(p-value=5.5x10-6)1.A S N P in613

high L D (rs4743150 r2= 0.95,D'= 1.0) w asreported to be prom isingly associated w ith614

coronary heartdiseaserisk(p-value=5x10-6)44.615

616

DIS CU S S IO N617

W e developed a P CA-based approach to capture variation across m ultiple traits618

sim ultaneously inauniform w ay acrossm ultiplestudies.R esultingAvP Csarearobustcross-619

phenotype representation allow ingtheiruse in large-scale m eta-analyses.W e assessed this620

approachtocapturebody shapebased onsix individualanthropom etrictraitsand identified621

six novellocithat w ere not identified before in m uch largerGW AS -m eta-analysesforBM I,622

W HR adjBM I and height1,2,4.O urfindingssuggest that the body shape com posite phenotype,623

assessed by AvP Cs, represents inform ation that is not fully captured by individual624

(anthropom etric)traits.Application ofthism ethod to otherrelated traits,e.g.in im m une625

disease,different typesofcancer,cardiom etabolic traits,orothercorrelated traitsm ight626

com parably revealnew loci,and potentially new pathw ays,thathavenotbeen identified in627

single-traitGW AS .628

629

T heAvP Csarecom binationsofdifferentanthropom etrictraitsandthereforecapture630

m ore com plex body shape phenotypesthan the single traits.AvP C1,representing overall631

adiposity,and AvP C2,representing height w ith respect to W HR ,are the m ost im portant632

contributorsto body shape,explaining on average m ore than 80% ofthe variation.M ore633
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specificbody shape typesw ere captured by AvP C3 and AvP C4 and w ere defined by im pact634

ofheightand W HR (AvP C3)orBM I,w aistandhip(AvP C4).O urinitialanalysesdem onstrated635

that the loadingsare stable acrossstudies,study designs,and betw een m en and w om en.636

M oreover,w e have show n that the AvP Cs are heritable traits and correlated w ith637

cardiom etabolictraitsand riskfactors.638

639

T o furtherdem onstrate the strength ofthisapproach,w e com pared totalvariance640

explained ofsingle traitsand AvP Csby S N P spreviously identified in single-trait GW AS (for641

BM I,W HR adjBM I,height1,2,4. For exam ple,the 97 loci that have been reported for642

associationinthelatestBM Isingle-traitGW AS (N ~ 340,000)explain8.7% ofthevariationin643

AvP C1,w hereasthey explained only 2.68% ofthevariationinBM I2.T hesedataindicatethat644

our P C-defined phenotype for overall body size (AvP C1) capturesa m ore com posite645

phenotypecom pared toBM Iasasingle-trait.Explainingm oreofthevariancew iththesam e646

geneticvariantsasprevioussingle-traitstudiesin ourcom posite phenotype show sprom ise647

toupdateand inform existingm ethods.648

649

S o far, typical GW AS have tested for association of genetic variants w ith650

anthropom etrictraits,onetraitatatim e.W edefine‘body shape’ asacom positeofm ultiple651

traitsdefined by P Cs.W e first perform ed P C-analysesin representative population-based652

studiesand averaged P C loadingsacrossthese studies(AvP Cs).W e subsequently use these653

AvP Csto calculate P Csin allparticipating studies. T hisapproach ensuresthat P Csare654

calculated in a uniform m anner acrossallstudies,thusfacilitating subsequent m eta-655

analyses.T hisapproach could be applied to capture geneticvariation acrossrelated traits656
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that iscurrently not captured by single-traitsGW AS (e.g.in the context ofautoim m une657

disease,bloodtraits,lipid levels,differentcancers,etc.).658

Consistent w ith published anthropom etric traits10,11,17, the derived AvP Cs are659

heritable and correlated w ith clinically relevant outcom es. W e identified additionalloci,660

despite am uch sm allersam ple size com pared to the latest single-trait GW AS analysesfor661

BM I,height and W HR adjBM I
1,2,4. T hissuggeststhat the AvP C m ethod capturesphenotype662

inform ation that isnot captured by single-trait analysesand associated locim ay highlight663

biologicalpathw aysthatarenotrevealed w ithsingle-traitassociatedlocionly.664

Even though ourapproach hasseveraladvantages,it isnot m eant to replace single665

trait GW AS analyses.A num beroflocithat w ere identified in the latest single-trait GW AS666

w erenotidentified inourbody shapeGW AS ;i.e.w eidentified 124 loci(or14.2% )ofthe837667

locirecently reported intheGIAN T single-traitm eta-analyses(S upplem entary Figure6).T his668

m ay be due to the fact that these recent single-trait GW AS m eta-analysesw ere at least669

tw ice aslarge asthe current body shape GW AS . How ever,even w hen w e com pare the670

num berofidentified lociin earlierGW AS m eta-analyses,w hich are ofsim ilarsize asthe671

current body shape GW AS ,w e do not identify allpreviously reported lociforsingle traits.672

P erhapsthisism ost obviousw ith height (largely representative ofAvP C2),w here w e only673

identified 91 (13.1% )of697 lociidentified forheight. T hisisin part due to the fact that a674

conservativedefinitionforlinkagedisequilibrium w asapplied (r2 > 0.8),lackofpow erdueto675

sam ple size forS N P sofm odest effects,orperhapsthe AvP Csintroducesnoise to purely676

single traitssuch asheight. Consistent w ith thisfinding,w e also observe that som e single677

traitsalso explain m ore ofthe variance ofbody shape com pared to AvP Cs.O urcom parison678

ofthevarianceexplained betw eenprevioussingletraitsm eta-GW AS and ourAvP Cssupport679

thisevidence foroverlapping associated variants.S ince AvP C2 representslargely asingle680
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trait,height,w ith large heightloadingsw e w ere unable to explain m ore ofthe variance.In681

fact w e explained lessofthe variance,w hich islikely due to noise introduced using this682

com posite AvP Csphenotype.T hisobservation isalso evident forvariance in body shape683

explained by heightcom paredtoAvP C3 andAvP C4,butisincontrasttoBM I,acom plex trait684

com prised ofm ultiple anthropom etricm easurem ents,w hich explainslessvariance in body685

shape com pared to AvP C3 and AvP C4.It isim portant to em phasize ourapproach ism ost686

inform ativeforcom plex traitssuch asBM Ithatarederived from aseriesofothertraits.W e687

believe that using P C space to define com plex traitsisusefulfor the detection ofloci688

involvedinm ultiplepathw aysthatm ightgoundetected inasingletraitsetting.689

690

W e have developed anew strategy that appliesaP CA approach in am eta-analysis691

settingto com bine com posite phenotypesin aharm onized w ay acrossm ultiple studies.W e692

successfully applied thisapproach to anthropom etric traitsto capture body shape. T he693

derived com bined anthropom etrictraits(AvP Cs)w ere show n to beheritable and correlated694

to cardio-m etabolictraits.L arge-scale GW AS m eta-analysesofthe AvP Csidentified six new695

locithat w ere not identified by previoussingle-trait GW AS that w ere tw ice aslarge in696

sam plessize. T hisP CA approach could m axim ize gene discovery forothercorrelated traits,697

such ascancers,im m une disease,hem atologictraits,etc.and m ay identify genesthatpoint698

tow ardsshared physiologicalpathw ays.699

700

701



P age23 of34

M ET HO DS702

S tudy description703

In the firststage analyses,43 studiesparticipated (133,376 individuals)thathad HapM ap 2704

im puted genom e-w ide dataavailable.A subsetof20 studiesw ith unrelated individualsw as705

used for calculation of average loadings. S econd stage analysesw ere perform ed in 10706

studies(7,734 individuals) w ith genom e-w ide datathat becam e available after the first707

stage and 12 studies(32,170 individuals) w ith Cardio-M etaboChip (by Illum ina© ) data708

(num berofincluded studiesand individualsgiven in S upplem entary T able 3).Detailson709

study phenotypes,genotyping and im putation ofeach study are given in the S upplem ent710

T ables8 and9,respectively.711

Ethicsstatem ent712

Allstudy participantsgave w ritten inform ed consent and ethic com m itteesapproved all713

studies.T heethicstatem entofeachstudy isgiveninthestudy specificacknow ledgem ents.714

CalculationofaverageL oadings715

In 20 independent studies(S upplem entary T able 1) w ith unrelated participantsprincipal716

com ponentanalyses(P CAs)w ere perform ed on six anthropom etrictraits(BM I,height,hip,717

w aist,w eight and W HR ).Each study perform ed aP CA on the standardized residualsofthe718

anthropom etrictraitsadjusted forage and gender.T he sam e analysesw ere done form en719

and w om en separately w ith residualsadjusted forage only.T he result ofthe P CA in each720

study isaset ofsix principalcom ponents(P Cs)that are orthogonallinearcom binationsof721

the six anthropom etric traits. In other w ordseach P C isa w eighted sum of the six722

transform ed anthropom etrictraitsand independent ofthe otherP Cs.T he w eightsofeach723

trait perP C are called loadings.Each study also calculated the explained variance perP C.724
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T he loadingsand explained variancesw ere com parableforallstudies(S upplem entary Fig.1725

(1)).726

W ith the intention to create phenotypesthat are identically constructed in all727

studies,the resultsofsingle study P CAsw ere used to deduce the average loadings.T his728

approach isreasonable asthe loadingsofthe study specific P CAsw ere com parable.W ith729

the use ofthe single study correlation m atricesacom bined average correlation m atrix w as730

derived (w eighted sum divided by num berofindividuals).T hisaverage correlation m atrix is731

then used asbasisforaP CA.T he loadingsthat result from thisP CA are called average732

loadings(Figure1(1)and S upplem entary T able2).T hisw asperform ed form en,w om en and733

allindividualscom bined,how everultim ately w eused com bined loadingsforprim ary results734

reported in them anuscript.S ex specificresultsare reported in the supplem entary m aterial.735

T heaverageloadingsand explained variancew erecom parabletothestudy specificloadings736

andexplainedvariances(S upplem entary Fig.1).737

Heritability analyses738

Heritability of the avP Csw ascalculated w ithin four population isolates,CR O AT IA-Vis739

(n=909),CR O AT IA-Korcula(n=842),CR O AT IA-S plit (n=499)and O R CADES (n=866)using the740

“ polygenic” functionoftheGenABEL packageforR 45.741

A verageprincipalcom ponentsasbody shapephenotype742

T he average loadingsw ere used in each study to calculate the AvP Csin astandardized w ay.743

T herefore,the average loadingsw ere distributed togetherw ith an R -script (http://w w w .r-744

project.org/) that calculated the AvP Csaslinear com bination of residualsof the study745

phenotypesw ith the use ofthe average loadings. T hisw asdone for m en and w om en746

separately and additionally forcom bined in studiesw ith relatednessstructure.Asthe first747
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fourP Csexplainon averagem orethan 99% ofthevariance(Figure1(2))w edecided to lim it748

allanalysestothesefourP Cs.749

S tage1 A nalyses750

GW AS on the firstfourAvP Csw ere calculated form en and w om en separately in studiesof751

unrelated sam plesand com bined forstudiesw ith related sam plesw ith an adjustm ent for752

study site w hen necessary.Allstudiesofthe first stage analysesused HapM ap 2 im puted753

genom e-w ide data. GW AS resultsunderw ent extensive quality controland study-w ise754

filtering (callrate >95% ,p-value (HW E)> 10-6,im putation quality,m inorallele count(M AC)755

>3).T he m etaanalysesofGW AS resultsforthe firstfourAvP Csw e com bined sex-stratified756

resultsforstudiesw ith unrelated individualsand unstratified GW AS resultsforstudiesw ith757

relatednessindividuals.M etaanalysesw ere perform ed w ith M ET AL 46 using fixed effects758

inverse variance-w eighted m ethod. S ingle study and the m eta analysisp-valuesw ere759

corrected by the genom ic control inflation factor λ (m eta analysis λ before correction: 760

λ(P C1)=1.29, λ(P C2)= 1.407, λ(P C3)= 1.236, λ(P C4)= 1.136). R esults w ere lim ited to S N P s that 761

are in HapM ap 2 and had resultsform ore than 30,000 individuals.Heterogeneity analysis762

w asperform ed w ith M ET AL .Each AvP C allS N P sw ith aprom isingp-value (p-value < 5x10-6)763

w ere identified in com bined analyses. T o identify prom ising lociclustering (L D > 0.01,764

distance <1000kb)w ith P L IN K47 based on HapM ap 2 genotypesw asperform ed.Allleading765

S N P sperclum p forAvP Csw ere taken forw ard to 2nd stage analysesand nam ed prom ising766

S N P sinthism anuscript.767

T w o S N P sthat w ere prom ising for the first principalcom ponent had very low768

heterogeneity p-values(rs10847678 (p-value(het)= 8.8x10-152),rs13296358 (p-value(het)=769

5.4x10-67)).Forboth S N P sthe effectw asdriven only by asingle study and no otherS N P in770
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high L D had aprom ising p-value.T herefore,these tw o S N P sw ere rem oved from further771

analyses.772

S tage2 A nalyses773

Asm entioned above for2nd stage analysesam ixture ofstudiesw ith genom e-w ide S N P774

dataand M etaboChip genotypesw asavailable.S om e ofthe leading S N P softhe 1st stage775

analysesw ere not genotyped on the M etaboChip.T o increase the pow erforallprom ising776

S N P sof each AvP C proxiesw ere defined that w ere allS N P sclose to prom ising S N P s777

(distance <500kb),in high L D (L D > 0.9)and available in m orethan 70% ofthe individualsof778

the 2nd stage.R esultsofthe 2nd stage analysesunderw entthe sam e quality controlas1st779

stageresults.780

Com binedA nalyses781

T hecom bined analysesofall1stand 2nd stageGW AS w asperform ed w ith M ET AL [35] w ith782

inverse variance based m ethod.R esultsform en and w om en w ere com bined asdescribed783

for the 1st stage m eta-analyses. Allprom ising locifor w hich at least one proxy had a784

genom e-w ide significant p-value in the com bined analysisw ere nam ed genom e-w ide785

significant lociand the best S N P ofthe com bined analyses(largest absolute beta) w as786

reportedastopS N P ofthislocus.787

N ovelloci-ConditionalA nalysesandL ook-upsinpreviousGIA N T analyses788

T w o analysesw ere perform ed to distinguish betw een genom e-w ide significantbody shape789

locithat are know n from previousGW AS on BM I,height and W HR and novelbody shape790

loci.Firstly,conditionalanalysesw ere perform ed.W e used the 226 reported topS N P s(32791

BM I,180 height,14 W HR ) ofpublished GIAN T analyseson BM I,height and W HR 1,2,4 to792

perform conditionalanalysesofthe 1ststage m eta-analysesusing GCT A15,48 .T he resultsof793
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thisanalysisw ere then analyzed conditioned on 843 topS N P s(97 BM I,697 height,49 W HR )794

ofthepublished GIAN T analyses1,2,4.T oidentify theoverlapoftheresultsforAvP Csw iththe795

single anthropom etrictraits,the sam e conditionalanalysesw ereperform ed forBM I,height796

and W HR separately.Forcalculation ofthe L D-structure genotype datafrom KO R A F4 w as797

used.T w o topS N P softhe unpublished GIAN T resultshad to be rem oved before analysesas798

they w ere in high correlation w ith tw o othertopS N P s. Ifthe body shape topS N P sw ere799

independent lociidentified by previousGIAN T analyses,the p-value should stay prom ising800

(p-value < 5x10-6)in both conditionalanalyses.S econdly,w e checked by look-upsifthose801

genom e-w ide significant S N P sthat are independent from the previously reported topS N P s802

w erenotgenom e-w idesignificant(p-value> 5x10-8)inGIAN T analyses1,2,4.803

Genom e-w idesignificantS N P sarenam ed novelS N P sifthey fulfillthefollow ingconditions:804

(1)P -value ofconditioned analyseson topS N P sreported by previousGIAN T analyses(on805

BM I,height,W HR )rem ainedprom ising(p-value< 5x10-6).806

(2) P -value in previousGIAN T analyses(on BM I,height,W HR ) w asnot genom e-w ide807

significant(p-value> 5x10-8).808

P leiotropiceffects809

For identification of potentialpleiotropic effectsseverallook-upsin variouslarge-scale810

consortiaon differentphenotypesw ereperform ed,includingGIAN T ,DIAGR AM and M AGIC,811

allreferencesare given in the resultstable ofthe look-ups(S upplem entary T able 7).For812

com parison of effect directionsthe loadingsof each AvP C have to be considered. For813

exam ple AvP C2 includesheight w ith apositive loading and BM Iw ith anegative loading.814

T hat m eansan increasing effect on AvP C2 m eansan increasing effect on height but a815

decreasingeffectonBM I.816
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FurtherAnalyses817

P CA,furtheranalysesand plotsw ere generated w ith R (http://w w w .r-project.org/)ifnot818

stated otherw ise.Apartfrom the GCT A analyses,w hich usesL D structureofKO R A F4,allL D819

analysesw ere perform ed in P L IN K based on HapM ap 2 (CEU )genotypes.Forcom parison of820

findingsbetw een locifrom different AvP Cstw o lociare assum ed to be identicalifthe821

topS N P sareinhighL D (L D > 0.8).822

823

Dataavailability824

S um m ary statisticsofallanalysescanbedow nloadedfrom :825

https://w w w .broadinstitute.org/collaboration/giant/826
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FigureL egends958

Figure 1: L oadingsand explained variance ofA vP Csforbody shape. (1a) L oadingsof959

AcP Cs,and(1b)explained varianceofAvP Csforbody shape.960

Figure2:M anhattan and Q Q -plotsofassociation resultson A vP Csofbody shape.P -values961

ofthe firststage m eta-analysisare given in the M anhattan and Q Q -plots.Allgenom e-w ide962

significantlociarehighlighted.963

Figure3:N um beroflociassociated w ith A vP Csand know n from previousGIA N T analyses964

on BM I,W HR orheight.T he Venn diagram sspecify foreach AvP C how m any significantly965

associated loci(prom isingp-valueinthefirststagem etaanalysis(<5x10-6)and genom ew ide966

significant in first and second stage com bined analysis(<5x10-8))are know n from previous967

GIAN T analysisonBM I,heightorW HR .In theupperrightcornerofeachplotthenum berof968

lociisgiventhatarenotknow nfrom previousGIAN T analyses.969

970



Figure	1:		Loadings	and	explained	variance	of	AvPCs	for	body	shape.	

(1a)	loadings	of	AvPCs		

(1b)	Explained	variance	

	



Figure	2:	Manhattan	and	QQ-plots	of	association	results	on	AvPCs	of	body	shape.			

P-values	of	the	first	stage	meta-analysis	are	given	in	the	Manhattan	and	QQ-plots.	All	genome-

wide	significant	loci	are	highlighted.		

	



Figure	3:	Number	of	loci	associated	with	AvPCs	and	known	from	previous	GIANT	analyses	on	

BMI,	 WHR	 or	 height.	 The	 Venn	 diagrams	 specify	 for	 each	 AvPC	 how	 many	 significantly	

associated	 loci	 (promising	p-value	 in	 the	 first	 stage	meta	analysis	 (<5x10-6)	and	genome	wide	

significant	 in	 first	 and	 second	 stage	 combined	 analysis	 (<5x10-8))	 are	 known	 from	 previous	

GIANT	analysis	on	BMI,	height	or	WHR.	In	the	upper	right	corner	of	each	plot	the	number	of	loci	

is	given	that	are	not	known	from	previous	GIANT	analyses.	
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T able1:Associationresultsfornovellociw ithavP C ofbody shape.T heassociationresultsforthe1ststage,2nd stageand 1stand2nd stage
com bined analysisisgivenforallsix locithatw eregenom ew idesignificantly associated(prom isingp-valueinthefirststagem etaanalysis
(<5x10-6)andgenom ew idesignificantinfirstandsecond stagecom binedanalysise(<5x10-8))w ithoneoftheavP Csandnovel.M oreover,the
p-valuesoftheanalysisconditionedonalltophitsfrom therecentGIAN T publicationsonBM I,heightandW HR .
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