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Waist-hip ratio (WHR) is a measure of body fat distribution and a predictor of metabolic consequences independent of overall 
adiposity. WHR is heritable, but few genetic variants influencing this trait have been identified. We conducted a meta-analysis 
of 32 genome-wide association studies for WHR adjusted for body mass index (comprising up to 77,167 participants), following 
up 16 loci in an additional 29 studies (comprising up to 113,636 subjects). We identified 13 new loci in or near RSPO3, VEGFA, 
TBX15-WARS2, NFE2L3, GRB14, DNM3-PIGC, ITPR2-SSPN, LY86, HOXC13, ADAMTS9, ZNRF3-KREMEN1, NISCH-STAB1 
and CPEB4 (P = 1.9 × 10−9 to P = 1.8 × 10−40) and the known signal at LYPLAL1. Seven of these loci exhibited marked sexual 
dimorphism, all with a stronger effect on WHR in women than men (P for sex difference = 1.9 × 10−3 to P = 1.2 × 10−13).  
These findings provide evidence for multiple loci that modulate body fat distribution independent of overall adiposity and reveal 
strong gene-by-sex interactions.

discovery stage, up to 2,850,269 imputed and genotyped SNPs
wereexaminedin32GWAScomprisingupto77,167participants
informativeforanthropometricmeasuresofbodyfatdistribution.
We performed a fixed-effects meta-analysis of WHR, employing
study-specificlinearregressionadjustedforBMIandage,stratified
bygender,andusinganadditivegeneticmodel.Aftergenomiccontrol
adjustmentpereachindividualstudyandinthemeta-analysis,these
analysesrevealedasubstantialexcessoflowPvalues(Fig. 1a,b).

WeselectedSNPsrepresentingthetop16independent(definedas
beinglocated>1Mbapart)regionsofassociation(discoveryP<1.4×
10−6;Table 1)andevaluatedthemin29additional,independentstud-
ies(comprisingupto113,636individuals)usingamixtureofin silico
dataandde novogenotyping.Inthesefollow-upstudies,14ofthe
16SNPsanalyzedshowedstrongdirectionallyconsistentevidence
forreplication(P<1.0×10−3)andtenSNPsreachedgenome-wide
significance (P < 5.0 × 10−8). Joint analysis of the discovery and
follow-upresultsrevealedgenome-widesignificantassociationsfor
14signals(withPvaluesbetween1.9×10−9and1.8×10−40;Table 1).
Between-studyheterogeneitywaslow(I2<30%)forallbuttwosignals
(GRB14andLYPLAL1;Supplementary Note),andall14associations
remainedgenome-widesignificantinarandom-effectsmeta-analysis
(Supplementary Table 2).

OneoftheseSNPs,rs4846567,isinlinkagedisequilibrium(LD)
(r2 = 0.64, D′ = 0.84; HapMap European CEU population) with
the previously reported WHR-associated variant near LYPLAL1
(rs2605100)13.Theremaining13lociwereinorneargenesnotpre-
viouslyassociatedwithWHRorothermeasuresofadiposity:RSPO3,
VEGFA,TBX15-WARS2,NFE2L3,GRB14,DNM3-PIGC,ITPR2-SSPN,
LY86,HOXC13,ADAMTS9,ZNRF3-KREMEN1,NISCH-STAB1and
CPEB4(Fig. 2).These14lociexplain1.03%ofthevarianceinWHR
(afteradjustmentforBMI,ageandsex),witheachlocuscontributing

Meta-analysisidentifies13newlociassociatedwith
waist-hipratioandrevealssexualdimorphisminthe
geneticbasisoffatdistribution

Central obesity and body fat distribution, as measured by waist
circumferenceandWHR,areassociatedwithindividualriskoftype
2diabetes(T2D)1,2andcoronaryheartdisease3andwithmortality
fromallcauses4.Theseeffectsareindependentofoveralladiposityas
measuredbybodymassindex(BMI).WHRisofparticularinterest
asameasureofbodyfatdistributionbecauseitintegratestheadverse
metabolicriskassociatedwithincreasingwaistcircumferencewiththe
moreprotectiveroleofglutealfatdepositionwithrespecttodiabetes,
hypertensionanddyslipidemia5,6.

Thereisabundantevidencethatbodyfatdistributionisinfluenced
by genetic loci distinct from those regulating BMI and overall
adiposity. First, even after accounting for BMI, individual varia-
tioninWHRisheritable7,8,withheritabilityestimatesrangingfrom
22%–61%7–10.Second,thestrikingabnormalitiesofregionalfatdepo-
sitionassociatedwith lipodystrophicsyndromesdemonstrate that
geneticvariationcanhavedramaticeffectsonthedevelopmentand
maintenanceofspecificfatdepots11,12.Third,inapreviousgenome-
wideassociationanalysis,weidentifiedalocusnearLYPLAL1strongly
associatedwithWHRindependentofanyeffectsonBMI13,provid-
ingproofofprincipleforthegeneticcontrolofbodyfatdistribution
distinctfromthatofoveralladiposity.

Within the Genetic Investigation of Anthropometric Traits
(GIANT)consortium,weperformedalarge-scalemeta-analysisof
genome-wideassociationstudies(GWAS)informativeforWHRusing
adjustmentforBMItofocusdiscoverytowardgeneticlociassociated
withbodyfatdistributionratherthanoveralladiposity14–16.

RESULTS
Genome-wide significant association of WHR with 14 SNPs
We conducted a two-stage study among individuals of European
descent (Supplementary Table 1 and Online Methods). In the
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from 0.02% (ZNRF3-KREMEN1) to 0.14% (RSPO3) of the variance
basedoneffectestimatesinthefollow-upstage.

Sexual dimorphism at several of the WHR loci
GiventheknownsexualdimorphismofWHRandtheevidencefrom
variancedecompositionstudiesthatthisreflectssex-specificgenetic
effects17,weperformedsex-specificmeta-analysesforthe14WHR-
associatedSNPs.Theseanalysesincludedupto108,979women(42,735
inthediscoverystageand66,244inthefollowup)and82,483men
(34,601inthediscoveryand47,882inthefollowup).Inajointanalysis
ofdiscoveryandfollow-updata,12ofthe14SNPsreachedgenome-
widesignificanceinwomen,butonlythreeSNPsreachedgenome-wide
significanceinmen(Table 2).Atallbutonelocus(TBX15-WARS2),
effect-sizeestimateswerenumericallygreaterinwomen.Atsevenofthe
loci(thosenearRSPO3,VEGFA,GRB14,LYPLAL1,HOXC13,ITPR2-
SSPNandADAMTS9),thereweremarkeddifferencesinsex-specific
βcoefficients(withPvaluesrangingfrom1.9×10−3to1.2×10−13).

Alllocidisplayedconsistentpatternsofsex-specificdifferencesinboth
thediscoveryandfollow-upstudies(Table 2).These14lociexplain
1.34%ofthevarianceinWHR(afteradjustmentforBMIandage)in
womenbutonly0.46%ofthevarianceinWHRinmen.

Association with other anthropometric measures
ByfocusingonWHRafteradjustmentforBMI,ourgoalwastodetect
effectsonbodyfatdistributionindependentofthoseinfluencingover-
alladiposity.Asexpected,wefoundverylittleevidencethatknown
BMI-associatedvariantsweredetectedinourWHRanalysis.Oftheten
locishowntobeassociatedwithBMIinpreviousGWAS14,15,18,only
twoshowednominallysignificant(P<0.05)associationsforBMI-
adjustedWHRinthediscoveryanalysis(FTO,rs8050136,P=0.03,
n=77,074;TMEM18,rs6548238,P=3.0×10−3,n=77,016).

Wealso tested the14WHR-associatedSNPs for theireffecton
BMIusingdatafromupto242,530participantsavailablefromthe
GIANTconsortium(includingmostofthestudiesavailableforWHR
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Figure 1 Genome-wide association analyses for WHR in discovery studies. (a) Manhattan plot 
shows results of the WHR association meta-analysis in discovery studies (with P values on the 
y axis and the SNP genomic position on the x axis). Colored genomic loci indicate significant 
association (P < 5 × 10−8) detected previously (blue)13, in our GWAS stage (red) and after the 
meta-analysis combining GWAS data with that from the follow-up studies (orange). Two loci  
tested in the follow-up stage did not achieve genome-wide significance (green). (b) Quantile-
quantile plot of SNPs for the discovery meta-analysis of WHR (black) and after removing SNPs within 1 Mb of either the recently reported LYPLAL1 
signal (blue) or the 14 significant associations (green). The gray area represents the 95% CI around the test statistic under the null distribution.

table 1 Fourteen sNPs associated with WHr at genome-wide significant levels

SNP Chr. Position (b36) Nearby genes EAa EAFb

Discovery Follow-up Combined

P β n P β n P β

sNPs evaluated in follow up achieving genome-wide significance
rs9491696 6 127,494,332 RSPO3 G 0.480 2.10 × 10–14 0.037 77,164 3.27 × 10–28 0.045 113,582 1.84 × 10–40 0.042

rs6905288 6 43,866,851 VEGFA A 0.562 4.72 × 10–10 0.033 77,129 1.18 × 10–16 0.039 95,430 5.88 × 10–25 0.036

rs984222 1 119,305,366 TBX15-WARS2 G 0.635 3.81 × 10–14 0.037 77,167 1.56 × 10–12 0.031 109,623 8.69 × 10–25 0.034

rs1055144 7 25,837,634 NFE2L3 T 0.210 1.49 × 10–8 0.034 77,145 3.26 × 10–18 0.043 113,636 9.97 × 10–25 0.040

rs10195252 2 165,221,337 GRB14 T 0.599 3.23 × 10–10 0.031 77,119 3.18 × 10–16 0.036 102,449 2.09 × 10–24 0.033

rs4846567 1 217,817,340 LYPLAL1 G 0.717 2.37 × 10–12 0.037 77,167 3.15 × 10–10 0.032 91,820 6.89 × 10–21 0.034

rs1011731 1 170,613,171 DNM3-PIGC G 0.428 1.72 × 10–10 0.031 77,094 7.47 × 10–9 0.026 92,018 9.51 × 10–18 0.028

rs718314 12 26,344,550 ITPR2-SSPN G 0.259 2.41 × 10–8 0.031 77,167 1.49 × 10–10 0.030 107,503 1.14 × 10–17 0.030

rs1294421 6 6,688,148 LY86 G 0.613 6.31 × 10–9 0.029 77,154 2.69 × 10–10 0.028 102,189 1.75 × 10–17 0.028

rs1443512 12 52,628,951 HOXC13 A 0.239 3.33 × 10–8 0.031 77,165 2.92 × 10–10 0.030 112,353 6.38 × 10–17 0.031

rs6795735 3 64,680,405 ADAMTS9 C 0.594 2.47 × 10–7 0.025 77,162 6.75 × 10–8 0.026 84,480 9.79 × 10–14 0.025

rs4823006 22 27,781,671 ZNRF3-KREMEN1 A 0.569 4.47 × 10–8 0.027 77,086 2.41 × 10–5 0.019 93,911 1.10 × 10–11 0.023

rs6784615 3 52,481,466 NISCH-STAB1 T 0.941 3.18 × 10–7 0.052 76,859 1.56 × 10–4 0.036 109,028 3.84 × 10–10 0.043

rs6861681 5 173,295,064 CPEB4 A 0.340 1.40 × 10–6 0.026 77,164 2.13 × 10–4 0.019 85,722 1.91 × 10–9 0.022

Further sNPs evaluated in follow up but not achieving genome-wide significance in the combined analysis
rs2076529 6 32,471,933 BTNL2 C 0.430 2.22 × 10–8 0.041 34,532 0.012 0.011 92,778 3.71 × 10–7 0.020

rs7081678 10 32,030,629 ZEB1 A 0.085 5.76 × 10–7 0.045 76,270 0.094 0.013 100,527 5.57 × 10–6 0.027

P values and β coefficients (per change of WHR-increasing allele) for the association with WHR on the inverse normal transformed ranked scale in the meta-analyses of discovery 
studies (up to 77,167 subjects), follow-up studies (up to 113,636 subjects) and both combined (up to 190,781 subjects). Fourteen of the sixteen SNPs examined in the follow-
up samples showed genome-wide significant results (P < 5 × 10–8) in the combined analysis. P values in the discovery stage were genomic control corrected per study and in the 
meta-analysis. Details on between-study heterogeneity are given in supplementary table 1c.
aEA, effect allele (WHR-increasing allele on the forward strand). bEAF, effect allele frequency. Chr., chromosome.
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association).Ofthe14WHRloci,four(nearTBX15-WARS2,CPEB4,
LYPLAL1andGRB14)alsoshowedevidenceofassociationwithBMI
(4.1×10−3≤P≤3.2×10−6),withtheWHR-increasingalleleasso-
ciatedwithdecreasedBMI(Supplementary Table 3).Afteradding

aninteractiontermofSNPwithBMIintothemodel,weobserved
thatBMImodified theWHRassociationat theLY86 locus (P for
interaction=9.5×10−5),withalargerWHReffectamongobeseindivi-
dualscomparedtonon-obeseindividuals(Supplementary Note).
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Figure 2 Regional plots of 14 loci with genome-wide significant association. Shown is the SNP association with WHR in the meta-analysis of discovery 
studies for 14 loci (with –log10 P values on the y axis and the SNP genomic position on the x axis). In each panel, an index SNP is denoted with a purple 
diamond and plotted using the P attained across discovery and follow-up data (table 1). Estimated recombination rates are plotted in blue. SNPs are 
colored to reflect LD with the index SNP (pairwise r2 values from HapMap CEU). Gene and microRNA annotations are from the UCSC genome browser.
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To determine whether the WHR-associated signals exert their
effectsprimarilythroughaneffectonwaistorhipcircumference,we
performedmeta-analysesforthesespecificphenotypesinthediscov-
eryandfollow-upstudies(Supplementary Tables 1 and 3).Overall,
weobservedstrongerassociationsforhipcircumferencethanforwaist
circumference.Effect-sizeestimateswerenumericallygreaterforhip
circumferencethanforwaistcircumferenceat11ofthe14loci,and
therewerenominalassociations(P<0.05)withhipcircumferencefor
12oftheWHR-associatedlocibuttherewereonlyfourassociations
withwaistcircumference.Inbothsexes,theWHR-associatedlocidis-
playingnominalassociationwithhipcircumferencealwaysfeatured
theWHR-increasingalleleassociatedwithreducedhipcircumference.
Incontrast,weobservedsexualdimorphisminthepatternofwaist

circumferenceassociations.Inwomen,theWHR-increasingalleleat
all14lociwasassociatedwithincreasedwaistcircumference,whereas
thiswasonlytrueforsixoftheselociinmen(Fig. 3).AtGRB14,for
example,theWHR-increasingallelewasassociatedwithincreased
waistcircumferenceinwomen(P=3.6×10−4)butwithdecreased
waistcircumferenceinmen(P=6.8×10−3).Thesedifferencesinthe
relationshipsbetweenwaistcircumference,hipcircumferenceand
WHRunderlie someof the sexualdimorphism in thepatternsof
WHRassociation.

Enrichment of association with metabolic traits
Weevaluatedthe14WHR-associatedlocifortheirrelationshipswith
relatedmetabolictraitsusingGWASdataprovidedbytrait-specific
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Figure 3 Association of the 14 WHR loci with waist and hip circumference. β coefficients for waist circumference (WC, x axis) and hip circumference 
(HIP, y axis) in women and men derived from the joint discovery and follow-up analysis. P for WC and HIP are represented by color. In men, gray gene 
labels refer to those SNPs that were not significant in the male-specific WHR analysis. More details can be found in supplementary table 3.

table 2 evidence of sex-differences in the WHr association at seven of the 14 associated loci

sNP
Nearby 
genes

Men Women
Sex  

difference

Discovery Follow up Combined Discovery Follow up Combined Combined

P β P β P β P β P β P β P

rs9491696 RSPO3 1.68 × 10–4 0.026 6.97 × 10–9 0.036 1.05 × 10–11 0.031 1.62 × 10–12 0.047 8.84 × 10–22 0.053 1.93 × 10–32 0.050 1.94 × 10–3

rs6905288 VEGFA 0.066 0.013 2.09 × 10–4 0.025 7.38 × 10–5 0.020 7.72 × 10–13 0.052 3.14 × 10–15 0.051 2.27 × 10–26 0.052 5.20 × 10–6

rs984222 TBX15-
WARS2

3.32 × 10–9 0.041 2.43 × 10–5 0.029 9.41 × 10–13 0.035 1.21 × 10–7 0.036 1.33 × 10–8 0.033 1.02 × 10–14 0.034 0.951

rs1055144 NFE2L3 6.00 × 10–4 0.029 5.67 × 10–8 0.040 2.52 × 10–10 0.035 2.34 × 10–6 0.040 7.13 × 10–12 0.046 1.41 × 10–16 0.044 0.270

rs10195252 GRB14 0.201 0.009 0.114 0.011 0.043 0.010 6.33 × 10–15 0.053 4.95 × 10–21 0.054 3.84 × 10–34 0.054 1.41 × 10–11

rs4846567 LYPLAL1 0.191 0.010 0.982 0.000 0.358 0.005 4.84 × 10–18 0.064 8.12 × 10–17 0.055 4.95 × 10–33 0.059 1.18 × 10–13

rs1011731 DNM3-
PIGC

4.88 × 10–7 0.034 1.95 × 10–3 0.022 7.81 × 10–9 0.028 2.13 × 10–5 0.028 7.03 × 10–7 0.030 6.90 × 10–11 0.029 0.855

rs718314 ITPR2-
SSPN

0.177 0.010 2.02 × 10–3 0.022 1.41 × 10–3 0.017 8.29 × 10–10 0.047 4.21 × 10–9 0.038 2.41 × 10–17 0.042 4.67 × 10–4

rs1294421 LY86 4.18 × 10–3 0.020 7.00 × 10–6 0.030 1.63 × 10–7 0.025 3.44 × 10–8 0.038 7.32 × 10–6 0.026 2.40 × 10–12 0.031 0.357

rs1443512 HOXC13 0.184 0.011 9.74 × 10–4 0.024 9.45 × 10–4 0.018 1.43 × 10–9 0.048 3.09 × 10–8 0.035 6.38 × 10–16 0.040 2.23 × 10–3

rs6795735 AD-
AMTS9

0.011 0.017 0.614 0.004 0.027 0.011 7.85 × 10–7 0.033 2.95 × 10–11 0.042 1.92 × 10–16 0.038 8.50 × 10–5

rs4823006 ZNRF3-
KRE 
MEN1

6.87 × 10–3 0.019 0.094 0.012 1.94 × 10–3 0.015 6.86 × 10–8 0.037 3.81 × 10–5 0.024 3.24 × 10–11 0.030 0.032

rs6784615 NISCH-
STAB1

1.51 × 10–3 0.045 0.033 0.032 1.68 × 10–4 0.039 6.23 × 10–5 0.057 1.72 × 10–3 0.039 6.01 × 10–7 0.047 0.574

rs6861681 CPEB4 1.88 × 10–3 0.023 0.045 0.015 3.03 × 10–4 0.019 2.14 × 10–4 0.027 1.58 × 10–3 0.021 1.55 × 10–6 0.024 0.555

P values and β coefficients (per change of WHR-increasing allele in the sex-combined analysis as in table 1) for the WHR association are given for the discovery (up to 34,601 
men and 42,735 women), the follow-up (up to 47,882 men and 65,780 women) and the combined meta-analysis (up to 81,301 men and 107,429 women). Also given are the P 
values for testing for difference between sex-specific β coefficients in the combined meta-analysis; SNPs with P for sex difference < 3.6 × 10–3 (0.05/14) were considered to show 
a significant sex difference.
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consortia19–21aswellasourde novogenotypedfollow-upstudies.
AsexpectedgiventhesampleoverlapbetweenthisGWASdataand
ourWHRGWASdataaswellasinformationonknowntraitcorrela-
tions(Supplementary Table 4),weobserveddirectionallyconsistent
enrichmentofassociations(P<0.05)betweenthe14WHR-associated
alleles and increased triglycerides, low-density lipoprotein (LDL)
cholesterol, fasting insulin and homeostasis model assessment
(HOMA)-derivedmeasuresofinsulinresistance(binomialPfrom
3.2×10−4to1.8×10−8;Table 3andSupplementary Table 5).For
example,theWHR-increasingalleleatGRB14showedstrongasso-
ciationswithincreasedtriglycerides(P=7.4×10−9),fastinginsulin
levels(P=5.0×10−6)andinsulinresistance(P=1.9×10−6).Eleven
of the 14 WHR-associated loci showed directionally consistent
associationswithT2D,withthreeoftheseloci(atADAMTS9,NISCH-
STAB1andITPR2-SSPN)reachingnominalsignificance(P<0.05)
(Table 3andSupplementary Table 5).Becausetheassociationsignals
forcorrelatedtraitsinthisanalysiswerevulnerabletooverestima-
tiongiventheoverlapintheGWASsamplesexamined,werepeated
theseanalysesandrestrictedthesamplesincludedtothosefromour
de novogenotypedfollow-upstudies.Althoughthisalsoresultedina
lowersamplesize,similarpatternsofenrichmentwerestillobserved
(Supplementary Table 5).

Pathway analysis and potential biological roles
Toidentifypotentialfunctionalconnectionsandpathwayrelation-
shipsbetweengenesmappingattheWHR-associatedloci,wefocused
onthe95geneslocatedina2-Mbintervalcenteredaroundeachof
the48independentSNPsthatattainedP<1.0×10−5intheWHR
discoverystudies.

First, we performed a survey of the published literature using
GRAIL22tosearchforconnectivitybetweenthegenesandspecifickey-
wordsthatdescribethesefunctionalconnections(OnlineMethods).
Althoughtherewasnoevidenceaftercorrectingformultipletesting
thattheconnectivitybetweenthesegeneswasgreaterthanchance,
weidentifiedeightgeneswithnominalsignificance(P<0.05)for
potentialfunctionalconnectivity(PLXND,HOXC10,TBX15,RSPO3,
HOXC4,HOXC6,KREMEN1andHOXC11).Thekeywordsassociated

with these connections included ‘vegf ’, ‘homeobox’, ‘patterning’,
‘mesenchyme’,‘embryonic’,‘development’and‘angiogenesis’.

Additionally,weperformedpathwayanalysesusingthePANTHER
database23basedonthesamesetof95genes(OnlineMethodsand
Supplementary Note).Thisanalysisgeneratedsomeevidence for
over-representationof‘developmentalprocesses’(P=5.8×10−8)and
‘mRNAtranscriptionregulation’(P=2.7×10−6)butneitherofthese
factorsretainednominalsignificanceafteradjustmentforbias(for
example,duetonon-randomSNPcoverageinrelationtogenes)and
thenumberofbiologicalprocessestested(Supplementary Noteand
Supplementary Table 6).

Finally,weexaminedthedescribedfunctionalrolesofsomeofthe
mostcompellingcandidatesbasedoneitherproximitytothesignalor
theotheranalysesdescribedinthispaper.Theseanalysesuncovered
possiblegenetic roles inadipocytedevelopment (TBX15),pattern
formationduringembryonicdevelopment(HOXC13),angiogenesis
(VEGFA,RSPO3andSTAB1),Wntandβ-cateninsignaling(RSPO3
andKREMEN1),insulinsignaling(ADAMTS9,GRB14andNISCH),
lipaseactivity(LYPLAL1),lipidbiosynthesis(PIGC)andintracellular
calciumsignaling(ITPR2)(Supplementary Note).

Evaluation of copy number variants and non-synonymous changes
Bothcommonandrarecopynumbervariants(CNVs)havebeen
reported to be associated with overall adiposity14,15,24,25, but the
impact of CNVs on fat distribution has not been evaluated pre-
viously.ToexaminethepotentialcontributionofcommonCNVs
tovariationinWHR,welookedforevidenceofassociationinour
genome-wideassociationdiscoverymeta-analysisusingasetof6,018
CNV-tagging SNPs which collectively capture >40% of common
CNVsthataregreaterthan1kbinlength26,27(OnlineMethodsand
Supplementary Note).

OneCNV-taggingSNP(rs1294421inLY86)wasobservedamong
our14WHR-associatedloci.ThisSNPisinstrongLD(r2=0.98)with
a2,832-bpduplicationvariant(CNVR2760.1)27located12kbfroman
expressedsequencetag(BC039678)and87kbfromLY86suchthat
theduplicationalleleisassociatedwithreducedWHR.Theduplicated
regionconsistsentirelyofnoncodingsequencebutincludespartofa
predictedenhancersequence(E.5552.1)28.

Toidentifyotherputativelycausalvariantsinourassociatedregions,
wesearchedfornon-synonymouscodingSNPsinstrongLD(defined
asr 2>0.7)withthemoststronglyassociatedSNPsateachlocususing
datafromtheHapMap(Build21)and1000GenomesProject(April
andAugust2009releases).Inthissearch,oneleadSNP(rs6784615,
at theNISCH-STAB1 locus)wascorrelatedwithnon-synonymous
changesintwonearbygenes,DNAH1(p.Val441Leu,p.Arg1285Trp
andp.Arg3809Cys)andGLYCTK(p.Leu170Val).Fine-mappingand
functionalstudieswillberequiredtodeterminewhethertheDNAH1
orGLYCTKSNPsortheLY86CNVarecausalfortheWHRasso-
ciationsattheseloci.

Effect of WHR associations on expression in relevant tissues
Expressionquantitativetraitlocus(eQTL)datacanimplicateregional
transcriptsthatmediatetraitassociations,andwethereforeexamined
the14WHR-associatedlociusingeQTLdatafromhumansubcutaneous
adiposetissue(SAT)29(twoseparatesamplesets,n=610andn=603),
omentalfat30(n=740),liver30(n=518),blood29(n=745)andlympho-
cytes31(n=830)(OnlineMethodsandSupplementary Note).

Atsixoftheloci,theWHR-associatedSNPwaseitherthestrongest
SNPassociatedwithsignificant(P<1.0×10−5)expressionofalocal
(within1Mb)genetranscriptorexplainedthemajorityoftheassocia-
tionbetweenthemostsignificanteQTLSNPandthegenetranscript

table 3 WHr signals show enrichment of association with other 
traits related to metabolic disorders

Trait
Sample  

sizea

SNPs in  
concordant  
directionb

SNPs in  
concordant  
direction  

with P < 0.05c

n P n P

Triglycerides 43,826 14 6.10 × 10–5 7 1.79 × 10–8

HDL-C 45,561 13 9.16 × 10–4 4 3.20 × 10–4

LDL-C 43,889 10 0.090 1 0.298

Fasting glucose 63,849 10 0.090 1 0.298

Fasting insulin 54,883 13 9.16 × 10–4 5 1.62 × 10–5

HOMA-IR 53,625 13 9.16 × 10–4 6 6.17 × 10–7

2 h glucose 27,011  7 0.605 0 1.000

Type 2 diabetes 10,128d 11 0.029 3 4.62 × 10–3

The 14 WHR SNPs were tested for association with other traits by meta-analysis of 
GWAS data from previous reports19–21,39 together with our non-overlapping de novo 
genotyped follow-up studies. HDL-C, high density lipoprotein cholesterol; LDL-C, low 
density lipoprotein cholesterol; HOMA-IR, index of insulin resistance; 2 h glucose, 
glucose levels 2 h after an oral glucose challenge.
aMaximum number of subjects available for any of the 14 SNPs. bNumber of the 14 SNPs for 
which the WHR-increasing allele is associated with the trait in the concordant direction (that 
is, increased levels, except for HDL-C) and corresponding binomial P value to test whether 
this number is greater than that expected by chance and not accounting for the correlation 
between the traits. cNumber of SNPs in concordant direction that show P < 0.05 for the  
association with the trait and the corresponding binomial P value as in b. d4,549 cases,  
5579 controls.
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inconditionalanalyses(adjustedP>0.05;Table 4).Forexample,the
WHR-associated SNP rs1011731 (near DNM3-PIGC) was strongly
associatedwithexpressionofPIGCinlymphocytes(P=5.9×10−10);
furthermore,rs1011731isinhighLD(r2=1.00,D′=1.00fromthe
HapMapCEUpopulation)withtheSNPwiththestrongesteffecton
PIGCexpression(rs991790),andthisciseQTLassociationwasabol-
ishedbyconditioningonrs1011731.Theseanalysesthereforeindicate
thatthesetwosignalsarecoincidentandthatPIGCisastrongcandidate
formediatingtheWHRassociationatrs1011731.Wefoundsimilarevi-
denceforcoincidenceoftheWHRsignalwithexpressionforrs984222
(TBX15inomentalfat),rs1055144(expressedsequencetagAA553656
inSAT),rs10195252(GRB14inSAT),rs4823006(ZNRF3inSATand
omentalfat)andrs6784615(STAB1inblood)(Table 4).Takentogether,
theoverlapbetweentraitassociationandgeneexpressionattheseloci
suggeststhattheWHRassociationsmaybedriventhroughaltered
expressionofPIGC,TBX15,AA553656,GRB1,ZNRF3andSTAB1.

RNA expression of gluteal and abdominal fat tissue
TodeterminewhethergeneswithintheWHR-associatedlocishowed
evidence of differential transcription in distinct fat depots, we

comparedexpressionlevelsinglutealorabdominalSATin49indi-
viduals.Wefocusedonthe15geneswiththestrongestcredentials
forcausal involvement(onthebasisofproximitytothe leadSNP
and/orotherbiologicalorfunctionaldata;Table 1)forwhichexpres-
siondatawereavailable.Fiveofthesegenes(RSPO3,TBX15,ITPR2,
WARS2andSTAB1)weredifferentiallyexpressedbetweenthetwo
tissues(usinganFtest,correctedforfalsediscoveryrateacrossthe
15expressedgenes,P<0.05;Supplementary Table 7).Thissupports
thehypothesisthat,atsomelociatleast,theassociationwithWHR
reflectsdepot-specificdifferencesinexpressionpatterns.

DISCUSSION
Overall,ourfindingsdemonstratethatthegeneticregulationofbody
fatdistributioninvolveslociandprocessesthatarelargelydistinct
fromthosethatinfluenceBMIandriskofobesity.Thisfindingiscon-
sistentwiththeevidencethatWHRdisplayssubstantialheritability
evenafteradjustmentforBMI.Thelocithatemergedfromthisstudy
displaynooverlapwiththoseshowntobeassociatedwithBMIeither
inpreviousreports14–16orintheexpandedmeta-analysisrecently
completedbytheGIANTconsortium32.

table 4 expression quantitative trait locus analysis for 11 of the 14 WHr signals

WHR SNP Tissue Gene Effecta

WHR SNP association  
with transcript (P    )

Transcript  
peak SNPb LD (r 2)c

Peak SNP association  
with transcript (P   )

Unadj.
Adj. for  

peak SNP Unadj.
Adj. for  

WHR SNP

rs9491696 SAT-D RSPO3 + 1.10 × 10–7 0.03 rs1936795 0.26 2.20 × 10–13 7.40 × 10–8

rs984222 Omental TBX15 + 7.90 × 10–10 1.00 rs984222 1.00 7.90 × 10–10 1.00
Omental WARS2 + 5.11 × 10–36 0.03 rs10802075 0.27 1.31 × 10–163 1.33 × 10–88

Subcutaneous fat WARS2 + 1.67 × 10–25 0.01 rs10802075 0.22 3.88 × 10–110 1.01 × 10–63

Lymphocytes WARS2 − 4.30 × 10–18 5.47 × 10–5 rs2645305 0.27 5.57 × 10–40 6.88 × 10–26

Liver WARS2 + 2.57 × 10–17 0.07 rs1057990 0.26 6.69 × 10–59 1.97 × 10–32

SAT-D WARS2 + 1.10 × 10–18 0.51 rs1057990 0.26 5.80 × 10–130 5.80 × 10–100

Blood WARS2 + 6.10 × 10–17 0.11 rs1057990 0.26 6.30 × 10–75 1.10 × 10–54

rs1055144 sAt-D AA553656d − 1.20 × 10–11 0.96 rs7798002 0.95 7.20 × 10–12 0.32
sAt-M AA553656d − 2.46 × 10–7 0.65 rs1451385 0.77 5.93 × 10–8 0.38

rs10195252 sAt-D GRB14 + 4.40 × 10–11 1.00 rs10195252 1.00 4.40 × 10–11 1.00
sAt-M GRB14 + 5.51 × 10–6 1.00 rs10184004 1.00 5.51 × 10–6 1.00
Omental GRB14 + 1.02 × 10–13 1.00 rs10195252 1.00 1.02 × 10–13 1.00

SAT-M SLC38A11 − 3.93 × 10–6 0.66 rs10184126 0.18 7.76 × 10–44 8.57 × 10–34

SAT-D SLC38A11 − 3.70 × 10–9 0.35 rs10184126 0.18 2.40 × 10–94 7.40 × 10–82

rs1011731 Blood C1orf105 + 3.80 × 10–16 0.20 rs2157451 0.28 1.30 × 10–33 8.20 × 10–18

lymphocytes PIGC − 5.87 × 10–10 1.00 rs991790 1.00 5.65 × 10–10 1.00
rs718314 Lymphocytes ITPR2 + 1.79 × 10–9 0.98 rs7976877 0.45 2.21 × 10–18 1.91 × 10–6

Blood ITPR2 − 2.40 × 10–9 0.20 rs2570 0.41 2.40 × 10–37 1.80 × 10–28

rs1294421 SAT-M BC039678 − 2.43 × 10–7 0.38 rs1294404 0.64 1.89 × 10–16 3.42 × 10–4

Omental BC039678 − 1.09 × 10–6 0.33 rs912056 0.71 8.28 × 10–17 4.26 × 10–5

rs6795735 SAT-D ADAMTS9 − 1.50 × 10–6 0.04 rs7372321 0.11 1.10 × 10–9 2.30 × 10–5

Omental AK022320 − 7.99 × 10–15 0.64 rs4521216 0.02 5.15 × 10–42 1.49 × 10–19

SAT-D AK022320 − 2.24 × 10–10 0.98 rs4521216 0.02 9.62 × 10–37 7.58 × 10–19

rs4823006 sAt-D ZNRF3 − 2.40 × 10–8 0.63 rs3178915 0.81 6.70 × 10–11 8.90 × 10–4

sAt-M ZNRF3 − 1.08 × 10–18 0.93 rs6005975 0.79 1.59 × 10–19 0.50
Omental ZNRF3 − 9.13 × 10–18 0.98 rs6005975 0.79 6.07 × 10–21 0.27

rs6784615 Blood STAB1 + 2.80 × 10–9 0.32 rs9846089 0.83 9.40 × 10–10 0.08
rs6861681 Lymphocytes CPEB4 + 3.79 × 10–22 0.89 rs7705502 0.87 4.95 × 10–29 2.00 × 10–3

Blood HMP19 + 1.60 × 10–16 0.97 rs10516107 0.83 1.10 × 10–21 4.30 × 10–6

Association between the 14 WHR SNPs and expression of transcripts located within 1 Mb of the WHR SNP in two sets of abdominal subcutaneous adipose tissue (SAT-D  
from deCODE and SAT-M from Massachusetts General Hospital), omental fat, liver, lymphocytes and blood (supplementary Note). Results are given if the unadjusted WHR SNP 
association showed P < 1.00 × 10–5. Findings are highlighted in bold font where the WHR SNP was the transcript peak SNP or where the WHR signal and the cis eQTL signal 
were considered coincident (that is, the transcript peak SNP was highly correlated with the WHR SNP, r2 > 0.7 and the transcript peak association disappeared by adjusting on  
the WHR SNP, P > 0.05); see also Online Methods. Unadj., unadjusted; Adj., adjusted.
aEffect direction for the WHR-increasing allele. bSNP with the strongest association with the transcript in the region (transcript peak SNP). cCorrelation (HapMap CEU, build 36) between  
the WHR SNP and the transcript peak SNP. dThe transcript labeled AA553656 was detected as Contig27623_RC and corresponds to chromosome 7 locations 25,854,143–25,854,203 
(HapMap build 36).
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Anotherpointofdistinctionbetweenourfindingsandthosefor
BMIrelatestotheevidenceforsexualdimorphismthatweobserved
atseveraloftheWHR-associatedloci.Sexdifferencesintheregula-
tionofbodyfatdistributionhavelongbeenacknowledgedwithouta
clearunderstandingoftheunderlyingmolecularmechanisms.These
differencesbecomeapparentduringpubertyandaregenerallyattri-
butedtotheinfluenceofsexhormones33.Consistentwithourfind-
ings,variancedecompositionstudieshave shown that thegenetic
contributiontotheoverallvarianceinWHR,waistandhipcircumfer-
enceisgreaterinwomen17.Althoughthereissomeevidenceforloci
withdifferentialsexeffectsinfluencinglipids34,uricacidlevels35and
riskofschizophrenia36,weareunawareofpriorreportsindicating
suchstrongenrichmentoffemale-specificassociationsforanyother
phenotype,includingBMI32.

Theprimaryobjectiveofgeneticdiscoveryefforts is tocharac-
terize the specific mechanisms involved in regulating the trait of
interest.Despitetheconsiderablechallengesassociatedwithmoving
fromcommonvariantassociationsignalstodefiningcausalalleles
andpathways,wehaveidentifiedstrongcandidatesatseveralofthe
loci.Forexample,theciseQTLdataimplicateGRB14asacompelling
candidatefortheWHRassociationonchromosome2,andwewere
abletoshowthatthesameGRB14variantsarealsoassociatedwith
triglycerideandinsulinlevels,consistentwithpreviousassociationof
thislocuswithhigh-densitylipoprotein(HDL)cholesterol37.These
inferencesabouttheroleofGRB14aresupportedbyevidencethat
Grb14-deficientmiceexhibitimprovedglucosehomeostasisdespite
lowercirculatinginsulinlevels,aswellasenhancedinsulinsignaling
inliverandskeletalmuscle38.ThesignalnearADAMTS9overlapsa
previously-reportedT2Dlocus39,andtheleadSNPforWHRinour
studyisidenticaltotheSNPdisplayingthestrongestT2Dassociation
inapreviousexpandedT2Dmeta-analysis40.Givenevidencethat
ADAMTS9T2Driskallelesareassociatedwithinsulinresistancein
peripheraltissues41,thesefindingsareconsistentwithaprimaryeffect
ofADAMTS9variantsonbodyfatdistribution.Atthechromosome
6locus,VEGFAisthemostapparentbiologicalcandidategiventhe
presumedroleofVEGFAasamediatorofadipogenesis42andevidence
thatserumlevelsofVEGFAarecorrelatedwithobesity43,44.Finally,at
theTBX15-WARS2locus,TBX15emergesasthestrongestcandidate
basedontheciseQTLdatainomentalfat,markeddepot-specificdif-
ferencesinadiposetissueexpressioninmiceandhumansandassocia-
tionsbetweenTBX15expressioninvisceralfatandWHR45,46.

Oureffortstousepathway-andliterature-miningapproachesto
lookforfunctionalenrichmentofthegenesmappingtoassociated
regionsmetwithonlylimitedsuccessbutdidprovidesomesupport
forover-representationofdevelopmentalprocesses.Developmental
geneshavebeenimplicatedinfataccumulationanddistribution45,46,
andrecentevidencesupportsalinkbetweendevelopmentalgenes,
includingHOXC13(ref.47)andTBX15(refs.45,48),andbodyfat
distribution. Developmental genes may in part determine the
adipocyte-specificexpressionpatterns thathavebeenobserved in
different fat depots45. Taken together, our findings point to a set
ofgenesinfluencingbodyfatdistributionthathavetheirprincipal
effects inadipose tissue.This is in contrast to thepredominantly
central(hypothalamic)processesthatareinvolvedintheregulation
ofBMIandoveralladiposity49.

By providing new insights into the regulation of body fat dis-
tribution, the present study raises a number of issues for future
investigation.Fromthegeneticperspective,re-sequencing,dense-
array genotyping and fine-mapping approaches will be required
to characterize causal variants at the loci we have identified and
tosupportfurtherdiscoveriesthatmayaccountforthesubstantial

proportionofgeneticvarianceunexplainedbyourfindings.Fromthe
clinicalperspective,itwillbeimportanttoexploretherelationship
ofthesevariantstomorerefinedmeasuresofbodyfatdistribution
derived from detailed imaging studies, to use the variants identi-
fiedtocharacterizethecausalrelationshipsbetweenbodyfatdistri-
butionandrelatedmetabolicandcardiovasculartraitsandtoexplore
populationdifferencesinpatternsofbodyfatdistribution.Effortsto
tackleoverallobesitythroughtherapeuticorlifestyle-basedmodula-
tionofoverallenergybalancehaveprovedextremelychallengingto
implement,andthemanipulationofprocessesassociatedwithmore
beneficialpatternsoffatdistributionoffersanalternativeperspective
forfuturedrugdiscovery.

URLs.LocusZoom,http://csg.sph.umich.edu/locuszoom/.

METHODS
Methodsandanyassociatedreferencesareavailableintheonlineversion
ofthepaperathttp://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Phenotype definition. Our main phenotype was waist-hip ratio (WHR),
awidelyavailablesurrogateforbodyfatdistribution50.Foreachcohort,we
computed age-adjusted residuals for men and women separately with BMI
adjustment(RAWphenotype)andtransformedthesebytheinversestandard
normalfunction(UNIFORMphenotype)toensurecomparabilityacrossstudies,
betweenmenandwomenandalsowithotherphenotypes.Cohortswithrelated
malesandfemalesalsoprovidedsex-combinedphenotypes.Foreachcohort,we
alsocomputedthesameUNIFORMtransformationsfortheotheranthropomet-
ricmeasuresofwaistcircumference,hipcircumferenceandBMI.

WhenadjustedforBMI,WHRwasassociatedwithandroidtogynoidratio,
visceralabdominalfat(VAT)and,toalesserdegree,subcutaneousabdominal
fat(Supplementary Table 4).WealsoobservedcorrelationsbetweenWHR
adjustedforBMIandHDL,triglyceridesandfastinginsulinofsimilarmag-
nitudetocorrelationspreviouslypublishedbetweenthesetraitsandVAT51,
BMI52,53orpercentbodyfat52,53.Thephenotypeusedforthisinvestigation
wasthereforeWHRadjustedforBMI.

Contributing studies.ThisGWASonWHRadjustedforBMIinvolved32dis-
coverystudieswithupto77,167individuals(34,601menand42,735women)
toidentifypotentiallyinterestingSNPsforcentralobesity.Ourtotalsample
sizeinthediscoverystagereached80%powertodetectSNPassociationsthat
explainedassmallas0.025%oftraitvariance.Weincluded11studieswithin 
silicogenotypeinformationand18studieswithde novogenotypingforthe
follow-upSNPsettoprovideupto113,636individuals(upto47,882menand
66,244women)forthefollow-upstage.Specificsamplesizesvariedslightly
perSNP.Samplesizes,design,samplequalitycontrolanddescriptivestatistics
forallstudiesaregiveninSupplementary Tables 1 and 8.Allstudieswere
conductedaccordingtothedeclarationofHelsinki, informedconsentwas
obtainedfromallparticipantsandthestudieswereapprovedbytheethics
committeesofallparticipatinginstitutions.

Genotypes.Eachdiscoverystudyand in silico follow-upstudyusedgeno-
typesfromagenome-wideSNPchiptoimputeupto2.85millionSNPsusing
HapMapCEU(build21)asreference.Thede novogenotypedfollow-upstudies
usedgenotypesfortheSNPsselectedforfollow-uportheirproxies.Study-
specificdetailsongenotypingplatforms,imputationmethodsandSNPquality
controlaregiveninSupplementary Table 9.

Standardized association analysis on the study level.Ineachdiscoverystudy,
SNPassociationsforWHRadjustedforBMIwerecomputedbylinearregression
ontheUNIFORMphenotypeseparatelyformenandwomen.Whereappropri-
ate,sex-combinedanalyseswerealsoperformedtoaccountfortherelatedness
betweenmenandwomen.Forcomparisonwiththeotheranthropometricmeas-
ures,thesamestatisticalmodelswithoutadjustmentforBMIwereusedtocom-
puteSNPassociationswithBMI,waistcircumferenceandhipcircumference.All
analysesaccountedfortheuncertaintyintroducedbythegenotypeimputation
byusingtheexpectedalleledosageasanindependentvariableintheregression
model.Forthefollow-upstudies,thesamemodelswerecomputedasforthe
discoverystudies,complementedbylinearregressionontheRAWphenotypeto
yieldeffectsizesontheoriginalphenotypescale.Detailsonthesoftwareusedfor
study-specificassociationanalysesaregiveninSupplementary Table 9.

Quality control on the study level.Allstudy-specificfilesunderwentexten-
siveandstandardizedqualitycontrolproceduresbeforemeta-analysis.All
fileswerecheckedforcompletenessandplausibledescriptivestatisticsonall
variables.Particularly,therangesofβestimateswerecheckedforpotential
issuesinphenotypetransformation.Allelefrequenciesandcompliancewith
HapMapalleleswerechecked.Inadditiontothestudy-specificqualitycontrol
filters,weincludedSNPresultsofastudyinourmeta-analysisonlyif(i)the
SNPimputationqualityscorewasabove0.3forMACHimputationorBimBam
orwasabove0.4forothermethods(forexample,IMPUTE)and(ii)MAFtimes
thenumberofsubjectsforaSNPinonestudywasgreaterthan3toensurelow
genotypeimputationerrorandrobuststudy-specificstatistics54–56.

Meta-analyses of WHR association.Meta-analysesofWHRdiscoverystudies
fortheUNIFORMphenotype(seeabove)used(i)men-andwomen-specific

results for studies where men and women were unrelated or the sex-
combinedresultswheremenandwomenwererelated,(ii)men-onlyresultsor
(iii)women-onlyresults.Weappliedtheinversevarianceweightedfixedeffect
model topoolβ estimates57.Fordiscoverystudies,Pvaluesandstandard
errors of each study were genomic control corrected and a second GC
correctionwasappliedonthemeta-analyzedresultstoavoidinflationofthe
teststatisticsduetopopulationstratification58.Theoverallinflationfactor(λ)
ofthemeta-analyzedresultswas1.09forourWHRanalysis.Plotsofassocia-
tionweregeneratedusingLocusZoom(seeURLs).

FromthelistofSNPswithP<5.0×10−6inapreliminaryversionofour
discoverymeta-analysis,wegeneratedalistof16independentSNPsforfollow
upbystartingwiththeSNPwiththesmallestPvalueandaddingSNPslocated
>1MbtoeithersideofanyalreadyselectedSNP.AllSNPswithP<1.0×10−5
intheWHRdiscoveryanalysisbeyondthosealreadyinTable 1aregivenin
Supplementary Table 10.

Weperformedameta-analysisofWHRfollow-upstudiesfortheselected
SNPsusingthesamemodelsasforthediscoverystudywithoutGCcorrec-
tion.Additionally,weperformedameta-analysis for theRAWphenotype
(seeabove).Forthejointmeta-analysis,resultsofdiscoveryandfollow-up
meta-analyseson theUNIFORMphenotypewerecombinedusinga fixed
effectmodel.

Tocheckforpotentialβ-scalinginconsistencies,wealsoappliedthesample-
sizeweightedzscoremethod,whichpoolsthePvalues59,60.Noinconsisten-
cieswerefound.Wealsotestedforbetween-studyheterogeneityusingtheQ
statisticsandtheI2measureandcomputedrandomeffectmodelestimates
forcomparisonwithfixedeffectmodelestimates.Resultsarereportedforthe
fixedeffectmodelthroughoutthispaperifnotstatedotherwise.

Themen-specificpooledβestimateswerecomparedtowomen-specific
pooledβestimatesusingtstatistics(Supplementary Note).

The percentage of the variance of the analyzed trait, WHR, that was
explainedbyoneSNPwascomputedbycomparingthemeta-analyzedesti-
matedSNPeffect(usingtheRAWphenotype)withthephenotypicvarianceof
onepopulation-basedexamplestudyandtakingthegenotypicvarianceusing
theaverageallelefrequencyintoaccount(Supplementary Note).

Meta-analysis for other anthropometric measures.Wealsoperformedmeta-
analyses forBMI,waistcircumferenceandhipcircumferenceassociations
usingthesamemodelsasforWHR.

Evidence of association with other metabolic traits.Weobtainedtheassocia-
tionresultsforthe14SNPsreachinggenome-widesignificanceformetabolic
traits(HDLcholesterol,LDLcholesterol,triglycerides,fastingglucose,fast-
ing insulin,homeostasismodelassessment-insulinresistance(HOMA-IR)
and2-hglucoselevels)andT2DfromotherGWASconsortiawithpublished
data19–21,39.ForalltraitsexceptT2D,wemeta-analyzedtheconsortiaresults
withseveralofourde novogenotypedfollow-upstudies.Toassesswhether
theobservedconcordancebetweeneffectdirectionswasmorethanexpected
bychance,wetestedtheoverallnumberofconcordantSNPscomparedtoa
binomialdrawwithanullexpectationofP=0.5.Toinvestigatewhetherthe
observednumberofnominallysignificantconcordantassociationswitheffects
inthesamedirectionwasduetochance,weperformedthesametestonSNPs
withP<0.05usingaone-sidedtestandanullexpectationofP=0.05.These
binomialPvaluesdonottakeintoaccountthatWHRiscorrelatedwiththe
metabolictraits,andtherefore,concordancefoundalsoreflectsthecorrelation
oftraitvalues.TheenrichmentwasconsideredsignificantifthebinomialP
waslessthan0.05.Astherewassomeoverlapbetweenthisconsortiumdata
onmetabolictraitswithourGIANTdiscovery,werepeatedtheanalysesand
restrictedthedatatoourde novogenotypedfollow-upstudies.

Pathway analyses. We investigated potential functional connections and
pathwayrelationshipsbetweengenesmappingattheWHR-associatedloci.
Weselected48independentSNPsfromthediscoveryWHRmeta-analysis
withP<1×10−5andderived95neighboringgenes(Supplementary Note).
Fromthese95genes,94wereavailabletobetestedforconnectivitypatterns
usingGRAIL22(hg18assemblyofthehumangenome,HapMapbuild21and
PubMedqueriesfromMarch2009),whichusesliterature-miningtechniques
torankthebestgenebasedonitsrelatednesstootherlistedgenes,applying
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correctionsformultiplehypothesistestingandgenedensitywithinregions.
Furthermore,89ofthe95geneswereavailableinthePANTHERdatabaseof
25,431genesandweretestedforcorrelationwith240biologicalprocesses
classifiedinthedatabase(Supplementary Note)23.

Copy number variation (CNV) analyses.WeexaminedSNPsknowntopro-
viderobusttagswithhighLDforCNVsinEuropean-descentstudiesbyusing
6,018CNV-tagSNPsforwhichwehadWHRdiscoverymeta-analysisresults
(Supplementary Fig. 1,Supplementary Table 11andSupplementary Note).

eQTL analyses.Weexaminedtheassociationbetweenthe14identifiedWHR
SNPs and expression transcripts of nearby genes in five different tissues:
lymphocytes,SAT,omentalfat,liverandblood(detailsonmethodologyand
tissuesamplesintheSupplementary Note).Weusedconditionalanalyses
andr2measurestoidentifythesubsetofsignificantciseQTLsignalsthatwere
likelytobecoincidentwithWHRassociationsignals.

Differences in gene expression between subcutaneous and gluteal fat.We
analyzeddifferencesinexpressioninsubcutaneousglutealfattissueascom-
paredtosubcutaneousabdominalfattissuefrom49individualsavailablefrom
theMolOBBstudy.ThePvaluesfromtheFtestfittingalinearmixedmodel
wereadjustedformultipletestingforthe15expressedgenesusingthefalse
discovery rate61andconsideredsignificant if thisPwasgreater than0.05
(Supplementary Note).
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Corrigendum: Meta-analysis identifies 13 new loci associated with waist-hip 
ratio and reveals sexual dimorphism in the genetic basis of fat distribution
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In the version of this article initially published, there were errors in Table 1. Specifically, for eight SNPs, the effect allele frequencies were reversed. 
The correct effect allele frequencies for rs9491696, rs984222, rs4846567, rs1011731, rs718314, rs1294421, rs6795735 and rs2076529 are 0.480, 
0.635, 0.717, 0.428, 0.259, 0.613, 0.594 and 0.430, respectively. These errors have been corrected in the HTML and PDF versions of the article.
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