Six new loci associated with body mass index highlight &
neuronal infBuence on body weight regulation
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Common variants at only two loci, FTO and MC4R
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Initial meta-analysis of GWAS studies of BMI (stage 1)
i S S R R B We carried out a GWA meta-analysis of a total of 32,387 individuals of
0 1 2 3 4 5 6 0 1 2 3 4 5 6 P ;
Expected -og,,, Pvalue Expected —log,, P value European ancestry from 15 cohorts of 1,094 to 5,433 individuals using

two parallel analytic strategieSupplementary Fig. 1 and Supplemen-
tary Tables 1E8 online). First, we carried out a weightegcorebbased

Obesity is a major public health problem, resulting in increasemeta-analysis combining values from cohort-specibc analysis strate-
morbidity and mortality and severe economic burdens on healttgies. Second, we also performed an inverse-variance meta-analysis using
care systerd€ Excessive energy intake and diminished physiaagression coefbcients and their standard errors obtained by applying a
activity contribute to the increasing prevalence of obesity, but genetiniform analysis strategy across all studies. The results for these two
factors strongly modulate the impact of the modern environment ostrategies were highly congrueSuipplementary Fig. 2 online). Here
each individual. Indeed, family and twin studies have shown thate report results of the weightdtlvalue analysis, as it was completed
genetic factors account for 40b70% of the population variation iprst and used to select SNPs for follow-up genotyping.
BMI34 BMI is the most commonly used quantitative measure of SNPs that reacheo 5 10 8 (a threshold that corresponds
adiposity, and adults with high values of BM& B0 kg/nf) are to P o 0.05 after adjusting for 1 million independent tests) in this
termed obese. stage 1 analysis all mapped within tHEO gene (association peak at

Until recently, genetic variants known to inBuence BMI were largetg1421085P ¥4 2.6 10 19, were in linkage disequiliorium (LD)
restricted to mutations in several genes that cause rare, often sewétl each other£4 0.51), and strongly conbPrm previous reports of
monogenic syndromes with obesity as the main fe8tiMetations in ~ association at this locB#88 A locus located neaviC4R (rs17782313,
these genes are thought to act through the CNS, and in particular thé/43.9 10 7) and recently associated with BMPwas the fourth
hypothalamus, to inBuence energy balance and appetite, therehgst signibcant region in the stage 1 da®ig( 1). Even after
leading to obesity. However, it is not known whether genetic variatioexcluding SNPs in these two established BMI loci, we observed an
in similar pathways is also relevant to the common form of obesigxcess of SNPs with smalivalues compared to chance expectations,
and population variation in BMI. suggesting that some of the remaining loci with strong but not

In the past year, large-scale searches for genetic determinantdesfnitive evidence of association in stage 1 are truly associated with
BMI revealed previously unreported associations with common vagMI (Fig. 1b).
iants at two loci,FTO and MC4R5P10 Common variants at these loci
are associated with modest effects on BMI (0.2D0.4%pémallele) Additional analysis of the strongest associations (stage 2)
that translate into odds ratios of 1.1D1.3 for obesity (debPned as B validate potential associations with BMI, we designed a pool of 35
> 30 kg/n)BP10 Common variation inPCSK1 has been strongly variants for further genotyping, drawn from among the most strongly
associated with the risk of extreme obéditput this association has associated independent loci (for technical reasons, these SNPs do not
not yet been independently replicated. correspond perfectly to the top 35 loci; see Methods). We genotyped

Together, common variants &T'O and MC4R and rare variants these SNPs in up to 45,018 additional individuals of European ancestry
known to cause obesity explain only a small fraction of the inheritdtbm nine stage 2 sampleSupplementary Fig. 1, Supplementary
contribution to population variation in BMI. To expedite the identi- Tables 1 and 4 and Supplementary Note online). We also obtained
bcation of alleles associated with variation in BMI, obesity and oth&r silico association results for these SNPs from bve BMI GWAS on
anthropometric traits, we formed the GIANT (Genetic Investigatiori4,064 additional individuals of European ances$ypplementary
of ANthropometric Traits) consortium to facilitate large-scaleFig. 1, Supplementary Tables 1 and 4 and Supplementary Note).
meta-analysis of data from multiple genome-wide association studidsta-analysis of these stage 2 results combined with stage 1 data
(GWAS). Here, we report a meta-analysis of 15 GWAS totaling 32,38vealed SNPs from bve previously unreported loci fiedEMIS,
individuals and test for association between BMI an@.4 milion KCTDI15, SH2B1, MTCH2 and GNPDA? that are strongly associated
genotyped or imputed SNPs. We then follow up 35 SNPs drawn frowith BMI (Po 5 10 8, Table 1, Fig. 2 and Supplementary Table 5
the most signibcantly associated loci by a combinationrleofiovo  online). Two additional loci, represented by rs2815752 (MN#&GR1)
genotyping in up to 45,018 additional individuals and analysis of theaad rs10769908 (ne&TK33) had supporting evidence in stage 2
SNPs in another 14,064 individuals already genotyped as part of otsamples but did not reach theo 5 10 8 threshold ¢ ¥ 6.0
GWAS. These studies show that variants at six previously unreport@ ® andP % 1.3 10 6, respectively). Among these two, rs2815752
loci in or near TMEM18, KCTDI15, SH2B1, MTCH2, GNPDA2 and also showed a highly signibcant independent association with severe
NEGRI are reproducibly associated with BMI. obesity in a pediatric cohort{¥s2.2 10 7, Supplementary Table 6
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Table 1 SNPs with genome-wide signibcant evidence for association with BMI

Frequency Per-allele change Explained

Alleles Stage 1 Stage 2 Stage 1 + 2 With deCODE
Nearby Posion - of effect in BMI (kg/m2) variance

SNP gene Chr.  (bp) Effect Other allele (%) beta (95% CI) (%) n P n P n P n P

rs9939609 @  FTO 16 52378028 A T 41 0.33 0.34 32,329 6.3ED17 51,055 3.3ED36 83,384 4.3ED51 113,204 4.9ED74
(0.27, 0.39)

rs6548238 TMEMI18 2 624905 Cc T 84 0.26 0.13 32,256 1.2EDP06 52,567 1.6ED13 84,823 1.4ED18 114,643 3.2ED26
(0.19, 0.34)

rsl7782313 MC4R 18 56002077 C T 21 0.20 0.10 32,385 3.9EDO7 48,362 1.9ED12 80,747 4.6ED18 110,567 1.1ED20
(0.12, 0.28)

rs10938397 GNPDA2 4 45023455 G A 45 0.19 0.13 32,387 1.0EPO5 49,371 4.5ED12 81,758 3.4EP16 n.d. n.d.
(0.13, 0.25)

rs7498665 @ SH2B1 16 28790742 G A 41 0.15 0.08 32,361 5.4ED06 54,316 1.7EP06 86,677 5.1EP11 116,497 2.2ED14
(0.08, 0.21)

rs10838738 MTCHZ2 11 47619625 G A 34 0.07 0.02 32,387 7.1ED06 48,530 9.6EDO5 80,917 4.6ED09 110,737 1.9ED11
(0.01, 0.13)

rs11084753 KCTD15 19 39013977 G A 67 0.06 0.01 32,335 2.6EDO7 39,371 4.1EP03 71,706 2.3EDP08 101,526 4.5ED12
(P0.01, 0.13)

rs2815752 @ NEGR1 1 72524461 A G 62 0.10 0.03 32,387 9.3EP06 51,112 6.8ED04 83,499 6.0EDO8 113,319 1.0ED12
(0.04, 0.16)

Nearby gene is the gene closest to the SNP in column 1. Chromosome and position (in Build 35) of SNPs used in analyses are listed. OEffectO allele, Bbteasing allele; OOther®
allele, BMI-decreasing allele. Frequency of effect allele, weighted frequency of the effect allele (and the proxy SNP for those loci where more thame SNP was typed) in genotyped
population-based cohorts (EPIC, FINRISK97, BPPP, METSIM). Per-allele change in BMI, the change in BMI per increase in the effect allele (with 95% cdpdence interval) from
stage 2 genotyped population-based cohorts. Explained variance, the average of the variance explained for the SNP used for analysis in stage 2 gegetypopulation-based cohorts.
Stage 1, data from stage 1 GIANT meta-analysis; stage 2; data from meta-analysis of genotyped arid silico studies; stage 1 + 2, data from stage 1 GIANT analyzed with genotyped
and in silico studies from stage 2. With deCODE, data from meta-analysis of stages 1 and 2 and data from ref. 12. n.d., not determined because of unavailability of gbdllumina
proxy for rs10938397.

3SNPs rs1121980 ( FTO r? ¥4 0.96 to rs9939609), rs9931989 (  SH2BI r? ¥4 0.68 to rs7498665) and rs2568958 (  NEGRI r? ¥ 1 to rs2815752) were used in some stage 2 samples.

online), strongly suggesting that this variant represents a sixth newtyresponding to a change of 173D954 g in weight per allele in adults
discovered locus inRuencing BMI. For each of the six loci, multipleho are 1609180 cm tallable 1). In our stage 2 samples, the six
SNPs showed highly signibcant association in the stage 1Rigta)( newly discovered loci together account for 0.40% of the variance of
and the associations were observed across multiple cohorts genoty®it, and in conjunction with the known associations ETO and
on different platforms $upplementary Table 7 online), suggesting MC4R account for 0.84% of the varianc&able 1). We also estimated
that idiosyncratic genotyping artifacts are unlikely to explain outhe allelic odds ratios for these six newly discovered variants on the
results. Furthermore, the consistent association signals across differisktof being overweight (BME 25 kg/n?) or obese (BMI> 30 kg/
European-ancestry samples, each with low genomic control inRatior?) compared to non-overweight controls (BMb 25 kg/n).
factors Supplementary Table 3), also suggest that population struc-According to data from the newly genotyped stage 2 samples, the
ture is unlikely to account for these associations. Finally, Pve of takkelic odds ratios for being overweight for each of the six variants
six associated variants (nedtMEM18, KCTDI15, SH2BI, MTCH2 ranged from 1.03 to 1.14, and for being obese from 1.03 to 1.25
and NEGRI, but not GNPDA2) had lllumina proxies in high LD (Supplementary Table 8 online).
(*4 0.66) with our best SNPs that were included in an independent To estimate the combined impact of these variants on BMI, we
GWAS by Thorleifssoer al.12 for all bve, they observed conbrmatoryexamined our largest population-based stage 2 sample (the EPICD
evidence of association with BMTdble 1), providing strong valida- Norfolk cohort), analyzing the 14,409 individuals who had no missing
tion of these newly discovered associations. genotypes for associated SNPs at any of the eight validated loci
Of the variants showing strong association with BMI, only rs99396Q9MEM18, KCTD15, SH2BI, MTCH2, NEGRI1 and GNPDA2, plus
(in FTO) showed nominally signibPcant evidence of heterogeneity acrdd) and MC4R). We calculated a genotype score for each individual,
cohorts ¢ ¥ 0.02,Supplementary Table 5), and none of the associa- weighting the number of BMI-increasing alleles by their relative effect
tions showed signibcantly different effects by geA (0.16,Supple-  sizes (so thafTO alleles had the largest weight aWid'CH?2 alleles the
mentary Table 5). We did not observe any signibpcant evidencemallest). In this cohort, the 1.2% ¢/ 178) of the sample with 13 or
supporting the recently reported BMI associations with SNAsmore Ostandardized® BMl-increasing alleles across these eight loci is on
near INSIG2 (rs7566605,P Y4 0.98) and CTNNBLI (rs6013029, average 1.46 kghtequivalent to 3.7D4.7 kg for an adult 1609180 cm
P %,0.34¥314 We did observe modest evidence for association betwearheight) heavier than the 1.4%: (% 205) of the sample with 3
BMI and variation in PCSK1 (rs6232,P ¥ 0.03 in the appropriate standardized BMI-increasing alleles, and 0.59 Rgi5D1.9 kg for an
direction), which has previously been associated with severe dhesitydult 1600180 cm in height) heavier than the average individual in our
study (Fig. 3).
Impact on BMI, obesity, related traits and complications Further follow-up of the conbrmed SNPs in a large geographically
The effects of the associated variants on BMI were estimated udi@ged cohort of children (ALSPAC Study,%2 4,951 children with
data solely from genotyped stage 2 samples, to lessen the impact oBfk information at age 11) showed signibcant and directionally
OwinnerOs curseO; they ranged from 0.Faa@d3 kg/n? per allele, consistent associations between BMI and the variants FiegEM18
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Figure 2 Regional association plots showing signals in stage 1 samples for replicating loci aroundMEM 18, GNPDAZ2, SH2B1, MTCHZ2, KCTD15 and
NEGR1. (aEf) SNPs are plotted by position on chromosome against association with BMI (Blgg P value). The bgures highlight the most signibcant SNP
after stage 1 meta-analysis (in purple) and the SNP selected for follow-up (diamond) in stage 2 analyses, labeled with its combineff value (stage 1 + stage
2). In most cases, the SNP followed up is the most signibcant SNP in the region (therefore, a purple diamond). Otherwise, the LD between the followed-up
SNP and the most signibcant SNP in the region is indicated by the color of the diamond. Estimated recombination rates (from HapMap) are plotted in cyan
to ref3ect the local LD structure. The SNPs surrounding the most signibcant SNP (purple diamond) are color-coded to ref3ect their LD with this SNP as ireth
inset (taken from pairwise 2 values from the HapMap CEU database). Genes and the position of exons, as well as the direction of transcription, are noted
below the plots (data from UCSC genome browser) with a gray area marking the extent of the region that includes any SNP wih> 0.3 relative to the

most signibcant SNP (purple diamond). Hashmarks represent SNP positions on each genotyping array used by any individual study and also show SNP
positions after imputation. In e, rs11084753 was selected as the reference SNP for the KCTD15 region and shows essentially identical results to rs415237.
The two SNPs are virtually superimposed on the association plot.

(P¥3.4 10 9), KCTDI5 (P ¥4 0.0010) andGNPDA2 (P ¥ 0.018) and MTCH?2 the small effects on BMI in stage 2 samples limited our
(Supplementary Table 6). Comparison of extreme childhood obesityability to dissect the effect on BMI into its constituent components.
casesH ¥ 1,038, SCOOP-UK) to all children in the ALSPAC cohorVariation at MC4R was signibPcantly associated with adult height, as
(n ¥ 8,369 in the full cohort) revealed an increased risk of extrenmeviously reporte¥ To measure more directly the effects on adipos-
childhood obesity for the BMl-increasing alleles neBMEMI8 ity, we tested these variants for association with percentage fat mass
(ORY41.41,P % 7.9 10 7), GNPDA2 (OR ¥ 1.20,P % 1.5 in a meta-analysis of three cohorts of adults in which percent fat mass
10 4 and NEGRI (OR ¥ 1.29,P ¥ 2.2 10 7). The absence of was assessed (EPIC-Norfolk, Botnia PPP and METSIM; total
signibcant associations with childhood BMI or extreme childhood ¥2 18,279), and also in the children from ALSPAC in whom percent
obesity for the variants nea’TCH2 and SH2BI could reRRect the body fat mass was measured at age A%4(4,876). As was seen
relatively smaller sample sizes and lower statistical power of qureviously forFTO and MC4R"-9, the BMI-increasing alleles at all new
childhood cohorts, or perhaps a differential effect of these variaftxi were also associated with or trended with increased fat mass in
on the risk of childhood and adult-onset obesity. both the combined samples of adults and the childhood cohort
Although BMI is a well accepted and commonly used measure ($upplementary Tables 6 and 8; each variant had & valueo 0.1
obesity, it is an indirect and approximate measure of adiposity. BNt the appropriate direction in either adults, children or both). Thus,
has two components, weight and height, and can also be inBuencedhsy associations with BMI are largely driven by effects on weight rather
lean and/or fat mass. To determine which aspect(s) of BMI atkan height, and seem to act at least in part through an effect
inRuenced by the variants we identibed, we analyzed their associatonadiposity.
with the different anthropometric components of BMI, and also with  We used publicly available results of GWAS for known obesity
a more direct measure of adiposity, percentage fat mass. All of t@nplications, including type 2 diabet@slipid leveld® and coronary
variants had much stronger associations with weight than with heigattery disease (CAB)18 to assess the impact of the newly discovered
(Supplementary Tables 6 and8), with the exception that foKCTD15 obesity loci on these traits. Two of the loci were associated with
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3,000 -27.5 Figure 3 Combined impact of risk alleles on average BMI in the population-
based EPIC-Norfolk cohort. All eight conbprmed SNPs were successfully
5500 L 270 genotyped in the EPIC-Norfolk cohort (14,409 individuals with complete
' ' genotype data). For each individual, the number of risk alleles (0,1,2) per
- SNP was weighted for their relative effect sizes estimated from the stage 2
% 2,000 L265 2 cohort data only. Subsequently, the weighted risk alleles were summed for
E] g each individual, and the overall individual sum was rounded to the nearest
2 ® integer to represent the individualOs risk allele score. Along the axis,
:Ef 1,500 r260 2 individuals in each risk allele category are shown (grouped 3 and >13 at
g @ the extremes), and the mean BMI (z s.e.m.) is plotted { axis on right), with
£ 1,000 L o5 5 3, the line representing the regression of the mean BMI values across the risk-
2 - allele scores. The histogram f axis on left) represents the number of
individuals for each risk-score category.
500 -25.0
o a5 segments upstream NEGRI are copy number variableFig. 4b).

B 4 56 7 8 9 1011 12 213 Haplotype analysis indicated that two deletion polymorphismsNa
Weighted number of risk alleles 10-kb deletion and a 45-kb deletionNare segregating at the locus on

distinct haplotypes Kig. 4c). The two most signibcantly BMI-
associated SNPs immediately Rank the 45-kb deletion and are in

diabete¥> GNPDA2 (P ¥ 6.6 10 5 and TMEM18 (P ¥ 7.5 perfect LD with it ¢2 ¥4 1.0) across all HapMap analysis panels.

10 %) (Supplementary Table 8). Most of the BMI-associated variantsIndeed, what initially seemed to be a long associated haplotype (the

were not signibpcantly associated with these BMlI-related traits].3 kb spanned by these SNPs on the reference genome sequence) is

most likely because of low power to detect very small effects in tingfact a short haplotype whose major feature is the absence of 45.6 kb

public datasets and the incomplete correlation between BMI amd the reference sequenddg. 4c). The 45-kb deletion is therefore a

these trait&>. strong candidate to explain the association signalBEGR1. Although
the deletion region consists entirely of noncoding sequence, the
Impact of copy number polymorphism (CNP) on BMI deletion allele lacks several conserved elements upstream of

A large fraction of human copy number variation arises fronNEGRI that are present on the other structural haplotypes at the
common, diallellic polymorphisn#8. Most of these CNPs are in LD locus (Fig. 4c).

with adjacent SNPs, so their contribution to phenotypes can be

assessed via these SNP#/e used these SNPDCNP LD relationshiggossible role in the CNS of genes near associated variants

to assess the extent to which this subset of human copy numbEre newly discovered variants showing strong associations with BMI
variation might inBuence BMI (see Methods). The distribution ofie in or downstream ofKCTD15, SH2BI, TMEM18, MTCH2 and

BMI associationP values in stage 1 samples for CNP-tagging SNIB&VPDA2, and upstream oNEGRI (Fig. 2). SH2BI is a strong prior
conforms closely to the distribution expected under the null hypoth-
esis, except for a single SNP (rs2815P52,9.3 10 ©) (Fig. 4a).

We noticed that this SNP is the most strongly associated variant &a
one of our six validated locilVEGRI. To understand better common
patterns of structural variation @VEGRI, we analyzed hybridization
data from 270 HapMap samples, bnding that two distinct genomic

b 72.40 72.50 72.60
L 1

rs2815752

n w » [&)] (o2}
| |

|
Samples

Observed —log,(P)

Figure 4 Contribution of copy number polymorphism to BMI. @) Quantile-
quantile plot of the Plog;g P values for SNPs ( ¥4 261) that tag copy
number polymorphisms (2 4 0.8) in the stage 1 genome-wide meta- ot .NEGm T |
analysis data. The data generally conform to the uniform distribution o 1 2 3 4 5 6 72.4 72.5 726
expected under the null hypothesis of no association, with the exception Expected —logy,(P) Probe position on chr. 1 (Mb)

of a strong association to the CNP-tagging SNP rs2815752 (nearNEGR1I).

(b) Copy number variation in the NEGR 1 association region near c 72.40 72.45 72.50 72.55 72.60
rs2815752. Heat map representation of the hybridization intensity of copy : : : : :
number probes (SNP 6.0 array) across theVEGR 1 association region in 90
HapMap CEU samples. Darker shades of red indicate reduced hybridization
intensity. The data indicate two regions of copy number variation (pale green

and pink rectangles in lower panel) upstream of NEGR1. (c) Structural Haplotype Fregl;e()ncy
haplotypes and BMI association signal in the NEGR1 region. Two deletion 0.15
polymorphisms (a 10-kb and a 45-kb deletion affecting nonoverlapping 0.65
sequences upstream of NEGR 1) segregate on distinct haplotypes. Both
deletions remove conserved elements upstream oNEGR1 (top panel). In
the bottom panel, the color of each SNP indicates the structural haplotype
with which it is in strongest LD; the size of each circle indicates the
strength of this LD. The 45-kb deletion is immediately Ranked and perfectly
tagged (@ ¥4 1.0) by the two most strongly BMI-associated SNPs; these
SNPs are separated by 47.3 kb on the reference genome sequence but by
only 1.7 kb on the BMI-associated deletion haplotype (red). These SNPs
Rank but are not contained within the copy number variable region. Position on chr. 1 (Mb)
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candidate for regulating body weight. SH2B1 is implicated in leptin Many of our associated loci highlight genes that are highly
signaling?, and Sh2b1-null mice are obeg& Notably, the obesity in expressed in the brain (and several particularly so in the hypothala-
Sh2bl-null mice can be reversed by target8bl expression in mus), consistent with an important role for CNS processes in weight
neurond’, suggesting that the effects of this gene on obesity asgulation. We found thalf’ MEM18, KCTD15, SH2B1, GNPDA2 and
mediated through the CNXCTD15, TMEMI18 and GNPDA2 have NEGRI are expressed at high levels in brain and hypothalamus (as are
unknown functions, whereasfTCH2 encodes a putative mitochon- FTO and MC4R; Supplementary Fig. 3). The remaining gene,
drial carrier protein that may function in cellular apopto®€3 and MTCH2, has evidence of expression in the brain in published
NEGRI has a role in neuronal outgrow#f25 Although bne mapping date’, as doesBDNF28, a locus identibed by Thorleifssam al.12
and other experimental approaches will be required to identify anthese results extend and conbrm previous observations with respect
conbrm the causal variant(s) and gene(s) for each locus, we note thatFTO and MC4R, and are consistent with insights derived from
with the exception o§H2BI, our newly associated loci do not includemonogenic forms of obesity and functional studies. Disruption in
obvious or previously studied candidate geéfieshus, a large sample mice of Mc4r, Sh2b1 and Bdnf (all genes that seem to be involved in
size and an unbiased genome-wide approach has not only increasiggaling in the brain) results in hyperphagia and/or obesity, and both
the number of known obesity loci, but also highlighted new aspects &b and Sh2b1 show diet- or obesity-related changes in expression in
the biology of body weight regulation. hypothalamu&!-2°®34Further general support for a neuronal basis for
To provide additional data on where these genes may function, wbesity comes from the observation tHdEGRI is thought to affect
measured the expression of the genes nearest to our best $NBronal outgrowth*2 Finally, the effect of variants that map
association signals in a panel of different human tissues. We foutad a gene desert betweeRNPDA2 (Supplementary Fig. 3) and
that, in our data, all genes excegf CH2 were highly expressed in the GABRA2 (ref. 35) might be mediated by GABRAZ2, which affects
brain and/or hypothalamus Sapplementary Fig. 3 online). Addi- addiction behaviot®®38 Abundant evidence supports multiple possi-
tionally, MTCH2 mRNA expression is observed in the brain irble roles of the CNS on body weight regulation, including on
publicly available expression d&taand in these data, variant appetite, energy expenditure and other behavioral asffe@ster-
rs17788930 £ ¥4 1 with lead SNP rs10838738) was associateuining the precise mechanism of action of these loci will require
(P % 1.3 10 8 with MTCH2 mRNA levels §upplementary further experimentation.
Table 8). These expression data suggest that, as is seen in monogen@ur analyses explicitly interrogate only a minority of common
forms of obesity, inherited variation inBuences common humasequence variants in a given region; we expect therefore that the causal
obesity through effects in the CNS, although effects in other tissuesiant is, for some loci at least, yet to be examined. Although many

for at least some of these genes remain possible. variants are strongly correlated at each locus, precluding debnitive
identibcation of a causal variant, several loci have intriguing candi-
DISCUSSION dates. These include a large polymorphic deletion in the association

Through meta-analysis of GWA data fro#n32,000 samples, followedinterval upstream oNEGRI (Fig. 4), and missense variants rs7498665
by additional large-scale follow-up, we have identibed six new loci tH&484T) atSH2B1 (2 ¥4 0.71 to best SNP) and rs1064608 (A290P) at
show compelling associations with adult BMI. Four of these lodifTCH2 (12 ¥4 1.0 to best SNP), which also disrupts a predicted SC35
(TMEMI8, GNPDA2, SH2B1 and NEGRI) also show compelling exonic splicing enhancer sifet!
evidence of association with obesity in adults or children. In We cannot be sure which of the nearby genes are causally involved
general, debnitive identibcation of the specibc mechanisms throughinBuencing BMI. As a source of additional clues to likely causal
which these loci inBuence BMI and obesity will require detailed Pmeechanisms, we exploited publicly available eQTL data for lympho-
mapping and subsequent functional characterization. With theyte4? and brairf’, and tested for association between the eight
exception of SH2B1, the genes most strongly implicated on theeplicated variants and mRNA levels of the nearby geSegple-
basis of colocalization with the association signal have limitadentary Fig. 3 and Supplementary Table 9 online). Other than
prior candidacy. variants in theMTCH?2 locus (associated witMf TCH2 mRNA levels

We compared our results with those obtained in another large brain and NDUFS3 levels in lymphocytes) and in th8H2BI
GWAS of BMI, described in an accompanying manuscript bipcus (associated witlfIF3C levels in lymphocytes and brain and
Thorleifssonet al.l2 For the bve of our six newly identiPed lociwith TUFM levels in lymphocytes only), these studies did not yield
where a comparison was possible (those that had strongly correlaitedications of the likely causal gene(s). TISé2BI result also
proxies on the lllumina 317K genotyping platform &MEMI18, illustrates some of the difbculties in interpreting associations with
KCTD15, SH2B1, MTCH2 and NEGRI), the data of Thorleifsson gene expression levels, as the presence of a missense SHUBIn
et al. also showed strong evidence of associati®able 1); for and the strong prior candidacy of this gene would seem to implicate
GNPDA2, no adequate proxy was available. None of the other tagirongly alteration inSH2BI function as the causal mechanism for
SNPs for which we attempted replication and which had adequatéuencing obesity. One possibility is that t&&2B1 variant has a
proxies showed evidence of associations in the study by Thorleifssansal role but happens to be in LD with a different variant that
et al. (Supplementary Table 5; results provided by U. Thorsteinsdottir, inBuence<IF3C and TUFM mRNA levels; alternatively, regulation of
G. Thorleifsson and K. Stefansson on behalf of Thorleifgsari).  EIF3C or TUFM mRNA levels could have a causal role, instead of or in
After the six validated loci (and SNPs in LD with them) were removealddition to variation in SH2BI.
from our analysis, we no longer observed a clear exceBsvalues Logistically, one important challenge in executing our study was
smaller than expected by chanddg( 1c). One might conclude from coordinating analysis strategies and phenotype modeling across 15
this that few detectable BMI loci remain to be found. However, we adifferent cohorts, each with specibc genotyping, phenotyping, trait
encouraged in further pursuit because among the remaining data anedeling and analytical strategies. Given this challenge, we decided to
two additional loci reported by Thorleifssam al. (BDNF and ETV5);  start by carrying out a meta-analysis of results from study-specibc
both of these loci show strong conbPrming evidence for associationanalyses, relying only on knowledge of the BMI-increasing allele and
our stage 1 meta-analysiB yalues of 0.00035 and 0.00043). P value for each study, before completing a uniform analysis across all
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studies. Notably, we found very similar results between the studyhich included direct genotyping in 45,018 European-origin individuals from
specibc analysis, in which different adjustments for covariates amnge studies andh silico comparisons with results from 14,064 European-origin
analytical procedures were performed in different studies, and tifglividuals from bve studies with GWA dat$upplementary Fig. 1 and
uniform analysis, in which these procedures were harmonized acréggplementary Table 1).

all studies $upplementary Fig. 2). Thus, at least for this phenotype, . )
the association analysis is robust enough to differences in phenotylJig 1 samples and genotyping. The GIANT consortium currently encom-
. . . . . . Sses 15 study cohorts with 32,387 individuals of European ancestry infor-

modeling so th_at differences in stL_de_deS|gn or analy_tlc strategies g o tor adult BMI Gupplementary Fig. 1 and Supplementary Table 1).
not preclude discovery of new loci using meta-analysis. The 15 study cohorts, including between 1,094 and 5,433 individuals each,

The effect sizes attributable to the associated variants range frigfle genotyped using the Affymetrix 500K Mapping Array Set (11 cohorts,
0.06 to 0.33 BMI units per allele, and each explains only a small, 25394), lllumina HumanHap300 BeadChip (2 cohorisYs 2,385),
proportion of the variance in adult BMI. As might be expected, giveflumina HumanHap300+240 (1 cohort; ¥ 2,235) or lllumina HumanHap
these modest effects and the smaller size of the relevant availabfeBeadChip (1 cohort, ¥4 2,265) Gupplementary Tables 2 and3). To allow
datasets, we did not consistently observe measurable effects on thef@isketa-analysis across different marker sets and to improve coverage of the
of diseases in which obesity is one of several contributing factors (s@fome, we performed imputation of polymorphic HapMap CEU SNPs
as type 2 diabetes). It is also possible that some of these varigpfgplementary Note and Supplementary Table 3) using either MACH
inBuence BMI but have negligible effects on the downstream risk%(f Li. C.JW., J. Ding, P.S. and G.R.A., unpublished data) or IMPUTE
obesqy-relgted dls?ase' Despite _these s_ma" effegts on BMI, Wher}\;’;’&iaﬁon analysis with BMI and meta-analysis of association results. First,
combined information from the eight validated loci, we were able t@,cn study performed GWA analyses for BMI assuming an additive model
identify small groups of individuals who differ appreciably withmplemented in either MACH2QTL (Y. Li, C.JW.,, J. Ding, P.S. and G.RA.,
respect to mean BMI. However, at the population level, the value @ipublished data), Merliff4%or SNPTES". Covariates, trait transformation
these signals in predicting obesity remains quite limitgpplemen- and strategies for excluding outliers or accounting for family relatedness varied
tary Fig. 4 online). according to each studyOs original desSgpiflementary Tables 2 and 3), but

These results raise the question as to why the variants detectethghmain results were essentially unchanged when we repeated meta-analysis
this large study only explain a small fraction of the inherited variabilit§fter imposing a uniform set of analyses and procedures across the 15 study
in BMI. There are several possible explanations, which require furttf@forts- For those samples based around case-control designs (such as
experimentation to explore. First, there may be many more loci Wittﬁose from FUSION and from the type 2 diabetes, coronary artery disease,

iants that inf BML. W dict that additi 1nd hypertension components of the Wellcome Trust Case Control Consor-
common variants that ini>uence - Vve can predict that additiong um), cases were analyzed separately from controls. To allow for relatedness in

loci will be discovered by similarly sized studies in new samplgg: sardiNiA and FUSION samples, regression coefbcients were estimated
because we had only 5910% power to detect variants such as thoge @b context of a variance component model that modeled background
KCTDI15, MTCH2 and NEGRI, dozens of additional variants with polygenic effectd

comparable effect sizes likely remain unidentiped. The number ofNext, we carried out meta-analysis using a weightedore method, which
common variants with smaller effects, and which might be detectedcounts for the direction of association relative to a consistent reference allele.
with larger samples, is harder to predict, as this depends on the alléi¢his method,P values for each study are Prst converted gzores. Then, a
architecture; if the number of causal variants increases as effect j#i@hted sum of scores is calculated where each statistic is weighted by the
decrease, then increasing sample size will be especially product¥¢'® root of the sample size for e_ach study_. The resultmg sum is divided by
Modifying effects such as interactions with environmental factorti e square root of the total sample size to obtain an ovesthtistic, which can

th fi iant th iabl if subst & used to evaluate the overall evidence for association. The method takes
other genelic variants, age, Sex or other variables may, I substan ﬁ%btion of effect across studies into account by reversing the sign oftuee

al_so diminish appe_lrent effect sizt_as, SO d?ta”ed_ analyses of interacipn study if the effect is in the opposite direction. We obtained similar results
with Va“d?ted variants may b? informative. Finally, other than th@hen we analyzed each cohort using a uniform protocol (which involved a
MCH4R coding region, these loci have not yet been explored thoroughjMantile transformation to approximate normality and adjusting for age and
for additional rare (or common) variants. As such, it is not knownagé in men and women separately) and combined the results using the
whether additional variants at these loci (those causal for the indesgression coefpcients and standard errors estimated from each Siipgye(
association or those representing independent causal events) cowstary Fig. 2; Pearson correlation ¥ 0.91). Both meta-analysis procedures
explain a greater fraction of BMI variation. There are a growin{ere implemented in the freely available METAL software package. The
number of examples, including a¥C4R, where genes containing genomic control parametet was 1.10 in our initial meta-analysis without
common variants assbciated with a pariicular phenotype also harbu(')sljng genomic control correction in any study except SardiNIA, which, given

i . . our large sample size, suggests only a modest impact of unmodeled relatedness
lower-frequency, higher-penetrance variants with more severe phe

. 3046 : . A BP'popuIation stratibcation in our results. The values we report have all
typic consequencés**®4°Comprehensive sequencing studies in thes@hsequently been corrected for this unmodeled relatedness or population

and other loci (perhaps in individuals with extreme obesity) mayiratibcation by application of a genomic control correction to all input studies
represent a path to Pnding such variants and beginning to explore th&well as to the meta-analysis resulits.

relative contributions of common and rare variation to BMI. Dis-

covering additional variants will slowly increase predictive poweslection of SNPs for follow-up. For follow-up analyses (stage 2), we
However, a greater immediate impact of these studies is the identip@enotyped 35 SNPs drawn from the most signibcantly associated independent
tion of previously unsuspected loci that participate in the biology deci. We debned signals at two SNPs to be independent of each other if the

body weight regulation, and which may help guide the development Bi\Fs Were in low LD o 0.3) or if they wered 1 Mb apart. In some cases,
new therapies. the SNP with the strongest signal of association at a locus could not be

genotyped for technical reasons, and we substituted another SNP that was
strongly correlated with the original SNP in the HapMap CEU sample
METHODS (Supplementary Note). Because SNP selection was based on an earlier version
Study design. This study is comprised of two stages. Stage 1 is a meta-analysithe meta-analysis and because some SNPs failed primer design, not all of the
of GWA studies comprised of 32,387 individuals of European ancestry. Thip signals were represented among the 35 SNPs. Among the SNPs that were
meta-analysis allowed us to select 35 loci for detailed examination in stagéoffowed up, the highest stagePlvalue was 6.9 10
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Stage 2 samples and genotyping. We genotyped 35 SNPs in a total of 45,018/RLs. MaCH, http://www.sph.umich.edu/csg/abecasis/mach/. METAL, http://
individuals of European ancestry from nine study cohorts using Sequenamww.sph.umich.edu/csg/abecasis/metal/.

iPLEX or TagMan $upplementary Note). Individuals were eliminated from

analysis ifo 80% of SNPs were called successfully. Among successfully type: Supplementary information is available on the Nature Genetics website.
individuals, genotype frequencies were in Hardy-Weinberg equilibrium

(P4 10 9), call rates werd 94%, and concordance of duplicate genotype le are extremely grateful to all of the participants in each of the studies

was4 99% !n each of.the follow-up StUd_y cohorts. - contributing to this effort. Full acknowledgments can be found in the

For in silico replication, we also obtained association results for 35 SNeﬁpplementary Note.
from 14,064 individuals of European ancestry from bve studiapplemen-  sypport for this research was provided by: US National Institutes of Health
tary Table 1). The Pve study cohorts, each including 856 to 5,373 individualgrants CA65725, CA87969, CA49449, CA67262, CA50385, DK062370, DK072193,
were genotyped using the lllumina HumanHap 550, 300 or lllumina HumabK075787, HG02651, HL084729, HL087679 (through STAMPEED,
CNV370 DUO GSupplementary Tables 2 and 3). To allow for meta-analysis 1RL1MH083268), 5U01CA098233, 1701 HG000024, 1RL1MH083268, T32
across different marker sets and to improve coverage of the genome, we café87191, F32 DK079466, K23 DK080145, K23 DK067288, CIDR NIH Contract
out imputation of polymorphic (minor allele frequency 1%) autosomal Number NO1-HG-65403, NIA contract NO1-AG-1-2109; the Intramural Research
HapMap SNPs Supplementary Note and Supplementary Table 3) using Program of the Division of Cancer Epidemiology and Genetics; contracts from

. . the Division of Cancer Prevention, National Cancer Institute and EU FP6 funding
either MACH or IMPUTE with the HapMap CEU sample as a reference pgn ontract no LSHM-CT-2003-503041); GlaxoSmithKline; the Faculty of Biology

We accounted for uncertalnty in gach genotype p.redlctlon_ in the analysis §{q vedicine of Lausanne, Switzerland; the Intramural Research Program of the

imputed genotype data by using either the dosage information from MACH Qqational Institute on Aging (NIA); Cancer Research United Kingdom; the UK

the genotype probabilities from IMPUTE. Stage 1 and 2 result§fer and  Medical Research Council (including grants G0000649, G0000934 and G0601261);

MCH4R are not presented directly in the main text but are shown for comparisaie Wellcome Trust (including Strategic Award 076113, grants 068545/Z/02 and

in Supplementary Table 5 and Supplementary Figure 5 online. 0764537/2/05/2); the NIHR through the Biomedic~al Research Centres at~0xford,
KingOs College London; Guys and St. ThomasO Foundation HospitalsO Trust; the

L . British Heart Foundation (including grant FS/05/061/19501), European

Association analyses with BMI and secondary analyses. Association with BMI Community®s Seventh Framework Programme (ENGAGE:HEALTH-F4-2007-

was tested as in stage 1, assuming an additive model. Logistic regressing13); Diabetes UK; Unilever Corporate Research; American Diabetes

analysis was used to test for association with the risk of being overweigitociation including a Smith Family Foundation Pinnacle Program Project

(debned as BME 25 kg/n?) or obese (BMI> 30 kg/n?), with adjustment for  Award #7-03-PPG-04R; the Academy of Finland (grants 118065 and 124243);

age, ageand sex, testing for SNP effects in an additive genetic model. Evideftggional Genome Research Net Germany; Munich Center of Health Sciences

for association between our replicating SNPs and type 2 didBdipisl leveldé ~ (MC Health) as part of LMUinnovativ; the Helmholtz Center Munich; the Sigrid

and coronary artery dised€é8was extracted from publicly available datasetsUSelius Foundation; University of Bristol; Lingeant from Swedish Research

The effect of the replicating SNPs on expression of nearby genes ‘% ncil; Wallenberg Foundation; Foldsan Research Foundation; University

. . . . of Southampton; Netherlands Organisation of Scientibc Research NWO
determined from publicly available eQTL GWA studies from Iymphoé%tes(nr_ 175.010.2005.011); Erasmus Medical Center and Erasmus University,

and brain tissu€’. Rotterdam; Netherlands Organization for the Health Research and Development
(ZonMw); the Research Institute for Diseases in the Elderly (RIDE); the

Gene expression studies. Adult human RNA samples were obtained fromNetherlands Ministry of Education, Culture and Science; the Netherlands Ministry

Clontech either as poly(A) puribed RNA (hypothalamus and adipocyte) or &¥ Health, Welfare and Sports; the European Commision (DG XII) and the
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total braln): Th_e total _RNAS Werg puribed to pon—A~RNA usmg the MiCro+gyndation Fellowship; C.M.L. is a Nufbeld Department of Medicine Scientibc
Poly(A)Purist kit (Ambion) according to manufacturerQOs instructions. We usg@adership Fellow; S.A.M. is supported by a Life Sciences Research Fellowship;
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Quantitative PCR reactions were done in triplicate on an ABI 7900HT (Applied

Biosystems). We calculated expression levels from their average crossing p8I3IOR CONTRIBUTIONS
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