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ONLINE METHODS

Subjects. The subjects enrolled in the GWAS (n = 26,620) and replication
sets 1 and 2 (n = 3,763 and n = 4,147, respectively) were obtained from the
BioBank Japan Project!* at the Institute of Medical Science, the University
of Tokyo, which consisted of subjects with 1 of 32 diseases (Supplementary
Table 1). Subjects with ages <18 or >85 years, subjects who had undergone
dialysis treatment or subjects who were determined to be of non-Japanese
origin by self-report or by PCA in the GWAS or our previous study'® were not
included. Clinical information on the subjects including age (61.3+ 12.9 years
(mean * 5.d.)), gender (47.2% female) and smoking history (49.8% ‘ever-
smoker’) were collected by a standard questionnaire. BMI values (22.7 £ 3.59
(mean +5.d.)) were calculated based on self-reported height and weight. BMI
based on self-reported data is known to be highly correlated (r > 0.94) with
that based on measurements®?, and any potential bias induced by self-reported
data may have little impact on the analyses®?33. All participants provided writ-
ten informed consent as approved by the ethical committees of the RIKEN
Yokohama Institute and the Institute of Medical Science, University of Tokyo.
The subjects enrolled in the replication set 3 (n = 27,715) consisted of subjects
from the eight cohorts of east Asian populations, and these subjects were
enrolled in the discovery stage of the concurrent meta-analysis for BMI'7.
The subjects in our GWAS were also enrolled in the replication stage of the
meta-analysis!”.

Genotyping and quality control. We used the data from 32 GWAS performed
for the BioBank Japan Project, in which subjects with each of the 32 diseases
were genotyped (Supplementary Table 1)!4. In the GWAS, genotyping was
performed using the Illumina HumanHap610-Quad Genotyping BeadChip.
After excluding the subjects with call rates <0.98, we éxcluded SNPs with call
rates <0.99, SNPs with ambiguous calls and non-autosomal SNPs. We excluded
subjects in close kinships based on estimations using identity by state. We
considered the subject pairs with an average proportion of alleles shared by
identity by state >1.7 to be in first- or second-degree kinship and excluded the
member of the pair with the lower call rates. We also excluded subjects whose
ancestries were estimated to be distinct from the other subjects using PCA
performed using EIGENSTRAT version 2.0. We performed PCA for the geno-
type data from our study along with the genotype data of unrelated European
(CEU), African (YRU) and east Asian (Japanese and Han Chinese (JPT +
CHB)) individuals obtained from the Phase Il HapMap database (release 24)%,
Based on the PCA plot, we excluded the outliers in regard to ancestry from the
JPT + CHB clusters (Supplementary Fig. 1). We then excluded the SNPs with
MAF <0.01 or the SNPs with an exact Hardy-Weinberg equilibrium P < 1.0 x
1077 and obtained genotype data for 480,103 SNPs in 26,620 subjects.

Genotype imputation was performed using MACH 1.0 in a two-step pro-
cedure. The individuals from the JPT and CHB populations obtained from
the Phase II HapMap database (release 24)3* were used as references. In the
first step, recombination and error-rate maps were estimated using 500 sub-
jects randomly selected from the GWAS data. In the second step, genotype
imputation of all subjects was conducted using the rate maps estimated in the
first step. We excluded the imputed SNPs with MAF < 0.01 or Rsq < 0.7 and
obtained genotype data for 2,178,018 SNPs,

In the replication study sets 1 and 2, we used genotyping data that we
obtained using the Illumina HumanHap550v3 Genotyping BeadChip and
the Ilumina HumanOmniExpress Genotyping BeadChip, respectively. We
applied the same quality control criteria and imputation procedure as was used
for the GWAS data. Details of the genotyping, quality control and imputation
procedure used in replication set 3 are described elsewhere!”. -

Statistical analyses. Genome-wide association study and the replication studies
of BMI. A rank-based inverse-normal transformation was applied to the BMI
values of the subjects. In the GWAS, associations of the SNPs with transformed
values of BMI were assessed by linear regression assuming additive effects of
allele dosages (bound between 0.0 and 2.0) using mach2qtl software, and a
genomic-control correction was applied®. In the regression model, gender,
age, age-squared, smoking history, the affection statuses of the diseases and
the demographic classifications of the medical institutes in Japan where the
subjects were enrolled®® were used as covariates. For the loci that satisfied

P <5.0 x 1073 in the GWAS, replication studies were conducted that consisted
of three replication sets (Supplementary Table 1 and Supplementary Fig. 1).
In replication sets 1 and 2, the associations of the SNPs were assessed in the
same manner as they were in the GWAS. In replication set 3, we referred to
the results from the discovery stage of the concurrently conducted genome-
wide meta-analysis of BMI'7. The combined results of the studies were
obtained using an inverse-variance method from the summary statistics
B and the standard error (SE). Details of our examination of the tag copy
number variants and our expression analysis of the KLF9 locus using pub-
licly available database for HapMap Phase II east Asian individuals3#37 are
described in Supplementary Figure 4. Associations of the SNPs that satisfied
P < 5.0 x 1075 in the combined study of the GWAS and the replication stud-
ies were further evaluated using the results of the meta-analysis for BMI in
European populations by the GIANT consortium!2. For the evaluation of the
associations in the previously reported BMI-associated loci>~1%13, the loci that
had FDR < 0.05 based on the number of loci reported with non-monomorphic
SNPs were considered to be significant. The statistical power of the study was
estimated using Quanto version 1.2.4.

The inter-individual variance in BMI explained by each of the identified loci
(P <5.0 x 1078 in the combined study) was estimated using 2f(1 - /)82, where
fis the frequency of the variant in the HapMap east Asian populations and
B is its additive effect size on the BMI obtained from the replication studies.
To estimate the variance explained by the combination of the identified loci,
we calculated the genetic risk scores for the subjects in the GWAS by summing
the dosages of the alleles associated with higher BMI carried by the subjects
weighted by the effect sizes of the SNPs obtained from the replication studies.
The explained variance was estimated from a linear regression model incor-
porating this score as the predictor and the covariate-adjusted inverse normal
transformed BMI residuals as the outcome.

Gene-gene interaction analysis of BMI. The gene-gene interactions of the
SNPs were evaluated using a multivariate linear regression model assuming
additive x additive effects of two SNPs?0. The allele dosages of the respective
SNPs and the product of the allele dosages were included in the model, in
addition to the covariates. The product of the allele dosages was considered
an interaction term. For each of the landmark SNPs in the loci confirmed
to be associated with BMI, the gene-gene interactions were evaluated with
all of the genome-wide SNPs (7 x 2,178,018 SNP pairs; Supplementary
Fig. 5), and genomic-control corrections were applied®. For SNP pairs that
had P < 5.0 x 1076 for the interaction term, replication studies using replica-
tion sets 1 and 2 were performed. The SNP pair that satisfied P < 5.0 x 10~8 in
the combined study of the GWAS and the replication studies was considered
to be significant.

Association study of metabolic and other related traits. Associations with obesity
(BMI > 27.5 (ref. 38); 3,058 cases and 31,472 controls), T2D (6,526 cases and
22,689 controls), systolic and diastolic blood pressure (n = 13,049), total
cholesterol (n = 12,565), high-density-lipoprotein cholesterol (n = 4,924), low-
density-lipoprotein cholesterol (n = 4,219) and triglyceride (n = 9,747) were
evaluated using the subjects enrolled in the GWAS and in replication sets 1 and
2 (Supplementary Table 6). In addition to the two new loci associated with
BMI (CDKAL1 and KLF9), we assessed the GIPR locus, where associations
with T2D and its related traits have been reported?>. A case-control analysis
and analyses of the quantitative traits were performed using logistic and linear
regression models, respectively, that included the covariates. In the associa-
tion analysis of T2D, subjects not affected with cardiovascular diseases were
enrolled as controls, and BMI was additionally incorporated as a covariate.

R statistical software was used for the general analysis. Details of the study
design are also included in Supplementary Figure 1.

32. Wada, K. et al. Validity of self-reported height and weight in a Japanese workplace
population. /nt. J. Obes. (Lond) 29, 1093-1099 (2005).

33. Nakamura, K., Hoshino, Y., Kodama, K. & Yamamoto, M. Reliability of self-reported
body height and weight of adult Japanese women, J. Biosoc. Sci. 31, 555-558
(1999).

34. The International HapMap Consortium. The International HapMap Project. Nature
426, 789-796 (2003).
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Meta-analysis identifies common variants associated with
body mass index in east Asians

Wanging Wen!~333, Yoon-Shin Cho*%%3, Wei Zheng!-33, Rajkumar Dorajoo®7-33, Norihiro Kato®%3, Lu Qi®3?,
Chien-Hsiun Chen!%!:33, Ryan ] Delahanty!-3, Yukinori Okada!?13, Yasuharu Tabara!4, Dongfeng Gu'5,
Dingliang Zhu'6-1%, Christopher A Haiman?®, Zengnan Mo?!, Yu-Tang Gao??, Seang-Mei Saw??, Min-Jin Go*,
Fumihiko Takeuchi®, Li-Ching Chang!?, Yoshihiro Kokubo??, Jun Liang?%, Mei Hao?, Loic Le Marchand?’,

Yi Zhang!6-13, Yanling Hu?3, Tien-Yin Wong?°-31, Jirong Long!~3, Bok-Ghee Han?, Michiaki Kubo®?,

Ken Yamamoto®3, Mei-Hsin Su'?, Tetsuro Miki**, Brian E Henderson?’, Huaidong Song?®, Aihua Tan3,

Jiang He?S, Daniel P-K Ng?3, Qiuyin Cai!-3, Tatsuhiko Tsunoda’’, Fuu-Jen Tsai!!, Naoharu Iwai’s,

Gary K Chen?, Jiajun Shi!-3, Jianfeng Xu%°, Xueling Sim*?, Yong-Bing Xiang?2, Shiro Maeda?!,

Rick T H Ong®*2, Chun Li*?, Yusuke Nakamura*4, Tin Aung?®-*, Naoyuki Kamatani'?, Jian-Jun Liu$, Wei Lu®®,
Mitsuhiro Yokota®, Mark Seielstad®%’, Cathy S ] Fann!?, The Genetic Investigation of ANthropometric Traits
(GIANT) Consortium*, Jer-Yuarn Wul%!1:54, Jong-Young Lee®54, Frank B Hu*%54, Toshihiro Tanaka®0->4,

E Shyong Tai?*51:5254 & Xjao-Ou Shu!-3>4

Multiple genetic loci associated with obesity or body mass
index (BMI) have been identified through genome-wide
association studies conducted predominantly in populations
of European ancestry. We performed a meta-analysis of
associations between BMI and approximately 2.4 million SNPs
in 27,715 east Asians, which was followed by in silico and de
novo replication studies in 37,691 and 17,642 additional east
Asians, respectively. We identified ten BMI-associated loci at
genome-wide significance (P < 5.0 x 1079), including seven
previously identified loci (FTO, SEC16B, MC4R, GIPR-QPCTL,
ADCY3-DNAJC27, BDNF and MAP2K5) and three novel loci in
or near the CDKALT, PCSKT and GP2 genes. Three additional
loci nearly reached the genome-wide significance threshold,
including two previously identified loci in the GNPDA2 and
TFAP2B genes and a newly identified signal near PAX6,

all of which were associated with BMI with P < 5.0 x 1077,
Findings from this study may shed light on new pathways
involved in obesity and demonstrate the value of conducting
genetic studies in non-European populations.

Genome-wide association studies (GWAS) have thus far identified
37 genetic loci associated with obesity or BMI!-!!. Virtually all of
these studies were conducted in populations of European ancestry
and included limited data from Asian populations®!!. Asians, who
account for over 60% of the world’s population, have higher percent-
ages of body fat and increased metabolic disease risk than indivi-
duals of European ancestry with the same BMI'2. Therefore, studies

conducted in Asian populations, in addition to allowing an evaluation
of the extent to which genetic markers of obesity identified in North
American and European populations can be generalized, also facilitate
the dissection of the genetic architecture of obesity and the identifica-
tion of genetic variants of particular importance in Asians.

The initial genome-wide association meta-analysis of BMI included
approximately 2.4 million genotyped or imputed SNPs gener-
ated from eight GWAS including 27,715 east Asians (stage 1). This
was followed by an in silico replication analysis conducted among
37,691 east Asians from an additional seven GWAS (stage 2) and a
subsequent de novo replication study conducted among 17,642 east
Asians from three studies (stage 3). Details of the study designs are
provided in Supplementary Figure 1, Supplementary Tables 1-3
and the Supplementary Note.

The stage 1 meta-analysis was performed using the METAL pro-
gram, and study-specific genomic control adjustment was applied
(see Online Methods). The stage 1 analysis revealed that three well-
established loci (FTQ, SEC16B and MC4R) were associated with BMI
at or near the level of genome-wide significance (P < 5 x 107§)13
(Fig. 1 and Table 1).

In stage 2, we analyzed 798 SNPs that were associated with BMI at
P < 1.0 x 10~*in stage 1 and 50 additional SNPs that were previously
reported to be associated with BMI but which did not reach P < 1.0 x
10~* in stage 1. Seven additional GWAS conducted in east Asian popu-
lations participated in the stage 2 study. We combined data from stage 2
with the stage 1 meta-analysis results in meta-analyses with adjust-
ment for both study-specific genomic control inflation and estimated

A full list of affiliations appears at the end of the paper.
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Figure 1 Manhattan plot showing the significance of associations between
BMI and SNPs in the stage 1 data. The SNPs in previously reported
genes that show significant associations with BMI are highlighted in red.
The SNPs in newly identified loci that are significantly associated with
BMI are highlighted in blue.

genomic control inflation for the stage 1 meta-analysis results (1.056;
see Online Methods). These analyses revealed that the index SNPs in
six previously reported loci (FTO, SEC16B, MC4R, GIPR-QPCTL,
ADCY3-DNAJC27 and BDNF) were associated with BMI with
genome-wide significance (P < 5.0 x 1078), whereas those in three
other previously reported loci (GNPDA2, TFAP2B and MAP2KS5)
were near genome-wide significance (P < 5.0 x 1077) (Table 1 and
Supplementary Table 4). In addition, the index SNPs in nine other
previously reported loci were associated with BMI with nominal sig-
nificance (P < 0.05) (Supplementary Table 4).

We compared two SNPs at each of the GIPR-QPCTL, ADCY3-
DNAJC27 and MAP2KS5 loci (Supplementary Table 5), one identified
by our study and another by the GIANT consortium (published during
the course of our study)®. The SNPs at ADCY3-DNAJC27 and MAP2K5
identified in our study are in linkage disequilibrium (LD) with the ones
identified by the GIANT consortium. At GIPR-QPCTL, our identified
SNP, 511671664, is not in LD with the GIANT-identified SNP, rs2287019,
in Asians (1% = 0.026) and is in weak LD with rs2287019 in Europeans
(7* = 0.264). 152287019 did not have a statistically significant association
with BMI in east Asians (Supplementary Table 4). Conditional analyses
with the two SNPs at each locus included in the same model for mutual
adjustment revealed a statistically significant association with BMI only

for the SNP identified by our study (Online Methods and Supplementary
Table 5), suggesting that the SNP we identified represents an independent
association signal in Asians at the same locus.

The reported effect sizes for BMI-related SNPs in studies of popula-
tions of Buropean ancestry are usually greater than 3% of the s.d. of
BMI. Given the sample sizes of our study, we had adequate statisti-
cal power (>0.8) to detect a SNP with such an effect size and with a
MAF of >0.2 in stage 1 or a MAF of >0.08 in the combined stage 1
and 2 data at a significance of P < 0.05. The index SNPs in the
19 previously identified loci that were not replicated in our study at
P < 0.05 had either very small effect sizes or very low MAFs in east
Asians (Supplementary Table 4).

One representative SNP from the four newly identified loci at or near
the CDKALI, PCSK1, PAX6 and GP2 genes and the three loci at the GIPR-
QPCTL, ADCY3-DNAJC27 and MAP2K5 genes that were reported by
the GIANT consortium® (Supplementary Table 4) were selected for
further replication in stage 3 using de novo genotyping in three studies
that included a total of 17,642 subjects (Supplementary Tables 1 and
2). In stage 3 analyses, the directions of the associations between BMI
and the seven SNPs were consistent with the corresponding associations
in stages 1 and 2. The final results derived from combined data from
all three stages showed that six SNPs at or near GIPR-QPCTL, ADCY3-
DNAJC27, MAP2K5, CDKAL1, PCSK1 and GP2 were associated with
BMI with genome-wide significance (P = 1.02 x 1078 to 5.93 x 1071%)
(Table 1), and rs652722 near the PAX6 gene was found to be associated
with BMI with P = 7.65 x 1078 (Supplementary Table 6). The variance
in BMI explained by these SNPs is presented in Table 1.

We also evaluated the association of BMI with these seven SNPs in
the GIANT consortium data. Four of these SNPs (15654581, rs261967,
rs4776970 and rs1167166) at or near the AGCY3-DNAJC27, PCSK1,
MAP2K5 and GIPR-QPCTL loci, respectively, showed a significant
association with BMI at P < 0.007 (P = 0.05/7, to account for seven
tests) (Supplementary Table 7). Although the effect sizes of these
seven loci were smaller than those of the well-established variants
in the FTO, MC4R and SEC16B loci (2.55-4.22% of s.d. versus 5.51-
7.92%; Table 1), their effect sizes were larger and the explained vari-
ances were larger in east Asians than in Europeans (Supplementary
Table 7), with the exception of rs4776970 in the MAP2K5 gene, which
was independently identified by both our study and the GIANT

Table 1 Identified loci associated with BMI variation in east Asian populations

P value by staged

Explained
Gene Chr. SNP Genotype?  EAFP B(s.e.m.) 1 2 3 Final® variancef
Previously identified BMI loci
FTO 16 rs17817449  G/T 0.17 7.92(1.06) 6.13x10°12 8.18x 10714 4.60x 1027 0.18%
SEC168B 1 1s574367 T/G 0.20 5.93(0.92) 2.38x 107! 1.28 x 10-10 9.47 x 10720 0.11%
MC4R 18 1s6567160 (v4) 0.21 5.51(0.93) 6.92x 1078 3.35x 1079 2.76 x 10715 0.10%
GIPR-QPCTL 19 rs11671664  G/A 0.50 4,22 (0.76) 1.29 x 10-5 2.57x 108 3,57 x 1073 593 x 10714 0.09%
ADCY3-DNAJC27 2 1s6545814 G/A 0.45 3.26 (0.76) 1.20 x 1075 1.62x 105  1.05x 107° 1.35x 10°13  0.05%
BDNF 11 156265 c 0.44 4.97 (0.83) 1.18 x 105 2.72 x 1072 ’ 3.56x 10713 0.12%
MAP2KS 15 rs4776970 AT 0.22 2.55 (0.90) 1.10 x 10-6 463x103 2.90x 1073 2.33 %1079 0.02%
GNPDA2 4 rs10938397 G/A 0.29 3.72(0.85) 1.60 x 1073 1.30 x 1075 9.69 x 10-8 0.06%
TFAPZB 6 1s4715210 T/C 0.21 3.05(0.91) 1.12 x 10-5 7.64 x 1074 1.61 x 10°7 0.03%
Newly identified BM! loci
CDKAL1 6 159356744 T/C 0.58 3.39(0.76) 3.21 x 1073 7.67 x 106  3.02x 1073 2.00x 10711 0.06%
PCSK1 5 rs261967 C/A 0.41 3.77 (0.77) 1.22 x 10°5 9.36x 10~ 8.46 x 107! 5.13 x 109 0.07%
GP2 16 1s12597579  C/T 0.80 4.09 (0.96) 7.13 x 10~ 2,07 x 1075 1.45x 101 1.02 x 1078 0.05%
PAX6 11 rs652722 (¥4) 0.61 2.75(0.77) 2.84x 1075 3.70 x 10~ 1.89 x 1071 7.65x 10-8 0.04%

Chr., chromosome.

3Effect allele/other allele. PEffect allele frequency in Asians, estimated from stages 1 and 2. Per allele effect of SNPs (in percentage) on BMI, obtained from stage 2 data only. dDerived from
meta-analysis. P values for the combined data were adjusted for both study-specific inflation factors and the estimated inflation factor for the stage 1 meta-analysis statistic. ®Combination of all
available data from the three stages. fThe effect sizes obtained from stage 2 data were used to estimate the explained variance.
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Figure 2 Quantile-quantile plot for the association of BMI with SNPs in
all stage 1 data (black) and in stage 1 data that excluded the 22 SNPs
with associations at P < 0.05 (red) (Supplementary Table 4).

consortium study. The explained variance of this SNP is 0.03% in
Europeans (Supplementary Table 7) and 0.02% in Asians (Table 1).

As shown in Table 1, the SNP in FTO had the greatest effect on
BMI and accounted for the largest proportion of the variance (0.18%)
in our study population. Together, the 10 loci associated with BMI
that reached genome-wide significance explained 0.87% of the
interindividual variation in BMIL and all 22 loci that were associ-
ated with BMI at P < 0.05 explained 1.18% (Online Methods and
Supplementary Table 4). These explained variance values are lower
than those reported by the GIANT consortium (1.45% for the SNPs
overall and 0.34% for FTO)®. After exclusion of SNPs within these

. 22 loci that were associated with BMI at P < 0.05, the number of

SNPs with small observed P values for an association with BMI still
exceeded the expected number (Fig. 2), suggesting that additional
BMI-related loci remain to be uncovered in east Asians.

The newly identified associations of four a

excluded (Supplementary Table 6). Meta-analyses of obesity as a
dichotomous outcome (BMI >27.5)* also showed similar associations,
with odds ratios per allele ranging from 1.05 to 1.10 (Supplementary
Table 8). Of the studies participating in our analyses, one stage 2 study,
the Singapore Cohort study Of the Risk factors for Myopia (SCORM),
only included children (9 year olds). In data from the SCROM study, all
four loci had an association with BMI consistent with the meta-analysis,
and the rs652722 SNP near PAX6 was associated with nominal signifi-
cance (P = 0.0335) (Supplementary Table 6). Excluding the SCORM
study from the analysis had little effect on the results.

The consistency of the findings across studies and populations sug-
gests that population structure alone did not account for the signifi-
cant associations we identified. In addition, multiple SNPs in LD with
each other showed similar associations in the combined stage 1 and 2
data at each locus (Fig. 3 and Supplementary Table 9). This finding,
together with the identification of similar associations in the de novo
replication stage, suggests that our results are unlikely to have been
caused by genotyping or imputation errors.

The locus represented by the rs9356744 SNP (6p22.3) contains
the CDKALI gene, which has been reported to affect type 2 diabetes
risk in 2 number of studies!>~!7. A recent study identified an associa-
tion between a SNP in CDKALI, rs4712526, and BMI in 8-year-old
children!®. rs4712526 was not included in stage 2, but stage 1 data for
this SNP were consistent with the previous report (Supplementary
Table 10). This SNP is in strong LD with 159356744 (2 = 0.87) in
Asians. Excluding participants with type 2 diabetes resulted in a simi-
lar association (P = 4.01 x 1078) (Supplementary Table 6), indicating
that the association of rs9356744 with BMI was not driven by inclusion
of individuals with diabetes in the study. Additionally, two SNPs in the
CDKALI gene (rs9356744 and rs9368222; Supplementary Table 9)
are cis expression quantitative trait loci (eQTLs) for the nearby E2F3
gene, a transcription factor and tumor suppressor19. In an accompa-
nying paper, Okada ef al.2 identified another SNP (rs2206734) in the

SNPs at or near the CDKALI, PCSK1, PAX6 101
and GP2 genes with BMI were consistent %

~
Y

©500
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across studies, gender and ancestry and 8
remained little changed after subjects with
chronic diseases (cancer or diabetes) were

Figure 3 Regional plots of four newly identified
loci in this study. (a-d) Results are shown for
the rs261967 (a), rs9356744 (b), rs652722 (c)
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CDKALI gene that is associated with BMI. rs9356744 and rs2206734
are in strong LD in Asians (% = 0.932) and in weaker LD in Europeans
(#=0.396). In data from the GIANT consortium, rs9356744 was not asso-
ciated with BMI (P = 0.186; Supplementary Table 7), but rs2206734 was
(P =10.0049). These findings suggest that the functional SNP encoding
risk for obesity is in LD with both rs9356744 and rs2206734 in east
Asians but only with rs2206734 in populations of European ancestry.

At the chromosome 5 locus (5q15), the top SNP, rs261967, along
with 13 other SNPs that are in strong LD (7% = 1.0) with it, reached
genome-wide significance in the combined stage 1 and 2 data
(Supplementary Table 9). The nearest gene to this locus is PCSK1
(81.3 kb upstream). A candidate-gene study reported two common
nonsynonymous coding variants (rs6234 and rs6235) in the PCSKI
gene that were associated with obesity?!. However, these two SNPs
showed no association with BMI in our study (Supplementary
Table 10), nor were they in LD with the 14 SNPs we identified
(r? = 0) according to HapMap Asian data. rs261967 showed an asso-
ciation with BMI (P = 0.00158; Supplementary Table 7) in the data
provided by the GIANT consortium?®.

At the chromosome 16 locus (16p12.3), the identified SNP,
rs12597579, is near the GPR139 and GP2 genes. Multiple SNPs in
this region showed an association with BMI in stage 1 that nearly met
the significance threshold that was required for them to be evaluated
in stage 2 (Fig. 3d). One of these SNPs, rs12598578 (P = 1.63 x 107%;
Supplementary Table 10), which is in LD (r*> = 0.968 in Asians) with
the identified rs12597579 SNP, is highly conserved across species
according to the TRANSFAC database??, and the common G allele
creates a Ying-Yang transcription factor binding site.

The top SNP at the chromosome 11 locus (11p13), rs652722, is
approximately 66.0 kb from the nearest gene, PAX6. This SNP is in
LD with several SNPs that, according to the SCAN database?3, are
predicted to be eQTLs for a number of genes potentially important in
the regulation of body weight. Among the potentially regulated genes
is MIF, according to HapMap lymphoblastoid cell lines. According
to data from these cell lines, two SNPs (rs621611 and rs679887) in
LD with rs652722 are significantly associated with MIF expression
in SCAN. High plasma levels of the MIF protein are related to higher
BMI?4. Another gene whose expression is associated with rs652722
is PFKP, which, along with FTO, has been associated with increased
BML, hip circumference and weight?,

We identified multiple signals at the ADCY3-DNAJC27 locus
(Supplementary Table 4). The rs11676272 SNP (P = 5.88 x 10~19)
encodes a predicted missense mutation in the ADCY3 gene that causes a
p-Ser107Pro alteration in the protein, and this change is predicted to be
potentially deleterious according to PolyPhen. This SNP is also associated
with expression of the POMC gene, which regulates energy balance®. In
addition, rs11676272 and rs6545814 at this locus (r* = 0.98 for LD between
the two SNPs in Asians) are both eQTLs for the ADCY3 gene?®.

In conclusion, our study identified ten loci that are associated with
BMI at the genome-wide significance level (P < 5.0 x 1078), including
seven loci previously identified in populations of European ancestry
(FTO, SEC16B, MC4R, GIPR-QPCTL, ADCY3-DNAJC27, BDNF and
MAP2K5) and three newly identified loci in or near the CDKALI,
PCSK1 and GP2 genes. Three additional loci nearly reached genome-
wide significance, including two previously identified SNPs in the
GNPDA2 and TFAP2B genes and a newly identified marker near
PAX6, all having P < 5.0 x 1077, Of the three previously reported
loci at GIPR-QPCTL, ADCY3-DNAJC27 and MAP2K5, conditional
analyses showed that only the SNPs identifiéd by our study were asso-
ciated with BMI in east Asian populations. The representative SNP
(rs261967) near the newly identified association with PCSK1 showed a

significant association (P = 0.00158) with BMI in a European popula-
tion. As expected, the explained variance of the previously reported
loci was generally lower in east Asians than in Europeans, whereas
the explained variance for the newly identified loci from this study
was generally higher in east Asians than in Europeans. The identifica-
tion of new loci may shed light on new pathways involved in obesity.
Future fine mapping of mixed-ancestry populations could lead to the
identification of causal links.

URLs. METAL, http://www.sph.umich.edu/csg/abecasis/
Metal/; ConSite, http://www.phylofoot.org/consite/; PolyPhen,
http://genetics.bwh.harvard.edu/pph/; USCS Genome Browser,
http://www.genome.ucsc.edu/; SNPinfo Web Server, http://snpinfo.
niehs.nih.gov; MACH, http://www.sph.umich.edu/csg/abecasis/
MACH/index.html; Impute, http://mathgen.stats.ox.ac.uk/impute/
impute.html.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Study design. This study had three stages. Stage 1 was a meta-analysis of study-
specific results on the association between SNPs and BMI from eight GWAS that
participated in the consortium and included a total of 27,715 individuals of east
Asian ancestry. Each participating study was approved by the local institutional
review board, and informed consent was obtained from participants. Promising
SNPs selected from the stage 1 meta-analysis were further examined by in silico
(stage 2) and de novo (stage 3) replication analyses. Basic information for all
participating studies is summarized in Supplementary Figure 1, Supplementary
Tables 1 and 2 and the Supplementary Note.

Stage 1 samples and genotyping, The sample sizes of the eight GWAS in stage 1
varied between 821 and 8,838 participants, with a total of 27,715 individuals.
For genotyping, two studies used Affymetrix arrays, and six studies used an
Illumina platform (detailed information is provided in the Supplementary
Note). To allow for the combination of the data derived from different geno-
typing platforms and to improve coverage of the genome, genotype imputation
was performed by each participating study using either MACH or IMPUTE.

Stage 1 statistical analysis. A uniform statistical analysis protocol was followed
by each participating study. To calculate BMI, each study collected weight and
height measurements. To improve the normality of the BMI distribution and
alleviate the impact of outliers, the rank-based inverse normal transformation
(INT) was applied separately to BMI values for each gender in each study.
INT involves ranking all BMI values, transforming these ranks into quantiles
and converting the resulting quantiles into normal deviates. The association
between SNPs and the inverse normal transformed BMI values was analyzed
with a linear regression model. The association between SNPs and obesityasa
dichotomous outcome, which defined obesity as BMI 2 27.5 (ref. 14), was ana-
lyzed with a logistic regression model assuming an underlying additive genetic
mode and adjusting for age (continuous), age squared, gender (if applicable)
and ancestry (if applicable). Stratified analyses by gender and disease status
(for cancer or type 2 diabetes) were also performed by each study.

Next, we carried out meta-analyses using two methods in parallel to cross-
check the results: one approach combined effects weighted by the inverse
variance and the second combined P values weighted by the square root of the
sample size for each study. Both meta-analysis procedures were implemented
in the METAL software package (see URLs). The final P values obtained from
these two methods were highly congruent (Pearson correlation r = 0.98).
P values derived from the effect-size~based method are reported here, as this
method is preferred, in general, to the P value-based method and also pro-

vides combined regression coefficients and their standard errors®. The meta-

analyses were carried out with all data combined and were also stratified by
gender and disease status. The presence of heterogeneity across studies and
between genders was tested with Cochran’s Q statistics?’.

To correct each study for residual population stratification or cryptic
relatedness, the meta-analyses were performed with genomic control correc-
tion?® by adjusting for the study-specific inflation factor (1), which ranged
from 1.000 to 1.075 in stage 1 (Supplementary Table 3). After study-specific
genomic control adjustment, the estimated inflation factor for the stage 1
meta-analysis statistic was 1.056, which was further adjusted when combining
stage 1 results with stage 2 replication data.

On the basis of the stage 1 meta-analysis on the association between SNPs
and BMI in all participants, we selected for stage 2 replication a total of 848
SNPs, which included 798 SNPs with P < 1.0 x 10~%'and 50 SNPs located in
previously reported obesity-related loci that had P> 1.0 x 10~*. The cutoff of
P < 1.0 x 10~* was chosen so that the overall P value would reach genome-wide
significance (P < 5.0 x 10~8) given the sample sizes of stages 1 and 2.

Stage 2 in silico replication, The 848 SNPs selected for replication were investi-
gated in an independent set of 37,691 individuals of east Asian ancestry from seven
additional GWAS. The sample sizes of the seven additional studies varied between
901 and 27,284 subjects. The RIKEN study was the main source of the replication
data and included 27,284 individuals. One study (SCORM) included only children
(9 year olds). All studies used the Illumina platform except for the GenSalt study,
which used an Affymetrix array. Genotype imputation was also performed by each
study using either MACH or IMPUTE, as for studies included in stage 1.

Each study individually conducted a similar analysis of the SNPs selected
from stage 1, using the same protocol as in stage 1. The stage 2 data were
combined using meta-analysis methods with study-specific genomic control
adjustment in a manner similar to that performed in stage 1. Finally, we used
meta-analysis to combine all data from stages 1 and 2, with further adjustment
for the estimated inflation factor for the stage 1 meta-analysis statistic.

Stage 3 de novo replication. Seven SNPs that were associated with BMI accord-
ing to the analysis of combined stage 1 and 2 data, including four SNPs at four
newly identified loci and three loci that overlapped with loci that were reported
by the GIANT consortium during the course of our study, were further validated
in our stage 3 de novo replication studies. These analyses were conducted with
data from three study sites (Supplementary Table 1), and the genotyping for
the seven SNPs was carried out for a total of 17,642 east Asians. The results from
stages 1, 2 and 3 were combined and analyzed using meta-analysis methods.

Quality control procedures. The following quality control procedures were
recommended for each participating study. SNPs were excluded, either in the
primary analysis conducted by each participating study or at the meta-analysis
stage (Supplementary Table 3), if they (i) had a call rate of <90%, (ii) deviated
from Hardy-Weinberg equilibrium with P < 1.0 x 107, (iii) had a MAF of <1%,
(iv) had low imputation quality (for imputed SNPs; r-hat < 0.3 for MACH or
proper-info < 0.5 for IMPUTE) or (v) were potentially contaminated. Samples
from individuals were removed if they had a call rate of <90%, if they showed
first-degree cryptic relationships in an identity-by-descent (IBD) analysis or
if they were potentially contaminated. The specific quality control procedures
adopted by each study are summarized in Supplementary Table 3.

Conditional analysis. To investigate the independent association of SNPs
in the same locus, conditional analyses were conducted by including both
SNPs at the same locus in the same regression model for mutual adjustment.
The normal transformation of BMI values and the adjustment of covariates
were applied in the same manner as in the stage 1 analysis. These conditional
analyses were conducted among 57,931 (88.6%) subjects from 11 of the 15
studies in stages 1 and 2.

Estimation of the explained variance. The variation in BMI explained by an
individual SNP was estimated by 23?1 - ) (ref. 29), where f is the frequency
of the variant and f s its additive effect estimated from the stage 2 studies. We
subsequently estimated the overall fraction of variance that can be explained
by all significantly associated SNPs found in the current meta-analyses by
calculating the genetic score with

m
Score; = Z Bi4jj
j=1

where m is the number of SNPs, f3; is the effect of an allele at locus j, estimated
from the stage 2 data, and A;; is the number of reference alleles of individual i
atlocus j. The measure of variance explained (adjusted R?) was estimated from
a linear regression model incorporating the score as the predictor and the
covariate-adjusted inverse normal transformed BMI residuals as the outcome.
We reported the average explained variance weighted by the sample size of
each study. These analyses to estimate the explained variance were conducted
among 57,931 (88.6%) subjects from 11 of the 15 studies in stages 1 and 2.

Analyses of coding SNPs, eQTLs and copy-number variant (CNVs). Variants
with potential functional impact were evaluated using the SNP Function
Prediction tool, which is part of the SNPinfo Web Server?. This tool identi-
fies SNPs with potential functional consequences, including those resulting in
coding changes. The severity of a coding change was evaluated with PolyPhen,
although SNPs reported to result in coding changes of consequence were inde-
pendently verified using the PolyPhen website®! (see URLS).

eQTLs were evaluated using the SCAN database?® and the GeneVar pro-
gram?3, with RNA sequencing and genotyping experiments conducted as
described previously®2.

To test for CN'Vs in the proximity of the specific variants of interest, we used
the UCSC Genome Browser®>. Although direct access to individual-level SNP
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genotype information was unavailable to directly test for the presence of CNVs,
we used the phased genotypes from HapMap 2 release 22 data, which show esti-
mated LD values for the CHB and JPT HapMap populations (hapmapLdPhChbJpt
table), in combination with the UCSC Genome Browser track from the Database
of Genomic Variants (dgv table)” to identify the presence of known CNVs that
intersected regions in strong LD with GWAS variants,

26. Zeggini, E. & loannidis, J.P. Meta-analysis in genome-wide association studies.
Pharmacogenomics 10, 191-201 (2009).

27. Cochran, W.G. The combination of estimates from different experiments. Biometrics 10,
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