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Genome-wide association studies have identified many common genetic variants that are associated with
polygenic traits, and have typically been performed with individuals of recent European ancestry. In these
populations, many common variants are tightly correlated, with the perfect or near-perfect proxies for the
functional or true variant showing equivalent evidence of association, considerably limiting the resolution
of fine mapping. Populations with recent African ancestry often have less extensive and/or different patterns
of linkage disequilibrium (LD), and have been proposed to be useful in fine-mapping studies. Here, we
strongly replicate and fine map in populations of predominantly African ancestry the association between
variation at the FTO locus and body mass index (BMI) that is well established in populations of European
ancestry. We genotyped single nucleotide polymorphisms that are correlated with the signal of association
in individuals of European ancestry but that have varying degrees of correlation in African-derived individ-
uals. Most of the variants, including one previously proposed as functionally important, have no significant
association with BMI, but two variants, rs3751812 and rs9941349, show strong evidence of association (P 5
2.58 3 1026 and 3.61 3 1026 in a meta-analysis of 9881 individuals). Thus, we have both strongly replicated
this association in African-ancestry populations and narrowed the list of potentially causal variants to
those that are correlated with rs3751812 and rs9941349 in African-derived populations. This study illustrates
the potential of using populations with different LD patterns to fine map associations and helps pave the way
for genetically guided functional studies at the FTO locus.
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INTRODUCTION

Susceptibility or resistance to obesity is partially determined
by inherited factors, but most of the genetic contributors for
this polygenic trait remain unknown (1,2). Recently, genome-
wide association (GWA) studies have been performed to
identify common genetic variants that influence body mass
index (BMI) and other heritable anthropometric measures of
obesity (1,3–10). Although genetic loci identified by GWA
studies can provide insights into novel biology, these studies
usually highlight a number of common variants that are typi-
cally tightly correlated [in linkage disequilibrium (LD)] with
many other nearby variants, effectively precluding further
localization or fine mapping of the association signal (11).
Furthermore, GWA studies have largely been performed
using samples from European-derived populations, so it is
not clear whether the associated loci are also relevant in popu-
lations of different continental ancestries.

At least two purposes can be served by studying, in
African-ancestry populations, the loci that were highlighted
by GWA studies performed in European-ancestry populations
(12). First, sufficiently large studies in populations of African
ancestry can test whether the loci identified in European-
derived samples are also relevant in individuals of African
ancestry. Second, because of the longer time to common
ancestors between individuals of African ancestry, the
degree of LD in African-ancestry populations is less than in
European populations (13). Thus, fewer common variants
are expected to be tightly correlated with the biologically rel-
evant variant, potentially enabling fine-mapping efforts that
decrease the set of variants that need to be tested in laborious
functional or mechanistic studies.

The first GWA study of BMI reported an association in
Europeans between BMI and rs9939609, an intronic variant
in the fat mass and obesity associated (FTO) gene (9). This
association has been replicated in many other studies among
men and women with recent European ancestry (5–7,14).
To date, this variant has the strongest known effect of any
single nucleotide polymorphism (SNP) on BMI in European-
derived populations. Functional studies have suggested that
rs8050136, tightly correlated with rs9939609, could be the
biologically relevant variant at this locus (15).

Initial attempts to study this variant in African-ancestry popu-
lations have yielded inconsistent results. Scuteri et al. (7) were
the first to test variants in the FTO gene in African-American
samples, and found no evidence of association. Grant et al.
(16) have shown that the variant highlighted in the first
GWA study, rs9939609, was not associated with obesity in
African-American children. They identified a nearby SNP,
rs3751812, that was in strong LD with rs9939609 in Europeans
(r2 ¼ 0.9 in the HapMap CEU reference panel) but not in
Africans (r2 ¼ 0.06 in the HapMap YRI reference panel) and
provided evidence that this variant was associated with
obesity in African-American children (OR ¼ 1.31; P ¼
0.017). However, further analyses of rs3751812 on BMI as a
quantitative trait in African-American children in this same
study were not significant. In addition, no signal of associ-
ation was seen with rs9939609 in a multiethnic study of
women (17), or with SNPs in the FTO region in a Gambian
population (18).

In an attempt to clarify whether variants in the FTO region
influence BMI in African-ancestry populations, and to begin to
fine map any association signals, we performed extensive gen-
otyping of SNPs in the region in two African-American popu-
lations, and genotyped the best-associated SNPs in additional
populations with predominantly African ancestry. We used a
dense fine-mapping strategy including ancestry-adjusted ana-
lyses to minimize possible confounding by stratification. We
strongly confirmed an association at rs3751812, providing
definitive evidence that the FTO locus influences BMI in
African Americans. We also identified an additional variant,
rs9941349, which shows similar levels of association with
BMI as seen for rs3751812. We are unable to distinguish
between rs3751812 and rs9941349 through conditional and
haplotype analyses, and suggest that one of these SNPs, one
of the variants known to be in strong LD with these SNPs,
or an as yet undetermined variant in strong LD with one or
both of these SNPs, could plausibly be the biologically rel-
evant variant at this locus. We also conclude that other well-
studied variants such as rs9939609 or rs8050136 are highly
unlikely to be responsible for the signal of association seen
in Europeans.

RESULTS

We sought to fine map and extend in African Americans the
association of variation at FTO with BMI. In this study, differ-
ent fine-mapping approaches were taken in parallel in the Multi-
ethnic Cohort (MEC; n ¼ 3482) and the Jackson Heart Study
(JHS; n ¼ 4217) samples (see Materials and Methods; baseline
characteristics of the samples are described in Table 1), so the
sets of SNPs genotyped in each sample are slightly different. In
the JHS, we chose a set of SNPs designed to capture variation in
African Americans across a 245 kb region (chr16: 52,181,324
to 52,406,062) which includes the 51 kb LD block in intron 1
of FTO (HapMap CEU) containing the index signal (chr16:
52,355,066 to 52,406,062) as well as the neighboring
RPGRIP1L gene (Fig. 1). In JHS, we focused on variants that
are in LD with the associated SNPs in European ancestry refer-
ence panels (HapMap CEU) but not in LD with each other in an
African-ancestry panel (HapMap YRI). In the MEC, fine
mapping was limited to the defined LD block containing the
index signal and common alleles in the YRI HapMap panel
that had previously been genotyped in an African-American
population and had not been associated with BMI (7).

We did not replicate the initial observed association from
studies conducted in European populations between BMI
and the lead SNPs rs9939609 and rs8050136 for JHS and
MEC, respectively (Table 2). In the JHS sample, we observed
strong evidence of association at rs3751812, and its proxy
rs1558902 (r2 ¼ 0.96 with rs3751812 in JHS; Table 2).
Slightly weaker associations were observed at two other
proxies of rs3751812 (Table 2): rs1421085 and rs17817964
(r2 ¼ 0.95 and r2 ¼ 0.94 in JHS with rs3751812, respect-
ively). We also observed a strong association at rs9941349,
a SNP with a higher minor allele frequency (MAF) but only
in moderate LD with rs3751812 (r2 ¼ 0.50 in JHS), and at
rs9931494, a nearly perfect proxy for rs9941349 (r2 ¼ 0.97
in JHS; Table 2). The rs3751812 and rs9941349 SNPs are
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both strongly correlated with the lead SNPs in the HapMap
CEU sample (r2 ¼ 0.90–1.0) but not in the HapMap YRI
sample (r2 ¼ 0.02–0.07) or in JHS (r2 ¼ 0.03–0.11) (19). In
the MEC, none of the SNPs initially genotyped were found
to be associated with BMI after correction for multiple com-
parisons, but additional genotyping confirmed the association
at rs3751812 as well as at rs9941349 (Table 2).

Further testing in additional cohorts of largely African ances-
try provided additional evidence for association with these
SNPs (Table 3 and Supplementary Material, Table S1). A
meta-analysis of the four cohorts in which BMI was analyzed

as a continuous trait (JHS, MEC, Spanish Town, and
Maywood) revealed a signal of association for rs3751812
(P ¼ 2.58 × 1026; Table 3). A comparable association was
seen for rs9941349 (P ¼ 3.61 × 1026; Table 3). The estimated
effect size per allele at rs3751812 was 0.0121 log BMI units
and 0.0093 log BMI units for rs9941349. I2 values were 0%
(P ¼ 0.70) for rs3751812 and 22.7% (P ¼ 0.27) for
rs9941349 indicating low heterogeneity between the cohorts.
Although the Jamaican Gene × Environment Panel (G×E)
was not included in the overall meta-analysis because BMI
was analyzed as a dichotomous trait in this case–control

Table 1. Characteristics of the African-derived populations

N Women Age BMI (kg/m2) Height (cm) Weight (kg) Normal weight
(BMI ,25)

Overweight
(BMI 25–30)

Obese (BMI .30)

JHS 4217 2631 (62.4%) 54.20 (12.56) 31.85 (7.21) 169.10 (9.28) 91.02 (21.43) 586 (13.9%) 1359 (32.2%) 2272 (53.9%)
MEC 3482 1254 (36.0%) 61.95 (8.09) 28.78 (5.33) 172.77 (9.81) 85.79 (16.49) 747 (21.5%) 1583 (45.5%) 1152 (33.1%)
SPT 1407 864 (61.4%) 46.45 (13.81) 26.87 (6.01) 165.44 (8.55) 73.33 (16.24) 596 (42.4%) 436 (31.0%) 375 (26.7%)
G×E 938 698 (74.4%) 39.66 (8.16) 30.82 (6.91) 166.39 (8.04) 85.20 (19.62) 216 (23.0%) 121 (12.9%) 601 (64.1%)
Maywood 775 453 (58.5%) 38.34 (10.94) 29.88 (8.20) 169.05 (11.32) 85.43 (23.39) 249 (32.1%) 207 (26.7%) 319 (41.2%)

For age, BMI, height and weight, mean and standard deviation are shown. JHS, African-American sample from Jackson Heart Study; MEC, African-American
sample from the Multiethnic Cohort; SPT, Spanish Town, Jamaica population-based sample; G×E, gene by environment study from Kingston, Jamaica;
Maywood, African-American sample from Maywood, IL, USA.

Figure 1. Linkage disequilibrium and haplotype block structure in intron 1 of FTO. (A) and (B) represent the CEU, and YRI populations from HapMap phase 2
data. Pairwise correlation among SNPs (r2) are shown. The black box highlights the region targeted for fine mapping and is shown in (C) and (D) for CEU and
YRI, respectively. Dagger represents index SNP identified in populations of European ancestry. Asterisks represent the two variants identified through our fine-
mapping study.
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cohort, the results for rs3751812 and rs9941349 trended in the
same directions in this sample (Table 3).

To help assess the effects of possible confounding by ances-
try in these admixed populations, we estimated global African
and European ancestry in both the JHS and a subset of the
MEC, and global and local ancestry in JHS. The association
evidence in the subset of individuals with ancestry estimates

was not diminished by adjusting for ancestry, suggesting
that the results were not false positives due to admixture (Sup-
plementary Material, Table S2). We also observed nominally
significant association when using family-based tests of
association in the subset of related samples in JHS for both
rs3751812 and rs9941349 and in the family-based Maywood
cohort for rs9941349 (rs3751812 approached significance in
this sample) (Table 2 and Supplementary Material,
Table S1). Furthermore, the effect in the African Americans
is unlikely to be due to the presence of European chromo-
somes in this population, because in this case we would
expect to see equal association among all of the variants that
are strongly correlated in European populations, whereas in
our data we saw strong differences in association among this
group of variants. Thus, these data provide the strongest evi-
dence to date that variation in the FTO locus influences BMI
in African-ancestry populations.

We next attempted to discern which of the two associated
SNPs, rs3751812 and rs9941349, were more closely correlated
with the biologically relevant variant at the locus (assuming
that there is one such variant responsible for the observed
association signal). We focused on these two SNPs because
(i) they had the strong signals of association (ii), their associ-
ations with BMI remained significant when conditioning on
other individual SNPs (except for rs3751812 or rs9941349
or their proxies) and (iii) other SNPs in the region were not
strongly associated after conditioning on either of these two
SNPs (Supplementary Material, Tables S3 and S4). We
performed conditional analyses of rs3751812 and rs9941349
in the JHS, MEC, Spanish Town (SPT), G×E and the
Maywood cohort, testing for the association of each SNP
when using the other SNP as a covariate (Supplementary
Material, Table S3). A meta-analysis of these conditional
analyses in the samples with continuous traits (JHS, MEC,
SPT and Maywood) showed that the association signal at
SNP rs3751812 remained nominally significant after con-
ditioning on the effect of SNP rs9941349 (overall P ¼

Table 2. SNPs genotyped for fine mapping

SNP Position Minor allele Major allele MAF N Effect size (log BMI units) Standard error P-value (nominal)

JHS rs1421085 52358455 C T 0.103 4199 0.0120 0.0033 0.0003
rs1558902 52361075 A T 0.084 4021 0.0151 0.0035 2.10E205
rs17817288 52365265 G A 0.400 4194 0.0059 0.0021 0.0044
rs9924817 52365425 A G 0.024 4212 20.0160 0.0073 0.0289
rs16952525 52367515 G A 0.078 4092 0.0077 0.0038 0.0418
rs8054237 52373366 A G 0.269 4106 20.0058 0.0024 0.0175
rs3751812 52375961 T G 0.099 4205 0.0120 0.0034 0.0004
rs9939609a 52378028 A T 0.469 4042 0.0018 0.0022 0.4125
rs9941349 52382989 T C 0.180 4212 0.0106 0.0026 5.85E205
rs9931494 52384680 G C 0.176 4203 0.0117 0.0027 1.34E205
rs17817964 52385567 T C 0.103 4208 0.0117 0.0033 0.0004
rs9933040 52388368 A T 0.209 4209 0.0072 0.0024 0.0030
rs9922708 52388647 T C 0.199 4175 0.0074 0.0027 0.0061

MEC rs8050136a 52373776 A C 0.436 3452 0.0042 0.0041 0.2990
rs3751812 52375961 T G 0.117 3451 0.0148 0.0061 0.0158
rs9941349 52382989 T C 0.191 3418 0.0113 0.0051 0.0272
rs1861867 52406062 T C 0.166 3440 20.0126 0.0054 0.0207

Shown are significant results and previously reported signals. Position is on chromosome 16, relative to NCBI B36 assembly, dbSNP b126. Effect direction is with
respect to the minor allele. JHS and MEC are as in Table 1. MAF, minor allele frequency.
aReported signals in European-derived populations.

Table 3. Meta-analysis across studies with continuous traits

Variable rs3751812 rs9941349

JHS MAF 0.099 0.180
Effect 0.0120 0.0106
SE 0.0034 0.0026
P-value 0.0004 5.85E205

MEC MAF 0.117 0.191
Effect 0.0148 0.0113
SE 0.0061 0.0051
P-value 0.0158 0.0272

SPT MAF 0.078 0.173
Effect 0.0075 0.0020
SE 0.0060 0.0044
P-value 0.2139 0.6443

G×E MAF 0.083 0.173
OR 1.117 1.403
SE 0.1971 0.1524
P-value 0.5761 0.0264

Maywood MAF 0.111 0.167
Effect 0.0208 0.0161
SE 0.0110 0.0080
P-value 0.0587 0.0446

Combineda Effect 0.0121 0.0093
SE 0.0026 0.0020
P-value 2.58E206 3.61E206

Shown are the results for rs3751812 and rs9941349 from the samples and from
a meta-analysis. The samples are as in Table 1. The effect direction is in respect
to the minor allele and is in log BMI units. MAF, minor allele frequency;
Effect, effect estimate; SE, standard error; OR, odds ratio.
aCombined analysis does not include G×E in the meta-analysis.
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0.0354; Table 4). However, the association signal at
rs9941349 was nearly significant when conditioning on
rs3751812 (overall P ¼ 0.0678; Table 4). We therefore do
not feel that this analysis can demonstrate with confidence
which of rs3751812 and rs9941349 are more tightly correlated
with a true causal variant, and may even suggest that neither of
these two variants are themselves causal.

We also performed a haplotype analysis to try to assess which
of these two SNPs might be more tightly correlated with a causal
variant at the locus (see Materials and Methods). Because LD is
strong between these two SNPs (D′ ¼ 91–100), there are three
major haplotypes. We designated the three major haplotypes as
H–H, H–L and L–L, corresponding to the BMI-increasing (H)
or decreasing (L) alleles at rs9941349 and rs3751812, respect-
ively. The H–H, H–L and L–L haplotypes (T–T, T–G, and
C–G) accounted for 9.6, 8.0 and 82.3% of haplotypes in the
JHS population, 11.5, 7.7 and 80.5% of haplotypes in the
MEC population, 7.7, 9.5 and 82.8% of haplotypes in the SPT
population, 8.3, 9.0 and 82.7% of haplotypes in the G×E popu-
lation and 7.2, 7.9 and 84.4% of haplotypes in the Maywood
cohort. In this analysis, the H–L haplotype was associated
with a higher BMI than the L–L haplotype (P ¼ 0.009), sugges-
tive of an effect of the rs9941349 SNP (or a variant in LD with
this SNP) independent of rs3751812; the H–H and H–L haplo-
types were not significantly different, although the data were
directionally consistent with the H–H haplotype having a stron-
ger effect on increasing BMI than the H–L haplotype (Table 5).
Thus, the conditional analysis showed a nominally significant
effect of rs3751812, and the haplotype analysis showed a nom-
inally significant effect of rs9941349; together these results
suggest that neither variant has completely captured the signal
of association at FTO, but are consistent with both variants
being strongly correlated with a causal variant at this locus.

DISCUSSION

Our findings strongly indicate that there is an association
between variation in the FTO region and BMI in African-
derived populations. Because the variants showing strong

association are tightly correlated in European-ancestry popu-
lations with the originally reported variants, we doubt that
these represent a statistical fluctuation. Furthermore, the
association does not appear to be a false positive due to
admixture in these populations. Thus, these data provide
additional and compelling evidence that the association
with FTO discovered in European-derived populations
extends into individuals with predominantly African ances-
try.

Variation at this locus accounted for 0.11–0.56% and 0.02–
0.61% of variance in log BMI by rs3751812 and rs9941349,
respectively, for our population of subjects with African
ancestry and continuous traits. The average proportion of var-
iance in BMI in our samples explained by rs3751812 was
0.31% and by rs9941349 was 0.30%. The variance explained
at this locus in our samples is thus similar to but perhaps
slightly less than that estimated in populations of European
ancestry, where 0.34% of the variation in BMI was explained
by rs9939609 at this locus (5).

Because our association was observed with variants that
are in strong LD with SNPs shown to be associated in
European populations, it is likely that the associations in
African-derived and European-derived populations arise at
least largely from the same causal variant(s). We can
clearly rule out rs9939609 and many other variants that
are in LD with this variant in Europeans (including the pre-
viously proposed rs8050136). However, we cannot confi-
dently distinguish between rs3751812, rs9941349 or their
close correlates in African populations. Furthermore, the
finding that each of rs3751812 and rs9941349 is nominally
associated with BMI even after accounting for the effect of
the other variant raises the possibility that a third variant,
partially correlated with both rs3751812 and rs9941349,
could be causal at this locus. Alternatively, one of these
variants could be causal, and one or more additional
causal variants (partially captured by the other variant)
could also influence BMI. Complete resequencing of this
region (such as will be provided by the 1000 Genomes
Project) and comprehensive testing of these variants in

Table 4. Conditional analysis on rs3751812 and rs9941349

SNP Effect estimate Standard
error

P-value Effect estimate Standard
error

P-value Effect estimate Standard
error

P-value

No conditioning Conditioned on rs3751812 Conditioned on rs9941349

JHS rs3751812 0.0120 0.0034 0.0004 0.0050 0.0051 0.3243
rs9941349 0.0106 0.0026 5.85E205 0.0077 0.0037 0.0343

MEC rs3751812 0.0148 0.0061 0.0158 0.0122 0.0090 0.1736
rs9941349 0.0113 0.0051 0.0272 0.0032 0.0075 0.6723

SPT rs3751812 0.0075 0.0060 0.2139 0.0096 0.0078 0.2198
rs9941349 0.0020 0.0044 0.6443 20.0024 0.0057 0.6725

G×E rs3751812 0.1102 0.1971 0.5761 20.3876 0.2845 0.1731
rs9941349 0.3383 0.1524 0.0264 0.5407 0.2196 0.0138

Maywood rs3751812 0.0208 0.0110 0.0587 0.0125 0.0139 0.3686
rs9941349 0.0161 0.0080 0.0446 0.0107 0.0102 0.2926

Combineda rs3751812 0.0121 0.0026 2.58E206 0.0078 0.0037 0.0354
rs9941349 0.0093 0.0020 3.61E206 0.0050 0.0027 0.0678

Shown are the results for rs3751812 and rs9941349 before and after conditioning on the two SNPs. Samples are as in Table 1. The effect estimates are in log BMI
units and are in reference to the minor allele.
aDoes not include G×E in the meta-analysis.
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large populations of African ancestry will be needed to
localize a causal variant with more certainty.

Other studies have previously examined the influence of the
FTO locus on BMI in populations with African ancestry. Grant
et al. (16) were the first to report rs3751812 as associated with
obesity in a case–control study of African-American children,
although the association with BMI as a continuous trait in
1962 children was non-significant. Scuteri et al. (7) did not
find a significant association of rs3751812 with BMI in subjects
with African ancestry, although they stated that their study was
under powered to detect modest effects with SNPs that have
relatively low minor allele frequencies in African Americans,
such as rs3751812. In addition, work conducted by Hennig
et al. (18) found no associations for several SNPs including
rs3751812 and rs9931494 at this locus with weight-for-height
z-scores, in a Gambian population. Although the study was
moderately well powered (n ¼ 2200), the difference in study
populations, including strong environmental differences, poss-
ible differences in genetic background and leanness of the
Gambian population, may explain the null results. Indeed, the
effect of FTO has been proposed to be modified by physical
activity (20,21), so it is perhaps plausible that effect sizes
may have been smaller in the Gambian individuals. Song
et al. (17) did not detect an association with BMI among a
subset of �1100 African-American women for rs9939609 in
a cohort of post-menopausal women, although, in a separate
family-based study, Wing et al. (22) found an association
with rs8050136 (P ¼ 0.01) and rs9939609 (P ¼ 0.01), but not
rs3751812, with BMI using variance components analysis in a
sample of 581 African-American subjects. Finally, Thorleifsson
et al. (6) saw no evidence of association of rs3751812 with BMI
in a study of 1160 African Americans. Despite these inconsis-
tencies in the published literature, our study, with nearly
10 000 subjects, provides convincing evidence of association,
and suggests that, as in studies of European-Americans, large
samples are needed to obtain evidence of association with
BMI in African Americans. Furthermore, the effect size, at
least for these variants, appears to be similar to or even
smaller than that seen in European-Americans, perhaps in
part explaining the previous difficulty in demonstrating the
association.

Our data provide additional evidence that the FTO locus
influences BMI in African Americans and that fine mapping
in African-ancestry populations can be useful in narrowing
the list of potentially causal variants. Such fine-mapping
studies will be even more useful as complete catalogues
of common variants become available, but will also
require very large sample sizes to distinguish between
closely correlated variants. Coordinated efforts between
investigators who are studying individuals of recent
African ancestry will likely be required to attempt fine
mapping at additional loci, especially as the effect sizes
of these loci are substantially smaller than seen at FTO.
Indeed, at loci with very small effect sizes, the number of
currently available samples of recent African ancestry may
be sufficient to narrow the possible universe of biologically
relevant variants at associated loci, but may not be sufficient
to narrow the association to a single variant, unless the
functional variant happens not to have close proxies in
African populations.T
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MATERIALS AND METHODS

Samples

Baseline characteristics of the samples are described in
Table 1.

The Jackson Heart Study (JHS). JHS is a population-based
longitudinal study comprising of African Americans from the
Jackson, Mississippi metropolitan area. Participants provided
medical and social history, and physical and biochemical data
were collected. The participants have a high prevalence of dia-
betes, hypertension, obesity and related cardiovascular disorders
(23).

We studied a data set of 4539 individuals, of which 1464
individuals were in 293 families. Individuals were removed
if there were phenotype data missing or a genotyping
success rate of less than 85%. After checking for Mendelian
errors, one individual was removed due to inconsistency
with the pedigree information. Four individuals had BMI
greater than four standard deviations from the mean of log-
transformed BMI normalized by Z-scores, and were
removed from the data set. In total, 4217 individuals had gen-
otype and phenotype data suitable for the study.

The Multiethnic Cohort (MEC). The MEC is a prospective
cohort study that includes 215 251 men and women from
five racial-ethnic groups in Hawaii and California (mainly
Los Angeles): Japanese-Americans, European Americans,
Native Hawaiians from Hawaii, African Americans and
Latinos from California. Cohort members were identified
through the Department of Motor Vehicles drivers’ license
files and, for African Americans, in addition through Health
Care Financing Administration files. Cohort members were
between 45 and 75 years old at baseline (1993–1996). Infor-
mation about risk factors for cancer and other chronic diseases
was ascertained at baseline through a 26-page questionnaire.
Beginning in 2002, we established a large bio-repository of
blood and urine samples from approximately 70 000 MEC par-
ticipants.

In this study, we studied a sample of 3556
African-American men and women with self-reported BMI
who were included as cases and controls in ongoing genetic
studies of breast cancer, prostate cancer, hypertension and
type 2 diabetes in the MEC (24–26). Individuals were
removed if they were non-informative for at least 3 of the
11 SNPs. In total there were 3482 individuals that met these
criterion.

Spanish Town (SPT). SPT is part of a larger project, the Inter-
national Collaborative Study of Hypertension in Blacks, which
was previously described in detail by Cooper et al. (27). For
SPT, a stratified random sample of unrelated Jamaicans
between 25 and 74 years was recruited in and around
Spanish Town, an urban area neighboring the capital city of
Kingston. In this study, we genotyped successfully in 1407
individuals, after removing individuals with no BMI pheno-
type or were non-informative for at least two of the six SNPs.

The Jamaican Gene × Environment panel (G×E). G×E is
part of a larger survey, which examined gene by environment

interactions in blood pressure for adults between 25 and 74
years old (27,28). Participants were unrelated individuals
from Kingston, Jamaica and their BMI values were either in
the top or bottom third of the BMI distribution for the Jamai-
can population. QC criteria were similar to those for SPT and
938 individuals had suitable phenotype and genotype data.

The Maywood Study. African-American DNA samples were
obtained from a larger cohort of families enrolled in studies
of blood pressure at Loyola University in Maywood, IL,
USA. The survey enrolled a representative random sample
of the population between the ages of 18–74, regardless of
obesity phenotype. QC criteria were similar to those for
JHS. There were 775 people from 311 families for family-
based association studies with suitable genotype and pheno-
type data.

For all studies, informed consent was obtained, and the
parent studies were all approved by local institutional review
boards. The genetic study protocols were approved by the
institutional review boards at Children’s Hospital, Boston
and at the University of Southern California.

Ancestry. Ancestry information was available for the majority
of the JHS and a portion of the MEC samples. Continental
(European and African) ancestry was estimated by genotyping
ancestry informative markers. For JHS, global and local ances-
try estimates are described in detail in Nalls et al. (29). Of the
4217 JHS individuals, we have ancestry information for 4094
people. For the MEC, principal components were computed in
EIGENSTRAT using a panel of .1400 markers that had been
genotyped among 1879 subjects (of the 3482, 54%) in pre-
vious studies (30).

SNP selection

The variants reported to be associated with obesity were in a
51 kb region of strong LD in the CEU HapMap panel,
within intron 1 (chr16: 52,355,066 to 52,406,062). Initial
studies in the JHS and MEC samples were performed in par-
allel. In the JHS, we chose a set of SNPs designed to
capture variation in African Americans across a larger
245 kb region (52,181,324 to 52,406,062) which included
the LD block containing the index signal as well as the neigh-
boring RPGRIP1L gene. Tag SNPs covering these regions
were selected using Tagger (31) as implemented in Haploview
(32). We enriched this set for possible proxies of the original
signal at rs9939609 and rs1421085 by choosing all SNPs with
r2 ≥ 0.5 with the original SNPs in HapMap CEU population
and then tagging these SNPs with an r2 ≥ 0.9 in HapMap
YRI population using Tagger.

In the MEC, SNP selection for fine mapping the defined LD
block containing the index signal was conducted using the
Tagger function in Haploview in the YRI HapMap population.
A pairwise r2 cutoff of 0.80 resulted in 34 SNPs that charac-
terize the risk region. Utilizing the ‘force include’ option in
Haploview, we excluded rs8050136 and rs9939609, as well
as nine SNPs that had previously been genotyped in an
African-American population and had not been associated
with BMI (7). Of the remaining SNPs, nine were excluded
with a MAF in CEU ,5%, and six SNPs were excluded for
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having a pairwise correlation (r2) ,0.10 with rs8050136 and
rs9930506. This resulted in eight tag SNPs (rs4784323,
rs7206790, rs8047395, rs8055197, rs17817288, rs8057044,
rs8044769 and rs1861867) that were included in our fine-
mapping analysis for this region of the FTO gene. In the
MEC, SNPs rs3751812, rs9941349 and rs1652525 were later
genotyped to attempt to replicate the association signals ident-
ified from the JHS.

Statistical analysis

For JHS, SPT and Maywood, we generated residuals
(logBMIz) from the BMI phenotype (log-transformed), with
age and gender as covariates. In JHS and Maywood, associ-
ation testing was conducted using MERLIN v1.1.2 (33) to
account for a small family-based component of the sample.
Global and local estimates of the percentage African ancestry
were also included as covariates in the model for the subset of
individuals in JHS. In the G×E cohort, individuals were
largely ascertained from the top and bottom tertiles of the
BMI distribution, so BMI was analyzed as a dichotomous
trait (,25 versus .27 kg/m2). For the SPT and G×E
studies, association testing and conditional analysis were
done using the PLINK v1.05 software package (34).

In the MEC, genotype allele frequencies were assessed for
deviation from Hardy–Weinberg equilibrium using a x2 tests
with a P-value cutoff of 0.001; one SNP, rs8044769, was
removed from the analysis on this basis. BMI was log-
transformed to approximate univariate normality before con-
ducting the analysis. A general linear model adjusting for
age, sex, disease status (in the MEC as cases and controls
were included from many disease studies) and, when avail-
able, global ancestry (from principal components analysis)
was used in assessing SNP main effects. Bonferroni correc-
tion for the number of SNPs initially selected for fine
mapping (9) was used to correct for multiple testing.

Conditional analyses were performed by testing the associ-
ation of a SNP, adjusting for an index SNP in the same multi-
variate regression model. SAS v. 9.2 was used for all
statistical analyses.

Meta-analyses included only those studies with quantitative
trait values, which consist of JHS, MEC, SPT and Maywood
but not G×E to test the effects of rs3751812 and rs9941349,
as well for the conditional analysis across JHS and MEC to
assess whether residual signals lie in this region. We combined
regression coefficients and standard errors from each study
using the freely available program METAL (5). We tested
for genetic heterogeneity between studies used in the
meta-analysis by calculating I2 values from Cochran’s Q stat-
istics as computed in METAL (5).

We also conducted haplotype analyses in all samples to
assess whether rs3751812 or rs9941349 were more strongly
associated with BMI. For each of these two SNPs, the allele
associated with increased BMI was labeled ‘H’ and the other
allele ‘L.’ We phased the genotype data using Haploview
and discovered that there were three major haplotypes,
(H–H, H–L and L–L corresponding to T–T, T–G and C–
G for rs9941349 and rs3751812, respectively), accounting
for 95–100% of all of the haplotypes in the five populations.
The strong LD and the relative rarity of the H–L haplotype
allowed us to assign haplotypes confidently based on diploid
genotype data and thereby compare the H–L haplotype in
turn with the H–H and L–L haplotypes. We identified
groups of individuals who had one haplotype in common but
differed at their other haplotype (Fig. 2). For a comparison
of the H–L and H–H haplotype, there were two group com-
parisons: (H/H–H/L versus H/H–H/H) and (H/L–L/L versus
H/L–H/L). For a comparison, the H–L and L–L haplotypes,
the two group comparisons were (H/H–H/L versus H/L–H/
L) and (H/L–L/L versus L/L–L/L). For each comparison,
we performed a meta-analysis of the two group comparisons.
If the H–L haplotype differs significantly from the H–H

Figure 2. Test for differences between haplotypes. There were three major haplotypes in the population, T–T, T–G and C–G for rs9941349 and rs3751812,
respectively. (A) Individuals were assigned haplotypes based on their diploid genotype data where ‘H’ refers to the allele associated with increased BMI (‘T’ for
both SNPs) and ‘L’ refers to the allele associated with decreased BMI (‘C’ for rs9941349 and ‘G’ for rs3751812). Because of the low frequency of the H–L
haplotype, the H/H–L/L genotype was assigned to H–H and L–L. (B) The H–L haplotype was compared to the H–H and L–L haplotypes by comparing groups
of individuals that had one haplotype in common but differed at their other haplotype. For the H–L and H–H haplotype, the group comparisons were H–H and
H–L versus H–H and H–H as well as H–L and L–L versus H–H and L–L. For the H–L and L–L haplotype, the two group comparisons were H–H and H–L
versus H–H and L–L in addition H–L and L–L versus L–L and L–L. For each group comparison, the results were meta-analyzed.
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haplotype, we could infer that the second SNP in the haplotype
is more strongly correlated with the variant that influences
BMI; similar conclusions about the first SNP can be drawn
if H–L differs substantially from L–L.

Genotyping

Genotyping for JHS, SPT, G×E and Maywood were done at
Children’s Hospital, Boston using Sequenom iPLEX genotyp-
ing (Sequenom, Inc, San Diego, CA, USA). Forty-four candi-
date SNPs were genotyped in JHS, and key SNPs were
genotyped in the SPT, G×E and Maywood studies to
improve power. All passing SNPs had genotype success
rates of .90%.

Genotyping of SNPs in MEC samples was conducted at
USC using the TaqMan allelic discrimination assay (Applied
Biosystems, Foster City, CA, USA). Approximately 5%
quality control repeat samples were included to evaluate
assay reproducibility. The concordance was ≥99% for all
SNPs examined. All SNPs had call rates ≥97% in the MEC
sample. Primers and probes and reaction conditions can be
provided upon request for Sequenom and TaqMan.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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