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Introduci

The accumulation of abnormal amounts of intra-abdominal fat
(central adiposity) is associated with serious adverse metabolic and
cardiovascular outcomes, including type 2 diabetes (T2D) and
atherosclerotic heart disease [1]. Indeed, because the medical
consequences of increasing fat mass are disproportionately
attributable to the extent of central adiposity, measures of overall
adiposity, such as body mass index (BMI), fail to capture all of this
risk [2,3].
Measures of central and overall adiposity are highly correlated
(BMI has r2,0.9 with waist circumference [WC] and ,0.6 with
waist-hip ratio [WHR], Table S1). WC and WHR are correlated
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WC and/or WHR while displaying only weak evidence of an
association with overall adiposity (BMI, P.0.01) or adult height
(P$0.005) in the stage 1 GWAS meta-analysis data (Table S2).
We also included three variants for reasons of biological
candidacy, even though they did not precisely meet all P-value

threshold criteria (see Table S2). Given the stage 1 sample size of
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the overall results (N = 80,210) for this SNP, the evidence for
association with WC was improved (P = 8.96 1029

effects restricted to males or females only. These analyses revealed a
further locus of interest. SNPs, including rs2605100, within a gene
desert on chromosome 1q41 (138 kb from ZC3H11B and 259 kb
from LYPLAL1, encoding lysophospholipase-like protein 1) had
shown modest evidence for association with WHR in our primary
(both genders included) analysis (P = 3.66 1026) (Table S2).
However, in gender-specific analyses, this association was clearly
restricted to females (P = 1.36 1028; males: P = 0.50). When stage 1
and stage 2 data were combined, the female-only signal remained

individuals for which we had DXA information on fat distribution,
there was no apparent association with percent central fat mass
(P = 0.98), although this analysis is underpowered.
These data suggest that the chromosome 6p12 signal exerts its
predominant effect on fat accumulation at multiple sites, a finding
consistent with the known biology of TFAP2B, which is the most
obvious candidate gene in the locus. TFAP2B encodes a
transcription factor preferentially expressed in adipose tissue,
and over-expression of the transcript in 3T3L1-adipocytes leads to
insulin sensitivity via enhanced glucose transport and increased
lipid accumulation [21,22]. Over-expression of TFAP2B also
down-regulates expression of the insulin-sensitizing hormone
adiponectin by direct transcriptional repression [23]. Genetic
variants within TFAP2B have recently been reported to correlate
positively with TFAP2B transcript levels in adipose tissue [24].
Thus, TFAP2B can be added to the growing list of loci influencing
overall adiposity [10,14,16,17]. However, in contrast to most of
the variants previously implicated in monogenic or multifactorial
forms of obesity, which exert their effects on overall adiposity at
the hypothalamic level [10,12–14,16–17], TFAP2B may be
involved in global adipocyte response to positive energy balance.
In contrast, the signal on chromosome 1q41 (near LYPLAL1)
showed relatively modest associations with overall obesity (stage 2,
women only, P = 1.96 1024 for BMI) and WC (P = 0.01).
Crucially, the strength of the association with WHR was
substantially greater after adjustment for BMI (stage 2, women
only, P = 4.36 1026). In the limited subset of women (N = 7,228)
for whom direct measures of hip circumference (HC) could be
retrieved, and in whom there was a proportionate signal for WHR
(P = 5.26 1024), we found no association with HC (P = 0.7) and a
directionally consistent trend of association to WC (P = 0.06).
Whilst these data would suggest that the LYPLAL1 signal does
indeed have a specific effect on fat distribution, our own DXA data
on regional fat distribution are non-contributory (N = 5,455)
(Table S7), and large-scale clinical imaging studies will be required
to explore this further. The obvious candidate within this locus
(although it lies ,259 kb downstream of the most stronglyassociated variant) is LYPLAL1. This gene encodes a lysophospholipase-like 1 protein thought to act as a triglyceride lipase and
reported to be up-regulated in subcutaneous adipose tissue of
obese subjects [25].
Biological connections between the MSRA locus and adiposity
phenotypes are unclear at this stage. The signal near MSRA
showed only weak association with overall adiposity (P = 2.26 1023
for BMI in stage 2), but the strong association with WC in stage 2
samples became non-significant after BMI-adjustment (P = 0.11).
The main proposed function of MSRA is to repair oxidative
damage to proteins by enzymatic reduction of methionine
sulfoxide. An alternative candidate in the vicinity is TNKS, which

with T2D and one with Breast Cancer) (Table S3). Following the
discovery GWA meta-analysis, follow-up of our top association
signals involved: (a) addition of data for markers of interest from
studies with pre-existing ‘‘in-silico’’ GWA results (stage 2a; eight
cohorts, maximum 13,830 individuals) and (b) ‘‘de novo’’ genotyping (stage 2b; 20 cohorts, maximum 56,859 individuals) giving a
total of 70,689 (WC) or 61,612 (WHR) follow-up samples
(collectively referred to as stage 2). In addition, genome wide
signals for WC identified after stage 2 were confirmed using data
with The Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) consortium, whose meta-analysis
included eight studies totaling 31,375 individuals. All samples
included in these analyses were of European ancestry. We also
undertook gender specific analysis of the stage 1 GWAS. An
overview of the study design and results is given in Figure 1.

Genome-Wide Association Meta-Analysis (Stage 1)

Studies and phenotypes. All samples in the discovery
cohorts were of European ancestry and detailed information on
each of these studies is provided in Tables S3 and S4. Although we
do not have specific age cut-offs for the individual cohorts the
study participants are all adult (mean age between all
cohorts = 55.7 years, range 31–70.3 years). All individuals
provided informed consent and all studies were approved by
local ethics committees.
Choice of phenotypes. The most appropriate adiposity
measurements for assessing various fat compartments and the
risk of adverse health outcomes is debated. Despite the close
correlation between WC and BMI (Table S1), WC has been
reported to have a BMI-independent impact on risk of death [1].
WHR is less strongly correlated to BMI than WC (Table S1) and is
used as a more specific surrogate for fat distribution [1]. In our
largest population based samples we see (as expected) that
measures of central and overall adiposity are highly-correlated
(BMI has r2,0.9 with WC and ,0.6 WHR, Table S1). When
compared to the gold standard of MRI measures of central
adiposity, WC and WHR are equally well-correlated to central
adiposity (r2,0.6, and 0.5, respectively) as are measures involving
DXA (r2,0.6) [4].
WC and WHR were measured in the individual cohorts using
standard protocols. Recently a multi-centre comparison of WC
measurements at different sites showed that the measurement at
different centres have no substantial influence on the association to
various adverse health outcomes [32]. In line with this we detect
little, if any, heterogeneity at our significant associations, which
indicates that it is unlikely that any differences in measurement
protocols are having a substantial effect on these (Table S2).
Genotypes and imputation. Operational details of each of

a single test [12]. For these GWAS analyses the software packages
MACH2QTL [33], Merlin [39] and SNPTEST [34] were used.
Meta-analysis of GWAS results. Results from the genomewide analyses were meta-analysed by combining the separate
results for men and women (or the combined gender results in the
case of SardiNIA and deCODE) from each study together into one
meta-analysis of overall effect for each phenotype (mixed-gender
analysis).
Two methods were used in parallel for stage 1 meta-analyses.
The first analysis approach we used was the weighted Z-method,
which allows P-values and direction of effect to be combined
independently of b-estimates, allowing for incompatibility between
phenotype units as in the Fisher method [40], but with improved
power and precision over Fisher’s test [41]. In this approach,
study-specific P-values and direction of effect are converted into a
signed Z-statistic. These Z-statistics are then summed with weights
proportional to the square root of the sample size for each study.
The other approach we used for our GWAS meta-analysis
combines study-specific b-estimates using the fixed effect model
[42], using the inverse of the variance of the study-specific bestimates to weight the contribution of each study. Both metaanalysis methods are implemented in METAL (www.sph.umich.
edu/csg/abecasis/metal). Results from the two approaches were
highly congruent in terms of P-values. The P-values we report here
are those derived from the former meta-analysis method, as it was
the first we performed and results using this method were used for
the selection of the SNPs taken forward to follow-up. However,
measures of effect size (as b and standard error (SE)) can only be
obtained from the latter.
Before performing either of these methods for a phenotype,
within-study genomic control (GC) correction was applied to Zstatistics and to the variance of b-estimates using lambda factors
specific to each study calculated separately for each gender (withinstudy GC correction) [18]. The GC-correction approach is based on
the lambda factor, which is computed as the median of all
genome-wide observed test statistics (chi-square statistic) divided
by the expected median of the test statistic under the null
hypothesis of no association (making the assumption that the
number of true associations is very small compared to the millions
of tests performed). For each study-gender combination, the
observed test statistic at each SNP was divided by the lambda
factor to obtain GC corrected results.
After performing each meta-analysis, we again calculated a
lambda factor based on the distribution of overall test statistics, i.e.
from b-estimates and SE based on the fixed effect method or on
the Z-score from the weighted Z-score method. The overall
lambda factors in the mixed-gender analysis were lGC_WC = 1.09
= 1.07 for theorwai-2614.7675
on
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criteria for more than one of the waist phenotypes, there were 30
analyses to be performed (see Tables S2 and S6).

Follow-Up in Independent GIANT Consortium Samples
(GIANT Stage 2)

Studies and phenotypes. For our own Stage 2 analysis, we
sought follow-up samples from two independent routes: we
included studies with pre-existing GWAS in-silico data (stage 2a)
as well as de novo genotyping (stage 2b) comprising 27 cohorts for
WC and 21 cohorts for WHR. Among these stage 2 studies, 18
studies were also able to provide data on BMI, weight, and height.
All individuals included in stage 2 studies were of European
ancestry and provided informed consent. All studies were
approved by the local ethics committees. Study-specific
information on study design and participants, phenotype means,
and experimental detail for all stage 2 studies are included in
Tables S3, S4, S5.
Additional phenotypes. In addition to data on the waist
phenotypes (WC and WHR) and other relevant anthropometric
traits (BMI, weight, and height), we also had some cohorts from
both stage 1 and stage 2 which were able to provide bioimpedance
data (BIA) and/or Dual energy X-ray absorptiometry (DXA). In
stage 1, three studies were informative for BIA (maximum
N = 9,852), and two (maximum N = 2,308) had data on DXA.
In stage 2, a total of seven cohorts had BIA (maximum N = 20,934)
and six had DXA data (maximum N = 12,954). Thus, the total
sample size for BIA and DXA was 30,786 or 15,262, respectively.
Genotypes. Genotypes were obtained from stage 2a studies,
in which each SNP was either directly genotyped or imputed from
genome-wide data using the CEU HapMap reference panel, and
from stage 2b using de novo genotyping undertaken using a variety
of platforms including Biotrove, Centaurus, KASPar, Sequenom,
Sequenom iPLEX, and TaqMan-based assays.
Genotyping platforms, calling algorithms, quality control before
imputation, imputation methods, and analysis software used were
all study-specific (see Table S5 for detailed information on each
study). The explicit number of follow-up SNPs genotyped in each
study and whether a proxy SNP was used is summarized in Table
S6.
Study-specific stage 2 association analyses. To analyze
the two waist phenotypes in the stage 2 studies, we used the same
analysis model as in stage 1 (inverse-normal transformed WC or
WHR adjusted for age and age2 analyzed in a linear regression, allanal226s54izeysisN2(Thus,)-432(the)-435.5(total)]-3606[(2TD8.53eysi0el)-31kw9.36.the

Found at: doi:10.1371/journal.pgen.1000508.s001 (0.02 MB
XLS)
Table S2 The loci that were followed up in GIANT Stage 2.

Found at: doi:10.1371/journal.pgen.1000508.s002 (0.04 MB
XLS)
Table S3 Description of samples included in the GWA metaanalysis (Stage 1) and follow-up studies (stage 2).
Found at: doi:10.1371/journal.pgen.1000508.s003 (0.03 MB
XLS)

Descriptive characteristics of genome-wide association
study cohorts (Stage 1) and follow-up study cohorts (Stage 2).
Found at: doi:10.1371/journal.pgen.1000508.s004 (0.04 MB
XLS)

Table S4

Table S5 Information on genotyping methods, quality control of
SNPs, imputation, and statistical analysis for Stage 1 and 2 study
cohorts.
Found at: doi:10.1371/journal.pgen.1000508.s005 (0.04 MB
XLS)
Table S6 Lead markers and proxies used in stage 2 replication.

Found at: doi:10.1371/journal.pgen.1000508.s006 (0.03 MB
XLS)

Table S7 Association analysis of fat phenotypes using raw
estimates for the significant loci.
Found at: doi:10.1371/journal.pgen.1000508.s007 (0.02 MB
XLS)
Table S8 The effect of the genome wide significant adiposity loci

on lipids within ENGAGE cohorts.
Found at: doi:10.1371/journal.pgen.1000508.s008 (0.02 MB
XLS)

Table S9 The effect of the genome wide significant adiposity loci

on type 2 diabetes risk.
Found at: doi:10.1371/journal.pgen.1000508.s009 (0.02 MB
XLS)

Table S10 The association results for waist-circumference and
waist-hip-ratio to the recently reported 17 BMI loci.
Found at: doi:10.1371/journal.pgen.1000508.s010 (0.03 MB
XLS)
Text S1 Supporting text and acknowledgments.
Found at: doi:10.1371/journal.pgen.1000508.s011 (0.16 MB
DOC)
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