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BMI (Fig. 2, Table 2, and Supplementary Table 7). However,
loci that had been previously identified for BMI, have larger
effects (expressed in s.d. per allele) on BMI than on BF%,
except the TOMM40/APOE locus, which has a substantially more
pronounced effect on BF% than on BMI25 (Fig. 2). The
TOMM40/APOE locus, together with the loci previously (IRS1
and SPRY2) and newly (COBLL1/GRB14, IGF2BP1, PLA2G6
and CRCT1) identified for BF% all have larger effects on BF%

than on BMI (Fig. 2). This division based on effect sizes,
illustrated in Fig. 2, suggests that IRS1, SPRY2, COBLL1/GRB14,
TOMM40/APOE, IGF2BP1, PLA2G6 and CRTC1 affect adiposity
in particular, which is not fully captured by BMI (which
represents both lean and fat mass).

Of the 12 loci, four showed significant sex-specific effects. For
the loci near IRS1 and PLA2G6, the effect in men was twice as
large as in women, whereas for the TMEM18 and CRTC1 loci the
effect was two- to threefold larger in women than in men
(Table 1). As the European-ancestry-only populations represent
the vast majority (90%) of the total sample, effects sizes
from European only and all-ancestry analyses were similar
(Supplementary Tables 5 and 8).

In aggregate, the 12 loci explained 0.58% of the variance in
BF% in men and women combined. Because of the sex-specific
effects of four loci, the explained variance was slightly higher,
when estimated in men (0.62%) and women (0.61%) separately.
Individually, the FTO locus explained the most variance of all
identified loci (0.12%) (Table 1).

Cross-phenotype association with cardiometabolic traits. To
gain insight in how the BF% loci affect anthropometric and
cardiometabolic traits and comorbidities, we performed look-ups
in the most recent large-scale GWAS meta-analyses from the
GIANT (Genetic Investigation of ANthropometric Traits) con-
sortium (WHRadjBMI and height)20,26, the SAT-VAT consortium
(abdominal visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT))27, the LEPgen consortium (circulating
leptin), the GLGC (high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C) and triglycerides
(TG))28, the MAGIC (fasting glucose and fasting insulin)29,
DIAGRAM (T2D)30 and CARDIoGRAMplusC4D (CAD)31.
To account for multiple testing, associations were considered
statistically significant if P values wereo5.2� 10� 4 (Bonferroni-
corrected P¼ 0.05/96 (12 SNP * eight trait groups)).

Associations with anthropometric and adiposity traits. The BF%
increasing alleles for 11 of the 12 loci were associated with

Table 2 | Cross-phenotype associations: associations signatures of 12 established body fat percentage loci for anthropometric
and cardiometabolic traits through look-ups in large-scale genetics consortia.

Nearby gene FTO IRS1 MC4R TMEM18 COBLL1/GRB14 SPRY2 TOMM40/APOE TUFM/SH2B1 IGF2BP1 SEC16B PLA2G6/PICK1* CRTC1*

SNP rs1558902 rs2943652w rs6567160 rs6755502 rs6738627w rs693839 rs6857 rs4788099 rs9906944w rs543874 rs3761445 rs757318
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(frequency %)
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(Max. N)z

Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Effect
per fat%
increasing

allele

P Men Women Men Women

Effect
per fat%
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P Effect
per fat%
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P Effect
per fat%
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allele

P Effect
per fat%
increasing

allele

P

Body fat
percentage
(INV)

Current study
(100,705)

0.051 3.8E� 27 0.034 1.5E� 12 0.034 1.3E� 10 0.039 1.4E� 10 0.030 5.7E�09 0.028 6.6E�09 0.048 6.8E�09 0.0269 1.2E�08 0.0333 2.9E�08 0.0315 4.5E�08 0.0374 2.5E�09 0.017 0.01 0.0123 0.054 0.0366 4.8E�08

BMI (INV) GIANT
(339,148)

0.081 1E� 156 0.014 2.4E�06 0.056 6.7E� 59 0.060 2.0E� 53 0.011 6.1E�04 0.010 3.1E�03 0.021 1.0E�04 0.031 1.1E� 24 0.010 0.018 0.050 2.3E�40 0.012 3.2E�03 0.006 0.14 0.013 2.2E�03 0.021 1.7E�07

Circulating
leptin
(Ln ngml� 1)

LEPgen
(32,158)

0.033 1.8E�07 0.020 1.9E�03 0.027 3.9E�04 0.026 1.7E�03 0.036 8.3E�07 0.012 0.097 0.026 0.016 0.027 3.9E�05 0.013 0.072 0.009 0.28 0.016 0.12 0.016 0.051 �0.009 0.41 �0.001 0.92

Subcutaneous
adipose tissue

SAT-VAT
(10,557)

þ 6.2E�07 þ 9.2E�04 þ 0.093 þ 6.1E�05 þ 0.022 þ 0.009 þ 0.0037 þ 0.036 þ 0.70 þ 0.097 þ 0.13 þ 0.22 � 0.26 þ 0.11

Visceral
adipose tissue

SAT-VAT
(10,557)

þ 4.6E�04 þ 0.60 þ 0.13 þ 0.05 þ 0.51 þ 0.077 þ 2.1E�04 þ 0.36 þ 0.24 þ 0.53 þ 0.017 þ 0.09 � 0.66 þ 0.12

WHRadjBMI

(INV)
GIANT
(209,997)

0.004 0.26 0.000 0.99 �0.003 0.54 �0.008 0.07 �0.021 2.2E�08 0.002 0.55 0.024 1.2E�04 0.002 0.49 0.010 0.037 �0.002 0.69 0.003 0.60 �0.005 0.29 �0.002 0.73 �0.008 0.08

Height (Z) GIANT
(253,217)

�0.010 1.2E�03 �0.003 0.38 0.025 2.0E� 12 0.006 0.16 0.001 0.72 0.007 0.038 �0.006 0.17 0.002 0.42 �0.016 1.1E�06 0.006 0.091 0.016 8.0E�04 0.010 0.015 0.005 0.31 0.003 0.53

Triglycerides
(INV)

GLGC
(177,828)

0.018 2.3E�06 �0.027 1.3E� 13 0.012 8.4E�04 0.008 0.027 �0.017 3.3E�05 �0.002 0.46 �0.054 4.6E� 19 �0.002 0.57 0.003 0.84 0.004 0.21 � 2.5E�03 � 0.018 þ 0.36 þ 0.71

HDL-Cholesterol
(INV)

GLGC
(187,131)

�0.018 2.7E�07 0.032 8.2E� 17 �0.026 2.9E�09 �0.013 0.008 0.019 4.9E�05 �0.001 0.91 0.067 2.6E� 17 �0.012 5.4E�04 �0.012 0.025 �0.011 0.018 þ 0.054 þ 0.044 � 0.32 þ 0.56

LDL-Cholesterol
(INV)

GLGC
(173,055)

�0.002 0.45 �0.006 0.14 0.001 0.86 �0.010 0.024 �0.012 0.035 0.005 0.20 �0.192 5.1E� 110 �0.003 0.41 0.003 0.39 �0.010 0.068 � 0.43 � 0.51 � 0.40 � 0.76

Fasting glucose
(mmol l� 1)

MAGIC
(120,901)

0.006 0.004 �0.004 0.084 0.006 0.030 0.006 0.031 �0.001 0.58 �0.001 0.83 0.010 0.012 0.000 0.92 0.002 0.59 0.005 0.044 �0.002 0.50 0.000 0.89 0.003 0.26 0.003 0.37

Fasting insulin
(Ln pmol l� 1)

MAGIC
(85,501)

0.019 1.8E� 12 �0.015 3.8E�08 0.008 0.018 0.007 0.062 �0.009 0.004 0.001 0.80 0.003 0.49 0.008 0.003 0.000 0.97 0.012 5.1E�04 �0.009 0.02 0.000 0.95 0.007 0.08 0.008 0.021

Type 2 diabetes
(OR)

DIAGRAM
(86,195)

1.120 4.4E� 21 0.920 4.7E� 12 1.070 6.0E�07 1.040 0.005 0.940 2.3E�05 0.980 0.09 1.088 0.0014 1.020 0.11 1.051 7.7E�05 1.020 0.20 0.968 0.03 0.972 0.09 1.008 0.60 1.028 0.12

Coronary artery
disease (OR)

CARDIoGRAM
plusC4D
(213,938)

1.025 0.008 0.971 8.8E�04 1.031 1.9E�03 1.028 0.018 0.982 0.063 0.994 0.51 0.899 5.9E� 11 1.010 0.33 1.045 2.2E�06 0.999 0.96 1.011 0.33 0.998 0.88 1.010 0.50 1.029 0.17

CARDIoGRAMplusC4D, Coronary ARtery DIsease Genome-wide Replication and Meta-analysis (CARDIoGRAM) plus The Coronary Artery Disease (C4D) Genetics consortium; DIAGRAM, DIAbetes
Genetics Replication And Meta-analysis consortium; GIANT, Genetic Investigation of ANthropometric Traits consortium; GLGC, Global Lipids Genetics Consortium; INV, inverse-normal transformation
(mean of 0, s.d. of 1); LEPgen, circulating leptin consoritum (Kilpeläinen et al., in preparation); Ln, natural logarithm-transformation; MAGIC, the Meta-Analyses of Glucose and Insulin-related traits
Consortium; OR, odds ratio; SAT-VAT, subcutaneous adipose tissue (SAT)-visceral adipose tissue (VAT) consortium; WHRadjBMI, waist-to-hip ratio adjusted by BMI; Z, z-score transformation (mean of
0, s.d. of 1). The fat percentage (Fat%) increasing allele frequency was based on all-ancestry sex-combined analysis. The ‘þ /� ’ in effect stands for increasing or decreasing phenotypes. The threshold for
a statistically significant association with Bonferroni correction for 13 traits is P¼0.00385 (0.05/13). Colour coding of cells: BF%-increasing shows risk-increasing association with respective
cardiometabolic traits at nominal (faded red) or multiple-testing corrected (solid red) significance. BF%-increasing shows risk-reducing association with respective cardiometabolic traits at nominal (faded
green) or multiple-testing corrected (solid green) significance.
*Results of men and women combined are presented in Supplementary Table 8.
wThe SNP of rs2943646 was used as a proxy for rs2943652 regarding coronary artery disease (R2¼ 1 and D’¼ 1); the SNP of rs2075650 was used as a proxy for rs6857 regarding CAD (R2¼0.88 and
D’¼ 1); the SNP of rs4794018 was used as a proxy for rs9906944 regarding coronary artery disease and type 2 diabetes (R2¼0.9 and D’¼ 1).
zThe maximum sample size invoved in the 12 SNP assocation testing was reported from each respective consortium.
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Figure 2 | Comparison of effects of the 12 loci on body fat percentage

(x axis) and on BMI (y axis). Both outcomes (BMI and BF%) were inverse

normally transformed (mean 0, s.d. 1) such that effects sizes are at the

same scales and directly comparable. Effect sizes for BMI were obtained

from Locke et al.19. The allele effects for the PLA2G6 (square) and CRTC1

(round) loci were derived, respectively, from the men- and women-based

meta-analyses. Six loci had first been identified for BMI (blue), whereas six

others were first identified for BF% (green).
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increased circulating leptin levels (Pbinomial¼ 0.006), of which
four reached statistical significance and another four were
nominally significant (Table 2, Supplementary Table 7). These
results are consistent with the notion that leptin is secreted by
adipocytes proportional to adipose tissue mass.

The BF% increasing alleles of all 12 loci were associated with
increased SAT and VAT (Pbinomial¼ 0.0005), two (FTO and
TMEM18) of which reached significance for association with
SAT, and two (FTO and TOMM40/APOE) with VAT. The BF%
increasing allele of the locus near IRS1 was associated with a
lower VAT/SAT ratio, indicative of a proportionally greater
subcutaneous than visceral fat storage, as we have shown
previously13 (Table 2, Supplementary Table 7).

As expected, most of the identified BF% loci showed no
association with WHRadjBMI, as this trait, because of the
adjustment for BMI, does not correlate with overall adiposity.
Nevertheless, associations with WHRadjBMI for two loci (COBLL1/
GRB14 and TOMM40/APOE) did reach statistical significance.
The COBLL1/GRB14 locus was previously identified as a
WHRadjBMI locus11. We show that it is the BF% increasing
allele that is associated with lower WHRadjBMI, suggestive of a
preferential gluteal rather than abdominal fat storage. Although
the COBLL1/GRB14 association with WHRadjBMI is five times
stronger in women than in men11, we observed no sex difference
for association with BF% (Table 1). For the TOMM40/APOE
locus, it is the BF% increasing allele that is also associated with
increased WHRadjBMI, suggesting that the TOMM40/APOE locus
increases abdominal and overall fat accumulation, at least in part,
in an additive and independent manner. Furthermore, the BF%
increasing allele was also significantly associated with increased
VAT (Table 2, Supplementary Table 7) and liver fat storage
(P¼ 3.4� 10� 4, n¼ 5,550, Methods section).

SNPs in three loci (MC4R, PLA2G6 and IGF2BP1) showed
significant association with height, two of which (PLA2G6 and
IGF2BP1) have not been reported in large GWAS studies before.
Similar to the MC4R locus, the BF% increasing allele of the
PLA2G6 (rs3761445) was associated with greater adult height
(P¼ 6.7� 10� 5; Table 2, Supplementary Table 7). Following up
this variant in data from the Early Growth Genetics Consortium,
we found that the BF% increasing allele was associated with
higher birth weight (P¼ 0.003, n up to 26,836; ref. 32) and greater

prepubertal height (P¼ 0.007, n¼ 13,948; ref. 33), yet not with
growth during or timing of puberty (Supplementary Table 10)33.
In contrast, the BF% increasing allele in IGF2BP1 (rs9906944)
was associated with shorter height (Table 2, Supplementary
Table 7), a cross-phenotype association pattern that is consistent
with the effects of the GH/IGF1 axis34. SNPs in IGF2BP1, in
linkage disequilibrium (LD) with rs9906944 (r2EUR¼ 0.47), have
been previously implicated with primary tooth development in
infancy35. Consistently, the BF% increasing allele of IGF2BP1
(rs9906944) showed association with a later eruption of the first
tooth (b¼ 0.16 months per allele; P¼ 3.1� 10� 8) and reduced
number of teeth at 1 year (b¼ � 0.14 number of teeth at age 1
year per allele; P¼ 1.1� 10� 7; ref. 35). Even though this suggests
a role in maturation, we found no evidence for association
with pre-pubertal height or pubertal growth and timing
(Supplementary Table 10)33 or age at menarche (b¼ 0.01 age
of menarche (years) per allele; P¼ 0.11; ref. 24). Although this
locus harbours a number of genes, data in rodents suggest
that IGF2BP1 might be a potential candidate gene driving
the associations observed here, as Igf2bp1 knockout mice
demonstrate fetal and postnatal growth retardation36.

Taken together, alleles of each of the 12 loci are associated with
increased BF%, yet their associations with other anthropometric
traits differ, which in turn might result in varying impacts on
cardiometabolic health.

Associations with cardiometabolic traits. Although phenotypic
correlations observed in epidemiological studies have shown that
increased adiposity is associated with increased cardiometabolic
risk, the BF% increasing alleles of identified loci do not
always associate with poorer health outcomes (Table 2 and
Supplementary Table 11). For some loci, the BF% increasing allele
may even have significant protective effects, as we have shown
previously for the locus near-IRS1 (ref. 13).

For the loci in/near FTO, MC4R, TMEM18, TUFM/SH2B1 and
SEC16B, which were all five previously established for BMI, the
observed cross-phenotype associations with cardiometabolic
traits are generally directionally consistent with the phenotypic
correlations. Specifically, their BF% increasing allele is typically
associated with an unfavourable lipid profile and increased
insulin resistance (Table 2, Supplementary Tables 12 and 13).
These cross-phenotype associations translate in increased risk of
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Figure 3 | Genotype influences Pol2 binding at rs4808844. (a) UCSC Genome browser track (hg19) of chromosome 16 displaying Pol2 binding signal in

10 lymphoblastoid cell lines (LCLs), grouped by genotype and correlations between DNaseI hypersensitivity and nearby gene transcription. (b) Binding

signals from Pol2 ChIP-seq from 10 LCLs, grouped by genotype.
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