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Summary

Objective

A novel single-nucleotide polymorphism (SNP) associated with morbid obesity was
recently identified by exome sequencing. The purpose of this study was to follow up this
low-frequency coding SNP located within the SYPL2 locus and associated with body
mass index in order to reveal novel associations with obesity-related traits.

Methods

The body mass index-associated SNP (rs62623713 A>G [chr1:109476817/hg19]) and
two tagging SNPs within the SYPL2 locus, rs9661614 T>C (chr1:109479215) and
rs485660 G>A (chr1:109480810), were genotyped in the obesity (n = 3,017) and the
infogene (n = 676) cohorts, which were further combined, leading to a larger cohort of
3,693 individuals. Association testing was performed by general linear models in the
obesity cohort and validated by joint analysis in the combined cohort.

Results

rs9661614 and rs485660 were significantly associated with hip circumference (HC) in the
obesity cohort, with heterozygotes exhibiting a significantly lower HC. These results were
validated by joint analysis for rs9661614 (false discovery rate [FDR]-corrected
P = 7.5 × 10�4) and, to a lesser extent, for rs485660 (FDR corrected P = 3.9 × 10�2). The
association with HC remained significant for rs9661614 when tested independently in
women (FDR-corrected P = 1.7 × 10�2), but not for rs485660 (FDR-corrected P = 0.2).
Both associations were absent in men.

Conclusions

This study reveals strong evidence for a novel association between rs9661614 (T>C) and
HC in women, which likely reflects a preferential association of SYPL2 to a gynoid profile
of fat distribution. The study findings support a clinical significance of SYPL2 worth con-
sidering when assessing risk factors associated with obesity.

Keywords: Hip circumference, obesity, replication study, SYPL2.

Introduction

Genome-wide association studies (GWAS) have identified
susceptibility loci for obesity (1). These association studies
usually focus on discovering novel genetic associations
with body weight or body mass index (BMI) by using
large and heterogeneous populations, as well as vast
amounts of genetic markers. Findings from these works
have been successfully replicated in a number of cases,

leading to the identification of consolidated BMI-
associated genes, such as FTO or MC4R (2,3), currently
being the object of active research to elucidate their
actual functional relevance (4,5). Moreover, GWAS
meta-analysis has spread as an effective method to test
the consistency of genome-wide associations and to dis-
cover new obesity risk variants across different ancestry
populations (6,7). However, for most of the loci identified
as BMI associated, the causal genes and pathways
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involved, as well as their physiological role, are yet poorly
known. In this sense, whole exome sequencing has
emerged as a useful tool to focus on genetic variability
at coding regions, which allows the identification of rare
variants with higher effect on BMI (8,9). Nevertheless,
only a few studies have been focused on following up
these obesity-associated single-nucleotide polymor-
phisms (SNPs) with additional analyses to test their
impact on phenotype traits other than body weight or
BMI (10,11).

Another critical point of association studies not always
taken into consideration is the way these genetic variants
impact phenotype traits depending on the sex of indivi-
duals. This issue becomes particularly relevant when
genetic associations are related to alterations of the
metabolic profile or to certain pathologies notably influ-
enced by sex, e.g. type 2 diabetes or cardiovascular
diseases (12). A recent meta-analysis revealed a large
variability among genetic associations with obesity-
related traits depending on sex, such as the waist-to-hip
ratio (WHR) (13). Recently, a low-frequency coding variant
identified by exome sequencingwithin the synaptophysin-
like 2 gene (SYPL2), also known as mitsugumin 29
(MG29), a gene coding for a protein mainly involved in
calcium homeostasis in skeletal muscle (14), was found
to be significantly associated with morbid obesity (9).
Importantly, this polymorphism showed a relatively high
penetrance on BMI in a study cohort showing an overrep-
resentation of women with obesity (9).

In the present two-stage study, we followed up this
BMI-associated SNP of the SYPL2 locus, in order to
reveal potential novel associations with other metabolic
and anthropometric traits related to obesity, which were
further tested independently in men and women to deter-
mine a potential sex-specific effect.

Methods

Study cohorts

The obesity cohort, used in the first stage of this study for
discovery purposes, was composed strictly of individuals
with obesity (BMI ≥30 kgm�2) and severe obesity
(BMI ≥35 kgm�2). A total of 3,017 Caucasian patients
(942 men and 2,075 women) undergoing biliopancreatic
diversion with duodenal switch at the Quebec Heart and
Lung Institute (Quebec City, Quebec, Canada) formed this
cohort. The surgical protocol, blood sample collection
and the standardized procedures to measure anthropo-
metric and metabolic parameters are described else-
where (15). The infogene cohort was composed of 676
Caucasian subjects with or without obesity (277 men
and 399 women) recruited between 2004 and 2006

through radio and newspaper advertisements, as well as
by a newsletter shared through the Laval University
network for previous studies (16,17). The collection of
anthropometric and metabolic measurements of the
infogene subjects has been previously described (16).
The obesity cohort was combined with the infogene co-
hort in the second stage of this study, resulting in a larger
and heterogeneous cohort, composed of 3,693 subjects
(1,219 men and 2,474 women) with obesity and severe
obesity, as well as individuals without obesity, and used
for validation purposes. This study was approved by the
Laval University and Quebec Heart and Lung Institute
Ethics Committees and was conducted in accordance
with the 1964 Helsinki Declaration.

Single-nucleotide polymorphism genotyping

The first SNP selected for genotyping was the rare variant
previously associated with BMI and located at SYPL2 exon
4 (rs62623713 A>G [chr1:109476817/hg19]) (9). Because
exome sequencing is not able to identify common SNPs
located within untranscribed regions, additional tagging
SNPs were added to the association study in order to
cover most of the genetic variability within the SYPL2
locus. Selection of additional tagging SNPs within the
SYPL2 locus and surrounding regions (2.5 kb upstream
and downstream) was carried using the tagger selection
algorithm of the Haploview software (Massachusetts
Institute of Technology, Cambridge, MA, USA) (18) and
considering the CEU panel (Utah residents with Northern
and Western European ancestry) of the latest release of
HapMap (release 28, Phase II + III data). Using this
tagging SNP selection, we identified rs9661614 T>C
(chr1:109479215; intron variant) and rs485660 G>A
(chr1:109480810; 3ʹ-UTR variant) located in the vicinity
of rs62623713 (2.4 and 4.0 kb, respectively). These two
additional tagging SNPs covered 100% of SYPL2 genetic
variability considering common genetic variants with
minor allele frequencies higher than 5% and high linkage
disequilibrium (LD; r2> 0.8). Selected SNPs were geno-
typed in both the obesity and the infogene cohorts using
TaqMan probes (Applied Biosystems, Foster, CA, USA).
Genomic DNA was extracted from the blood buffy coat
using the GenElute Blood Genomic DNA kit (Sigma, St.
Louis, MO, USA). Genotypes were determined using the
7500 Fast Real-Time PCR System (Applied Biosystems),
and they were analysed using the high-throughput array
technology QuantStudio 12K Flex System, coupled
with Taqman OpenArray Technology (Life Technologies,
Carlsbad, CA, USA). Haplotype reconstruction and indi-
vidual diplotype assignments were inferred from geno-
type data using PLINK v1.07 (PLINK, Boston, MA, USA)
(19) and PHASE v2.1.1 (20) software (University of
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Washington, Seattle, WA, USA), with default parameters
and using the CEU panel of the 1000 Genomes Project
(Phase 3) as the reference population.

Statistical analyses

A two-stage association study was carried out. Statistical
analyses were first performed in the obesity cohort, which
was randomly subdivided into two smaller sub-cohorts
(discovery and replication) to test for associations sepa-
rately, and formed by 1,513 (472 men and 1,041 women)
and 1,511 (471 men and 1,040 women) subjects, respec-
tively. In order not to be too restrictive at this exploratory
stage, a nominal P ≤0.05 found in both discovery and
replication sub-cohorts was used to determine an associ-
ation to be further tested in the entire obesity cohort.
Significant associations were further validated by means
of a joint analysis in the combined cohort composed of
the obesity and the infogene cohorts. False discovery
rate-corrected P (FDR-corrected P≤ 0.05) was applied
for multiple-testing correction when testing for associa-
tions in the obesity and the combined cohorts.

Association tests were performed using the analysis of
variance (general linear models, type III sum of squares)
under an additive model of inheritance, and adjusted for
the effects of age, sex and BMI. Genotype by sex (G×S)
and genotype by BMI (G×B) interaction terms were added
into separate models one at a time. Pairwise comparisons
among genotype groups were performed using least
square means, and statistically significant differences were
determinedwith Bonferroni adjustedP-values (Pbon ≤ 0.01).
Quantitative anthropometric and metabolic traits tested
for associations were waist (WC) and hip circumference
(HC), WHR, triglycerides (TG), HDL-cholesterol (HDL-C),
LDL-cholesterol (LDL-C) and total cholesterol, total
cholesterol to HDL-C ratio, fasting glucose and blood
pressure (systolic and diastolic). Variables that were
non-normally distributed were transformed to approxi-
mate a normal distribution (inverse transformed: TG and
HDL-C; log10 transformed: fasting glucose and total
cholesterol to HDL-C ratio). Diplotype-based association
tests were performed using diplotypes composed of
SNPs showing statistically significant associations inde-
pendently. The analysis of variance adjusted by the same
variables was also applied for diplotype-based tests.

The proportion of phenotypic variance explained by
the genotype was calculated as the ratio of the type III
sum of squares because of the SNP effect to the sum
of squares of the model. With the statistical significance
set to α=0.05 and β =0.10, the statistical power to detect
significant associations was higher than 99% in both the
obesity and the combined cohorts. Statistical analyses
were performed using SAS software version 9.3 (SAS

Institute, Cary, NC, USA). Statistical power analyses were
performed using G*Power (version 3.1.9.2) (Heinrich
Heine-Universität, Düsseldorf, Germany) (21).

Results

Anthropometric, metabolic and genetic
characteristics of the study cohorts

The obesity cohort was composed of 3,017 subjects with
obesity and severe obesity (942 men and 2,075 women)
with a mean BMI= 50.5 kgm�2, which almost doubled to
that observed in the infogene cohort (BMI = 27.8 kgm�2),
which ranged from 16 to 40 kgm�2. The infogene cohort,
composed of 676 subjects with and without obesity (277
men and 399 women), was combined with the obesity
cohort, resulting in a larger and heterogeneous cohort
integrated by 3,693 subjects (1,219 men and 2,474
women), with a mean BMI = 46.3 kgm�2, and ranging
from 16 to 100 kgm�2. Mean values of all the anthropo-
metric and metabolic variables tested in association
studies are depicted in Table 1. All the genotyped SNPs
were in Hardy–Weinberg equilibrium (Table 2). The rare
variant rs62623713 showed a MAF< 5%, while the other
two SNPs showed a MAF> 20% (Table 2). rs9661614
showed moderate LD with rs62623713 (r2 = 0.23) and
relatively high LD with rs485660 (r2 = 0.62).

Two SYPL2 polymorphisms are significantly
associated with hip circumference in the obesity
cohort

The sex-based randomization of the obesity cohort
resulted in two smaller sub-cohorts with the same pro-
portion of men (31.2%) and women (68.8%) consisting
of 1,513 and 1,511 subjects, respectively. Association
tests performed independently in these two obesity
sub-cohorts (adjusted for age, sex and BMI) revealed
several nominal associations (P< 0.05) between SYPL2
SNPs and quantitative phenotype traits (data not shown),
but only two SNPs showed a significant association
with any of the phenotype traits analysed in both the dis-
covery (d) and the replication (r) obesity sub-cohorts,
namely, rs9661614 (Pd = 7.3 ×10�4; Pr = 5.3 × 10�3) and
rs485660 (Pd = 2.2 ×10�2; Pr = 4.6 × 10�2), which were
significantly associated with HC. Although rs62623713
also showed a significant association with HC in the
discovery sub-cohort (Pd = 4.6 ×10�2), it was lost in the
replication sub-cohort (Pr = 0.42). The validation of these
associations was performed in the entire obesity cohort.
For multiple testing purposes, all the phenotype traits
and SNPs were included in the model. Results showed
that both SNPs that were significantly associated with
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HC in the two obesity sub-cohorts exhibited highly signi-
ficant associations (rs9661614 P=7.9 ×10�6; rs485660
P=2.2 ×10�6) that held after correction for multiple test-
ing (rs9661614 FDR-corrected P=2.6 × 10�4; rs485660
FDR-corrected P=1.4 ×10�3). With BMI, age and sex
included as co-variables in the model, 0.90% and
0.50% of HC variance were explained by rs9661614 and
rs485660. respectively. Least square means post hoc
analyses revealed that rs9661614 heterozygotes were
characterized by narrower hips, as compared with
common (Pbon = 0.0002; ΔHC=�1.5 cm) and rare homo-
zygotes (Pbon = 0.0004; ΔHC=�2.7 cm). In contrast,
rs485660 heterozygotes showed a significant HC re-
duction only when compared with rare homozygotes
(Pbon = 0.003; ΔHC=�2.7 cm), but not to common ho-
mozygotes (Pbon = 0.06; ΔHC=�0.9 cm). Although rare
homozygotes of both rs9661614 and rs485660 showed
wider hips than common homozygotes, this increase in
HC did not reach statistical significance (Table 3).

Association between rs9661614 and rs485660 with
hip circumference was validated by a joint analysis

Further validation of the association found with
rs9661614, rs485660 and HC in the obesity cohort was
performed by means of a joint analysis. Again, both SNPs
showed a significant association with HC in the combined
cohort (rs9661614 FDR-corrected P=7.5 × 10�4;
rs485660 FDR-corrected P=3.9 × 10�2). rs9661614

Table 1 Metabolic and anthropometric characteristics of the study populations

Obesity Infogene Obesity + Infogene

Number of subjects (men/women) 3,017 (942/2,075) 676 (277/399) 3,693 (1,219/2,474)
Age 43.7 ± 10.9 37.9 ± 11.3 42.6 ± 11.2

Anthropometric profile
Weight (kg) 138.6 ± 27.8 78.2 ± 18.0 127.6 ± 35.2
Height (cm) 165.5 ± 9.5 167.8 ± 9.4 165.9 ± 9.5
Body mass index (kgm�2) 50.5 ± 8.3 27.8 ± 5.7 46.3 ± 11.8
Hip circumference (cm) 147.4 ± 16.3 106.2 ± 10.4 139.6 ± 22.3
Waist circumference (cm) 139.5 ± 17.0 90.4 ± 16.1 130.4 ± 25.4
Waist-to-hip ratio 0.95 ± 0.10 0.85 ± 0.10 0.93 ± 0.11

Metabolic profile
Fasting glucose (mmol L�1) 6.62 ± 2.32 5.75 ± 1.10 6.46 ± 2.18
Triglycerides (mmol L�1) 1.77 ± 1.00 1.23 ± 0.80 1.67 ± 0.99
Total cholesterol (mmol L�1) 4.59 ± 0.95 4.60 ± 0.99 4.59 ± 0.96
HDL cholesterol (mmol L�1) 1.24 ± 0.35 1.39 ± 0.42 1.27 ± 0.37
LDL cholesterol (mmol L�1) 2.59 ± 0.84 2.88 ± 0.95 2.64 ± 0.87
Total to HDL cholesterol ratio 3.92 ± 1.22 3.62 ± 1.49 3.87 ± 1.28

Blood pressure
Systolic blood pressure 136.3 ± 16.8 119.3 ± 10.8 133.1 ± 17.1
Diastolic blood pressure 82.0 ± 11.0 77.7 ± 8.4 81.2 ± 10.7

Data are expressed as mean ± standard deviation.

Table 2 Genetic features of SYPL2 SNPs in the study populations

Obesity Infogene Obesity + Infogene

MAF
(%)

HWE
P-value

MAF
(%)

HWE
P-value

MAF
(%)

HWE
P-value

rs9661614 0.27 0.30 0.26 0.69 0.27 0.25
rs485660 0.23 0.49 0.22 0.89 0.23 0.48
rs62623713 0.04 0.29 0.03 0.15 0.04 0.19

HWE, Hardy–Weinberg equilibrium; MAF, minor allele frequency;
SNP, single-nucleotide polymorphism.

Table 3 Hip circumference differences among genotypes of SYPL2
SNPs

Obesity Obesity + Infogene

HC (cm) HC (cm)

rs9661614 TT 147.0 ± 0.3a 139.2 ± 0.2a

TC 145.5 ± 0.3b 137.9 ± 0.2b

CC 148.1 ± 0.6a 140.0 ± 0.5a

rs485660 GG 146.7 ± 0.2a,b 138.9 ± 0.2a,b

GA 145.8 ± 0.3b 138.2 ± 0.3b

AA 148.5 ± 0.8a 140.3 ± 0.6a

Values are adjusted least square means (LS-means ± SEM) derived
from analysis of variance (general linear models) adjusted for age,
sex and BMI. For each SNP and cohort, superscript lowercase letters
stand for significantly different genotype means with Bonferroni
adjusted P-values (Pbon ≤ 0.01) following post hoc LS-means
pairwise comparisons.
BMI, bodymass index;HC, hip circumference; LS-means, least square
means; SEM, standard error of the mean; SNP, single-nucleotide
polymorphism.
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showed similar results as those obtained in the obesity
cohort, with heterozygotes exhibiting a significant reduc-
tion of HC, as compared with common (Pbon = 0.0002;
ΔHC=�1.3 cm) and rare homozygotes (Pbon = 0.001;
ΔHC=�2.1 cm; Table 3). Likewise, rs485660 showed sig-
nificantly narrower hips compared with rare homozygotes
(Pbon = 0.005; ΔHC=�2.2 cm), but did not differ from
common homozygotes (Pbon = 0.06; ΔHC=�0.8 cm).
Rare homozygotes of both SNPs continued to show the
widest hips but were not statistically different from
common homozygotes (Table 3). Although the per-
centage of HC variance explained by rs9661614 and
rs485660 was reduced in the joint analysis, the impact
of rs9661614 (0.24%) almost doubled to that of rs48566
(0.13%), similar to the ratio observed in the obesity
cohort.

Diplotype-based analysis reveals the heterozygote
disadvantage of rs9661614

Haplotype reconstruction with the two SNPs significantly
associated with HC, rs9661614 (T>C) and rs485660
(G>A), in this order, led to the identification of three major
haplotypes in both the obesity (TG: 72.5, CA: 23.0 and
CG: 4.3%) and the combined (TG: 72.8, CA: 22.8, CG:
4.2%) cohorts. Haplotypes were scattered among four
diplotypes with frequencies higher than 5% (Table 4).
Diplotype-based analyses revealed a significant as-
sociation with HC in the obesity cohort (P=6.3 × 10�6,
FDR-corrected P=5.7 × 10�5), which remained highly
significant in the combined cohort (P=1.5 × 10�5, FDR-
corrected P=1.6 × 10�4). As shown in Table 4, the reduc-
tion of HC previously observed in heterozygotes for
rs9661614 (TC) and rs485660 (GA) was mirrored herein,

with subjects carrying the TG/CA diplotype showing a
significant reduction of HC, as compared with the com-
mon diplotype (TG/TG) in both the obesity (Pbon = 0.002;
ΔHC=�1.3 cm) and the combined cohorts (Pbon = 0.006;
ΔHC=�1.1 cm). This HC reduction was even more pro-
nounced in subjects carrying the TG/CG diplotype,
formed by heterozygotes of rs9661614 (TC) and common
homozygotes of rs485660 (GG), in both the obesity
(Pbon = 0.0004; ΔHC=�2.6 cm) and the combined co-
horts (Pbon = 0.006; ΔHC=�2.3 cm; Table 4). Although
not significantly different from the common diplotype
(TG/TG), individuals carrying the rare diplotype (CA/CA)
had the widest hips in both cohorts, with as much
as 4.2 cm (Pbon = 0.006; obesity cohort) and 3.3 cm
(Pbon = 0.001; combined cohorts) more than the diplotype
with the narrowest hips (TG/CG; Table 4).

Associations with hip circumference occur in a
sex-specific manner

No G×S interaction with rs9661614 was identified in both
the obesity (P=0.08) and the combined cohort (P=0.1).
No further significant G×S interactions were found with
rs485660 in the obesity (P=0.35) or the combined cohort
(P=0.42). Nevertheless, because body fat distribution is a
sex-specific characteristic of obesity, the significant
associations found with HC were tested independently
in men and women in the joint analysis. As shown in
Table 5, the association of rs9661614 with HC previously
observed remained highly significant when tested
independently in women in the combined cohorts
(P=5.3 × 10�4, FDR-corrected P=1.7 ×10�2). Indeed,
rs9661614 heterozygotes exhibited a significantly lower
HC as compared with common homozygotes
(Pbon = 0.0005; ΔHC=�1.4 cm). On the other hand, the
association of rs485660 with HC was lost in women
(P=1.9 × 10�2, FDR-corrected P=0.2), and both associa-
tions were no longer significant in men (Table 5).
Diplotype-based association test performed in the

Table 4 Hip circumference differences among SYPL2 diplotypes

Diplotypes

Obesity Obesity + Infogene

Freq (%) HC (cm) Freq (%) HC (cm)

CA/CA 5.5 148.6 ± 0.8a 5.6 140.3 ± 0.6a

TG/TG 53.0 147.0 ± 0.3a 54.8 139.1 ± 0.2a

TG/CA 32.8 145.7 ± 0.3b 33.7 138.0 ± 0.3b

TG/CG 6.1 144.4 ± 0.7b 6.0 137.0 ± 0.6b

Values are adjusted least square means (LS-means ± SEM) derived
from analysis of variance (general linear models) adjusted for age,
sex and BMI. For each SNP and cohort, lowercase letters a and b
stand for significantly different genotype means with Bonferroni
adjusted P-values (Pbon ≤ 0.01) following post hoc LS-means
pairwise comparisons.
BMI, body mass index; HC, hip circumference; Freq, diplotype
frequency; LS-means, least square means; SEM, standard error of
the mean.

Table 5 Genotype and diplotype sex-dependent associations with
hip circumference in the combined cohort

Men Women

P-value FDR P P-value FDR P

rs9661614 6.6 × 10�3 0.2 5.3 × 10�4 1.7 × 10�2

rs485660 6.4 × 10�2 0.7 1.9 × 10�2 0.2
Diplotype 3.7 × 10�2 0.4 2.8 × 10�4 3.1 × 10�3

P-values are derived from analysis of variance (general linear models)
adjusted for age and BMI.
BMI, body mass index; FDR P, false discovery rate-corrected
P-value.
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combined cohorts showed that the impact of diplotypes
formed by rs9661614 and rs485660 on HC was restricted
almost exclusively to women (P=2.8 × 10�4, FDR-
corrected P=3.1 × 10�3), with TG/CA (Pbon = 0.002;
ΔHC=�1.2 cm) andTG/CG (Pbon = 0.001; ΔHC=�2.4 cm)
showing a significantly lower HC.

Discussion

Results of this study revealed a novel genetic association
between the obesity-related gene SYPL2 and HC. The
most robust association was found with the intron variant
rs9661614 (T>C), with heterozygotes exhibiting a sig-
nificant reduction of HC, as compared with common
and rare homozygotes. It is worth highlighting that
rs9661614 was in partial LD with rs62623713, the low-
frequency missense variant located at exon 4 of SYPL2
and significantly associated with BMI (9). Because most
genetic associations are usually indirect markers for the
actual susceptibility variants and given the LD pattern ob-
served herein, we were not able to determine the actual
functional relevance of such SNPs. Indeed, the observed
effect could be due to an unknown functional SNP in LD
with rs9661614 in SYPL2 or in neighbouring genes. As a
noncoding polymorphism, we may however speculate
on a potential role as an enhancer element of nearby
genes, to be associated to a DNase hypersensitivity site,
or even to be mapped to an open chromatin region, may
affect the functionality of transcriptional activity of nearby
genes (22). Indeed, SYPL2 has been previously analysed
in relation to the cholesterol-associated locus 1p13, a re-
gion with a complex architecture and encompassed by
several genes where a noncoding polymorphism was
revealed as the causal variant for altered LDL-C through
altering SORT1 expression (23). Thus, the consistent as-
sociation found between rs9661614 and HC in subjects
with obesity, further validated in a more heterogeneous
population, supports the relevance of SYPL2 as a poten-
tial susceptibility gene for obesity. Nevertheless, further
functional genomics approaches focused on assessing
the actual impact of SYPL2 polymorphisms are still
required.

The present two-stage study was performed first in a
large obesity cohort, in order to discover novel associa-
tions with metabolic or anthropometric traits related to
obesity in a population composed exclusively of subjects
with obesity and severe obesity. The associations found
in the obesity cohort were further validated by means of
a joint analysis, where the infogene cohort composed of
individuals with and without obesity (according to BMI)
was merged with the obesity cohort, leading to a larger
group and a broader range of adiposity values for further
testing such associations. The rationale for performing

such a joint analysis was based on maximizing statistical
power despite the use of a restrictive multiple-testing
correction method to determine statistically significant
associations, as previously reported (24).

The more prominent effect of SYPL2 polymorphisms
on HC was observed in women, suggesting a preferential
association of this gene with a gynoid profile, metaboli-
cally less harmful than an android distribution of body
fat (25). The genetic influence on body fat distribution
has been broadly analysed (26), and two recent GWAS
meta-analyses of WHR-associated loci have revealed
that genes associated with anthropometric indices
reflecting body fat distribution, such as WHR, WC or
HC, usually are sexually dimorphic, with a higher impact
in women (27,28). It is worth highlighting that the percent-
age of variance of WC (27) and WHR (28) attributed to
locus-independent effects in these two studies was esti-
mated to be less than 0.05%, whereas a variation of
0.24% was attributed to rs9661614 in the joint analysis
of the present work. In terms of absolute effect size, this
corresponds to less than 0.5 cm of WC change in the
previous study (27), whereas it represents more than
2 cm of HC reduction in rs9661614 heterozygotes here.
This significant difference in genetic penetrance has been
previously attributed to increased power because of the
use of extreme phenotypes, as compared with studies
performed in more heterogeneous populations (29). This
could also explain the lower % variance in HC attributed
to rs9661614 in the joint analysis, as compared with the
results obtained in the obesity cohort.

Consistent with the aforementioned findings, and given
that large hips have been associated with a better prog-
nosis of metabolic and cardiovascular complications
(30–32), the results obtained herein also revealed what
looks like a heterozygote disadvantage, more evident for
rs9661614, whose impact on HC remained highly signifi-
cant through the different cohorts analysed. Diplotype-
based analyses reinforced this assumption by showing
that diplotypes formed by rs9661614 heterozygotes had
a major impact on HC. Particularly relevant was the
reduction of HC observed in diplotypes formed by
rs9661614 heterozygotes and rs485660 common homo-
zygotes, which suggested that such reduction could be
attributed exclusively to the presence of rs9661614
heterozygotes. Heterozygote disadvantage is a genetic
feature worth taking into consideration in association
studies, and several cases of heterozygote (dis)advan-
tage have been recently reported regarding obesity. One
of the most relevant has recently revealed a significant
relationship between a polymorphism within the obesity-
related gene FTO (33) and aortic valve stenosis (34), also
reporting a sex-specific effect of this FTO polymorphism,
showing a higher penetrance in women (34). As
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mentioned earlier, results obtained in the present study
also pointed to a sexual dimorphism of rs9661614. Be-
cause HC is a distinctive feature of body fat distribution
between men and women, these results highlight a
female-specific genetic association closely related to a
gynoid profile of fat distribution.

It is worth highlighting that WHR, WC and HC are an-
thropometric features with an important sex-dependent
effect, which makes risk thresholds different for men
and women (35). Concretely, HC is a feature closely re-
lated to obesity in women, whose pattern of body fat
distribution implies a greater accumulation of a relatively
less deleterious subcutaneous fat in the lower half of the
body, as compared with men, whose fat excess is more
prone to accumulate in the form of visceral fat in the
abdominal area (25,36). Based on these assumptions,
the significant associations found herein between
rs9661614 and HC have a physiological basis that
highlights the sex-specific impact of genetic variants, as
previously reported in a recent meta-analysis regarding
WHR (13). Interestingly, WC and HC, taken into account
independently, have been revealed as better predictors
for the development of obesity-related complications
than the WHR in certain situations, as extensively
reviewed in (37). Recently, HC but not WHR was inversely
associated to high TG and low HDL-C in a Chinese
population of women with obesity, but not in men (38).
Likewise, another study highlighted the relevance of
introducing HC as an independent factor when assessing
the mortality risk of central obesity (39).

Some strengths of this study worth considering are the
large number of subjects making up the cohorts used for
association studies, which provide an adequate statistical
power to reveal associations with relatively weak effects.
These strengths, together with the consistency of the as-
sociation shown by rs9661614 with HC throughout this
two-stage study, make the results a rather robust basis
to consider SYPL2 as a gene relevant to body fat distribu-
tion. In this sense, although other associations were
found between SYPL2 polymorphisms and phenotypes
(data not shown), they either did not show sufficient
consistency when tested in the different cohorts or did
not hold after correction for multiple testing. Interestingly,
because HC exhibited very significant correlations with
the majority of the phenotype traits analysed (data not
shown), we cannot rule out a side effect of this SYPL2
polymorphism on these traits through an effect mediated
by their impact on HC. Based on these results and those
obtained previously showing that mice lacking SYPL2
exhibited reduced body weight (40), the following step is
to deepen our understanding of the functional relevance
of this SNP on target tissues related to obesity, such as
visceral or subcutaneous adipose tissues.

Conclusion

Results reported in this study showed strong evidence for
an association between an intron variant located within
the obesity-related SYPL2 gene and HC in women, which
likely reflects a preferential association of this gene with a
gynoid profile of fat distribution.
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