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ARTICLE INFO ABSTRACT
Articlg history: Obesity results from interactions between environmental and genetic factors. Despite a relatively high
Received 14 June 2010 heritability of common, non-syndromic obesity (40-70%), the search for genetic variants contributing to
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susceptibility has been a challenging task. Genome wide association (GWA) studies have dramatically
changed the pace of detection of common genetic susceptibility variants. To date, more than 40 genetic
variants have been associated with obesity and fat distribution. However, since these variants do not

fully explain the heritability of obesity, other forms of variation, such as epigenetics marks, must be

Keywords: .
Genetic considered.
Epigenetic Epigenetic marks, or “imprinting”, affect gene expression without actually changing the DNA sequence.
Fat distribution Failures in imprinting are known to cause extreme forms of obesity (e.g. Prader-Willi syndrome), but have
Obesity also been convincingly associated with susceptibility to obesity. Furthermore, environmental exposures
Methylation during critical developmental periods can affect the profile of epigenetic marks and result in obesity.
Imprinting We review the most recent evidence for genetic and epigenetic mechanisms involved in the suscep-
tibility and development of obesity. Only a comprehensive understanding of the underlying genetic and
epigenetic mechanisms, and the metabolic processes they govern, will allow us to manage, and eventually
prevent, obesity.
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Contents
B O o 0T LE o 1 o ) o N 42
2. The identification of susceptibility 10CI fOr ODESILY . ... ...ttt ettt ittt ettt ettt et e ettt et e e et e e 42
2.1, Genetics Of fat diStriDUTION . . . ..o oottt ettt et ettt et e et ettt ettt et 43
T 530 T4 1 1< 0 Ta= Vo e 0] 0 1 46
3.1, Mediators Of enOMIIC IMIPIINEIII . . ...\ttt ettt et ittt ittt et et ettt e et e e et e e e ettt e e e e e e e e e e et ee e et eeeaeeeannnnas 46
120 T DR )\ 0 1< 0 .77 1 o) 1 46
3.1.2. HiStone MOMIfICATIONS .. .. ...ttt ettt ettt ettt et ettt ettt ettt ettt ettt e e et e et e e ettt e 46
3.2. Epigenetic changes introduced during early development may increase the risk of obesity.............cooiiiiiiiiiiiiii i 46
4. Remaining challenges 47
4.1. Identifying novel loci.. 47
4.2. Collaborative studies to for larger GWA meta-analysiS..........c..ovevvunnneen. 47
4.3. Obesity susceptibility associated to rare-low-frequency variants 47
4.4,  Copy NUMbETr VariationS . .....uueet ittt tie e iii e iie e iee e iaeeeannns 47
4.5. Characterization of associated loci and causal variants........................ 47
4.6. Integration of genetic and epigenetic INfOrMation ... .. ... iiui ittt ettt et e e e e e et e e e aaas 47
ST o) Uad L) 1o o 47
ContribUutors aNd TheIT TOLO. ... ...ttt ettt ettt ettt ettt et ettt et ettt e ettt ettt e e ettt 48
(000 0 010 F e B0 ] ) 48

Abbreviations: BMI, body mass index; WC, waist circumference; WHR, waist:hip ratio; T2D, type-2-diabetes; LD, linkage disequilibrium; CNV, copy number variants;
PWS, Prader-Willi syndrome; QTL, quantitative trait loci; SNP, single nucleotide polymorphism.
* Corresponding author. Tel.: +44 1865 287598; fax: +44 1865 287664.

E-mail address: celi@well.ox.ac.uk (C.M. Lindgren).

0378-5122/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.maturitas.2011.02.018


dx.doi.org/10.1016/j.maturitas.2011.02.018
http://www.sciencedirect.com/science/journal/03785122
http://www.elsevier.com/locate/maturitas
mailto:celi@well.ox.ac.uk
dx.doi.org/10.1016/j.maturitas.2011.02.018

42 B.M. Herrera et al. / Maturitas 69 (2011) 41-49

Provenance and Peer reVIBW ..........ceuueeeeineeeeuneeennnneennnnnes
Acknowledgement............iiiiiiiiiiiiiii i
|30 (2] Y] Lol

1. Introduction

Overweight and obesity are becoming more widespread with
global projections of more than 2.16 billion overweight and 1.12
billion obese individuals by 2030 [1]. This clearly presents a world-
wide clinical and public health burden, associated with social and
personal criticism. It is also correlated with an increased risk of
type-2-diabetes (T2D), cardiovascular disease, cancer and mortality
[2,3]. Despite intensive research, current efforts to reduce obesity
by diet, exercise, education, surgery and drug therapies are failing
to provide effective long-term solutions to this epidemic.

At an individual level, obesity occurs when abnormal amounts
of triglycerides are stored in adipose tissue and released from
adipose tissue as free fatty acids (FFA) with detrimental effects
[4]. Excess fat accumulation occurs when energy intake exceeds
energy expenditure, although individuals respond differently to
this imbalance owing to genetic predisposition. Twin studies esti-
mate heritability of body mass index (BMI) to be 40-70% in children
and adults [5-7], and other anthropometric measures of obesity
and regional fat distribution [skinfold thickness, waist circumfer-
ence (WC) and waist:hip ratio (WHR)] show similar heritability
[5-12]. Furthermore, there are ethnic differences in obesity; admix-
ture mapping studies demonstrate that obesity correlates closely
with the percentage of ancestry derived from ethnic groups with
elevated prevalence [13,14]. The goal of obesity research is to eluci-
date pathways and mechanisms that control obesity and toimprove
prevention, management and therapy.

Here we review recent advances in identifying factors contribut-
ing to obesity susceptibility. We focus on:

(a) recent successes in identification of genetic variation affecting
obesity trait susceptibility;

(b) emerging evidence connecting epigenetic (heritable changes
which affect gene function but do not modify DNA sequence)
events with obesity.

We discuss the impact of recent findings in these two areas and
their joint potential to enhance understanding of obesity suscepti-
bility mechanisms and aetiology.

2. The identification of susceptibility loci for obesity

Until 2006, the main approaches used to track down com-
mon variants influencing obesity, involved either hypothesis-free
genome-wide linkage mapping in families with multiple obese
subjects or association studies within ‘candidate’ genes using
case—control samples or parent-offspring trios. The former suffered
from being underpowered for any sensible susceptibility models,
as linkage is best placed to detect variants with high penetrance.
As far as we can tell, common variants with high penetrance do
not contribute substantially to risk of common forms of obesity
and few, if any, robust signals have emerged from such efforts
[15,16]. The latter candidate-gene association approach has his-
torically been compromised by difficulties in selecting credible
candidates. Selection was typically based on hypotheses about bio-
logical mechanisms putatively involved in obesity pathogenesis
but, as the function of much of the genome is poorly character-
ized, itremains almost impossible to make fully informed decisions.
In addition, all too often these candidate-gene studies were con-
ducted in sample sets far too small to offer confident detection of

variants with the range of effect sizes that are now known to be real-
istic. With hindsight, it is easy to appreciate why these approaches
yielded few examples of genuine obesity—susceptibility variants.

Consequently, over the last two decades, efforts in identifying
and replicating genetic variants predisposing individuals to com-
mon forms of obesity were largely characterized by slow progress
and limited success, in sharp contrast to the successful gene iden-
tification in monogenic and syndromic forms of obesity [15]. The
most recent edition of the “Human Obesity Gene Map” gives an
excellent overview of this; it lists 11 single gene mutations, 50 loci
related to Mendelian syndromes relevant to human obesity, 244
knockout or transgenic animal models and 127 candidate genes,
of which slightly less than 20% are replicated by 5 or more stud-
ies [15]. A total of 253 quantitative trait loci (QTL), for different
obesity-related phenotypes, have been reported from 61 genome-
wide linkage scans and of these, only ~20% are supported by more
than one study [15].

Over the past three years it has become possible, from tech-
nical and economic perspectives, to undertake hypothesis-free
GWA testing in samples of sufficient size to generate con-
vincing association results. The advent of the GWA approach
was the result of three components. The first was the human
genome sequence which subsequently enabled cataloguing
genome-sequence variation. Secondly, the International HapMap
Consortium (http://www.hapmap.org) [17] taught us that, in
non-African-descent populations, extensive correlations (linkage
disequilibrium, LD) between neighbouring single nucleotide poly-
morphisms (SNPs) constrain the number of independent genetic
tests required to survey the genome, such that ~80% of all com-
mon variation can be sampled using ~500 000 carefully selected
SNPs [18,19]. Lastly, novel genotyping methods address the chal-
lenges of massively parallel SNP-typing at high accuracy and low
cost [20]. The GWA approach has been hugely successful in iden-
tifying loci harbouring common forms of obesity (as defined by
anthropometric measures: BMI, WC and/or WHR) susceptibility
genes and hereto results from a total of 15 ‘high-density’ GWAs (i.e.
>300 000 SNPs, offering genome-wide coverage >65%) have been
published (Table 1). These studies combined, have yielded over 50
loci associated with obesity (p-values <5 x 108 in genotyped and
imputed data sets, or <5 x 107 in directly genotyped data only)
(Table 2).

The first gene unequivocally associated to common, non-
syndromic obesity, FTO (fat mass and obesity associated) [21], was
initially identified as a result of a GWA of T2D [22]. While it was
the second strongest associated locus, the association was com-
pletely abolished when adjusting for T2D. The association of the
FTO region to obesity explains ~1% of BMI heritability, such that
adults homozygous for the risk allele, have a 2-3 kg higher weight
compared to non-risk allele homozygous [21]. Interestingly, FTO
is reported to operate on fat mass and was suggested to encode
a 2-oxoglutarate-dependent nucleic acid demethylase involved in
regulation of food intake [23]. In parallel, it was reported to be
involved in decreased lipolytic effect in adipocytes [24]. It is unclear
whether the association effect acts through FTO or the adjacent FTM
gene and the precise role of the FTO locus in obesity needs further
investigation.

With reports of the first, robust dichotomous trait associations
[25] and the discovery of FTO [21,26,27], came the realization that
the effect sizes detected would be smaller than anticipated and that
successful analysed would require larger sample sizes than previ-
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