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Abstract

Although the prevalence of obesity is increasing in most countries, partially due to



ubiquitous exposure to energy dense foods, not everyone exposed to the current
obesogenic environment shows unhealthy weight gain. This suggests that there are marked
differences in genetic factors that increase vulnerability for excess weight gain. Indeed,
evidence suggests that 40 to 70% of variance in unhealthy weight gain can be attributed to
individual genetic variations. Moreover, emerging data imply that genetic vulnerability
factors interact with environment risk, which is referred to as an epigenetic process.
Whereas most scholars consider obesity to be a disorder that results from the interaction
between lifestyle and genetic factors, its origin is complex, poorly understood, and extent
treatments are typically ineffective. Like any other aspect of science, our knowledge about
the genetic basis of obesity is under constant revision. The current paper provides a review

on the origins, mechanisms, evolutionary explanation, prevention and treatment based on

genotyping.

1. Introduction
For a considerable period of prehistory, hominins were primarily hunter-gatherers. In

that period food was severely limited, which resulted in natural selection for humans who



had the capability of storing energy as fat. Today, food is easily available in modern
societies, resulting in different natural selection processes. On the other hand, the changes
in our environment occurred more rapidly than the modifications in our genetic background.
In fact, our genetic background is not very different from 12,000 years ago, which
correspond to the beginning of the agriculture development (Bellisari 2008). This means that
there might be a delay in the adjustment of the genetic profile to environment, and that our
genetic background is similar to the one from the time our forefathers were foragers.
Therefore, when considering the imbalance in our modern lifestyle and our “ancient”
genetic profile, it is understandable that many people gain weight so easily. When human
morphology is considered, there are profound individual differences, such as body size, hair
color/form, eyes color/form, etc. These human variations were due, in part, to evolutionary
forces, environmental conditions, among others. However, in all societies and
subpopulations, there are both obese and non-obese individuals. The difference arises
primarily as a consequence of genetic factors, as is revealed by the high heritability for body
mass index (BMI) (Feinleib et al. 1977; Stunkard et al. 1986a; 1986b; Silventonien et al.
2010). A trait can reflect the activity of a single-gene (Mendelian or monogenic) or more
than one gene (polygenic); both cases, being influenced by environmental factors. The
polygenic multi-factorial condition reflects the additive contribution of many genes
conferring different degrees of susceptibility. Accordingly, we may understand a polygenic
trait as the combined action of several genes producing a “continuously varying” phenotype.
With the advent of the Human Genome Project (1990-2003), millions of DNA sequence
variants were discovered in the human genome. This large and diverse database of
polymorphism markers provided a novel opportunity to study the human genetic basis of
several complex diseases through population approaches. In the study design of population
approaches, a significant amount of individuals must be screened for a large number of

polymorphisms. If a mutation increases susceptibility to a specific disease of interest, we



should note that it is more common among individuals affected by this condition than
among non-affected individuals. Thus, through the genotyping of significant number of
individuals, the population genetics tools are able to highlight the genetic basis of polygenic

diseases, such as obesity.

2. Obesity

Human obesity is a global public health concern and results from an excessive
accumulation of body fat that can adversely affect health (Haslam and James 2005). The
global rise of obesity has serious effects, may contribute for a significant number of diseases
including type 2 diabetes mellitus, cardiovascular diseases, metabolic syndrome, and some
cancers (Haslam and James 2005; Swinburn et al. 2011). Beyond co-morbidities, obesity has
an immense social impact and substantial direct, and indirect, cost in healthcare services
(Swinburn et al. 2011). Excessive fat accumulation results from a persistent positive energy
balance, that is, the amount of energy consumed exceeds the amount of energy expended
(Silventonien et al. 2010). So, a simple definition of obesity could be a consequence of an
imbalance between energy intake and energy expenditure (Sandholt et al. 2012). The energy
balance represents a conglomerate of traits, each one influenced by numerous variables
such as behavior, diet, environment, social structures, metabolic factors and genetics
(Mathes et al. 2011). The result of this complex interaction among all of these variables
contributes to individual differences in the development of obesity.

Epidemiological studies indicate that adiposity, as reflected by BMI, has increased
worldwide over the past decades (Finucane et al. 2011). Moreover, obesity is more common
in some countries than in others, though precise cross-country comparisons can be difficult
because not all samples are representative of the relevant populations. Nonetheless,
available data suggest that the increase in the prevalence of obesity began to emerge during

the 1980s and ever since more countries have joined the global obesity pandemic (Finucane



et al. 2011). Between 1980 and 2008, the global change per decade for age-standardized
mean BMI was increased ~0.4 kg/m’ and ~0.5 kg/m” in men and women, respectively
(Finucane et al. 2011). By 2008, the estimated prevalence of obesity in men and women was
9.8% and 13.8% respectively, comparing with 4.8% in men and 7.9% in women in 1980.
Worldwide estimation in 2008 for the prevalence of overweight (BMI>25 kg/m?) and obesity
(BMI>30 kg/m?) among adults (>20 years) was, 1.46 billion (34.3%); and from those 502
million (11.8%) were obese (Finucane et al. 2011). In modern societies, despite obesity
awareness campaigns and efforts to decrease in energy intake and increase in energy
expenditure, obesity prevalence is increasing. However, we don’t yet understand why not
everyone in our societies becomes obese. Obesity has a multi-factorial etiology, involving
various non-genetic and genetic factors (Haslam and James 2005; Xia and Grant 2013).
Probably most cases of obesity results of a cluster towards the middle of this spectrum,
which can be best described as the outcome of an adverse obesogenic environment,
working on a susceptibility genotype. Effectively, the genetic susceptibility can potentially be
mediated through defects in several different homeostatic mechanisms. Certainly, the
exposure to an obesogenic environment could be the cause of the increase in the
prevalence of high BMI for the last 30 years (Haslam and James 2005; Finucane et al. 2011,
Swinburn et al. 2011). The field of genetic epidemiology aims to use systematic methods to
investigate the influence of human genetic variation on health and disease, and also the

relationship between environmental factors and disease.

3. Genetic obesity

The increase in the obesity prevalence around the world has been broadly attributed to
the change in environment, which is more obesogenic, against an evolutionary background,
which could be maladaptive in this new obesogenic context. On the other hand, specific

features of the energy balance mechanisms can effectively protect against obesity, possibly



explaining why one third or more of the population remains lean (O’Rahilly and Farooqi
2008). The obesity phenotype only emerges if food consumption exceeds than energy
expenditure on a lasting basis, resulting in a prolonged positive energy balance. However,
there are many risk factors that predict the development of obesity and generally all involve
the interaction of biological and social factors. Numerous studies are consistent with the
thesis that the personal genetic profile could be a cause for individual differences in the
predisposition to weight gain. It is, therefore, interesting that most of the genes involved in
the susceptibility of obesity are also related to food intake and regulation of energy balance
(O’Rahilly and Farooqi 2008). Based on genetic and phenotypic characteristics, three types
of obesity forms can be considered: monogenic syndromic obesity, monogenic non-

syndromic obesity and polygenic (common) obesity.

3.1 Evidence for a genetic component to obesity

Over the last 30 years, the increase in the prevalence of obesity could be attributed to
environmental changes, or to high-calorie food intake together with the sedentary lifestyle
of modern societies (Xia and Grant 2013). These data appear to be inconsistent with twin
and adoption studies that have concluded that approximately 80% of the variance in obesity
is due to genetics (Feinleib et al. 1977; Stunkard et al. 1986a; 1986b; Silventoinen et al.
2010). The fact that the prevalence of obesity in many countries has increased 3-fold over
the last 3 decades seems incompatible with the notion that genetics are the primary cause
of obesity because genetic adaptation theoretically take much longer, requiring several
generations at a minimum. Thus, other factors, like methylation (or other epigenetics
mechanisms), in which environmental factors cause changes in the expression of genes,
could explain the increase in obesity prevalence.

Heritability represents the proportion of phenotypic variation among individuals due to

genetic contribution. Hence, it is not surprising that one important risk factor for childhood



and adolescent obesity is parental obesity. Whitaker et al. (1997) found that when both
parents are obese there is an increase of more than double of the risk for childhood obesity.
However, most of the studies found a small to medium effect of parental obesity as risk
factor for childhood obesity (Danielzik et al. 2002). Other studies have found a stronger
effect for maternal obesity compared to paternal obesity, which may reflect pre- and
postnatal environmental factors (Magnusson et al. 2002). Moreover, maternal weight gain in
pregnancy has been positively associated with BMI of the children into adulthood (Mamun
et al. 2009).

Twin studies have been used to model the genetic component of a given trait, due to
the fact that monozygotic (MZ) twins are genetically identical, while non-identical dizygotic
(DZ) twins share only 50% of their genetic material (Xia and Grant 2013). In 1977, Feinleib et
al. studied the correlations for weight in 250 MZ and 264 DZ male veteran twin pairs, and
established for the first time that familial aggregation for obesity results mainly from genetic
influence. In 1986, Stunkard et al. (1986a) confirmed these results in a 25-year follow-up
study using more than 4000 MZ and DZ twin pairs. High heritability values for BMI were
observed for the same subjects at 20 years (h’=0.77) and at 45 years (h’=0.84). The
heritability of fat mass among MZ twins has been reported to range from 70-90%, while in
DZ twins it is 35-45%. Adoption studies have strengthened the evidence of a strong genetic
influence on human body weight. Body corpulence of adopted children correlates more
strongly with BMI of their biologic parents versus the BMI of their adoptive parents
(Stunkard et al. 1986b). Recently, Silventoinen et al. (2010), conduct a review of studies in
twins and adopted children, suggesting that genetic factors could have a much stronger
effect than environmental factors on the BMI trends in children up to the age of 18 years.

Another genetic component for obesity is highlighted through the different prevalence
between racial groups. For example, it was found that obesity prevalence in Caucasian and

Asian populations is of about 35% or less compared to 50% or more found among Pima



Indians living in New Mexico (Knowler et al. 1990). Several studies support the concept that
genes play a key role in the obesity etiology. However, the search for underlying genotypes
that cause of obesity has been challenging due to the complex interactions involved in the
regulation of adiposity. Indeed, the vast majority of individual genotypes that have been
associated with elevated body mass have not replicated in a reliable fashion. Moreover,
environmental factors and cultural diversity also account for the different obesity

prevalence found across ethnicities.

3.2 Mendelian forms of obesity

Monogenic forms of obesity result from an alteration of a single gene and are rare,
affecting about 5% of the population and severe (Farooqgi and O’Rahilly 2005; Gonzalez-
Jiménez et al. 2012). There are more than 200 cases of human obesity associated with
homozygous forms of a single gene mutation (Bell et al. 2005; Rankinen et al. 2006). Two
forms of Mendelian inheritance of obesity could be found: syndromic and non-syndromic.
Most of these monogenic forms of obesity are characterized by an early-onset of the disease
and an extreme phenotype (Farooqi and O’Rahilly 2005). In the search for homologous
mutations in mice, several human forms of obesity have been identified (Huszar et al. 1997).
Thus, murine models appear useful to understand the molecular pathogenesis of human
obesity (Lutz and Woods 2012). Family studies based on individuals with extreme obesity,
also proved to be very successful in the detection of obesity-related mutations (Hinney et al.

2010).

3.2.1 Non-syndromic form of obesity
Over the past 15-20 years, several gene mutations have been shown to cause
autosomal recessive forms of obesity. More than 200 single-gene mutations have been

found to cause human obesity (Mutch and Clément 2006). Interestingly, all these mutations



can be found in only ten genes (Rankinen et al. 2006). However, these mutations are rare
and lead to extreme obesity with an early-onset obesity and other endocrine disorders
(Gonzalez-Jiménez et al. 2012). There are eight well-known genes mutations in monogenic
non-syndromic form of obesity explaining up to 10% of cases with early-onset extreme
obesity, affecting LEP, LEPR, POMC, PCSK1, MC4R, BDNF, NTRK2 and SIM1 (Table 1) (Farooqi
and O’Rahilly 2005; Ranadive and Vaisse 2008; Gonzalez-Jiménez et al. 2012). All these
genes code for proteins with a central role in the leptin-melanocortin signaling pathway
present in the hypothalamus, and therefore affect regulation of food intake and energy
expenditure (Gonzalez-Jiménez et al. 2012). This pathway is activated when LEP is secreted
by the adipose tissue, binds to its receptor, localized in the surface neurons in the arcuate
nucleus of the hypothalamus (Dubern and Clément 2012). The signal that regulates satiety
and energy homeostasis is then propagated through the POMC/cocain and amphetamine
related transcript (CART) and melanocortin system (Gonzdlez-Jiménez et al. 2012). While
POMC/CART neurons synthesize anorexigenic peptide alpha-melanocyte-stimulating
hormone (a-MSH), a distinct group of neurons synthesizes the orexigenic peptide
neuropeptide Y (NPY) and agouti related protein (AGRP), which act as inhibitors of MC3 and
MC4 receptors (Harrold and Williams 2006). The derived peptide nature of POMC depends
of the endoproteolytic type enzyme present, specific in brain region. In the anterior
pituitary, the PCSK1 enzyme produces adrenocorticotropic hormone (ACTH) and B-lipotropin
(B-LPH), while the combined presence of PCSK1 and PCSK2 in the hypothalamus control the
production of a-, B-, y- MSH and B-endorphins (Gonzalez-Jiménez et al. 2012).

The protein encoded by the MC4R gene, is a membrane-bound receptor and a member
of the melanocortin receptor family (Hinney et al. 2013). The protein interacts with
adrenocorticotropic and MSH hormones and is mediated by G proteins. The MC4R gene is
composed by a single exon, and is located in the chromosome 18q21.3, encoding for the

332-amino acid seven-transmembrane G-protein-linked receptor, critically involved in



regulating energy balance (Grantz et al. 1993). It is expressed mainly in the central nervous
system, including in the hypothalamus, contributing to food intake and energy expenditure
regulation (Grantz et al. 1993; Mountjoy et al. 1994). In 1998, two independent groups
reported a mutation in the MC4R gene, which result in a non-functional receptor causing
severe early-onset obesity (Vaisse et al. 1998; Yeo et al. 1998). In morbidly obese individuals,
deficiency in the MC4R gene activity represents the most common cause (1 to 6%) for the
obese phenotype (Yeo et al. 1998; Faroogqi et al. 2003; Beckers et al. 2006). More than 150
variants of this gene have been described, usually classified into five classes depending of
their molecular effects (Hinney et al. 2013).

The LEP gene (chromosome 7q31.2) encodes a protein that is secreted by white
adipocytes, which plays a central role in body weight regulation (Dubern and Clément 2012).
This protein, acts as part of a signaling pathway that can inhibit food intake and/or regulate
energy expenditure to maintain constancy of adipose mass. In 1997, in a screening for serum
level concentrations in severely obese subjects, two children of the same family were found
with undetectable levels of leptin (Montague et al. 1997). Research subsequently revealed
that leptin deficiency is inherited and produces extreme early onset obesity (Rau et al.
1999). This deficiency can be caused by a frameshift mutation (del G133), which produces a
truncated protein that is not secreted (Rau et al. 1999) or a missense mutation Argl05Trp,
which is associated with low levels of circulating leptin (Strobel et al. 1998).

The protein encoded by the LEPR gene (chromosome 1p31.3) belongs to the gp130
family of cytokine receptors, which stimulate gene transcription via activation of cytosolic
STAT proteins, predominantly in the hypothalamic neurons (Bates and Myers 2003). This
protein is a receptor for leptin and is involved in regulation of fat metabolism. A splice site
mutation in the exon 16 is associated with leptin receptor deficiency, producing extreme

obesity (Clément and Ferré 2003).



3.2.2. Syndromic form of obesity

Syndromic forms refer to obesity cases that occur in a distinct set of associated clinical
phenotypes, such as mental retardation or organ-specific developmental abnormalities
(Ichihara and Yamada 2008). There are more than 30 Mendelian disorders that result in
obesity (Mutch and Clément 2006). Research is beginning to determine the genetic basis of
some of these syndromes, thus elucidating the pathogenesis of the chronic positive energy
balance. The genetic basis of these disorders is extremely heterogeneous. Table 1 presents
the most common forms of early-onset syndromic obesity for which the genetic basis is, at
least, partially understood, including WAGR (Wilm’s tumor, aniridia, genitourinary anomalies
and mental retardation), Prader-Willi, Bardet-Bield, Altrém and Cohen syndromes.

WAGR syndrome is a rare genetic disorder characterized by a deletion at chromosome
11p13 in a region containing the Wilm’s tumor 1 (WT1) and paired box 6 (PAX6) genes
(Farooqi and O’Rahilly 2005). A specific type of WAGR has been associated with a deletion in
the brain-derived neurotrophic factor (BDNF) gene, which results in an obese phenotype.

Prader-Willi syndrome (PWS) can have several etiologies, characterized by central
obesity, neonatal hypotonia, hyperphagia, hypothalamic hypogonadism, and mild mental
retardation, with such abnormalities as short stature and peculiar facial features (Farooqi
and O’Rahilly 2005). Most of the cases were associated with loss of expression from paternal
deletions of the 15q11.2-q12 chromosomal region (Gonzalez-Jiménez et al. 2012).

Bardet-Biedl syndrome (BBS) is characterized by early-onset obesity, which is associated
with progressive cone-rod dystrophy, morphological finger abnormalities, dyslexia, learning
disabilities, and progressive renal disease (Faroogi and O’Rahilly 2005). BBS has extensive
genetic heterogeneity with at least 14 loci, (often called BBS gene) and several mutations
identified within these loci (Gonzalez-Jiménez et al. 2012).

Finally, Alstrom (ALMS) and Cohen syndromes are associated with childhood mild

truncal obesity and small stature (Faroogi and O’Rahilly 2005; Gonzalez-Jiménez et al. 2012).



Both of them are autosomal recessive and genetically homogenous. ALMS is caused by a
balanced translocation of chromosome 2p13 that disrupts ALMS1 gene or by a small number
of mutations in this gene. Cohen syndrome results from mutations in the COH1 gene,
located at chromosome 822, which encodes a transmembrane protein of unknown

function (Farooqi and O’Rahilly 2005).

3.3 Polygenic or common obesity

In most modern societies, the environment favors weight gain rather than loss due to
food abundance and lack of physical activity. However, the genetic and molecular
mechanisms involved in body weight regulation are complex and not completely
understood. The genetic profile of polygenic, obesity results from the effects of several
altered genes (Rankinen et al. 2006). In theory, the genetic basis of polygenic obesity implies
that the specific set of variants relevant for obesity vary considerably from one obese person

to the next (Hinney et al. 2010).

3.3.1 Genetic approach for common obesity

The study of common obesity is based in the analysis of gene variation in genomic DNA
(single nucleotide polymorphism, or repetition of bases of polyCAs or microsatellites)
situated within or near candidate genes. In contrast with monogenic obesity, in polygenic
obesity each mutation leads to a variant that confers susceptibility, requiring additionally
the presence of other variants and an obesogenic environment to determine the obese
phenotype (Razquin et al. 2011). There are two main approaches for the detection and
analysis of a candidate gene in body weight regulation: linkage analysis and association
studies. Linkage analysis (family studies) has been successful in mapping genes responsible
for mendelian diseases, and chromosomal regions associated with susceptibility to the

development of complex disorders, whereas association studies (case-control studies)



identified associations between polymorphisms and traits. Both determine whether an
association between a genetic variation and obesity-related trait exist. Association studies
have identified several genes for several common diseases. Nevertheless, despite the
identification of genetic variants, the results obtained from genome-wide associations have
not been replicated consistently possibly due to differences in the study design or

insufficient power of the sampled population.

3.3.2 Candidate gene study

The candidate-genes association study approach was the first method to search for
genes that correlate with common obesity (Day and Loos 2011). In obesity studies the focus
has been on polymorphisms in a gene within a linkage region (Hinney and Hebebrand 2008)
or genes known for coding proteins involved in the regulation of lipid and glucose
metabolism, food intake or energy expenditure (Bell et al. 2005; Day and Loos 2011). More
than 300 chromosomal loci show some evidence of linkage with obesity (Rankinen et al.
2006; Loos 2012). Nevertheless, few genes (~20) supported by at least five positive studies
have been associated with common obesity using the candidate gene approach (Mutch and
Clément 2006). One of the main limitations of this approach is the need to understand the
biological pathways of the disease. Generally, most of the complex diseases like obesity are
not yet understood, nor the molecular mechanisms underlying its pathogenesis.
Interestingly, genetic mutations that produce monogenic forms of obesity do not appear to

be involved in the development of common forms of obesity (Mutch and Clément 2006).

3.3.3. Genome-wide approach
The first results about human variation provided by the Human Genome Project
(initiated in 1990) led to the development of a new strategy in the search for genes

associated with complex phenotypes (Sandholt et al. 2012). The Genome-wide linkage scans



identify loci associated with complex traits (Bell et al. 2005). This strategy involves the typing
of families with multiple cases and tests some chromosomal regions capable of harboring
one or more genes co-segregating with the trait. It is more useful than the previously
approach because it doesn’t require previous knowledge of the genes that underlie the trait
or phenotype. However, in the case of obesity, these studies did not identify multiple
variants, mostly because common variants with high penetrance do not contribute
substantially to the risk of common forms of obesity (Bell et al. 2005).

By 2006, the advance in chip genotyping technology conducted by the International
HapMap project enabled the development of a new approach to investigate the genetic
basis of complex diseases (Hinney and Hebebrand 2008; Day and Loos 2011). The GWAS
proved to be powerful and efficient in the identification of genetic variants associated with
complex diseases (Ramachandrappa and Faroogi 2011). Using many common variants, this
case-control study approach screened the whole genome at much higher resolution than the
approach previously described. This method operates in two stages: the first is the discovery
stage in which millions of polymorphisms across the genome are tested for association with
a particular trait, and then, the second stage consist in the identification of polymorphism
which are associated with the trait, and subsequent tests of the presence of these
polymorphisms in a new population (Marian 2012). It is now possible to identify several
common polymorphisms associated with a particular trait and, like for other complex
diseases, the advent of GWAS permitted to identify several loci associated with obesity (Day

and Loos 2011; Loos 2012).

3.3.4 New approaches for common obesity
The advent of automated DNA sequencing instruments, involving advances in
engineering, chemistry, molecular biology, and software, based on Sanger’s methods, open

a number of new opportunities (Mardis 2013). Currently, molecular diagnosis based on



Sanger’s sequencing is restricted to only a few genes as this technology is expensive, time
consuming, and labor intensive. The advent of next-generation sequencing (NGS) technology
provides a new method for molecular diagnosis, which consists in the identification of
genetic variations within several genes at the same time (Marian 2012), promising to change
the landscape of genetic testing with innovative cost-efficient methods for sensitive obesity
multi-gene screening.

Only a few studies have used NGS technology to study obesity. Saeed et al. (2014)
analyzed 26 susceptible genes for obesity in a sample of 39 Pakistani children with early-
onset obesity. They found two new LEPR mutations at the homozygous state: a splice site
mutation in exon 15 (c.2396-1 G>T), and a nonsense mutation in exon 10 (c.1675 G>A).
Sallman et al. (2013) amplified the entire region of FTO gene (412 kilo base pairs), from 524
severely obese and 527 lean Swedish children. They detected 705 single nucleotide
polymorphisms, from which 19 were novel obesity-associated polymorphisms within the
first intron of the FTO gene. An interesting finding was the fact that 10 of them have a
stronger association with obesity (p<0.007) when comparing with the commonly studied
rs9939609 polymorphism (p<0.012). This study concluded that within the entire region of
the FTO gene the first intron was the only one associated with obesity. Bonnefond et al.
(2014) searched for mutations with NGS in 40 patients, with a monogenic form of diabetes
(n=19) or obesity (n=21), in which the causing mutation was already known. The study found
the same mutations described as the phenotype cause, except for one variant (mean of
98.6%). On the other hand novel mutations were found in 3 patients with a putative
deleterious effect.

The NGS approach could be used as an efficient tool with highly sensitive screening for
mutations in genes associated with obesity or other diseases. Further, sequencing the
human genome can now be accomplished in the data-generation phase within two weeks at

a cost of approximately US $5,000 (Mardis 2013). However, the price for genome



sequencing continues to decrease; in 2014, lllumina announced that will produce a new
system called HiSeq X Ten that can deliver full coverage of human genomes for less than US

$1,000.

3.4 Common loci associated with obesity-susceptibility discovered through GWAS

The GWAS approach is the most commonly methodology used, allowing geneticists to
scan numerous polymorphisms (~0.1-5 million of polymorphisms) across the entire genome
using powerful statistical methods to identify loci associated with a particular phenotype.
Since the start of the GWAS era in 2005, there have been five waves of GWAS’ discoveries
for BMI. The first loci identified through GWAS was the fat mass and obesity-associated
(FTO) gene, and currently more than 50 genetic loci have been identified as being associated
with at least one obesity-related trait (Loos 2012; Sandholt et al. 2012; Xia and Grant 2013)

(Figure 1).

3.4.1 First discoveries by GWAS: FTO gene

The first locus to be associated with obesity was the insulin-induced gene 2 (INSIG2)
(Herbert et al. 2006). However, replication studies demonstrated very inconsistent results.
So, the first locus unequivocally associated with obesity by a GWA study was the FTO gene
(Frayling et al. 2007). Initially, Frayling et al. (2007) conducted a GWA study to test the
correlation between polymorphisms across the entire human genome and type |l diabetes
(T2D). They found that the rs9939609 polymorphism, located in the first intron of the FTO
gene was strongly associated with T2D and increased BMI. However, after adjustment for
BMI, the apparent association of the polymorphism with T2D was not maintained. The effect
size of FTO polymorphism on BMI is modest, with homozygous individuals for the risk allele
(in this case a “A”) weighing on average 3 kg more than those homozygous for the protective

allele (in this case a “T”), with the difference representing approximately 0.36 kg/m?” (Xia and



Grant 2013). These findings have been independently replicated and have consistently
confirmed the association of rs9939609 polymorphism with the etiology of common obesity
in several populations: European (Rodriguez-Lépez et al. 2010; Albuquerque et al. 2013a),
Asian (Chang et al. 2008; Hotta et al. 2008; Fang et al. 2010; Macekova et al. 2012) and
African (Grant et al. 2008; Song et al. 2008; Deliard et al. 2013), both in children and adults.
Two following studies reporting other polymorphisms in the intronic FTO region were also
consistently associated with severe early-onset childhood and adult obesity (rs1421085 and
rs17817449) (Dina et al. 2007), and have extended the association to other obesity-related
traits including body weight and waist-to-hip circumference ratio (WHR) (rs9930506)
(Scuteri et al. 2007). The FTO polymorphisms were also associated with abdominal obesity,
waist circumference and waist-to-hip ratio (WHR) (Heard-Costa et al. 2009; Lindgren et al.
2009), and also with body fat percentage (Kilpeldinen et al. 2011a). Although the findings
replicate well, the FTO polymorphisms explain only 1-3% of the variance in BMI (Frayling et
al. 2007; Scuteri et al. 2007).

The functional mechanism underlying FTO role in obesity remains unknown, as well as
the pathway underlying that role. The FTO location is a very large gene with 9 exons
spanning more than 400 kilobase (kb) in the chromosome 16q12.2 (Tung and Yeo 2011). It
was originally identified in 1999 in the Fused toes (Ft) homologue mutant, resulting in a
deletion of 1.6 megabase (Mb) on chromosome 8 (Peters et al. 2002). Homozygosity of Ft
mutants is embryonically lethal. To investigate the biological function of FTO gene, two
mouse models were used. Homozygous FTO-/- mice introduced by Fischer et al. (2009) show
postnatal growth retardation, significant reduction in fat and lean body mass compared to
the wild-type animals (Church et al. 2009). In other mice model, Church et al. (2010)
observed a lean phenotype in mice carrying a missense mutation in exon 6 of FTO (FTOI367F
mice). These results seem to indicate that FTO could play a role in food intake control,

energy expenditure and homeostasis.



The predicted human protein consists of 505 amino acids, characterized as a 2-
oxoglutarate-dependent enzyme that is localized in the cell nucleus, belonging to the (20G)
oxygenases AlkB family of proteins (Gerken et al. 2007). The AIkB is a DNA repair enzyme,
which catalyzes Fe(ll)- and 20G-dependent demethylation of damaged DNA substrates (van
den Born et al. 2008). Recently, Jia et al. (2011) indicated that FTO also demethylates N6-
methyladenosine (m6A) residue in nuclear RNA. FTO variation appears to lead to an increase
in energy intake (Speakman et al. 2008) by modifying hypothalamic control of appetite
(Jacobsson et al. 2012). The crystal structure of FTO has recently been published and reveals
the basis for its substrate specificity (Han et al. 2010).

To date, over 500 studies have been performed concerning the association of FTO
polymorphisms with obesity in several populations worldwide, and more than 60
polymorphisms in this gene were significantly associated with obesity (Jacobsson et al.
2012). All these polymorphisms were found within a 47 kb linkage disequilibrium (LD) block
encompassing parts of the first two introns as well as exon 2 of FTO gene (Fawcett and
Barroso 2010). This is a region where the sequence is strongly conserved across species,
were polymorphisms are highly correlated (LD r* > 0.80 in CEU of the HapMap) in Caucasian

populations (Jacobsson et al. 2012).

3.4.2 Five waves of GWAS

Following the discovery of the FTO locus, investigators enhanced GWA studies by
increasing the sample size improving statistical power to uncover additional obesity-
susceptibility loci (Table 2). Subsequently, a large-scale international consortium, called the
Genetic Investigation of Anthropometric Traits (GIANT) emerged. The association data of
16,876 Caucasians from seven GWAS for BMI were combined in a meta-analysis (Loos et al.
2008). This study confirmed the strong association of obesity with polymorphisms in the FTO

gene, and identified one new locus near the MC4R gene which mutations are known to be



the common cause of extreme childhood obesity (Faroogi and O’Rahilly 2005). The MC4R
was the second gene significantly associated with common obesity (Chambers et al. 2008;
Loos et al. 2008). The rs17782313 polymorphism near the MC4R gene was associated with
obesity among both adults and children (Loos et al. 2008). Another polymorphism
(rs12970134) near the MC4R gene was also appears to increase the risk of obesity among
Europeans (Thorleifsson et al. 2009). Several polymorphisms near the MC4R gene have
subsequently been found and replicated in various populations of European descents, as
well as in Asians (Xi et al. 2012), African American (Xi et al. 2012), and in children and
adolescents (Grant et al. 2008; Deliard et al. 2013).

In the third wave of discoveries, a meta-analysis was performed using 15 GWAS for BMI
in Caucasians (n > 32,000) and replicated in another 14 studies for a second-stage sample of
59,082 individuals (Willer et al. 2009). They confirmed the association of the FTO and MC4R
genes, and found six new genes positively associated with obesity: MTCH2, GNPDA2,
KCTD15, SH2B1, NEGR1 and TMEM18. At the same time, a GWAS of 31,392 individuals,
predominantly from Iceland population, found seven new genetic Loci near or in: BDNF,
SEC16B, ETV5 and FAIM2, as well as FTO and MC4R genes associated with BMI (Thorleifsson
et al. 2009). Four of the seven newly identified loci were common with the results from
Willer et al. (2009).

In 2010, the fourth wave, the GIANT consortium expanded its GWAS stage to comprise
249,796 individuals of European origin, and reveal 18 new /oci associated with BMI near or
in: PRKD1, SLC39A8, GPRC5B, MAP2K5, QPCTL, RBJ, LRRN6C, FLI35779, CADM2, TMEM160,
FANCL, LRP1B, TNNI3K, MTIF3, TFAP2B, ZNF608, NRXN3, RPL27A, PTBP2 and NUDT3
(Speliotes et al. 2010). By 2011, GWAS had identified 32 genetic loci unequivocally
associated with BMI.

The most recent and fifth wave expanded the GIANT meta-analysis, to comprise

263,407 individuals of European ancestry (Berndt et al. 2013). Besides confirming all 32 BMI-



associated loci previously identified by the fourth wave, they found seven new loci: ZZZ3,
RPTOR, ADCY9, GNAT2, MRPS33P4, HS65T3 and HNF4G, explaining an additional 0.09% of
the variability in BMI (Berndt et al. 2013).

To date, more than 35 loci have been found associated with the increase of BMI
(explaining ~1-4% of the variance in BMI), while other loci correlate with abdominal obesity,
establishing 13 loci associated with it, assessed by the WHR (Heid et al. 2010). Other loci,
such as the Lactase gene (LCT) have been associated with BMI and abdominal obesity, but
more studies are required to confirm associations (Kettunen et al. 2010; Corella et al. 2011;
Almon et al. 2012; Albuquerque et al. 2013b). A study identified two new loci with body fat
percentage: IRS1 and the other near SPRY2 (Kilpeldinen et al. 2011b). There is a gap between
explained variance due to known common polymorphisms that explain 1-4% and the
estimated heritability of BMI (40-70%). One of the main problems pointed out in GWAS is
the failure to detect loci that are associated with traits whose effect sizes are too small to
reach genome-wide statistical significance (false negative rate). To circumvent this “missing
heritability” the genome-wide complex trait analysis (GCTA) method appears to show a
multitude of low penetrance common polymorphisms, each with causal effects but too small
to allow detection by GWA studies. Using this approach, Yang et al. (2011) estimate the
genetic variation for BMI to 17% and in a recent analysis of twin studies revealed that 37% of
BMI could be explained by additive effects of multiple common polymorphisms (Llewellyn et
al. 2013). Finally, a recent study found that BMI-associated FTO variants interact with the
promoter region of iroquois homeobox 3 (/RX3) gene in the human, mouse and zebrafish
genomes (Smemo et al. 2014). They also found that in Irx3-deficient mice, there is a
reduction in body weight of 25 to 30%. However, the IRX3 gene had not been previously
identified as associated with BMI in a GWA study. All these data confirmed the complexity of

the genetics underlying obesity.



3.5 Testing adult-discovered loci in children

Childhood obesity is a major health problem in developing countries throughout the
world. Most of obesity susceptible genes were found in studies with adults, which prompted
an effort to replicate findings in studies with children (Zhao et al. 2011; Albuquerque et al.
2013a; Deliard et al. 2013). Knowledge of the genetic risk factors of obesity in children could
be used as a first step to develop possible prevention measures. The FTO locus remains the
most replicated gene and the strongest gene associated with obesity susceptibility, both in
adults and children (Albuquerque et al. 2013a; Deliard et al. 2013; Ledn-Mimila et al. 2013).
Genes TMEM18 and GNPDAZ2 were also associated with obesity susceptibility, with a similar
effect of the FTO gene (Zhao and Grant 2011). The remaining loci with evidence for
association were INSIG2, MC4R, NEGR1, BDNF and KCTD15 (Zhao and Grant 2011; Mitchell
et al. 2013).

In the GIANT meta-analysis of adult BMI in a pediatric European American sample, Zhao
et al. (2011) examined 32 genetic loci in 1,097 obese cases and 2,760 lean controls, aged
between 2 and 18 years old. They found evidence of associations with nine of these loci,
namely at FTO, TMEM18, NRXN3, MC4R, SEC16B, GNPDA2, TNNI3K, QPCTL, and BDNF.
Overall, 28 of the 32 loci showed directionally consistent effects to that of the adult BMI
meta-analysis.

Another similar report by the Early Growth Genetics (EGG) consortium investigated the
effect of established adult BMI with two recently associated /oci with childhood obesity
(HOXB5 and OLFM4 genes) (Bradfield et al. 2012) in a Greek adolescents cohort (Ntalla et al.
2013). The genetic risk score of the 34 (GRS-34) variants was calculated and found that
variants at the FTO, TMEM18, FAIM2, RBJ, ZNF608 and QPCTL loci produced nominal
evidence for association with BMI and/or obesity risk. Overall, 27 out 34 variants showed
consistent effects with those reported by large-scale meta-analyses adult BMI.

These results showed clearly that these obesity-conferring variants operate early in life,



suggesting that individual preventative lifestyle intervention in childhood could be important

to obesity development.

3.6 GWAS-related investigations in other ethnicities

There are remarkable disparities in the prevalence of obesity between ethnic groups.
To date most of GWAS reports published have been performed in populations of European
origin. Only one study identified, at the first discovery stage, a locus near MC4R gene
associated with waist circumference and insulin resistance in a cohort of South Asian
population (Chambers et al. 2008). This could be partly due to the fact that some susceptible
loci only affect a specific ethnic group, while others might affect any ethnic group. Indeed,
the human genetic architecture differs across ethnicities, which is well illustrated by
differences in linkage disequilibrium (LD), whereas haplotype blocks vary only somewhat
among human populations (Slatkin 2008).

As a case in point, FTO locus have consistently correlated with BMI and risk of obesity in
populations of African (Grant et al. 2008; Song et al. 2008; Hennig et al. 2009; Deliard et al.
2013), Asian (Chang et al. 2008; Hotta et al. 2008; Fang et al. 2010; Macekova et al. 2012)
and Pacific-Islander (Ohashi et al. 2007) ancestry. Despite the fact that effect sizes were
similar to those observed in white European populations, the risk of allele frequency varies
substantially: ~25% in Asian, ~45% in white Europeans and range of ~7 to 18% in African
origin (Hassanein et al. 2010).

Two recent independent meta-analysis were performed in both East Asians and African
populations (Wen et al. 2012; Monda et al. 2013): Wen et al. (2012) performed a meta-
analysis using 27,715 individuals, followed by in silico and de novo replication studies in a
further 37,691 and 17,642 individuals of East Asians, respectively. Seven previously
identified loci were detected (FTO, SEC16B, MC4R, GIPR-QPCTL, ADCY3-RBJ, BDNF and

MAP2K5) and three new loci were uncovered, near or in CDKAL1, PCSK1 and GP2 genes.



Data also implicated three loci, GNPDA2, TFAP2B (previously identified) and PAX6, which all
reached the genome-wide significance threshold. A recent meta-analysis was conducted to
examine the association of >3.2 million polymorphisms with BMI in 39,144 adults of African
ancestry (Monda et al. 2013). It identified one new locus at 5933 (GALNT10, rs7708584
polymorphism) and another at 7p15, when data from the GIANT consortium was included
(MIR148A-NFE2L3, rs10261878 polymorphism). They also found evidence of an association
at 616 (KLHL32, rs974417 polymorphism) in African-ancestry sample. Overall, 32 of the 36
previously established BMI variants showed consistent effect in this GWAS. The 36 known
BMI loci explain in average 1.30% of the variance in BMI of African ancestry compared with
1.67% and 1.25% in European and Asian ancestry populations, respectively (Monda et al.
2013). More recently, Tan et al. (2014) replicated 6 confirmed obesity genes (FTO, CTNNBL1,
ADRB2, LEPR, PPARG and UCP2 genes) in 8 different samples from different ancestries (five
Caucasian, one Chinese, one African-American and one Hispanic population). Regarding only
the FTO gene they found 35 polymorphisms significantly associated with obesity in
Caucasian population. However, all of them showed limited or no evidence of associations
with obesity in the other ethnic groups.

Association studies across different populations can help us to define more precisely
which loci or variants could play a role in the obesity etiology, and help to understand the
genetic and environmental factors that could contribute to obesity. The discovery of new
loci in replication studies at established loci found in other populations reflects differences in
allele frequency and effect size. Further studies will be needed to test the biological function

at the associated /oci.

3.7 Obesity risk-allele scores
As noted, several GWAS have identified a large number of obesity susceptibility loci.

Nevertheless, the major part of these studies only identified single genetic /oci associated



with obesity. It has indeed been demonstrated that combining information from all these
obesity loci into a genetic risk-allele scores (GRS) could be a convenient way to summarize a
risk-associated variation across the genome (Horne et al. 2005) and better when individual
genetic effects are moderate (Belsky et al. 2013). The simplest way to calculate a GRS is by
summing the number of accumulated risk alleles associated with the disease. Using this
approach, Zhu et al. (2014) analyzed 28 BMl-associated polymorphisms in a sample of Han
Chinese and found 26 nominally associated with BMI. To assess the combined effect of all
polymorphisms studied with BMI, they create a GRS which was associated with increased
risk of obesity (OR= 1.06; CI95%: 1.03-1.10), and each additional BMI-increasing allele in the
GRS was associated with 0.11 kg/m” higher BMI (p=1.54x107). Willer et al. (2009) found
effect sizes between 0.06 kg/m? to 0.33 kg/m? per allele in BMI changes and that account for
0.40% of the variance of BMI analyzing six loci together (TMEM18, KCTD15, GNPDA2, SH2B1,
MTCH2 and NEGR1). When they included the FTO and MC4R genes in the combined effect,
the variance increases to 0.84%. Similar results have also been found in other studies trying
to explain the variance of BMI. Combining 12 polymorphisms in a sample of 20.431 of
European descent, the GRS obtained by Li et al. (2009) explained 0.9% of BMI variation.
Apart the nominally association between 15 polymorphisms located in or near the INSIG2,
FTO, MC4R, TMEM18, GNPDA2, NEGR1, BDNF, KCTD15, and 1925 genes with BMI, Zhao et
al. (2009) explained 1.12% of the total variation for BMI z-score in a sample of children of
European ancestry. In other sample of European descent Gonzdlez et al. (2014) create a GRS
including six polymorphisms located in the FTO, TFAP2B, SEC16B, ETV5 and SH2B1 genes and
found that individuals carrying >7 risk-alleles had 3.1 (OR=3.11; CI95%: 1.58-6.61) times
increase in the odds of developing the obese phenotype. Individually, each risk allele
conferred an estimated increased risk of 1.69 (OR: 1.69; CI95%: 1.46-1.97) times to develop

obesity.

The use of a combined genetic score is considered as a better tool to determine the



susceptibility of a common trait, than using each genetic locus alone. This is particularly
more evident when the allele score consists either of many common polymorphisms with
small effects, or of rare polymorphisms (Belsky et al. 2013). Generally, when several
polymorphisms are combined into the same allele score, the score may explain a
considerable proportion of variation in the risk factor, even if none of the polymorphisms
individually does. In complex diseases it is likely that the effects of different genetic loci
related to obesity operate in an interactive fashion. Future research should investigate this
possibility using classification or regression tree analyses, which are well suited to detecting
complex non-linear interactions. The identification of the complex interplay among all genes
in the genome-wide context is essential to unravel the molecular mechanisms in the obesity
etiology. However, as previously demonstrated there are differences between populations
regarding to alleles frequencies. Belsky et al. (2013) sought to develop a GRS for obesity
using results obtained in 16 previously published GWAS in European descent samples.
Analyzing 32 locus they found a significantly predictor of BMI and obesity among Europeans.
However, the predictive effects for this GRS did not replicate among African Americans due

particularly to the differences in risk-allele distributions.

3.8 Epigenetics

Epigenetic regulation of gene expression emerged in the last few years as a potential
factor that might explain individual differences in obesity risk (Campién et al. 2009).
Epigenetics can be defined as heritable changes that are mitotically stable (and potentially
meiotically) and affect gene function but do not involve changes in the DNA sequence (Bird
2002). At the molecular level, epigenetic markers include genomic DNA methylation,
changes in chromatic organization by histone modifications, the non-coding micro RNAs
(miRNA), genomic imprinting, non-covalent mechanisms, and other nuclear proteins that are

critical for epigenetic gene regulation (Kim et al. 2009). Currently, there is a growing interest



in the study of the relations between genetic variation, epigenetic variation, and disease
simultaneously.

Emerging studies have characterized the potential mechanisms by which epigenetic
factors could increase the risk for obesity (Table 3). Moreover, unlike DNA genotypes,
epigenetic markers can change during lifetime, and have a heterogeneous distribution in
tissues. DNA methylation is the most well know epigenetic marker, which has been
proposed as a new generation of biomarkers. It is a biologic process that consists of the
addition of a methyl group at the carbon-5 position of cytosine, in the context of the CpG
dinucleotides, and usually associated with gene silencing in the promoter regions (Costello
and Plass 2001; Bird 2002). The universal methyl donor is DNA methyltransferases (Dnmts)
that maintain the cellular DNA methylation patterns (Campidn et al. 2009). Despite the high
number of DNA methylation candidate genes and some epigenome-wide association studies
(EWAS), most of the associations have not yet been replicated in other samples to further
confirm and establish whether those loci are reliably associated with obesity.

Using a genome wide approach, obesity has been related to changes in DNA
methylation status in peripheral blood leukocytes of lean and obese adolescents for two
genes. In the ubiquitin-associated and SH3 domain-containing protein A (UBASH3A) gene, a
CpG site showed higher methylation levels in obese cases, and one CpG site in the promoter
region of Tripartite motif-containing 3 (TRIM3) gene, showed lower methylation levels in the
obese cases (Wang et al. 2010). In a recent work, Godfrey et al. (2011) measured the
methylation status of 68 CpGs 5' from five candidate genes in umbilical cord tissue DNA
from healthy neonates, and found that methylation higher levels within promoter region of
retinoid X receptor-a (RXRA) gene, measured at birth, was strongly correlated with greater
adiposity in later childhood (Godfrey et al. 2011). A positive correlation between maternal
BMI and promoter methylation in peroxisome proliferator-activated receptor-gamma co-

activator 1lalpha (PPARGCI1A), a gene encoding a transcriptional coactivator of the



peroxisome proliferator-activated receptor (PPAR) a and VY, playing an essential role in
energy homeostasis, was observed when analyzing promoter genomic DNA from umbilical
cord newborns (Gemma et al. 2009).

The obesity risk allele of FTO has been associated with higher methylation of sites
within the first intron of the FTO gene, suggesting an interaction between genetic and
epigenetic factors (Gemma et al. 2009). Moreover, Almén et al. (2012) determined the
methylation profile on a genome-wide scale by sampling DNA from peripheral whole blood
in female preadolescents. The sample included obese and a normal weight groups, both of
which contains homozygous carriers of both the FTO normal and risk alleles (rs9939609).
They analyzed how the risk allele for rs9939609 polymorphism affects the methylation
status of sites related to other genes (KARS, TERF2IP, DEXI, MSI1, STON1 and BCAS3),
showing that the FTO gene may influence the methylation level of other genes (Almén et al.
2012).

A study examined the MC4R gene, which is associated with common and morbid
obesity and encodes for a protein that is a membrane-bound receptor and member of the
melanocortin receptor family controlling food intake and energy expenditure. Mouse
genomic DNA of brain tissue was examined to determine the methylation status of the
MC4R exon. Results indicated that methylation of the CpGs was decreased in response to
high-fat diet (Widiker et al. 2010). A study examining whether a high-energy diet may affect
promoter methylation of LEP gene, encoding an adipokine involved in body weight and food
intake regulation, showed in DNA isolated from retroperitoneal adipocytes in rats that leptin
methylation pattern can be influenced by diet-induced obesity (Milagro et al. 2009). Zhao et
al. (2013) demonstrated that promoter hypermethylation in the serotonin transporter gene
(SLC6A4) was associated with an increase in BMI, body weight and waist circumference. Xu
et al. (2013) studied 470,000 CpG sites from 48 obese and lean youth African-American (14-

20 years-old); they found a differential variability in CpG sites which was more variable in



obese than lean subjects, constituting an important feature of obesity related with
methylation changes. In another recent EWA study, analyzing 476,753 CpG sites to evaluate
the possible alteration of DNA methylation patterns after a six-month exercise intervention.
A global DNA methylation changes were found in 17,975 individual CpG sites altering the
levels of DNA methylation in response to physical activity (Ronn et al. 2013).

Thus, most of these DNA methylation sites need to be confirmed as being associated
with obesity, taking into account the tissue sampled, obesity history, and eating behaviors.
However, the high number of new studies concerning obesity epigenetics will undoubtedly
permit the confirmation some of these associations, thereby establishing an epigenetic basis
for human obesity. Interestingly, one recent work of genome wide analysis revealed that
carriers of the FTO risk allele (rs9939609) had a significant differential methylation level in 6
loci (KARS, TERF2IP, DEXI, MSI1, STON1 and BCAS3) compared to non-carriers controls
(Widiker et al. 2010). This work could elucidate the mechanisms underlying the association

of obesity with genetic variants, possibly due to epigenetic factors.

microRNAs

The gene expression in humans is precisely controlled in cellular, temporal, and
condition specific manner. Because microRNAs (miRNAs) have been shown to be important
in gene regulation, it is not surprising that they have been implicated in the development of
obesity (Williams and Mitchell 2012). Therefore, the understanding of the regulatory
mechanisms of gene expression can shed some light on the underlying mechanisms causing
obesity. miRNAs are endogenous short single-stranded non-protein-coding RNAs with about
21/25 nucleotides in length which are involved in post-transcriptional regulation of gene
expression by partially complementary binding to the 3’ untranslated region (3’ UTR) of
target mRNAs (Ambros 2004; Bartel 2004).

Several miRNAs expression patterns have been profiled during adipocyte differentiation



(Kajimoto et al. 2006; Xie et al. 2009; Ortega et al. 2010), others have been linked to
adipocyte phenotype, and other obesity parameters (Kajimoto et al. 2006; Takanabe et al.
2008; Kloting et al. 2009; Xie et al. 2009; Ortega et al. 2010; Heneghan et al. 2011; Keller et
al. 2011; Ortega et al. 2013) (Figure 2). For example, miR-21 was strongly expressed in
human adipose tissue and positively correlated with BMI (Keller et al. 2011). These studies
revealed that miRNAs may represent biomarkers for obesity, and could also be implicated in
the molecular mechanisms leading to this disease. However, further studies are needed to
elucidate the effect of miRNAs and other epigenetic mechanisms in the etiology of obesity.
Continuous advances in research show promising results about the implication of
epigenetics mechanisms in the etiology of obesity. Epigenetics has shown that our genes are
not the only factor to determine our phenotype and that our behaviors can alter the
expression of our genotypes. However, additional research is needed, particularly with

regard to which cell types should be explored in EWAS.

3.9 Evolutionary explanations for obesity

Like all other life on earth, humans have evolved. The theory of evolution suggests that
one of the evolutionary forces behind natural selection, first described by Charles Darwin in
1859, was the differential selection of individuals that exhibit a determine phenotypic trait
that could lead to an increase in fitness. As a result, these individuals were better adapted to
their environment than others and, thus, would have greater success reproducing. However,
other forces like genetic drift, gene flow and mutation also account for human evolution.

The evidence for a genetic component of obesity has been well established (Bell et al.
2005). The question is; how has natural selection favored the spread of genes that increase
risk for an obese phenotype and how has this predisposition to obesity evolved? Answers to
these questions should advance understanding the etiology of obesity. However, our

knowledge about the evolution of body-weight regulation mechanisms in human remains



incomplete. Nevertheless, three different types of evolutionary perspective have been
proposed in an attempt to address these questions (Speakman 2013).

The first hypothesis is that the modern genetic predisposition to obesity was adaptive
in the past, when storing large amounts of fat could have been selectively advantageous.
The most popular adaptive interpretation of obesity was proposed by Neel (1962) and is
called the “thrifty gene” hypothesis. It explain the prevalence of obesity and diabetes in
modern societies due to a change in lifestyle from that of Paleolithic hunters-gatherers to a
subsistence based on agriculture, a pattern characterized by more sedentary occupations.
The basis of this hypothesis states that during evolution of the modern human, genes that
promoted efficient fat accumulation would be extremely advantageous for primitive
humans, because they allow their holders to survive famine periods (Speakman 2006). In
modern societies, where food supply is always available, such genes are disadvantageous
and the result is widespread obesity (Speakman 2006; 2013).

Studies were conducted to try and identify genes with a positive selection. A study lead
by Myles et al. (2011), suggested that the high frequency of the risk allele of the Gly482Ser
variant in the PPARGCIA gene in Polynesians populations remains a thrifty allele in the
Pacific populations. Another variant, the PC-1 GIn121, was also considered as a possible
thrifty gene supported by studies in African and other groups (Rey et al. 2012). A recent
study provides evidence for a positive selection of TRIB2 gene, which influences visceral fat
accumulation in East Asians (Nakayama et al. 2013). In addition to these few examples
showing a possibly positive selection in our evolutionary history with metabolic traits, others
loci have been extensively studied, one of them being the LCT gene, at ~7,000 years bp,
which is considered a prototypic example of selective advantage leading to rapid human
evolution compatible with the agricultural innovations (Bersaglieri et al. 2004). In European
populations, the -13910C>T (LCT) polymorphism has been associated with the persistence of

the lactase enzyme in adulthood: individuals carrying the CC genotype possess insufficient



enzyme activity in intestinal cells and are classified as lactase non-persistence (i.e., show
lactose intolerance), which is considered the ancestral condition in humans, whereas
individuals carrying at least one T allele are considered lactase persistent (Enattah et al.
2002). Nevertheless, this adaptive hypothesis reveals some problems: if accumulating extra
adipose tissue was advantageous in the past populations, many people lacking these thrifty
genotypes in modern society do not develop the obese phenotype, despite the
environmental change favoring fat storage. On the other hand, population genetic models
predict that thrifty genes would not have sufficient advantage or even time to spread in the
human population (Speakman 2004).

A second explanation emerged to highlight the evolution of the obese phenotype. The
maladaptive viewpoint suggests that obesity is not adaptive and may never even have
existed in human evolution history, except in some individuals with unusual genetic
modifications such as the monogenic forms of obesity (Speakman 2013). Nevertheless,
genes that actually predispose us to obesity could be favored as a maladaptive by-product of
positive selection on some other advantageous trait. One example of this maladaptive
interpretation is the work that suggests that obesity could result from individual differences
in brown adipose tissue (Speakman 2013).

Finally, a third explanation for the evolutionary selection favoring obesity is that most
mutations in the obesity susceptibility genes are neutral and have been drifting over
evolutionary time (Speakman 2008; 2013). The neutral theory of molecular evolution,
postulates that most evolutionary changes at the molecular level is not caused by natural
selection, but by genetic drift (Kimura 1983). According to this theory, the majority of
genetic variation observed within and between species is selectively neutral, i.e. does not
affect the fitness of individuals. On the other hand, according to the theory of natural
selection, most of the genetic variation observed in populations affect the fitness of

individuals and thus is subject to selection (Nielsen 2005). This new “drifty genes”



hypothesis is a non-adaptive scenario providing an explanation for why some individuals get
obese while others remain obesity resistant (Speakman 2008; 2013).

There are three different perspectives that attempt to explain how human obesity
evolved; however, none of them provide a compelling answer to this complex phenotype.
Understanding human evolution will help us to understand modern human behavior and

traits.

3.10 Prevention and treatment based on genotyping
3.10.1 Nutrigenetics

Nutrition is one of the lifestyle factors contributing to the development and progression
of obesity. An appropriate intake of energy and nutrients has been commonly accepted to
prevent weight gain. Furthermore, epigenetics studies have demonstrated that several
nutrients and bioactive food could play a role in the complex machinery involving the
interaction between genome and the epigenome, which regulate gene expression (McKay
and Mathers 2011). The ingestion of these nutrients introduces some bioactive components
that have signal molecules that carry information from the external environment (Milner
2004). Many dietary components can modulate epigenetic phenomena by inhibiting
enzymes such as DNA methyltransferases and histone deacetylases (McKay and Mathers
2011), with the most well know vitamin B-12 and folate providing methyl groups for DNA
methylation reaction (Brunaud et al. 2003; Choi et al. 2004). New research has attempted to
understand the variability in metabolic responses to diet and food components, which could
affect health. Nutrigenetics recognizes the effect of genetic variation on nutrient
requirements, while nutrigenomics study the interaction between nutrients and genes
(Steemburgo et al. 2009). These areas aim to develop diagnostic tools that can “read”
genetic susceptible loci in order to offer a personalized diet, taking into account the

individual needs. Interactions among genetic loci and diet were found for obesity in



interleukin-6 (/L-6), with daily food intake, peroxisome proliferator-activated receptor
gamma 2 (PPAR-gama2) and FTO with fat intake (Steemburgo et al. 2009). The
Mediterranean diet is known to be rich in folates, which is crucial for the DNA methylation
status. Ortega-Azorin et al. (2012) found a significant gene-diet interaction of the FTO
rs9939609 and MC4R rs17782313 polymorphisms with type 2 diabetes depending on diet, in
which the Mediterranean diet counteracts the genetic predisposition. A cross-sectional
study found that individuals carrying both AA risk allele of the rs9939609 polymorphism
were positively associated with a high intake of total fat (>34% energy) and low fiber
consumption (<16 g/day), independently of BMI (Steemburgo et al. 2013). It has also been
reported in a recent study that obesity susceptibility genes (FAIM2, FLI35779, FTO, LRRN6C,
RBJ, and SEC16B) were found to interact with dietary carbohydrates (sugar-sweetened
beverages) to increase BMI when one or more servings are consumed per day (Qi et al.
2012). Other two genes: B-adrenergic receptor 2 (ADRB2) and MC4R were also suggested
being related with carbohydrate intake (Steemburgo et al. 2009).

During pregnancy and early postnatal life, an individual can be programmed for
nutritional thrift to adapt and survive in an environment scarce in resources. In 2008,
Heijmans et al. (2008) studied the degree of methylation at five DNA sites in the insulin-like
growth factor 2 (IGF2) gene on the population exposed to the Dutch famine of 1944-1945.
Prenatal exposure to the Dutch famine was associated with the risk of obesity.

Kucharski et al. (2008), provided evidence that epigenetic information could be
differentially altered by the nutritional input in honeybee (Apis mellifera). Moreover, they
found that epigenetic modifications could provoke profound changes in developmental fates
with implications in reproductive and behavioral status. When bee larvae are fed royal jelly,
it turns off the expression of DNA Dnmt3 and other genes are expressed, turning some of
them into a queen, whereas bee larvae that are not fed royal jelly, Dnmt3 remains active

and the larval development produces the worker variety of bees.



A dietary intervention could be helpful in prevention as a potential instrument that can
complement dietary advice. However, there are some limitations concerning nutrigenetics
applications, such as: lack of studies analyzing the evidence of common polymorphisms
studied, polymorphisms differ on ethnic background, and the high cost of the genetic
analyses for a personalized medicine. More generally, compliance with nutrient based

recommendations, such as reducing intake of fat and sugar, has been very poor.

3.10.2 Physical activity—genotype interactions

Physical activity is another component involved in the heterogeneous set of factors
contributing to obesity. Regular exercise is one of the most promising behavioral candidates
for preventing and reducing weight gain beyond other health and psychological benefits
(Richardson et al. 2014). However, several studies have provided evidence that the
propensity to be physically active has also a strong genetic component in both animals and
humans (Herring et al. 2014). In humans, physical activity has been shown to aggregate in
families; more active parents have more active children relative to inactive parents (Moore
et al. 1991). The physical activity heritability ranges from 9% in Mexican-American families,
to almost 80% in European twins (Herring et al. 2014). The FTO locus, the most well studied
in common obesity showed evidences of a gene-by-physical-activity interaction with the
obese phenotype in adults of European origin (Kilpeldinen et al. 2011a; Ahmad et al. 2013).
Investigators observed that the estimated effect of the A risk allele of rs9939609 increased
the odds of obesity by 1.23-fold/allele, but attenuated by 27% in physical active adults
(Pinteraction =0.001) (Kilpeldinen et al. 2011a). The meta-analysis conducted by Ahmad et al.
(2013) showed similarly a statistical significant GRS x physical activity interaction effect
estimate (Pinteraction =0.015). Common polymorphisms in the MC4R gene were also found
associated with self-reported physical inactivity in French-Canadian families and Mexican-

Americans (Loos et al. 2005; Cai et al. 2006).



Another variant, the GIn223Arg polymorphism located in LEPR gene, was found to be
associated with lower 24h energy expenditure and physical activity levels in individual
homozygotes for the Arg223 allele compared to GIn homozygotes in Pima Indians
population (Stefan et al. 2002). Results obtained in a recent meta-analysis of 111,421 adults
of European ancestry conducted by Ahmad et al. (2013), support the interaction effect
between physical activity and a genetic risk score (combining 12 polymorphisms) in obesity
disposition (pinteraction =0.015).

A study performed in a heterogeneous adolescent cohort examined the association of
adiposity-related single-nucleotide polymorphisms and moderate to vigorous physical
activity with BMI (Richardson et al. 2014). Authors found three polymorphisms, in which
moderate to vigorous physical activity interact with ethnicity to explain variation in BMI: two
in European American at GNPDA2 and FTO genes, one in Hispanic American at
LZTR2/SEC16B gene and none in African American. Ethnicity-pooled meta-analysis showed
the increase in BMI Z-score per copy of the FTO, GNPDA2, POC5 and TFAP2B risk alleles in
0.4 units greater in individuals with low vs. high moderate to vigorous physical activity. So,
higher levels of physical activity may attenuate the influence of obesity susceptibility
polymorphisms on BMI during adolescence. It appears that some variation in our DNA could
contribute to the variation in the physical activity level. The use of genomics-based

information could be used to change our risk behavior.

3.10.3 Drug genotype interaction

The use of drugs as a treatment option for obesity could be indicated for individuals
with a BMI >30 with existing co-morbidities such as diabetes, dyslipidemia or hypertension
(O’Connor and Swick 2013). In the last decade, with the discovery that some drugs were
affected by hereditarily variation, the concept of “pharmacogenetics” emerged (Cascorbi et

al. 2013). This new field focuses on the study of polymorphisms within one or more



candidate genes for associations with pharmacologic phenotypes. So, common
polymorphisms may alter the response to pharmacotherapy affecting drug metabolism, drug
transport or drug targets (Cascorbi et al. 2013; O’Connor and Swick 2013). Relating to
obesity, at least 35 Joci were validated as being associated with BMI and the advent of
GWAS and next generation sequencing will likely lead to the identification of additional
genetic biomarkers. Until now, only three obesity-related drugs were approved for
continuous use in the United States of America (USA): orlistat (Xenical®, Alli®), lorcaserin
HCL (Belvig®), and phentermine and topiramate extended release (Qsymia™) (O’Connor and
Swick 2013). Orlistat is a drug that alters metabolism by inhibiting the gastro-intestinal
absorption of triglycerides (Ravussin and Bouchard 2000). Lorcaserin HCL and Phentermine
are drugs that act centrally as an appetite suppressant (Cosentino and Conrad 2013;
O’Connor and Swick 2013).

In the future, it may be possible to determine which sub-populations will respond
optimally to particular doses of drugs, allowing more effective personalized pharmacologic
intervention. To achieve this end, it would be idea if pharmacogenetic studies could identify
differences in drug response and tolerability, and investigate gene regulation, epigenetic
modifications, and DNA-protein interactions that may explain individual differences in
responses to drugs beyond genetic variation. Ultimately, it will also be necessary for clinical

trials to evaluate pharmacologic interventions that are guided by genetic tests.

3.11 Final remarks

Obesity is a complex phenotype resulting from the interaction of several internal and
external factors. Although most scientists and clinicians now acknowledge that genes
contribute to obesity, at this point relatively little is known regarding the specific loci
involved and the mechanism by which they lead to the expression of obesity. Like many

other complex human traits, environmental factors also play a major role in the etiology of



obesity. Evidence suggests that interactions between genetic and environmental factors may
contribute to the epigenetic changes. These epigenetic factors have recently emerged as
important players for the obesity phenotype. Moreover, the importance of gene expression
and microRNAs were also associated with obesity. Altogether, these factors elucidate the
complexity of obesity, and the importance of understanding all of the relevant vulnerability
factors in order to develop new therapeutic approaches for the disease. Personalized
medicine becomes increasingly a potential instrument due to the recent advance in
nutrigenetics or nutrigenomics. However, the use of complement dietary advice in primary
care and prevention based on the susceptibility of patients to develop obesity remain
limited. For now, there is a lack of evidence in the interaction between some polymorphisms
and food consumption. Although remarkable advances in our understanding of the factors
that give rise to obesity have occurred, further research on the etiology and probable

genetic nature of obesity is needed.
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Table 1. Monogenic forms (syndromic and non-syndromic) of obesity.



Non-syndromic forms

Gene name Gene Chromos.o- Mutations Obesity Phenotype
symbol me location
Leptin LEP 7q32.1 AG133, Arg105Trp Extreme, early-onset obesi-
ty, hyperphagia.
Leptin receptor Exon 16 splice donor  Extreme, early-onset obesi-
LEPR 1p31.3 GDA ty, hyperphagia.
G7013T, 7133delC,
Pro-opiomelanocortin C3804A, A6851T, .
POMC 2p23.3 6906delC, 6996del, Early onset obesity.
7100insGG, 7134delG
Gly483Arg, A C+4 Childhood onset obesity,
5015 intron 5 donor splice  elevated proinsulin,
Proconvertase 1 PCSK1 9 site, hypocortisolemia,
Glu250Stop, depressed POMC,
Del213Ala reactive hypoglycemia.
Early onset obesity,
Melanocortin-4 receptor MC4R 18421.32 ~150 hyperpha.gla, increased
fat mass, increased lean
mass.
Ear:;;\;derlved neurotrophic BDNE 11013 46, XX, Severe obesity, Hyperphagia,
p inv(11)(p13p15.3) body weight.
Neurotrophic tyrosine Severe early onset obesity,
kynase receptor type 2 NTRK2 9q22.1 Y722C hyperphagia,
de novo balanced Early-onset obesity, hypoto-
Single-minded homolog 1 SIM1 6q16.3 translocation 1p22.1 ary Y, P
nia, developmental delay.
and 6q16.2.
Syndromic forms
Chromosome loca- .
Syndrome Gene tion Obesity Phenotype
Prader Willi syndrome Contiguous Neon:.atal.hypotonla, poor feedlng:
PWS disord 15q11-13 evolving into extreme hyperphagia,
( ) gene disorder central obesity.
?ggé;t-Bledl syndrome BBS1-BBS12 11q13.2 progressive late childhood obesity
Alstrom syndrome ALMS1 2pl13.1 Mild truncal obesity
WAGR syndrome BDNF 11p14.1 Obesity
16p11.2 deletion 16p11.2 Progressive obesity




Table 2. Currently established /oci associated with BMI in GWAS.

Effect size BMI

Wave  Gene symbol Gene name SNP ID Discovery stud
y (OR 95%Cl)* y stucy
Frayli t al. 2007
First FTO Fat mass and obesity associated rs9939609 1.31(1.23-1.39) ray |n.g eta
Scuteri et al. 2007
Second ‘ Near MC4R Melanocortin-4 receptor rs17782313 1.12 (1.08-1.16) Loos et al. 2008
Third Near TMEM18 Transmembrane protein 18 rs7561317 1.20 (1.13-1.27)
rs6548238 1.19 (1.10-1.26)
FAIM?2 Fas apoptotic inhibitory molecule 2 rs7138803 1.14 (1.09-1.19)
Near GNPDA2 Glucosamine-6-phosphate deaminase 2 rs10938397 1.12 (1.07-1.17)
SEC16B S. cerevisiae Secl16 rs10913469 1.11 (1.05-1.18)
BDNF H I f brain-derived trophi
fac:;;c: 08 Of brain-aerived neUrotropiic 1925946 1.11(1.05-1.16)  Willer et al. 2009
Near ETV5 Ets variant 5 rs7647305 1.11 (1.05-1.17) .
Thorleif t al. 2009
SH2B1 SH2B adaptor protein 1 rs7498665 1.11 (1.06-1.17) orietsson et a
Near NEGR1 Neuronal growth regulator 1 rs2568958 1.07 (1.02-1.12)
Near KCTD15 Pot.assium <.:h.annel tetramerization do- ($29941 1.10 (1.04-1.15)
main containing 15
rs11084753 1.04 (0.98-1.10)
MTCH2 Mitochondrial carrier 2 rs10838738 1.03 (0.98-1.08)
Fourth Near PRKD1 Protein kinase D1 rs11847697 1.10 (1.03-1.17)
SLC39A8 Solute carrier family 39, member 8 rs13107325 1.10 (1.05-1.15)
TFAP2B Transcription factor AP-2 beta rs987237 1.09 (1.05-1.12)




Fifth

QPCTL

NRXN3
Near GPRC5B

Near RBJ-
DNAJC27
MAP2K5

Near TMEM160
Near FANCL

Near FLJ35779-
POC5
NearLRP1B

MTIF3

LRRN6C
TNNI3K
CADM2
NUDT3

Near RPL27A
Near ZNF608
Near PTBP2
GNAT2

HS6S5T3
HNF4G

Glutaminyl-peptide cyclotransferase-
like

neurexin 3

G protein-coupled receptor, family C,
group 5, member B

Dnal (Hsp40) homolog, subfamily C,
member 27

Mitogen-activated protein kinase 5
Transmembrane protein 160

fanconi anemia, complementation
group L

centriolar protein

low density lipoprotein receptor-related
protein 1B

mitochondrial translational initiation
factor 3

leucine rich repeat neuronal 6C
interacting kinase

cell adhesion molecule 2

nucleoside diphosphate linked moiety X
type motif 3

ribosomal protein L27a

izinc finger protein 608

polypyrimidine tract binding protein 2

guanine nucleotide binding protein (G
protein) alpha transducing activity
heparin sulphate 6-O-sulfotransferase 3
hepatocyte nuclear factor 4, gamma

rs2287019
rs10150332
rs12444979

rs713586

rs2241423
rs3810291

rs887912

rs2112347

rs2890652

rs4771122

rs10968576
rs1514175
rs13078807

rs206936

rs4929949
rs4836133
rs1555543

rs17024258

rs7989336
rs4735692

1.09 (1.05-1.12)
1.09 (1.05-1.12)
1.08 (1.04-1.11)

1.07 (1.05-1.09)

1.07 (1.04-1.10)
1.06 (1.03-1.08)

1.06 (1.03-1.08)
1.05 (1.03-1.08)
1.05 (1.02-1.08)

1.05 (1.01-1.08)

1.04 (1.02-1.06)
1.04 (1.02-1.07)
1.03 (1.00-1.06)

1.03 (1.01-1.06)

1.03 (1.01-1.05)

1.03 (1.01-1.05)

1.02 (0.99-1.04)
1.27 (p=0.02)

1.09 ( p=0.0001)

1.09 ( p=1.97x10-5)

Speliotes et al. 2010

Berndt et al. 2013"




RPTOR lat iated tein of MTOR
reguiatory assoclated protein o ' rs7503807  1.08 ( p=7.07x10-5)
complex 1

MRPS33P4 mitochondrial ribosomal protein S33 rs13041126 1.08 ( p=0.001)
pseudogene 4

7773 zinc finger, ZZ-type containing 3 rs17381664 1.08 ( p=0.001)

ADCY9 adenylate cyclise 9 rs2531995 1.06 ( p=0.01)

Abbreviations: BMI, body mass index; OR, odd ratio; 95%CI, confidence interval; SNP ID, polymorphism identification.

*Effect size from first discovery study.
# This study this not reported confidence intervals, but rather P-values.



Table 3. Few studies with examples of human genes related to obesity through epigenetic

mechanisms.

Gene
symbol/EW d
AS genes

Associate

Epigeneti
c
mechanis
ms

Tissue

Role in
obesity

Study
sample

Referen
ces

EWAS UBASH3
A, TRIM3

EWAS in
individuals
carriers
FTO risk
allele
(rs9939609)

KARS,

DEXI,
MSI1,
STONI,
BCAS3

SLC6A4 SLC6A4

PPARGCIA PPARGC
, PPARG, 14
Tfam

MC4R MC4R

TERF2IP,

DNA
methylati
on

DNA
methylati
on

DNA
methylati
on

DNA
methylati
on

DNA
methylati

Peripheral
blood
leukocytes

Whole
blood

Peripheral
blood
leukocytes

Umbilical
cord tissue

and white
blood cells

Brain
tissues

14 Obesity
African-
American
men (14-
18)
Replicatio
n: 46
Obese (14-
18) and 46
lean (14-
30)
African-
American
men

33 obese
and 24
normal-
weight
preadolesc
ent girls
Caucasian
(Greek)
(9-13
years)

84 MZ
twin pairs
Caucasian
(~55.1
year)

88 healthy
pregnant
women
(~29.7
year) and
their
babies
Berlin fat
mouse

Obesity

BMI, body
weight,
waist
circumfere
nce
Maternal
BMI

Fat diet

Wang et
al. 2010

Almén et
al. 2012

Zhao et
al. 2013

Gemma

et al.
2009

Widiker
et al.
61



EWAS

EWAS

on

HSP90B3 DNA Adipose
P, NAVI, methylati tissue
NR5A2, on,

CCDC48, mRNA

GPRI125,  expressio

SNCA, n

EHMT?,

IER3,

SERPINB

1, STX1A4,

PVTI,

LHXEG,

ENKUR,

CTTN,

HCCA2,

PKNOX?2,

ANO2,

ITPR2,

RBI,

PACS2,

CRTC3,

KIFC3,

MIR1910,

ZFHX3,

MSI2,

RPTOR,

TRPM4,

C200rfl16

0,

LOC6479

79,

MLCI,

CDX4,

KCNDI

Diference DNA Peripheral
s between methylati  blood
number of on leukocytes
differentia

1y

methylate

d CpG

sites and

number of

(Mus 2010
musculus)

31 healthy
Caucasian
men
(Sweden)
(~37.4)

Adipocyte  Ronn et
metabolism al. 2013

48 obese Obesity Xu et al.
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Figure 1. Loci associated with obesity-related phenotypes. Almost in every human chromosome it

was found a locus linked to predisposition to obesity-phenotype (BMI, abdominal fat, fat

percentage or extreme obesity).
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Figure 2. Gene expression profile in obesity-related phenotypes. Several microRNAs were found

altered in obesity, and others were found significantly correlated with BMI and morbid obesity.
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