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    Abstract     The purpose of this chapter is to present a comprehensive review of the 
evidence for how genetic variation contributes to common obesity (which we have 
chosen to defi ne as affecting >1 % of obese individuals, likely non-syndromic in 
etiology, and related to diet and inactivity) in the general population prior to the era 
of genome wide association studies (GWAS). Twin and adoption studies demon-
strate that the tendency to be obese is highly heritable, and also suggest that the 
cumulative effect of gene–environment interactions on body mass index (BMI) seems 
to increase with age. Before GWAS, one common approach to dissecting the role of 
genetic variability in common obesity was to investigate candidate genes. Some of 
the genes implicated in monogenic or syndromic obesity by traditional linkage anal-
ysis, for example,  MC4R , have milder variants that appear to be important in com-
mon obesity as well. By 2004, over 600 candidate genes or chromosomal regions had 
been implicated in the pathogenesis of obesity, and 18 of these had multiple lines of 
supporting evidence. Despite this, much of the heritability in obesity remained to be 
explained. Next- generation sequencing technology should produce additional 
insights that extended these seminal investigations but despite this, much of the 
 so-called missing heritability identifi ed prior to the era of GWAS persists.  

     The global prevalence of obesity has risen rapidly, in particular during the latter part 
of the twentieth century and the beginning of the twenty-fi rst century. Obesity 
became a World Health Organization priority after its signifi cant contribution to 
cardiovascular disease burden as well as all-cause mortality from other conditions, 
including cancer, came to be appreciated [ 1 ]. In the USA, the harbinger of the global 

    Chapter 1   
 Genetic Variation and Obesity Prior to the Era 
of Genome-Wide Association Studies 

                Shana     E.     McCormack     
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epidemic, obesity prevalence nearly tripled, from 12 to 33 % in men and 17 to 37 % 
in women between 1971 and 2006 [ 2 ]. 

 Part of the impetus to pursue studies related to the genetics of obesity is an 
attempt to explain its rising prevalence, and in particular, the rising frequency of 
extreme and young-onset obesity phenotypes [ 3 ]. Nuclear genetic variation alone is 
unlikely to account for such a recent and rapid change in phenotype; a complex 
variety of interacting environmental, nutritional, microbial, epigenetic, behavioral, 
sociocultural, economic, and other factors likely contribute as well [ 4 ]. Genetics, 
however, may help to explain why some individuals are more vulnerable to similar 
so-called obesogenic environmental infl uences than others. An understanding of 
differential genetic susceptibility may inform our search for modifi able or even revers-
ible obesity risk factors, and motivate individualized, targeted prevention efforts. 

 Prior to the era of genome-wide association studies (GWAS), which will be 
described in greater detail in subsequent chapters, these efforts took several forms. 
The purpose of this chapter is to present a comprehensive review of the evidence for 
how genetic variation contributes to common obesity (which we have chosen to 
defi ne as affecting >1 % of obese individuals, likely diet-induced, and apparently 
non-syndromic) in the general population prior to the era of GWAS. 

 First, twin and adoption studies are two strategies to produce heritability estimates 
for obesity, and the successes and limitations of this work are considered here. Next, 
racial and ethnic differences in susceptibility to obesity, along with related traits 
(body composition and resting energy expenditure) may be related to inherited 
factors, and some of this is discussed as well. In addition, for individuals who have 
obesity along with other unique clinical features (e.g., intellectual impairment, 
dysmorphism, visual or hearing anomalies) and similarly affected family members, 
an inherited syndrome may be present, and traditional linkage analyses have been 
used to implicate a particular chromosomal region in these patients. In some cases, 
the relevant gene(s) and function(s) have been characterized (e.g.,  MC4R  and Bardet–
Biedl syndrome); the reader is referred to the chapters on monogenic and syndromic 
obesity for a more detailed discussion of these. For some of these genes where muta-
tions cause severe obesity phenotypes, milder variants seem to play a role in common 
obesity, and we present some of this evidence here, and in the Table  1.1  below.

   Some of the identifi ed genes belong to biological pathways whose integrated 
function affects the propensity to develop obesity, including, for example, the hypo-
thalamic regulation of appetite and energy balance. As the nature of these pathways 
has been more fully elucidated in model systems, new candidate genes have been 
put forth and their contribution to common obesity has been investigated, and some 
of these fi ndings are reviewed, as well as summarized in the Table  1.1 . By 2004, 
over 600 candidate genes or chromosomal regions had been implicated in the patho-
genesis of obesity, and 18 of these had multiple lines of supporting evidence [ 5 ]. 
The advent of next-generation sequencing technology should build on these seminal 
investigations, and we conclude this chapter by outlining some of the most pressing 
questions in the fi eld for which, it was hoped, the new techniques would provide 
much-needed answers. 

S.E. McCormack
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    Evidence for a Genetic Component to Obesity 

 The obesity epidemic led to a renewed interest in the pathogenesis of obesity. 
An excess of readily available, highly processed, nutritionally dense foods along 
with reduced physical activity and increased time spent sitting are all implicated in 
persistent positive energy balance that leads to overweight [ 6 ,  7 ]. In light of this, the 
role of genetics remained to be explained in the face of such a rapid change in the 
prevalence of obesity, especially extreme phenotypes. 

 One line of thinking invoked the existence of the “thrifty phenotype” originally 
proposed by Neel in 1962 [ 8 ] and cited with increasing frequently as the obesity 
epidemic progressed e.g., [ 9 ]. According to this argument, in prehistoric times there 
would have been positive selection for traits conferring the ability to store energy 
effi ciently in periods of limited food availability. Alternate views exist, however; 
although this hypothesis is appealing, it may not explain, for example, observed 
metabolic responses to physiologic challenges such as famine. In utero epigenetic 
modifi cations may produce the observed correlation between intrauterine and postnatal 
conditions. The “drifty gene” hypothesis has been postulated as well, i.e., that permis-
sive drift is a viable alternative explanation for the existence of genetic variants confer-
ring increased risk for metabolic effi ciency and obesity. Clearly, the role of genetics in 
modifying obesity risk in an era of nutrient excess and defi cient activity is complex and 
far from being completely understood. Estimates of the relative contribution of genetic 
and individual or shared environmental factors are presented here.  

    Heritability 

 The heritability of any condition refers to the proportion of phenotypic variability 
accounted for by genetics; for a detailed consideration of techniques for heritability 
estimates, the reader is referred to any number of reviews on the topic e.g., [ 10 ]. 
For a condition that is becoming increasingly prevalent, and apparently occurs more 
often in relatives, disentangling the contributions of genes and shared adverse envi-
ronmental infl uences becomes challenging. Two frequently employed strategies for 
generating heritability estimates are twin studies and adoption studies.  

    Twin Studies 

 The value of twin studies lies in the high degree of genetic similarity between 
monozygotic (100 %) as compared to nonidentical dizygotic (50 %) twins; both 
sets of individuals also shared both intrauterine and, to some extent, extrauterine 
environments. The degree of similarity, or concordance, between monozygotic as 
compared to dizygotic twins would be expected to be greater in proportion to the 
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relative importance of their shared genetic information. Indeed, as expected for a 
heritable trait, estimates of concordance for fat mass between pairs of monozygotic 
twins are between 70 and 90 %, while for dizygotic twins, they are closer to 35–45 % 
[ 11 – 13 ]. Fatness is thus considered highly heritable, similar to adult height. The 
variability in these estimates illustrates a recurrent theme in these studies, that is, the 
developmental specifi city of heritability. In general, estimates of heritability for 
body mass index (BMI) tend to increase with age, and suggest that interacting gene–
environment effects may be cumulative. In another important male twin-pair study, 
heritability increased from 77 to 84 % over the course of 25 years of longitudinal 
follow-up [ 14 ]. In another study, aggregate data from 23 twin-cohorts demonstrated 
that heritability for BMI was lowest at birth and increased to over half or more of 
the variance by as early as 5 months of age [ 15 ]. Finally, a study carried out during 
the obesity epidemic concluded that heritability estimates remained constant, and 
emphasized the relative importance of individual, non-shared environments [ 16 ]. 

 Beyond the biological insights they offer about physiologic regulation of appetite 
and energy balance, these types of estimates have public health and policy implica-
tions, with respect to which individuals to target and by what means to achieve the 
biggest reduction in overweight and obesity. Adoption studies provide additional 
information.  

    Adoption and Family Studies 

 Adoption studies have provided additional evidence of the genetic contribution to 
obesity. In one study, adoptees demonstrated more similarity to their biological than 
their adoptive parents with respect to BMI [ 17 ]. In this seminal work, BMI of the 
biological mother was found to be most closely related to BMI, although a positive 
association existed for the biological father as well. The authors noted that this 
association is present across the range of BMI categories (i.e., very lean through 
obese), pointing to the heritability of low as well as high measures of body fatness. 
No relationship between adoptees’ BMI and the BMI of adoptive parents was iden-
tifi ed. In a separate investigation, identical twins raised apart, but not nonidentical 
twins raised apart, retain some concordance in BMI [ 18 ], again indicating the 
importance of shared genetics in determining common risk for adiposity. Therefore, 
age-specifi c methodological effects may be important in such studies.  

    Racial/Ethnic Differences 

 Racial and ethnic differences exist in the prevalence of obesity, which also suggests 
that there may be an effect of shared ancestry, with some populations having an 
excess risk for obesity, perhaps exacerbated in the context of particular environmental 
infl uences. For example, the risk of obesity is 50 % or more in Pima Indians, 
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conferring an excess risk for diabetes mellitus in this group [ 19 ]. By WHO estimates 
for 2010, the rate of obesity (BMI > 30 kg/m 2 ) among men ages 30–100 was sub-
stantially less than 1 % in Eritrea but over 80 % in Nauru, a Micronesian island in 
the South Pacifi c; similar results were seen in women. (Median percentage of obese 
individuals over 30 was approximately 12 % for both men and women.) 

 In the USA, there is variation in the prevalence of obesity by racial group [ 20 ], 
including, for example, ongoing increases in non-Hispanic black and Hispanic 
women, and a recent Endocrine Society scientifi c and policy statement emphasized 
the importance of elucidating the complex interacting social, cultural, biological, 
and genetic factors that may underlie these differences [ 21 ]. 

 Some evidence implicates differences in coupling of oxidative phosphorylation to 
ATP production (as opposed to thermogenesis, through controlled leak of protons 
across the mitochondrial matrix) through variation of uncoupling proteins [ 22 ,  23 ]. 
Although the contribution of mitochondrial variation (either nuclear- or mitochondrial- 
encoded) to obesity is not clear [ 24 ], it may be that variation needs to be studied in 
context of important population and environmental infl uences including migration 
patterns, ambient temperature, and altitude [ 25 ]. 

 Overall, fi ndings from twin and adoption studies, and differences between racial 
and ethnic groups do suggest that genetic variation underlies much of the pathogen-
esis of obesity, but many of the complex mechanism(s) by which this occurs remain 
elusive.  

    Previous Genetic Studies in Obesity and the Need for GWAS 
Approaches 

 Families with monogenic forms of early onset, apparently isolated childhood 
obesity have been studied in the context of known candidate genes (see below) and 
have also yielded loci that remain incompletely characterized. Regarding syndromic 
obesity (where obesity occurs along with congenital and developmental anomalies), 
Prader–Willi syndrome [ 26 ], Bardet–Biedl syndrome [ 27 – 29 ], and Alström’s 
syndrome [ 30 ] are better understood examples, both with respect to underlying 
molecular mechanisms, and the potential relevance of these for common obesity, as 
reviewed in the Table  1.1 . Overall, candidate gene approaches have yielded some 
insights prior to the era of GWAS, as summarized by the Table  1.1 , but many studies 
were underpowered to detect more modest effects. 

 Many candidate genes were chosen for studies on the basis of the known neuro-
physiology of appetite. The neural circuitry underlying hypothalamic control of 
appetite and energy balance has been the focus of intensive ongoing research, and 
seminal work in model systems identifi ed targets for further studies in humans. 
Indeed, we will describe several important examples of mutations identifi ed in 
these genes in forms of familial, early-onset morbid obesity where there are either 
no or only subtle other congenital anomalies or developmental manifestations. 
These discoveries required comprehensive phenotyping of large numbers of families 
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with apparently isolated severe obesity [ 31 ]. We focus in more detail on the genes 
directly implicated in hypothalamic regulation of appetite, and also include in the 
Table studies on enteroendocrine regulation of appetite (ghrelin and its receptor, 
peptide YY) as well as glucose- and lipid-sensing and regulation, including the peroxi-
some proliferator-activated receptor family (PPARs) and beta-adrenergic receptors.  

    Hypothalamic Leptin–Melanocortin Pathway 

 In mice, the  ob  gene is expressed primarily in white fat and encodes a secreted pro-
tein called leptin; although this gene was initially cloned and characterized in mice, 
a human homolog has also identifi ed [ 32 ]. Homozygous mutations in the rodent  ob  
gene lead to severe obesity, and adult mice outweigh their lean littermates by more 
than three times [ 33 ]. This phenotype is characterized by severe leptin defi ciency, 
and can be rescued by administration of recombinant leptin [ 34 – 36 ]. In contrast, a 
different strain of mouse with mutations in the primarily hypothalamic leptin receptor 
(the so-called  db / db  mouse, a model of type 2 diabetes mellitus [ 37 ]), exhibit no 
response to recombinant leptin [ 38 ]. Taken together, these results indicate that cir-
culating leptin serves as a homeostatic indicator of the degree of adiposity, and that, 
physiologically low levels promote food-seeking behavior while high levels inhibit 
this same behavior. In further support of this proposed mechanism, in humans serum 
concentrations of leptin do exhibit positive association with obesity [ 39 ]. 

 Two children in the same highly consanguineous family with nearly undetectable 
levels of leptin despite extreme obesity were the fi rst identifi ed human cases of 
congenital leptin defi ciency; they had homozygous frameshift mutations in the 
leptin gene detected via sequencing of this candidate gene [ 40 ]. Later, using a similar 
strategy, humans with homozygous mutations in the leptin receptor mutation were 
found [ 41 ]. In the latter cases, affected individuals exhibited other endocrinopa-
thies, including hypogonadotropic hypogonadism, and decreased secretion of 
growth hormone and thyrotropin. When 300 individuals with severe, early-onset 
obesity all underwent sequencing of the leptin receptor, 3 % had pathogenic muta-
tions, all of which were homozygotes or compound heterozygotes due to a high 
proportion of individuals from consanguineous families (90 out of 300) [ 42 ]. These 
individuals also displayed hypogonadotropic hypogonadism, as well as defects in 
immune function. 

 Although early follow-up studies could not identify evidence for the association 
between variation within the leptin gene itself and common obesity [ 43 ], variation 
in its 5′ region of the gene has been reproducibly associated with propensity for 
weight loss, as well as common obesity [ 44 ]. These pre-GWAS studies suggested 
some potential sex-dependence of these effects [ 45 ]. With respect to the leptin 
receptor, one small series of Greek individuals identifi ed a modest contribution of 
variation in the leptin receptor to BMI [ 46 ]; like leptin, variation in the leptin receptor 
may contribute more readily to other physiologic traits like blood pressure [ 47 ] 
or insulin secretion [ 48 ]. The diffi culty of concluding whether variation in these loci 
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primarily contribute to common obesity highlights the value of subsequent GWAS 
studies with much greater power in both discovery and validation cohorts. 

 As the role of the hypothalamus in regulating appetite and energy balance was 
investigated further, other components of the so-called leptin–melanocortin path-
way were elucidated and characterized, both in model organisms and in humans. 
The melanocortin family of receptors (MCR) is a G-protein coupled receptor class 
that, like the leptin receptor, is highly expressed in the hypothalamus and modulates 
food-seeking behavior. Mice with disruptions in the melanocortin 4 receptor 
(MC4R) activity are hyperphagic. Unlike the leptin or leptin receptor mutants, obe-
sity develops later in life, and is accompanied by increased, rather than decreased, 
linear growth; in addition, hyperinsulinemia is also present [ 49 ]. Sequencing the 
gene encoding MC4R in obese humans has led to the discovery of mutations respon-
sible for a co-dominantly inherited form of familial obesity [ 50 – 53 ]. In one seminal 
series of 500 children with severe, early-onset obesity, 5.8 % were found to have 
 MC4R  mutations [ 54 ], supporting the conclusion that variation at this locus is the 
most common genetic cause of obesity identifi ed before the era of GWAS. Similar 
to the affected rodents, individuals were tall with increased lean mass and hyperin-
sulinemia. Gene dosage and degree of receptor function modifi ed the phenotype. 
Later, decreased energy expenditure was also implicated in the etiology of obesity 
in these individuals [ 55 ]. 

 Leptin signaling and MC4R activity are connected via multiple signaling path-
ways, most notably, pro-opiomelanocortin. Pro-opiomelanocortin is a precursor 
protein encoded by a gene of the same name. It is cleaved, in part by a prohormone 
convertase (PC1/3) encoded by the  PCSK1  gene, into melanocortin peptides, includ-
ing adreoncorticotrophin (ACTH), beta-endorphin, and the melanocyte-stimulating 
hormones, including anorexigenic α-MSH [ 56 ]. This latter is a ligand for MC4R. 
Multiple ligands for this receptor exist, including agouti-related peptide, an orexi-
genic peptide. 

 Expression of POMC is regulated by leptin via activation of its receptor on 
POMC neurons [ 57 ]. Two unrelated individuals of German descent were found to 
have mutations in  POMC ; their phenotypes included adrenal insuffi ciency (related 
to insuffi ciency in ACTH) and red hair (related to decreased melanin) in addition to 
early onset obesity [ 58 ]. When examined with respect to common obesity, variations 
in the  POMC  gene have also been related to obesity in individuals of European [ 59 ] 
and Hispanic American [ 60 ] descent. 

 The prohormone convertase 1/3 is encoded by the  PCSK1  gene, and affects 
processing of other hormones besides POMC, most notably proinsulin, the precursor 
of insulin C-peptide. A woman who was a compound heterozygote for mutations in 
PC1 was identifi ed [ 61 ] whose phenotype recapitulated that of the so-called  fat / fat  
mouse that harbors mutations in the carboxypeptidase E gene, encoding another 
prohormone convertase. This included early-onset obesity with hyperphagia, 
pituitary hypofunction (hypogonadotropic hypogonadism and hypocortisolism), as 
well as disordered glucose homeostasis. Other individuals with mutations in this gene 
were also described [ 62 ]. The consistent role for variation in  PCKS1  in common 
obesity was not demonstrated until the GWAS era [ 63 ]. 
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 The initial report of the  MC4R  mutant mouse noted phenotypic similarities to a 
mouse that overexpresses agouti (“yellow”) protein [ 64 ], see Table  1.1 ; disruption 
of pigment proteins related to POMC leads to this coloring. Variation at the agouti- 
related protein locus may be related to age-dependent onset of common obesity 
[ 65 ], and there is another possible association of a different variant with reduced fat 
mass identifi ed in a candidate gene study [ 66 ]. The syndecan family of cell surface 
heparan sulfate proteoglycans can mechanically potentiate the ability of agouti- 
related protein to inhibit α-MSH; transgenetic alteration of the endogenous hypo-
thalamic syndecans in mice can lead to hyperphagia and maturity-onset obesity 
suggesting reduced α-MSH signaling [ 67 ]. 

 Rodent studies of downstream targets of MC4R have identifi ed brain-derived 
neurotrophic factor (BDNF), a nerve growth factor expressed in the ventromedial 
hypothalamus. It has been shown to modulate appetite and energy balance in 
response to MC4R signaling [ 68 ]. Animals missing BDNF, hyperinsulinemic, 
grow rapidly, and have increased locomotor activity, and the phenotype is rescued 
with central infusion of BDNF [ 69 ]. In humans, loss of only one copy of the  BDNF  
gene leads to obesity, hyperphagia, intellectual impairment and hyperactivity [ 70 ]. 
Indeed, it may be haploinsuffi ciency of  BDNF  that leads to the childhood onset 
obesity in some individuals with WAGR syndrome (Wilms’ tumor, aniridia, genito-
urinary abnormalities, and mental retardation) if the extent of the responsible deletion 
includes that gene [ 71 ]. In additional support for the role of this effector, a de novo 
mutation in a tyrosine kinase receptor downstream of BDNF also produces a similar 
phenotype [ 72 ]. The role for variation in  BDNF  in common obesity per se was not 
clearly demonstrated, although it was found to be associated with neuropsychiatric 
conditions also characterized by disordered eating (e.g., [ 73 ]). 

  Sim1  (Single-minded, drosophila, homolog) is another gene whose disruption 
and/or haploinsuffi ciency [ 74 ] have been reported to cause hypothalamic obesity 
with hyperphagia.  Sim1  (+/−) heterozygous mice demonstrate high levels of leptin, 
in keeping with their elevated fat mass, as well as hyperinsulinemia and increased 
linear growth. Human studies demonstrate similar results. A de novo balanced trans-
location disrupting  Sim1  was observed in a girl with severe early-onset obesity and 
normal resting energy expenditure [ 75 ]. Mechanisms invoked have included decreased 
cellularity of the paraventricular nucleus (PVN) whose development is regulated by 
 Sim1 ; PVN cells also express MC4R that may be regulated by α-MSH. A candidate 
gene study suggested a possible association of common variants in  Sim1  with BMI 
and weight gain in individuals of European descent [ 76 ]. An association was also iden-
tifi ed in the Pima Indians where the risk allele is the major allele [ 77 ]. 

 Another focus of investigation has been the  CART  gene (Cocaine- and 
Amphetamine-Regulated Transcript), which encodes an anorectic peptide activated 
by leptin [ 78 ]. One family has been identifi ed [ 79 ] where a mutation in this gene 
co-segregated with an extreme obesity phenotype. An initial study in Europeans did 
not fi nd an association with obesity, but did fi nd a relationship with metabolic traits 
that mediated its effect via fat distribution (waist-to-hip ratio) [ 80 ]. Sequencing of 
the putative promoter region also identifi ed variants that were associated with BMI 
and, in particular, extreme obesity [ 81 ].  
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    Enteroendocrine Hormones 

 Ghrelin was discovered initially as the endogenous ligand for the growth hormone 
secretagogue receptor; studies in rodents demonstrated that, like leptin, ghrelin 
responds to a peripheral signal regarding nutrient availability and appears to convey 
this information to the hypothalamus. Ghrelin is produced in the stomach, and its 
level rises with fasting and promotes increased food seeking, as well as decreased 
fat utilization, and is hypothesized to refl ect a signal to increase metabolic effi -
ciency in times of low nutrient availability [ 82 ]. Circulating levels of ghrelin have 
been shown to play a role in long-term weight loss, likely by helping to homeostati-
cally defend a metabolic “set-point” [ 83 ]. In one study, 6.3 % of severely obese 
adult women of European descent were found to be heterozygotes for an amino acid 
change in the last residue in mature ghrelin; this change was not found in controls, 
but the functional signifi cance of this change was not defi ned [ 84 ]. Initial work 
suggesting variation contributed to common obesity was not confi rmed [ 85 ]; later 
work, however, demonstrates an association of variation in the gene encoding ghrelin’s 
receptor ( GHSR ) and BMI [ 86 ]. 

 Peptide YY (PYY) is an enteroendocrine hormone present in highest concentra-
tions in the ileum and colon that rises in response to food ingestion, in particular, of 
fat-containing foods [ 87 ]. In addition to inhibiting gastric and pancreatic secretion, 
it is also expressed in some its target tissues suggesting a paracrine feedback mecha-
nism in addition to its known endocrine function [ 88 ]. Rare variants in the  PYY  gene 
with altered function have been reported to segregate with severe obesity in one 
family [ 89 ]. In addition, a  PYY  haplotype has been related to circulating PYY levels as 
well as metabolic traits [ 90 ]. Later studies have demonstrated a possible association 
with obesity, particularly in young African-American adults [ 91 ].  

    Fat and Glucose Utilization 

 The peroxisome proliferator activated receptor family (PPARs) is a class of nuclear 
hormone-sensing transcription factors that convey signals about nutrient availability 
and coordinate the appropriate cellular metabolic responses [ 92 ]. Of particular 
relevance for obesity, subsets of PPARs act as lipid sensors and may control adipo-
cyte expansion in relation to BMI [ 93 ], and are also the target of insulin-sensitizing 
thiazolidinediones [ 92 ]. In recognition of their importance in lipid homeostasis, 
variation in the genes encoding PPARs has been examined with respect to adiposity. 
An early fi nding of an association of the Pro12Ala variant in  PPARγ  with obesity in 
Caucasians [ 94 ] was later also demonstrated in the general population [ 95 ]. Initial 
observations about the relevance of variation in one of the PPAR coactivator genes 
( PPARGC1B ) have also been published [ 96 ]. 

 Another family of nuclear receptors, the nuclear receptor subfamily 0, group B, 
member 2 (NR0B2), has also been the subject of investigation. The gene encodes an 
orphan nuclear receptor [ 97 ] that is known to interact with HNF4-α, one of the 
genes mutated in a monogenic form of diabetes. As a result, variation in this gene 
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was initially studied with respect to risk for diabetes mellitus, but was found instead 
to confer risk based on its association with obesity. Specifi cally, in initial studies, 
variation was associated with obesity in a Japanese population [ 98 ], but less often in 
Danish individuals [ 99 ]. Its relationship with insulin resistance [ 100 ] was also the 
motivation to study ectonucleotide pyrophosphatase/phosphodiesterase type 1 
(ENPP1), a plasma membrane glycoprotein that may be associated with obesity. 
Mutations in the gene encoding this glycoprotein have been identifi ed in patients 
with generalized arterial calcifi cation of infancy and rickets [ 101 ,  102 ]. Its relation-
ship to common obesity remains to be fully characterized. 

 Another receptor that infl uences fuel use in response to circulating signals is the 
beta-adrenergic receptor [ 103 ], which coordinates response to catecholamines as 
part of the physiologic stress response. Polymorphisms in this receptor are frequent, 
with functional consequences [ 104 ]; while other investigations have focused on 
asthma phenotypes, in particular, response to sympathomimetic bronchodilator ther-
apy, catecholamine-induced lipolysis is relevant in determining obesity risk. In the 
longitudinal Bogalusa Heart Study, a cohort of individuals of European and African-
American descent, males with the Arg16Gly polymorphism demonstrated an 
increased association of BMI with age over time [ 105 ]. This result also demonstrates 
the developmental specifi city of testing for association of genetic variants with BMI. 
The functional consequence of differential expression, and presumably, receptor 
action as well, includes resistance to catecholamine-induced lipolysis [ 106 ]. 

 Reviews written prior to the era of GWAS describe the success of approaches 
used to identify monogenic disorders (linkage and candidate gene studies), but 
acknowledge the limitations of these strategies in addressing the complex pathogen-
esis of multigenic traits like common obesity, e.g., [ 7 ]. Subsequent investigative 
strategies have varying capacities to identify the “missing heritability,” or the genetic 
variation that remains to be explained after accounting for what is known. With 
respect to variation in nuclear DNA, the hypothesized risk allele frequency and 
effect size are important determinants of experimental power of association studies 
[ 107 ]. Other factors, including more complex structural variation like copy-number 
variants, or epigenetic modifi cation, may require unique approaches. 

 Interestingly, some of the fi rst GWAS fulfi lled the promise of these innovative 
technologies, but also highlighted new challenges for discovery of novel biologic 
pathways and explanation of additional variation. One of the fi rst GWAS of BMI 
identifi ed variation near  INSIG2 , a gene that encodes a protein that interacts with 
sterol regulator element binding proteins (SREBPs), transcription factors that con-
trol the reverse transport of cholesterol and therefore may have functional signifi -
cance as well [ 108 ]. Inconsistencies and diffi culties with replication efforts have 
been instructive, and remain the subject of ongoing investigation [ 109 ]. The fi rst 
consistently reproducible signal from GWAS for obesity came instead from investi-
gations into type 2 diabetes mellitus; variation near the  FTO  (fat-mass and obesity 
associated) locus affected diabetes risk by modulating BMI [ 110 – 112 ]. No matter 
the strategy to identify additional sources of genetic variation, the functional signifi -
cance of novel fi ndings, interpreted in the context of what is already understood 
about the complex regulation of energy homeostasis, will continue to be of primary 
importance.     
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    Abstract     A number of genetic obesity syndromes have been identifi ed by sequencing 
candidate genes in patients with severe obesity. Many of the initial fi ndings emerged 
from studying families who displayed a classical Mendelian pattern of inheritance; 
however, with more comprehensive genome wide approaches, increasingly more 
complex models of inheritance are likely to emerge. The functional and physiological 
characterization of the human obesity syndromes has provided information that has 
diagnostic value (Fig. 2.1), has led to specifi c treatments in some patients and con-
tinues to provide insights into the mechanisms involved in the regulation of body 
weight in humans.  

        Introduction 

 Traditionally, patients affected by genetic forms of obesity were identifi ed as a 
result of their association with developmental delay, dysmorphic features and/or 
other developmental abnormalities, i.e. a pattern of clinical features which repre-
sented a recognizable syndrome. However, the identifi cation of genetic disorders 
that disrupt the hypothalamic leptin–melanocortin signalling pathway has led to the 
recognition that obesity is the predominant presenting feature in a signifi cant subset 
of individuals. Based on case series of patients with genetic obesity syndromes, 
childhood onset of obesity is a consistent feature. For the purposes of clinical assess-
ment, it remains useful to categorize the genetic obesity syndromes as those with 
dysmorphism and/or developmental delay and those without these features; how-
ever, in some cases the spectrum of clinical features can be quite variable (   Fig.  2.1 ).

    Chapter 2   
 Genetic Obesity Syndromes 
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       Obesity with Developmental Delay 

 To date, there are at least 30 disorders where obesity is a consistent clinical feature 
but often associated with mental retardation, dysmorphic features and organ- specifi c 
developmental abnormalities. High-throughput next-generation sequencing technolo-
gies, and in particular copy number variant detection, are likely to result in the identi-
fi cation and recognition of multiple new syndromes where obesity and developmental 
delay are closely associated.  

    Prader–Willi Syndrome 

 The Prader–Willi syndrome is the most common obesity syndrome (estimated 
prevalence of about 1 in 25,000). Key clinical features include hypotonia and failure 
to thrive in infancy, mental retardation, short stature, hyperphagic obesity and 
hypogonadotropic hypogonadism [ 1 ]. Children with Prader–Willi syndrome (PWS) 
have reduced lean body mass and increased fat mass, abnormalities which resemble 
those seen in growth hormone (GH) defi ciency; GH treatment decreases body fat 
and increases linear growth, muscle mass, fat oxidation and energy expenditure [ 2 ]. 
Children and adults with PWS have fasting plasma ghrelin levels that are several- 
fold higher than equally obese controls and patients with other genetic obesity 
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syndromes [ 3 ]. The signifi cance of this fi nding and its possible role in the pathogenesis 
of hyperphagia in these patients is unknown. 

 PWS is caused by deletion of a critical segment on the paternally inherited copy of 
chromosome 15q11.2-q12, or loss of the entire paternal chromosome 15 with presence 
of two maternal copies (uniparental maternal disomy). Most chromosomal abnormali-
ties in PWS occur sporadically. Deletions account for 70–80 % of cases; the majority 
are interstitial deletions, many of which can be visualized by karyotype analysis. 
There are distinct differences in DNA methylation of the parental alleles, and DNA 
methylation can be used as a reliable postnatal diagnostic tool in PWS. Small dele-
tions encompassing only the HBII-85 family of snoRNAs have been reported in 
association with the cardinal features of PWS including obesity [ 4 ,  5 ], suggesting 
that these noncoding sequences and the genes they regulate may be important.  

    Albright Hereditary Osteodystrophy 

 Mutations in  GNAS1  that decrease expression or function of G alpha s protein result 
in Albright hereditary osteodystrophy (AHO), which is an autosomal dominant dis-
order. Maternal transmission of  GNAS1  mutations leads to classical AHO (charac-
terized by short stature, obesity, skeletal defects and impaired olfaction) plus 
resistance to several hormones (e.g. parathyroid hormone) that activate Gs in their 
target tissues (pseudohypoparathyroidism type IA), while paternal transmission 
leads only to AHO (pseudopseudohypoparathyroidism). Studies in both mice and 
humans demonstrate that GNAS1 is imprinted in a tissue-specifi c manner, being 
expressed primarily from the maternal allele in some tissues and biallelically in 
other tissues; thus multi-hormone resistance occurs only when Gs (alpha) mutations 
are inherited maternally [ 6 ].  

    Bardet–Biedl Syndrome 

 Bardet–Biedl syndrome (BBS) is a rare (prevalence <1/100,000), autosomal reces-
sive disease characterized by obesity, mental retardation, dysmorphic extremities 
(syndactyly, brachydactyly or polydactyly), retinal dystrophy or pigmentary reti-
nopathy, hypogonadism and structural abnormalities of the kidney or functional 
renal impairment. BBS is a genetically heterogeneous disorder that is now known to 
map to at least 16 loci, with mutations in more than one locus sometimes required for 
complete expression of the phenotype. Many BBS genes appear to affect proteins 
localized to the basal body, a key element of the monocilium thought to be important 
for intercellular sensing in mammalian cells including neurons [ 7 ]. Other disorders 
of ciliary function (e.g. Alström syndrome and Carpenter syndrome) are also 
associated with obesity. Recent studies in mice have suggested a connection between 
ciliary function and leptin signalling [ 8 ].  
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    BDNF and TRKB Defi ciency 

 Brain-derived neurotrophic factor (BDNF) is one of several nerve growth factors 
which activate signalling by the tyrosine kinase receptor tropomycin-related kinase B 
(TrkB) which may lie distal to melanocortin 4 receptor (MC4R) signalling. 
We reported a child with severe obesity, impaired short-term memory and develop-
mental delay who had a de novo missense mutation impairing the function of 
TrkB [ 9 ]. We also identifi ed a patient with a de novo chromosomal inversion, which 
encompasses the  BDNF  locus and disrupts  BDNF  expression [ 10 ]. Yanovski and 
colleagues showed that in patients with WAGR syndrome, a subset of deletions on 
chromosome 11p.12 which encompass the  BDNF  locus, were associated with early- 
onset obesity [ 11 ].  

    SIM1 Defi ciency 

 Single-minded 1 (SIM1) is a basic helix–loop–helix transcription factor involved in 
the development and function of the paraventricular nucleus of the hypothalamus. 
Obesity has been reported in a patient with a balanced translocation disrupting 
SIM1 [ 12 ] and multiple heterozygous missense mutations have been identifi ed in 
severely obese patients.  SIM1  variants with reduced activity co-segregate with obe-
sity in extended family studies with variable penetrance. The phenotypic similari-
ties between patients with SIM1 defi ciency and MC4R defi ciency suggests that 
some of the effects of SIM1 defi ciency are mediated by altered melanocortin signal-
ling. In some cases,  SIM1  variant carriers have been reported to exhibit a spectrum 
of neurobehavioural features including autistic type behaviours. These features are 
not recognized features of MC4R defi ciency but show some overlap with the behav-
ioural phenotypes seen in Prader–Willi Syndrome. As the hyperphagia of  sim1  
haplo-insuffi cient mice is partly ameliorated by the central administration of oxyto-
cin [ 13 ], a neurotransmitter involved in the modulation of emotion and social inter-
action, impaired oxytocinergic signalling is one possible mechanism implicated in 
the obesity and behavioural phenotype seen in  SIM1  variant carriers.  

    Obesity Without Developmental Delay 

 Severe obesity can result from a multiplicity of defects involving the leptin–
melanocortin pathway. Leptin is an adipocyte-derived hormone whose circulating 
levels correlate closely with fat mass. The physiological effects of leptin are medi-
ated through the long isoform of the leptin receptor which is widely expressed in the 
hypothalamus and other brain regions involved in energy homeostasis. Leptin stim-
ulates the expression of pro-opiomelanocortin (POMC) in primary neurons located 
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in the arcuate nucleus of the hypothalamus. POMC is extensively post- translationally 
modifi ed to generate the melanocortin peptides, which activate the melanocortin 
receptors to modulate diverse functions in the central nervous system, the adrenal 
gland and the skin. The melanocortins are agonists at melanocortin receptors and 
suppress food intake. In addition, leptin inhibits orexigenic pathways, mediated by 
neurons expressing the melanocortin antagonist Agouti-related protein and neuro-
peptide Y (NPY); NPY can suppress the expression of POMC. These two sets of 
primary leptin-responsive neurons project to second-order neurons expressing 
MC4R. Targeted genetic disruption of MC4R in mice leads to increased food intake 
and increased lean mass and linear growth [ 14 ].  

    Leptin and Leptin Receptor Defi ciency 

 Amongst patients with hyperphagic obesity of early onset from consanguineous 
families, the prevalence of leptin mutations is approximately 1 % and of leptin 
receptor mutations, 2–3 %. Leptin receptor mutations have been found in some non- 
consanguineous families, where both parents are unrelated but happen to carry rare 
alleles in heterozygous form. Serum leptin is a useful test in patients with severe 
early onset obesity as an undetectable serum leptin is highly suggestive of a diagno-
sis of congenital leptin defi ciency due to homozygous loss of function mutations in 
the gene encoding leptin. Serum leptin concentrations are appropriate for the degree 
of obesity in leptin receptor defi cient patients and as such an elevated serum leptin 
concentration is not necessarily a predictor of leptin receptor defi ciency [ 15 ]. 

 The clinical phenotypes associated with congenital leptin and leptin receptor 
defi ciencies are similar. Leptin and leptin receptor defi cient subjects are born of 
normal birth weight but exhibit rapid weight gain in the fi rst few months of life 
resulting in severe obesity [ 16 ]. Affected subjects are characterized by intense 
hyperphagia with food seeking behaviour and aggressive behaviour when food is 
denied, and energy intake at an ad libitum meal is markedly elevated. While mea-
surable changes in resting metabolic rate or total energy expenditure have not been 
demonstrated, abnormalities of sympathetic nerve function in leptin defi cient adults 
suggest that autonomic dysfunction may contribute to the obesity phenotype 
observed. Leptin and leptin receptor defi ciency are associated with hypothalamic 
hypothyroidism; normal pubertal development does not occur in adults with leptin 
or leptin receptor defi ciency, with biochemical evidence of hypogonadotropic hypo-
gonadism. However, there is some evidence for the delayed but spontaneous onset 
of menses in some leptin and leptin receptor defi cient adults. Leptin and leptin 
receptor defi cient children have normal linear growth in childhood and normal IGF1 
levels. However, because of the absence of a pubertal growth spurt the fi nal height 
of adult subjects is reduced. Children with leptin defi ciency have impaired T cell 
number and function, consistent with high rates of childhood infection and a high 
reported rate of childhood mortality from infection. 
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 Although leptin defi ciency appears to be rare, it is entirely treatable with daily 
subcutaneous injections of recombinant human leptin with benefi cial effects on the 
degree of hyperphagia, reversal of the immune defects and infection risk and per-
missive effects on the development of puberty [ 16 ]. Such treatment is currently 
available to patients on a named patient basis. The major effect of leptin administra-
tion is on food intake, with normalization of hyperphagia and enhanced satiety 
[ 16 ,  17 ]. Leptin is also involved in mediating food reward [ 18 ,  19 ]. Leptin adminis-
tration does not result in a change in energy expenditure; however, as weight loss by 
other means is associated with a decrease in basal metabolic rate, the absence of an 
effect is notable.  

    Disorders Affecting Pro-opiomelanocortin (POMC) 
and POMC Processing 

 Children who are homozygous or compound heterozygous for mutations in the POMC 
gene present in neonatal life with adrenal crisis due to ACTH defi ciency, as POMC is 
a precursor of ACTH in the pituitary, and they require long-term corticosteroid replace-
ment [ 20 ]. Such children have pale skin and white Caucasians have red hair due to the 
lack of MSH function at melanocortin 1 receptors in the skin. Although red hair may 
be an important diagnostic clue in patients of Caucasian origin, its absence in patients 
originating from other ethnic groups should not result in this diagnostic consider-
ation being excluded as children from different ethnic backgrounds may have a less 
obvious phenotype such as dark hair with red roots. POMC defi ciency results in 
hyperphagia and early-onset obesity due to loss of melanocortin signalling at the 
MC4R. The clinical features are comparable to those reported in patients with muta-
tions in the receptor for POMC derived ligands, MC4R (see below). 

 Heterozygous point mutations in POMC have been described which signifi cantly 
increase obesity risk but are not invariably associated with obesity. R236G disrupts 
a di-basic cleavage site between β-MSH and β-endorphin, resulting in a β-MSH/β- -
endorphin fusion protein that binds to MC4R but has reduced ability to activate the 
receptor [ 21 ]. A rare missense mutation in the region encoding β-MSH, Tyr221Cys 
has impaired the ability to bind to and activate signalling from the MC4R, and obese 
children carrying the Tyr221Cys variant are hyperphagic and showed increased 
linear growth, features of MC4R defi ciency [ 22 ]. These observations support a role 
for β-MSH in the control of human energy homeostasis. Selective MC4R agonists of 
melanocortin analogues may be feasible therapies for such patients in the future.  

    PCSK1 Defi ciency 

 Proprotein convertases (PCs) are a family of serine endoproteases that cleave inactive 
pro-peptides into biologically active peptides [ 23 ]. Two family members, Proprotein 
Convertase Subtilisin/Kexin type 1 and 2 (PCSK1 and PCSK2) are selectively 
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expressed in neuroendocrine tissues where they cleave prohormones including 
pro-opiomelanocortin (POMC), prothyrotrophin releasing hormone (TRH), proin-
sulin, proglucagon and progonadotrophin releasing hormone (GnRH) to release 
biologically active peptides. Compound heterozygous or homozygous mutations in 
the  PCSK1  gene, which encodes PC1/3, cause small bowel enteropathy and com-
plex neuroendocrine effects (including diabetes insipidus) due to a failure to process 
a number of prohormones as well as severe, early onset obesity [ 24 ,  25 ].  

    MC4R Defi ciency 

 Heterozygous  MC4R  mutations have been reported in obese people from various 
ethnic groups. The prevalence of pathogenic  MC4R  mutations has varied from 0.5 
to 2.5 % of people with a BMI > 30 kg/m 2  in UK and European populations to 5 % 
in patients with severe childhood obesity [ 26 ,  27 ]. As  MC4R  defi ciency is the 
most common genetic form of obesity, assessment of the sequence of the  MC4R  
is increasingly seen as a necessary part of the clinical evaluation of the severely 
obese child. 

 Given the large number of potential infl uences on body weight, it is perhaps not 
surprising that both genetic and environmental modifi ers will have important effects 
on the severity of obesity associated with  MC4R  mutations in some pedigrees. 
Co-dominance, with modulation of expressivity and penetrance of the phenotype, 
is the most appropriate descriptor for the mode of inheritance. 

 The clinical features of  MC4R  defi ciency include hyperphagia in early child-
hood. Alongside the increase in fat mass,  MC4R -defi cient subjects also have an 
increase in lean mass and a marked increase in bone mineral density, thus they often 
appear “big-boned” [ 27 ]. They exhibit accelerated linear growth, which may be a 
consequence of disproportionate early hyperinsulinemia and effects on pulsatile 
growth hormone (GH) secretion, which is retained in MC4R-defi cient adults in con-
trast to common forms of obesity [ 28 ]. Despite this early hyperinsulinemia, obese 
adult subjects who are heterozygous for mutations in the  MC4R  gene are not at 
increased risk of developing glucose intolerance and type 2 diabetes compared to 
controls of similar age and adiposity [ 27 ]. The proportion of visceral to subcutane-
ous fat is not altered in MC4R defi ciency. Reduced sympathetic nervous system 
activity in MC4R-defi cient patients is likely to explain the lower prevalence of 
hypertension and lower systolic and diastolic blood pressures [ 29 ]. Thus, central 
melanocortin signalling appears to play an important role in the regulation of blood 
pressure and its coupling to changes in weight. 

 At present, there is no specifi c therapy for  MC4R  defi ciency, but patients with 
heterozygous MC4R mutations do respond to Roux-en-Y-bypass surgery [ 30 ], 
which can be considered in adults. As most patients are heterozygotes with one 
functional allele intact, it is possible that small molecule MC4R agonists or pharma-
cological chaperones which improve receptor traffi cking to the cell surface might be 
appropriate treatments for this disorder.  
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    SH2B1 Defi ciency 

 Severe obesity without developmental delay is associated with a signifi cantly 
increased burden of rare, typically singleton copy number variants (CNVs) [ 31 ]. 
Deletion of a 220-kb segment of 16p11.2 is associated with highly penetrant 
 familial severe early-onset obesity and severe insulin resistance [ 32 ]. This deletion 
includes a small number of genes, one of which is  SH2B1 , known to be involved in 
leptin and insulin signalling. These patients gain weight in the fi rst years of life, 
with hyperphagia and fasting plasma insulin levels that are disproportionately 
 elevated compared to age- and obesity-matched controls. Several mutations in the 
 SH2B1  gene have also been reported in association with early onset obesity, severe 
insulin resistance and behavioural abnormalities in some patients [ 33 ].  

    Clinical History, Examination and Investigation 

 The assessment of severely obese children and adults should be directed at screening 
for potentially treatable endocrine and neurological conditions and identifying 
genetic conditions so that appropriate genetic counselling and in some cases treat-
ment can be instituted. Much of the information needed can be obtained from a 
careful medical history and physical examination, which should also address the 
potential complications of severe obesity such as sleep apnoea [ 34 ]. In addition to a 
general medical history, a specifi c weight history should be taken carefully estab-
lishing the age of onset and the presence of hyperphagia. A careful family history to 
identify potential consanguineous relationships, the presence of other family members 
with severe early onset obesity and the ethnic and geographical origin of family mem-
bers should be taken. The history and examination can then guide the appropriate use 
of diagnostic tests.  

    Conclusions 

 Given the rapid application of next-generation sequencing technologies such as 
whole exome sequencing, it is very likely that new genes and mechanisms will 
emerge to explain a variety of previously unrecognized obesity syndromes. As more 
is learned about these genes and more syndromes are described, it is likely that the 
need to perform a comprehensive evaluation of severely obese patients will be 
recognized. Knowledge of the specifi c molecular mechanisms affected by these 
genetic disorders may lead to better mechanism-directed, stratifi ed pharmacotherapy 
in the future.     
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    Abstract     Genome-wide association studies (GWAS) have accelerated the discovery 
of genetic variants associated with susceptibility to common complex diseases, such 
as obesity. Following the fi rst robust GWAS of BMI and risk of obesity identifi ed in 
2007, GWAS have delivered 70 additional common loci associated with a wide 
range of obesity-related traits. These loci highlight a variety of molecular and physi-
ological mechanisms involved in shaping these traits. However, even in combination, 
these loci explain only a small proportion of overall phenotypic heritability indicating 
that much of the genetic variation in obesity traits remains unexplained. Here, we 
discuss how the GWAS approach has been applied to the study of anthropometric 
phenotypes related to overall obesity and fat distribution and describe some of the 
clues to trait biology that are emerging. We also highlight some of the limitations of 
this work and future directions for research in this fi eld.  
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  Abbreviations 

   BMI    Body mass index   
  CNV    Copy number variation   
  GIANT    Genetic Investigation of ANthropometric Traits   
  GWAS    Genome-wide association studies   
  LD    Linkage disequilibrium   
  MAF    Minor allele frequency   
  SNP    Single nucleotide polymorphism   
  T2D    Type 2 Diabetes   
  WC    Waist circumference   
  WHR    Waist–hip ratio   

       The rise in the prevalence of obesity in recent decades has been spectacular: recent 
estimates indicate that over 500 million adults worldwide are now classed as obese 
[ 1 ]. While the increased prevalence of obesity is almost certainly a refl ection of secu-
lar changes in environmental and lifestyle factors, including an increased intake of 
nutrient-dense foods coupled with reduced physical activity [ 2 ], the familial aggrega-
tion of obesity is consistent with some degree of genetic infl uence on body mass index 
(BMI) and individual predisposition to obesity. More conclusive evidence for a 
genetic component comes from studies that have examined the correlation of BMI 
between identical twins raised apart and the relationship between the BMI of adop-
tees and both their biological and adoptive parents [ 3 – 5 ]. These consistently highlight 
the importance of genetic factors in modulating individual susceptibility to obesity 
in contemporary environments. Furthermore, in controlled experiments of excessive 
calorie intake, consequent changes in weight and body composition were highly 
correlated in monozygotic twins, once again consistent with a powerful role of genetic 
variation in the regulation of weight [ 6 ]. Estimates for the heritability of BMI vary 
widely between studies, but typical fi gures range between 0.47 and 0.90 in twin 
studies and between 0.24 and 0.81 in family-based studies [ 7 ]. 

 Other obesity related traits, including measures of fat distribution are also heri-
table (even after adjusting for BMI). Estimates for the heritability of waist–hip ratio 
(WHR), a proxy of fat distribution, range between  h  2  ~ 0.31–0.70; and ~0.22–0.61 
after accounting for BMI [ 8 – 11 ]. The heritability of WHR is higher in women and 
estimates of genetic correlation of WHR between men and women indicate a sex 
specifi c genetic infl uence on the trait [ 11 ]. 

    The Genetics of BMI and Obesity Pre-GWAS 

 Genetic studies aim to fi nd DNA sequence variants that are causally associated 
with the trait of interest, in the expectation that such discoveries will help to reveal 
fundamental mechanisms responsible for human disease. The earliest studies in this 
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fi eld focused on the application of family-based linkage studies to individuals and 
families with rare monogenic forms of obesity. The rare variants of large effects 
revealed by these efforts, such as those in  LEP  (encoding the hormone leptin, a 
crucial component of energy balance mechanisms) [ 12 – 14 ],  LEPR  (encoding the 
leptin receptor) [ 15 ], and  POMC  (encoding the proopiomelanocortin protein which 
is cleaved to form a number of key neuroendocrine messengers) [ 16 ], helped to 
defi ne components of hypothalamic circuitry involved in body weight regulation 
in man. However, the application of linkage approaches to population-level variation 
in BMI and risk of common forms of obesity met with little success in terms of 
robust, replicated signals even in relatively well-powered meta-analysis [ 17 ]. This 
indicates that the genetic contribution to these traits is not dominated by the kinds of 
highly penetrant variants which linkage methods are best suited to detect [ 18 ]. 

 The shift from linkage to association approaches was initially focused on the 
analysis of candidate genes [ 19 ], a strategy reliant on the quality of the prior bio-
logical hypotheses used to select them. One of relatively few successes from this 
approach was the demonstration that low frequency variants in the gene encoding 
the melanocortin 4 receptor ( MC4R ) were associated with severe, early-onset obe-
sity [ 20 ]. These variants remain the commonest known genetic cause of morbid 
obesity contributing to a few percent of these cases [ 21 ]. These fi ndings provided 
confi rmation of the role of signalling through the hypothalamic leptin–melanocortin 
pathway for the maintenance of body mass in man [ 22 ]. However, the major impe-
tus to the discovery of BMI- and obesity-associated variants has been provided by 
the ability to perform genome-wide scans for association.  

    Genome-Wide Association Studies 

 Genome-wide association studies (GWAS) (reviewed in [ 23 ,  24 ]) use dense geno-
typing arrays to determine how variation in genomic sequence (predominantly that 
due to single nucleotide polymorphisms, SNPs) associates with phenotypic traits of 
interest. Those traits may be categorical (e.g., obese cases and non-obese controls) 
or continuous (e.g., BMI or WHR). Array content and the correlation structure of 
variation across the genome (i.e., linkage disequilibrium) mean that GWAS to date 
have favored the interrogation of common variants (minor allele frequency 
[MAF] > 5 %). Since GWAS assay such variants across the genome, suitably pow-
ered studies enable the discovery of associated loci in an agnostic fashion, without 
the need for prespecifi ed hypotheses concerning the genomic location of the asso-
ciation and the transcripts through which they may operate. 

 In the remainder of this chapter, we focus on the loci which have been shown by 
GWAS to be associated with overall obesity or fat distribution. We distinguish 
between studies of traits of overall obesity (including BMI, fat percentage, and 
dichotomized indices of extreme obesity) and those of fat distribution (including 
WHR, waist circumference (WC), and measures of visceral and subcutaneous fat). 
In total 70 genome-wide signifi cant loci have been associated with these traits and 
most of these (50 in number) are common variant loci infl uencing continuous 
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obesity- related traits found in European samples. Others derive from equivalent 
studies in non-European samples (4 loci), and some have emerged exclusively from 
case–control studies in individuals selected from the extremes of the BMI distribution 
(9 loci) or by clinical classifi cations of overweight and obesity (7 loci).  

    Overall Obesity 

    Genome-Wide Association Studies of BMI 

 The fi rst report from a GWA study claiming to have identifi ed variants associated 
with common forms of overall obesity came in 2006 [ 25 ]. The researchers used a 
two-stage family-based design to identify a signal mapping close to the  INSIG2  
encoding insulin induced gene 2 [ 25 ]. However, this association has not been proven 
robust to replication in the much larger samples that have been examined in subse-
quent studies (see below). In fact, the association p-value observed in this study fell 
short of the now-widely accepted threshold ( p  < 5 × 10 −8 : based on  p  < 0.05 corrected 
for a million independent tests [ 26 ]), highlighting the value of such stringent criteria 
as a means of avoiding infl ation of the type 1 error, and the attribution of biological 
signifi cance to loci which, like  INSIG2 , are likely to have been false positives. 

 The fi rst report of a robust genome-wide signifi cant locus infl uencing BMI and risk 
of obesity locus came from Frayling et al. [ 27 ] in 2007, and concerned a cluster of 
common variants close to the  FTO  (“Fat mass and obesity-associated”) gene. These 
variants account for ~0.35 % of the phenotypic variance in BMI in Europeans [ 28 ] 
such that the two groups of homozygotes differ in weight by around 2.5 kg. The BMI 
association has now been widely replicated [ 28 – 33 ] and it is also clear that the same 
 FTO  variants are associated with risk of obesity at all grades of severity [ 27 ,  34 ]. 

 Given that the only locus emerging from this fi rst round of GWA studies [ 25 ,  27 ] 
had a relatively modest effect size, it was clear that larger sample sizes would be 
needed to extend these discoveries, both to common alleles of lesser effect, and to 
less frequent risk alleles. This provided the motivation for ever-larger meta-analyses 
efforts, which have dominated discovery efforts over the past few years. The largest 
of the studies published to date assembled data from almost 250,000 individuals 
[ 28 ]. The current count of BMI-associated loci detected in Europeans by these 
studies, most of them conducted under the aegis of the Genetic Investigation of 
ANthropometric Traits (GIANT) consortium [ 28 – 30 ], is 32 (Fig.  3.1 ).

   The fi rst such meta-analyses uncovered common regulatory variants infl uencing 
BMI near  MC4R  (encoding melanocortin receptor 4) [ 29 ]: low-frequency coding 
variants in this same gene had previously been implicated in severe obesity [ 20 ]. 
Subsequently, the parallel publications from GIANT [ 30 ] and the deCODE group 
[ 31 ] added nine BMI loci (mapping near  GNPDA2 ,  KCTD15 ,  MTCH2 ,  NEGR1 , 
 SH2B1 ,  TMEM18 ,  BDNF ,  ETV5 , and  SEC16B ) to the list. It is of note that  BDNF , 
encoding a brain derived neurotrophic factor involved in regulation of development 
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of neuronal circuits [ 35 ], is also involved in monogenic forms of obesity [ 36 ]. 
The largest meta-analysis of BMI associations added 18 further loci to the tally [ 28 ] 
including regions near known obesity genes such as  POMC  (proopiomelanocortin) 
[ 16 ], known to be involved in neuroendocrine regulation of weight, as well as asso-
ciations in or near novel genes such as  GPRC5B  (G protein-coupled receptor, fam-
ily C, group 5, member B), implicated in regulation of adipose infl ammatory 
processes and progression to insulin resistance in obesity in mice [ 37 ]. 

 The studies above mostly focused on the analysis of SNPs but there is some evi-
dence that copy number variations (CNVs) may be causal at some loci. For example, 
in the study by Willer et al. the BMI-associated SNP at the  NEGR1  (neuronal growth 
regulator 1) locus detected by GWAS was shown to tag a 45 kb deletion that might 
have stronger functional grounds for being causal [ 30 ]. More detailed studies pub-
lished recently locate the causal allele at this locus to a second 8 kb deletion near 
 NEGR1  [ 38 ]. Rare CNVs have also been implicated in syndromic forms of obesity. 
For example, a rare deletion in the 16p11.2 region is associated with the combina-
tion of severe obesity and mental retardation [ 39 ,  40 ], and duplication of the same 
region is associated with underweight [ 41 ]. 

 To date, most GWAS studies have been performed in populations of European 
origin but studies in other ethnic groups can help to identify novel loci, to character-
ize the extent of aetiological overlap, and to fi ne-map causal variants (such as in 
the  FTO  locus [ 42 ,  43 ]). Two large GWAS meta-analyses of BMI in East Asian 
populations were recently published [ 32 ,  33 ]. Between them, seven of the known 
loci in Europeans could be replicated to genome-wide levels of signifi cance. 

  Fig. 3.1    Overlap of genome-wide signifi cant loci of overall obesity (BMI), fat distribution (BMI- 
adjusted WHR) and BMI extremes (or clinical obesity classes) in European populations. Diagram 
depicts the overlap of reported GWAS loci ( p  < 5 × 10 −8 ) of BMI [ 27 – 31 ], BMI-adjusted WHR [ 98 ], 
and BMI extremes or clinical obesity classes II–III [ 34 ,  38 ,  51 – 53 ,  55 ,  120 ]       
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Furthermore, evaluating the associations in East Asians of previously reported BMI 
loci, an additional 11 loci, besides those genome-wide signifi cant, were associated 
with BMI at lesser levels of signifi cance (Okada et al. [ 32 ],  p  < 0.02; Wen et al. [ 33 ], 
 p  < 0.05), indicating considerable overlap in signals between East Asian and 
European populations. As in populations of European origin, the association at  FTO  
locus explained the largest proportion of phenotypic variance (~0.2 %). 

 In addition, these studies identifi ed four novel loci, mapping near  CDKAL1 , 
 KLF9 ,  PCSK1  and  GP2  [ 32 ,  33 ]. Mutations in  PCSK1  cause monogenic obesity 
[ 44 ] and, while a candidate study previously associated nonsynonymous variants in 
 PCSK1  with common obesity risk in a European population [ 45 ], the  PCSK1  signal 
in East Asians (also nominally associated with BMI in Europeans in GIANT [ 28 ]) 
likely represents an independent signal. Genetic variants in  CDKAL1  (a CDK5 reg-
ulatory associated protein 1-like 1 with methythiotransferase function [ 46 ]), in strong 
LD ( r  2  ~ 0.8) with the BMI GWAS SNPs in East Asians, have previously been associ-
ated with increased risk of Type 2 Diabetes (T2D) [ 47 ,  48 ]. The T2D risk allele(s) is 
associated with decreased glucose-stimulated insulin secretion [ 47 ,  49 ,  50 ]. 
Furthermore, the BMI-lowering allele of rs2206734 (also nominally associated with 
BMI in Europeans) was associated with increased risk of T2D in the same study popu-
lation [ 32 ], indicating that variation near  CDKAL1  may play a complex role with 
respect to variation in both BMI and T2D-risk.  

    Case–Control Studies of Dichotomized BMI 

 In addition to studies of the variance in BMI in population-based studies, a comple-
mentary approach treats obesity in terms of a dichotomous “case–control” analysis. 
A variety of different schemes for this dichotomization are possible (Table  3.1 ). 
In the largest study of this type [ 51 ], featuring case–control analyses restricted to 
the “tails” of the BMI distribution using data from studies previously included in 
GIANT meta-analyses [ 28 ], Berndt et al. found considerable overlap in the pattern 
of association signals seen as compared to those observed in population- or cohort- 
wide analyses. However, where such studies focus on cases of more extreme defi ni-
tions of obesity and/or leanness (that is, individuals several standard deviations 
away from the population mean), there may be the opportunity to detect additional, 
novel, signals that may have limited impact on overall population-level variance 
and which are therefore diffi cult or impossible to detect using GWAS approaches. 
The rare, penetrant variants causal for monogenic and syndromic forms of obesity 
provide the most obvious example of this phenomenon.

   Indeed, whilst several of the loci reaching genome-wide signifi cance in dichoto-
mous analyses focused on extreme obesity in adults overlap with those previously 
reported (e.g.,  BDNF ,  FTO ), there are several signals that appear unique to dichoto-
mous analyses including  KCNMA1 ,  NPC1 ,  PTER , and  HS6ST3  (Table  3.1 , Fig.  3.1 ) 
[ 51 – 53 ]. However, most of these have appeared in a single study and have not, as 
yet, been replicated, even in other extreme case–control analyses. In equivalent 
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case–control analyses in children, the more relaxed criteria adopted by Bradfi eld 
et al [ 54 ] detected many of the known adult BMI association signals but also high-
lighted novel signals near  OLFM4  and  HOXB5 . In contrast, studies of children 
selected from the extremes of the distribution have detected signals at (or approaching) 
genome-wide signifi cance near  LEPR ,  PACS1 ,  PRKCH ,  RMST ,  SDCCAG8 , and 
 TNKS/MSRA  (Table  3.1 , Fig.  3.1 ) [ 38 ,  55 ], the latter locus also detected in some 
studies of fat distribution [ 56 ].  

    Genome-Wide Association Studies of Fat Percentage 

 BMI, although a widely used proxy of overall obesity, represents an aggregate 
measure of the lean and the fat mass of the individual. In an effort to better defi ne 
the genetic determinants of obesity, Kilpeläinen et al. focused on body fat 

     Table 3.1    Novel GWAS loci identifi ed in case–control analyses of dichotomized BMI   

 Study type 
 Selection criteria 
for cases 

 Sample size in 
stage 1, cases/
controls 

 Loci not described 
in BMI GWAS  Reference 

 Extreme obesity 
in children 
and adults 

 Early onset obesity 
(≤6 years) and 
extreme adult 
obese (BMI ≥ 40) 

 1,380/1,416   MAF  (rs1424233),  NPC1  a  
(rs1805081),  PTER  a  
(rs10508503) 

 [ 52 ] 

 Extreme obesity 
in children 
and 
adolescents 

 BMI >97 % 
percentile 

 1,138/1,120   TNKS / MSRA  (rs17150703), 
 SDCCAG8  a  
(rs12145833) 

 [ 55 ] 

 Extreme obesity 
in adults 

 BMI ≥ 40  164/163   KCNMA1  (rs2116830)  [ 53 ] 

 Distributional 
tails in 
children 

 BMI ≥95 % 
percentiles 

 5,530/8,313   BC041448  (rs4864201), 
 HOXB5  (rs9299), 
 OLFM4  (rs9568856) 

 [ 54 ] 

 Extreme obesity 
in children 

 BMI standard 
deviation score 
(SDS) ≥3, and 
onset at 10 years 

 1,509/5,380   LEPR  (rs11208659), 
 PACS1  (rs564343), 
 PRKCH  (rs1957894) 
 RMST  (rs11109072) 

 [ 38 ] 

 Clinical class: 
obesity II 

 BMI ≥ 35  9,889/62,657   HS6ST3  (rs7989336),  ZZZ3  
(rs17381664) 

 [ 51 ] 

 Clinical class: 
obesity I 

 BMI ≥ 30  32,858/65,839   GNAT2  (rs17024258), 
 HNF4G  (rs4735692), 
 MRPS33P4  
(rs13041126),  ADCY9  
(rs2531995) 

 [ 51 ] 

 Clinical class: 
overweight 

 BMI ≥ 25  93,015/65,840   HNF4G  (rs4735692), 
 RPTOR  (rs7503807) 

 [ 51 ] 

   a Not genome-wide signifi cant ( p  < 5 × 10 −8 )  
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percentage, as a more direct measure of adiposity, generating a GWAS meta-analysis 
of 36,626 individuals [ 57 ]. As well as detecting  FTO , these analyses recovered two 
loci ( IRS1  and  SPRY2 ) not previously associated with BMI. The body fat-increasing 
alleles at the  IRS1  (insulin receptor substrate 1 signalling protein) signal are, intrigu-
ingly, associated with a healthy metabolic profi le (including reduced risk of T2D 
[ 58 ] and unhealthy lipid profi le [ 59 ]). The  IRS1  locus is associated with measures 
of subcutaneous, but not visceral fat, indicating that the effect on fat mass at the 
 IRS1  locus is through regulation of subcutaneous fat deposition [ 57 ,  60 ]. The  SPRY2  
locus has also been implicated in T2D risk [ 61 ,  62 ], though the body fat-associated 
SNP is not coincident with this previously reported T2D SNP. Contrary to the obser-
vations at  IRS1 , the body-fat increasing allele at the  SPRY2  locus is associated with 
an adverse metabolic profi le [ 57 ].  

    Genetic Architecture of Overall Obesity (BMI) 

 Despite the success in identifying a growing numbers of loci to genome-wide sig-
nifi cance, in European populations these signals, in combination, explain no more 
than 1.5 % of phenotypic variance in BMI. Of the established loci, the  FTO  locus 
has the largest effect accounting for ~0.35 % of population variance [ 28 ]. These 
numbers fall well short of estimates of the heritability of this trait (see above). The 
basis for this “missing” genetic variance remains unclear, though there is no lack of 
possible explanations [ 63 ,  64 ]. At least part of the “missing” genetic variance can be 
attributed to the effects of additional common variants that lie below the genome- 
wide signifi cance threshold. Using full GWAS data sets (not just the “proven” hits), 
Yang and colleagues could recover approximately 17 % of the phenotypic variance 
in BMI that was tagged by common variants [ 65 ]. Part of the remaining shortfall 
likely refl ects incomplete linkage disequilibrium between the variants genotyped on 
GWAS arrays and those which are causally responsible for the BMI associations 
[ 66 ], but other mechanisms are almost certainly involved [ 63 ,  67 ]. 

 There is also the possibility that the estimates of heritability against which these 
measures of explained variance are evaluated, are themselves inaccurate. For example, 
intrauterine events that lead to epigenetic modifi cations with long-term phenotypic 
impacts can lead to increased sibling resemblance, infl ating heritability estimates 
under some designs. Similarly, estimates derived from the comparison of the pheno-
typic correlations observed between monozygotic and dizygotic twin pairs are 
based on the assumption that both types of twin are exposed to a similar degree of 
shared environment [ 68 ], an assumption that may not be appropriate for intrauterine 
exposures. 

 Notwithstanding the above, it seems likely that an appreciable component of the 
genetic variance remains unexplained, and that at least part of this will be attributable 
to low frequency and rare variants not well captured by GWAS studies to date. 
The current wave of sequencing studies should shed some light on the extent to 
which these variants are contributing to inherited risk.  
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    From GWAS Associations to Potential Functional 
Roles in Overall Obesity 

 As we have seen, GWAS have powered the identifi cation of many genetic regions 
associated with BMI and obesity. However, this information is of limited value 
unless it can be translated into improved understanding of the pathophysiology of 
disease, and thereby into novel clinical approaches. However, in BMI, as with most 
other complex traits, the regions revealed by GWAS do not lend themselves to easy 
biological inference. The effect sizes are modest, and most signals map to non- coding 
sequence, frustrating efforts to identify the “causal” transcript (that is, the specifi c 
gene that is mediating the association signal). At the same time, the extensive local 
correlations between common variants (that is, linkage disequilibrium) can make 
fi ne-mapping of the causal variants challenging. 

 The  FTO  locus provides an excellent example of the diffi culties inherent in 
moving from an association signal—in this case, a comparatively strong one—to a 
clear mechanism of action. We have now known for more than 6 years that a cluster 
of highly correlated common variants in the fi rst intron of the  FTO  gene is associ-
ated with BMI and obesity [ 27 ]. Epigenetic analyses have suggested that the BMI- 
associated haplotype may infl uence local methylation status [ 69 ] but fi ne-mapping 
efforts have yet to provide compelling localization of the causal variant. When it 
comes to defi ning downstream effects, we still have no convincing evidence from 
man that the  FTO  transcript itself is in any way involved. There is for example, no 
instance of the co-occurrence of loss of function alleles in  FTO  and severe obesity 
in humans [ 70 ,  71 ]. On the other hand, the adjacent gene  RPGRIP1L  (or  FTM ), 
which is known to be coordinately regulated with  FTO  via a common promoter 
[ 72 ], and to display a similar pattern of hypothalamic expression, has an intriguing 
connection to obesity through its known causal role with respect to monogenic cil-
iopathies [ 73 ] some of which result in marked early obesity. 

 In fact, the most compelling evidence implicating  FTO  comes from mouse mod-
els: transgenic knockdown of the murine homologue  Fto  results in reduced weight, 
and overexpression to weight gain compared to control mice [ 74 ,  75 ]. One possible 
explanation consistent with these data is that the common intronic variants within 
 FTO  identifi ed by GWAS, exert their effects on energy balance in man through 
coordinate dysregulation of both  FTO  and  RPGRIP1L . 

 The identifi cation of the signal at  FTO  naturally prompted interest in the normal 
function of this transcript. In humans,  FTO  encodes a 2-oxoglutarate-dependent 
nucleic acid demethylase [ 76 ] thought to be involved in nucleic acid repair. In vitro 
studies have suggested a role for  FTO  demethylation in cellular sensing of amino 
acids [ 77 ], which could be relevant to regulation of appetite control in the hypo-
thalamus. Nonetheless, it is clear that we remain some way from a complete descrip-
tion of how these variants infl uence BMI and obesity risk. 

 At certain other BMI GWAS loci, the situation is better understood. At four 
GWAS loci (near  BDNF ,  PCSK1 ,  POMC  and  MC4R ) the common variant associa-
tions overlap genes in which coding mutations have been shown to be causal for 
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monogenic or syndromic forms of obesity [ 20 ,  36 ,  78 ,  79 ]. In the case of three of 
these— PCSK1  (proprotein convertase 1),  POMC  (proopiomelanocortin), and  MC4R  
(melanocortin receptor 4)—there are strong mechanistic ties to the hypothalamic 
leptin–melanocortin signalling pathways that regulate energy balance [ 80 ].  BDNF  
encodes a brain derived neurotrophic factor involved in neurogenesis and thought to 
be involved in food intake [ 81 ]. These GWAS signals therefore demonstrate that the 
neuroendocrine mechanisms documented in monogenic forms of obesity extend to 
population level variance in BMI and to more common forms of obesity. 

 At other BMI-associated GWAS, efforts to defi ne the causal transcript are sup-
ported by additional sources of genomic data (regulatory annotations [ 82 ] or mRNA 
expression [ 83 ]). For example, it can be very useful through integration with mRNA 
and/or miRNA transcriptomic data [ 83 – 88 ] to demonstrate that the set of BMI- 
associated variants at a given locus also drives  cis -expression of one of the regional 
transcripts. In the most recent GIANT meta-analysis [ 28 ], this approach led to posi-
tional candidates being identifi ed at almost half the 32 BMI-associated loci. 

 These candidacy assignments can often be bolstered by other sources of data. 
Consider for example the association signal mapping close to the  SH2B1  gene, 
encoding SH2B adapter protein 1.  Cis -expression data point to  SH2B1  [ 28 ], as does 
the high expression of this transcript in the hypothalamus [ 30 ]. The neuronal iso-
form of  SH2B1  is involved in regulation of energy balance via effects on leptin and 
insulin signalling, and systemic deletion of the gene in mice results in severe leptin 
resistance [ 89 ]. 

 For some loci, the data seem to point towards peripheral rather than central 
mechanisms of action. The BMI association on chromosome 19 lies close to the 
 GIPR  gene, encoding the gastric inhibitory polypeptide receptor, and the lead SNP 
is in strong LD with a missense SNP in that transcript (though the functional conse-
quences of that mutation are not yet established). GIPR plays an important role in 
mediating the incretin response, which augments insulin release in response to the 
ingestion of food. The same locus has also been shown to associate with glucose 
response and insulin secretion in response to a glucose challenge [ 90 ]. Another 
example, mentioned earlier, is the mechanistic relationship between insulin signal-
ling and obesity implicated by the association between  IRS1  variants and fat per-
centage [ 57 ]. Though both central and peripheral mechanisms may be involved at 
 IRS1 , the fact that the fat percentage-associated allele is associated with improved 
insulin sensitivity and a healthy metabolic profi le [ 58 ,  59 ] is consistent with 
enhanced insulin-mediated adipogenesis as the driver of the adiposity. 

 For several other BMI-associated loci such as  TMEM160 - ZC3H4  [ 28 ], there are 
few clues on the biological relevance in obesity, and any one of several transcripts 
could be responsible. One way of leveraging the combination of genetic and prior 
biological data to make provisional mechanistic inference in such situations is to 
perform pathway-based analyses (reviewed in Wang et al. [ 91 ]), which test for 
enrichment of GWAS loci for transcripts that have been mapped to defi ned biological 
processes or pathways. Applied to BMI GWAS data, these analyses have tended to 
support the evidence for broad neuroendocrine involvement, whilst also highlight-
ing processes that are more diffi cult to assimilate within the current knowledge base 
(e.g., platelet-derived growth factor signalling) [ 28 ].   
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    Fat Distribution 

 The clinical consequences of adipose tissue excess depend not only on its quantity 
but also its distribution, with the accumulation of visceral (abdominal) fat leading to 
particularly adverse metabolic and cardiovascular effects [ 92 ,  93 ]. After accounting 
for overall obesity (as measured by BMI), fat distribution (commonly measured by 
WHR) shows substantial residual heritability ( h  2  ~ 0.22–0.61) consistent with mecha-
nisms of genetic control distinct from those infl uencing overall energy balance and 
BMI [ 9 ,  10 ]. The distinct genetic regulation of patterns of fat distribution is also sup-
ported by rare monogenic syndromes of selective adipose tissue loss (collectively, 
the lipodystrophies) [ 94 ]. Given the checkered history of efforts to target neuronal 
pathways related to overall obesity in the search for effective, safe treatments for 
obesity, there is considerable interest in defi ning the mechanisms responsible for 
individual variation in patterns of fat distribution, and in particular, in identifying 
peripheral (rather than central) targets for therapeutic intervention. 

    Genome-Wide Association Studies of WHR and WC 

 Initial efforts to map variants infl uencing fat distribution focused on the standard 
clinical traits, WHR and WC. In the fi rst GWAS for WHR, Lindgren et al. discov-
ered an association to a genetic variant on chromosome 1 (close to the  LYPLAL1  
gene encoding lysophospholipase-like 1) associated with WHR in women exclu-
sively: this effect was independent of BMI [ 56 ]. Studies of WC generated their 
strongest signals at previously reported BMI loci such as  FTO  and  MC4R , refl ecting 
the strong correlation between these traits [ 27 ,  56 ,  95 ,  96 ]. With the possible excep-
tion of the association near  TFAP2B , at which adjustment with BMI seems to 
increase the magnitude of the effect on central obesity [ 97 ], other WC-associated 
loci identifi ed by GWAS ( MSRA ,  NRXN3 ) are likely to refl ect a primary association 
with BMI [ 28 ]. 

 Given these strong trait correlations, more recent fat distribution GWAS efforts 
have adopted the approach of adjusting WHR (or WC) for BMI before performing 
the association analyses, thereby seeking to emphasize those signals that infl uence 
patterns of relative fat deposition independent of the overall obesity component. 
In the largest analysis to date, involving data from around 190,000 subjects, Heid 
et al. [ 98 ] used this approach to identify 13 novel loci for BMI-adjusted WHR as 
well as to replicate the signal near  LYPLAL1 . As might have been expected given 
the adjustment for BMI, the loci identifi ed by this endeavor were completely dis-
tinct from those previously reported to infl uence overall obesity (Figs.  3.1  and  3.2 ). 
In line with the metabolic consequences of visceral fat accumulation, these fat 
distribution associated variants are also enriched for association with related 
metabolic traits including fasting insulin, lipids and indices of insulin resistance 
[ 98 ]. The obvious gender dimorphism of WHR prompted efforts to evaluate 
these signals in terms of their potential for different effects in males and females. 
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Half of the 14 loci showed evidence of gender-specifi c effects: in each case, the 
effect was stronger in women [ 98 ].

   In a complementary approach to studies of WHR in population-wide analysis, 
Berndt et al. restricted analysis to the “tails” of the WHR distribution (upper and 
lower 5th percentiles) and analyzed WHR in terms of dichotomous “case–control” 
analyses [ 51 ]. This analysis demonstrated a similar pattern of association signals as 
that of previous population-wide analysis [ 98 ], indicating that WHR at the “tails” of 
the distribution has a similar genetic architecture as that of the full distribution.  

    Genome-Wide Association Studies of Abdominal Fat 
Distribution 

 The use of imprecise, but widely available, clinical measures such as WHR facili-
tates large meta-analysis, but there is much to be gained by complementary analyses 
in smaller numbers of more carefully phenotyped subjects. In a recent study, more 
direct measurements of the extent of abdominal subcutaneous and visceral adiposity 
were obtained by computed tomography (CT) [ 60 ]. This analysis was able to dem-
onstrate that the fat distribution association signal near  LYPLAL1  [ 51 ,  56 ,  98 ] could 
also be detected using CT (as the ratio between subcutaneous and visceral fat area). 
It also highlighted a signal near  THNSL2  that was associated with visceral adiposity 
in women: this survived adjustment for BMI, and has not previously been associated 
to obesity traits [ 60 ].  

  Fig. 3.2    Effect sizes for BMI in GIANT meta-analyses vs. BMI-adjusted WHR in GIANT meta- 
analyses for genome-wide signifi cant BMI and BMI-adjusted WHR loci. In the  scatterplot , data 
for BMI in GIANT meta-analyses [ 28 ] are shown on the  X -axis and data for BMI-adjusted WHR 
in GIANT meta-analyses [ 98 ] on the  Y -axis. The points are colored according to if they represent 
loci associated with BMI ( red ) or BMI-adjusted WHR ( blue )       

 

Å.K. Hedman et al.



45

    Genetic Architecture of Fat Distribution 

 Combined, the 14 loci for BMI-adjusted WHR uncovered by GWAS account for 
approximately 1 % of variance in this trait (1.34 % in women; 0.46 % in men) [ 98 ]. 
Using methods analogous to those for BMI described above [ 65 ], Vattikuti et al. 
showed that ~13 % of the overall variance in WHR could be explained by common 
GWAS SNPs, and thus estimated that 46 % of heritability in WHR may be captured 
by common variants [ 99 ]. A similar range of explanation for the missing genetic 
variance is possible as for overall obesity [ 63 ,  64 ,  67 ], and ongoing sequence-based 
efforts will help to defi ne the extent to which this defi cit can be plugged by the con-
tribution of low frequency and rare variants.  

    From GWAS Associations to Potential Functional 
Roles in Fat Distribution 

 As with BMI, progress towards characterization of the mechanisms operating at 
each of these loci has been patchy. Expression-QTL mapping in adipose tissue, 
blood, and other tissues has identifi ed promising candidate transcripts at six of the 
loci ( AA553656 ,  GRB14 ,  PIGC ,  STAB1 ,  TBX15 , and  ZNRF3 ) [ 98 ]. 

 For several of these transcripts, the genetic data integrates well with the corpus of 
existing biological data. For example,  GRB14 , encoding a growth factor receptor-
binding protein, is known to acts as a negative regulator of insulin receptor signalling 
[ 100 ,  101 ]. The WHR-associated variant shows directionally consistent associa-
tions with triglyceride and insulin levels [ 98 ] and other (statistically independent) 
variants at the same locus infl uence BMI-adjusted insulin and HDL- cholesterol 
levels [ 102 ,  103 ].  TBX15  encodes a mesodermal developmental transcription factor 
and has been indicated in adipocyte differentiation and triglyceride accumulation 
[ 104 ]. This transcript is also differentially expressed between visceral and subcuta-
neous adipose tissue, and there is evidence that visceral adipose tissue expression is 
negatively correlated with BMI [ 105 ]. 

 The most consistent signal for fat distribution maps to the  LYPLAL1  locus [ 51 , 
 56 ,  60 ,  98 ]. As might be expected variants at this locus are associated with a range 
of related metabolic and anthropometric traits including adiponectin [ 106 ], fasting 
insulin adjusted for BMI [ 103 ] and height [ 107 ]. So far, there is limited evidence to 
demonstrate that the signal is mediated through the  LYPLAL1  transcript and the 
region contains several other potential candidates. However, expression of this gene 
is induced in subcutaneous fat following obesity [ 108 ] and its presumed function as 
a lysophospholipase is consistent with a causal role. 

 As with the GWAS loci associated with BMI, pathway enrichment approaches 
have been applied across the 14 WHR-associated loci. Though the enrichment 
signals were relatively weak, they highlighted developmental processes and mRNA 
transcript regulation [ 98 ]. The known functions of some of the stronger positional 
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candidates—such as angiogenesis ( VEGFA ), adipocyte differentiation ( GRB14 ) and 
developmental function ( TBX15 ,  HOXC13 )—seem to point towards peripheral 
mechanisms. 

 These enrichment patterns, when compared with those seen for BMI, seem con-
sistent with the hypothesis that overall obesity is primarily defi ned by variation at 
genes involved in central neuroendocrine regulation, whereas fat distribution is 
largely infl uenced by variation at genes, which control peripheral aspects of adipose 
function and development.   

    Challenges for the Present and for the Future 

 Whilst there is no doubt that GWAS studies have accelerated our understanding of 
the genetics and biology of obesity, there remains much to do. At most of the loci 
discovered, we have yet to identify the causal variant (or variants) or to defi ne with 
certainty which regional transcript is responsible for mediating the association 
effect. The accumulation of transethnic association data [ 109 – 111 ] combined with the 
growing use of next-generation sequencing to generate reference sets for imputation 
[ 112 ] and to interrogate phenotypically selected individuals (e.g., the morbidly 
obese) should help to address the former. The latter depends in part on the genera-
tion of improved annotations (particularly those from relevant tissues) that connect 
non-coding variation to transcript regulation, and on the development of appropriate 
functional assays. As always, the ability to refi ne the phenotypic consequences of 
allelic differences at variants of interest in human subjects (for example through 
imaging of fat tissues) will play a crucial role in defi ning a mechanistic understanding 
of these traits. 

    Missing Genetic Variance 

 As we have seen the loci identifi ed by GWAS loci explain a surprisingly small 
proportion of phenotypic variance, far less than appears to be the case for other 
“similar” quantitative traits, such as height and lipids. Approaches that combine 
effects across the entire GWAS dataset, rather than considering only those signals 
reaching genome-wide signifi cance, do a better job of recovering variation (indicat-
ing a long “polygenic” tail of common variant susceptibility) but still leave a sub-
stantial component of estimated heritability unexplained [ 65 ]. To discover further 
genome-wide signifi cant associations to common genetic variants with increasingly 
smaller effects would require even larger studies than to date. The latest wave of 
grand meta-analyses of BMI and BMI-adjusted WHR (involving over 320,000 and 
210,000 European samples respectively), currently underway, promise to reveal 
some of these common variant signals, as do the studies emerging from analyses in 
a variety of non-European samples. 
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 It has been suggested that rare (MAF < 1 %) or low frequency (MAF 1–5 %) 
variants beyond the range of the historical GWAS approach, may contribute to this 
missing genetic variance [ 24 ,  64 ,  113 ,  114 ]. The rapidly decreasing cost and increas-
ing accuracy of next-generation sequencing are bringing variants in this class under 
the microscope for the fi rst time [ 115 ]. 

 It is clear that individual risk of obesity refl ects the integration of genetic and 
non-genetic factors including variation in food availability and extent of physical 
exercise [ 116 ]. Indeed, these may directly interact such that variant effects are mod-
ulated by these lifestyle factors: under some circumstances these interactions may 
contribute to the missing “genetic” variance [ 67 ]. The detection of such interactions 
at the genome scale requires massive sample sizes, unless the interaction terms are 
substantial. Nevertheless, there are several examples now emerging of interaction 
effects at obesity loci: these include an interaction between  FTO  and exercise [ 117 ] as 
well as sex-specifi c effects reported for WHR [ 56 ,  98 ] and visceral adiposity [ 60 ].  

    Risk Prediction, Intervention and Medication 

 One might hope that improved knowledge about the genetics of obesity would help 
to generate predictive models. These might be used to identify individuals at highest 
future risk of obesity who could be targeted for early intervention, and/or defi ne 
genetic markers related to treatment outcome that can be used to guide therapeutic 
choices. However, the common variants so far identifi ed by GWAS have too weak 
an effect, even in combination, to have value in this respect. Indeed, genetic risk 
factors are currently outperformed by traditional risk factors [ 118 ] including present 
BMI (a good predictor of future obesity risk [ 119 ]). 

 Instead, the most valuable translational benefi ts are likely to accrue from the 
biological knowledge, which grows from the genetics. Currently, there are few 
effective pharmaceutical treatments for obesity, and the most successful clinical 
intervention requires radical (bariatric) surgery. The clinical burden of obesity 
urgently requires the identifi cation of novel validated therapeutic targets based 
around a better understanding of underlying mechanisms. The wider behavioral 
effects of drugs acting on central processes such as appetite may continue to prove 
problematic in this respect and efforts to target peripheral mechanisms of fat distri-
bution, and thereby ameliorate the adverse metabolic consequences of obesity may 
prove more productive.      
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    Abstract     Obesity is becoming an increasingly serious health concern, given its 
associated health risks and the growing number of people affected. Understanding 
the genetic factors underlying body weight regulation and obesity susceptibility has 
thus become an issue of paramount importance. Obesity has a high estimated heri-
tability, yet much of this remains unexplained. Copy number variants (CNVs) rep-
resent a relatively understudied class of genetic variants which may account for 
some of this unexplained heritability. This chapter explores how copy number varia-
tion contributes to body weight regulation and obesity susceptibility. 

 Common CNVs associated with body mass index (BMI) and obesity have 
recently been identifi ed, including variants on chromosomes 1p31.3, 8p21.2, 
10q11.22, 11q11, and 16p12.3 at the  NEGR1 ,  DOCK5 ,  PPYR1 ,  OR4P4 ,  OR4S2 , 
and  OR4C6 , and  GPRC5B  loci. A number of rare CNVs have also recently been 
associated with extreme forms of obesity, including two on chromosome 16p11.2, 
consisting of a 593 kb deletion whose reciprocal duplication has been associated 
with increased risk of underweight, as well as a 220 kb deletion encompassing the 
 SH2B1  gene, which has been associated with overweight and obesity. Several studies 
have also reported enrichment in the global burden of large, rare CNVs among obese 
subjects, as well as the presence of several rare CNVs uniquely among obese cases. 

 In the case of large CNVs encompassing multiple genes, functional studies will 
be required to establish which gene or genes within each CNV are causative for the 
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observed phenotype. Improved methodologies, both laboratory and statistical, are 
also required to enable systematic investigation of complex structural variants such 
as VNTRs and multi-allelic loci. While developments in this fi eld are promising, 
analysis of CNVs, both common and rare, has proven challenging, and reported 
associations require extensive follow-up in large replication samples in order to 
confi rm their role in obesity susceptibility. It is hoped that such in-depth investiga-
tions will provide increased understanding of the role of CNVs in body weight regu-
lation and risk of obesity.  

        Introduction 

 The study of the genetic factors underlying obesity susceptibility is a subject which 
has captured the attention of many within the scientifi c community, particularly due 
to the serious health risks faced by affected individuals, and the increased risk of 
obesity in their relatives. This chapter explores the contribution of copy number 
variants (CNVs) to body weight regulation and risk of obesity.  

    The Missing Heritability of Obesity 

 The current obesogenic environment, characterized by an increased consumption 
of widely available calorie-dense foods among many other factors, has no doubt 
driven the recent rise in obesity rates [ 1 ]. A question of extreme interest in the study 
of obesity, however, is why individual risk of obesity differs even between subjects 
exposed to the same environmental risk factors [ 1 ]. The answer to this question lies in 
the fact that obesity is a complex disease arising from a complex interplay of envi-
ronmental risk factors, affecting all individuals within any given population, and 
individual genetic predisposition, which renders certain individuals more susceptible 
to obesity in the face of these environmental risk factors [ 1 ]. 

 Despite this complex interaction, numerous studies have shown obesity to be a 
highly heritable trait. Several twin, adoption, and family studies examining the 
heritability of adiposity have reported heritability estimates for obesity ranging from 
approximately 40–70 %, with increased concordance levels between monozygotic 
twins, even those reared apart, compared to dizygotic twins [ 2 – 7 ]. 

 Conversely, genetic variants associated with adiposity and obesity identifi ed to 
date explain only approximately 2–4 % of the heritability of these traits [ 8 ,  9 ], 
with the vast majority of studies having focussed on the analysis of common single 
nucleotide polymorphisms (SNPs). This discrepancy between the estimated herita-
bility of corpulence and the proportion of which has been explained to date has 
raised the important question of whether the heritability of obesity has been overes-
timated, or whether this “missing heritability” [ 10 ] could in fact be accounted for by 
forms of genetic variation not captured by genome-wide association studies (GWAS) 
of common SNP variants. One such class of variants that have received increased 
attention in recent years are CNVs.  
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    Introduction to Copy Number Variation 

 A CNV is defi ned as a segment of DNA differing in the number of diploid copies 
carried by individuals within the population [ 11 – 14 ]. CNVs include simple bi- 
allelic deletions and duplications, as well as more complex, multi-allelic variants 
showing highly polymorphic patterns of copy number distribution at the population 
level (Fig.  4.1 ).

   CNV discovery studies to date all concur that CNVs are widespread throughout 
the human genome, and are also observed in phenotypically healthy individuals 
[ 11 – 16 ]. While precise estimates of CNV frequencies and their average size have 
differed between studies, in the highest resolution genome-wide CNV discovery 
study carried out to date [ 14 ], a total of 8,599 CNVs above 443 bp, covering approx-
imately 3.7 % of the genome, were independently validated, with a median CNV 
size of 2.7 kb and a median of 1,117 and 1,488 CNVs in European (CEU) and 
Yoruban African (YRI) subjects, respectively [ 14 ]. Of the approximately 5,000 vali-
dated CNVs which were subject to further investigation, 77 % were deletions, 16 % 
were duplications and 7 % were multi-allelic variants, although it is essential to 
consider that these frequencies may also be infl uenced in part by the respective ease 
of detection of these three forms of structural variation [ 14 ]. 

 As shown in Fig.  4.2 , CNVs were found to overlap 13.4 % of RefSeq genes, with 
a smaller proportion of deletions than duplications and multi-allelic variants over-
lapping genes [ 14 ]. CNVs were detected genome-wide, with CNVs shown to result 
in loss of function mutations at over 260 genes [ 14 ]. Any two subjects were found 
to differ in copy number at an average of approximately 0.78 % of the genome, 
affecting structure of approximately 2.7 % of gene transcripts [ 14 ]. Multiple studies 
have concurred that common bi-allelic CNVs are well-tagged by surrounding SNPs 
[ 13 ,  14 ,  17 ], while signifi cantly less linkage disequilibrium has been detected 
between duplications and multi-allelic variants and their surrounding SNPs [ 14 ,  17 ]. 
In addition to tandem duplications, numerous dispersed duplications have also been 
detected, indicating that this may be an overlooked class of CNV [ 14 ] (Fig.  4.3 ).

    Population genetic analyses of genomic structural variation thus suggest that 
CNVs are widely distributed in the human genome, with the majority of CNVs 
being of small size, with signifi cant overlap between CNVs detected in different 
subjects [ 11 – 16 ]. Furthermore, CNV hotspots prone to recurrent recombination 

  Fig. 4.1    Copy number variant (CNV) classes. CNVs may consist of simple deletions or duplications, 
or more complex rearrangements such as multi-allelic CNVs, where several allelic confi gurations 
exist for the same locus, varying in the number of copies of the duplicated region       
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exist in the genome, particularly in the vicinity of segmental duplications [ 18 ] and 
sequence motifs such as  Alu  repeats [ 14 ,  19 ,  20 ]. In addition to common CNVs with 
identical breakpoints shared by multiple individuals, a multitude of rare and recur-
rent CNVs exist, a higher proportion of which overlap genes than do common struc-
tural variants, and might thus contribute signifi cantly to interindividual phenotypic 
differences [ 14 ]. Similarly, a higher degree of overlap exists between genes and 

  Fig. 4.2       Functional impact of CNVs in the genome. ( a ) Overall functional consequences of 
CNVs, stratifi ed by level of validation and CNV type. ( b ) Functional impact of CNVs, stratifi ed by 
CNV type, frequency, and sample geographic origin. YRI: Yoruba in Ibadan, Nigeria; CEU: CEPH 
(Utah residents with ancestry from northern and western Europe); ASN: Japanese in Tokyo, 
Japan + Han Chinese in Beijing, China. Figure reproduced with permission from Conrad et al. 
(2010) [ 14 ]       
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complex structural variants such as multi-allelic CNVs and VNTRs, implicating 
these complex and understudied variants in phenotypic variability and disease 
susceptibility [ 14 ]. 

 CNVs may infl uence gene expression levels either directly or indirectly through 
a number of different mechanisms, including deletion or duplication of entire genes, 
gene-disrupting CNVs, or through long-range effects mediated through disruption 
or insertion of regulatory elements such as enhancers or repressors [ 21 ,  22 ]. In the 
case of multi-allelic CNVs encompassing dosage sensitive genes, expression levels 

  Fig. 4.3    Circular plot of genome-wide CNV distribution reported by    Conrad and colleagues [ 14 ]. 
The concentric circles depict, from inside to outside, stacked histograms of the numbers of dele-
tions, duplication, and multi-allelic CNVs in  red ,  green , and  blue , respectively, the number of 
CNVs by mechanism of formation (NAHR, VNTR, and other shown in  blue ,  red , and  grey , respec-
tively), and the degree of population differentiation between the Yoruban and European study 
samples of detected CNVs in the outermost circle, with the innermost circle depicting the origin 
and new location of dispersed duplications in the genome. Figure reproduced with permission 
from Conrad et al. (2010) [ 14 ]       
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may be directly correlated with gene copy number [ 22 ] (Fig.  4.4 ). The phenotypic 
effects of CNVs and their potential contribution to disease susceptibility have thus 
become a topic of considerable interest.

       Copy Number Variation in Adiposity and Obesity 
Susceptibility 

    The Contribution of Common Copy Number Variants to Body 
Weight Regulation 

 Given the previously noted potential functional infl uences of CNVs, a natural pro-
gression from CNV discovery studies was the investigation of their potential contri-
bution to human disease susceptibility and the so-called “missing heritability” [ 10 ] 
of common diseases. 

 A large number of SNP association analyses have been conducted to date in both 
case–control samples and population cohorts for numerous common diseases [ 23 ], 
and the development of CNV prediction algorithms has enabled CNV prediction 
using these genome-wide SNP array data [ 24 – 27 ]. This has permitted the reuse of 
these data for CNV association studies. Similar to SNP GWAS, genome-wide CNV 
association studies have often focussed on common CNVs, usually defi ned as those 
having a population frequency above 5 %, with several associations between com-
mon CNVs and complex diseases, including obesity, having been reported in recent 
years. 

 Marginal association of a common CNV on chr10q11.22 encompassing the pan-
creatic polypeptide receptor 1 ( PPYR1 ) gene with BMI has been reported in a Chinese 
population sample, with low copy number associated with increased BMI [ 28 ]. 
 PPYR1  ligands have previously been linked to the regulation of food intake in both 
human and animal studies [ 29 – 31 ], lending support to a potential role for CNVs 
encompassing this gene in body weight regulation. Furthermore, a common CNV at 
11q11 encompassing the olfactory receptor genes  OR4P4 ,  OR4S2 , and  OR4C6  has 
also been reported to show association with early-onset extreme obesity [ 32 ]. 

 As well as CNVs consisting of di-allelic variants, more complex structurally 
variable regions may also contribute to increased risk of disorders such as obesity [ 33 ]. 
We have recently shown a complex copy number variable region on chromosome 

  Fig. 4.4    Dosage-sensitive genes. Dosage-sensitive genes are those at which changes in gene copy 
number result in changes in the quantity of mRNA produced       
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8p21.2 to be signifi cantly associated with susceptibility to severe obesity [ 33 ]. 
The region encompasses two variable number tandem repeats (VNTRs) fl anking a 
3,975 bp common deletion. Two of these three variants are located within the dedi-
cator of cytokinesis gene ( DOCK5 ), and all three structural variants were shown to 
be signifi cantly associated with  DOCK5  gene expression levels [ 33 ]. The  DOCK5  
gene is a member of the DOCK family of guanine nucleotide exchange factors 
(GEFs) [ 34 ], which are thought to be involved in a variety of cellular functions such 
as growth, differentiation, regulation of the actin cytoskeleton, vesicle transport, 
cell signalling, cell movement, phagocytosis, and apoptosis [ 35 ] through their role 
in the activation of members of the Rho/Rac-family GTPases [ 34 ]. Further investi-
gation is required in order to establish the precise mechanism by which CNVs 
within the  DOCK5  region contribute to obesity susceptibility. 

 In addition to studies directly measuring copy number, some studies have also 
identifi ed common CNVs potentially contributing to disease susceptibility through 
linkage disequilibrium with nearby SNPs. Using this approach, two common CNVs, 
one upstream of  NEGR1  and another near  GPRC5B , have been linked to body 
weight through association of tagging SNPs with BMI in two large meta-analyses 
[ 8 ,  36 ]. Although the effect sizes observed at each of these loci were small, given 
the LD between these structural variants and their tagging SNPs, it has been sug-
gested that these variants could potentially be causal variants [ 8 ,  36 ]. 

 In spite of these reports, the role of common CNVs in disease susceptibility 
remains an issue of contention, with little replication of reported associations. 
A large study conducted by the Wellcome Trust Case Control Consortium (WTCCC) 
reported association of common CNVs at  IRGM  and  TSPAN8  with Crohn’s disease 
and type 2 diabetes, respectively, as well as association of copy number at the HLA 
locus with each of Crohn’s disease, rheumatoid arthritis, and type 1 diabetes [ 37 ]. 
However, apart from these reported hits, the authors found little evidence of associa-
tion between common CNVs included in their analyses and any of the eight com-
plex diseases in their study. The authors did however highlight the complexity of 
CNV prediction and association studies, reporting the confounding effects of several 
sources of systematic bias such as DNA source and quality, as well as batch effects, 
on CNV analyses [ 37 ]. Moreover, the authors also acknowledged that due to the 
extensive challenges in assaying more complex structural variants such as multi- 
allelic CNVs and VNTRs, their study was largely limited to common bi-allelic 
CNVs [ 37 ]. These observations highlight the need for additional investigation of the 
role of CNVs in complex disease susceptibility, focussing in particular on complex 
structural variants.  

    The Role of Rare Genomic Structural Variants 
in Adiposity and Risk of Obesity 

 Given the large proportion of the estimated heritability of obesity which remains 
unexplained, it has been suggested that some of this “missing heritability” [ 10 ] may 
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be accounted for by the collective effect of a large number of individually rare variants, 
each of large effect size [ 38 ]. Consistent with what has been observed in the case 
of SNPs, an increasing body of evidence is supporting the potential contribution of 
rare CNVs to susceptibility to complex diseases such as obesity, which will be the 
focus of this section. 

 Rare CNVs are generally defi ned as those with frequencies below 1 % in the 
general population [ 39 ,  40 ]. The rarity of these CNVs generally means that they are 
not well-tagged by surrounding common SNPs genotyped on GWAS panels. Given 
the inherent diffi culties in accurately genotyping CNVs, analysis of rare CNVs has 
also principally focussed on variants of large size, often above 200–500 kb [ 39 ,  40 ]. 
Several large, rare CNVs have thus been reported to show association with body 
weight and risk of obesity. 

    Structural Variants Within the 16p11.2 Region 

 Several CNVs have been identifi ed within the 16p11.2 region, with CNVs at two 
loci in this region showing association with either underweight, or increased risk of 
overweight or obesity [ 38 ,  39 ,  41 ,  42 ].   

    Copy Number Variation at the Proximal 16p11.2 Locus 

 In 2010, we reported association of a heterozygous deletion on chromosome 
16p11.2 (chr16: 29,514,353–30,107,356) with highly increased risk of obesity [ 38 ]. 
The deletion encompasses 593 kb of unique sequence and contains 29 genes 
(Fig.  4.5 ), including multiple candidates for the obesity phenotype. The presence of 
two segmental duplications with high sequence similarity renders this locus prone 
to de novo structural rearrangements (Fig.  4.5 ), resulting in the occurrence of both 
deletions and duplications of the intervening DNA sequence [ 38 ].

  Fig. 4.5    UCSC genome browser view of the proximal 16p11.2 CNV region. The presence of two 
segmental duplications with high sequence similarity (depicted in  red ) results in the recurrent 
occurrence of deletions and duplications of the intervening 593 kb segment of unique DNA 
sequence in this region. Plot generated using the UCSC genome browser [ 56 ]       
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   This deletion was initially identifi ed in our study at a frequency of approximately 
2.9 % in a study sample of patients suffering from obesity-plus syndromes, whereby 
patients presented with obesity coupled with additional clinical features such as 
developmental delay and/or congenital abnormalities [ 38 ]. Further investigation 
revealed an additional 22 deletion carriers among subjects referred to clinical 
services for cognitive impairment, and 19 subjects among obesity case–control and 
population GWAS samples [ 38 ]. This variant was also reported concurrently in a 
study by Bochukova et al. [ 39 ]. 

 Deletions at this locus resulted in a 30-fold increase in risk of obesity and 43-fold 
increased risk of morbid obesity, and were identifi ed in 0.7 % of morbidly obese 
subjects included in our analysis [ 38 ]. The obesity phenotype observed among 
deletion carriers was frequently coupled with hyperphagia, suggesting it to be of 
potentially neurological origin. While no gender bias was detected in our analysis, 
an age-dependent effect for this CNV was observed, where penetrance of the 
obesity phenotype in deletion carriers was positively correlated with subject age [ 38 ]. 
A 0.4–0.7-fold reduction in gene expression levels was also observed for transcripts 
of genes located within the deleted segment, suggesting that haploinsuffi ciency for 
one or more of these genes may be causative for the obesity phenotype observed in 
deletion carriers [ 38 ]. In addition to increased risk of obesity, the deletion was also 
associated with increased head circumference [ 38 ]. 

 A recent study also confi rmed the association of this deletion with macrocephaly, 
but also reported signifi cantly reduced cognitive functioning and an increased fre-
quency of gross motor delay among deletion carriers [ 43 ]. Psychiatric comorbidities 
were reported in greater than 80 % of deletion carriers, while penetrance of obesity 
was over 70 % of carriers of the deletion in this study sample [ 43 ]. 

 Apart from its association with obesity, copy number variation at this 16p11.2 
locus has previously been associated with neurodevelopmental and psychiatric con-
ditions, implicating this locus in a number of phenotypes. Both microdeletions and 
microduplications of the same locus at 29.5 Mb in the 16p11.2 region were shown to 
be associated with increased risk of autism spectrum disorders (ASD), accounting 
for approximately 1 % of ASD cases in one study [ 44 ]. On the other hand, duplica-
tions, but not deletions, at this locus were also linked to increased susceptibility to 
schizophrenia, with duplication carriers showing a 14.5-fold increased risk of 
schizophrenia [ 45 ]. These fi ndings have since been replicated in a number of studies 
[ 46 – 48 ], confi rming the contribution of these loci to increased risk of these disor-
ders, and raising the interesting question of the interrelationship between the obesity 
and neurodevelopmental and psychiatric phenotypes associated with copy number 
variation at this locus. 

 A retrospective analysis of 16p11.2 deletions in a clinical sample of approxi-
mately 7,000 subjects—the majority of whom had presented with phenotypes such 
as developmental delay, autism spectrum disorder (ASD) or dysmorphism—identi-
fi ed 28 deletion carriers among this sample [ 49 ]. The age-dependence and juvenile 
onset of the obesity phenotype was confi rmed, with obesity generally developing 
within the fi rst decade of life. Furthermore, a gender-dependence for the 16p11.2 
was reported, with male deletion carriers exhibiting a more severe phenotype than 
female carriers [ 49 ]. The incidence of obesity among deletion carriers diagnosed 
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with ASD was also noted to be higher than among autistic subjects not carrying the 
deletion, providing further support for the independent association between dele-
tions at this locus and increased risk of obesity [ 49 ]. 

 In a second study in 2011, we investigated the impact of the reciprocal 16p11.2 
duplication on body mass and head circumference [ 41 ]. In a fascinating example of 
a mirror effect of gene dosage at this locus on phenotype, the reciprocal 16p11.2 
duplication was associated with strongly increased risk of being underweight, with 
carriers of this duplication showed signifi cantly reduced postnatal weight and BMI 
compared to non-duplication carriers [ 41 ]. For the purpose of this study, under-
weight was defi ned as a BMI ≤ 18.5 kg/m 2  in adults and BMI z-score ≤ 2 standard 
deviations from the mean for age and sex in children [ 41 ]. Underweight can have 
serious health repercussions, and is frequently associated with failure to thrive dur-
ing childhood, eating and feeding disorders, as well as anorexia nervosa. Despite the 
potentially serious nature of this condition, little is known of the factors underlying 
its genetic susceptibility [ 50 ]. In this analysis, 50 % of the male duplication carriers 
under the age of 5 were diagnosed with a failure to thrive, while adult carriers of this 
duplication showed an 8.3-fold increased risk of being clinically underweight [ 41 ]. 
A gender effect was also observed, with males showing a trend towards increased 
severity. In addition to its observed effect on weight, the duplication was also asso-
ciated with an increased frequency of restrictive and selective eating behaviors, mir-
roring the hyperphagic phenotype observed in carriers of the reciprocal deletion 
[ 41 ]. Similarly, duplication carriers were noted to show signifi cant reduction in head 
circumference, which mirrored the macrocephaly associated with the reciprocal 
deletion [ 38 ]. 

 The 16p11.2 duplication was also observed at a higher frequency among medi-
cally ascertained patients, recruited on the basis of developmental and cognitive 
delay or psychiatric phenotypes, than in non-medically ascertained population 
cohorts in this study, supporting the previously reported association of this duplica-
tion with cognitive, neurodevelopmental, and psychiatric phenotypes [ 44 ,  45 ].  

    A 220 kb Deletion on Chromosome 16p11.2 Encompassing 
the SH2B1 Gene 

 In addition to the previously described proximal 16p11.2 deletion and duplication 
shown to be associated with body weight regulation, additional CNVs within the 
16p11.2 region have also been associated with obesity susceptibility. 

 A 220 kb deletion in this region encompassing nine genes, including the SH2B 
adaptor protein 1 ( SH2B1 ) gene, has been reported to be associated with severe, 
hyperphagic, early-onset obesity [ 39 ]. Although carriers of this deletion have been 
reported to exhibit elevated fasting plasma insulin levels, confl icting observations 
have also been reported [ 39 ,  51 ]. 

 SH2B1 is known to enhance leptin and insulin signalling, and animal studies 
have shown mice harboring homozygous null mutations in the  SH2B1  gene to 
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exhibit signs of metabolic syndrome, with a phenotype including obesity, hyperphagia 
and insulin resistance [ 52 ]. SNPs within  SH2B1  have also shown association with 
BMI in several meta-analyses [ 8 ,  36 ,  53 ], making it a strong candidate for the 
obesity phenotype observed in carriers of this 220 kb deletion. Figure  4.6  depicts 
association results for SNPs within the 16p11.2 region from a recent BMI meta- 
analysis, as well as the positions and gene content of both CNVs within the 16p11.2 
region described in this chapter.

   In addition to its association with severe obesity, this deletion encompassing 
 SH2B1  has also been linked to developmental delay. In an analysis of a clinical 
sample of approximately 23,000 patients referred for array comparative genome 
hybridization (aCGH) for phenotypic abnormalities including developmental delay 
and cognitive defi cits, this medically ascertained sample was found to be enriched for 
this deletion, and assessment of additional anthropometric data available for a subset 
of the deletion carriers supported its association with early-onset obesity [ 42 ]. 

    Global Burden of Rare Copy Number Variants in Obesity 

 In addition to the analysis of individual CNVs and their contribution to obesity 
susceptibility, another area of particular interest is whether the global burden of 
large, rare CNVs may be higher among subjects suffering from obesity. This is 
assessed by comparing the total number of rare CNVs above a defi ned size threshold 
observed in obese cases versus normal-weight control subjects. 

  Fig. 4.6    The chromosome 16p11.2 region. ( a ) Association results for SNPs in the 16p11.2 region 
with BMI in a recent meta-analysis carried out by the GIANT consortium [ 8 ] Chromosome 16 
genomic coordinates are plotted on the  x  axis, with minus log 10 ( P -value) plotted on the  y  axis. An 
association peak can be seen at approximately 28.8 Mb. Plot generated using LocusZoom [ 57 ]. 
( b ) The positions of two genomic structural variants associated with adiposity levels are depicted. 
A 220 kb deletion at chr16: 28.73–28.95 Mb and a 593 kb deletion at chr16: 29.51–30.11 Mb have 
been associated with obesity [ 38 ,  39 ] while a duplication of the latter 593 kb of unique sequence 
has also been associated with risk of being underweight [ 41 ]. The genes falling within each of the 
two CNVs are also shown.  CNV  copy number variant,  GIANT  Genetic Investigation of 
ANthropometric Traits,  SNP  single nucleotide polymorphism. First published in  Nature Reviews 
Endocrinology , 2013, doi:   10.1038/nrendo.2013.57     by Nature Publishing Group       
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 Large, rare deletions have been reported to be enriched among obese cases 
compared to normal-weight controls in case–control analyses of global CNV burden 
[ 39 ,  40 ]. In these analyses, large CNVs were found to be overrepresented among 
obese cases, with this enrichment driven largely by deletions [ 39 ,  40 ]. Furthermore, 
a larger effect was observed when the analysis was limited to those CNVs which 
disrupt genes [ 40 ], highlighting the potential signifi cance of genes located within 
these variants to obesity susceptibility.  

    Rare CNVs Present Exclusively in Cases 

 Another method of identifying CNVs which might be relevant to obesity suscepti-
bility is to identify CNVs observed exclusively in obese cases and not in normal- 
weight controls. One study identifi ed 17 CNVs present exclusively in three or more 
Caucasian obese subjects, eight of which were also observed only among African 
American obese subjects and no normal-weight controls [ 54 ]. Their presence solely 
in obese cases might suggest a potential role for these variants in obesity suscepti-
bility, and replication of these observations in study samples of different ethnicities 
provides further support for their relevance to the pathogenesis of obesity [ 54 ]. 

 While several studies have provided intriguing evidence for the involvement of 
rare CNVs on obesity susceptibility, it is essential to note that in the analysis of rare 
variants, wider replication in larger study samples will be necessary to fi rmly estab-
lish their contribution to disorders such as obesity.    

    From Genetic Variants to Their Physiological Impact: The 
Importance of Follow-up Studies in CNV Analyses 

 The identifi cation of structural variants, both common and rare, associated with 
obesity susceptibility is providing insight into its pathogenetic origins and helping 
explain some of the missing heritability of this disorder. However, similar to what is 
observed in the case of common SNPs, there is often diffi culty in translating these 
genetic fi ndings into clear understanding of the underlying biological pathways and 
mechanisms responsible for this disease. In the case of CNVs, this problem is com-
pounded by the fact that CNVs are often large and may encompass several genes, 
making it diffi cult to decipher which gene or genes are responsible for the phenotypic 
effects observed. Furthermore, CNVs may also have long-range effects, with variants 
shown to infl uence expression levels of genes up to several megabases away. 

 For this reason, it is important to follow up genetic associations with functional 
studies which attempt to understand how specifi c variants affect phenotype. As pre-
viously discussed, deletion and duplication of a 593 kb region on chromosome 
16p11.2 has been associated with a mirror effect on various phenotypes, one of 
which is head circumference. Duplication of this region has been associated with 
microcephaly [ 41 ], while the reciprocal deletion has been associated with increased 
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head circumference. Through systematic over-expression and knockdown of each 
of the orthologous genes within the CNV region in zebrafi sh, the gene responsible 
for the variation in head circumference associated with copy number in this region 
was shown to be the potassium channel tetramerization domain containing 13 
( KCTD13 ) gene [ 55 ]. Further studies of this type should be undertaken to identify 
the causal gene or genes for the obesity phenotype associated with the proximal 
16p11.2 CNV. Similarly, functional exploration of other CNVs reported to be asso-
ciated with obesity susceptibility would help in better delineating their physiologi-
cal effects and in identifying the causative genes located within them.  

    Future Directions in the Study of CNVs in Obesity 

 The contribution of CNVs—both common and rare—to obesity susceptibility is 
becoming increasingly recognized, with progressively more reports of CNVs asso-
ciated with adiposity levels. However, in spite of this mounting body of evidence, 
our understanding of the contribution of structural variants to complex diseases 
such as obesity remains rudimentary, particularly in the case of rare CNVs. 

 Extensive replication studies including larger numbers of subjects are now 
required in order to study reported structural variants more comprehensively, verify 
their reported associations with obesity susceptibility and provide better estimates 
of their effect sizes. As previously discussed, functional studies will also be neces-
sary to uncover the underlying mechanisms by which such variants may contribute 
to body weight regulation. 

 Furthermore, novel methodologies, both technical and statistical, will be required 
to enable more systematic investigation of complex CNVs such as multi-allelic 
CNVs. It is hoped that such further in-depth analyses of structural variation may 
improve our understanding of the genetics factors underlying susceptibility to 
complex diseases such as obesity.     

   References 

      1.    Friedman JM (2003) A war on obesity, not the obese. Science 299(5608):856–858  
    2.    Stunkard AJ, Foch TT, Hrubec Z (1986) A twin study of human obesity. JAMA 256(1):51–54  
   3.    Stunkard AJ, Harris JR, Pedersen NL, McClearn GE (1990) The body-mass index of twins 

who have been reared apart. N Engl J Med 322(21):1483–1487  
   4.    Stunkard AJ, Sorensen TI, Hanis C, Teasdale TW, Chakraborty R, Schull WJ et al (1986) An 

adoption study of human obesity. N Engl J Med 314(4):193–198  
   5.    Turula M, Kaprio J, Rissanen A, Koskenvuo M (1990) Body weight in the Finnish Twin 

Cohort. Diabetes Res Clin Pract 10(Suppl 1):S33–S36  
   6.    Maes HH, Neale MC, Eaves LJ (1997) Genetic and environmental factors in relative body 

weight and human adiposity. Behav Genet 27(4):325–351  
    7.    Wardle J, Carnell S, Haworth CM, Plomin R (2008) Evidence for a strong genetic infl uence 

on childhood adiposity despite the force of the obesogenic environment. Am J Clin Nutr 
87(2):398–404  

4 Copy Number Variants and Their Contribution to the Risk of Obesity



68

        8.    Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU et al (2010) 
Association analyses of 249,796 individuals reveal 18 new loci associated with body mass 
index. Nat Genet 42(11):937–948  

    9.    Day FR, Loos RJ (2011) Developments in obesity genetics in the era of genome-wide associa-
tion studies. J Nutrigenet Nutrigenomics 4(4):222–238  

      10.    Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ et al (2009) Finding 
the missing heritability of complex diseases. Nature 461(7265):747–753  

      11.    de Smith AJ, Tsalenko A, Sampas N, Scheffer A, Yamada NA, Tsang P et al (2007) Array 
CGH analysis of copy number variation identifi es 1284 new genes variant in healthy white 
males: implications for association studies of complex diseases. Hum Mol Genet 16(23):
2783–2794  

   12.    Korbel JO, Urban AE, Affourtit JP, Godwin B, Grubert F, Simons JF et al (2007) Paired-end 
mapping reveals extensive structural variation in the human genome. Science 318(5849):
420–426  

     13.    Redon R, Ishikawa S, Fitch KR, Feuk L, Perry GH, Andrews TD et al (2006) Global variation 
in copy number in the human genome. Nature 444(7118):444–454  

                  14.    Conrad DF, Pinto D, Redon R, Feuk L, Gokcumen O, Zhang Y et al (2010) Origins and func-
tional impact of copy number variation in the human genome. Nature 464(7289):704–712  

   15.    Sebat J, Lakshmi B, Troge J, Alexander J, Young J, Lundin P et al (2004) Large-scale copy 
number polymorphism in the human genome. Science 305(5683):525–528  

     16.    Iafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, Qi Y et al (2004) Detection of 
large-scale variation in the human genome. Nat Genet 36(9):949–951  

     17.    Locke DP, Sharp AJ, McCarroll SA, McGrath SD, Newman TL, Cheng Z et al (2006) Linkage 
disequilibrium and heritability of copy-number polymorphisms within duplicated regions of 
the human genome. Am J Hum Genet 79(2):275–290  

    18.    Sharp AJ, Locke DP, McGrath SD, Cheng Z, Bailey JA, Vallente RU et al (2005) Segmental 
duplications and copy-number variation in the human genome. Am J Hum Genet 77(1):
78–88  

    19.    de Smith AJ, Walters RG, Coin LJ, Steinfeld I, Yakhini Z, Sladek R et al (2008) Small deletion 
variants have stable breakpoints commonly associated with alu elements. PLoS One 3(8):e3104  

    20.    Conrad DF, Bird C, Blackburne B, Lindsay S, Mamanova L, Lee C et al (2010) Mutation spec-
trum revealed by breakpoint sequencing of human germline CNVs. Nat Genet 42(5):385–391  

    21.    Stranger BE, Forrest MS, Dunning M, Ingle CE, Beazley C, Thorne N et al (2007) Relative 
impact of nucleotide and copy number variation on gene expression phenotypes. Science 
315(5813):848–853  

     22.    Pollex RL, Hegele RA (2007) Copy number variation in the human genome and its  implications 
for cardiovascular disease. Circulation 115(24):3130–3138  

    23.   Hindorff LA, MacArthur J (European Bioinformatics Institute), Wise A, Junkins HA, Hall PN, 
Klemm AK, Manolio TA. A Catalog of Published Genome-Wide Association Studies. 
Available at   www.genome.gov/gwastudies    . Accessed 11 Jun 2012  

    24.    Coin LJ, Asher JE, Walters RG, Moustafa JS, de Smith AJ, Sladek R et al (2010) cnvHap: an 
integrative population and haplotype-based multiplatform model of SNPs and CNVs. Nat 
Methods 7(7):541–546  

   25.    Wang K, Li M, Hadley D, Liu R, Glessner J, Grant SF et al (2007) PennCNV: an integrated 
hidden Markov model designed for high-resolution copy number variation detection in whole- 
genome SNP genotyping data. Genome Res 17(11):1665–1674  

   26.    Colella S, Yau C, Taylor JM, Mirza G, Butler H, Clouston P et al (2007) QuantiSNP: an 
Objective Bayes Hidden-Markov Model to detect and accurately map copy number variation 
using SNP genotyping data. Nucleic Acids Res 35(6):2013–2025  

    27.    Peiffer DA, Le JM, Steemers FJ, Chang W, Jenniges T, Garcia F et al (2006) High-resolution 
genomic profi ling of chromosomal aberrations using Infi nium whole-genome genotyping. 
Genome Res 16(9):1136–1148  

    28.    Sha BY, Yang TL, Zhao LJ, Chen XD, Guo Y, Chen Y et al (2009) Genome-wide association 
study suggested copy number variation may be associated with body mass index in the Chinese 
population. J Hum Genet 54:199–202  

J.S.El-Sayed Moustafa and P. Froguel

http://www.genome.gov/gwastudies


69

    29.    Batterham RL, Le Roux CW, Cohen MA, Park AJ, Ellis SM, Patterson M et al (2003) 
Pancreatic polypeptide reduces appetite and food intake in humans. J Clin Endocrinol Metab 
88(8):3989–3992  

   30.    Schmidt PT, Naslund E, Gryback P, Jacobsson H, Holst JJ, Hilsted L et al (2005) A role for 
pancreatic polypeptide in the regulation of gastric emptying and short-term metabolic control. 
J Clin Endocrinol Metab 90(9):5241–5246  

    31.    Kamiji MM, Inui A (2007) Neuropeptide y receptor selective ligands in the treatment of obesity. 
Endocr Rev 28(6):664–684  

    32.    Jarick I, Vogel CI, Scherag S, Schafer H, Hebebrand J, Hinney A et al (2011) Novel common 
copy number variation for early onset extreme obesity on chromosome 11q11 identifi ed by a 
genome-wide analysis. Hum Mol Genet 20(4):840–852  

      33.    El-Sayed Moustafa JS, Eleftherohorinou H, de Smith AJ, Andersson-Assarsson JC, Couto 
Alves A, Hadjigeorgiou E et al (2012) Novel association approach for variable number tandem 
repeats (VNTRs) identifi es DOCK5 as a susceptibility gene for severe obesity. Hum Mol 
Genet 21(16):3727–3738  

     34.    Cote JF, Vuori K (2002) Identifi cation of an evolutionarily conserved superfamily of 
DOCK180-related proteins with guanine nucleotide exchange activity. J Cell Sci 115(Pt 
24):4901–4913  

    35.    Bustelo XR, Sauzeau V, Berenjeno IM (2007) GTP-binding proteins of the Rho/Rac family: 
regulation, effectors and functions in vivo. Bioessays 29(4):356–370  

      36.    Willer CJ, Speliotes EK, Loos RJ, Li S, Lindgren CM, Heid IM et al (2009) Six new loci asso-
ciated with body mass index highlight a neuronal infl uence on body weight regulation. Nat 
Genet 41(1):25–34  

      37.    Craddock N, Hurles ME, Cardin N, Pearson RD, Plagnol V, Robson S et al (2010) Genome- 
wide association study of CNVs in 16,000 cases of eight common diseases and 3,000 shared 
controls. Nature 464(7289):713–720  

               38.    Walters RG, Jacquemont S, Valsesia A, de Smith AJ, Martinet D, Andersson J et al (2010) 
A new highly penetrant form of obesity due to deletions on chromosome 16p11.2. Nature 
463(7281):671–675  

            39.    Bochukova EG, Huang N, Keogh J, Henning E, Purmann C, Blaszczyk K et al (2010) Large, 
rare chromosomal deletions associated with severe early-onset obesity. Nature 463(7281):
666–670  

        40.    Wang K, Li WD, Glessner JT, Grant SF, Hakonarson H, Price RA (2010) Large copy-number 
variations are enriched in cases with moderate to extreme obesity. Diabetes 59(10):
2690–2694  

           41.    Jacquemont S, Reymond A, Zufferey F, Harewood L, Walters RG, Kutalik Z et al (2011) 
Mirror extreme BMI phenotypes associated with gene dosage at the chromosome 16p11.2 
locus. Nature 478(7367):97–102  

     42.    Bachmann-Gagescu R, Mefford HC, Cowan C, Glew GM, Hing AV, Wallace S et al (2010) 
Recurrent 200-kb deletions of 16p11.2 that include the SH2B1 gene are associated with devel-
opmental delay and obesity. Genet Med 12(10):641–647  

     43.    Zufferey F, Sherr EH, Beckmann ND, Hanson E, Maillard AM, Hippolyte L et al (2012) A 600 
kb deletion syndrome at 16p11.2 leads to energy imbalance and neuropsychiatric disorders. 
J Med Genet 49(10):660–668  

     44.    Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, Fossdal R et al (2008) Association 
between microdeletion and microduplication at 16p11.2 and autism. N Engl J Med 
358(7):667–675  

     45.    McCarthy SE, Makarov V, Kirov G, Addington AM, McClellan J, Yoon S et al (2009) 
Microduplications of 16p11.2 are associated with schizophrenia. Nat Genet 41(11):1223–1227  

    46.    Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, Skaug J et al (2008) Structural variation 
of chromosomes in autism spectrum disorder. Am J Hum Genet 82(2):477–488  

   47.    Kumar RA, KaraMohamed S, Sudi J, Conrad DF, Brune C, Badner JA et al (2008) Recurrent 
16p11.2 microdeletions in autism. Hum Mol Genet 17(4):628–638  

    48.    Sebat J, Lakshmi B, Malhotra D, Troge J, Lese-Martin C, Walsh T et al (2007) Strong associa-
tion of de novo copy number mutations with autism. Science 316(5823):445–449  

4 Copy Number Variants and Their Contribution to the Risk of Obesity



70

      49.    Yu Y, Zhu H, Miller DT, Gusella JF, Platt OS, Wu BL et al (2011) Age- and gender-dependent 
obesity in individuals with 16p11.2 deletion. J Genet Genomics 38(9):403–409  

    50.    Bulik CM, Slof-Op’t Landt MC, van Furth EF, Sullivan PF (2007) The genetics of anorexia 
nervosa. Annu Rev Nutr 27:263–275  

    51.    Walters R, Coin LJM, Ruokonen A, de Smith AJ, El-Sayed Moustafa JS, Jacquemont S, Elliott 
P, Esko T, Hartikainen AL, Laitinen J, Männik K, Martinet D, Meyre D, Nauck M, Schurmann 
C, Sladek R, Thorleifsson G, Thorsteinsdóttir U, Valsesia A, Waeber G, Zufferey F, Balkau B, 
Pattou F, Metspalu A, Völzke H, Vollenweider P, Stefansson K, Jarvelin MR, Beckmann JS, 
Froguel P, Blakemore AIF (2013) Rare genomic structural variants in complex disease: lessons 
from the replication of associations with obesity. PLoS One 8:e58048  

    52.    Ren D, Li M, Duan C, Rui L (2005) Identifi cation of SH2-B as a key regulator of leptin sensi-
tivity, energy balance, and body weight in mice. Cell Metab 2(2):95–104  

    53.    Doche ME, Bochukova EG, Su HW, Pearce LR, Keogh JM, Henning E et al (2012) Human 
SH2B1 mutations are associated with maladaptive behaviors and obesity. J Clin Invest 
122(12):4732–4736  

     54.    Glessner JT, Bradfi eld JP, Wang K, Takahashi N, Zhang H, Sleiman PM et al (2010) A genome- 
wide study reveals copy number variants exclusive to childhood obesity cases. Am J Hum 
Genet 87(5):661–666  

    55.    Golzio C, Willer J, Talkowski ME, Oh EC, Taniguchi Y, Jacquemont S et al (2012) KCTD13 
is a major driver of mirrored neuroanatomical phenotypes of the 16p11.2 copy number variant. 
Nature 485(7398):363–367  

    56.    Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM et al (2002) The human 
genome browser at UCSC. Genome Res 12(6):996–1006  

    57.    Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP et al (2010) LocusZoom: 
regional visualization of genome-wide association scan results. Bioinformatics 26(18):
2336–2337     

J.S.El-Sayed Moustafa and P. Froguel



71S.F.A. Grant (ed.), The Genetics of Obesity, DOI 10.1007/978-1-4614-8642-8_5, 
© Springer Science+Business Media New York 2014

    Abstract     Obesity is increasingly becoming a major health issue for both the USA 
and the rest of the world, and presents health care systems with a huge economic 
problem. The rate at which children are becoming obese is dramatically increas-
ingly, particularly since the turn of the twenty-fi rst century. Although environmental 
factors are known to play a key role, childhood obesity is also known to have an 
underlying genetic component contributing to its complex etiology. Elucidating the 
genetic architecture of childhood obesity will not only help prevention and treat-
ment of pediatric cases but also will have fundamental implications for diseases that 
present later on in life. Furthermore, the execution of genome-wide surveys of 
childhood obesity have uncovered novel loci that turned out not to be within the 
detection range in an adult setting as a consequence of environmental factor clouding, 
supporting the notion that the pediatric setting may be optimal for uncovering obe-
sity genes. This new era of genome-wide association studies (GWAS) is delivering 
compelling signals associated with obesity, particularly with peer research groups 
sharing a very strong consensus on what the key loci are that contribute to the patho-
genesis of this trait. Although we suggest that the pediatric setting can be harnessed 
for obesity gene discovery, the fact is that most BMI- associated loci identifi ed to 
date were found in the adult setting, so there is a requirement to elucidate which 
of these variants contribute early on in life and therefore predisposing an individual 
to related diseases in later life. In this chapter, we outline what advances have been 
made in determining which genetic factors are conferring their effects on childhood 
obesity and which ones go on to have an impact in adulthood.  

    Chapter 5   
 Genetics of Childhood Obesity 
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        Epidemiology of Childhood Obesity 

 Obesity is considered a major health concern for all industrialized societies, with an 
ever increasing incidence occurring specifi cally in children [ 1 ]. This disorder, along 
with the associated insulin resistance [ 2 ,  3 ], is known to be the underpinning of a 
number of major causes of death in the USA largely due to acting as a key risk 
factor for type 2 diabetes, cardiovascular disease, and other chronic diseases. 

 Understanding the early indictors for risk of obesity could play a crucial role in 
combating this mortality rate. Although an obese adult may not have been necessarily 
obese as a child, the converse is much more notable, where roughly three quarters 
of obese adolescents go on to present with obesity in adulthood [ 4 – 6 ]. Apart from 
the obvious chronic comorbidities and increased overall mortality for obese children 
in later life [ 7 ], where overweight children followed over decades [ 8 ,  9 ] are more 
likely to have cardiovascular and digestive diseases, they also have to contend with the 
main direct adverse effects of presenting with this trait, which include orthopedic 
complications, sleep apnea, and psychosocial disorders [ 10 ,  11 ]. 

 Obesity, as presented as excess in adipose tissue mass, presents when there is 
imbalance between energy intake and energy expenditure. However, what is now 
considered a disadvantage and recognized as a disease, could well have been an 
advantage in previous times, under the “thrifty phenotype” hypothesis, when food 
availability was much more scarce and physical activity was a more natural part of 
everyday life [ 12 ]. 

 Overweight and obesity is defi ned by the World Health Organization (WHO) as 
“abnormal or excessive fat accumulation that may impair health” [ 13 ]. In order to 
ascertain a metric of excess body fat, the most readily available method is to simply 
leverage an individual’s height and weight to determine their body mass index 
(BMI), defi ned as kilograms divided by meters squared (kg/m 2 ). Indeed this metric 
has been shown to correlate well with fat content in most people, where adults with 
a BMI equal to 25–30 are defi ned as being overweight while a BMI greater than or 
equal to 30 is the defi nition of adult obesity. Although an excepted standard in the 
adult setting, BMI does not serve the same purpose in children well, due to large fl uc-
tuations tracking with pubertal status, age, and gender; instead, a BMI-for-age per-
centile is used to ascertain a sense of pediatric adiposity, where a BMI from 85th 
to 95th percentile is considered by the Center for Disease Control and Prevention as 
overweight, while a BMI equal to or greater than the 95th percentile is considered 
obese [ 14 ,  15 ]. Once a child reaches late adolescence, these percentiles do start to 
serve as relatively good proxies for adult defi nitions, where the 95th BMI-for-age 
percentile gets closer to representing a BMI of 30 kg/m 2  [ 11 ]. 

 Getting a good handle on the prevalence of childhood obesity has proven chal-
lenging due to no internationally accepted defi nition currently existing. That said, 
the widely held view is that childhood obesity has reached epidemic levels in the 
developed world. For instance, in the USA approximately a quarter of all children 
in the USA are considered overweight and approximately one in ten are obese. 
More empirically, in the decade separately the two National Health and Nutrition 
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Examination Surveys (NHANES) II (1976–1980) and NHANES III (1988–1991), 
the prevalence of overweight children in the USA increased by 40 % [ 1 ]. Indeed, 
when one looks at many countries, the distribution of BMI is clearly becoming 
increasingly skewed toward overweight [ 16 ], with the lower part of the distribution 
having changed relatively little, while the upper part has widened substantially. 
As such, it is increasingly obvious that children are becoming more susceptible to 
obesity, either as a consequence of genetics or exposures in the environment.  

    A Genetic Component to Childhood Obesity 

 Despite societal changes plus strong behavioral and environmental factors, there is 
very strong evidence that there is a genetic component to obesity pathogenesis 
[ 17 ,  18 ]. As such, elucidating the genetic architecture of childhood obesity could 
have fundamental implications for both treatment and prevention of many diseases 
occurring much later on in life. 

 Twin studies have revealed much about the genetic component to many complex 
traits, where monozygotic twins are completely genetically identical while nonidenti-
cal dizygotic twins only share 50 % of their genetic material. When looking in the 
context of fat mass, the concordance among monozygotic twins has been shown to be 
approximately 80 % while only approximately 40 % in dizygotic twins [ 19 – 21 ]. 

 Adoption and family studies have yielded even further evidence. For instance, 
adopted children have a strong correlation with the BMI of their biological parents 
but not their adoptive parents [ 22 ]. Furthermore, identical twins are signifi cantly 
concordant for BMI while their nonidentical counterparts are not [ 23 ]. 

 Looking at prevalence difference in racial/ethnic groups presents further clues of 
a genetic component to obesity, such as 35% or less observed in Caucasian and 
Asian populations while a prevalence 50% or more is seen in Pima Indians and 
South Sea Island populations [ 24 ]. 

 All this genetic epidemiological evidence points to a substantial inherited com-
ponent to obesity; however due to the obvious interactions with environmental fac-
tors, it has proved challenging to tease apart and characterize the genetic component 
to this trait.  

    Pre-GWAS Approaches 

 Linkage scans in families allow for a non-hypothesis approach to assess regions of 
the genome shared within and across families presenting with a given trait. In the 
case of the common form of childhood obesity, a number of loci have been reported, 
but the underlying causative event has still to be elucidated. On the other hand, syn-
dromic forms of childhood obesity have been readily solved using this approach, 
with chromosomal loci for Prader–Willi syndrome [ 25 ], Alström’s syndrome [ 26 ], 
and Bardet–Biedl syndrome [ 27 – 29 ] having been mapped. 
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 Single gene disorders that present with obesity features have given us the fi rst 
insight in to the genetic etiology of this trait, with early studies in rodents shedding 
much needed light on the issue. 

 The  ob / ob  mutant mouse [ 30 ,  31 ], exhibiting excess adipose tissue, revealed a 
mutation in the leptin gene [ 32 ,  33 ], with another strain of severely obese mice, 
 db / db , revealing a mutation in its receptor [ 34 ]. Variants within these genes have 
subsequently been reported for human obesity-related traits [ 35 – 39 ], in particular a 
skipped exon 16 in the human leptin receptor gene leading to impaired growth hormone 
secretion, early-onset morbid obesity, and failure of pubertal development [ 40 ]. 

 A notable developmental trajectory for children with disturbances of the hypo-
thalamic leptin–melanocortin pathway as a whole has been reported. Mutations 
in the pro-opiomelanocortin ( POMC ) gene have been shown to impact metrics of 
early onset obesity in children [ 41 – 44 ]. In addition, individuals with genetic muta-
tions in the  PCSK1  gene, which encodes neuroendocrine-specifi c prohormone con-
vertase 1/3 (PC1/3), present with childhood obesity, hyperphagia, diarrhea, pituitary 
hypofunction, and disordered glucose homeostasis [ 45 – 47 ]. 

  MC4R  is widely considered to be the fi rst established gene to confer morbid 
human obesity when mutated. Its encoded protein also plays a vital role in the hypo-
thalamic leptin–melanocortin pathway. Multiple nonsense and missense mutations 
have now been reported in  MC4R , many of which are strongly correlated with obe-
sity related traits [ 48 – 50 ]. 

 Brain-derived neurotrophic factor (BDNF) is a downstream target of MC4R 
activity and has also been implicated in the pathogenesis of childhood obesity, most 
notably a chromosomal inversion leading to the loss of one functional copy of 
 BDNF  in an 8-year-old girl, resulting in increased food intake, severe early-onset 
obesity, hyperactivity, and cognitive impairment [ 51 ]. 

 Other loci implicated include a Y722C missense variant in  NTRK2  causing 
severe obesity and impaired memory in an 8-year-old boy [ 52 ] and haploinsuffi -
ciency of  SIM1  leading to severe early-onset human obesity due to a balanced trans-
location between chromosomes 1p22.1 and 6q16.2 [ 53 ]. 

 More pronounced syndromes of obesity were our only means to isolate genetic 
factors before genome-wide association studies (GWAS) emerged after such tech-
nology became available around 2005. These classical approaches provided key 
insights in to the underlying mechanisms involved in energy homoeostasis and are 
now being complemented by the fi ndings arising from GWAS.  

    Genome-Wide Association Studies 

 As outlined above, it has become relatively clear that family-based linkage analyses 
have had limited success in isolating genes contributing to obesity, particularly the 
common form of the disease, largely due to the fact that this approach is not well 
suited to detect common variants in the population conferring relatively modest risk 
[ 54 ,  55 ]. Candidate gene association studies have also struggled to bear fruit as such 
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approaches are limited to known biology of the given trait mechanisms; indeed from 
GWAS approaches described below, many of the key loci identifi ed were never on 
anybody’s candidate gene list. 

 Conversely, the GWAS approach has empowered investigators to execute a more 
comprehensive and unbiased strategy to identify causal genes related to complex 
traits, including obesity, through non-hypothesis based methodologies. 

 GWAS was made possible by the International HapMap project, which arose out 
of the human genome sequencing project. This large-scale effort went about sys-
tematically characterizing human sequence variation, a vital precursor to compre-
hensively investigate the genetic basis of complex disease [ 54 – 56 ]. Genome- wide 
genotyping of in excess of 500,000 single nucleotide polymorphisms (SNPs) can 
now be readily achieved in an effi cient, cost effective and highly accurate manner 
[ 57 – 60 ]. These SNPs represented on the arrays coming out of these efforts are not 
selected based being putatively causal, rather they are statistically selected to sim-
ply act as “tag-SNPs” for capture of common haplotypic variation information 
stored in a given region of the human genome. This approach has much higher reso-
lution than the previous linkage approaches for complex traits, where a given signal 
signifi es that the underlying causative variant is typically within just a few hundred 
kilobases of the tag-SNP. 

 Unlike the linkage and candidate gene eras that tackled complex traits, GWAS 
has proven to be a very successful approach yielding robust associations that 
fellow researchers can replicate and agree on (see the continually updated NIH 
Catalog of Published Genome-Wide Association Studies at   http://www.genome.
gov/gwastudies    ).  

    Findings from First GWAS Analyses of Obesity 

 In the past 6 years, tens of genetic loci have been implicated and established for 
BMI from the outcomes of GWAS, but primarily in adults. These fi ndings will be 
briefl y outlined below in order to give context to the pediatric fi ndings made 
subsequently. 

 The fi rst GWAS-implicated locus for obesity was close to the insulin-induced 
gene 2 ( INSIG2 ) gene employing only employing 100,000 SNPs [ 61 ]. The tag-SNP, 
rs7566605, captured the association, which represented a common genetic event 
with modest relative risk (relative risk = ~1.2). The locus was reported to be associ-
ated with both adult and childhood obesity and in individuals of both European and 
African American and ancestry. However, this study has been largely not replicated 
by other investigative groups [ 62 – 66 ] and disagreement on this observation remains 
in the obesity research community. 

 On the other hand, the second obesity locus to be reported, within the fat mass- 
and obesity-associated gene ( FTO ) gene [ 67 ], has been extensively replicated 
 [ 68 – 71 ], including children [ 72 ].  FTO  is now widely regarded as the most strongly 
associated obesity locus reported to date [ 69 ]. Of note, this locus was actually 
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implicated in type 2 diabetes initially, from one of the fi rst GWAS of that disease 
[ 73 ,  74 ] but it became very obvious early on in the analyses that the primary trait was 
obesity susceptibility which was in turn impairing glycemic control [ 67 ]. It was sub-
sequently shown that the minor allele of the  FTO  tag-SNP, rs9939609, is correlated 
almost exclusively to greater fat mass and that it infl uences fat distribution [ 75 ]. 

 Like almost every other GWAS-implicated locus, the causative variant at the 
 FTO  locus has still to be determined. In addition, the mechanism by which  FTO  
confers its effect on the pathogenesis of obesity is still far from clear. It is known 
that the gene encodes a 2-oxoglutarate-dependent nucleic acid demethylase [ 76 ], is 
expressed in areas of the brain that infl uence appetite [ 77 ] and as such may explain 
its association with increased energy intake [ 78 ]. Compelling studies of both  FTO  
knockout and  FTO  over-expressing mice strongly support the role of this gene in the 
regulation of energy intake and metabolism, showing that a lack of  FTO  expression 
leads to leanness and the converse promotes obesity [ 79 ,  80 ]. 

 A sequencing effort in Caucasians, consisting of primarily adults reported a set 
of exonic mutations in  FTO ; however, these variants largely did not confer risk for 
obesity [ 81 ]; in addition, a comparable sequencing endeavor in African American 
children drew the same conclusion [ 82 ]. These data show that exonic events are 
unlikely to be the process by which this gene confers its effect, rather it is more 
likely to harbor a causative event somewhere in the regulatory machinery of  FTO .  

    Meta-analyses 

 With the sample sizes required and the cost to run the arrays, GWAS represents a 
sizeable investment. In order to get the maximum from their datasets, investigators 
subsequently combine their datasets with other groups in order to discover addi-
tional loci as a consequence of the extra statistical power gained. In addition, impu-
tation can enable an increase in the number of SNPs available for analysis in these 
existing datasets [ 83 ] through computationally inferring them based on neighboring 
variant frequencies. 

 Although these “meta-analyses” represent a substantial statistical power gain, 
the additional loci detected do have substantially smaller effects than  FTO , but do 
provide additional insights in to the biology of the BMI/obesity phenotype. 

 The fi rst GWAS meta-analysis of BMI, again primarily in adults, revealed a signal 
that coincided with the well-known  MC4R  gene [ 84 ]. The GIANT consortium then 
revealed six more genes [transmembrane protein 18 ( TMEM18 ), potassium channel 
tetramerization domain containing 15 ( KCTD15 ), glucosamine-6- phosphate deami-
nase 2 ( GNPDA2 ), SH2B adaptor protein 1 ( SH2B1 ), mitochondrial carrier 2 
( MTCH2 ), and neuronal growth regulator 1 ( NEGR1 )] [ 85 ], fi ve of which were con-
fi rmed in an Icelandic GWAS (but not  GNPDA2  due to an unavailable proxy SNP), 
who also uncovered and reported loci on 1q25, 3q27, and 12q13 [ 86 ] and verifi ed 
association with the brain-derived neurotrophic factor ( BDNF ) gene [ 87 ]. 

 The largest meta-analysis reported to data, by the GIANT consortium, revealed 
multiple additional BMI loci through the leveraging of data available on 249,796 
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individuals [ 88 ]. Thirty-two loci reached genome-wide signifi cance, of which ten 
were known from the BMI studies described above, four were known loci from 
previous studies of weight and/or waist-hip ratio, namely,  SEC16B ,  TFAP2B , 
 FAIM2 ,  NRXN3 , and eighteen were entirely novel BMI loci, namely,  RBJ -ADCY3 - 
POMC    ,  GPRC5B - IQCK ,  MAP2K5 - LBXCOR1 ,  QPCTL - GIPR ,  TNNI3K ,  SLC39A8 , 
 FLJ35779 - HMGCR ,  LRRN6C ,  TMEM160 - ZC3H4 ,  FANCL ,  CADM2 ,  PRKD1 , 
 LRP1B ,  PTBP2 ,  MTIF3 - GTF3A ,  ZNF608 ,  RPL27A - TUB , and  NUDT3 - HMGA1 . 
Interestingly, apart from the  GPRC5B  association to SNPs, a 21 kb associated dele-
tion was identifi ed 50 kb upstream of this gene. This study also made use of a pedi-
atric cohort to provide further support for their fi ndings. 

 The same study group subsequently went on to look at extremes of the distribu-
tion in 263,407 individuals of European ancestry and identifi ed 7 additional loci 
( HNF4G ,  RPTOR ,  GNAT2 ,  MRPS33P4 ,  ADCY9 ,  HS6ST3  and  ZZZ3 ) that contrib-
uted to clinical classes of obesity [ 89 ].  

    Testing Adult-Discovered Loci in Children 

 There is increasing evidence that that many of the common complex diseases 
observed in adults have their developmental origins in childhood, in particular obe-
sity, and the path to these disorders are laid out at a young age, or even  in utero  [ 90 , 
 91 ]. As described above, a number of genetic loci have now been established to be 
robustly associated with adult BMI so it would be interesting to know how these loci 
operate in childhood to see if they confer risk for the pediatric form of obesity. 

 Leveraging an existing GWAS dataset of pediatric BMI variation from 6,000 
children, investigators were able to ask if these SNPs infl uenced this trait [ 92 ]. Nine 
of the loci in fact did reveal evidence of association with pediatric BMI, of which 
the  FTO  locus was the strongest.  TMEM18  followed by  GNPDA2  were the next 
most strongly associated adult-implicated loci, showing a similar magnitude to that 
of  FTO  in this pediatric setting. The remaining weaker loci were  INSIG2 ,  MC4R , 
 NEGR1 , 1q25,  BDNF  and  KCTD15  (Table  5.1 ). These fi ndings were much in line 
with the fi ndings made in the initial adult report, where they checked in a smaller 
pediatric setting [ 85 ].

   Going on to check the full 32 loci reported in the more recent GIANT meta-
analysis through the leveraging of 1,097 childhood obesity cases (BMI ≥95th per-
centile CDC defi nition), together with 2,760 lean controls (defi ned as BMI <50th 
percentile), aged between 2 and 18 years old [ 93 ], the same investigative group 
reported evidence of association for nine of the loci, namely, at  FTO ,  TMEM18 , 
 NRXN3 ,  MC4R ,  SEC16B ,  GNPDA2 ,  TNNI3K ,  QPCTL , and  BDNF . Overall, 28 of 
the 32 loci revealed directionally consistent effects to that of the adult BMI meta- 
analysis. As such, it is abundantly clear that the majority of obesity-conferring vari-
ants initially uncovered in adults are indeed operating early on in life; however these 
adult-discovered loci only explain less than 2% of the total variation for BMI in 
children, which is less striking than reported by the GIANT consortium in their 
adult cohorts [ 85 ] so many more genes need to be characterized. 
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 Similarly, a number of loci have been implicated by GWAS for type 2 diabetes 
and their mechanism of action in this regard is equally far from clear. Using a simi-
lar tactic, the same investigative group analyzed the role of these loci with respect 
to childhood BMI [ 94 ]. Interestingly, only a single locus showed association, where 
the same variant in  IDE - HHEX  that increases type 2 diabetes risk also showed evi-
dence of association with increased pediatric BMI. This fi nding provides some 
guidance on how this particular locus is conferring its diabetic effect. 

 Subsequently, a comparable study was carried out with loci implicated by GWAS 
for infl uencing adult bone mineral density and/or osteoporosis risk [ 95 – 99 ] and 
found that the same variation near  Osterix  that increases BMD is also associated with 
higher BMI in girls [ 100 ], further implicating body size and skeletal loading in its 
potential mechanism of action.  

     FTO  in Childhood 

 As  FTO  represents the fi rst robustly established locus associated with obesity, it has 
received much more attention to date than other similarly found loci due to the fact 
that it has been known longest, including in the pediatric setting. 

 It has become clear from cross-sectional studies that there is an age-dependent 
effect of  FTO  genetic variation on BMI. Although there is consistent evidence that 
 FTO  has no obvious impact on fetal growth or birth weight, there is marked effect 
by the age 7 years old [ 67 ]; however, one study has suggested that there is in fact a 
negative association between  FTO  and BMI before the age of 2 years old, but a 

       Table 5.1    Childhood obesity loci that have been identifi ed to date and the context by which they 
were implicated   

 Category  Loci  Citations 

 Adult BMI GWAS loci also 
associated with childhood 
BMI/obesity in independent 
studies 

  FTO ,  TMEM18 ,  GNPDA2 ,  INSIG2 ,  MC4R , 
 NEGR1 ,  1q25 ,  BDNF ,  KCTD15 ,  POMC , 
 FAIM2 ,  TNNI3K ,  SEC16B ,  GNPDA2 , 
 BDNF ,  NRXN3 ,  QPCTL  

 [ 92 ,  93 ,  109 ] 

 Adult 2 type diabetes GWAS loci 
also associated with 
childhood BMI/obesity 

  HHEX - IDE   [ 94 ] 

 GWAS of extreme childhood 
obesity—novel loci 

  SDCCAG8 ,  TNKS - MSRA   [ 108 ] 

 GWAS of common childhood 
obesity (BMI ≥ 95th 
percentile)—novel loci 

  OLFM4 ,  HOXB5   [ 109 ] 

 CNV analyses of childhood 
obesity—novel loci 

  SH2B1 ,  EDIL3 ,  S1PR5 ,  FOXP2 ,  TBCA , 
 ABCB5 ,  ZPLD1 ,  KIF2B ,  ARL15 , 
 EPHA6 - UNQ6114 , 
 OR4P4 - OR4S2 - OR4C6  

 [ 126 ,  127 ,  129 , 
 131 ] 
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positive correlation after that age, peaking at approximately 20 years old followed 
by a decline [ 101 ]. 

 Longitudinal cohort studies have added context to some of these initial reports. 
Specifi c statistical modeling has already been developed that can characterize 
important milestones in pediatric BMI trajectories. For children with normal growth 
patterns, BMI rises steeply after birth until reaching “infancy peak” [ 102 ], which 
has been suggested to be at a median of 7 months old [ 103 ]. Following this maxi-
mum, BMI declines gradually, and then reaches a low point called the “adiposity 
rebound” [ 104 ], which occurs just before the onset of puberty, and then continues to 
rise until adulthood. Adiposity rebound can occur anywhere in the range of 2–7 years 
old, but typically in the 4–5 year old age band [ 103 ]. Children carrying the obesity 
risk variants harbored at the  FTO  locus do not just present with a higher BMI 
throughout their lives, but also present with a specifi c developmental trajectory that 
is known to lead to higher incidences of future obesity [ 105 ] and comorbidities 
[ 106 ]. In a meta-analysis of eight Caucasian pediatric cohorts, adult obesity associ-
ated  FTO  alleles were associated with lower BMI at adiposity peak, higher BMI at 
adiposity rebound, and most interestingly, with an earlier age of adiposity rebound 
[ 107 ], thus supporting the initial study suggesting a negative association in the less 
than 2 years old age band. This in turn refl ects a possible steeper downward infl ec-
tion of BMI trajectory after infancy peak leading towards an earlier adiposity 
rebound in those genetically predisposed individuals [ 107 ].  

    Loci Specifi cally Identifi ed in Childhood Obesity 
GWAS Analyses 

 A widely recognized notion is that the distillation of the genetic component for a 
number of complex traits, including obesity, should be easier in children, where the 
period of environmental exposure is substantially. As such, if a child is presenting 
with a given trait that is also seen in adults, it is more likely that has presented due 
to a genetic predisposition rather than a prolonged environmental stressor. 

 Although multiple studies have revealed many loci in the context of relatively 
simple syndromic forms of the disease, there has been relatively little progress in 
identifying genes that directly impact the less extreme, common form of childhood 
obesity; after all this is the primary trait that is on the massive increase observed 
over recent years. 

 The fi rst attempt at a full GWAS of childhood obesity was carried out in 2010, 
where French and German study groups carried out a joint analysis of genome-wide 
genotyped data generated on their early-onset obesity cohort [ 108 ], defi ned as BMI 
in the range of the 97th to the 99th percentile; as a consequence, two novel loci were 
identifi ed, namely,  SDCCAG8  and  TNKS / MSRA  (Table  5.1 ). In the initial step of 
the analyses, association was tested for both genotyped and imputed SNPs in a 
combined French and German sample consisting of 1,138 extremely obese chil-
dren plus 1,120 normal or underweight controls. For the follow-up replication 
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attempts, all SNPs that yielded a degree of strong evidence for association were 
genotyped and tested in an independent cohort of 1,181 obese children and 1,960 
normal- or underweight controls plus 715 nuclear families with at least one extremely 
obese offspring. Although this observation for these two loci was relatively compel-
ling, their effect within the most recent adult GIANT meta-analysis [ 88 ] was mar-
ginally associated at best, suggesting that the effect was limited to a relatively 
extreme pediatric setting. 

 Subsequently, a large-scale meta-analysis was carried out with a defi nition of the 
disease with a less extreme cutoff, i.e., BMI ≥95th percentile, in order to address the 
more common form of childhood obesity [ 109 ]. This study consisted of 14 existing 
GWAS datasets, made up of 5,530 cases plus 8,318 controls defi ned at the <50th 
percentile of BMI. Apart from robustly detecting seven known loci, namely,  FTO , 
 TMEM18 ,  POMC ,  MC4R ,  FAIM2 ,  TNNI3K , and  SEC16B , this study also detected 
two novel loci when taking any signal that reached a  P  < 5 × 10 −5  in the discovery 
stage in to the replication stage, namely, rs9568856 near  OLFM4  and rs9299 within 
 HOXB5 . It became clear that these loci were also associated with adult BMI when 
querying the large GIANT meta-analysis dataset, but were not detected by those 
investigators in that setting as the signals were below detection at the genome-wide 
level. As such, this pediatric model did detect additional variants that were below 
the bandwidth in the environmentally more complex setting of adulthood; in addi-
tion, the study “rediscovered” loci like  TNNI3K  at the fraction of the cohort size that 
was required in the adult setting. These two loci are also functionally interesting 
where studies in mice have shown that OLFM4 plays a role in the host gastric 
mucosa immune response against  H .  pylori  infection [ 110 ], while HOXB5 is a 
member of the homeobox transcription factor family and has been implicated in gut 
development and fat loss [ 111 ,  112 ]. As such, these fi ndings point to a possible role 
of the gut in determining BMI in early childhood and beyond, and presents investi-
gators with possibly novel therapeutic entry points in to both preventing and treating 
the disease. 

 A subsequent study performed SNP association analyses in 1,509 children at the 
very extreme end of the obesity tail, i.e., greater than 3 standard deviations from the 
mean of the BMI distribution plus 5,380 controls [ 113 ]. Following up 29 SNPs that 
reached  P  < 1 × 10 −5  in the discovery stage in an additional 971 severely obese chil-
dren and 1,990 controls revealed four new loci, namely,  LEPR ,  PRKCH ,  PACS1 , 
and  RMST . This is clearly different from what was observed in the more common 
form of the disease and could be possibly used in the future to partition the disease 
in to different forms of obesity, i.e., sub-categorization.  

    Other Ethnicities 

 Genomes from people of different ancestries can provide geneticists with a lot of 
information. In particular if a locus is found to confer risk of a disease in multiple 
populations, then that genomic region will be considered to have more global 
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relevance to the disease and thus may be more attractive targets and pathways from 
a potential diagnostic and therapeutic point-of-view. In addition, cohorts of African 
ancestry have been leveraged on multiple occasions to fi ne map a locus down to 
the closest point to the underlying causative variant by taking advantage of the 
fact that these populations are more ancient, have had more time for genetic recom-
bination and therefore have, on average, shorter stretches of linkage disequilibrium, 
e.g., the association of T2D with  TCF7L2  [ 114 ] has been refi ned utilizing a West 
African patient cohort [ 115 ]. 

 With respect to outcomes form GWAS analyses of obesity, the bulk of those studies 
have been carried out in Caucasians to date. This is partly due to the relatively low 
haplotypic complexity of genomes from European ancestral populations and thus 
less SNPs are needed on the array to capture the bulk of the common variation, 
but is also partly to best deal with issues related to admixture. When considering the 
well-established association between  FTO  and obesity, and the fact that it shows the 
strongest association with BMI among children European ancestry [ 92 ], the picture 
has been less clear investigating the correlation in populations of African ancestry 
[ 70 ,  116 ]. However, there is growing consensus from recent large cohort studies in 
both adults [ 117 ] and children [ 72 ], that SNP rs3751812 captures the  FTO  association 
with the trait in both ethnicities. 

 GWAS meta-analyses for BMI and obesity are now emerging for other ethnicities, 
and with respect to the fi rst African American effort [ 118 ], where a pediatric cohort 
of the same ethnicity was used to support the fi ndings. In addition to supporting 32 
of the 36 loci previously reported in Caucasians, the large group of investigators 
found robust evidence for association at loci harboring  GALNT10  and  MIR148A -
 NFE2L3  plus suggestive support for association at  KLHL32 .  

    Missing Heritability 

 A major restriction built in to any GWAS approach in that it is based on the concept 
of the common disease, common variant hypothesis, where it is presumed that the 
genetic component to the complex trait under study falls in to that category. It has 
turned out to be partly correct, where a proportion of such a genetic component is 
due to a moderate number of common variants, but which individually only explain 
a small proportion of predicted genetic susceptibility to the trait in a population. 
Like most complex and common diseases, tens of loci have now been identifi ed for 
obesity, but only a small proportion of the calculated heritability has been explained, 
representing approximately 10 % of the estimated heritability in most disease 
settings. In fact, the statistically robust obesity associations with  FTO  and  MC4R  
only account for less than 2 % of the variance in adult BMI, with the combined 
results of all obesity GWAS loci found to date still only accounting for a very small 
proportion of the heritability of BMI [ 85 ,  119 ]. This has led to a great deal of debate 
on what the missing heritability could look like [ 120 ], with the main consensus 
settling around the notion that it will be made up of much rarer variants, copy 
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number variants and epigenetic changes which are not within the detection range 
of GWAS [ 121 ], rather they will need to be characterized through the use of whole 
genome sequencing related approaches. 

 Interestingly, there is a counter argument to this prevailing view, where it could 
be said that the current estimates of missing heritability are incorrect. In particular, 
Zuk et al. [ 122 ] suggested that the estimated missing heritability not detected by 
GWAS may in fact be hugely overinfl ated, due to the fact that the community has 
assumed incorrectly that genetic variants contributing to a given trait do not interact 
with each other. Even if this interaction occurred at a relatively modest level, then 
missing heritability estimates would need to be substantially reassessed. 

 Irrespective of some of these estimate, it is clear that additional variants need to 
be found that cannot be readily picked up by GWAS and some alternative approaches 
are outlined below.  

    Rare SNPs 

 Commercially available genotyping arrays have typically restricted content to simply 
feature products comprehensive coverage of common variants with a minor allele 
frequency greater than 5 % based on information gained from the HapMap. 
However, this changing to a degree as more information comes out from the succes-
sor to the HapMap, the 1000 Genomes project, where newer arrays are ensuring 
comprehensive coverage down to a 1 % frequency plus exome coverage. However 
this information is still far from exhaustive as not every variant known in the genome 
can as yet be represented on this platform and so signals may be missed. For 
instance, a rare SNP within intron 4 of  NAMPT  has been implicated in patients with 
severe obesity [ 123 ] but would not be detected with standard high throughput geno-
typing methods. As such, genotyping array products will need to be much more 
comprehensive in genomic coverage going forward or extremely large sample sizes 
will be required to overcome multiple testing statistical power issues in whole 
genome sequencing setting in order to elucidate the remaining genetic component 
of obesity, the latter of which remains cost prohibitive.  

    Copy Number Variation 

 Genomic rearrangements resulting in deletions, duplications, inversions, and trans-
locations are collectively referred to as copy number variants (CNVs). As described 
above, much of the genetic diversity in the human genome is due to single base pair 
variations, but there is also variation in copy number throughout the genome too 
[ 124 ]. With the array technology available for GWAS-related approaches, the 
underlying single-base extension (SBE) biochemistry and hybridization/detection 
to synthetic oligonucleotides allows for accurate genotyping and quantitation of 
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allelic copy number [ 58 ,  125 ]. As such SNP arrays allow for characterization of 
CNVs genome-wide for a given individual [ 57 ,  58 ,  125 ]. 

 CNVs have been particularly implicated in subjects with the combination of 
extreme obesity and coexisting developmental delay (Table  5.1 ). Analyses in this 
regard has revealed what is now considered the most established CNV in the obesity 
fi eld to date, namely, a large, rare chromosomal deletion of at least 593 kb at 
16p11.2. Two groups in the UK plus their collaborators independently detected rare 
deletions at this chromosomal location, observing that they were present in excess 
among extreme obese cases when compared with normal and regular obese subjects 
[ 126 ,  127 ]. Heterozygotes for this deletion at this location are signifi cantly enriched 
in Caucasian patients with severe early-onset obesity and developmental delay [ 127 , 
 128 ]. These deletions, albeit very rare, have been shown not to be present in healthy 
non-obese controls but in 0.7 % of morbidly obese cases (BMI ≥40 kg/m 2 ), result-
ing in a striking odds ratio of 43.0. This deleted region, estimated to be in the size 
range of 220 kb to 1.7 Mb, and thus coincides with a number of genes making it 
more challenging to determine which is the causative gene. However, Bochukova 
et al. [ 126 ] observed that  SH2B1  was the only consistently impacted genes when 
deleted regions were overlaid among the fi ve cases studied. In addition, it is well 
known that  SH2B1  plays a role in leptin and insulin signaling and energy homeosta-
sis [ 126 ], plus common SNPs near  SH2B1  locus have been strongly associated with 
BMI in GWAS analyses [ 85 ,  126 ]. 

 Examining CNVs in common childhood obesity is a good complement to what 
was described above in the more extreme setting. Investigators examined children 
in the upper 5th percentile of BMI but excluded any subject greater than 3 standard 
deviations in order to rigorously adhere to the pursuit of genetic factors underpin-
ning the common form the disease rather than rare syndromes [ 129 ] (Table  5.1 ). 
Through the use of a European American pediatric cohort at the discovery stage to 
detect any associated events, a very conservative bar was set for the replication 
stage, where the observed CNVs also had to be exclusive to cases in a second eth-
nicity, i.e., African Americans. 34 putative CNVR loci (15 deletions and 19 duplica-
tions) that were exclusive to EA cases were detected in a cohort of European 
American (EA) childhood obesity cases ( n  = ~1,000) and lean controls ( n  = 2,500). 
However, following a physical validation step to ensure the events were real, three 
of the putative deletions turned out to be false positives during the quantitative PCR 
(qPCR) checks. Ultimately 17 of these CNV impacted loci were unique to the 
cohort, not appearing in any public databases, so those fi ndings were further evalu-
ated in the independent African American (AA) cohort ( n  = ~1,500) of childhood 
obesity cases and lean controls ( n  = ~1,500). Interestingly, almost half of these vari-
ants were also exclusive to AA cases (6 deletions and 2 duplications). The estab-
lished loci from this study that were impacted by a deletion were  EDIL3 ,  S1PR5 , 
 FOXP2 ,  TBCA ,  ABCB5 , and  ZPLD1 , while  KIF2B  and  ARL15  were impacted by a 
duplication event. When the AA cohort was used as the discovery set, evidence was 
also gained for a deletion at the  EPHA6 - UNQ6114  locus. 

 As with fi ndings from GWAS, most of the loci represented novel biology for 
obesity, with no reports of these genes playing a role in the disease previously. 
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Although it was comforting to see, from a positive control point of view, that one 
locus came up that had been implicated in a related trait previously, i.e.,  ARL15  in a 
GWAS of adiponectin levels, a known risk factor for CVD and T2D [ 130 ]. 

 In the same study, the presence of large rare deletions in childhood obesity was 
assessed, where they had to present in <1 % of individuals and >500 kb in size. 
The result was that no excess of large rare deletions was observed genome-wide. 
This is consistent with the 16p11.2 story, where signifi cance in this regard was only 
achieved once developmental delay subjects were included but not severe early-
onset obesity on its own [ 126 ,  127 ]. 

 A novel common CNV for early onset extreme obesity was subsequently reported 
on chromosome 11q11, harboring a cluster of related genes  OR4P4 ,  OR4S2 , and 
 OR4C6  genes [ 131 ] (Table  5.1 ). Furthermore, a very recent study performed CNV 
association analyses in 1,509 children at the extreme tail obesity (>3 standard devia-
tions from the mean) plus 5,380 controls [ 113 ]. A previously reported 43 kb dele-
tion at the  NEGR1  locus was signifi cantly associated with the trait but it appeared 
that this signal was entirely driven by a fl anking 8 kb deletion; absence of this 
 deletion increased the risk for obesity dramatically. They also reported signifi cant 
burden of rare, single CNVs in severely obese cases ( P  < 0.0001), while integrative 
gene network pathway analysis of rare deletions indicated enrichment of genes 
affecting G protein-coupled receptors (GPCRs) involved in the neuronal regulation 
of energy homeostasis. This pathway is of course great relevance to the pathogene-
sis of obesity. 

 As greater and greater resolution genome-wide scans are executed, one should 
envisage further reports of such fi ndings. The hunt for CNVs in the context of 
childhood obesity has proven fruitful up to now and it has become quite clear they 
contribute to the missing heritability for the trait.  

    Epigenetics 

 Looking beyond the underlying DNA sequence to explain the reminder of the 
missing heritability of childhood obesity and other complex traits, one should also 
consider heritable changes in gene expression or cellular phenotype, in particular 
when they are caused by DNA methylation and histone modifi cation. 

 Prader–Willi is a syndrome that presents with developmental defects, cognitive 
disabilities, excessive eating and pronounced life-threatening obesity. This imprinted 
disorder is due to genetic and epigenetic errors in the region of chromosome 15q11- q13. 
The phenotype occurs when the paternal copy is deleted, while the maternal copy is 
inactivated by methylation [ 132 ,  133 ]. 

 Although the underlying genes have yet to be identifi ed, linkage scans of 
European and African ancestral populations have revealed that several obesity- 
related genetic loci have different parental effects or maternal effects [ 134 ]. In addition, 
variation in DNA methylation patterns on the human leptin promoter has been 
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observed between alleles and cells, suggesting that imprinting occurs at this locus 
and that its actions are cell type specifi c. 

 Observations like these strongly point to epigenetic mechanisms contributing to 
obesity risk, but of course this still needs to be fully elucidated. New techniques, 
such as ChIP-Seq [ 135 ] and whole genome sequencing, will provide us with much 
needed insight in to global methylation patterns and histone modifi cations in the 
context of childhood obesity.  

    Conclusions 

 Only until recently, genetic studies of childhood obesity were largely reliant on fam-
ily studies, animal models and candidate gene efforts, with monogenic obesity pro-
viding crucial clues. However, GWAS has now taken on much of the heavy lifting 
with respect to gene discovery in the context of the more polygenic form of the 
disease, with its unbiased, whole genome scan approach. 

 Although such studies have revealed several new biomolecular pathways not 
previously associated with obesity, it is still a concern to many complex trait geneti-
cists that the well-established and robust associations only explain very little of the 
genetic risk for a given complex, in particular childhood obesity, suggesting that 
more loci are out there to fi nd but may be conferring their effects more subtly or 
through rare variants. 

 The current situation has given the genetics community pause for thought on 
what the best strategy is to adopt in order to fi ll in the gaps and elucidate the full 
repertoire of the genetic component of a given trait so that the current “missing heri-
tability” [ 120 ] can ultimately be all accounted for. It is becoming increasingly clear 
that larger and larger cohorts combined in to mega meta-analyses will be required, 
but new discoveries can only be made when leveraging the ultimate resolution of 
whole genome sequencing technologies rather than the variant snapshots we get 
with GWAS. Although not a reality yet, these approaches will become feasible as 
the price of sequencing continues to drop. 

 In addition, as GWAS is designed with representative tag-SNPs present on the 
array, the signals that we are seeing and robustly associated with given traits are in 
no way to be considered the underlying causal susceptibility variant at a given loci. 
The move from association to causality remains a big challenge for common com-
plex diseases like obesity so new approaches to characterize the true causative genes 
will need to be developed and subsequent functional studies will be required to fully 
understand how they feed in to the risk profi le for childhood obesity. This in turn 
will help us produce more effi cacious therapies and will guide us on the path to 
personalized medicine. 

 Clearly using the pediatric model can aid in elucidating the role of many variants 
fi rst shown to be associated with an adult trait. As shown above, many of the loci 
initially found for BMI determination in adults turn out to operate early on in life 
and infl uence childhood obesity risk. And as we suggest, leveraging the pediatric 
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model may be a more effi cient way to distill out genetic variants underpinning many 
complex traits, being more cost effective in sample collection and genotyping, due 
to the fact that the environmental confounder is substantially less in the childhood 
setting. As such, recognizing this angle can increase the effi ciency of efforts to 
detect, treat, and ultimately, prevent obesity and its comorbidities.     
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    Abstract     Advances in the knowledge of variation in the human genome and repro-
ducible results from the Genome-wide Association Studies (GWAS) have led to the 
identifi cation of susceptible loci contributing to obesity and related disorders. 
Obesity is associated with and may contribute to the development of many meta-
bolic diseases including, but not limited to, diabetes, hypertension, dyslipidemia, 
liver disease, and cardiovascular disease, often leading to morbidity and mortality; 
however the mechanisms linking the genetic polymorphisms associated with obe-
sity to these metabolic complications are extremely complex and remains to be fully 
elucidated. In this chapter, we review a number of genetic perturbations that predis-
pose to obesity as well as obesity-associated metabolic complications. Further 
understanding on how these variants act may help toward personalized treatment for 
obesity-related comorbidities based on individual needs.  

        Obesity Is a Worldwide Epidemic with Much Comorbidity 

 Obesity has become an epidemic that threatens the health of billions of people 
worldwide. Obesity is associated with and may contribute to the development of many 
metabolic diseases including, but not limited to, diabetes, hypertension, dyslipid-
emia, liver disease, cardiovascular disease, and cancer (Fig.  6.1 ). Worldwide, more 
than 700 million adults are obese and global projections estimate there will be 2.16 
billion overweight and 1.12 billion obese individuals by 2030 [ 47 ]. According to 
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data released by the National Bureau of Economic Research in 2010, the annual 
health costs related to obesity in the USA reach $168 billion, and nearly 17 % of the 
medical costs in the USA result from obesity. An obese person generates health 
costs of $3,271 annually compared with $512 for a nonobese person [ 11 ]. A better 
understanding of the causes of obesity and its related comorbidities is essential to 
mitigate the immense medical and economic impact of obesity worldwide.

   Interestingly, obesity and related metabolic diseases are in part genetically infl u-
enced. Recent work into the genetic basis of these conditions is beginning to reveal 
a possible common genetic basis to obesity and related traits, sometimes in direc-
tions not predicted by epidemiological relationships. Here we discuss the genetic 
basis of some obesity related traits as they relate to and possibly contribute to asso-
ciated metabolic diseases.  

    Types of Adiposity and Their Measures 

 Adiposity can increase throughout the whole body or in particular depots. 
Specialized methods to measure body-fat percentage, like dual energy X-ray absorp-
tiometry (DXA—formerly DEXA), and air displacement plethysmography (ADP) 
are specifi c but expensive and cumbersome to implement for large groups. Body 
mass index (BMI) is commonly used as an inexpensive, noninvasive measurement 
of adiposity, but it is less specifi c since it also includes lean body mass. Internationally, 
BMI is commonly used to classify adult obesity. The World Health Organization, 
considers individuals of European ancestry with a BMI ≥ 30 kg/m 2  to be obese and 
those with a BMI ≥ 40 kg/m 2  to be extremely obese. Interestingly, comorbidities can 
develop at lower BMIs in some people of non-European ancestry; individuals of 
Indian, Chinese, Korean, and Japanese ancestry have a higher prevalence than those 
of Caucasian ancestry, of diabetes and other metabolic conditions with similar BMI 
and waist circumference measurements [ 41 ]. One possible explanation for this 
disparity is fat distribution. Visceral and hepatic fat deposition is more strongly 

  Fig. 6.1    Obesity-related metabolic diseases       
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associated with the presence of metabolic disease than generalized adiposity [ 41 ]. 
Individuals of Asian ancestry then may have a greater proportion of visceral fat 
deposition than individuals of European ancestry [ 41 ]. One pathophysiological 
explanation for how increased visceral fat accumulation may lead to an increased 
risk for type 2 diabetes is the production by visceral fat of cytokines that promote 
insulin resistance [ 8 ]. Noninvasive, inexpensive measures of visceral adiposity 
include waist circumference (WC) and waist-to-hip ratio (WHR) but these are not 
as specifi c for measuring this and other specifi c depots as using imaging modalities 
such as magnetic resonance imaging, computed tomography, or ultrasound.  

    Obesity Is Associated with and May Contribute 
to the Development of Other Diseases 

 Obesity is excess body fat accumulation caused by a chronic positive energy bal-
ance (energy intake exceeding energy expenditure) due to deregulation in the com-
plex process of energy homeostasis [ 73 ]. Unfortunately, the increased prevalence of 
obesity worldwide has led to an increase in the prevalence of diabetes, hypertension, 
dyslipidemia, coronary artery disease, nonalcoholic fatty liver disease, and some 
forms of cancer [ 53 ]. In individuals of Caucasian ancestry with a BMI above 29 
versus below this cutoff, there is a greater risk of developing these diseases, 
independent of gender [ 63 ,  112 ,  113 ]. Increased waist circumference is a measure 
of abdominal obesity. Men and women that have a waist circumference greater than 
or equal to 102 cm and 88 cm respectively are at substantially increased risk for 
metabolic complications like coronary heart disease, hypertension, and dyslipid-
emia [ 32 ] compared to those with a waist circumference less than these values. 
Increased adiposity is associated with elevated fasting plasma insulin and an exag-
gerated insulin response to an oral glucose load, and may contribute to the develop-
ment of type 2 diabetes [ 52 ]. In the Nurses Cohort Study of 116,000 women, the 
risk of diabetes increased fi vefold for women with a BMI of 25, 28-fold for women 
with a BMI of 30, and 93-fold for women with a BMI of 35 or higher, compared 
with women with a BMI of less than 21, even after adjustment for age [ 16 ]. In the 
Health Professionals Study of 51,529 men, the risk of diabetes, adjusted for age, is 
increased 2.2-fold for men with a BMI between 25 and 26.9, 6.7-fold for men with 
a BMI between 29 and 30, and 42-fold for men with a BMI of 35 or higher, com-
pared with men with a BMI of less than 21 [ 13 ]. Obesity is also a primary risk factor 
for nonalcoholic fatty liver disease (NAFLD), but not all obese individuals are 
affected [ 21 ]. NAFLD includes a spectrum of disease in individuals without a his-
tory of excessive alcohol ingestion: from fatty infi ltration of the liver (steatosis), to 
histological evidence of infl ammation (nonalcoholic steatohepatitis, NASH), to 
fi brosis or cirrhosis [ 15 ]. NAFLD can lead to liver failure and is accompanied by 
substantial morbidity and mortality, with few known effective treatments [ 33 ]. 
Dyslipoproteinemia (abnormal blood lipid concentrations) with decreased HDL 
cholesterol, increased LDL triglyceride, and increased LDL concentrations is 
 associated with increased adiposity (reviewed by Kopelman [ 53 ]).  
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    Genetic Basis of Obesity 

 Although decreased physical activity and excess calorie intake may partially explain 
the increased prevalence of obesity in modern times, some individuals are more 
susceptible to these lifestyle changes than are others, suggesting that they may have 
a genetic predisposition to obesity [ 75 ]. Indeed, results from twin studies suggest that 
genetic factors explain 50–90 % of the variance in BMI [ 62 ]. Individual variation 
in waist-to-hip ratio is heritable, even after accounting for BMI, with heritability 
estimates ranging from 22–61 % [ 36 ]. Hepatic adiposity is also 26–27 % heritable [ 98 ]. 
In the last decade much has been learned about the genetic basis of adiposity. 
Specifi c genetic variants have been associated with measures of human obesity. 
These include rare chromosomal aberrations and gene defects that have a large 
effect on affl icted individuals, as well as common variants that have smaller effects 
but infl uence the overall distribution of obesity in the population [ 96 ]. Some obesity 
conditions are caused by large chromosomal aberrations; whereas in many obesity 
conditions the causal variant has been narrowed down to particular intervals in the 
genome. This work suggests that there is an allelic spectrum of genetic variants 
that contribute to human obesity.  

    Obesity Syndromes with Developmental Delay or Mental 
Retardation 

 Over 30 pleiotropic syndromes have been reported that include obesity and devel-
opmental delay or mental retardation as components (Refer to other chapter in 
book). The genetic basis for some of these has been identifi ed. A large chromo-
somal aberration involving multiple genes is sometimes the cause. One example is 
Prader Willi syndrome which causes obesity together with hyperphagia, hypotonia, 
mental retardation, learning disabilities, short stature, and hypogonadotropic hypo-
gonadism. Complications co-occurring with the syndrome include abnormal glu-
cose tolerance, type 2 diabetes, right-sided heart failure, and bone problems. 
Prader–Willi syndrome is a contiguous gene syndrome resulting from deletion of 
paternal copies of the imprinted  SNRPN  gene, the  NDN  (necdin) gene, and possibly 
other missing genes on part of chromosome 15 (15q11-13) (OMIM); which pheno-
types are due to disturbance of which genes remains to be determined. 

 For other syndromes, such as Bardet–Biedl syndrome (where there are 15 BBS 
genes and 3 modifi er genes identifi ed), we have a better understanding of how dis-
ruption in the functioning of one of these genes in the set results in pleiotropic phe-
notypes. BBS is characterized by retinal degeneration, obesity, polydactyly, and 
hypogonadism, as well as developmental delay, speech disorder, anosmia, ataxia/
imbalance, behavioral problems, polycystic kidneys, hearing loss, congenital heart 
defects, situs inversus, and Hirschsprung disease ([ 105 ]; a clinical synopsis available 
in OMIM id 209900). Affl icted individuals are at increased risk for diabetes mellitus, 
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hypertension, and congenital heart disease [ 70 ,  71 ]. BBS genes are involved in basal 
body and centrosome function, relating to ciliary development and function in many 
tissues. Defects in ciliary processes in many tissues are thought to underlie the pleio-
tropic phenotypes observed in this syndrome [ 69 ,  72 ]. For example, dysfunction of 
BBS genes in preadipocytes and the hypothalamus may contribute to the obesity 
seen in BBS [ 64 ]. Human preadipocytes form a transient primary cilium during dif-
ferentiation.  BBS10  and  BBS12  localize to the basal body of this primary cilium and 
knockdown of  BBS10  and  BBS12  expression reduces the number of ciliated cells and 
promotes adipogenesis. Furthermore, differentiation of  BBS10  and  BBS12  patients’ 
fi broblasts into fat-accumulating cells contain increased triglycerides compared with 
control cells [ 64 ], supporting the assertion that primary dysfunction of adipogenesis 
may contribute to the obesity seen in BBS. A second mechanism by which BBS 
genes contribute to obesity may involve altered leptin receptor ( LEPR ) signaling in 
the hypothalamus leading to deregulation of energy balance.  Bbs2  −/−,  Bbs4  −/−, and 
 Bbs6  −/− mice are resistant to the action of leptin to reduce body weight and food 
intake regardless of serum leptin levels and obesity [ 90 ]. Activation of hypothalamic 
 Stat3  by leptin, but not downstream  MC4R  signaling, was signifi cantly decreased in 
 Bbs2  −/−,  Bbs4  −/−, and  Bbs6  −/− mice indicating that LEPR signaling was specifi -
cally impaired in these animals. The human  BBS1  protein physically interacts with 
 LEPR , and loss of BBS proteins perturbs LEPR traffi cking and decreases proopi-
omelanocortin ( POMC ) expression in human cells, suggesting a mechanism by 
which some BBS proteins may mediate their effects. Some BBS proteins are also 
required for proper traffi cking of G protein- coupled receptors (GPCRs) in and out of 
neuronal cilia, suggesting disrupted ciliary GPCR traffi cking is the basis for the neu-
rological defects in BBS [ 7 ]. Better understanding of ciliopathies like Bardet–Biedl 
syndrome allow the identifi cation of signaling pathways potentially involved in com-
mon diseases that share phenotypic features like obesity.  

    Obesity Syndromes Without Developmental Delay 
or Mental Retardation 

 Obesity that segregates within families but that is not associated with severe devel-
opmental delay or mental retardation has been reported and characterized. Genes 
that are part of a hypothalamic axis for appetite regulation include leptin, leptin 
receptor,  POMC , and  MC4R . Defects in leptin in humans lead to severe early-onset 
obesity and intense hyperphagia, as well as hypogonadotropic hypogonadism [ 77 ]. 
 POMC  mutations are characterized by hyperphagia, and impaired melanocortin sig-
naling in the hypothalamus with early-onset obesity [ 54 ]. Heterozygous mutations 
in  MC4R  have been reported to cause a dominantly inherited obesity in various 
ethnic groups. Mutations in  MC4R  are by far the most common forms of monogenic 
obesity in humans. Defects in  MC4R  have been reported in multiple families, and 
associated phenotypes include obesity, an increase in lean body mass and bone min-
eral density, an increase in linear growth throughout childhood, hyperphagia, and 
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severe hyperinsulinemia; homozygotes are more severely affected than heterozy-
gotes [ 22 ]. MC4R is expressed in human and rodent brain and targeted disruption of 
 Mc4r  in rodents leads to increased food intake, obesity, severe early hyperinsu-
linemia, and increased linear growth; heterozygotes have an intermediate phenotype 
between homozygous mutant and wild-type mice [ 43 ]. The results of  MC4R  disrup-
tion are similar in humans, suggesting that aspects of the  MC4R  pathway may be 
conserved between rodents and humans. These genes may have a common effect on 
appetite because they act on the central leptin–melanocortin axis in the hypothala-
mus, thus playing a critical role in the regulation of feeding behavior. However, 
individuals with defects in leptin, leptin receptor,  POMC , and  MC4R  do not display 
the same set of related pleiotropisms. For example, individuals with defects in 
 MC4R  show increased lean body mass, hyperinsulinemia, and increased linear 
growth, which are not seen in individuals with the defects in the other genes [ 74 ]. 
Individuals with defects in leptin/leptin receptor have hypogonadotropic hypogo-
nadism and central hypothyroidism, which are not seen with defects in the other 
genes [ 74 ]. Adrenal crisis and pale skin are seen in individuals with  POMC  defects 
[ 54 ] but not with defects in the other genes [ 74 ]. The basis for gene unique pheno-
types may be due to particular genes having effects in other neurons/cells outside of 
the feeding pathways or to them having effects via downstream mediators that are 
not part of the core feeding circuit. For example,  MC4R  is expressed in many neu-
rons in the hypothalamus in addition to those that control feeding [ 92 ]. It is there-
fore probable that its effects on non-obesity phenotypes are mediated through 
neurons in non-feeding pathways. Alternatively,  POMC  undergoes extensive and 
tissue-specifi c posttranslational processing by prohormone convertases (PCs) to 
yield a range of biologically active peptides [ 17 ]. Specifi cally,  POMC  is cleaved by 
PC1 and PC2 to make α-, β-, and γ-MSH (the melanocortins) and ACTH respec-
tively. The expression of PC2 within the hypothalamus leads to the production of α-, 
β-, and γ-MSH (the melanocortins), which mediate the effect of POMC on feeding. 
In contrast, adrenocorticotropic hormone (ACTH) is the predominant peptide pro-
duced from POMC in pituitary corticotrophs that express PC1 and mediate its effect 
on the adrenal axis. Therefore, expression of the genes themselves or of the down-
stream mediators of their effects in particular cell types may help to explain the 
diversity of pleiotropisms observed when these genes are disrupted.  

    Common Variants Affect Adiposity and Related Metabolic 
Traits in Human Populations 

    BMI, WC, WHR, and Obesity-Associated Variants 

 Genome-wide association studies (GWAS) have identifi ed genetic variants that asso-
ciate with measures of overall obesity (e.g., BMI) that also have effects on related 
metabolic traits. Interestingly, some of these common variants fall in or near genes 
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that have been previously identifi ed to play a role in obesity because when they are 
deregulated in humans or model organisms, they result in obesity. In particular, com-
mon variants have been identifi ed in or near  MC4R  and  POMC  that affect popula-
tion-based BMI. As noted above, severe perturbation of these genes results in 
monogenic obesity syndromes. Indeed, for lipid and height traits when monogenic 
disease genes that affect these traits are present near a GWAS variant that affect these 
same traits, the monogenic disease gene is the nearest gene two- thirds of the time 
[ 55 ,  102 ]. This suggests that examining genes near GWAS signals may give us 
insights into genes that may affect the biology of the trait of interest. Interestingly, 
common variants identifi ed by large-scale GWAS near  MC4R  [ 60 ] and  POMC  [ 96 , 
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Insulin

HOMA-IR Type 2
Diabetes

NASH Neuropsychiatric
traits***

BMI rs2229616,
rs12970134
rs17782313**

MC4R

BMI rs1558902 FTO

BMI rs7359397 SH2B1 @

BMI rs10767664* BDNF

WC rs10146997 NRXN3

BMI rs2287019 GIPR

BMI rs6232 PCSK1

WHR rs10195252 GRB14

WHR rs2605100 LYPLAL1 #

Body Fat
Percentage

rs2943650 IRS1

VAT (Women
only)

rs1659258 THNSL2

Liver steatosis rs780094 GCKR

Liver steatosis rs738409 PNPLA3

Liver steatosis rs12137855 LYPLAL1

Liver steatosis rs4240624^ PPP1R3B

Liver steatosis rs2228603 NCAN

  Fig. 6.2    The associations with other metabolic traits for the trait-increasing allele for various 
measures of obesity
^ Variant associates with CT hepatic steatosis but not histologic fi brosis (Speliotes et al., PLoS 
Genetics, 2011)
* Variant is in r2 = 0.76 with rs6265 which encodes a Val66Met missense change in BDNF. A strong 
association of the BDNF 196G/A (Val66Met) polymorphism has been demonstrated with the 
restricting type of anorexia nervosa and binge-eating/purging type of bulimia nervosa (Ribases 
et al., Mol Psychiatry, 2003; Koizumi et al., Am J Med Genet, 2004).
** rs17782313 identifi ed as in a large-scale GWAS as susceptible to fat mass, overweight and risk 
of obesity in European population, these authors suggest that rs17782313 infl uence BMI indepen-
dently from rs2229616 V103I polymorphism (Loos et al., Nature Genetics, 2008); rs2229616 
encodes the V103I missense change in MC4R (Heid et al., Obesity, 2008). The association of 
rs17782313 with insulin resistance was assessed in a recent study population based study (Povel et 
al., Cardiovasc Diabetol, 2012). rs12970134 (r2 = 0.81 with rs17782313) associated signifi cantly 
with waist circumference and insulin resistance in Indian Asians and Europeans (Chambers et al., 
Nature Genetics, 2008).
*** Implies Anorexia nervosa and Bulimia nervosa for the variant near BDNF and Impulsivity for 
the variant near NRXN3.
@ Aggressive behavior for SH2B1 loss-of-function mutations. 
# rs4846567 G allele carriers showed a 5.2% lower HOMA-IR in women, this SNP is in moderate 
LD (r2 = 0.64) with the WHR SNP.       
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 97 ] that associate with higher BMI also associate with higher and lower height, 
respectively, consistent with observations in individuals with monogenic mutations 
affecting these genes. Thus, GWAS-associated variants can provide direct insights 
into the genetic basis of obesity pleiotropisms. For example, variants near  MC4R  
have been found to associate with increased risk of metabolic syndrome and increased 
insulin resistance in human populations of diverse ancestry [ 12 ,  37 ,  78 ] (Fig.  6.2 ).

   The fi rst common variants identifi ed by GWAS to associate with overall fat mea-
sures were located in the fi rst intron of  FTO  (fat mass and obesity-associated gene). 
Variants in high linkage disequilibrium with each other were associated with BMI, 
severe childhood and adult obesity, as well as fat mass: rs9939609 [ 111 ]; rs9930506 
[ 89 ]; rs1421085 [ 66 ]; rs8050136 [ 49 ]. The BMI-increasing allele (rs9939609) at 
this locus is strongly associated with increased risk for type 2 diabetes [ 26 ]. Further, 
the BMI-increasing alleles at the FTO locus are also signifi cantly associated with 
increased fasting insulin, increased homeostatic measure for insulin resistance 
(HOMA-IR) [ 96 ,  97 ], elevated diastolic blood pressure [ 104 ], and increased risk for 
metabolic syndrome [ 93 ] (Fig.  6.2 ).  FTO  affects adiposity; ubiquitous overexpres-
sion of  FTO  leads to a dose-dependent increase in body and fat mass in mice fed 
either a standard or high-fat diet [ 14 ]. FTO has a potential role in nucleic acid 
demethylation and is highly expressed in parts of the brain that govern energy bal-
ance and feeding behavior [ 27 ,  28 ], which make it a likely candidate through which 
these variants exert their effects on BMI. 

 The common variant rs7359397 near  SH2B1  (Src homology 2 [SH2] domain- 
containing putative adaptor protein B1) not only associates with population- measured 
BMI but also associates with increased fasting levels of insulin and plasma glucose 
[ 96 ,  97 ] (Fig.  6.2 ). This variant is in perfect linkage disequilibrium with missense 
variant rs7498665 in  SH2B1 , [ 111 ] which affects amino acid polarity (Thr484Ala) 
and falls into a highly conserved protein segment of SH2B1 containing a class II SH3 
domain-binding site. Carriers of a large, rare chromosomal deletion of  SH2B1  exhibit 
hyperphagia and severe insulin resistance disproportionate to the degree of obesity 
[ 9 ,  107 ]. Doche et al. [ 19 ] also identifi ed  SH2B1  loss-of-function mutations in a large 
cohort of 300 patients with severe early-onset obesity. Mutation carriers exhibited 
hyperphagia, childhood-onset obesity, disproportionate insulin resistance, and 
reduced fi nal height as adults. Behavioral abnormalities, including social isolation 
and aggression, were also reported. SH2B1 modulates signaling by a variety of 
ligands that bind to receptor tyrosine kinases or JAK-associated cytokine receptors, 
including leptin, insulin, growth hormone, and nerve growth factor [ 85 ]. In mice, 
targeted deletion of  SH2B1  results in increased food intake, obesity, and insulin resis-
tance; heterozygous null mice fed a high-fat diet have an intermediate phenotype. 
SH2B1 can act as an insulin sensitizer because it directly binds to insulin receptor 
substrates IRS1 and IRS2, and enhances insulin sensitivity by promoting insulin 
receptor catalytic activity and inhibiting tyrosine dephosphorylation of IRS protein 
[ 56 ,  68 ]. Interestingly, the expression of only neuronal SH2B1 in these knockout 
mice rescues some of the phenotypes seen in knockout mice and this suggest that 
SH2B1 regulates energy balance, body weight, peripheral insulin sensitivity, and glu-
cose homeostasis at least in part by enhancing hypothalamic leptin sensitivity [ 81 ]. 
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These data suggest that  SH2B1  plays a critical role in the control of body weight, food 
intake, leptin-insulin signaling, and a putative role in maladaptive human behavior. 

 The lead SNP (rs10767664) identifi ed near  BDNF  in a GWAS for BMI- susceptible 
loci in 249,796 individuals of European ancestry [ 96 ,  97 ] is in high linkage disequi-
librium ( r  2  = 0.76) with rs6265, which results in a Val66Met missense change in 
BDNF. The BDNF 196G/A (Val66Met) polymorphism is strongly associated with 
the restricting type of anorexia nervosa and binge-eating/purging type of bulimia 
nervosa [ 51 ,  81 ] (Fig.  6.2 ), suggesting that the Met allele may be a susceptibility 
factor for eating disorders. Variants in or near  BDNF , including rs6265 (Val66Met), 
that are associated with an increased BMI have also been associated with substance-
related disorders, alcohol dependence, and mood disorders [ 31 ]. These effects may 
be due to  BDNF  disruption causing interference with dopamine neurotransmission 
in pathways involved in reward effects, motivation, and decision making [ 31 ,  34 ,  96 , 
 97 ,  103 ]. Further, heterozygous  BDNF  knockout mice exhibited aggressiveness and 
hyperphagia accompanied by signifi cant weight gain in early adulthood [ 61 ], and 
abnormal locomotor activity and infusion with  BDNF  in these mice can transiently 
reverse the eating behavior and obesity [ 48 ]; supporting that altering BDNF function 
can mediate both obesity and psychiatric behavioral phenotypes. 

 The variant rs10146997 in neurexin-3-alpha ( NRXN3 ) was signifi cantly associated 
with waist circumference in a large-scale GWAS of a European population [ 35 ]. 
Although it is unlikely that a different gene accounts for this fi nding as there are no 
other genes within a distance of more than several hundred kilobases of this SNP, 
additional research is required to prove that rs10146997 acts through  NRXN3  [ 35 ]. 
The rs760288–rs8019381–rs2293847 haplotype near  NRXN3  associates with gender-
specifi c alcohol dependence, cocaine addiction, and illegal substance abuse in 332 
alcohol-dependent human participants [ 39 ]; however, these variants are in very low 
linkage disequilibrium with rs10146997. Weak association between rs10146697 and 
impulsivity in women has been reported [ 101 ] (Fig.  6.2 ). Therefore, although a direct 
link between variants that associate with obesity phenotypes and those that associate 
with substance abuse has not been shown or confi rmed, these phenotypes may all 
result from perturbations of  NRXN3 .  NRXN3 , which belongs to a family of proteins 
that function as receptors and cell adhesion molecules in the nervous system, may play 
a role in the development and function of synapses [ 58 ]. How polymorphisms near 
 NRXN3  confer vulnerability to addictions and obesity remains to be determined. 

 The BMI-increasing genome-wide signifi cantly associated variant near the gastric 
inhibitory polypeptide receptor ( GIPR , also known as the glucose-dependent insulino-
tropic polypeptide receptor) [ 96 ,  97 ] is in strong linkage disequilibrium ( r  2  = 0.83) with 
a missense SNP in  GIPR  (rs1800437, p.Glu354Gln) that has been shown to infl uence 
glucose and insulin responses to an oral glucose challenge [ 88 ]. The BMI-increasing 
allele is associated with increased fasting glucose levels and decreased 2-h glucose 
levels [ 96 ,  97 ] (Fig.  6.2 ).  GIPR  is widely distributed in peripheral organs, including 
the pancreas, gut, and adipose tissue, suggesting a role for peripheral biology in obe-
sity. GIP, which is expressed in the K cells of the duodenum and intestine, is an incre-
tin hormone that mediates insulin secretion in response to oral intake of glucose. Mice 
with disruption of  GIPR  are resistant to diet-induced obesity [ 67 ], further supporting a 
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role of this pathway in affecting BMI. Interestingly, GIP and its receptor may consti-
tute a link between the consumption of energy-rich high-fat diets and the development 
of obesity (reviewed by Irwin and Flatt [ 45 ] and McIntosh et al. [ 65 ]). 

 A GWAS of early-onset and morbid adult obesity in Europeans identifi ed a cod-
ing missense variant in the Niemann–Pick C1 gene  NPC1  (rs1805081 [H215R]) that 
was genome-widely signifi cantly associated with this trait. This variant had a popu-
lation attributable risk for obesity of 9.6 % in children and 13.6 % in adults [ 66 ]. 
NPC1 is a protein involved in endosomal cholesterol traffi cking in the central ner-
vous system, liver, and macrophages [ 3 ,  44 ,  106 ].  NPC1  mRNA was signifi cantly 
increased in obese individuals in subcutaneous white adipose tissue (scWAT) and 
omental WAT (omWAT) and downregulated by weight loss, implicating  NPC1  in 
adipocyte biology [ 4 ]. Although rs1805081 has not been associated with the 
Niemann Pick C phenotype,  Npc1 -null mice exhibit late-onset weight loss and poor 
food intake, as well as neurological defi cits and a cellular defect in cholesterol trans-
port [ 20 ,  66 ,  108 ], suggesting that alteration of this gene results in pleiotropic effects. 

 The nonsynonymous variants rs6232[G] for  PCSK1  (prohormone convertase 
(PC) 1/3), encoding N221D, and rs6234-rs6235[C], encoding the Q665E–S690T 
changes, have been consistently associated with obesity in adults and children 
( P  = 7.27 × 10 −8  and  P  = 2.31 × 10 −12 , respectively) [ 6 ]. Rare mutations as well as 
common SNPs in  PCSK1  cause childhood obesity and abnormal glucose homeosta-
sis with elevated proinsulin concentrations in Europeans [ 6 ,  23 ,  46 ,  84 ]. A large- 
scale GWAS in East Asians identifi ed a common variant rs261967 near  PCSK1  that 
associates with BMI [ 109 ]. Precursor polypeptides, such as  POMC , proglucagon, 
and proinsulin, which are involved in the regulation of energy metabolism, serve as 
substrates for  PCSK1  in various metabolic processes. The missense variant 
rs6235[G] coding for S690T in  PCSK1  is signifi cantly associated with fasting pro-
insulin levels on a genome-wide scale [ 101 ], consistent with the function of  PCSK1  
being the fi rst enzymatic step in the insulin processing pathway. In addition, the 
obesity risk allele of SNP rs6232 (encoding missense variant N221D) was associ-
ated with reduced HOMA-IR, increased fasting glucose, and reduced 120-min glu-
cose levels (Fig.  6.2 ), independently of BMI and proinsulin conversion in Europeans 
[ 38 ]. Functional analysis showed that the N221D-mutant PC1/3 protein has impaired 
catalytic activity [ 6 ]. Gjesing et al. [ 29 ] proposed that a direct or indirect conse-
quence of having the C-allele of rs6235 for  PCSK1  is an increased GIP level that 
might lead to increased levels of circulating insulin, reduce glucose levels, and pos-
sibly protect against diabetes. Thus,  PCSK1  arbitrates its effect on obesity and 
related metabolic disorders through cleaving many precursor hormones in multiple 
tissues thus causing these pleiotropic effects in a parallel fashion. 

 The waist-to-hip ratio (WHR)-increasing allele at  GRB14  (rs10195252) shows a 
strong association with increased triglycerides ( P  = 7.4 × 10 −9 ), fasting insulin levels 
( P  = 5.0 × 10 −6 ), and insulin resistance ( P  = 1.9 × 10 −6 ) [ 36 ] (Fig.  6.2 ). Growth factor 
receptor-bound protein 14 (GRB14) is a member of a family of SH2-containing 
adaptor proteins and binds directly to the insulin receptor [ 18 ,  40 ].  GRB14  expres-
sion is increased in the adipose tissue of insulin-resistant animal models and type 2 
diabetic human patients, suggesting the effect of  GRB14  is by modulating insulin 
sensitivity [ 10 ] to exert its effects. 
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 A meta-analysis of genome-wide association data for central adiposity identifi ed 
rs2605100 (near LYPLAL1—lysophospholipase-like protein 1) as an association in 
females only for WHR [ 57 ]. These authors also found an association between the 
WHR-increasing G-allele of rs2605100 and increased fasting triglycerides. 
Although the subcutaneous and visceral adipose tissue of 16 obese subjects had 
elevated mRNA expression of LYPLAL1 [ 99 ], the functional and molecular details 
of how rs2605100 actually exerts its effects to result in increased WHR effect 
remain to be determined.  

    Body Fat Percentage 

 Variant rs2943650 was identifi ed to be signifi cantly associated at genome-wide lev-
els with body fat percentage in a recent meta-analysis study. rs2943650 is near  IRS1  
and shows an association with fat mass, greater in men than women [ 49 ]. The insu-
lin receptor substrate protein  IRS1  is a key target of the insulin receptor tyrosine 
kinase and is required for hormonal control of metabolism. Variants in high linkage 
disequilibrium with the fat mass-associated variant at  IRS1  also associate with type 
2 diabetes [ 30 ]; cardiovascular disease [ 87 ]; and plasma lipid levels [ 102 ]; and is in 
perfect linkage disequilibrium with a variant (rs2943641) identifi ed to be associated 
with insulin resistance and hyperinsulinemia in European population-based cohorts 
[ 86 ]. The C-allele for rs2943641 was also associated with reduced basal levels of 
IRS1 protein and decreased insulin induction of IRS1-associated phosphatidylino-
sitol-3- OH kinase activity in human skeletal muscle biopsies. Interestingly, the fat 
percentage decreasing allele was associated with increased risk for type 2 diabetes 
and cardiovascular disease, and with an impaired lipid profi le [ 1 ,  91 ,  102 ] (Fig.  6.2 ). 
Further analyses showed that the body fat percentage decreasing allele lowered the 
subcutaneous fat—but not the more harmful visceral fat—and also lowered adipo-
nectin levels. This suggests that this variant may act by affecting fat distribution and 
in particular it may promote metabolic disease development by increasing visceral 
versus subcutaneous fat [ 49 ,  59 ].  

    Visceral Adipose Tissue (VAT) 

 A higher ratio of visceral to subcutaneous adipose tissue is known to be associated 
with a higher risk for cardiovascular and metabolic diseases [ 25 ,  50 ]. A genome- 
wide association study of abdominal, subcutaneous, and visceral adipose tissue in 
individuals of European ancestry revealed a novel genome-wide signifi cant variant 
rs1659258 near  THNSL2  (threonine synthase-like 2) that was signifi cantly associ-
ated with visceral adipose tissue (VAT) only in women [ 24 ]. The VAT-increasing 
allele at  THNSL2  was associated with lower HDL and increased fasting glucose 
consistent (Fig.  6.2 ), and increased visceral adiposity promotes metabolic syndrome 
traits [ 24 ].  
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    Liver Steatosis 

 A genome-wide association scan revealed a missense variant rs738409 (I148M) in 
 PNPLA3  (Patatin-like phospholipase domain-containing protein 3) to be signifi -
cantly associated with hepatic fat accumulation and hepatic infl ammation in 
Hispanics, European Americans, and African Americans [ 82 ]. PNPLA3 plays a role 
in the hydrolysis of glycerolipids and the I148M substitution causes a loss of func-
tion [ 42 ]. The rs738409 (I148M) in PNPLA3 is also associated with severe histo-
logic complications of NAFLD, such as portal infl ammation, lobular infl ammation, 
Mallory-Denk bodies, and fi brosis [ 83 ,  96 ,  97 ]. Genome-wide association scans for 
hepatic steatosis measured using computed tomography scanning or magnetic reso-
nance spectroscopy has revealed that variants in or near  PNPLA3 ,  NCAN ,  GCKR , 
 LYPLAL1 , and  PPP1R3B  associate with this trait [ 98 ]. Variants in or near  PNPLA3 , 
 NCAN ,  GCKR , and  LYPLAL1  but not near  PPP1R3B  associate with NASH/fi brosis 
on a genome-wide signifi cant level [ 98 ]. The hepatic steatosis-increasing allele at 
 NCAN  was associated with lower triglycerides and plasma LDL cholesterol levels 
[ 98 ] (Fig.  6.2 ) but how this variant exerts these effects is unclear. The nearest gene 
 NCAN  is a brain chondroitin sulfate proteoglycan that acts as an adhesion molecule 
[ 79 ] but it is not clear that the variant rs2228603 acts through this gene. The hepatic 
steatosis-increasing allele at  GCKR  (rs780094) was associated with higher levels of 
plasma LDL cholesterol and triglycerides, lower fasting glucose, lower HOMA-IR 
[ 98 ] (Fig.  6.2 ).  GCKR  inhibits glucokinase in the liver, pancreatic islet cells, and 
possibly other tissues and prevents the phosphorylation of glucose, which is required 
for its use as a substrate for de novo lipogenesis. Carriers of the common L446 allele 
for GCKR have higher triglyceride levels and lower fasting plasma glucose levels 
[ 76 ,  94 ]. The P446L coding change in the protein product of GCKR leads to a reduc-
tion in GCK-inhibition by the variant regulatory protein. This is predicted to increase 
glycolytic fl ux and hence glucose uptake by the liver. This enhanced rate of glycoly-
sis may increase other liver metabolites such as malonyl-CoA, increasing triglycer-
ide levels by two mechanisms—acting as a substrate for de novo lipogenesis, and 
also by blocking fatty acid oxidation [ 5 ]. This perturbation of hepatic metabolism 
may account for lowered glucose and raised triglycerides levels seen in L446-
carriers of GCKR. In this way it may possibly promote hepatic steatosis. Similarly, 
since  PPP1R3B  encodes a protein that promotes the breakdown of liver glycogen to 
phosphorylated glucose [ 2 ], variants near this gene may increase its activity and 
predispose carriers to increased hepatic steatosis by increasing substrates for de 
novo lipogenesis. Indeed, the hepatic steatosis associated variants (rs4240624) at 
this locus increase PPP1R3B expression in the liver which is consistent with this 
model [ 98 ]. How these hepatic steatosis variants at PPP1R3B also cause increased 
HDL and LDL cholesterol and decreased fasting glucose levels (Fig.  6.2 ) remains to 
be determined. Finally, variants associated with hepatic steatosis in or near  PNPLA3  
(rs738409) (encoded protein is a triacylglycerol lipase that mediates triacylglycerol 
hydrolysis in adipocytes) and  LYPLAL1  (rs12137855) (lysophospholipase-like 1 
protein) show association with NASH/fi brosis but do not show signifi cant 
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association for several lipid and glycemic traits tested. Thus,  PNPLA3  and  LYPLAL1  
may be involved in lipid metabolism and exert their effects within the liver in ways 
that are not well refl ected in serum glucose or lipid measurements [ 99 ]. These results 
were some of the fi rst to show that genetics can dissociate epidemiologically corre-
lated traits. Targeting the genes through which associated variants act may yield 
diverse outcomes, leading to personalized disease treatments.   

    Future Elucidation of More Obesity-Susceptible Loci Having 
Pleiotropic Association with Other Complex Diseases 

 Genome-wide association studies of many human phenotypes are beginning to 
uncover the unique and shared genetic basis of human traits. This information can 
complement studies of obesity syndromes to uncover the mechanisms by which 
genetic defects promote adiposity. Already we have learned that some obesity plei-
otropisms may be caused by genetic defects that are affecting more than one gene, 
as occurs in Prader–Willi syndrome. Other pleiotropisms may arise from affected 
genes being expressed and acting in multiple tissues, as occurs with the BBS genes. 
A gene product may also have different effects in different tissues based on the 
expression of downstream mediators, as is seen for  POMC ; the expression of PC1 
or PC2 determines how it is cleaved into different peptides with disparate effects, 
only some of which relate to the development of obesity. The mechanism by which 
many of the new GWAS-associated variants exert their pleiotropic effects remains 
to be determined.  

    Conclusion 

 With the increased prevalence of obesity worldwide, there has been a corresponding 
increase in many obesity-related diseases, with resultant morbidity and mortality, 
and for which there are few treatments and no cures. Genetic studies suggest that the 
development of obesity comorbidities may be infl uenced through different meta-
bolic pathways that may represent distinct therapeutic targets. A better understand-
ing of the unique and common genetic bases of these diseases may help us to improve 
personalized treatment based on individual needs. The integration of genetic data 
across phenotypes with data that include but are not limited to metabolomics, gene 
expression, or protein–protein interaction information can help us to better under-
stand the mechanisms by which these genetic variants exert their effects and in this 
way help us to develop much needed new therapeutics for these conditions.     

  Acknowledgements     This work was supported by National Institutes of Health grant 
K23DK080145-01, the Doris Duke Medical Foundation, and the University of Michigan Internal 
Medicine Department, Division of Gastroenterology, and Biological Sciences Scholars Program.  

6 Genetic Pleiotropies of Obesity



106

      References 

    1.    Adeyemo A, Bentley AR, Meilleur KG, Doumatey AP, Chen G, Zhou J et al (2012) 
Transferability and fi ne mapping of genome-wide associated loci for lipids in African 
Americans. BMC Med Genet 13:88  

    2.    Agius L (2008) Glucokinase and molecular aspects of liver glycogen metabolism. Biochem J 
414(1):1–18  

    3.    Amigo L, Mendoza H, Castro J, Quinones V, Miquel JF, Zanlungo S (2002) Relevance of 
Niemann-Pick type C1 protein expression in controlling plasma cholesterol and biliary lipid 
secretion in mice. Hepatology 36(4 Pt 1):819–828  

    4.    Bambace C, Dahlman I, Arner P, Kulyte A (2013) NPC1 in human white adipose tissue and 
obesity. BMC Endocr Disord 13:5  

    5.    Beer NL, Tribble ND, McCulloch LJ, Roos C, Johnson PR, Orho-Melander M et al (2009) 
The P446L variant in GCKR associated with fasting plasma glucose and triglyceride levels 
exerts its effect through increased glucokinase activity in liver. Hum Mol Genet 18(21): 
4081–4088  

      6.    Benzinou M, Creemers JW, Choquet H, Lobbens S, Dina C, Durand E et al (2008) Common 
nonsynonymous variants in PCSK1 confer risk of obesity. Nat Genet 40(8):943–945  

    7.    Berbari NF, Lewis JS, Bishop GA, Askwith CC, Mykytyn K (2008) Bardet-Biedl syndrome 
proteins are required for the localization of G protein-coupled receptors to primary cilia. Proc 
Natl Acad Sci U S A 105(11):4242–4246  

    8.    Bergman RN, Kim SP, Catalano KJ, Hsu IR, Chiu JD, Kabir M et al (2006) Why visceral fat is 
bad: mechanisms of the metabolic syndrome. Obesity (Silver Spring) 14(Suppl 1):16S–19S  

    9.    Bochukova EG, Huang N, Keogh J, Henning E, Purmann C, Blaszczyk K et al (2010) Large, 
rare chromosomal deletions associated with severe early-onset obesity. Nature 
463(7281):666–670  

    10.    Cariou B, Capitaine N, Le Marcis V, Vega N, Bereziat V, Kergoat M et al (2004) Increased 
adipose tissue expression of Grb14 in several models of insulin resistance. FASEB J 
18(9):965–967  

    11.    Cawley J, Meyerhoefer C (2012) The medical care costs of obesity: an instrumental variables 
approach. J Health Econ 31(1):219–230  

    12.    Chambers JC, Elliott P, Zabaneh D, Zhang W, Li Y, Froguel P et al (2008) Common genetic 
variation near MC4R is associated with waist circumference and insulin resistance. Nat 
Genet 40(6):716–718  

    13.    Chan JM, Rimm EB, Colditz GA, Stampfer MJ, Willett WC (1994) Obesity, fat distribution, 
and weight gain as risk factors for clinical diabetes in men. Diabetes Care 17(9):961–969  

    14.    Church C, Moir L, McMurray F, Girard C, Banks GT, Teboul L et al (2010) Overexpression 
of Fto leads to increased food intake and results in obesity. Nat Genet 42(12):1086–1092  

    15.    Clark JM (2006) The epidemiology of nonalcoholic fatty liver disease in adults. J Clin 
Gastroenterol 40(Suppl 1):S5–S10  

    16.    Colditz GA, Willett WC, Rotnitzky A, Manson JE (1995) Weight gain as a risk factor for 
clinical diabetes mellitus in women. Ann Intern Med 122(7):481–486  

    17.    Coll AP, Farooqi IS, Challis BG, Yeo GS, O’Rahilly S (2004) Proopiomelanocortin and 
energy balance: insights from human and murine genetics. J Clin Endocrinol Metab 
89(6):2557–2562  

    18.    Depetris RS, Hu J, Gimpelevich I, Holt LJ, Daly RJ, Hubbard SR (2005) Structural basis for 
inhibition of the insulin receptor by the adaptor protein Grb14. Mol Cell 20(2):325–333  

    19.    Doche ME, Bochukova EG, Su HW, Pearce LR, Keogh JM, Henning E et al (2012) Human 
SH2B1 mutations are associated with maladaptive behaviors and obesity. J Clin Invest 
122(12):4732–4736  

    20.    Elrick MJ, Pacheco CD, Yu T, Dadgar N, Shakkottai VG, Ware C et al (2010) Conditional 
Niemann-Pick C mice demonstrate cell autonomous Purkinje cell neurodegeneration. Hum 
Mol Genet 19(5):837–847  

B. Kahali and E.K. Speliotes



107

    21.    Fan JG, Zhu J, Li XJ, Chen L, Lu YS, Li L et al (2005) Fatty liver and the metabolic syn-
drome among Shanghai adults. J Gastroenterol Hepatol 20(12):1825–1832  

    22.    Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O’Rahilly S (2003) Clinical spectrum 
of obesity and mutations in the melanocortin 4 receptor gene. N Eng J Med 348(12): 
1085–1095  

    23.    Farooqi IS, Volders K, Stanhope R, Heuschkel R, White A, Lank E et al (2007) Hyperphagia 
and early-onset obesity due to a novel homozygous missense mutation in prohormone con-
vertase 1/3. J Clin Endocrinol Metab 92(9):3369–3373  

     24.    Fox CS, Liu Y, White CC, Feitosa M, Smith AV, Heard-Costa N et al (2012) Genome-wide 
association for abdominal subcutaneous and visceral adipose reveals a novel locus for vis-
ceral fat in women. PLoS Genet 8(5):e1002695  

    25.    Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY et al (2007) 
Abdominal visceral and subcutaneous adipose tissue compartments: association with meta-
bolic risk factors in the Framingham Heart Study. Circulation 116(1):39–48  

    26.    Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, Lindgren CM et al (2007) 
A common variant in the FTO gene is associated with body mass index and predisposes to 
childhood and adult obesity. Science 316(5826):889–894  

    27.    Fredriksson R, Hagglund M, Olszewski PK, Stephansson O, Jacobsson JA, Olszewska AM et al 
(2008) The obesity gene, FTO, is of ancient origin, up-regulated during food deprivation and 
expressed in neurons of feeding-related nuclei of the brain. Endocrinology 149(5):2062–2071  

    28.    Gerken T, Girard CA, Tung YC, Webby CJ, Saudek V, Hewitson KS et al (2007) The obesity- 
associated FTO gene encodes a 2-oxoglutarate-dependent nucleic acid demethylase. Science 
318(5855):1469–1472  

    29.    Gjesing AP, Vestmar MA, Jorgensen T, Heni M, Holst JJ, Witte DR et al (2011) The effect of 
PCSK1 variants on waist, waist-hip ratio and glucose metabolism is modifi ed by sex and 
glucose tolerance status. PLoS One 6(9):e23907  

    30.    Grarup N, Sparso T, Hansen T (2010) Physiologic characterization of type 2 diabetes-related 
loci. Curr Diab Rep 10(6):485–497  

     31.    Gratacos M, Gonzalez JR, Mercader JM, de Cid R, Urretavizcaya M, Estivill X (2007) Brain- 
derived neurotrophic factor Val66Met and psychiatric disorders: meta-analysis of case- 
control studies confi rm association to substance-related disorders, eating disorders, and 
schizophrenia. Biol Psychiatry 61(7):911–922  

    32.    Han TS, van Leer EM, Seidell JC, Lean ME (1995) Waist circumference action levels in the 
identifi cation of cardiovascular risk factors: prevalence study in a random sample. BMJ 
311(7017):1401–1405  

    33.    Harrison SA, Neuschwander-Tetri BA (2004) Nonalcoholic fatty liver disease and nonalco-
holic steatohepatitis. Clin Liver Dis 8(4):861–879  

    34.    Hashimoto K, Koizumi H, Nakazato M, Shimizu E, Iyo M (2005) Role of brain-derived 
neurotrophic factor in eating disorders: recent fi ndings and its pathophysiological implica-
tions. Prog Neuropsychopharmacol Biol Psychiatry 29(4):499–504  

     35.    Heard-Costa NL, Zillikens MC, Monda KL, Johansson A, Harris TB, Fu M et al (2009) 
NRXN3 is a novel locus for waist circumference: a genome-wide association study from the 
CHARGE Consortium. PLoS Genet 5(6):e1000539  

     36.    Heid IM, Jackson AU, Randall JC, Winkler TW, Qi L, Steinthorsdottir V et al (2010) Meta- 
analysis identifi es 13 new loci associated with waist-hip ratio and reveals sexual dimorphism 
in the genetic basis of fat distribution. Nat Genet 42(11):949–960  

    37.    Heid IM, Vollmert C, Kronenberg F, Huth C, Ankerst DP, Luchner A et al (2008) Association 
of the MC4R V103I polymorphism with the metabolic syndrome: the KORA Study. Obesity 
(Silver Spring) 16(2):369–376  

    38.    Heni M, Haupt A, Schafer SA, Ketterer C, Thamer C, Machicao F et al (2010) Association of 
obesity risk SNPs in PCSK1 with insulin sensitivity and proinsulin conversion. BMC Med 
Genet 11:86  

    39.    Hishimoto A, Liu QR, Drgon T, Pletnikova O, Walther D, Zhu XG et al (2007) Neurexin 3 
polymorphisms are associated with alcohol dependence and altered expression of specifi c 
isoforms. Hum Mol Genet 16(23):2880–2891  

6 Genetic Pleiotropies of Obesity



108

    40.    Holt LJ, Siddle K (2005) Grb10 and Grb14: enigmatic regulators of insulin action—and 
more? Biochem J 388(Pt 2):393–406  

      41.    Hsu WC, Boyko EJ, Fujimoto WY, Kanaya A, Karmally W, Karter A et al (2012) 
Pathophysiologic differences among Asians, native Hawaiians, and other Pacifi c Islanders 
and treatment implications. Diabetes Care 35(5):1189–1198  

    42.    Huang Y, Cohen JC, Hobbs HH (2011) Expression and characterization of a PNPLA3 protein 
isoform (I148M) associated with nonalcoholic fatty liver disease. J Biol Chem 286(43):
37085–37093  

    43.    Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier LR et al 
(1997) Targeted disruption of the melanocortin-4 receptor results in obesity in mice. Cell 
88(1):131–141  

    44.    Ikonen E (2008) Cellular cholesterol traffi cking and compartmentalization. Nat Rev Mol Cell 
Biol 9(2):125–138  

    45.    Irwin N, Flatt PR (2009) Evidence for benefi cial effects of compromised gastric inhibitory 
polypeptide action in obesity-related diabetes and possible therapeutic implications. 
Diabetologia 52(9):1724–1731  

    46.    Jackson RS, Creemers JW, Ohagi S, Raffi n-Sanson ML, Sanders L, Montague CT et al 
(1997) Obesity and impaired prohormone processing associated with mutations in the human 
prohormone convertase 1 gene. Nat Genet 16(3):303–306  

    47.    Kelly T, Yang W, Chen CS, Reynolds K, He J (2008) Global burden of obesity in 2005 and 
projections to 2030. Int J Obes 32(9):1431–1437  

    48.    Kernie SG, Liebl DJ, Parada LF (2000) BDNF regulates eating behavior and locomotor activ-
ity in mice. EMBO J 19(6):1290–1300  

      49.    Kilpelainen TO, Zillikens MC, Stancakova A, Finucane FM, Ried JS, Langenberg C et al 
(2011) Genetic variation near IRS1 associates with reduced adiposity and an impaired meta-
bolic profi le. Nat Genet 43(8):753–760  

    50.    Kim S, Cho B, Lee H, Choi K, Hwang SS, Kim D et al (2011) Distribution of abdominal 
visceral and subcutaneous adipose tissue and metabolic syndrome in a Korean population. 
Diabetes Care 34(2):504–506  

    51.    Koizumi H, Hashimoto K, Itoh K, Nakazato M, Shimizu E, Ohgake S et al (2004) Association 
between the brain-derived neurotrophic factor 196G/A polymorphism and eating disorders. 
Am J Med Genet B Neuropsychiatr Genet 127B(1):125–127  

    52.    Kolterman OG, Insel J, Saekow M, Olefsky JM (1980) Mechanisms of insulin resistance in 
human obesity: evidence for receptor and postreceptor defects. J Clin Invest 65(6):1272–1284  

     53.    Kopelman PG (2000) Obesity as a medical problem. Nature 404(6778):635–643  
     54.    Krude H, Biebermann H, Luck W, Horn R, Brabant G, Gruters A (1998) Severe early-onset 

obesity, adrenal insuffi ciency and red hair pigmentation caused by POMC mutations in 
humans. Nat Genet 19(2):155–157  

    55.    Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, Rivadeneira F et al (2010) 
Hundreds of variants clustered in genomic loci and biological pathways affect human height. 
Nature 467(7317):832–838  

    56.    Li Z, Zhou Y, Carter-Su C, Myers MG Jr, Rui L (2007) SH2B1 enhances leptin signaling by 
both Janus kinase 2 Tyr813 phosphorylation-dependent and -independent mechanisms. Mol 
Endocrinol 21(9):2270–2281  

    57.    Lindgren CM, Heid IM, Randall JC, Lamina C, Steinthorsdottir V, Qi L et al (2009) Genome- 
wide association scan meta-analysis identifi es three Loci infl uencing adiposity and fat distri-
bution. PLoS Genet 5(6):e1000508  

    58.    Liu QR, Drgon T, Walther D, Johnson C, Poleskaya O, Hess J et al (2005) Pooled association 
genome scanning: validation and use to identify addiction vulnerability loci in two samples. 
Proc Natl Acad Sci U S A 102(33):11864–11869  

    59.    Loos RJ (2012) Genetic determinants of common obesity and their value in prediction. Best 
Pract Res Clin Endocrinol Metab 26(2):211–226  

    60.    Loos RJ, Lindgren CM, Li S, Wheeler E, Zhao JH, Prokopenko I et al (2008) Common variants 
near MC4R are associated with fat mass, weight and risk of obesity. Nat Genet 40(6):768–775  

B. Kahali and E.K. Speliotes



109

    61.    Lyons WE, Mamounas LA, Ricaurte GA, Coppola V, Reid SW, Bora SH et al (1999) 
Brain- derived neurotrophic factor-defi cient mice develop aggressiveness and hyperphagia in con-
junction with brain serotonergic abnormalities. Proc Natl Acad Sci U S A 96(26): 15239–15244  

    62.    Maes HH, Neale MC, Eaves LJ (1997) Genetic and environmental factors in relative body 
weight and human adiposity. Behav Genet 27(4):325–351  

    63.    Manson JE, Willett WC, Stampfer MJ, Colditz GA, Hunter DJ, Hankinson SE et al (1995) 
Body weight and mortality among women. N Eng J Med 333(11):677–685  

     64.    Marion V, Stoetzel C, Schlicht D, Messaddeq N, Koch M, Flori E et al (2009) Transient cil-
iogenesis involving Bardet-Biedl syndrome proteins is a fundamental characteristic of adipo-
genic differentiation. Proc Natl Acad Sci U S A 106(6):1820–1825  

    65.    McIntosh CH, Widenmaier S, Kim SJ (2009) Glucose-dependent insulinotropic polypeptide 
(Gastric Inhibitory Polypeptide; GIP). Vitam Horm 80:409–471  

      66.    Meyre D, Delplanque J, Chevre JC, Lecoeur C, Lobbens S, Gallina S et al (2009) Genome- 
wide association study for early-onset and morbid adult obesity identifi es three new risk loci 
in European populations. Nat Genet 41(2):157–159  

    67.    Miyawaki K, Yamada Y, Ban N, Ihara Y, Tsukiyama K, Zhou H et al (2002) Inhibition of 
gastric inhibitory polypeptide signaling prevents obesity. Nat Med 8(7):738–742  

    68.    Morris DL, Cho KW, Zhou Y, Rui L (2009) SH2B1 enhances insulin sensitivity by both 
stimulating the insulin receptor and inhibiting tyrosine dephosphorylation of insulin receptor 
substrate proteins. Diabetes 58(9):2039–2047  

    69.    Muller J, Stoetzel C, Vincent MC, Leitch CC, Laurier V, Danse JM et al (2010) Identifi cation 
of 28 novel mutations in the Bardet-Biedl syndrome genes: the burden of private mutations in 
an extensively heterogeneous disease. Hum Genet 127(5):583–593  

    70.    Mykytyn K, Braun T, Carmi R, Haider NB, Searby CC, Shastri M et al (2001) Identifi cation 
of the gene that, when mutated, causes the human obesity syndrome BBS4. Nat Genet 28(2):
188–191  

    71.    Mykytyn K, Nishimura DY, Searby CC, Shastri M, Yen HJ, Beck JS et al (2002) Identifi cation 
of the gene (BBS1) most commonly involved in Bardet-Biedl syndrome, a complex human 
obesity syndrome. Nat Genet 31(4):435–438  

    72.    Mykytyn K, Sheffi eld VC (2004) Establishing a connection between cilia and Bardet-Biedl 
Syndrome. Trends Mol Med 10(3):106–109  

    73.    O’Rahilly S (2009) Human genetics illuminates the paths to metabolic disease. Nature 
462(7271):307–314  

      74.    O’Rahilly S, Farooqi IS (2006) Genetics of obesity. Philos Trans R Soc Lond B Biol Sci 
361(1471):1095–1105  

    75.    O’Rahilly S, Farooqi IS (2008) Human obesity: a heritable neurobehavioral disorder that is 
highly sensitive to environmental conditions. Diabetes 57(11):2905–2910  

    76.    Orho-Melander M, Melander O, Guiducci C, Perez-Martinez P, Corella D, Roos C et al 
(2008) Common missense variant in the glucokinase regulatory protein gene is associated 
with increased plasma triglyceride and C-reactive protein but lower fasting glucose concen-
trations. Diabetes 57(11):3112–3121  

    77.    Ozata M, Ozdemir IC, Licinio J (1999) Human leptin defi ciency caused by a missense muta-
tion: multiple endocrine defects, decreased sympathetic tone, and immune system dysfunc-
tion indicate new targets for leptin action, greater central than peripheral resistance to the 
effects of leptin, and spontaneous correction of leptin-mediated defects. J Clin Endocrinol 
Metab 84(10):3686–3695  

    78.    Povel CM, Boer JM, Onland-Moret NC, Dolle ME, Feskens EJ, van der Schouw YT (2012) 
Single nucleotide polymorphisms (SNPs) involved in insulin resistance, weight regulation, 
lipid metabolism and infl ammation in relation to metabolic syndrome: an epidemiological 
study. Cardiovasc Diabetol 11:133  

    79.    Rauch U, Feng K, Zhou XH (2001) Neurocan: a brain chondroitin sulfate proteoglycan. Cell 
Mol Life Sci 58(12–13):1842–1856  

    80.    Ren D, Zhou Y, Morris D, Li M, Li Z, Rui L (2007) Neuronal SH2B1 is essential for control-
ling energy and glucose homeostasis. J Clin Invest 117(2):397–406  

6 Genetic Pleiotropies of Obesity



110

    81.    Ribases M, Gratacos M, Armengol L, de Cid R, Badia A, Jimenez L et al (2003) Met66 in the 
brain-derived neurotrophic factor (BDNF) precursor is associated with anorexia nervosa 
restrictive type. Mol Psychiatry 8(8):745–751  

    82.    Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA et al (2008) Genetic 
variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat Genet 
40(12):1461–1465  

    83.    Rotman Y, Koh C, Zmuda JM, Kleiner DE, Liang TJ (2010) The association of genetic vari-
ability in patatin-like phospholipase domain-containing protein 3 (PNPLA3) with histologi-
cal severity of nonalcoholic fatty liver disease. Hepatology 52(3):894–903  

    84.    Rouille Y, Duguay SJ, Lund K, Furuta M, Gong Q, Lipkind G et al (1995) Proteolytic 
 processing mechanisms in the biosynthesis of neuroendocrine peptides: the subtilisin-like 
proprotein convertases. Front Neuroendocrinol 16(4):322–361  

    85.    Rui L, Carter-Su C (1999) Identifi cation of SH2-bbeta as a potent cytoplasmic activator of the 
tyrosine kinase Janus kinase 2. Proc Natl Acad Sci U S A 96(13):7172–7177  

    86.    Rung J, Cauchi S, Albrechtsen A, Shen L, Rocheleau G, Cavalcanti-Proenca C et al (2009) 
Genetic variant near IRS1 is associated with type 2 diabetes, insulin resistance and hyperin-
sulinemia. Nat Genet 41(10):1110–1115  

    87.    Samani NJ, Erdmann J, Hall AS, Hengstenberg C, Mangino M, Mayer B et al (2007) 
Genomewide association analysis of coronary artery disease. N Eng J Med 357(5):443–453  

    88.    Saxena R, Hivert MF, Langenberg C, Tanaka T, Pankow JS, Vollenweider P et al (2010) 
Genetic variation in GIPR infl uences the glucose and insulin responses to an oral glucose 
challenge. Nat Genet 42(2):142–148  

    89.    Scuteri A, Sanna S, Chen WM, Uda M, Albai G, Strait J et al (2007) Genome-wide associa-
tion scan shows genetic variants in the FTO gene are associated with obesity-related traits. 
PLoS Genet 3(7):e115  

    90.    Seo S, Guo DF, Bugge K, Morgan DA, Rahmouni K, Sheffi eld VC (2009) Requirement of 
Bardet-Biedl syndrome proteins for leptin receptor signaling. Hum Mol Genet 18(7): 
1323–1331  

    91.    Sharma R, Prudente S, Andreozzi F, Powers C, Mannino G, Bacci S et al (2011) The type 2 
diabetes and insulin-resistance locus near IRS1 is a determinant of HDL cholesterol and tri-
glycerides levels among diabetic subjects. Atherosclerosis 216(1):157–160  

    92.    Siljee JE, Unmehopa UA, Kalsbeek A, Swaab DF, Fliers E, Alkemade A (2013) Melanocortin 
4 receptor distribution in the human hypothalamus. Eur J Endocrinol 168(3):361–369  

    93.    Sjogren M, Lyssenko V, Jonsson A, Berglund G, Nilsson P, Groop L et al (2008) The search 
for putative unifying genetic factors for components of the metabolic syndrome. Diabetologia 
51(12):2242–2251  

    94.    Sparso T, Andersen G, Nielsen T, Burgdorf KS, Gjesing AP, Nielsen AL et al (2008) The 
GCKR rs780094 polymorphism is associated with elevated fasting serum triacylglycerol, 
reduced fasting and OGTT-related insulinaemia, and reduced risk of type 2 diabetes. 
Diabetologia 51(1):70–75  

    95.    Speliotes EK (2009) The genetic determinants of common human obesity. Curr Cardiovasc 
Risk Rep 3:411–417  

           96.    Speliotes EK, Butler JL, Palmer CD, Voight BF, Hirschhorn JN (2010) PNPLA3 variants 
specifi cally confer increased risk for histologic nonalcoholic fatty liver disease but not meta-
bolic disease. Hepatology 52(3):904–912  

           97.    Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU et al (2010) 
Association analyses of 249,796 individuals reveal 18 new loci associated with body mass 
index. Nat Genet 42(11):937–948  

          98.    Speliotes EK, Yerges-Armstrong LM, Wu J, Hernaez R, Kim LJ, Palmer CD et al (2011) 
Genome-wide association analysis identifi es variants associated with nonalcoholic fatty liver 
disease that have distinct effects on metabolic traits. PLoS Genet 7(3):e1001324  

    99.    Steinberg GR, Kemp BE, Watt MJ (2007) Adipocyte triglyceride lipase expression in human 
obesity. Am J Physiol Endocrinol Metab 293(4):E958–E964  

B. Kahali and E.K. Speliotes



111

    100.    Stoltenberg SF, Lehmann MK, Christ CC, Hersrud SL, Davies GE (2011) Associations 
among types of impulsivity, substance use problems and neurexin-3 polymorphisms. Drug 
Alcohol Depend 119(3):e31–e38  

    101.    Strawbridge RJ, Dupuis J, Prokopenko I, Barker A, Ahlqvist E, Rybin D et al (2011) Genome- 
wide association identifi es nine common variants associated with fasting proinsulin levels 
and provides new insights into the pathophysiology of type 2 diabetes. Diabetes 60(10): 
2624–2634  

      102.    Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou IM, Koseki M et al (2010) 
Biological, clinical and population relevance of 95 loci for blood lipids. Nature 466(7307): 
707–713  

    103.    Thorleifsson G, Walters GB, Gudbjartsson DF, Steinthorsdottir V, Sulem P, Helgadottir A 
et al (2009) Genome-wide association yields new sequence variants at seven loci that associ-
ate with measures of obesity. Nat Genet 41(1):18–24  

    104.    Timpson NJ, Harbord R, Davey Smith G, Zacho J, Tybjaerg-Hansen A, Nordestgaard BG 
(2009) Does greater adiposity increase blood pressure and hypertension risk?: Mendelian 
randomization using the FTO/MC4R genotype. Hypertension 54(1):84–90  

    105.    Tobin JL, Beales PL (2007) Bardet-Biedl syndrome: beyond the cilium. Pediatr Nephrol 
22(7):926–936  

    106.    Vance JE (2006) Lipid imbalance in the neurological disorder. Niemann-Pick C disease. 
FEBS Lett 580(23):5518–5524  

    107.    Walters RG, Jacquemont S, Valsesia A, de Smith AJ, Martinet D, Andersson J et al (2010) 
A new highly penetrant form of obesity due to deletions on chromosome 16p11.2. Nature 
463(7281):671–675  

    108.    Watari H, Blanchette-Mackie EJ, Dwyer NK, Watari M, Neufeld EB, Patel S et al (1999) 
Mutations in the leucine zipper motif and sterol-sensing domain inactivate the Niemann-Pick 
C1 glycoprotein. J Biol Chem 274(31):21861–21866  

    109.    Wen W, Cho YS, Zheng W, Dorajoo R, Kato N, Qi L et al (2012) Meta-analysis identifi es 
common variants associated with body mass index in east Asians. Nat Genet 44(3):307–311  

     110.    Willer CJ, Speliotes EK, Loos RJ, Li S, Lindgren CM, Heid IM et al (2009) Six new loci 
associated with body mass index highlight a neuronal infl uence on body weight regulation. 
Nat Genet 41(1):25–34  

    111.    Willett WC, Dietz WH, Colditz GA (1999) Guidelines for healthy weight. N Eng J Med 
341(6):427–434  

    112.    Willett WC, Manson JE, Stampfer MJ, Colditz GA, Rosner B, Speizer FE et al (1995) 
Weight, weight change, and coronary heart disease in women. Risk within the ‘normal’ 
weight range. JAMA 273(6):461–465     

6 Genetic Pleiotropies of Obesity



113S.F.A. Grant (ed.), The Genetics of Obesity, DOI 10.1007/978-1-4614-8642-8_7, 
© Springer Science+Business Media New York 2014

    Abstract     Obesity is the result of lifestyle and genetic predisposition. Tens of genes 
have been found to be associated with obesity. Among those,  FTO  showed the highest 
effect on body weight, but the function of the gene product was unknown at the time 
of discovering this association. As a consequence, several hundreds of studies have 
now been performed in just the last 6 years to unravel the biological role of  FTO  as 
an obesity gene. Although FTO is very likely to act as a RNA demethylase, the pro-
cess by which FTO infl uences body weight is still unknown. In this review we have 
collected and evaluated most of the recent results which contribute to the relatively 
small but nevertheless important progress in FTO research with respect to obesity.  

  Abbreviations 

   BMI    Body mass index   
  CUX1    Cut-like homeobox 1   
  FTO    Fat mass and obesity associated   
  GWAS    Genome-wide association studies   
  m 6 A     N 6-methyladenosine   
  SNP    Single nucleotide polymorphism   
  alkB    Alpha-ketoglutarate-dependent dioxygenase   
  ALKBH    Mammalian alkB homolog   
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          Introduction 

 As soon as genome-wide association studies (GWAS) were effi ciently possible, sev-
eral groups screened for predispositions of increased body mass index (BMI). Up to 
date, tens of loci have been identifi ed [ 1 ]. The locus with the best association was 
found to be the “ fat mass and obesity associated ” ( FTO ) gene [ 1 ]. Subsequently, 
this association could be reproduced worldwide for populations of different ethnici-
ties [ 2 – 5 ]. Since the function of FTO was unknown, this review highlights the  FTO  
gene as an example to illustrate the complex investigations necessary after the initial 
identifi cation using GWAS. In principle, several fundamental questions have to be 
addressed which are equally valid for any other GWAS detected genes of unknown 
function:

•    Is  FTO  really the obesity gene?  
•   What is the function of the gene product?  
•   What is causing the difference between the risk and the non-risk allele?  
•   Is FTO at all a potential drug target for common obesity?     

    On the History of  Fto  

 In mice,  Fto  was identifi ed via positional cloning as far back as 1999 [ 6 ]. At that 
time there was little clue that  FTO  would eventually become of immense interest to 
the obesity fi eld. It is one of the six genes affected by the mouse mutation, Fused 
toes ( Ft ) [ 7 ]. Mice heterozygous for this 1.6 megabase deletion showed partial syn-
dactyly of their forelimbs with fused toes and tremendous thymic hyperplasia, both 
caused most likely through impaired apoptosis. Homozygous  Ft / Ft  embryos died 
between embryonic day 10.5 and 12.5 due to severe developmental malformations. 

  Fto  encodes a protein of 502 amino acid residues with a bipartite nuclear local-
ization signal at the N terminus, suggesting a role in the nucleus. However, the 
58-kDa protein showed no similarities to known proteins [ 6 ]. It is a large gene of 
nine exons present in all vertebrates and, surprisingly, also in marine algae [ 8 ,  9 ]. 

 When the era of GWAS began,  FTO  was found to be associated with increased 
body mass index (BMI). Carriers homozygous for the risk allele weighted 3 kg 
more on average and had a 1.67-fold higher risk to become obese in comparison to 
non-risk allele carriers [ 10 ]. Of the several single nucleotide polymorphisms (SNPs) 
in the fi rst intron identifi ed so far, most are correlated with increased body weight 
[ 10 – 13 ]. Thus, all these data suggest  FTO  is indeed an important gene for obesity. 

 Originally  Fto  was given the name “Fatso”, being the biggest gene affected by 
the  Ft  mutation [ 6 ]. However, after the discovery of  FTO  being associated with 
obesity [ 10 ,  13 ],  FTO  was renamed to the more appropriate designation “ fat mass 
and obesity associated ”.  
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    Is  FTO  Really the Obesity Gene? 

 Since most GWAS only indicate a loci and not a specifi c gene, the discovery raised the 
question: Is  FTO  really the obesity gene at this location or is it a neighbour of  FTO ? 
A possible candidate would be  RPGRIP1L  located in very close proximity 5′ of  FTO , 
and transcribed in the opposite direction. RPGRIP1L has been shown to be essential 
for embryonic development through its involvement in cilia function [ 14 ]. Just a few 
publications attempted to address this question, which are summarized here. 

  Ex vivo  and  in vitro  analyses studied the expression of  FTO  and  RPGRIP1L  in 
subcutaneous fat of lean and obese females, as well as preadipocyte differentiation. 
 FTO  was found to correlate positively with BMI but the same was not the case with 
 RPGRIP1L . However, both  FTO  and  RPGRIP1L  were down-regulated with pro-
gression in adipocyte differentiation, suggesting that both might be involved in adi-
pocyte differentiation [ 15 ]. 

 Stratigopoulos and colleagues identifi ed the transcription factor cut-like homeobox 
1 (CUX1) as a potential regulator of  FTO  and  RPGRIP1L  [ 16 ,  17 ].  In vitro , CUX1 was 
found to bind to SNP rs8050136 of  FTO  and regulate the expression of  FTO  and 
 RPGRIP1L  using isolated human fi broblasts [ 17 ]. This SNP is part of the linkage dis-
equilibrium region that harbours the fi rst intronic SNP set found to be associated with 
obesity. This regulation of  FTO  and  RPGRIP1L  expression is suggested to be con-
trolled via two isoforms of CUX1: P110 and P200. The authors suggested a regulatory 
role for CUX1 in modifying  FTO  and  RPGRIP1L  expression. P110 might operate as 
an activator of  FTO  and  RPGRIP1L  transcription, whereas P200 might act as a repres-
sor of  FTO  transcription [ 16 ]. However, analysis of human  FTO  and  RPGRIP1L  
mRNA expression levels from subcutaneous and visceral fat could not support the 
fi ndings of Stratigopoulos and colleagues. There, expression of both  FTO  and 
 RPGRIP1L  in adipose tissue was not associated with rs8050136 genotypic status [ 18 ]. 

 Fischer and colleagues addressed changes in regulation of  Rpgrip1l  due to struc-
tural alterations of the  Fto  gene in the course of its inactivation [ 19 ]. Within Fto - 
defi cient mice,  Rpgrip1l  mRNA levels were unaltered in the hypothalamus, liver and 
white and brown adipose tissue. This was accomplished by data of Berulava and 
Horsthemke, showing that intronic SNPs in  FTO  did not affect  RPGRIP1L  expression 
[ 20 ], which is in line with data from a large association study showing no link between 
 RPGRIP1L  variation and BMI [ 21 ]. Hence,  RPGRIP1L  being the gene responsible for 
obesity in carriers of  FTO  susceptibility-conferring variants is unlikely. 

 In principle, even the gene at the 3′ site of  FTO , the transcription factor  Iroqouis 
3  ( IRX3 ) has to be considered as a potential candidate. This, however, has not been 
investigated by any researcher to date.  

    FTO Expression Profi le in Relation to Nutritional States 

 As the function of FTO was initially unknown, expression characteristics of 
 Fto / FTO  had to be established fi rst, in particular in the context of energy metabo-
lism. Several studies showed ubiquitous expression of murine and human Fto/FTO 
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within nuclei of various cell types and tissues, revealing a generalized function for 
FTO. The highest expression of  Fto / FTO  was found in the brain, especially in the 
hypothalamus and cerebellum [ 6 ,  10 ,  22 ]. These results, together with the associa-
tion of  FTO  with obesity, led researchers to focus on a possible role of FTO in regu-
lating energy metabolism [ 23 ]. 

  Fto  expression in the hypothalamus has been shown to be concentrated in the 
dorsomedial (DMN), ventromedial (VMN), paraventricular (PVN) and arcuate 
(ARC) nuclei [ 22 ]. Furthermore,  Fto  mRNA has been reported to be localized in 
neuropeptide-regulating neurons guiding to a control of food intake [ 24 ]. 
Unfortunately, experiments altering nutritional states delivered controversial results 
in mammals regarding  Fto  expression within the hypothalamus.  Fto  mRNA expres-
sion of fasted rodents was found to be reduced [ 17 ,  22 ,  25 ], unaltered [ 26 ,  27 ] and 
even increased [ 24 ,  28 ]. In rats, fed on a high fat diet for several weeks,  Fto  mRNA 
appeared to be differentially expressed as well. In one study,  Fto  expression was 
up-regulated [ 29 ], whereas it was down-regulated in another [ 30 ]. In addition, mice 
receiving a solvent sucrose or Intralipid (fat emulsion) diet to their standard chow 
for 48 h exhibited unaltered  Fto  expression within the hypothalamus [ 28 ]. Olszewski 
and colleagues distinguished between mice partaking less calories (eating less) and 
mice taking in more calories (eating more). “Small eaters” were associated with 
up- regulated  Fto  mRNA expression in comparison to “big eaters” [ 28 ]. 

 The discrepancy between  Fto  mRNA expression levels within the hypothalamus 
of different mammals made it rather complicated to understand the presumptive role 
of FTO in regulating appetite and food intake. Several aspects have to be taken in 
account. First of all, comparing results between different mammals is relatively 
challenging. Mice are much more sensitive to long-term fasting of 48 h than rats, 
showing enormous loss of fat stores. Secondly, results are dependent on experimen-
tal procedure. Sacrifi cing fasted rodents at different time points of the circadian 
system can infl uence study results. Importantly, comparing  Fto  mRNA expression 
levels in the entire hypothalamus between fasted and standard chow fed mammals 
has proven relatively meaningless. Different orexic and anorexic neuropeptides 
within different hypothalamic nuclei are responsible for controlling food intake 
[ 31 ]; therefore, it is of importance to detect alterations in FTO protein expression 
within appetite stimulating or inhibiting neuropeptide-harbouring cells due to 
changes in nutritional state. To our knowledge only McTaggart and colleagues 
addressed this in part, where they compared the percentage of FTO-positive anorexic 
proopiomelanocortin (Pomc) cells between fasted and standard chow fed mice 
without fi nding a signifi cant difference [ 26 ]. Further analyses regarding the number 
of FTO-positive orexic neuropeptide-harbouring cells remained elusive. Finally, the 
main question is: “Are FTO expression levels altered between orexic and anorexic 
neuropeptide-containing cells during changing the nutritional state?” However, due 
to limitations in the experimental procedure this still remains to be answered. 

 Nevertheless, other publications tried to investigate factors involved in  FTO  reg-
ulation. Guo and colleagues designed 5′ deletion constructs of the  FTO  promoter to 
identify transcription factors relevant to expression of  FTO  [ 32 ]. Forkhead box A2 
(FOXA2) appeared to bind to the promoter of  FTO  and thereby inhibiting the 
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expression of  FTO . Interestingly, FOXA2 can bind also to  melanin-concentrating 
hormone  ( MCH ) and  Orexin  promoters and therefore regulating the expression of 
neuropeptides which are responsible for controlling food intake [ 33 ].  

    Functional Studies  In Vitro  

    The Demethylase FTO 

 The fi rst evidence of FTO function was achieved by  in silico  analysis, which sug-
gested FTO to be a member of the superfamily of non-heme dioxygenases, depend-
ing on both Fe(II) as a co-factor and 2-oxogluterate as a co-substrate [ 9 ,  22 ]. 
Members of this superfamily are involved in posttranslational modifi cations, DNA 
repair and histone modifi cations and act as cellular sensors for metabolism and oxy-
gen [ 34 ,  35 ]. Analyzing the highly conserved N-terminal region and secondary 
structures, FTO shows high sequence similarity to alpha-ketoglutarate-dependent 
dioxygenase alkB of  E. coli  and its mammalian homologues ALKBH2 and ALKBH3 
[ 9 ,  22 ]. Thus, FTO appears to be a member of mammalian alpha-ketoglutarate- 
dependent dioxygenase alkB homologues (ALKBH1-8). AlkB and ALKBH3 prefer 
single stranded DNA and RNA (ssDNA, ssRNA) as their substrates whereas 
ALKBH2 prefers double-stranded DNA (dsDNA) [ 36 ]. Analyzing substrate speci-
fi city, FTO seemed to demethylate 3-methylthymine (m 3 T) in the ssDNA setting as 
being the most likely scenario [ 22 ]. At this point it was already postulated that FTO 
may acts as a RNA demethylase, like the mammalian homologue ALKBH3 [ 22 , 
 37 ]. Shortly after,  in vitro  analysis showed demethylation of m 3 T in ssDNA and 
3-methyluracil (m 3 U) in ssRNA using recombinant human and mouse FTO [ 37 ]. 
Therefore, FTO favoured demethylation of m 3 U in ssRNA over m 3 T in ssDNA. Of 
note, FTO catalyzed demethylation of m 3 U and m 3 T with low effi ciency; further-
more, m 3 T methylation of DNA in mammalian had not been described up to that 
point. Thus, FTO functioning as a DNA demethylase is very unlikely. 

 Nevertheless, while the N terminus of FTO (32–326 aa residues) exhibits high 
sequence similarity to alkB and mammalian homologues [ 9 ], the C-terminal domain 
(327–498 aa residues) shows no sequence similarity to any gene. Han et al. shed 
some light on the function of FTO revealing its crystal structure [ 38 ]. As a conse-
quence, the group confi rmed the ß sheet containing N terminus as the catalytic 
domain, by showing a core of six anti-parallel ß sheet structures forming the so-
called jelly-roll motif with an extra loop around the motif. This extra loop, which 
does not exist in any other alkB member, was suggested to be responsible for FTO 
selection for ssDNA or ssRNA. Binding of FTO to double-stranded nucleic acids 
would not be impossible, as the extra loop of FTO would compete with the unmeth-
ylated strand of the DNA duplex. Furthermore, it was shown that the alpha sheet 
containing C terminus formed bulky hydrophobic contacts with the N terminus, 
suggesting a role for N terminus-stabilization and therefore involving a catalytic 
role as well. 
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 Recent fi ndings identifi ed  N 6-methyladenosine (m 6 A) as another substrate for 
FTO in ssRNA, with a 50-fold higher substrate specifi city over m 3 U under physio-
logical conditions  in vitro  [ 39 ]. Furthermore, FTO was detected in nuclear speckles 
[ 40 ] and was shown to co-localize with nuclear speckle factors, thus providing a hint 
for FTO in pre-mRNA processing [ 39 ]. Overexpression of FTO led to decreased 
quantity of m 6 A in mRNA, whereas 90 % knockdown of FTO led to an increase in 
m 6 A quantity in mRNA. This discovery raised questions regarding the role of m 6 A 
for biological processes. Mapping m 6 A enabled researchers to uncover the human 
and mouse m 6 A RNA methylomes. Furthermore, m 6 A modifi cations appeared to be 
dynamically and reversibly regulated [ 41 ,  42 ]. Collectively, more than 12,000 highly 
conserved m 6 A sites were identifi ed in the transcripts of more than 7,000 genes, pref-
erentially within 3′UTRs and near stop codons within mRNA. The corresponding 
genes were found to be involved in transcriptional regulation, RNA metabolism and 
intracellular signalling cascades. In addition, 67 % of m 6 A- containing 3′UTRs also 
contained microRNA-binding sites, suggesting a role of m 6 A in microRNA pathways 
[ 42 ]. In addition, m 6 A around stop codons could affect translational effi ciency [ 41 ]. 
However, the two RNA methylome publications came to different conclusions. 
Meyer et al. suggested a localization of m 6 A only in mature mRNA [ 42 ]. They could 
not show an enrichment of m 6 A at splice junctions so they asked if previous studies, 
which used non-specifi c methylation inhibitors, pointed to the wrong direction pro-
posing a role of m 6 A in mRNA processing. Meanwhile, Dominissini’s group [ 41 ] 
based their analysis on a possible role of m 6 A on RNA splicing. A knockdown of the 
only known m 6 A methylase, methyltransferase like3 (METTL3), affected alternative 
splicing of pre-mRNA, resulting in altered signalling pathways and apoptosis via 
alteration of  P53  in a human hepatocellular carcinoma cell line. Therefore, the 
authors proposed a role of m 6 A modulating pre-mRNA splicing which was supported 
by the notion that FTO and METTL3 co-localize with splicing proteins in the nucleus, 
in particular nuclear speckles [ 39 ,  43 ,  44 ]. Nevertheless, a role for m 6 A in modulating 
pre-mRNA splicing remained unclear. Recently, a second m 6 A demethylase, the 
mammalian alkB homolog 5 (ALKBH5), was identifi ed with localization to splicing 
proteins [ 44 ]. Certainly, further studies regarding FTO and ALKBH5 will bring clar-
ity to this issue. Finally, it cannot be excluded that demethylation of m 6 A via FTO 
could also affect rRNA and tRNA [ 45 ,  46 ].  

    Role of FTO in Amino Acid Sensing? 

 Other  in vitro  studies using human and mouse cell lines suggest a role for FTO in 
amino acid sensing [ 47 ,  48 ]. Essential amino acid-deprived human and mouse cell 
lines exhibited down-regulation of  FTO  mRNA and protein levels [ 47 ]. In addition, 
analyses of  Fto -defi cient mouse embryonic fi broblasts (MEFs) and human HEK cells 
showed decreased cell growth, impaired mRNA translation, more autophagic fl ux 
and reduced protein levels of tRNA synthetases, especially leucyl tRNA synthetase 
[ 48 ], thus defi ning a role for FTO in mammalian target of rapamycin complex 1 

S. Seehaus and U. Rüther



119

(mTORC1) signalling, among others, as an important protein complex for controlling 
food intake [ 49 ]. Future experiments are needed to further investigate how FTO is 
affected by amino acid sensing and thereby controlling protein biosynthesis.   

    Loss- and Gain-of-function-analyses of  Fto  in Mice and Rats 

 In recent years,  Fto  mouse mutants with loss or gain of function were designed to 
enable a better understanding of the role of FTO  in vivo . For such an approach we 
assigned mouse line numbers for the different  Fto -defi cient mouse mutants based 
on appearance (mouse lines 1–7). Concordance and differences between mouse 
lines are illustrated in Table  7.1 . Interestingly, constitutive  Fto -defi cient mice 
(mouse line 1) appeared to be protected from obesity, with decreased body weight 
and an increase in energy expenditure, although exhibiting relative hyperphagia and 
somewhat decreased spontaneous locomotor activity [ 19 ].

   Analyzing body composition using magnetic resonance imaging (MRI) revealed 
a reduction in fat as well as lean mass. In addition, male mice were more affected 
then female mice. Furthermore, increased serum adiponectin and decreased serum 
leptin levels, markers for body weight regulation, underlined the lean phenotype 
due to loss of FTO within mouse line 1. Even on a high fat diet, constitutive mice of 
mouse line 1 did not gain weight compared to their wild type littermates. Finally, 
mice were growth retarded and showed a higher frequency of postnatal death. These 
results led to the suggestion that FTO is involved in body weight regulation and 
energy homoeostasis. 

 Almost as expected, a mouse line overexpressing FTO revealed gain in body 
weight due to increased fat mass but not lean mass in comparison to their wild type 
counterparts [ 50 ]. A dose-dependent effect with the highest increase in body mass 
was verifi ed in male and female mice with four  Fto -copies (two additional copies), 
respectively weighting an additional 10 or 22 %. Furthermore, mice exhibited an 
increase in food intake and energy expenditure but no alterations in physical activity 
or circadian rhythm. 

 A second mouse line with partial loss of FTO function due to a dominant mis-
sense mutation (mouse line 2; Table  7.1 ) exhibited the lean phenotype as seen in 
mouse line 1 [ 19 ] but to a milder extend [ 51 ]. However, several differences persisted 
between these two  Fto  mouse mutants. For instance, mouse line 2 did not show post-
natal death, growth retardation or alterations in food intake and physical activity. 

 Since then, several other  Fto  mouse mutants were generated. Another constitu-
tive (mouse line 3) and a nervous system-specifi c  Fto -defi cient mouse mutant 
(mouse line 4) displayed very similar phenotypes as mouse lines 1 and 2 [ 19 ,  51 ] but 
with emphasis on postnatal growth retardation [ 52 ]. Surprisingly, the lower body 
weight in mouse line 3 and mouse line 4 (Table  7.1 ) was found to be due to decreased 
lean mass. Fat mass was even increased in females of mouse line 3 and both male 
and female mice of mouse line 4. The authors suggested that FTO exerts its function 
in the brain and therefore could regulate growth and presumably food intake over 
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energy expenditure [ 52 ]. However, taking a closer look at the study of Gao and col-
leagues, in both mouse lines (3 and 4) FTO was still found to be expressed within 
the hypothalamus, especially in neural-specifi c  Fto -defi cient mouse mutants [ 52 ]. 

 Another publication presented three more  Fto  mouse lines (Table  7.1 ), namely, 
constitutive (mouse line 5), adult onset (mouse line 6) and adult onset hypothalamic 
(mouse line 7)  Fto -defi cient mouse mutants [ 53 ]. Comparing the new constitutive 
mouse line 5 with previously published constitutive  Fto -defi cient mice (mouse line 
1 and 3), a very similar phenotype was found, pointing to a role of FTO in body 
weight and growth regulation. Adult onset  Fto -defi cient mice (mouse line 6) were 
protected from postnatal death, which was not the case for constitutive  Fto -defi cient 
mice (mouse line 1, 3 and 5) [ 19 ,  52 ,  53 ], suggesting FTO as being essential soon 
after birth. Surprisingly, fat mass of older adult onset  Fto -defi cient mice (mouse line 
6) was found to be increased. It would be of interest to see if fat mass of young adult 
onset mice (mouse line 6) was increased as well by taking the lower body weight 
into account (percent fat). Another interesting observation was the decrease in food 
intake of adult onset hypothalamic  Fto -defi cient mice (mouse line 7). In this case 
the authors injected adeno-associated viral vectors encoding Cre recombinase into 
the hypothalamus of  Fto  fl oxed mice to regionally delete FTO expression and found 
decreased food intake. Using the same virus system to knock down FTO expression 
via short hairpin RNA in the hypothalamus, the same authors reported an increase 
in food intake in rats. Furthermore, in both rodent lines protein levels of FTO within 
the hypothalamus or ARC and PVN were found to be reduced by less than 50 % in 
comparison to sham operated rodents [ 29 ,  53 ]. Thus, the interpretation of these 
results is extremely complicated and challenging. 

 Finally, 4 years and 7  Fto -defi cient mouse mutants later, the role of FTO in 
 obesity is still unclear, especially after the report that an adult onset loss of FTO led 
to a gain in fat mass. Whether loss or gain of FTO function is involved in obesity 
still needs to be clarifi ed.  

    Analysis of Individuals Carrying Genetic Variants of  FTO  

 Several studies have tried to unravel the differences of the risk and non-risk allele of 
 FTO  for developing obesity. Whereas association between  FTO  variants and 
increased BMI and body weight were clearly identifi ed [ 10 ,  11 ,  13 ], the question 
whether increased, decreased or deregulated FTO expression is responsible for the 
effect is still open and cannot yet be answered by the use of  Fto  mouse mutants. In 
addition, variants of the protein could attribute to the gain of body weight. While 
trying to address this question, most investigators have concentrated on the link 
between  FTO  risk allele carriers and  FTO  expression levels in adipose tissue. As a 
consequence, no association between  FTO  genotype and  FTO  expression levels in 
adipose tissue was found [ 18 ,  54 ,  55 ]. Furthermore,  FTO  expression levels were 
found to be either increased or decreased in adipose tissue of obese patients [ 15 , 
 55 – 57 ]. Moreover, inconsistency was found in regard to  FTO  expression in subcu-
taneous and visceral adipose tissue of obese individuals [ 18 ,  55 ,  56 ]. 
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 Berulava and Horsthemke were so far the only investigators trying to address 
whether an allele specifi c difference of  FTO  expression can be found. Instead of 
analyzing  FTO  mRNA levels they analyzed levels in unspliced nuclear RNA of 
heterozygous risk allele carriers. Risk allelic expression of  FTO  was found to be 
more abundant than non-risk allele expression [ 20 ]. However, this result was only 
shown for fi broblasts; nevertheless, this study suggests that  FTO  overexpression 
might lead to an increase in body weight. 

 One study addressed variants that may impact the FTO protein by screening the 
nine exons of  FTO  in 2,866 individuals and identifying heterozygous non- 
synonymous variants [ 58 ]. However, these were equally frequent between lean and 
obese individuals. Furthermore, loss-of-function mutations of  FTO  were found in 
lean and obese people. Thus, showing clearly that non-synonymous variants in the 
coding region of  FTO , and therefore of the protein, are not linked to obesity.  

    FTO as a Therapeutic Target for Obesity? 

 Even with the fragmentary knowledge of FTO function as a demethylase, the fi rst 
mechanistic study was published presenting an effective cell-active inhibitor for 
human FTO, called rhein [ 59 ]. Rhein binds FTO reversibly, thus blocking the rec-
ognition site of FTO for m 6 A substrates. However, considering the little knowledge 
we still have of the biochemical role of FTO, its ubiquitous expression in every tis-
sue and the severe phenotype documented in humans being defi cient for FTO 
demethylase activity [ 60 ], application of any drug-based anti-obesity therapy is cur-
rently still extremely risky. In other words, elucidation of the role of FTO is indis-
pensable to design a tissue or signalling pathway-specifi c drug for FTO targeting.  

    How to Continue Functional Studies on FTO 

 So overall, what is known about FTO today? FTO is a member of the alkB demeth-
ylase family. Loss of FTO function leads to reduced body weight and growth retar-
dation. However, whether the demethylase activity of FTO is responsible for the 
effects seen in mutant mice still remains unclear. If the demethylase activity of FTO 
is responsible, what are the targets of FTO and are these targets organ specifi c? 
Further, if FTO is involved in epigenetic regulation of the mammalian transcriptome 
and therefore might demethylate a high number of targets, which of those targets are 
relevant for obesity? Answering these questions might help to develop a therapy 
against obesity which in turn reduces the side effects to a minimum. 

 Much effort was put into uncovering the function of FTO and how it may be 
involved in becoming obese. However, still little is known. But at the end of the day, 
independent of our genetic status we should not forget: Do not eat more than your 
body burns, otherwise you will gain weight.     
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