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

Julia Sarah El-Sayed Moustafa and Philippe Froguel

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 identified, including variants on chromosomes 1p31.3, 8p21.2,
10q11.22, 11q11, and 16p12.3 at the NEGRI, DOCKS, PPYRI, OR4P4, OR4S2,
and OR4C6, and GPRCS5B 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
SH2BI gene, which has been associated with overweight and obesity. Several studies
have also reported enrichment in the global burden of large, rare CN'Vs 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 field 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
confirm their role in obesity susceptibility. It is hoped that such in-depth investiga-
tions will provide increased understanding of the role of CN'Vs 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 scientific 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 identified 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 defined 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 influenced in part by the respective ease
of detection of these three forms of structural variation [14].

As shown in Fig. 4.2, CN'Vs 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 CN'Vs 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 CN'Vs are well-tagged by surrounding SNPs
[13, 14, 17], while significantly 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 significant overlap between CNVs detected in different
subjects [11-16]. Furthermore, CNV hotspots prone to recurrent recombination
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Fig. 4.1 Copy number variant (CNV) classes. CNVs may consist of simple deletions or duplications,
or more complex rearrangements such as multi-allelic CN'Vs, where several allelic configurations
exist for the same locus, varying in the number of copies of the duplicated region
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Fig. 4.2 Functional impact of CNVs in the genome. (a) Overall functional consequences of
CNVs, stratified by level of validation and CNV type. (b) Functional impact of CN Vs, stratified 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]

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 CN'Vs exist, a higher proportion of which overlap genes than do common struc-
tural variants, and might thus contribute significantly to interindividual phenotypic
differences [14]. Similarly, a higher degree of overlap exists between genes and
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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]

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 influence gene expression levels either directly or indirectly through
anumber 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
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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

may be directly correlated with gene copy number [22] (Fig. 4.4). The phenotypic
effects of CN'Vs 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 influences 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 defined 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 chr10ql1.22 encompassing the pan-
creatic polypeptide receptor 1 (PPYRI) gene with BMI has been reported in a Chinese
population sample, with low copy number associated with increased BMI [28].
PPYR] 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
11ql1 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
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8p21.2 to be significantly associated with susceptibility to severe obesity [33].
The region encompasses two variable number tandem repeats (VNTRs) flanking a
3,975 bp common deletion. Two of these three variants are located within the dedi-
cator of cytokinesis gene (DOCKSY), and all three structural variants were shown to
be significantly associated with DOCKS 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 DOCKS region contribute to obesity susceptibility.

In addition to studies directly measuring copy number, some studies have also
identified common CNVs potentially contributing to disease susceptibility through
linkage disequilibrium with nearby SNPs. Using this approach, two common CNVs,
one upstream of NEGRI 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 TSPANS 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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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]

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 defined 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 difficulties 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 identified 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].
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This deletion was initially identified 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 identified 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 haploinsufficiency 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 confirmed the association of this deletion with macrocephaly,
but also reported significantly 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 findings have since been replicated in a number of studies
[46-48], confirming 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-
fied 28 deletion carriers among this sample [49]. The age-dependence and juvenile
onset of the obesity phenotype was confirmed, with obesity generally developing
within the first 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 significantly reduced postnatal weight and BMI
compared to non-duplication carriers [41]. For the purpose of this study, under-
weight was defined as a BMI < 18.5 kg/m? 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 significant 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 (SH2BI) 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, conflicting 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 SH2BI gene to
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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;o(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

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 deficits, 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 defined size threshold
observed in obese cases versus normal-weight control subjects.
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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 significance 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 identified 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 firmly 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 identification 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 difficulty in translating these
genetic findings 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 difficult 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 influence 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 specific 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 zebrafish, 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 CN'Vs.

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.
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