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ABSTRACT
The Molecular Genetics of Human Obesity
Melissa Ann Calton

Human obesity results from the interaction between a genetic predisposition and
deleterious environmental factors and is considered to be a global epidemic associated
with mortality. Therefore, research to understand the pathogenic mechanisms underlying
obesity is of great importance and is required in order to develop rational and eﬀective
treatments. This thesis work includes three separate research projects with the common
intention of exploring the molecular genetics of the central control of energy
homeostasis.

The major central regulator of long-term regulation of body weight in humans is the
leptin-melanocortin axis and it is centered in the hypothalamus. This pathway senses
peripheral energy stores and signal satiety, and it’s disruption leads to the most severe
forms of human obesity. Melanocortin-4 receptor (MC4R) plays a key role in transmitting
the anorexigenic signal of the adipocyte secreted hormone leptin. We systematically
and comparatively evaluated the functional consequences of rare mutations found in
both MC4R and melanocortin-3 receptor (MC3R) in a large cohort of severely obese
North American adults and lean controls. We demonstrated that naturally occurring
MC4R mutations but not the MC3R mutations are strongly associated with human
obesity.

Both common variants with small effects and rare variants with larger individual
effects have been shown to contribute to the genetic predisposition to obesity. We also
investigated whether common genetic variants in and around MC4R are associated with
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adiposity in a population-based cohort, Health ABC.

We found that the strongest

association with adiposity was with a SNP in the 3’ non-coding DNA of MC4R.

A

conserved region near this associated nsSNP was tested for possible enhancer activity.
Using mice heterozygote for Rab23 nonsense mutations we explore the novel
mechanistic link between syndromic and non-syndromic human forms of obesity. We
explore the hypothesis that Rab23 deficiency causes obesity through functional
impairment of the first order hypothalamic neurons involved in leptin-mediated regulation
of energy homeostasis. This functional impairment is through disruption of leptin
signaling at the level of the pro-opiomelanocortin neurons.
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CHAPTER 1
INTRODUCTION TO OBESITY AND THE CENTRAL REGULATION OF ENERGY
HOMEOSTASIS

1.1

The Obesity Epidemic
The current epidemic of obesity in the United States is a major public heath

significance. According to the National Health and Nutrition Examination Survey
(NHANES) the current measured prevalence of obesity (measured by body mass index
(BMI) > 30kg/m2) in U.S adults is 33.8%, compared to 22.9% in NHANES III (19881994) [1,2]. The prevalence estimates for overweight and obesity combined (BMI >25)
are 68.0% [1].
At least one billion people are overweight, and 300 million are obese [3].The
prevalence of obesity in the Westernized world is increasing rapidly; the WHO projects
that by 2015 approximately 2.3 billion adults will be overweight and more than 700
million will be obese. What is even more concerning, at least 20 million children under
the age of 5 years were overweight world wide in 2005.
Over the course of their adult life, the average human, maintains a fairly stable
body weight, despite day-to-day fluctuations in energy expenditure and food intake.
Regulation of this body weight is tightly controlled by a complex integration of numerous
factors. Exactly how this long-term regulation is maintained, however, is still largely
unclear at present. Failure to sustain the balance between energy uptake and
expenditure can result in obesity, a major causative factor in disorders such as type 2
diabetes, cancer, hypertension and cardiovascular disease [4-6]. The burden of disease
is particularly high in individuals with severe obesity (BMI>35) as they are more likely to
develop more than one of these co-morbidities [7].
By dramatically increasing mortality [8] and morbidity [9] from cardiovascular
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disease, obesity has emerged as a major public health issue for the 21st century.
Obesity prevention and therapy has two major fronts: one is regulating the
environmental factors leading to increased obesity such as unhealthy dietary
habits and lack of physical activity, and the other is a comprehensive research
towards a better understanding of the molecular mechanisms that control energy
homeostasis in humans. The main focus of this thesis study is on the latter front.

1.2

The Leptin-Melanocortin Pathway in the Regulation of Long-Term Energy

Homeostasis
1.2.1

Overview
When the ‘satiety’ hormone leptin was first uncovered, it was heralded as the

ultimate answer to solve the problem of obesity. As the number of obese individuals
continues to increase dramatically, leptin has not fulfilled its promise. Though
administration of recombinant leptin alleviates the obesity of a small percentage of
patients, the genetic profile of the obese population has turned out to be much more
complex than can just be solved by one hormone. The number of affected individuals, in
combination with the multifactorial basis for the development of obesity, underscore the
need for a better understanding of the mechanism behind energy homeostasis.

1.2.2

Leptin
Since the 1950’s, it has been proposed that there is a circulating factor that

would act as a lipostat, to ensure the body’s proportions would remain within limits [10].
With the discovery of a lacking peptide in the very obese ob/ob mice, a good candidate
for this circulating factor was found. This factor was characterized as leptin [11]. The
hormone leptin, discovered by Northern blot, is a peptide of 167 amino acids that is
produced mainly in adipocytes [11]. Production of leptin in adipocytes was subsequently
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confirmed by protein studies on rat and human white adipose tissue with polyclonal
antibodies against leptin. Its subsequent secretion has been followed by fluorescently
labeled probes [12-16]. Measurements of leptin levels in subjects of various adiposity by
various measuring techniques revealed a strong correlation between adiposity and
plasma leptin levels [17-24]. Thus, leptin provides a relatively stable signal as a measure
for adiposity.
When leptin was first discovered, and found to be the responsible factor for
reversing the obese phenotype of the ob/ob mice, it was anticipated to be the answer to
obesity. And although recombinant leptin administration to these mice and leptin
deficient humans results in robust weight loss [25-27], it does not exert the same effect
in all obese individuals and animal models for obesity [28-31]. This indicates that, while
obviously a factor of great importance, leptin is not the only player of significance in the
field of energy regulation. The functions of leptin are numerous. Leptin is thought to be
involved in fertility and angiogenesis as well as tumor growth [32-36], but for the purpose
of this thesis, we will focus on the complex and extensive role of leptin in energy
homeostasis.

1.2.3

Leptin Receptor
Six isoforms of the leptin receptor have been identified, and all generated by

alternative splicing from the single lepr gene [37,38]. The long splice variant of Lepr
(LeprB) is the signaling form that is able to activate downstream signaling pathways
involved in energy homeostasis. In db/db mice, a mutation that causes missense splicing
of this receptor form results in their obese phenotype [27,39]. In contrast to ob/ob mice
administration of leptin to db/db mice does not rescue their obesity [25].
Leptin can bind to it’s receptor in several tissues. RT-PCR and Northern blot
experiments have shown that the presence of LeprB mRNA is for the most part confined
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to the hypothalamus, and far less expressed in adipose tissue and in the lungs
[26,27,40]. Studies utilizing in situ hybridization and binding studies with I125-labeled
leptin confirmed the existence of leptin receptors in the choroid plexus and
hypothalamus and other areas of the brain [41-43]. However, the latter method does not
distinguish between the long and short forms of the receptor. It is important to note that
the mRNA expression of LeprB and Lepr receptor binding in the choroid plexus do not
overlap [40]. Repeated studies have shown the expression of LeprB in the arcuate
nucleus (ARC), paraventricular nucleus (PVN), ventromedial hypothalamus (VMH),
dorsomedial nucleus (DMV) and the nucleus tractus solitarius (NTS) [43-47].

1.2.4

Leptin Signaling, The STAT3 Transcription Pathway
The full-length leptin receptor belongs to class 1 cytokine receptor family, which

is known to influence gene transcription via the activation of signal transducer and
activation of transcription (STAT) proteins. Intraperitoneal and intravenous injections of
pharmacological amounts of leptin in ob/ob and littermates revealed only
phosphorylation of the STAT3 isoform in the hypothalamus, in contrast in vitro
experiments in which other STAT isoforms were phosphorylated by leptin. In the obese
db/db mice, that lack LeprB, this STAT3 activation in the hypothalamus was not found
[48-51]. Initial cell culture experiments suggested that the full-length leptin receptor
activates the tyrosine kinase Janus kinase family (Jak) 2 which autophosphorylates and
phosphorylates the intracellular tyrosine residues of the leptin receptor [48,50-52].
Recruitment of the STAT3 by phosphorylated receptor, results in phosphorylation of
STAT3 which is then translocated to the nucleus where it regulates gene transcription,
functioning as a transcription factor [53-55] (Figure 1.1). The importance of one of the
three conserved tyrosine residues of LeprB, Y1138, became evident by replacing this
amino acid with serine [52]. This mutation disrupted STAT3 activation, and caused
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hyperphagia, impairment of thermoregulation and obesity in mice [52]. The obesity levels
seen in these mice is intermediated between wild-type and db/db mice, suggesting that
multiple pathways that may be mediating leptin's anorexic effects [52]. In addition, when
neurons expression STAT3 are specifically ablated, the transgenic mice display a
phenotype similar to that of db/db mice, indicating the importance of STAT3 for the
maintenance of the energy balance [56].
Leptin's actions in the hypothalamus do not go unchecked. Other than
mechanisms attenuating its downstream signaling actions, a novel negative feedback
loop for leptin signaling has also been found. It was found that peripheral leptin
administration to ob/ob, but not db/db mice, rapidly induced suppressor of cytokine
signaling-3 (SOCS3) mRNA in hypothalamus [57]. Transfection data further suggested
that SOCS-3 is an inhibitor of leptin signaling, and requires the full length LeprB. In
addition, in mammalian cell lines SOCS-3 was found to block leptin-induced signal
transduction. A leptin-dependent increase of SOCS-3 mRNA was seen specifically in
areas of hypothalamus expressing high levels of the long isoform of the leptin receptor
[57].
Although leptin surges similar to those in the above experiments are not known
to occur in the physiological state, SOCS-3 is still a likely candidate for the negative
feedback of leptin. Mice that are haploinsufficient for SOCS-3, show an increased leptin
sensitivity compared to their wild-type littermates [58], as do mice that have a decrease
in SOCS-3 expression in POMC neurons (an anorexigeneic population of neurons) [59].
SOCS-3 induction is also thought to occur in diet-induced obesity [60].

5

La Cava et al. Nat Rev Immuno 2004

Figure 1.1: Leptin Signaling. Binding of leptin to its receptor engages downstream transduction
pathways, leading in particular to activation of the Jak-Stat pathway and phosphorylation of Stat3.
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1.2.5

The Arcuate Nucleus (ARC)
The ARC of the hypothalamus has been proposed as an important site for the

regulation of energy balance [44,61-64]. The expression levels of the LeprB are high in
this region at the base of the third ventricle. The ARC consists of a very heterogeneous
population of neurons, adding complexity to interpretation of data.
An important indication for the importance of the ARC in energy homeostasis is
the finding that ARC-specific lesions performed in rodents produce a profound obese
phenotype [65,66]. The ARC is required for leptin-induced anorexigenic responses, as
i.c.v. leptin infusion in ARC-lesioned Lepob/ob mice do not cause body weight reduction
[65,66]. In addition, ARC specific restoration of the leptin receptor in Koletsky fa/fa rat
reduces their obese and hyperphagic phenotype [67]. We will focus on two key
populations of neurons with opposite effects that mediate these effects: POMC/CART
and NPY/AgRP neurons (Figure 1.2).
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Figure 1. Leptin-Melanocortin Axis. Left panel shows the anatomical location of

Figure 1.2: The Leptin/Melanocortin Axis. Leptin, an adipocyte-specific hormone, is secreted by
the Hypothalamus, Arcuate Nucleus (ARC), and Paraventricular Nucleus (PVN)

the adipoctye at levels that correlate with fat mass and regulates adipose tissue mass through
in the human brain. Right panel depicts Leptin-Melanocortin signaling pathway.

centrally mediated effects on satiety and energy metabolism . Left panel shows the anatomical
location of the Hypothalamus, Arcuate Nucleus (ARC), and Paraventricular Nucleus (PVN) in the
human brain. Right panel depicts Leptin-Melanocortin signaling pathway.
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1.2.6

Proopiomelanocortin (POMC) Neurons
In the ARC, leptin receptors have been specifically found on anorexigenic

proopiomelanocortin/cocaine- and amphetamine-regulated transcript (POMC/CART) or
(hereon: POMC) expressing neurons [68].

POMC is a 267 amino acid precursor

protein that is not only synthesized in the ARC, but also in the pituitary and the NTS.
When produced, POMC can be proteolytically cleaved by prohormone convertases into
the peptides α-, β-, γ-melanocyte stimulating hormone (MSH), adrenocorticotropic
hormone (ACTH) and β-endorphin [69] (Figure 1.3). α-MSH binds to the Gs-protein
coupled melanocortin-4-receptors (MC4Rs) on second-order neurons such as neurons in
the PVN [70] (Figure 1.2). It is considered the most important of the POMC products in
the hypothalamic regulation of energy homeostasis.
Receptor expression and composition of this neuronal population varies among
different species, in different nutritious states as well as between individual neurons.
Along with the leptin receptor, other receptor types for which expression was found on
POMC neurons are the insulin receptor (IR), melanocortin 3 receptor (MC3R), tyrosine
peptide receptor 1 and 2 (YR family) serotonin receptor (5-HT2C), orexin 1 and 2
receptors (ORX1R, ORX2R), GLP-1 receptor, melanocortin concentrating hormone 1
and 2 receptors (MCH1R and MCH2R), GABA, µ-opioid receptor and others [71-82].
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Figure 1.3: Processing of POMC. POMC is processed into five biologically active proteins.

1.2.7

Agouti-Related Peptide/Orexigenic Neuropeptide Y (NPY/AgRP) Neurons
In the ARC, leptin receptors have also been found on specifically the population

of agouti-related peptide/orexigenic neuropeptide Y (NPY/AgRP) co-expressing neurons
[47]. These neurons synthesize both the inhibitory NPY and the inverse MC4R agonist
AgRP [83]. A group of NPY/AgRP expressing neurons was found to have terminals
synapsing onto POMC expressing neurons in the ARC and exerts a tonic inhibition on
POMC neurons, by releasing the inhibitory neuropeptide gamma amino butyric acid
(GABA) from proximal synapses onto POMC neurons [47]. AgRP functions as an
inverse agonist not only to MC4R, but also to its family member MC3R [66,84].
It was found that inhibition of NPY synthesis by antisense oligonucleotides or
blockade of NPY by continuous ICV infusion of NPY-antibody results in a significant
reduction of food intake [85]. Overexpression of AgRP as well as overexpression of
NPY, on the other hand, lead to hyperphagia [86,87]. The widespread expression of
GABA reduces the effectiveness of overexpression studies. NPY/AgRP-specific GABA
overexpression has not been tested to our knowledge. These finding suggests a

10

physiological role for both NPY and AgRP in regulating food intake. Knockouts for these
neuropeptides however, showed a striking lack of leanness. AgRP-deficient mice exhibit
a mild age-dependent lean phenotype arising from increased energy expenditure [88].
Similar studies in mice with mutations in the NPY exhibit relatively normal phenotypes
where their body weight regulation is concerned [89]. The fact that a cross between
leptin deficient ob/ob mice and NPY deficient mice results in offspring that is still
markedly obese, further underscores that NPY may be important, but not exclusively
responsible, for the maintenance of the energy balance.
After these genetic knockout studies, an important finding was done in two
studies in which utilized rapid and acute ablation of AgRP neurons in adult mice. It was
found that this leads to severe anorexia [90,91]. These findings show that the adult brain
cannot compensate for the loss of AgRP neurons, but that the neonatal brain can,
especially since ablation of the AgRP neurons in neonatal mice does not induce
anorexia. The mechanisms compensating for the lack of AgRP neurons in neonatal mice
but not in adult mice is a topic of current investigations.
To investigate a mechanism behind the inhibition of leptin on these neurons,
other than that of transcriptional alteration, electrophysiological experiments have been
performed on NPY/AgRP neurons. Recordings made from single neurons revealed that
leptin hyperpolarizes NPY/AgRP neurons and decreases their firing rate [92,93]. It was
recently found that ARC neurons; i.e. NPY/AgRP as well as CART positive cells,
express functional KATP channels [94]. Leptin was proposed to alter firing rate via these
channels. However, the heterogeneous response of NPY/AgRP neurons to various
factors and limited sample size in electrophysiological experiments call for a cautious
interpretation of these results.
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1.2.8 Anorexigenic POMC and Orexigenic NPY/AgRP Neurons in Energy
Regulation
Numerous experiments have been conducted to tease apart the functions of
NPY/AgRP expressing neurons from those of POMC/CART neurons. POMC as well as
NPY/AgRP neurons were shown by electrophysiological experiments to exhibit a
spontaneous firing rate [92,95-97]. The rate of firing in these neurons can be modified by
many factors, including leptin. POMC firing increases after leptin treatment, whereas
NPY/AgRP firing is decreased upon leptin treatment [47]. Administration of leptin to
ob/ob mice or fasting mice elevates arcuate POMC mRNA levels to that of control
littermates [53,54], further, indicating a role for leptin in the control of POMC levels.
Leptin is thought to influence transcription in these neurons via downstream pathways of
the full-length leptin receptor, through STAT3 signaling, the MAPK pathway and the
PI3K pathway. Leptin thus regulates expression levels of POMC mRNA in the ARC [98],
as well as increasing the firing rate of these neurons [94,99].
Fasting, a condition in which circulating leptin levels are relatively low, increases
the mRNA levels of NPY [100] and AgRP [83] in the ARC and decreases the expression
of POMC [101] and CART [102] in both rats and mice [86]. Evidence that leptin can exert
an inhibitory effect on NPY neurons in the hypothalamus has been provided by
numerous pharmacological studies [20,92,95,103]. In rats, overfeeding causes increased
POMC mRNA expression [104], yet has little effect on NPY mRNA [105].
Pharmacological administration of leptin decreases NPY levels in ob/ob mice [25] and
fasted animals [106] represses elevated NPY mRNA levels in the ARC.
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1.2.9

The Paraventricular Nucleus (PVN)
The PVN acts as a satiety center [107], illustrated by the finding that disruption by

bilateral electrolytic lesions of the PVN result in hyperphagia and obesity [108]. The
PVN, like the ARC, is also comprised of a non-homogenous population of neurons,
containing both corticotrophin-releasing hormone (CRH)-expressing neurons as well as
thyrotropin-releasing hormone (TRH)-expressing neurons. The leptin receptor has, been
localized to the PVN, but so was the important melanocortin 4 receptor (MC4R), in both
mice and rats [44,109,110]. Whether the same expression pattern of MC4R is also found
in the human population remains to be determined. Even so, MC4R mutations in the
human population have been shown to lead to an obese phenotype [111-114] as in other
mammals, as have lesions of the PVN.
MC4R is thought to be downstream of the leptin pathway (Figure 1.2). Peripheral
as well as central leptin administration does not reduce food intake in obese MC4R-/arguing that MC4R activity is downstream of leptin [115]. MC4R knockout mice exhibit a
phenotype of hyperphagia as well as diminished energy expenditure [116,117]. This
indicates that the MC4R expressing neurons are upstream of both mechanisms that
establish the energy balance. MC4R+/- mice show an intermediate phenotype with
respect to body weight and food intake, suggesting a gene dosage effect. The MC4
receptor gives a signal of tonic satiety, which is enhanced by α-MSH, and decreased by
its endogenous inverse agonist AgRP. Disruption of this tonic signal leads to obesity.
1.3
1.3.1

Genetic factors in Human Obesity
Overview
The prevalence of common obesity in the United States has dramatically increased

over the past 30 years [118]. This rise is largely attributed to the decreased physical
activity and the increased caloric richness of the common diet in most individuals’ lives.
However, obesity is a multifactorial disease that is influenced by genetic and
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environmental factors. An inherited component to body weight accounts for 40% to 70%
of an individual’s predisposition to obesity [119]. Indeed, genetic epidemiologic studies,
such as twin studies [120-122] and adoption studies [123,124], have implicated genetic
factors in the susceptibility to obesity. It is clear that there are genetic factors that
influence the susceptibility to obesity, with the environment determining phenotypic
expression. Emphasis has therefore now shifted from the question of whether human
obesity has a genetic component to how many and which genetic variants underlie this
susceptibility [125,126]. A significant goal of identifying genes in which variations are
responsible for common human obesity is to provide more rational approaches to
therapy, either by elucidating the underlying pathophysiology or by stratifying patients
into groups in which the effectiveness of different treatments, medical or surgical, can be
determined empirically [22].
Most genes that contribute to the predisposition of obesity are still unknown, but
the discovery and characterization of single gene defects that cause severe human
obesity has provided some insight into the hereditary nature of body weight. The known
monogenic forms (single gene defects) of obesity can be divided into three broad
categories. The first category is obesity caused by mutations in genes that have a
physiologic role in the hypothalamic leptin–melanocortin system of energy regulation.
Specifically, obesity caused by leptin, leptin receptor, proopiomelanocortin (POMC), and
melanocortin-4 receptor (MC4R), mutations are addressed. The second category is
obesity presenting as part of a complex syndrome caused by mutations in genes whose
functional relationship to obesity is also unclear. We will focus on three of these
syndromes: Bardet-Biedl (BBS), Alstro¨m, and Carpenter’s, the origins of which have
recently been ascribed to the dysfunction of the primary cilium. Consideration of these
syndromes emphasizes the ongoing discovery of new molecular mechanisms underlying
the pathogenesis of obesity. The third category is obesity resulting from mutations in the

14

three genes necessary for development of the hypothalamus: SIM1, BDNF, and NTRK2.
These genes have important roles during hypothalamic development and lead to severe
obesity when mutated. These conditions further support the concept that the
hypothalamus is critical for energy homeostasis, but the exact mechanisms through
which these gene defects lead to obesity are not yet understood. With respect to this
introduction, the first two categories will be further discussed.

1.3.2

Obesity Caused by Gene Mutations that Aﬀect the Leptin–Melanocortin

System
The occurrence of severe obesity-causing mutations in humans aﬀecting the same
pathways as in mice has validated that this system of energy balance is conserved
across species, and is in fact crucial to the regulation of body weight in humans. This
specific network of neurons, referred to as the leptin-melanocortin system, is centered in
the hypothalamus and integrates information about peripheral energy stores relayed
primarily by the hormone leptin. The eﬀective output is a change in food intake behavior
and basal energy expenditure (Figure 1.1).

1.3.2.1

Leptin

Leptin deficiency is a rare autosomal recessive disorder resulting from
homozygous mutations in the leptin gene. Only 12 individuals in the world have been
reported to have congenital leptin deficiency, all homozygous for one of two known
mutations [127]. All reported patients share the clinical phenotype of severe obesity,
hyperphagia, and serum leptin levels that are disproportionately low for their degree of
fat mass.
Daily administration of recombinant human leptin to children who have congenital
leptin deficiency results in dramatic weight loss, reduction in fat mass, resumed pubertal
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progression, and improved thyroid and immune function [128,129]. This is remarkable
but exceptionally rare example of eﬀective treatment of obesity arising from an
understanding of its physiologic basis. However, no similar benefit is seen from giving
supraphysiologic doses of leptin to obese patients who are not leptin deficient [130].

1.3.2.2

Leptin receptor

The first report of leptin receptor deficiency was that of a homozygous mutation in
three sisters from a consanguineous Algerian family [131]. Much like the patients who
had congenital leptin deficiency, these patients who had no functional leptin receptor had
severe, early-onset obesity. Eight additional individuals who had homozygous or
compound heterozygous leptin receptor mutations were identified in a highly
consanguineous cohort of severely obese and hyperphagic patients. Functional studies
of these mutant receptors showed complete or partial loss of receptor signaling in
response to leptin [127].
Serum leptin in leptin receptor deficiency reflects BMI and fat mass, as in common
obesity and all other forms of monogenic obesity, unlike what is seen in leptin deficiency.
The serum leptin levels in leptin receptor deficiency are not any higher than would be
predicted by the degree of obesity. This demonstrates that leptin synthesis occurs
normally independent of a functional leptin receptor. Therefore, no feedback occurs from
leptin receptor signaling on the secretion of leptin from adipocytes [30].

1.3.2.3

Proopiomelanocortin

POMC is the precursor to five biologically active proteins made in the anterior
pituitary or hypothalamus and skin. POMC has a important role in the leptinmelanocortin system in that POMC-expressing neurons are targets of leptin signaling,
and α–melanocyte-stimulating hormone (α-MSH) is the POMC cleavage product that
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activates MC4R (Fig. 1.2; Fig. 1.3).
The first two patients who had complete POMC deficiency were described in 1998.
One patient was compound heterozygous for two nonsense mutations, and the other
was homozygous for a base pair substitution that disrupted translation of the entire
POMC protein [132]. Four more patients who had homozygous or compound
heterozygous POMC mutations have been described [133,134]. A feature of the
complete POMC deficiency is hyperphagia and severe obesity resulting from lack of
MC4R activation by α -MSH. A unique feature of complete POMC deficiency is that
patients present in the newborn period with adrenal insuﬃciency. The hypocortisolism is
caused by lack of the POMC substrate for adrenocorticotropic hormone (ACTH)
synthesis in the anterior pituitary; treatment with glucocorticoid replacement prevents
adrenal crises.

1.3.2.4

Melanocortin-4 receptor

In 1998, two groups simultaneously reported the first two cases of severe obesity
and hyperphagia caused by MC4R mutations [111,112]. MC4R has now emerged as the
most specialized and crucial molecule for body weight regulation in the leptin–
melanocortin system. MC4R mutations are inherited in an autosomal dominant fashion,
with marked obesity resulting from only one aﬀected allele. Besides severe obesity and
hyperphagia, MC4R deficiency has no other physical, hormonal, or developmental
consequence, making the function of this receptor very specific for energy balance. In
addition, mutations in MC4R are the most common cause of monogenic obesity known
with the global prevalence of MC4R mutations being approximately 2.5% in severely
obese individuals [135-139]. MC4R mutations segregate with obesity in the families of
the probands, and are dominantly inherited with variable penetrance and expressivity.
Therefore, the obesity phenotype of heterozygous MC4R mutation carriers can range
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from severely obese to lean. Functional studies of obesity-associated MC4R mutations
show that more severely impaired receptor function in vitro correlates with earlier age of
obesity onset and higher BMI. The in vitro studies also show that each mutation impairs
receptor function diﬀerently through aﬀecting membrane expression, response to
agonist, and constitutive activity to a variable degree [114]. The obesity phenotype of
MC4R mutations is therefore determined not only through variable penetrance and
expressivity but also through allelic heterogeneity that contributes to diﬀerent pathogenic
mechanisms. Although no eﬀective therapy for obesity caused by MC4R mutations
currently exists, hope exists that ongoing research will provide a better understanding of
the mechanisms through which MC4R mutations cause obesity and will lead to
successful treatment options.
Most obesity-causing MC4R mutations are heterozygous and dominantly inherited.
Fewer than 10 cases of homozygous or compound heterozygous MC4R mutations have
been reported [136,140,141]. These individuals, lacking both alleles of MC4R, are
significantly more obese than the heterozygotes, and are comparable to patients who
have leptin, leptin receptor, and POMC deficiency. Some evidence exists that an
intermediate-weight phenotype may exist for heterozygous carriers of mutations in
genes for leptin, leptin receptor, and POMC, implicating these genes in the susceptibility
to common obesity. Thirteen heterozygous carriers of the leptin DG133 mutation and
found that serum leptin levels were significantly lower, whereas BMI and body fat mass
were significantly higher in the heterozygotes than in controls [142]. However,
interindividual variability in leptin measurements and the small sample-size make these
results diﬃcult to interpret. Heterozygous carriers of leptin receptor mutations were not
severely obese, but had increased fat mass to the same extent as heterozygote leptin
mutation carriers [127]. Significantly higher BMIs were reported in the heterozygous
relatives of a patient with POMC deficiency [134]. In addition, screening cohorts of
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severely obese patients has shown heterozygous mutations in POMC that are absent in
controls [143-145] . These heterozygous POMC mutations segregate with obesity in the
probands’ families and cause hyperphagia and obesity without any other clinical
manifestations, such as adrenal insuﬃciency. It is possible, that like heterozygous
MC4R mutations, heterozygous POMC mutations may be a more common cause of
monogenic obesity.

1.3.3

Obesity Associated with a Pleiotropic Developmental Syndrome
Several pleiotropic syndromes exist with obesity as a predominant phenotype in

association with findings such as mental retardation, congenital organ defects, limb or
facial dysmorphisms, and endocrine dysfunction. The most common is Prader-Willi
syndrome, which is characterized by neonatal hypotonia and failure to thrive, and
subsequent obesity caused by intense hyperphagia, along with developmental delay,
mental retardation, hypogonadism, and small hands and feet. The genetic basis of these
pleiotropic syndromes is complex. Although the genes or chromosomal regions
implicated in the origin of many of these syndromes are known, their relationship to the
development of obesity is unclear.
This introduction focuses on three syndromes with multiple phenotypic similarities
in addition to obesity, for which pathogenesis was recently linked to dysfunction of the
primary cilium. The primary cilium is an organelle extending from almost all eukaryotic
cells. Its architecture is diﬀerent from that of the more common motile cilium in that its
axoneme is made up of 9 microtubule doublets only (9 þ 0), without the additional central
doublet present in motile cilia (9 þ 2) [146]. Primary cilia are attached to the cell at the
basal body and are important for chemo- and mechano-sensation of the environment
and transduction of intracellular signaling. Many important signaling pathways, such as
hedgehog signaling and the Wnt pathway, localize to the primary cilium [147]. Because
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protein synthesis does not occur in cilia, a mechanism called intraflagellar transport (IFT)
is required to carry proteins necessary for ciliary maintenance and function into and out
of the cilia [146].

1.3.3.1

Bardet-Biedl Syndrome

BBS is characterized by clinical findings of retinal degeneration, postaxial
polydactyly, obesity, and structural or functional defects of the kidney. Other associated
findings include anosmia, mental retardation, hepatic fibrosis, male hypogonadism or
undescended testes, female urogenital tract abnormalities, type 2 diabetes mellitus,
hypertension, cardiac abnormalities, Hirschsprung’s disease, situs inversus, and
predisposition to malignancies [148-150]. Obesity in patients who have BBS ranges from
mild to severe, and is reversible with caloric restriction and exercise. BBS is rare and
genetically heterogeneous with mutations in 12 genes, BBS1– 12, as being identified as
contributing to the development of the phenotype [151]. The functions of these genes
are not well delineated but are somehow linked to the primary cilium [152]. It has been
shown that 7 of the 12 BBS-causing genes encode highly conserved proteins that are
necessary for primary cilia function [151] (73). These proteins form a complex, called the
BBSome, and associate with another factor, Rab8GTP, to facilitate transport of proteins
to the primary cilium.
Despite exciting advances in the understanding of BBS pathogenesis and its
relationship to ciliary function, the origin of obesity associated with this syndrome is still
largely unclear. Dysfunction of cilia in specific neurons could explain obesity caused by
hyperphagia and impaired satiety demonstrated by deletion of cilia from neurons
throughout the central nervous system, and specifically from POMC-expressing neurons,
causes obesity in mice [153]. This finding is the first evidence that even a novel
mechanism of pathogenesis such as primary ciliary dysfunction may relate to the
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hypothalamic regulation of food intake in causing obesity. However, this evidence is
preliminary and further research is needed. Although it is well established that
hypothalamic POMC neurons are critical for signaling satiety, how disruption of ciliary
function in these neurons aﬀects their role in energy balance is not.

1.3.3.2

Alström Syndrome

Alström syndrome is another rare syndrome that shares many pleiotropic clinical
findings with BBS, namely retinal degeneration, early-onset obesity, type 2 diabetes
mellitus, and perceptive hearing loss. It is an autosomal recessive disorder caused by
mutations in the ALMS1 gene. It is also associated with cardiomyopathy, liver and
kidney dysfunction, and delayed puberty. The pathogenesis of Alström syndrome has
also been linked to dysfunction of the primary cilium, in that the ALMS1 protein localizes
to the centrosome and ciliary basal body, and likely has a role in the formation or
maintenance of primary cilia. ALMS1 has an important role in cilia formation in kidney
cells [154]. Human mutations in ALMS1 known to cause Alström syndrome result in
truncated ALMS1 proteins that are able to support normal cilia formation but may cause
a subtle and undetermined alteration in ciliary function that leads to the development of
the Alström phenotype. Residual function of mutant ALMS1 in Alström syndrome
explains the lack of a more severe developmental phenotype.

1.3.3.3

Carpenter’s Syndrome

Carpenter’s syndrome is a pleiotropic disorder with the following features:
craniosynostosis aﬀecting primarily metopic and sagittal sutures, polydactyly, soft-tissue
syndactyly, and obesity. Other characteristics include brachydactyly, molar agenesis,
genu valgum, hypogenitalism, congenital heart defects, umbilical hernia, and learning
disability. The disorder has an autosomal recessive inheritance and was recently
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described to be caused by a homozygous nonsense mutation L145X in RAB23 in five
aﬀected individuals from three families [155]. Evaluation of additional patients who had
Carpenter’s syndrome identified four other mutations in RAB23. Similar nonsense
mutations in the mouse Rab23 gene lead to a far more severe phenotype of neural tube
defect, causing exencephaly and embryonic lethality.
Rab23 is from Rab family of small GTPases that regulate intracellular traﬃcking of
membrane-associated proteins. Rab23 negatively regulates the Sonic hedgehog
signaling pathway [156-159]. Yoshimura and colleagues [160] recently showed that
Rab23 is one of three Rab GTPases (Rab8a, Rab17, and Rab23) involved in the
formation of the primary cilium.
The phenotype of Carpenter’s syndrome shares findings of limb deformities
(polysyndactyly and brachydactyly) with other syndromes that result from impaired
hedgehog signaling. However, findings of craniosynostosis and obesity have not been
previously associated with the hedgehog pathway. Given the evidence that obesity in
BBS and Alström syndrome is associated with dysfunction of the primary cilium, and
given that hedgehog signaling occurs on the primary cilium in many cell types, it is
possible to implicate ciliary dysfunction that disrupts hedgehog signaling in the
pathogenesis of Carpenter’s syndrome.

1.4

The Association of Common Variants with Obesity
Hundreds of studies in the past 15 years have suggested a positive association of

common variants in a large number of candidate genes with obesity or obesity-related
phenotypes. As for several other common diseases, most of these studies failed to be
replicated, being limited by their insufficient sample size and by stratification and multiple
testing issues [126].
In 2008, reports of the first genome-wide association studies (GWAS) for obesity

22

revealed previously unreported associations with common variants near the fat mass
and obesity-associated gene FTO [161], a gene with a yet unknown function, and near
the melanocortin 4 receptor (MC4R) gene [162], in which multiple rare variants had
previously been shown to cause, in aggregate, 2-4% of severe obesity (BMI >40 kg/m2)
cases in humans [114,139]. These findings were replicated across several populations,
but the common alleles at these two loci had only a modest effect on BMI (0.2-0.4
kg/m2), suggesting that additional common variants could account for a significant
fraction of the inherited BMI population variation.
By combining extremely large samples of GWAS, recent reports now provide us
with a more comprehensive view of the extent to which common variants are associated
with obesity [163,164]. Investigators of the Genetic Investigation of Anthropometric Traits
(GIANT) consortium conducted a meta-analysis of GWAS from a total of 32,387 subjects
of European ancestry in 15 cohorts for association with BMI [164]. The strongest signals
from 35 variants were used for follow-up in 14 additional cohorts with over 59,000
subjects of European ancestry. In parallel, a group at deCODE Genetics performed a
GWAS with single nucleotide polymorphisms (SNPs) typed in over 30,000 individuals of
mixed descent (predominantly Icelandic, but also Dutch, European American, African
American and Scandinavian) in search of polymorphic variants that affect variation in
two common measures of obesity, weight and BMI [163]. The strongest signals from 43
variants were then tested for association in 5,586 Danish individuals and compared in
silico with the results of the GIANT consortium [163].
In both studies, the allelic odds ratio for being obese (BMI > 30kg/m2) remained
greatest with the FTO variant, with odds ratios of 1.03-1.25 [164] and 1.07-1.27 [163]. All
of the variants identified are relatively common, and their combined effect explains only
a small percentage of the variation in weight and BMI. The GIANT consortium examined
the combined impact of the associated variants on BMI. They weighted the number of
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BMI-increasing alleles by their relative effect size and calculated a genotype score for
each individual. They found that individuals that have 13 or more BMI-increasing alleles
(representing 1.2% of the sample) are only 0.59 kg/m2 heavier than the average
individual in their study.
Both studies confirmed the association of BMI with variants at the FTO and MC4R
genes and identified six and nine novel loci, respectively. Many of the new loci, in
particular those found by the GIANT consortium, are located near genes that are highly
expressed in the central nervous system, several in the hypothalamus, possibly
emphasizing, as in rare monogenic forms of obesity, the role of the hypothalamus in the
predisposition to obesity. Of course, this conclusion is preliminary, as the actual
causative variants, which remain to be identified by fine mapping at each of these loci,
may affect other genes in these regions.

1.5 Summary of Chapters
In this thesis dissertation, the molecular genetics of human obesity is studied using
two distinct and different approaches. We use human genetics to study obesity caused
by mutations in the genes MC3R and MC4R that have a physiologic role in the
hypothalamic leptin–melanocortin system of energy regulation. In addition, we perform
an association study looking at common variants around the MC4R gene in its
association with obesity-related phenotypes. We also use transgenic mice to
characterize obesity presenting as part of a complex syndrome in humans, Carpenter
Syndrome, caused by mutations in the Rab23 gene whose functional relationship to
obesity is unclear.
In Chapter 2 of this dissertation, we studied the segregation of naturally
occurring human mutations in MC3R and MC4R with severe obesity (BMI>35), and their
functional relevance in the melanocortin system. We studied MC4R and MC3R

24

mutations detected in a total of 1821 adults (889 severely obese and 932 lean controls)
from two cohorts. We systematically and comparatively evaluated the functional
consequences of all mutations found in both MC4R and MC3R. Our results confirm that
mutations in MC4R are a significant cause of severe obesity, extending this finding to
North American adults. However, our data suggest that MC3R mutations are not
associated with severe obesity in this population [139].
Chapter 3 attempts to go beyond rare variants of the MC4R gene and focuses
on common variants located in and around the gene locus to identify association with
obesity phenotypes. We perform a biracial cross-sectional study, Health ABC Cohort,
and identify rs11152221, as being associated with BMI, leptin, and percent body fat in
our white population. Our preliminary data also suggests that this SNP may be located
in a region with a putative enhancer.
Transgenic mouse models have become the standard in studying gene
manipulations and disease states in an entire organism. In the Chapter 4, using a
transgenic mouse model we demonstrate the effect of haploinsufficiency of the Rab23 in
the role of energy homeostasis. We show that Rab23+/- mice have an alteration in the
central regulation of energy balance, specifically in the disruption of leptin signaling in
the POMC neurons.
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CHAPTER 2
ASSOCIATION OF FUNCTIONALLY SIGNIFICANT MELANOCORTIN-4
BUT NOT MELANOCORTIN-3 RECEPTOR MUTATIONS WITH SEVERE
ADULT OBESITY IN A LARGE NORTH-AMERICAN CASE CONTROL
STUDY†.

2.1

Introduction
Obesity results from the interaction between a genetic predisposition and

deleterious environmental factors1. Both common variants with small effects2,3 and rare
variants with larger individual effects have been shown to contribute to the genetic
predisposition to obesity4. In particular, rare heterozygous mutations in the coding
sequence of the melanocortin-4 receptor (MC4R) gene account for a significant number
of severe obesity cases5-10. MC4R belongs to the family of seven trans-membrane Gprotein-coupled receptors (GPCR) and is expressed at low levels in hypothalamic nuclei
involved in the regulation of food intake and in particular neurons of the para-ventricular
nucleus (PVN)11. MC4R regulates food intake by integrating a satiety signal provided by
its agonist α-MSH and an orexigenic signal provided by its antagonist Agouti-related
protein (AGRP)12,13. Both of these ligands are expressed in distinct neuronal populations
of the arcuate nucleus of the hypothalamus and are coordinately regulated by the
adipocyte-secreted hormone, leptin, to control food intake and maintain long-term
energy homeostasis14. Mice lacking both alleles of mc4r (mc4r -/- mice) develop a
maturity onset hyperphagic obesity syndrome by 10 weeks of age13. Mice heterozygous

†This work was previously published and is reproduced with permission.
Calton MA*, Ersoy BA*, Zhang S, Kane JP, Malloy MJ, Pullinger CR, Bromberg Y, Pennacchio
LA, Dent R, McPherson R, Ahituv N, Vaisse C. Association of functionally significant
Melanocortin-4 but not Melanocortin-3 receptor mutations with severe adult obesity in a large
North American case-control study. Hum Mol Genet. 2009 Mar 15;18(6):1140-7.
*M.A.C. and B.A.E. contributed equally to this work.
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for an mc4r deletion (mc4r +/- mice) show an average weight that is intermediate
between that of wild-type and mc4r -/- mice13.
Numerous studies, mostly in European populations have documented a
prevalence of 2.67% [CI95: 2.1-3.6] of nonsense, frameshift and missense MC4R
mutations in early-onset obesity15.

More recently, such mutations have also been

implicated in the development of severe adult obesity in these same populations. For
example MC4R mutations were found in 2.35% (CI95 0.9-3.8) of severely obese French
adults15. Fewer studies, in relatively small number of patients, have explored the
prevalence of MC4R mutations in severely obese North American patients9,16,17. Results
have been inconsistent leading to the suggestion that environmental differences could
selectively impact the relative effects of MC4R mutations in these populations.
Another melanocortin receptor, the melanocortin 3 receptor (MC3R), is closely
related to MC4R and is expressed in the arcuate nucleus of the hypothalamus11,18.
MC3R has also been implicated in long-term energy homeostasis in rodents19,20.
Homozygous null mc3r-/- mice have an increased fat mass through increased feed
efficiency19,20.
Evidence for a causative role for MC3R in human obesity is scarce. Few
heterozygous MC3R mutations have been detected in early-onset obese patients21,22.
Large-scale studies, systematically comparing the prevalence of rare MC3R mutations in
cases and controls to formally determine if, similarly to MC4R, such mutations are
associated with severe obesity have not yet been performed.
In this study, we used two cohorts of North American adult subjects to compare
the prevalence and the function of MC4R and MC3R mutations found in patients with
severe obesity and in non-obese controls. Our results confirm that MC4R mutations are
a significant cause of severe obesity and extend this finding to North American adults. In
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contrast, our data does not support a similar role for MC3R mutations in the
predisposition to this condition.

2.2

Results

2.2.1

Prevalence and nature of MC4R mutations in two North American cohorts

of severe obese adults.
We analyzed the prevalence and nature of MC4R coding region mutations
detected in 1821 adults (889 severely obese and 932 controls) from our previously
reported cohorts23,24. A total of 26 subjects carried rare variants in the MC4R coding
region (Table 2.1): 20 in the severely obese group (2 subjects both carried Leu211Del
and Pro299His mutations) and 6 among the controls. In the severely obese adults, 17
missense mutation carriers, 2 nonsense mutation carriers, and 3 frameshift mutation
carriers were identified (for a total of 20 different carriers). Six control subjects carried six
different missense mutations. The total prevalence of rare MC4R variants in severely
obese North American adults was 2.25% (CI95% of 1.44-3.47) compared to a prevalence
of 0.64% (CI95% of 0.26-1.43) in lean controls (p=0.005) [OR=4.3].
In addition, a total of 41 subjects carried the common variant Val103Ile and 12
subjects carried the common variant Leu251Ile (Table 2.2). The frequency of these two
variants was similar to that described in other studies (2.43-5.31% for Val103Ile and
0.96-3.23% for Leu251Ile)9,15,16,25,26. The prevalence of these polymorphisms was not
statistically different between case and controls in our studies (p=0.775, 0.774
respectively), most likely due to limited power to detect an association, and thus failed to
replicate the small, but significant association with decreased body weight seen in a
larger study for the Val103Ile variant27.

46

Gene

Mutation

No.
Severely
Obese
Carriers
(n=889)

No.
Control
Carriers
(n=932)

PolyPhen

SNAP

In Silico Prediction

In Vitro
Functional Study
Assayed
ClassDifference
ification
compared
to WT

DNA

Protein

c.11C>T

Ser4Phe†‡

1

0

+

+(0; 58%)

-

†

MC4R
Cohort I

c.105C>A
c.606C>A
c.634_63
5delT
c.691G>A
Severely
obese

c.706C>T
c.806T>A
c.812G>T
c.895C>T
c.919C>T

Lean

Cohort II

Severely
obese

Lean

Tyr35stop
Phe202Leu

1

0

nonsense

nonsense

+

‡

1

0

-

- (0; 53%)

-

Leu211Del

1

0

frameshift

frameshift

+

Gly231Ser
Arg236Cys

1

0

-

- (4; 85%)

-

2

0

++

+ (3; 78%)

-

2

0

+

+ (4; 82%)

+

EC50

1

0

-

+ (5; 87%)

+

⇓Emax

1

0

+

+ (4; 82%)

+

⇓Emax

†

1

0

nonsense

nonsense

+

nonsense

‡

‡

Ile269Asn
Cys271Phe
‡

‡

Pro299Ser
Gln307stop

c.335C>T

Thr112Met

0

1

-

+ (3; 78%)

-

c.473A>G

His158Arg‡

0

1

++

+ (6; 93%)

-

c.523G>A

Ala175Thr
Asn240Ser

0

1

-

- (3; 78%)

-

c.719A>G

‡

0

1

-

- (3; 78%)

-

c.89C>T

Ser30Phe‡

1

0

+

+(4; 82%)

-

nonsense

frameshift

c.95G>A

Gly32Glu

1

0

-

- (1; 82%)

-

c.182A>G

Glu61Lys

1

0

+

+ (5; 87%)

+

⇓Emax

c.380C>T
c.634_63
5delT

Ser127Leu

1

0

+

- (0; 53%)

+

No Emax

Leu211Del

2

0

frameshift

frameshift

+

frameshift

c.896C>A

Pro299His

2

0

+

+ (6; 93%)

+

⇓Emax

c.907G>A

Ala303Thr

1

0

-

+ (2; 70%)

+

EC50

c.976T>C

Cys326Arg

1

0

++

+ (4; 82%)

-

c.583A>G

Ile195Val‡

0

1

-

- (0; 53%)

-

0
20*

1
6

++

+ (4; 82%)

+

c.914G>A
TOTAL

‡

Arg305Gln

⇓Emax

(Table 2.1 continued on the next page)
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Table 2.1. (continued)
Gene

Mutation
DNA

Protein

c.260T>C

Ile87Thr†‡
Ala260Val†

In Vitro
Functional Study
Assayed
ClassDifference
ification
compared
to WT

No.
Severely
Obese
Carriers
(n=889)

No.
Control
Carriers
(n=932)

PolyPhen

SNAP

1

0

+

+ (0; 58%)

-

1

0

-

- (3; 78%)

-

1

0

++

+ (4; 82%)

-

In Silico Prediction

MC3R
Cohort I

c.779C>T

‡

Met275Thr†
‡

c.824T>C
c.397_72
6delins22
8

c.397_726
delins228†‡

1

0

Del/ins

Del/ins

+

c.205A>T

Ser69Cys†‡

0

1

-

- (1; 69%)

-

c.245T>C

Phe82Ser†‡

0

1

+

+ (4; 82%)

+

⇓Emax

Thr280Ser†
1

0

++

+ (2; 70%)

+

⇓Emax

Severely
Obese

c.839C>
G
c.889C>
G

‡

1

0

-

+ (3; 78%)

-

Lean

c.245T>C

Phe82Ser†‡

0

1

+

+ (4; 82%)

+

6

3

Severely
obese

Lean
Cohort II

TOTAL

‡

Leu297Val†

Del/ins

⇓Emax

*Note: Two patients from Cohort II carry both Leu211del and Pro299His mutations.

Table 2.1. Summary of unique or rare mutations identified in the coding regions of
MC4R and MC3R. For PolyPhen predictions: benign is denoted as -; possibly damaging
is +, and probably damaging is ++. For SNAP predictions: neutral is denoted as -, and
non-neutral as +, both followed by (reliability index; % expected accuracy). For in vitro
classification: no functional alteration denoted as -, and functional alteration as +,
followed by reason for functional alteration classification. Mutations are classified has
having an in vitro functional alteration when: response did not reach a maximum, EC50
was significantly different (p<0.05) compared to that of the WT by ANOVA followed by
Dunnett's post-test, and/or had an Emax of less than 50% wild type receptor maximum
activity.
†

: mutations never previously described, ‡: mutations for which α-MSH dose response

had never been described, ⇓: decreased.

48

Gene
MC4R

MC3R

No. Severely Obese

No. Lean Control

Carriers (n=889)

Carriers (n=932)

P value

Val103Ile

19

22

0.755

Leu251Ile

6

6

0.774

Arg257Ser

1

7

0.070

Wild type

391

414

Heterozygous

93

113

13

11

Variant

Thr6Lys/Val81Ile Haplotype

0.950

for 6K/81I
Homozygous
for 6K/81I

Table 2.2. Summary of common variants identified in MC4R and MC3R. The number of
severely obese adult carriers (out of n=889) and lean control carriers (out of n=932) for
each variant for both MC4R and MC3R are listed.
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2.2.2

Comparative functional analysis of severe adult obesity-associated MC4R

mutations.
Nonsense and frameshift mutations in GPCRs generally lead to loss of function
of the protein, and we considered them, a priori, to be functionally severe. However,
most of the detected rare MC4R mutations are missense mutations, which may or may
not significantly affect the function of the receptor. We therefore determined whether
documenting the functional consequences of all mutations would strengthen the
observed association between rare MC4R mutations and severe obesity. We
systematically evaluated the agonist activation of each of the missense MC4R mutants
found in obese and lean subjects to that of the wild-type receptor in an in vitro assay. We
chose this assay as it will more sensitively detect most functional alterations in MC4R
including impairment in membrane expression and/or ligand binding8. We considered a
missense mutation to have functional alteration when: 1) a mutation had α-MSH dose
response that did not reach a maximum, 2) a mutation had an EC50 that was significantly
different (p<0.05) compared to that of the wild type receptor, and/or 3) a mutation had an
Emax of less than 50% wild type receptor maximum activity. Including the 2 nonsense and
2 deletion mutations, 10 mutations, found only in obese subjects (in a total of 12 obese
carriers), modified the agonist activation of the receptor in our in vitro assay while only 1
mutation found in control subjects (Arg305Gln) had such an in vitro phenotype (Table
2.1, Figure 2.1). After classification of functional consequences, the prevalence of
functionally altered MC4R mutations was significantly greater than compared to controls
(p=0.001) [OR=12.7] (Figure 2.3).
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(Figure 2.1 continued on the next page)
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Figure 2.1. (continued)
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Figure 2.1. Functional analysis of mutant MC4Rs. α-MSH dose response curves of mutants
identified in A) lean controls of Cohort I (n=554), B) severely obese cases of Cohort I (n=510), C)
lean controls of Cohort II (n=378), and D) severely obese cases of Cohort II (n=379). Data points
represent mean ±SEM of at least three experiments performed in triplicate. Mean (CI95) of the
EC50 (nM) is indicated for each variant, when the variant response reached a maximum. For
comparison purposes, the activities range from basal activity (0%) to the maximal activity (100%)
of each receptor.
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2.2.3

Prevalence and nature of MC3R mutations in two North American cohorts

of severe obese adults.
To determine whether, as is the case for MC4R, rare MC3R mutations are
associated with obesity, we examined the coding sequence of this gene in the same 889
cases and 932 controls.
The haplotype of 2 previously described common variants Thr6Lys and
Val81Ile28 were identified in 13 obese and 11 controls (not significant, p=0.950; Table
2.2). In addition, one mutation, Arg257Ser, was found in both control and severely obese
subjects and was not considered further in the analysis (Table 2.2). Six severely obese
and three controls carried rare heterozygous mutations in MC3R (Table 2.1). The
prevalence of rare MC3R variants in the severely obese patients was 0.67% (CI95% of
0.27-1.50) compared to 0.32% (CI95% of 0.06-0.99) in controls (not significant, p=0.332).

2.2.4

Comparative functional analysis of severe adult obesity-associated MC3R

mutations.
As with MC4R, we systematically and comparatively evaluated the agonist
activation of each of the mutant MC3R found in obese and lean subjects. Two MC3R
mutations identified in two obese adults and one MC3R mutation identified in two control
subjects was functionally altered in vitro (Table 2.1; Figure 2.2). Arg257Ser, found in
both case and control subjects was also classified as a mutation with functional
consequence. The prevalence of variants with functional alterations was the same in
cases and controls (p= 0.625; Figure 2.3).

53

A.
100

(% WT maximum)

Receptor Activity

Cohort I & Cohort II Controls

EC50 (nM)

75
50
25

WT

1.21

S69C
F82S

1.50
171

0
0

-11 -10

-9

-8

-7

-6

!MSH log[M]

B.
(% WT maximum)

Receptor Activity

Cohort I & Cohort II Cases
EC50 (nM)

100
75
50
25
0
0

-11 -10

-9

-8

-7

WT
I87T
A260V
M275T
T280S

1.21
1.41
1.81
2.13
9.75

L297V

1.24

-6

!MSH log[M]

Figure 2.2. Functional analysis of mutant MC3Rs. α-MSH dose response curves of mutants
identified in A) lean controls of Cohort I and Cohort II (n=932), and B) severely obese cases of
Cohort I and Cohort II (n=889). Data points represent mean ±SEM of at least three experiments
performed in triplicate. Mean (CI95) of the EC50 (nM) is indicated for each variant, when the variant
response reached a maximum. For comparison purposes, the activities range from basal activity
(0%) to the maximal activity (100%) of each receptor.
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2.2.5

In silico analysis of severe adult obesity-associated MC4R and MC3R

mutations.
To determine whether in silico approaches could also be used to determine
association of functionally significant mutations in MC4R and MC3R with obesity we
used the computer mutation prediction programs, PolyPhen29 and SNAP30-32. After
classification of functional consequences, the prevalence of functionally altered MC4R
mutations was significantly greater compared to controls for both the prediction tools,
PolyPhen (p =0.001) and SNAP (p=0.002) (Figure 2.3). However, as with our in vitro
analysis (p=0.625), the prevalence of MC3R variants with functional alterations by both
in silico prediction methods was the same in cases and controls (PolyPhen p=0.442;
SNAP p=0.277) (Figure 2.3).

For both MC4R and MC3R there was no significant

difference between the prevalence of mutations classified as having a functional
alteration in the in vitro assay and in silico. However, there were a number of
discrepancies between both methods, which indicates that at an individual mutation level
in silico approaches cannot replace functional characterization (Table 2.1 and Figure
2.3).
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(Figure 2.3 continued on the next page)
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Figure 2.3 (continued)

Prevalence of MC3R mutation carriers

B.
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All MC3R Mutations

----Functionally Significant MC3R---Mutations

Figure 2.3. Prevalence of rare MC4R (A) and MC3R (B) mutation carriers in severely obese and
lean subjects. Prevalence of carriers is determined by combining both Cohort I and Cohort II (a
total of 889 cases and 932 controls). The prevalence of total rare mutation case carriers were
compared to control carriers. These mutations were then grouped according to results of the
funcitonal studies. Comparison of carriers between cases and controls were made using twotailed

Fisher's

exact

test.

**:
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p<0.005,

NS=

not

significant.

2.3

Discussion
This study confirms that mutations in MC4R are a significant cause of severe

human obesity and extends this finding to severely obese North American adults.
Indeed, we find the same combined prevalence of such mutations (2.25% (CI95% of 1.443.47%)) in our severely obese adult patient populations as that previously described in
French adults (2.35% (CI95 0.90-3.80%)) with severe obesity (BMI>35kg/m2)15 and in
young adult Danish males (BMI≥31kg/m2)26. This prevalence also matches the frequency
of MC4R mutations detected in cohorts of patients with childhood obesity of different
origins (1-6%)5-10,26,33,34. Rare MC4R mutations are also found in non-obese controls
albeit with a significantly lower frequency. The prevalence of such mutations in our
control population (0.64%) is strikingly similar to that described for a very large
population-based sample of adults from Germany (0.66% (CI95% 0.44-0.96%))35 and in
most non-obese control populations. While the significant difference in the prevalence of
rare MC4R mutations between cases and controls supports a causative role for such
mutations in the severe obesity of these patients, this observation underlines the
importance of systematically evaluating the functional consequences of such mutations.
Indeed, restricting the association analysis to only mutations with a significant effect on
the function of MC4R, significantly increases the odds ratio of association of rare MC4R
mutations with severe obesity.
As compared to MC4R, the importance and role of MC3R mutations in the
pathogenesis of obesity in rodents and humans has been less clear. As compared to
mc4r -/- mice, mc3r-/- mice have a milder phenotype, limited to an increase in body fat,
and unlike in heterozygous mc4r+/- mice, no energy homeostasis phenotype has been
observed in heterozygous mc3r+/- mice12,19,20,36.
To date only two common variants28 and four rare mutations in heterozygous
carriers22,37 have been described in the coding region of the MC3R. The two common
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MC3R variants Thr6Lys and Val81Ile, which were also detected in the current study,
were not associated with any obesity-related phenotypes, therefore likely representing
benign polymorphisms28,38-41.
With respect to rare mutations in MC3R, one mutation, Ile183Asn, has been
detected in one severely obese girl and her obese father, was absent in control subjects,
and was characterized to be functionally inactive21,22. More recently, 3 MC3R mutations
were identified in a study of 290 severely obese Italian adults, mean BMI of
44.2±5.9kg/m2. These three mutations were absent in 215 non-obese controls37. In that
study, however, controls were only screened for mutations found in cases but the MC3R
gene was not systematically sequenced in these controls. Two of these mutations were
studied in the two families and segregated with obesity in the family members (total of
four relatives). Only one of the mutations, Ile335Ser, demonstrated in vitro functional
abnormalities37.
Our study, the largest yet to evaluate the prevalence of MC3R mutations in
severe human obesity, does not support a significant role for mutations in this gene in
this condition. The prevalence of such mutations in cases is 0.67% (CI95% of 0.27-1.50)
and is the same in controls. Systematic in vitro study of these mutations also
demonstrates that functionally significant mutations are as frequent in both cohorts.
Interestingly, the prevalence of rare MC3R variants found in both groups is also the
same as the prevalence of rare MC4R variants (whether considering all or only restricted
to functionally significant) found in controls or in the general population, further
suggesting that it corresponds to the "background" frequency of rare mutations in these
genes.
Our data does not eliminate a possible role for some of the individual MC3R
mutations in the obesity of the carriers, in particular if some of these mutations have a
pleiotropic or dominant negative effect.
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However, formal demonstration of the

phenotypical effect of such specific mutations would require the study of very large
multigenerational pedigrees to reach statistical significance. Such pedigrees are rarely
available.
The recent completion of large genome scans has demonstrated that a certain
number of common variants are associated with severe obesity but has also strongly
suggested that, in aggregate, such common variants will only account for a small portion
of the overall genetic predisposition to this condition2,3,42. This observation has led to the
re-visiting of the hypothesis that rare variants could account for the majority of one
individual's predisposition to severe obesity and has led to the suggestion that large
scale systematic sequencing of patients will be required to detect genes in which rare
mutations predispose to the disease.

Our results underline some of the possible

limitations in the outcomes and interpretations of this approach. First, it is clear that the
mere presence of rare heterozygous variants in cases is not sufficient to implicate a
gene in the condition as such variant can be present at the same prevalence in controls,
reflecting the background level of benign mutations in the gene. Second, differentiating
functionally relevant mutations from functionally neutral mutations through specific in
vitro/in vivo assays might be required to strengthen the association of rare mutations in a
particular gene with a common phenotype. Finally, at an individual level, demonstration
of the role of a specific mutation in a common condition might be limited.

2.4

Materials and Methods

2.4.1 Subjects - US case-control study (Cohort I)24,43: Patients and controls were
recruited through an ongoing study on the genetic determinants and clinical implications
of severe obesity as well as from the Cardiovascular Research Institute Genomic
Resource, a population-based investigation of cardio-vascular disease both established
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at the University of California, San Francisco (UCSF). Severely obese adult patients
(n=510) were selected for a BMI≥40 kg/m2. BMI was 47.9±8.3 kg/m2, Age 48.3±12.1y,
73% female, 85% Caucasian. Controls (n=554) were chosen on the basis of a BMI≤25
(BMI 22.9±1.4 kg/m2 and were matched for sex (68% female), Age (51.3±4.5y) and
ethnicity (82% Caucasian).
The UCSF Committee on Human Research approved the protocols, and
informed written consent was obtained from all patients. Genomic DNA was extracted
from white blood cells by standard methods.

2.4.2

Subjects - Canadian case-control study (Cohort II)23,43: Patients were

recruited Ottawa Hospital Weight Management Clinic and controls were recruited from
the Ottawa region. Severely obese Caucasian adult patients (n=379) were selected for a
BMI≥40 kg/m2. BMI was 49.0±8.8 kg/m2, Age 49.5±10.7y, 63% female. Caucasian
controls (n=378) were chosen on the basis of a BMI below the 10th percentile for age
and sex (BMI 19.4±1.6 kg/m2), and were matched for sex (64%female), and age
(45.5±13.0y).
The institutional review boards of the University of Ottawa Heart Institute and the
Ottawa Hospital approved this study and informed consent was obtained from all
participants. Genomic DNA was extracted from white blood cells by standard methods.
This cohort has previously been used to sequence for variants implicated in obesity23.

2.4.3

Sequencing: Two primers, MC4R-AF (5’-ATCAATTCAGGGGGACACTG-3’) and

MC4R-ER (5’-TGCATGTTCCTATATTGCGTG-3’), were used in PCR to amplify the
entire coding region of the MC4R gene as described44.
AAGTTCTCCCTATGTCTCCAAGC

-3’)

and

Two primers, MC3R-F (5’MC3R-R

(5’-

CAAACGACAAGTACAATCATGGC -3’), were used in PCR to amplify the entire coding
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region of the MC3R gene. The sequencing reaction was performed with the BigDye
terminator kit (Applied Biosystems, Foster City, CA) under the standard manufacturer’s
conditions. Each PCR product was sequenced using MC4R-AF, MC4R-ER, MC3R-F,
MC3R-R, and two internal primers, MC4R-CF (5’-TGTAGCTCCTTGCTTGCATC-3’) and
MC4R-CR (5’-GGCCATCAGGAACATGTGGA-3’). Sequencing was performed on an
ABIPRISM 3700 automated DNA sequencer (Applied Biosystems).

2.4.4

In Vitro analysis of missense MC4R and MC3R mutations- MC4R and MC3R

expression vectors: Wild type (WT) and mutant alleles of MC4R and MC3R gene were
amplified and cloned directly from the genomic DNA of the patient. Both one exon genes
were cloned in the vector pcDNA 3.1 (Invitrogen, San Diego, CA).

All expression

vectors were sequenced to establish the presence of the mutation and the absence of
any induced mutations.

2.4.5

Assay of MC4R and MC3R activity - HEK 293 cells stably expressing or

transiently transfected to express the luciferase reporter under the control of a cAMP
responsive promoter8,24 were maintained in a-MEM supplemented with 10% calf serum
(HYCLONE), L-glutamine, non-essential amino acids, and penicillin/streptomycin.
Transfection and dose response assays were performed as previously described8,24.
Briefly, different concentrations of a-MSH (SIGMA, St. Louis, Missouri, USA) were added
to the medium at the desired concentration. Luciferase activity, representing the cAMP
production through MC4R or MC3R activation, was assessed using the Steady-Glo
Luciferase Assay System (Promega, Madison, WI) and a microplate luminescence
counter (Packard Instrument, Downers Grove, IL). Luciferase activity upon MC4R or
MC3R activation was normalized over the transfection efficiency and the results were
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finally normalized as a percentage of the maximum stimulation observed for the wild
type receptors.

2.4.6

PolyPhen Prediction:

Missense variants identified by sequencing were

classified based on their potential impact on protein function or structure (benign,
possibly damaging, or probably damaging) using a new version of the PolyPhen
method29. These predictions are based on the analysis of multiple sequence alignments
of homologous proteins, functional annotation, and structural information if available29.
The new version of PolyPhen constructs multiple sequence alignment using a pipeline of
several existing programs for aligning sequences, alignment quality control, and
clustering of sequences. PolyPhen defines the predictions of the mutations as follows: 1)
probably damaging: it is with high confidence that it is suppose to affect protein function
or structure, 2) possibly damaging: it is suppose to affect protein function or structure, 3)
benign: it is most likely that it lacks any phenotypic effect.
(http://genetics.bwh.harvard.edu/pph)

2.4.7

SNAP Prediction - SNAP (Screening for Non-Acceptable Polymorphisms) is a

neural-network based method32 that uses, among other things, information about
sequence conservation, per residue predictions of secondary structure, solvent
accessibility, and flexibility, and, if available, experimental functional annotations. The
server output is a binary classification of the mutation’s functional effect (neutral/nonneutral) in combination with the reliability index (RI) of prediction (integer score ranging
from zero to nine)30, which correlates well with the expected accuracy of the prediction31.

2.4.8

Statistical Analysis - Prevalence and confidence intervals were calculated using

GraphPad Statistics Software. Common variants and haplotype associations with
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obesity were analyzed by performing a Chi-square analysis-of-contingency table with
Yates’ correction.

The prevalence of rare mutation carriers and the prevalence of

functionally significant rare mutation carriers (as defined by in silico and in vitro
experiments) in severely obese subjects compared to those prevalences in lean subjects
were analyzed for a significant difference (p<0.05) by two-tailed Fisher's exact test.
Best-fit estimates of the EC50s (the concentration of ligand needed to achieve 50% of
maximum effect) and the 95% confidence intervals were obtained by non-linear
regression fitting of the sigmoidal dose response curves using Prism 4. Mutant receptor
EC50s were compared to wild type receptor EC50 and significance (p<0.05) was
determined by ANOVA followed by Dunnett’s post-test.
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CHAPTER 3
COMMON VARIANTS NEAR MELANOCORTIN-4 RECEPTOR ARE ASSOCIATED
WITH COMMON FORMS OF ADIPOSITY IN A POPULATION-BASED COHORT
STUDY†

3.1

Introduction
Melanocortin-4 receptor (MC4R) belongs to the family of seven trans-membrane

G-protein-coupled receptors (GPCR) and is expressed at low levels in hypothalamic
nuclei involved in the regulation of food intake [1]. MC4R regulates food intake by
integrating a satiety signal provided by its agonist α-MSH and an orexigenic signal
provided by its antagonist Agouti-related protein (AGRP) [2,3]. These ligands are
expressed in distinct neuronal populations of the arcuate nucleus of the hypothalamus
and are regulated by the adipocyte-secreted hormone, leptin, to control food intake and
maintain long-term energy homeostasis [4]. Mice lacking both alleles of mc4r (mc4r -/mice) develop a maturity onset hyperphagic obesity syndrome by 10 weeks of age, while
mice heterozygous for a mc4r deletion (mc4r +/- mice) show an intermediate obese
phenotype [3].
The genetic susceptibility to obesity in humans could result from the additive
effects of common genetic variants (minor allele frequency >5%), from different rare
mutations in a large set of genes, or from a combination of both [5,6]. It has been
demonstrated that rare heterozygous mutations in the coding sequence of the
melanocortin-4 receptor (MC4R) gene account for a significant number of severe obesity
cases [6-12]. Many studies in the past have suggested a positive association of
common variants in a large number of candidate genes with obesity or obesity-related
phenotypes. As for several other common diseases, most of these studies failed to be
†
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replicated, being limited by their insufficient sample size and by stratification and multiple
testing issues [6].
Meta-analysis of whole genome association studies conducted in study
populations of European ancestry revealed that the association between BMI and SNPs
near MC4R reached a genome-wide significance level [13-15]. Specifically, rs17782313
and rs17700633, SNPs residing in the 3’ non-coding DNA of MC4R, were significantly
associated with higher BMI. These two SNPs were shown to reside in separate LD
blocks, and consistent with the independence of these SNPs, conditional analysis
showed their association with BMI to be largely independent of each other [14].
In this study, we investigated whether common genetic variants in and around
MC4R are associated with adiposity in a population-based cohort. We found that the
strongest association with adiposity was with SNPs in the 3’ non-coding DNA of MC4R.

3.2

Results
Association analysis was performed in the population-based study Health ABC.

Characteristics of the study population stratified by race can be found in Table 3.1.
Several mutations in and near MC4R has been found to be associated with
obesity. Two non-coding SNPs, I251L and V103I have been shown to be protective
against obesity [16-18]. These two nsSNPs were tested for an association with obesity
using five different measures of obesity: BMI, percentage of body fat, leptin levels,
abdominal visceral fat, and abdominal subcutaneous fat (Table 3.2). We found that the
direction of the effect of these two SNPs was consistent with previous findings. These
two nsSNPs were associated with a lower BMI among whites, but the association was
not significant in blacks. Prompted by previous findings of sex-specific associations
between MC4R genetic variants and BMI [17,19], we investigated if these two SNPs
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displayed a significantly different effect between the sexes. Indeed, the V103I allele did
show a significant sex interaction (P = 0.002) and was significantly associated with lower
BMI, but only among white females (P = 0.01) (Table 3.3). The I251L allele was also
significantly associated with lower BMI in white females (P = 0.03) but not white males,
but the difference between the sexes was not significant.
Recent genome-wide studies employing meta-analysis have identified
rs17782313 in the 3’ downstream non-coding DNA of MC4R to be associated with BMI
[13-15]. We genotyped rs17782313, but failed to find a significant association with BMI
among whites or blacks (Table 3.3). The direction of effect that we found was in the
same direction that was reported, but the association was not significant. Our study did
not have sufficient power to detect the effect size of 0.24 that we observed for
rs17782313 for BMI (Power = 0.28). None of our other genotyped SNPs are in LD
above r2 = 0.18 with rs17782313. Despite the lack of association observed with BMI,
rs17782313 was significantly associated with a decrease in abdominal visceral fat (Table
3.3).
In the same genome-wide association study that performed a meta-analysis, the
second most significant association with BMI that was found was with rs17700633.
When their data was combined across all 77,228 genotyped adults, rs17700633 had a
per-allele effect size of 0.033 (95% CI: 0.022 – 0.045) in Z-score units or ~ 0.15 kg/m2,
with a P-value = 4.6 x 10-9. rs17700633 was not in LD with rs17782313, suggesting that
these two signals were independent. However, conditional analysis indicated that the
effect of rs17700633 was attenuated by rs17782313 (P-value of association between
BMI and rs17700633 drops to 0.002 after conditioning on rs17782313). The fact that
rs17700633 remains nominally statistically significant after conditioning on rs17782313
still indicates that rs17700633 is independently associated with BMI, but maybe to a
lesser extent.
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The strongest association from our study comes from rs11152221, which is in
high LD with rs17700633 (r2 = 0.79). After multiple test correction, rs11152221 is
significantly associated with BMI, percentage body fat, and leptin levels among whites,
but not blacks (Table 3.3, Figure 3.1). Conditional analysis shows that the association
between rs11152221 and BMI is not dependent on rs17782313, or the two nsSNPs
within the MC4R gene (I251L and V103I). Sex-specific analysis indicates that
rs11152221 is nominally associated with BMI, percentage body fat, and leptin in white
males and females, and the association with BMI in white females remains significant
after multiple test correction (Table 3.3).
The only other SNP that was significantly associated with adiposity after
correction for multiple testing was rs1943225. This SNP was significantly associated
with leptin levels adjusted for percentage body fat in white females (Table 3.3).
rs1943225 was associated with a decrease in percentage body fat but an increase in
plasma leptin levels (Table 3.3). As percentage body fat and leptin levels are strongly
correlated among HABC white subjects (Pearson’s r = 0.77), it is expected that a
decrease in body fat could mask an association with an increase in leptin levels. Thus,
when leptin levels are adjusted for percentage body fat, it can be seen that rs1943225 is
associated with significantly higher leptin levels (Table 3.3). This association is
observed when rs1943225 is coded with a recessive mode of inheritance. Six SNPs
were genotyped that were in LD with rs1943225 (r2 > 0.6), and when all of them were
coded with a recessive mode of inheritance, four of them also passed multiple testing
(data not shown).
The significant association observed with rs11152221 prompted us to investigate
regions further downstream of MC4R. In whites, rs11152221 belongs to a large
haplotype block that encompasses rs17700633, one of the SNPs previously found in
meta-GWAS efforts (Figure 3.3). SNPs belonging to this LD block are significantly
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associated with BMI among HABC white subjects (Figure 3.3). The LD block that is
farther from MC4R that contains rs17782313 does not contain SNPs that are associated
with BMI after multiple test correction. We attempted to take advantage of the shorter
haplotypes present in HABC blacks in this region, however, no SNPs were significantly
associated with BMI after multiple test correction (Figure 3.4).
There are conserved regions of DNA located in close proximity to rs11152221.
This SNP is only 704bp 3’ to a 357bp stretch of DNA that is 70.6% conserved with
mouse DNA. It is also 1091bp 3’ to a 156bp DNA region that is 70.4% conserved with
mouse DNA and 7247bp 3’ to a 168bp DNA region that is 75.6% conserved with mouse
DNA.
These areas of conservation, in its entirety, was sequenced in twenty patients.
We sequenced ten patients homozygous for either the wild-type or mutant allele of
rs11152221. We hypothesized that since the minor allele frequency of rs11152221 was
~0.30, we may be able to detect a variant in the conserved region that may lead us to a
causative variant. However, we were unable to detect any other variants in this region in
our small sample set.
We next decided to test whether this region that contains the SNP rs11152221
and the conserved areas can act as a putative enhancer. We decided to clone the entire
~1.25kb region as any element may drive enhancer activity. There are over 220
predicted transcription factor binding sites in this region, none of which are known to
drive the expression of MC4R. However, there is no known transcription factor for
MC4R. We cloned this region from human genomic DNA, with the wild-type allele for
rs11152221 into a minimal promoter enhancer vector. GFP expression was observed
after 48hrs post injection, and photos were taken at 72hrs post injection (Figure 3.5). No
GFP expression was observed with the empty vector control (Figure 3.5). Similar
patterns of expression were observed in embryos that were GFP positive. Expression
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was observed in approximately 10% of the healthy surviving embryos. All expression
patterns were limited to the head of the zebrafish, and all limited to the brain.

3.3

Discussion
We captured common genetic variation in and near the MC4R gene region and

tested for association with multiple adiposity measures in white and black subjects in the
HABC study population. We found that rs11152221 was significantly associated with
multiple adiposity measures in white subjects, and this SNP is a part of a large LD block
that was previously found in meta-GWAS.
In agreement with the previous meta-analysis of GWAS, we also found the
strongest association with BMI in SNPs downstream of MC4R. The two SNPs
rs17782313 and rs17700633 were reported to be the primary signals downstream of
MC4R. We did not find an association with rs17782313 and BMI in our population, but
we did find a very strong association with rs11152221 and BMI. Rs11152221 is in
strong LD with rs17700633, so our observed signal is presumably the same signal
detected by the meta-analysis. In order to discern which SNP (rs11152221 or
rs17700633) represents the most biologically likely mutation, we examined the
conservation of human and mouse nucleotide sequences in this region. Rs11152221 is
in a highly conserved region and is closer to the MC4R gene than either of the two
reported association hits. Rs17700633 does not appear to reside in a region highly
conserved with the mouse genome.
Our preliminary data suggests that the 1.25kb sequence encompassing
rs11152221 and two regions that are conserved between humans and mice, may act as
a putative enhancer. This was performed using zebrafish genetic engineering
technologies. By comparing the expression patterns observed in the transgenic
zebrafish and known anatomical markers, our enhancer is expressed in the brain.
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Specifically, it may be expressed in the hypothalamus of the zebrafish. Published in situ
data for hypothalamic markers compare to our expression, but colocalization
experiments would need to be performed for validation.
We used the zebrafish transgenic technology as a screening tool, in order to
determine if moving on to mouse transgenic models of enhancer expression is
worthwhile. We are currently testing whether this region acts as an enhancer in a mouse
transgenic model. What still remains to be determined is what elements within this
region are driving the enhancer activity. Future characterization of this region by
narrowing down the exact sequence responsible for enhancer activity would be
extremely valuable. Once the region is narrowed down, we propose sequencing a larger
cohort in search for causal variants.
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White
a
(n = 1655)
Characteristic
Age (y)
Sex (males)

(n)
(n)
(1655)

Mean ± SD or
%
73.79 ± 2.86

Black
a
(n = 1175)
(n)
(n)
(1175)

Mean ± SD or
%
73.45 ± 2.89

(873)

53%

(501)

43%

Height (m)

(1655)

1.67 ± 0.09

(1175)

1.65 ± 0.09

Weight (kg)

(1655)

74.23 ± 14.38

(1175)

78.26 ± 15.65

(1655)

26.57 ± 4.15

(1175)

28.70 ± 5.46

Body Fat (%)

(1592)

34.75 ± 7.19

(1136)

35.51 ± 8.64

Leptin (ng/ml)

(1635)

12.81 ± 11.58

(1152)

17.31 ± 13.92

Anthropometric measures

2

BMI (kg/m )
Adiposity measures

2

VAT (cm )
2

SAT (cm )
Prevalent Diabetes

(1590) 152.01 ± 69.03

(1128) 130.38 ± 61.59

(1558) 265.77 ± 102.72

(1074) 315.60 ± 139.75

(319)

20%

(347)

31%

Less than high school

(203)

12%

(507)

43%

High school graduate

(564)

34%

(360)

31%

Postsecondary

(886)

54%

(303)

26%

Never

(709)

43%

(518)

44%

Former

(836)

51%

(465)

40%

Current

(108)

7%

(189)

16%

Never

(405)

25%

(378)

32%

Former

(278)

17%

(342)

29%

(450)

38%

(1175)

79.91 ± 75.94

Education

Lifestyle measures
Smoking habits

Drinking habits

Current

(964)
59%
Physical Activity
(1655) 84.02 ± 62.83
(Kcal/kg/week)
a
Number of subjects with non-missing genotypes

Table 3.1. Health ABC subject characteristics by race
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Figure 3.1: Association between common SNPs in and near MC4R with adiposity in white HABC
subjects. Gray points indicate association p-value > 0.05. Non-gray points indicate significant
associations with an adiposity trait of the corresponding color in the legend.

Dashed line
2

indicates cut-off value for empirical p-value < 0.05. LD heatmap indicates higher r measures
with darker red colors.

85

Figure 3.2: Association between common SNPs in and near MC4R with adiposity in white female
HABC subjects. Gray points indicate association p-value > 0.05.

Non-gray points indicate

significant associations with an adiposity trait of the corresponding color in the legend. Dashed
2

line indicates cut-off value for empirical p-value < 0.05. LD heatmap indicates higher r measures
with darker red colors.
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Figure 3.3: Association between BMI and genotyped and imputed SNPs downstream of MC4R in
white HABC subjects. Circles mark directly genotyped SNPs and triangles mark imputed SNPs.
Gray points indicate association p-value > 0.05.

Red points indicate significant (p< 0.05)

associations with BMI. Anchor SNPs colored in blue. Short dashed line indicates cut-off value
for empirical p-value < 0.05. Long dashed line indicates cut-off value for Bonferroni p-value <
2

0.05. LD heatmap indicates higher r measures with darker red colors. Conservation with mouse
genome indicated on top of graph.
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Figure 3.4. Association between BMI and genotyped and imputed SNPs downstream of MC4R in
black HABC subjects. Circles mark directly genotyped SNPs and triangles mark imputed SNPs.
Gray points indicate association p-value > 0.05.

Red points indicate significant (p< 0.05)

associations with BMI. Anchor SNPs colored in blue. Short dashed line indicates cut-off value
for empirical p-value < 0.05. Long dashed line indicates cut-off value for Bonferroni p-value <
2

0.05. LD heatmap indicates higher r measures with darker red colors. Conservation with mouse
genome indicated on top of graph.
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v

Figure 3.5: Zebrafish images. (A&B) 72hrs after injection with pCNE-E1B with insert of region of
interest (A) Brightfield image of (B) GFP expression. (C&D) 72hrs after injection with pCNE-E1B
empty vector as control (C) Brightfield image of (D) GFP expression.
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3.4

Materials and Methods

3.4.1

The Health, Aging, and Body Composition (Health ABC) Study:
The Health ABC study is a population-based prospective study of 3,075 men and

women (48.5% male; 41.7% African American) aged 70 to 79 years at baseline, residing
in Pittsburgh, PA and Memphis, TN. All participants were physically active at the time of
entry into the study; they reported being able to walk at least one block and up a flight of
stairs without assistance. All participants provided informed consent. The study
protocol was approved by the institutional review boards at the University of Pittsburgh
and the University of Tennessee, Memphis. Data used in the present study were
obtained from the baseline examination, during 1997-1998. Adiposity-related measures
in these subjects have been described previously [20]. Briefly, percentage of total body
fat was assessed by DXA and abdominal visceral fat area (visceral fat) and abdominal
subcutaneous fat area (subcutaneous fat) (cm2) were assessed using the computed
tomography scan image measured at the L4-L5 disk space.

3.4.2

Genotyping and quality control:
All SNPs except for rs17782313 were genotyped using the Illumina Golden Gate

Assay. rs17782313 was genotyped using the Taqman assay from ABI using a stock kit.
All samples that produced a genotype for rs17782313 were used to analyze that SNP.
When analyzing the SNPs typed by the Illumina platform, samples were excluded from
analysis that had greater than 10% of the genotypes missing from the Illumina Golden
Gate Assay. 126 samples were missing for all SNP genotypes. 26 samples were
missing >10% of the SNP genotypes but less than 100% of the SNP genotypes. In total,
152 samples were removed.
To estimate the error rate of genotyping, five percent of the DNA samples were
genotyped twice, and SNPs with more than one discrepancy between samples (0.7%
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error rate) were excluded from analysis. None of the SNPs had discrepancies among
duplicates. SNPs were also removed if the HWE P-value in whites was < 0.001
(Bonferroni corrected P-value of 0.05 corrected for 38 SNPs). No SNPs were removed
due to HWE violations.
SNPs were also excluded from analysis based on minor allele frequency (MAF)
<5%. 37 SNPs in or near MC4R were genotyped. Among the whites, 13 SNPs were
excluded due to low MAF, and among the blacks, 5 SNPs were excluded due to low
MAF.

3.4.3

TagSNP selection:
In order to capture the genetic variation in the MC4R coding region and flanking

non-coding DNA, SNPs were selected using data from the HapMap project
(www.hapmap.org/) and genotyped using the Illumina Golden Gate Assay (Illumina, San
Diego, CA, USA). By considering conservation between human and mouse genomes,
non-coding regions up to 32.5 kb from the 5′ end (base pair 56,223,516, Reference
assembly, genome build 36.3) and 21.3 kb from the 3′ end (base pair 56,168,229) of
MC4R were used to select tagSNPs, using the program Tagger [21]. TagSNPs were
chosen based on having known or predicted alterations of gene or protein function and
having strong LD (r2 ≥ 0.8) with other SNPs. In order to select tagSNPs appropriate for
use with a biracial cohort such as the Health ABC Study, tagSNPs were first selected
using the publicly available SNP genotypes from the CEU (Caucasian/European)
population, which were then added to the tagSNP selection using the available SNP
genotypes from the YRI (Yoruban) population.
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3.4.4

Statistical Analysis:
For the BMI, percent body fat, and leptin outcomes, the effects of age, sex,

recruitment site, diabetes status, weekly levels of physical activity, smoking and drinking
habits, and education levels were adjusted for in the regression analysis. To identify
associations with leptin independent of percent body fat associations, the leptin outcome
was subsequently analyzed adjusting for the percent body fat. To adjust for overall body
size, baseline height and weight were included as covariates for the visceral and
subcutaneous fat outcomes.
The appropriate mode of inheritance was determined by examining mean and
SD values of adiposity traits stratified by genotype, and by examining parameter
estimates from a genotypic 2df test. All SNPs are modeled with an additive mode of
inheritance, except for rs11152221, which was modeled as dominant, and rs1943225,
which was modeled as recessive. To avoid population stratification, all analyses were
performed in whites and blacks separately. The inclusion in the model of principal
components determined from genome-wide SNP data did not greatly alter the effect
estimates or p-values of SNP association, and thus were left out of the final model.
Leptin, visceral fat and subcutaneous fat were transformed by taking the square-root to
produce normal distributions. Sex-interactions were tested for, and judged to be
significant if P < 0.05. If a significant sex interaction was observed with a candidate SNP
or a SNP that passed multiple test correction, then sex-specific results are shown. To
correct for multiple hypothesis testing, empirical P-values were obtained by permutation
testing by the minP procedure using 100,000 replicates [22].
LD heatmaps were created using r2 as a measure of LD. Genome-wide
genotype data was measured using the Illumina Human 1M-Duo chip. Genotypes were
called using Illumina BeadStudio. SNPs were excluded if the call rate was < 97%, HWE
p-value < 10-6, or MAF < 0.01. Imputation was performed using MACH (v. 1.0.16) using
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the HapMap CEU release 22 build 36 as a reference for HABC whites and a 1:1 mixture
of HapMap CEU:YRI release 22 build 36 as a reference for HABC blacks. To create LD
heatmaps of imputed dosage data, SNPs in the region of interest were extracted that
had a MAF ≥ 0.05 and an observed:expected variance ratio ≥ 0.3. A correlation matrix
was created using these SNPs, and the Pearson’s correlation coefficient was squared.
The heatmap was plotted with the LDheatmap R package using the correlation matrix as
input. All analysis was performed using R software (www.r-project.org).

3.4.5

Sequencing:
Twenty patients were selected at random so that ten were homozygous for the

wild-type allele and ten were homozygous for the risk allele of rs11152221.
Forward primer: 5’-GGCTGCTGCTGGGGTCAACA-3’and reverse primer: 5’ACCCACCATCCCATCTGTGCGA-3’ were used in PCR to amplify the 1.25kb region.
The sequencing reaction was performed with the BigDye terminator kit (Applied
Biosystems, Foster City, CA) under the standard manufacturer’s conditions. Sequencing
was performed on an ABIPRISM 3700 automated DNA sequencer (Applied Biosystems).

3.4.6

Cloning and Zebrafish Transgenics
We PCR amplified the region of interest (NCBI36:18:56168229-56169479) using

the primers: Forward cloning primer: 5’-AAACTCGAGGGCTGCTGCTGGGGTCAACA-3’
reverse cloning primer: 5’-GGCTCGAGACCCACCATCCCATCTGTGCGA-3’ from
genomic DNA of a patient with wild-type allele for rs11152221. PCR products were cut
with XhoI and ligated with pCNE-E1B-minimal promoter enhancer vector (gift from
Nadav Ahituv). The plasmid DNA was prepared endotoxin-free.
Zebrafish injections were performed using standard procedures as described
[23]. The injection mix was a follows: 1uL 125ng/uL Endotoxin-free plasmid DNA, 1uL
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175ng/uL TOL2 RNA, 2uL Sterile water, 1uL 2%Phenol red. Approximately 60 eggs
were injected each time. Zebrafish were examined at 24hrs, 48hrs, and 72hrs post
injection for GFP expression with the enhancer. Imaging of zebrafish was done with
Lumar V12 Stereomicroscope (Carl Zeiss) with Axio Vision Rel. 4.4 (Carl Zeiss).
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CHAPTER 4
HETEROZYGOTE LOSS OF RAB23 IN MICE LINKS SYNDROMIC AND NONSYNDROMIC HUMAN FORMS OF OBESITY THROUGH IMPAIRMENT OF LEPTINMEDIATED REGULATION OF ENERGY HOMEOSTASIS

4.1

Introduction
Carpenter syndrome [OMIM#201000], is a rare autosomal recessive disorder

which cardinal features include obesity, craniosynostosis, polydactyly and soft-tissue
syndactyly. Other associated findings include brachydactyly, molar agenesis, genu
valgum, hypogenitalism, congenital heart defects, umbilical hernia, and learning
disability. The disorder was recently described to be due to a homozygous nonsense
and/or missense mutations in Rab23 [1]. The disorder is caused by a homozygous
nonsense mutation L145X in RAB23 in five aﬀected individuals from three families [1].
Evaluation of additional patients who had Carpenter’s syndrome identified four other
mutations in RAB23. Little is known about the pathophysiology of this condition and in
particular about the mechanism by which Rab23 mutations cause obesity in humans.
Rab23 is from Rab family of small GTPases that regulate intracellular traﬃcking of
membrane-associated proteins. Rab23 negatively regulates the Sonic hedgehog
signaling pathway [2-5]. The phenotype of Carpenter’s syndrome shares findings of
limb deformities (polysyndactyly and brachydactyly) with other syndromes that result
from impaired hedgehog signaling. However, findings of craniosynostosis and obesity
have not been previously associated with the hedgehog pathway.
Rab23, first isolated from the mouse in 1994, belongs to the RAB family of over
60 small guanosine triphosphatases (GTPases) that regulate intracellular trafficking of
membrane-associated proteins. Its precise membrane-transport activity has yet to be
defined. In adult mice, Rab23 is mainly expressed in the CNS, specifically in neurons. In
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the mouse, homozygosity for nonsense mutations in the Rab23 gene lead to a far more
severe phenotype of neural tube defect leading to exencephaly and embryonic lethality
[3].
Using mice heterozygote for Rab23 nonsense mutations we explore the novel
mechanistic link between syndromic and non-syndromic human forms of obesity by
exploring the hypothesis that Rab23 deficiency causes obesity through functional
impairment of the first order hypothalamic neurons involved in leptin-mediated regulation
of energy homeostasis, eventually through disruption of leptin signaling at the level of
the POMC neurons.

4.2
4.2.1

Results
Heterozygous loss of Rab23 causes an alteration in energy homeostasis
Obesity is one of the cardinal features of Carpenter syndrome. Since

homozygous null Rab23 mice are embryonic lethal, we tested whether heterozygous
loss of Rab23 altered body weight and fat mass. We found that, when compared to WT
littermates, male Rab23+/- have an increase in body weight (Figure 4.1) starting at 8
weeks of age on regular chow, and an increase in body weight on high fat diet. The
increase in body weight was not associated with an increase in size, as measured by
nose-anus length (data not shown).
Obesity in the Rab23+/- mice is associated with increased food intake (Figure 4.2)
indicative of a defect in the central regulation of energy homeostasis. The increase in
body weight (chow diet) was associated with an increase in fat mass but not lean mass
as measured by Dual energy X-ray absorptiometry (DEXA) conforming the obesity
phenotype of the Rab23+/- mice (Figure 4.3). The mice did not have a statistically
significant alteration in energy expenditure (Figure 4.4) or glucose tolerance (Figure 4.5).
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Figure 4.1: Body weight curves of male Rab23+/+ and Rab23+/- littermates fed A) regular chow

male body weight hfd. n=7 (het), 9 (wt).
diet or B) High Fat diet. N= 7-9 mice for each group. Mean, ±SEM; Repeated measures ANOVA;
repeated measures anova
*p<0.05,
**p<0.01, ***p<0.001
mean,
sem
*** p<0.001, ** p<0.01. * p<0.05
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n=5 for each, about 8 weeks old.
P value summary
*
intake of 8 week-old singled housed mice
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Absorptiometry, PIXI mus II). N=6 mice per group. Mean, ±SD; Paired t-test; *p<0.05, ***p=0.001

101

3000
2750

Rab23 +/+
Rab23 +/-

2500
2250
2000
1750
1500
1250
1000

1

3

5

7

9

11

13

15

17

19

21

23

25

time (hours)

mice n=3 wt, n=5 het. no difference with repeated measures ANOVA or AUC.
no difference when just look at night time, excluding day hours.
mean,
1.00SD
0.75
0.50
0.25
0.00

Rab23+/+

Rab23+/-

Figure 4.4: indirect calorimetry of Rab23+/+ and Rab23+/- mice. A) 24h energy expenditure and
B) average daily RER (Oxymax, Columbus Instruments) of 8-week old male littermates. N=4-6
mice per group. Mean, ±SEM; A) Repeated Measures ANOVA, B) Student’s t-test
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4.2.2

Heterozygous loss of Rab23 causes defects in the hypothalamic leptin-

melanocortin axis
Rab23+/- mice have an alteration in energy homeostasis, and the observed
increase in food intake suggests an defect in the central regulation of energy
homeostasis. We next tested the leptin sensitivity of these animals. Intraperitoneal (ip)
administration of leptin caused a significant reduction in food intake in wild-type
littermates. Leptin injection was less effective in decreasing food intake in the Rab23+/mice compared to Rab23+/+ littermates (Figure 4.6), suggestive of central leptin
resistance, rather than leptin resistance being secondary to obesity.
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Figure 4.6: Leptin Sensitivity Assay. 24h food intake of 8-10 week-old male Rab23+/+ (left bars)

n=10 wt, 14 het
and Rab23+/- (right bars) mice after two 2.5mg/kg i.p. injections
about 8-10 weeks old??
group.
Mean, ±SD; One waypost
ANOVA,
one way
anova-bonferroni
testBonferroni post test; *p<0.05
10mg/kg
2 injections?

of leptin. N=10-14 mice per

Melanocortin receptors are important for energy homeostasis as they are
downstream to leptin receptor signaling. We therefore examined whether the ability of
the melanocortin receptors to alter metabolism is also impaired in Rab23+/- mice. For
this, we tested the effect of ip administration of melanotan II (MTII), a melanocortin
receptor agonist, on food intake (Figure 4.7). In contrast to leptin, ip MTII reduced food
intake and body weight in both wild-type and Rab23+/- mice. Unlike the leptin data,
these data indicate that the ability of the melanocortin receptors to influence metabolism
is intact in Rab23+/- mice.
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To genetically test that Rab23 deficiency affects the leptin-melanocortin pathway
exclusively upstream of the MC4R we compared both MC4R+/-Rab23+/- with MC4R+/Rab23+/+ mice and MC4R-/- Rab23+/- with MC4R-/- Rab23+/+ mice. Mice heterozygous for
both MC4R and Rab23 showed and increase in body weight compared to mice
heterozygous only for MC4R (Figure 4.8). However, the absence of the Rab23 allele
with the MC4R homozygous mice did not result in additional body weight gain (Figure
4.8). This data further supports our pharmacological data, indicating the melanocortin
receptors are still able to influence metabolism in Rab23+/- mice.
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Figure 4.8: Body weight curves of Rab23+/+ and Rab23+/- mice crossed with MC4R+/- and
MC4R-/- mice. Male littermates fed regular chow diet A) weekly body weights and at B) 10 weeks
of age . N= 4-9 mice for each group. A) Mean, ±SEM; Repeated measures ANOVA; *p<0.05,
**p<0.01, ***p<0.001. B) Mean, ±SD; Student’s t-test; *p<0.05
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To further determine whether downstream hypothalamic targets of leptin were
altered, we examined the expression of leptin-dependent neuropeptides in the
hypothalamus of Rab23+/- mice. Our data indicate that these mice have a decreased
expression on anorexigenic POMC in the hypothalamus (Figure 4.9). Combined, these
data suggest that obesity in Rab23+/- animals is owing to defect(s) downstream or at the
level of Leptin Receptor but upstream of melanocortin receptors in the hypothalamic
leptin – melanocortin axis. Interestingly, Rab23+/- mice also have decreased mRNA
expression of Rab23 and this result is shown to be dose dependent (Figure 4.10).

150
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Rab23+/-

125
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75
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25
0
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Figure 4.9: Hypothalamic expression of leptin-dependent neuropeptide genes. Hypothalamic
cDNA were prepared from 8-week-old fed male mice (N=7-10 per group) and neuropeptide gene
expression was measured by quantitative PCR. b-Actin was used as an internal standard. values
are means ± SEM.
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Figure 4.10: Brain expression of Rab23 in MEFs. Brain cDNA were prepared from E12.5
embroyos (N=3 per group) and gene expression was measured by quantitative PCR. Means, ±
SEM; One way ANOVA, Tukeys post test; ***p<0.001.

4.2.3

Rab23 hypothalamic expression
Rab23 belongs to the RAB family of over 60 small guanosine triphosphatases

(GTPases) that regulate intracellular trafficking of membrane-associated proteins. Its
precise membrane-transport activity has yet to be defined. In adult mice, Rab23 is
mainly expressed in the CNS, specifically in neurons [6]. We crossed the Tg.Rosa26LacZ mice with Tg.LepRb-Cre mice [7,8]. Mutant mice, designated LepRb-Rosa26-LacZ,
were used to colocalize Rab23 immunofluorescence with leptin receptor expressing
neurons (Figure 4.11). In addition, we used by immunofluorescence for Rab23 and
ACTH (for POMC expression) to colocalize Rab23 with Pomc neurons (Figure 4.12).
Our data verifies that Rab23 is expressed in the hypothalamus [6], and that this
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expression can also be present in neurons involved in the central regulation of energy
homeostasis. Our data does also suggest that Rab23 expression in the hypothalamus is
not exclusive to leptin receptor expressing cells, but Rab23 is not ubiquitously expressed
in all regions.

4.2.4

Heterozygous loss of Rab23 disrupts Leptin Signaling
Rab23 is expressed both in the developing and adult CNS [6]. Binding of leptin to

its receptor engages downstream transduction pathways, leading to activation of the
Jak-Stat pathway and phosphorylation of Stat3. This binding of leptin to its receptor
leads to increased expression of POMC. Since our data shows a decrease in POMC
mRNA expression, we tested whether the hypothalamic levels of Stat3 and Stat3
phosphorylation in response to leptin were significantly decreased in Rab23+/- mice
compared to Rab23+/+ littermates. Our data indicates the levels of pStat3 and Stat3 are
decreased in Rab23 heterozygous mice (Figure 4.13), by western blot. However, the
decrease in phospho-Stat3 is explained by the decrease in total Stat3. This suggests
that Rab23+/- do not have a defect in leptin receptor activation or initiation of the
signaling pathway.
Our whole cell western blot data demonstrated that Stat3 is able to be
phosphorylated appropriately in Rab23+/- mice. We next wanted to evaluate the
decrease of total Stat3 protein observed. We hypothesize that heterozygous loss of
Rab23 will effect Stat3 translocation to the nucleus after stimulation. Our data shows that
basal levels of Stat3 protein are not altered in Rab23+/- mice when we compare
cytoplasmic and nuclear extractions of hypothalamus cells (Figure 4.14). Comparison of
pStat3 and Stat3 protein levels from cytoplasmic and nuclear extractions of
hypothalamic cells after leptin injection have yet to be determined.
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Figure 4.11: Rab23 co-localization with leptin receptor expressing neurons. A hypothalamic
section from a Tg. Lepr-cre/hm R26-lacZ mouse. (A) Arcuate nucleus with (B-G) as zoomed for
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inset, (H) Amygdala with (I & J) as zoomed for inset, (K) Paraventricular nucleus. Red staining is
anit-Bgal for leptin receptor expressing neurons (C, F, J). Green is staining for anti-Rab23 (B, E,
H, I, K). Merged are (D & G).
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Figure 4.12: Rab23 co-localization with POMC neurons. (A-D) A hypothalamic section of ARC
from a wild-type mouse. (B-D) is zoom for inset. Blue staining is DAPI, red staining is anti-ACTH
for POMC expressing neurons, and green is staining for anti-Rab23.
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Figure 4.13:

pStat3 and Stat3 expression levels in Rab23+/+ and Rab23+/- mice. A)

Representative western blots of hypothalamic protein levels from mice 6-8 weeks of age. 45min
after i.p. injection of 5mg/kg leptin (or saline) hypothalami were dissected. B) Quantification of
western blots. N=4 per group. Mean, ±SD; Student t-test; *p<0.05
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Figure 4.14: In vivo hypothalamic basal cytoplasmic and nuclear Stat3 levels. A) Basal Stat3
protein levels were assessed in hypothalamic cytoplasmic and nuclear extracts of mice 5-weeks
of age on chow diet by Western blotting. The membrane was also probed with Lsd1 as a nuclear
marker, and both y-tubulin and gapdh for loading normalization. (Quantification of cytoplasmic (B)
and nuclear (C) protein levels. n=4 per group. Student t-test.
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Our in vivo data suggests that heterozygous loss of Rab23 may affect the cellular
localization of Stat3, so we next tested whether there is an interaction between the
Rab23 protein and Stat3 in vitro. Our in vitro data suggests that Stat3 and Rab23
interact together, as shown in our co-immunoprecipitation data (Figure 4.15).
We therefore tested whether an inactive form of Rab23 could affect the
localization of Stat3 after stimulation in a cell based assay. Our data shows that cells
transfected with an inactive form of Rab23 (Rab23-S23N) disrupt the amount of Stat3
protein translocated to the nucleus after stimulation with IL6 compared to cells

IgG

Rab23

Input

transfected with wild type form of Rab23 (Figure 4.16).

IB: Stat3

Figure 4.15: Rab23 and Stat3 form a complex. Hek293 cells transfected with wild-type Rab23GFP and incubated with anti-Rab23 or control IgG. Immunoblot (IB) using antibody against Stat3
revealed Rab23-Stat3 interaction.
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Figure 4.16: Hek293 cells were transfected with either wlld-type Rab23 (WT) or inactive
Rab23S23N (S23N) and Stat3-Flag. After starvation or treatment with IL6, cytoplasmic and
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nuclear extracts were probed for protein expression. A) Representative blots, B) percent pStat3
normalized to y-tubulin, C) percent Stat3 normalized to y-tubulin, D) percent pStat3 normalized to
Stat3. (B-D) Represents experiment done in replicate.

4.3

Discussion
We provide evidence to show that Rab23 haploinsufficiency affects the central

regulation of energy balance. These data show that Rab23+/- mice are hyperphagic and
have an increase in body fat. These obese Rab23+/- mice do not appear to have an
alteration glucose tolerance or energy expenditure. Rab23+/- mice have a decreased
sensitivity to leptin, and an alteration in neuropeptide POMC mRNA levels. We propose
that Rab23 deficiency causes obesity through impairment of the first order hypothalamic
neurons involved in leptin-mediated regulation of energy homeostasis, by disruption of
leptin signaling at the level of the POMC neurons.
Rab23 belongs to a family of small GTPases that regulate intracellular traﬃcking
of membrane-associated proteins. However, it’s precise membrane-transport activity or
cargo has yet to be defined. In adult mice, Rab23 is expressed specifically in neurons,
mainly in the CNS ([6]. Our data demonstrates that Rab23 is expressed in the arcuate
nucleus of the hypothalamus, and more specifically in neurons expressing the long form
of the leptin receptor. Not only is Rab23 coexpressed in these important energy
regulation neurons, but Rab23+/- mice have a decrease in the anorexigenic
neuropeptide POMC. Since we showed that the melanocortin system is still intact in
these mice, and the mice have decreased leptin sensitivity, we hypothesize that Rab23
is acting at the level of leptin signaling. Our in vivo data shows that Rab23+/- mice are
able to phosphorylate Stat3, suggesting that leptin is able to bind to the leptin receptor
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and that the defect does not lie with mis-trafficking of the leptin receptor to the cell
membrane. Although preliminary, our in vitro data suggests that the inactive Rab23 can
affect the localization of phosphorylated Stat3 to the nucleus. Along with our
coimmunoprecipitation data, this suggests that Stat3 is a cargo of Rab23. In vivo data
will need to be completed to confirm that this is the case in haploinsufficiency of Rab23.
Rab23 is expressed on the cell membrane and early endosomes, but not in the nucleus
or perinuclear [4]. In a recent study, leptin receptor trafficking between the Golgi and
specific areas of the plasma membrane have been shown to be mediated by BBS
proteins [9]. We suggest that Rab23 is not involved in this mechanism of bringing the
leptin receptor or Stat3 to the membrane, but possibly in the trafficking of Stat3 (either
alone or as part of a complex) to the early endosomes. It has been demonstrated that
the nuclear translocation of Stat3 is a mediated event, and that it is trafficked from the
membrane to the early endosomes [10].
Complex pleiotropic syndromes such as Bardet-Biedl syndrome and Alstrom
syndrome are characterized by obesity with other features including polydactyl,
retinopathy, hypogonadism, and polycystic kidney disease. Both syndromes have
recently been shown to be caused by mutations in genes disrupting the function of the
primary cilium [11-14] a cell surface projection found on the vast majority of vertebrate
cells in particular on neurons. This organelle is dedicated to the reception of intercellular
signals, functioning as the cells “antenna” [12]. It has also recently been demonstrated
that inhibiting the function of the primary cilia post-developmentally in all neurons or
specifically in POMC neurons, by targeted genetic approaches in mice, leads to
hyperphagia and obesity [15] thus providing a mechanistic link between disruption of the
primary cilia and obesity. Yoshimura and colleagues [16] showed that Rab23 is one of
three Rab GTPases (Rab8a, Rab17, and Rab23) involved in the formation of the primary
cilium. We did not find an alteration in the formation of primary cilia in Rab23+/- mice
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(data not shown). This could be because either haploinsufficiency of Rab23 is not
enough to disrupt primary cilium formation, or that Rab23 is not expressed in the primary
cilium.
Carpenter syndrome is a rare autosomal recessive disorder which cardinal
features include obesity, craniosynostosis, polydactyl and soft-tissue syndactyly. This
disorder was described to be due to a homozygous nonsense and/or missense
mutations in Rab23 [1]. In the mouse, homozygosity for nonsense mutations in the
Rab23 gene leads to a far embryonic lethality suggesting a possible difference in the
requirement of Rab23 in development. We evaluated heterozygote mice for Rab23
nonsense mutations and show that they have an impairment in leptin-mediated
regulation of energy balance. What remains unknown and to be determined is if the
presence of heterozygote Rab23 mutations in the human population are associated with
common forms of obesity.

4.4

Materials and Methods

4.4.1

Mice
Generation of Rab23 +/- mice and genotyping was described previously (refs).

Rab23 +/- male mice were crossed with Rab23+/+ female mice to yield two different
genotypes: +/+ and +/- mice. MC4R+/- (gift from Andrew Butler) male mice were
crossed to Rab23+/- female mice to allow the comparison of MC4R+/- Rab23+/- with
MC4R+/-Rab23+/+ male mice. MC4R -/- male mice were crossed with MC4R +/Rab23+/- female mice to allow the comparison of MC4R-/- Rab23+/- with MC4R-/Rab23+/+ male mice. Generation and use of the LepRb-Cre mice were previously
described [7,8]. LepRb-Cre/+ female mice were crossed with Tg.CMV-Flox-stop-R26
male mice homozygous for the R26R-LacZ Cre reporter (B6.129S4-
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Gt(ROSA)26Sortm1Sor/J, The Jackson Laboratory).
For all experiments, male age-matched controls and mutants were used. Mice
were housed in barrier facility with a 0700-light/1900-dark cycle. Mice were fed standard
mouse chow (21.6% kcal from fat; Purina mouse diet 5058) or high-fat diet (60% kcal
from fat; Research Diet D12492) and given access to water ad libitum. All experiments
were performed under a protocol approved by University of California San Francisco
Institutional Animal Care and Use Committee.

4.4.2

Body weight, food intake, and body composition analysis.
Animals were weighed weekly for weight curve analysis. Food intake was

determined by measuring the amount initially in the food hopper and food remaining in
the food hopper at the end of week. Cages were monitored for evidence of grinding and
food spillage, and any mice that showed excess food grinding were removed from the
study. Lean and fat mass in live mice was determined by dual-energy X-ray
absorptiometry (DEXA) using a PIXImus II (Lunar). The DEXA apparatus was calibrated
with a phantom mouse with manufacturer-set value of bone density and fat mass.

4.4.3

Leptin sensitivity , indirect calorimetry and glucose tolerance tests.
Mice were individually house for one week (with free access to food and water)

and then injected intraperitoneally twice daily (0900 and 1700) with saline for 3 days and
leptin 2.5 mg/kg (National Hormone Peptide Program) twice on the fourth day. Food
intake was calculated as the average of the 3-day saline treatment and compared with
the 24-h period after the first leptin injection. To measure oxygen consumption, mice
were analyzed for body composition, placed into an Oxymax Respirometer (Columbus
Instruments), and allowed 24 h to acclimatize before taking measurements. Oxygen
consumption is normalized to lean body mass as determined by DEXA analysis. For
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glucose tolerance tests, mice were fasted for 6 h, and injected intraperitoneally with
glucose (1.5 g/kg). Blood glucose was measured with a glucometer (Freestyle; Abbott
Diabetes Care) at indicated times.

4.4.4

MTII study
Mice were individually housed for one week with free access to food and water.

Mice were fasted for 16hr, then half of mice were injected with saline, the other half were
injected with 10mg/kg MTII. Food intake (g) was measured hourly for 0-8hr. Mice
recovered for one week. The experiment was repeated with mice previously treated with
saline receiving MTII and vice-versa.

4.4.5

mRNA expression.

Extraction of hypothalamic RNA was performed as previously described [8,17]. RNA (1
µg) was reverse transcribed, then PCR amplified using a 7900HT Fast Real-Time PCR
System (Applied Biosystems). β-actin was used as internal control. TaqMan gene
expression assays (Applied Biosystems) were used for all gene detection.

4.4.6

Immunofluorescence analysis

Fed mutant and control mice were anesthetized and tissues were fixed by transcardial
perfusion of 4% paraformaldehyde. Brains were isolated and post-fixed in 4%
paraformaldehyde and cryoprotected for 24hr in 30% sucrose solution. Brains were
frozen on dry ice and 10µm sections containing the hypothalamus were collected in five
series using a cryostat. Sections were blocked and incubated in the primary rabbit antiACTH antibody (1:500; National Hormone and Pituitary Program, Torrance, CA) or antiBgal (1: 500; Promega, Madison, WI) or anti-Rab23 (1:100; Abgent, San Diego, CA).
Detection of primary antibody was done by immunofluorescence using alexa555 or
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Alexa488 conjugated donkey anti-rabbit secondary antibodies (Invitrogen, Carlsbad,
CA). Results are visualized on a fluorescence microscope (Axioscope2, Carl Zeiss,
Thornwood, NY), and pictures are taken with a digital camera (AxioCam, Carl Zeiss) or
visualized on a Leica SL confocal microscope with Z-stack images collected every
0.5um (for confocal images).

4.4.7

Western blotting analysis.
Mice were injected with either saline or leptin (National Hormone Peptide

Program) 5 mg/kg i.p., and after 45min the hypothalamus was dissected and whole cells
were lysed by sonication in cell lysis buffer (Cell Signaling). Lysates were quantified with
Bradford reagent (Bio-Rad Laboratories). Membranes were blocked with 5% milk in Trisbuffered saline with Tween for 1 h and incubated with primary antibody overnight at 4°C.
Blots were incubated in secondary antibody (1:10000 goat anti-rabbit–conjugated
horseradish peroxidasen (Amersham) or 1:2000 anti-mouse conjugated horseradish
peroxidase (Santa Cruz Biotechnology) for 1 h at room temperature. Primary antibodies
used are as follows: polyclonal anti-STAT3 1:1,000, polyclonal anti–phospho (Tyr-705)STAT3 1:1,000, monoclonal anti-Stat3 1:1,000 (for coimmunoprecipitation) (Cell
Signaling Technology), polyclonal anti-Y-tub 1:1000 (Sigma Aldrich), polyclonal antiLsd1 1:1000 (Abcam Inc), polyclonal anti-rab23 1:100 (Abgent, San Diego, CA), and
polyclonal anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 1:2000 (Santa
Cruz Biotechnology).

4.4.8

Transfection, immunoprecipitation and stimulation studies
HEK 293 cells were maintained in MEM supplemented with 10% calf serum

(HYCLONE), L-glutamine, non-essential amino acids, and penicillin/streptomycin.
Hek293 cells were transfected in 6well plates using Effectene as per manufactures
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recommendations (Qiagen) with wild-type (Rab23-GFP), inactive Rab23 (Rab23S23NGFP) fusion proteins (gift from Tim Evans) [4], and Stat3 Flag pRc/CMV (Addgene
plasmid 8707).
For immunoprecipitation assays, cell lysates were immunoprecipitated with antiRab23 (Abgent, San Diego, CA), anti-Stat3, or IgG control conjugated to agarose (Santa
Cruz Biotechnology). Precipitated proteins were analyzed by standard SDS-PAGE and
immunoblotting.
In the stimulation studies, cells were starved with MEM for 24 hours. Stimulated
cells were stimulated with 200ng/ml of IL6 (BD Pharmigen) for 20 min.

4.4.9

Tissue and cell preparation for nuclear extracts
Nuclear extracts of cells and hypothalamus tissue was carried out as previously

described [18,19]. Briefly tissues were dissected and dounce-homogenized 10 times in
Buffer A (10mM Hepes pH 7.9, 50mM NaF, 1mM DTT, 1mM Na3VO4, 1x complete
protease inhibitor (Roche, Mannheim, Germany). The homogenates were allowed to
swell on ice-water for 15min, then last concentration of 0.6% NP-40 was added. The
samples were centrifuged at 2,000g for 10min at 4dC. The supernatants containing the
cytoplasmic fraction were collected and stored at -80dC. The nuclei-containing pellet
was washed three times with Buffer A, then resuspended in Buffer B (20mM Hepes
pH7.9, 400mM NaCl, 1mM DTT, 1mM Na3VO4, 20% glycerine, 1x complete protease
inhibitor). The pellets were then extracted for 30 min at 4dC on a shaking rotor (vigoursly
rocked). After centrifugation at 12000g, for 15 min at 4dC, the nuclear extracts were
snap-frozen and kept at -80dC.
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4.4.10 Statistics
Analysis of compared groups was performed by either two-tailed Student t test, ANOVA,
or two-way ANOVA (J.M.P.) as specified in figure legends. Values represent mean ±
SEM or ±SD as specified in figure legends. Statistical analyses were conducted with
Prism 4 (GraphPad). Statistical differences were accepted at p < 0.05.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS

5.1

Summary
The overall goal of this thesis was to take a molecular genetic approach to

understanding human obesity. Our approach was to study monogenic forms of obesity
caused by either mutations in genes in the leptin-melanocortin pathway known to play a
role in the central regulation of energy homeostasis or by mutations in a gene as part of
pleiotropic syndrome.
We first sought to take our knowledge of the leptin-melanocortin pathway, and
using a candidate gene approach, sequence a large cohort of severely obese adults for
rare variants in both the MC3R and MC4R genes. Our study was novel in that we not
only sequenced severely obese North American adults but also sequenced lean adult
controls. In addition, we not only identified the mere presence of mutations, but also
evaluated the functional consequence of all mutations identified. We demonstrate an
increased prevalence of rare MC4R mutations in severely obese adults compared to
lean controls, and also and increased prevalence of rare mutations that have a
functional consequence. Our results confirm that mutations in MC4R are a significant
cause of severe obesity, extending this finding to North American adults. However, our
data suggest that MC3R mutations are not associated with severe obesity in this
population [1].
Our second approach was to perform an association study for SNPs in and
around the MC4R gene locus, in the Health ABC cohort. Our sample size was small
compared to recent GWAS studies published [2,3], but we do find interesting and
significant results. We did find a nsSNP that was significantly associated with BMI,
percent body fat, and leptin levels in our Caucasian sample cohort. These results did
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not replicate in our African-American population. Meta-analysis of whole genome
association studies conducted in study populations of European ancestry revealed that
the association between BMI and two SNPs near MC4R reached a genome-wide
significance level [2-4]. Interestingly, our SNP is in high LD with one of these reported
significant SNPs. Our nsSNP is located closest to the coding region of MC4R, and lies in
a region that has highly conserved elements between mouse and humans.
We hypothesize that this SNP lies in a region that may act as an enhancer,
possible as an enhancer for MC4R activity. We cloned this 1.25kb region into a minimal
enhancer promoter expressing GFP and using zebrafish transgenics, demonstrated, that
it does act as an enhancer element in this model. Our next step is to use a mouse
transgenic model to determine if this region does act as a putative enhancer. It will be of
interest to also break this region down, and determine the minimal sequence needed to
drive enhancer activity.
Finally, we characterized the heterozygous loss of Rab23 in mice. Human
homozygous (or compound heterozygous) nonsense Rab23 mutations cause the
autosomal recessive pleiotropic disorder Carpenter’s syndrome [5]. This syndrome is
characterized with the features craniosynostosis aﬀecting primarily metopic and sagittal
sutures, polydactyly, soft-tissue syndactyly, and obesity [5].
Rab23 is from Rab family of small GTPases that regulate intracellular traﬃcking of
membrane-associated proteins [6]. However, not much is known about this gene and its
role in obesity has not been described. Mice that are haploinsufficient for Rab23 are
obese, and this weight disregulation is centrally mediated. We propose the not only is
Rab23 involved in the leptin-melanocortin pathway, but it may traffic Stat3 during leptin
signaling. This final data is still preliminary, and will need further replication of in vivo
studies with greater number of animals to conclusively suggest the Stat3 is a cargo of
Rab23. Rab23’s involvement in the primary cilia is also an interesting avenue to pursue
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[7]. Our data does not show that Rab23 is located in the primary cilia, but it may traffic
proteins that need to get there or leave upon signaling.

5.2

The future of human obesity and obesity genetics
With the study of severe human obesity, several lessons can be learned. First, the

long-term regulation of body weight in humans is centered in the hypothalamus. Within
the hypothalamus is the leptin–melanocortin system that is critical for energy balance.
This has been shown because disruption of these pathways that senses peripheral
energy stores and signal satiety, leads to the most severe forms of human obesity.
Furthermore, MC4R is the most specialized molecule for body weight maintenance
within this system because MC4R deficiency has no other clinical phenotype.
Secondly, treatment of congenital leptin deficiency with leptin is a powerful but rare
example of successful therapy arising from an understanding of the molecular
pathogenesis of obesity [8]. Further research to understand the pathogenic mechanisms
underlying obesity is required for the development of similarly rational and eﬀective
treatments.
Thirdly, the monogenic causes of obesity identified to date account for less than
5% of severe obesity, and are in themselves very heterogeneous. BBS, for example, can
result from alterations in at least 12 diﬀerent genes [9], and obesity caused by MC4R
mutations can result from diﬀerent mechanisms that aﬀect receptor function [1,10-12].
Novel mechanisms are emerging as important for pathogenicity of obesity, such as
dysfunction of the primary cilium, abnormal hypothalamic development, and alterations
in neuronal plasticity. Therefore, the currently characterized monogenic forms of obesity
can be viewed as the only the beginning, and provide clues that the pathogenic
mechanisms underlying common obesity is equally heterogeneous.
What is then the basis for the largest portion of BMI heritability? One possibility,
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not yet explored extensively for obesity, is a role for copy number variations. Such
variations have recently been implicated in the genetic predisposition to common
neurological diseases such as autism and schizophrenia [13,14]. A recent GWAS study
looked at the contribution of copy number polymorphisms on BMI and found that the
SNP that was most strongly associated with one of six loci, around the gene NEGR1,
was linked to a 45-kb deletion polymorphism [3]. This suggests that this copy number
polymorphism could be a candidate causal variant, and further copy number variant
studies may be deemed fruitful.
Although GWAS studies, and our own association study, have found some
significant common variants associated with obesity and obesity-related phenotypes, the
number of variants detected are minimal and have small effect sizes. This leads
credence to the hypothesis that rare or unique alleles with strong or intermediate effects
could account for the majority of one individual's predisposition to obesity. Testing this
hypothesis, and finding genes for which this is the case, will require comparative
sequencing to search for an increase in the aggregate number of rare variants at each
locus in cases versus controls. The largest pioneering study yet to test this hypothesis
sequenced the entire coding region of 58 candidate genes in 379 extremely obese and
378 extremely lean adults [15]. This study found an increase in unique non-synonymous
variations in severely obese individuals, specifically in a subset of genes expressed in
the central nervous system and for which the corresponding mouse phenotype was
suggestive of a role in obesity. Systematically searching for such loci at a genome-wide
level will require extremely large-scale sequencing, for which the technology is currently
being developed and which will present us with new statistical challenges and
methodological difficulties pertaining, for example, to the functional study and
classification of identified variants.
Ultimately, the success of these approaches will depend on the number of genes
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in which variations can predispose to obesity and the effect size of both the individual
variants and their combined effect at each locus. We should now have learned to expect
the possibility that the heritability of obesity may be accounted for by rare or unique
variations at hundreds of different genes.
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