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Abstract

The melanocortin-4 receptor (MC4R) is a member of family A rhodopsin-like G protein-
coupled receptors. It is well established that MC4R is critically involved in regulating food
intake and energy expenditure in mammals. As the most common monogenic form of human
obesity, more than 170 naturally occurring MC4R mutations have been identified from different
patient cohorts. Functional characterization of mutant MC4Rs is indispensable for confirming the
causal role of MC4R mutations in obesity pathogenesis.

In this study, giant panda (Ailuropoda melanoleuca) MC4R was cloned, expressed, and
functionally characterized. Sequence analysis revealed that amMC4R was highly homologous
(>88%) at nucleotide and amino acid sequence levels to human, mouse, rat, pig, cat, cattle, and
dog MC4Rs. With human MC4R (hMC4R) as a control, four agonists, including [Nle*, D-Phe’]-
a-melanocyte stimulating hormone (NDP-MSH), a-MSH, -MSH, and a small molecule agonist,
THIQ, were used in the binding and signaling assays to investigate the pharmacological
properties of amMC4R. We showed that amMC4R bound NDP-MSH with the highest affinity
followed by THIQ, a-MSH, and B-MSH, with the same ranking as hMCA4R. Treatment of
HEK293T cells expressing amMC4R with different concentrations of agonists resulted in dose-
dependent accumulation of intracellular cAMP levels, with similar ECsos for the four agonists.
The results suggested that the cloned amMCA4R encoded a functional MC4R. The availability of
amMCA4R and its binding and signaling properties will facilitate the investigation of MC4R in

regulating food intake and energy expenditure in giant panda.



In addition, we reported systematic functional characterization of nine novel human MC4R
mutations including L23R, K73R, T101N, T112K, M161T, L207V, M215L, R310K, and 1316S.
Mutants with defects in the receptor expression, ligand binding, and/or cAMP signaling were
identified and classified based on a classification scheme that we proposed earlier. Consistent
with previous reports, intracellular retention was demonstrated to be the most common defect in
the nine mutants studied herein. Mutant M161T had normal cAMP production in stimulation
with NDP-MSH but not a-MSH, MTII, or THIQ. In addition, we demonstrated that defective
ERKZ1/2 signaling might be a cause of obesity in patients harboring Class V mutant MC4Rs. Five
mutant receptors were identified as biased receptors in the cAMP and ERK1/2 signaling
pathways. Furthermore, we showed that two MC4R inverse agonists, Ipsen 5i and ML00253764,
acted as pharmacological chaperones to rescue the cell surface expression and function of
thirteen intracellularly retained mutant MC4Rs. In summary, we provided detailed functional
data and a potential therapeutic approach for the treatment of obese patients harboring these

mutations.
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Chapter 1

1.1 Introduction

The melanocortin-4 receptor (MC4R) is a downstream mediator of leptin action in the
hypothalamus, where it plays a vital role in regulating energy homeostasis (Huszar et al., 1997).
Mutations in the MC4R gene are the most common monogenic form of obesity with a prevalence
as high as 6% in some ethnic populations (Farooqi et al., 2003). Therefore, the MC4R has been
considered as a premier target for obesity treatment and has been extensively studied in
molecular genetics of obesity. In addition to regulation of energy balance, the MC4R is also
involved in several other key physiological functions such as glucose and lipid homeostasis,
reproductive function and sexual behavior, cardiovascular function, pain perception, and brain
inflammation (reviewed in (Tao, 2010)). Not only in rodents and humans, the MC4R has also
been suggested to be a critical physiological regulator of energy homeostasis in other mammals
such as rhesus monkeys (Koegler et al., 2001), sheep (Wagner et al., 2004), and pigs (Barb et al.,
2004). However, its role in the living fossil endemic to China, the giant panda (Ailuropoda
melanoleuca), remains to be investigated.

The MCA4R is a G protein-coupled receptor (GPCR). It responds to the activation of two
endogenous peptide agonists, a- and B-melanocyte stimulating hormones (MSHs) and to the
inhibition of an endogenous antagonist/inverse agonist, agouti-related peptide (AgRP). Like
other GPCRs, the MCA4R signals through G protein-dependent and -independent pathways and its

mutant forms may exhibit biased signaling (Breit et al., 2011; He and Tao, 2014; Huang and Tao,



2012; Tao, 2014).

Approximately 170 MC4R mutations have been identified from obese patients (Hinney et
al., 2013). Detailed functional studies revealed that most of the inactivating mutants are retained
intracellularly and that mutants defective in binding and signaling are rare (Tao, 2005, 2009,
2010), similar to the observations in naturally occurring mutations in other GPCRs (Tao, 2006;
Tao and Conn, 2014). Several approaches using chemical chaperones, molecular chaperones, or
pharmacological chaperones have been proposed to promote the anterograde trafficking of
intracellularly retained mutants.

This chapter presents an overview of the obesity epidemic and current treatments. A brief
summary of the central melanocortin system and its upstream signals are also discussed. Finally,
the importance of MC4R in regulating energy homeostasis, including naturally occurring
mutations, the underlying molecular mechanisms, and potential strategies used for treatment of

human obesity caused by misfolded MC4R mutations are highlighted.

1.2 Obesity
1.2.1 The prevalence of obesity

Obesity is a multi-factorial disorder characterized by an excess amount of body fat.
According to the World Health Organization (WHO), obesity is defined as a body mass index
(BMI, body weight in kilograms divided by height in meters squared) at least 30 kg/m? and
overweight as BMI between 25 and 29.9 kg/m?. Obesity has been shown to be closely associated
with type 2 diabetes (Manson et al., 1992), stroke (Rexrode et al., 1997), gallbladder disease
(Kato et al., 1992; Stampfer et al., 1992), dyslipidemia (Rabkin et al., 1997), hypertension

(Witteman et al., 1989), cardiovascular disease (Rimm et al., 1995), and certain types of cancers



(Moyad, 2001; Romiti et al., 1998; Sellers et al., 1992), raising the risk of morbidity and
mortality. Indeed, a pilot study performed by Allison and colleagues showed that the maximum
years of life lost for white men aged 20 to 30 years with a severe level of obesity (BMI > 45) is
13, representing a 22% reduction in expected remaining life span (Fontaine et al., 2003). In
addition, obesity can also result in a variety of psychological and social consequences. Therefore,
obesity itself is currently recognized as a disease by the Obesity Society and the American Heart
Association (Jensen et al., 2014).

The prevalence of obesity and overweight is increasing at an alarming rate in both
developed and developing countries. According to the latest statistics provided by the WHO,
worldwide obesity has more than doubled since 1980, with more than 1.9 billion adults being
overweight and over 600 million being obese in 2014. Another study published in International
Journal of Obesity predicts that, by the year of 2030, the absolute numbers will be total 2.16
billion overweight and 1.12 billion obese individuals, accounting for 38% and 20% of the
world’s adult population, respectively (Kelly et al., 2008). In the United States, data obtained
from the 2011-2014 National Health and Nutrition Examination Survey showed that 36% adults
and 17% youth are classified as obese (Ogden et al., 2015). Interestingly, the prevalence of
obesity is higher in women (38.3%) than in men (34.3%) (Ogden et al., 2015).

Childhood obesity is also increasing rapidly and has become one of the most serious public
health challenges of the 21th century. The worldwide prevalence of childhood overweight and
obesity increases from 4.2% in 1990 to 6.7% in 2010 (de Onis et al., 2010). In 2010, 43 million
children (35 million in developing countries) are estimated to be overweight and obese and 92
million are at risk of overweight (de Onis et al., 2010). The detrimental effects of childhood

obesity include a higher risk for the development of obesity-associated diseases such as type 2



diabetes mellitus, atherosclerosis, and heart disease (Juonala et al., 2011; Lobstein et al., 2004;
Tirosh et al., 2011). Indeed, over 10% of obese children have pre-diabetes, a condition
characterized by high blood sugar levels, continuing weight gain, and will progress into type 2
diabetes without intervention (Morrison et al., 2007). About 10.3% and 25% of obese children
and adolescents have impaired glucose tolerance and a clustering of cardiovascular risk factors
(Sabin et al., 2006) and their medium-term chance of heart disease increases dramatically by 10
folds compared with normal children (Morrison et al., 2007).

Besides the enormous health burden, rising rates of overweight and obesity also causes
significant economic expenditure in healthcare systems. In the United States, overweight- and
obesity-attributable medical spending increases from $79 billion in 1998 (Finkelstein et al., 2003)
to $147 billion in 2008 (Finkelstein et al., 2009), and this number is projected to be as high as
$344 billion by 2018 (Trogdon et al., 2012). The majority of these medical costs are financed by
Medicare and Medicaid (Finkelstein et al., 2009). Across all payers, obese people have medical
spending that is $1,429 greater than spending for normal-weight people in 2006 (Finkelstein et

al., 2009).

1.2.2 Current treatments for obesity

Although research over the past few decades has broadened our understanding of central
and peripheral mechanisms in regulating energy homeostasis, there has been a major lag in the
development of effective therapies for obesity. Currently, the main effective treatment options
with sufficient evidence-based support are lifestyle intervention, pharmacotherapy, and bariatric

surgery.



Lifestyle interventions, including dietary therapy, physical activity, and behavioral therapy,
are usually recommended to the vast majority of obese individuals for weight management given
their low cost and the minimal risk of complications. Indeed, among ten studies comparing diet,
exercise, and behavioral intervention with minimal intervention, eight reported absolute weight
change between the intervention and control groups, the weight differences range from -1.0 kg to
-10.2 kg and the follow-up intervals range from 3 months to 24 months (Hassan et al., 2016).
However, due to the highly conserved nature of the biological defense of human body weight,
the lifestyle intervention often fails to succeed in long-term weight loss (Guyenet and Schwartz,
2012).

Pharmacotherapy can be used as an adjunct to lifestyle intervention since effects of lifestyle
intervention are not always satisfactory in all cases. Clinically, drugs prescribed for weight loss
can be classified into appetite suppressant or lipase inhibitor. Appetite suppressant, such as
sibutramine, a serotonin and noradrenaline reuptake inhibitor that inhibits appetite, has been
prescribed for treatment of obesity for half a century. However, sibutramine has been withdrawn
from North America and Europe since 2010 when it was found to be associated with increased
risks of myocardial infarction and nonfatal stroke (James et al., 2010). Orlistat, the only
gastrointestinal lipase inhibitor currently available in the market, was approved by the FDA in
1999 for the treatment of obesity (McNeely and Benfield, 1998). In addition, orlistat also
improves blood pressure, insulin resistance and serum lipid levels (Siebenhofer et al., 2009;
Torgerson et al., 2004). However, oral consumption of orlistat has been reported to be related to
some side-effects including diarrhea, flatulence, bloating, abdominal pain and dyspepsia

(Siebenhofer et al., 2009).



Bariatric surgery is by far the most effective medical treatment for obesity and it has been
proven to remarkably reduce total mortality in patients with a BMI of 40 kg/m? or greater. Roux-
en-Y gastric bypass, the most commonly used procedure, can yield an average of approximately
60% loss of excess body weight in morbidly obese patients. Independent of weight loss, bariatric
surgery can prevent development of type 2 diabetes in obese patients, with a rapid reduction in
the use of oral hypoglycemic agents and insulin (Ackroyd et al., 2006). After studying 1658
patients who underwent bariatric surgery and 1771 obese matched controls with usual care,
Carlsson et al. showed that bariatric surgery reduces the long-term incidence of type 2 diabetes
by 78% in obese patients, and this preventive effect is particularly obvious in participants with
impaired fasting glucose (Carlsson et al., 2012). However, few obese patients are qualified for
bariatric surgery because of safety issues and enormous costs (Terranova et al., 2012). A study
reported that the 30-day rate of death among obese patients who undergo a bariatric surgery is
0.3%, while a total of 4.1% of patients have at least one major adverse outcome (Longitudinal

Assessment of Bariatric Surgery et al., 2009).

1.3 The melanocortin system
1.3.1 Overview of the melanocortin system

The melanocortin  system consists of several agonists, two antagonists, and five
melanocortin receptors (MCRs). The melanocortin peptides, including o-, B-, y-melanocyte-
stimulating hormones (MSHs), and adrenocorticotropic hormone (ACTH), are derived from the
posttranslational processing of a larger precursor molecule called pro-opiomelanocortin (POMC)
protein. POMC undergoes post-translational processing in a tissue-specific manner (Pritchard et

al., 2002). In the anterior pituitary, it is cleaved into ACTH, B-lipotroin, N-terminal peptide and



joining peptide by prohormone convertase (PC) 1. In the hypothalamus and pars intermedia
where both PC1 and PC2 are expressed, these products are further cleaved into a-, -, and y-
MSH (reviewed in (Shimizu et al., 2007)). Importantly, the melanocortin peptides all share a
common amino acid sequence His-Phe-Arg-Trp (HFRW), the core sequence required for
receptor binding, activation, and physiological effects. The uniqueness of the melanocortin
system is due to the existence of two natural antagonists/inverse agonists, Agouti and AgRP.
Agoulti is a high-affinity, competitive antagonist of the melanocortin peptides at MC1R and
MC4R whereas AgRP is a competitive antagonist of MC3R and MC4R with equal potency
(reviewed in (Gantz and Fong, 2003)).

To date, five closely related GPCRs, MC1R to MC5R, have been cloned and named by the
sequence of their cloning. The MCIR is the classical MSH receptor expressed in skin and hair
follicles that regulates pigmentation. The MC2R, responsive only to ACTH and thus also known
as the classical ACTH receptor, is expressed in the adrenal cortex that regulates adrenal
steroidogenesis. The MC3R and MC4R, also known as neural MCRs, are expressed primarily in
the central nervous system (CNS) that regulate energy homeostasis. The MC5R is expressed
widely in the brain and numerous peripheral tissues that regulates sebogenesis and lipid
metabolism. Sequence comparison of human MCRs shows high homologies, with a 38% identity
between MC2R and MC4R and 60% between MC4R and MC5R (Catania et al., 2004). The
MCRs are the smallest GPCRs known to date, with short amino- and carboxyl-terminal ends and
second extracellular loop. Once activated by the agonists, the MCRs are functionally coupled to
stimulatory G protein and mediate their physiological effects primarily through the cAMP-

dependent signaling pathway.



1.3.2 Energy homeostasis regulated by the melanocortin system

Energy homeostasis refers to the balance between energy intake, including food and drink
consumption, and energy expenditure, including basal metabolism, physical exercise and
thermogenesis over a prolonged period in adult animals. Therefore, in a normal adult where the
energy homeostasis is under precise control, the body weight should be stable during adulthood
(Guyenet and Schwartz, 2012).

The maintenance of energy hemostasis is achieved by incorporating both circulating dietary
and central neuronal signals. The central integration of these signals modulates an intricate
network of neurons capable of adjusting physiological and behavioral responses accordingly.
One such element of this system is the melanocortin pathway. As one of the most fundamental
components of centrally regulated energy balance, the melanocortin pathway employs two
counteracting populations of interoceptive neurons in the arcuate nucleus of the hypothalamus
(ARC), also known as first-order neurons, as the primary sensor of alteration of food intake and
energy expenditure. The ARCPOMC neurons coexpressing POMC and cocaine and amphetamine-
regulated transcript (CART) represents the catabolic arm of the melanocortin pathway activated
by caloric sufficiency, whereas the ARC”9" neurons coexpressing the potent orexigenic
peptides AgRP and neuropeptide Y (NPY) represents anabolic arm of the melanocortin pathway
stimulated in response to caloric insufficiency. Consistent with their metabolic functions, the
activity of ARC”°MC and ARCA9RP neurons conveys the real-time awareness of energetic need,
which in turn predicts neurotransmitter release and corresponding physiological output.

The opposing roles of POMC-derived peptides and AgRP in the regulation of food intake
and energy expenditure are mediated through their opposing actions at neural MCRs (MC3R and

MCA4R) expressed in the paraventricular nucleus of hypothalamus (PVN). However, the



definitive role of MC3R in the regulation of energy homeostasis is still controversial and will not
be discussed in this chapter. The MC4R is predominantly activated by the natural agonist, a-
MSH, initiating a sequence of downstream signaling pathways that result in neural
depolarization and action potential firing, and eventually increased satiety, energy expenditure,
and weight loss, whereas AgRP acts as an antagonist and/or biased agonist inducing neural
hyperpolarization, leading to increased food intake, energy conservation, and weight gain

(reviewed in (Krashes et al., 2016)).

1.3.3 Upstream signals of the melanocortin system

Multiple lines of evidence have shown that the central melanocortin circuits can receive and
integrate a variety of central neuronal and circulating hormonal signals. The actions of these
signals affect the release of POMC-derived ligands and AgRP and the consequential modulation
of downstream MC3R- and MC4R-dependent homeostatic pathways. The upstream hormonal
signals include long-term adiposity signals, such as leptin and insulin, and short-term satiety

signals, such as ghrelin, cholecystokinin (CCK), and peptide tyrosine tyrosine (PYY).

1.3.3.1 Chronic peripheral factors

Leptin, a principal regulator of long-term energy balance, is a hormone produced by the
adipocytes. Circulating leptin levels are proportional to body fat mass, increasing with fat
accumulation and decreasing with fat depletion. In addition, leptin levels are also responsive to
acute nutritional state, increasing after food consumption and declining with food deprivation.
Leptin serves as an ‘adipostat’ signal to inform the brain about the energy stores in the organism

though a negative feedback loop. Leptin acts on its receptor in the CNS to inhibit food intake.



Concordantly, genetically modified rodents that lack the gene for leptin or leptin receptor,
including ob/ob mice (leptin deficiency), db/db mice (leptin receptor deficiency), and Zucker
fa/fa rat (leptin receptor deficiency), demonstrate a profound obesity phenotype, (reviewed in
(Tao et al., 2013)).

By binding to the leptin receptors expressed in the ARCPMC and ARCA9RP neurons, leptin
induces a sequence of signaling pathways ultimately stimulating ARCPPMC neurons and
inhibiting ARC”%" neurons (Cowley et al., 2001). Transgenic mice with deficient leptin
signaling at melanocortin neurons by specific deletion of leptin receptors in the ARCPOMC
neurons (Balthasar et al., 2004) or signal transducer and activator of transcription-3 in the
ARCA9R" neurons, a downstream mediator of leptin signaling (Gong et al., 2008), demonstrate
severe obesity, whereas mice with targeted overactivation of leptin signaling at the ARCA%RP
neurons by constitutive activation of signal transducer and activator of transcription-3, manifest a
lean phenotype (Mesaros et al., 2008). These data suggest that the central melanocortin system
mediates leptin's effects on food intake and energy expenditure.

Insulin, a peptide hormone released from the pancreas, has been known to decrease plasma
glucose levels within the periphery. However, insulin also enters the brain from the circulation
through several pathways including transport of insulin by brain microvascular endothelial cells
from peripheral vessels and the delivery of insulin to cerebrospinal fluid via choroid plexus
(Gray et al., 2014). Within the CNS, insulin is characterized as an anorexigenic factor in the
energy homeostasis by inhibiting food intake.

It should be noted that, in similar manners to leptin, circulating levels of insulin are also
positively correlated with body fat mass and the insulin receptors are widely expressed within the

brain, including the ARCPOMC and ARCA9RP neurons (Marks et al., 1990), suggesting insulin’s
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effects in the food intake and body weight might also be mediated by the neural melanocortin
system. Indeed, administration of insulin into the third cerebral ventricle of fasted rats increases
expression of POMC mRNA whereas the reduction in food intake caused by third-ventricular
insulin administration is prevented by a subthreshold dose of the melanocortin antagonist
SHU9119 (Benoit et al., 2002). An elegant study by Qiu et al. further showed that insulin
depolarizes ARCPOMC neurons via activation of transient receptor 5 potential channels expressed
in the same neuronal populations whereas insulin hyperpolarizes and inhibites ARCA9F neurons
via activation of Katp channels (Qiu et al., 2014). However, complexity of insulin signaling at
the POMC neurons comes from data demonstrating that, genetically modified mice lacking
insulin receptor substrate 2, a major mediator of the metabolic effects of insulin in the ARCPOMC
neurons, manifest lean phenotype (Choudhury et al., 2005), and insulin actually hyperpolarizes
ARCPOME neyrons with decreased neuronal firing rate (Plum et al., 2006). These results suggest
that the anorexigenic effects of insulin are unlikely to be mediated through ARC"°MC neurons.
Therefore, despite the widely known appetite-suppressive effect of insulin when administered to

the CNS, the physiological significance of such action remains to be investigated.

1.3.3.2 Acute peripheral factors

Ghrelin, a 28-amino acid peptide released from gastrointestinal tract, is the only peripheral
orexigenic hormone exerting effects upon the CNS. It is well established that ghrelin promotes a
positive energy balance (increased food intake and decreased energy expenditure) and an
increased adiposity gain in humans. In addition, ghrelin plays a physiological role in initiating
food consumption since circulating levels of ghrelin rise during fasting and before meals and fall

postprandially (reviewed in (Gil-Campos et al., 2006)).
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The functional relevance of ghrelin and its relationship to the melanocortin system has been
demonstrated through anatomic, electrophysiological, and pharmacological studies. It has been
shown that ghrelin fibers form axo-somatic and axo-dendritic contact with both ARC"°MC and
ARCNPY/AGRP neyrons (Cowley et al., 2003) and ghrelin receptor that mediates the physiological
functions of ghrelin is widely expressed in the hypothalamus, pituitary, and of particular note,
the ventral ARCNPY/ACRP neyrons (Howard et al., 1996; Willesen et al., 1999). In addition,
electrophysiological studies demonstrated that ghrelin depolarizes ARCA% neurons, and
simultaneously hyperpolarizes the ARCPPMC neurons by increasing the GABAergic inhibitory
postsynaptic currents onto ARC”°MC neurons (Cowley et al., 2003). A direct inhibition of firing
of ARCP°MC neurons by ghrelin has been also observed (Riediger et al., 2003). Furthermore,
both acute and chronic peripheral administration of ghrelin in rodents result in increased AgRP
and NPY mRNA levels in the ARC (Asakawa et al., 2001; Kamegai et al., 2001). In addition,
mice lacking Agouti, AGRP, and MC3R/MC4R compared to wild-type (WT) control, all show
an attenuated feeding response following peripheral ghrelin administration, indicating that
central melanocortin system plays a crucial role in mediating the orexigenic actions of ghrelin
(Ellacott et al., 2006). Collectively, these data suggest that ghrelin opposes the action to leptin on
the ARCPOMC and ARCNPY/AGRP neyronal network and the downstream melanocortin system.

CCK, a peptide hormone released from the gut, is a satiety-inducing peptide in response to
food intake. VVagal afferent neurons, where the type 1 CCK receptor (CCK1R) is expressed, are
the primary targets of CCK. Activation of CCK1R promotes the brainstem-mediated cessation of
feeding by inducing bile acid and pancreatic digestive enzyme production, as well as inhibiting
gastric acid secretion and gastric emptying (Ellacott et al., 2006). The anorexigenic effect of

CKK is further supported by the evidence that a potent CCK1R antagonist L364718 attenuates
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the reduction in food intake induced by exogenous CCK octapeptide in food-deprived rats
(Hewson et al., 1988) and abnormal processing of CCK1R gene yielding a predominant product
with an absent third exon to encode a nonfunctional receptor results in obesity in humans (Miller
etal., 1995).

As mentioned above, the important role of leptin-regulated melanocortin circuit plays in the
regulation of food intake and energy expenditure has been well established and leptin acts
directly on the POMC neurons in nucleus tractus solitaries (NTS), a region known to receive
inputs from the vagus and to be important in mediating the effects of satiety. It should be noted
that CCK also controls the expression of receptors and peptide neurotransmitters by vagal
afferent neurons, whose actions are potentiated by leptin, suggesting the important role of the
central melanocortin system in mediating the effects of CCK. Indeed, using transgenic mice that
express enhanced green fluorescent protein in the NTS POMC neurons, Fan et al. showed that
intraperitoneal injection of the sulfated 8-amino-acid form of CCK (CCK-8s) activates NTS
POMC neurons (Fan et al., 2004). In the same study, CCK-8s significantly reduced food intake
in WT mice but not in the Mc4r knockout mice and central injection of the MC4R antagonist
SHU9119 into either the third or fourth ventricle partially or completely attenuates the CKK-8s-
induced inhibition of food intake, respectively (Fan et al., 2004), suggesting activation of the
neural MC4R is required for CCK-induced suppression of feeding. Overall, the melanocortin
system mediates the CCK satiety response, although the functional relationship between the
distinct ARC and NTS neurons in this process remains to be investigated.

PYY, a 36 amino acid peptide with N-terminal tyrosine and C-terminal tyrosine amide, is
secreted by enteroendocrine L cells in the ileum and colon in response of food intake (Bottcher et

al., 1993). Two endogenous forms of PYY, PYY13s and PYY3 3, are released into the plasma
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postprandially in response to a meal. In the circulation, PYY3 36 is the predominant form, with
approximately 40% of PYY13s been cleaved by dipeptidyl peptidase-1V to produce PYY3 36
(Grandt et al., 1994). The physiological functions of the PYY molecules are mediated through
multiple G protein-coupled NPY receptors (Y1-Y5 receptors). While PYY 136 binds Y1, Y2 and
Y5 receptors, PY Y336 preferentially binds to the Y2 receptor, an inhibitory presynaptic receptor
highly expressed in the ARCNPY/ARP neyrons (Keire et al., 2000). Interestingly, central
administration of PYY1.3s or PYY3.36 iS orexigenic, whereas peripheral administration has been
shown to reduce food intake in a number of rodent models (Ellacott et al., 2006). Results from
clinical trials demonstrated that continuous intravenous infusion of PYY3 3¢ reduces food intake
and hunger scores in small number of healthy and obese human individuals for 24 h (Batterham
et al., 2003).

Several studies suggested that the anorexigenic effects of PY'Y3 35 could be mediated by the
central melanocortin system either directly through Y2 receptors on ARCPOMC neurons or
indirectly through Y2 receptors on ARCNPY/ASRP neyrons. Batterham et al. and Challis et al.
demonstrated that peripheral administration of PYY3.36 upregulates POMC mRNA expression,
increases ¢c-FOS immunoreactivity within ARCP°MC neurons, and depolarizes ARCP°MC neurons
by decreasing the inhibitory GABAergic inputs onto ARC"°MC neurons (Batterham et al., 2003;
Challis et al., 2003). In a hypothalamic explant study, pretreatment with a Y2 receptor specific
agonist significantly induces the release of the endogenous MC4R agonist a-MSH (Batterham et
al., 2003). Furthermore, AgRP, the important component of the central melanocortin system,
have also been suggested to be regulated by the PYY3sz3. Using a conditional Y2 receptor
knockout model, Sainsbury et al. showed that hypothalamus-specific Y2 receptor-deleted mice

have a significantly decreased body weight and increased food intake that is associated with
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increased NPY and AgRP as well as decreased POMC and CART mRNA levels in the ARC

(Sainsbury et al., 2002).

1.4 The melanocortin-4 receptor
1.4.1 Molecular cloning and tissue distribution of MC4R

The human MC4R (hMC4R) was independently cloned by the groups of Gantz and Cone
through degenerate PCR and homology screening (Gantz et al., 1993; Mountjoy et al., 1994).
The human MCA4R gene, localized at chromosome 18q21.3, is an intronless gene with an open
reading frame of 999 bp that encodes a protein of 332 amino acids. The MC4R shares the highest
homology with the MC3R, with 58% identity and 76% similarity (reviewed in (Tao, 2010)).

Following the cloning of MC4R in rodent and human, the MC4R was cloned from mouse,
rat, hamster, guinea pig, dog, cat, fox, pig, sheep, cow, and several primates including marmoset,
cynomolgus macaque, vervet monkey, and orangutan, as well as several nonmammalian species
including fish, chicken, and pigeon. Comparison of MC4R sequences from many different
species showed that the amino acid sequences between the different species are highly conserved,
with the identity ranging from 93% between rat and human MC4Rs to 71% between zebrafish
and human MCA4Rs (reviewed in (Tao, 2010)). However, evolutional analysis of MC4R
sequences from many species demonstrated that the MC4R has been subject to high levels of
continuous purifying selection with codon usage bias, resulting in the extremely low levels of
silent polymorphisms in humans.

To date, extensive localization studies in rats showed that the MC4R mRNA is widely
expressed in adult rat brain, including cortex, hippocampus, amygdala, septal region, corpus

striatum, thalamus, hypothalamus, brainstem, and spinal cord (reviewed in (Siljee-Wong, 2011)).
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In the hypothalamus, it is highly expressed in the PVN, including both parvicellular and
magnocellular neurons.

In addition to neuronal distribution, the MC4R mRNA is also expressed in several
peripheral tissues during the fetal period, including the developing heart, lung, kidney, and testis
(Mountjoy et al., 2003). However, the potential physiological functions of the MC4R in these

organs are still controversial and remain to be fully elucidated.

1.4.2 MC4R in energy homeostasis

Although early rodent studies demonstrated that ICV injection of a-MSH and ACTH
suppresses food intake in rats (Poggioli et al., 1986; Vergoni et al., 1986), it was not until the
molecular cloning of the MCRs that researchers began to realize the fundamental role of MC4R
in regulating food intake and energy expenditure. In 1997, Fan et al. demonstrated that ICV
administration of melanotan Il (MTII), a superpotent and cyclic a-MSH analog, inhibits feeding
behavior in four hyperphagic mouse models including ob/ob, AY, fasted C57BL/6J, and NPY-
treated mice, whereas coadministration SHU9119, a high-affinity cyclic antagonist of MC3R and
MC4R, completely blocks this inhibition (Fan et al., 1997). In the same study, mice with
SHU9119 injection alone have increased food intake (Fan et al., 1997). Administration of MTII
or SHU9119 directly into the PVN accomplishes even more potent alterations in food intake,
indicating that neurons in the PVN, which express very high levels of the MC4R, are
predominant sites of action in melanocortin-induced inhibition of feeding behavior (Giraudo et
al., 1998). In addition, ICV infusion of more specific synthesized MC4R antagonists, HS014 and
HS024, results in increased food intake and body weight in rats (Kask et al., 1998; Vergoni et al.,

2000), further supporting the critical role of MC4R in the regulation of feeding behavior.
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In 1997, the construction of the Mc4r knockout mouse model by Huszar et al. provided the
definitive evidence that MC4R plays an important role in regulating energy homeostasis in mice.
The homozygous knockout mice develop a maturity onset obesity syndrome associated with
hyperphagia, increased linear growth, hyperinsulinemia, and hyperglycemia, whereas the
heterozygous mice have intermediate body weights compared with the WT littermates and
homozygous mice, suggesting a gene dosage effect (Huszar et al., 1997). In addition to
hyperphagia, the Mc4r deleted mice also have decreased energy expenditure. Using elegantly
modified transgenic mice, Balthasar et al. demonstrated that alternation in food intake and
energy expenditure account for 60% and 40% of the effect of the MC4R on energy balance,
respectively (Balthasar et al., 2005). In young mice with similar body weights, the Mc4r deleted
mice consume less oxygen than WT control, and pair feeding of the Mc4r deleted mice result in
more weight gain than the WT littermates (Ste Marie et al., 2000).

Another important discovery in the year of 1997 regarding to the MC4R function in energy
homeostasis is the cloning of human AgRP gene by several laboratories simultaneously (Fong et
al., 1997; Graham et al., 1997; Ollmann et al., 1997). AgRP was initially identified as a neutral
antagonist for the MC4R, when bound to the MC4R, could sterically block subsequent binding
of agonist to the receptor without affecting receptor activity by itself. However, ensuing studies
showed that it is in fact an inverse agonist for human and rodent MC4Rs decreasing basal
signaling of WT or constitutively active mutant receptors (Chai et al., 2003; Haskell-Luevano
and Monck, 2001; Nijenhuis et al., 2001).

The orexigenic role of AgRP has been demonstrated by extensive genetic and
pharmacological studies (reviewed in (linytska and Argyropoulos, 2008)). An elegant study by

Ollmann et al. demonstrated that AGRP mRNA levels in ob/ob and db/db mice are increased at
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least 8 folds and transgenic overexpression of AgRP in mice results in obesity (Ollmann et al.,
1997). In addition, human genetic studies showed that single nucleotide polymorphisms in AgRP
such as A67T are associated with anorexia nervosa and leanness, suggesting a protective role
against obesity (Marks et al., 2004; Vink et al., 2001). However, the underlying mechanism for
this protection remains to be fully elucidated. Pharmacologically, ICV administration of
AgRP(83-132), an amidated carboxyl-terminal fragment of AgRP retaining the biological
activity of full-length AgRP, into rats increases food intake with long lasting effect and blocks
the inhibitory effect of a—MSH (Rossi et al., 1998). AgRP also reverses leptin-induced inhibition
of food intake and body weight in a dose-dependent manner (Ebihara et al., 1999). Subsequent
studies demonstrated that the PVN might be the primary site of action in AgRP-mediated
stimulation of feeding behavior since much lower doses of AgRP are needed to induce food
intake when directly injected into the PVN compared to other area (Wirth and Giraudo, 2000).

It should be noted that the important role of leptin-regulated melanocortin circuit in energy
homeostasis in rodents and humans is also highlighted by the fact that defects in multiple
molecules in this circuit lead to obesity, as evidenced by the phenotypes manifested in multiple
rodent models including ob/ob mice, db/db mice and Zucker fatty rats, Pomc knockout mice,
fat/fat mice, Agrp-overexpressing mice, and Mc4r knockout mice, as well as phenotypes
observed in humans harboring leptin, leptin receptor, POMC, PC1, and MC4R mutations

(reviewed in (Tao, 2010)).

1.4.3 MC4R mutations in obesity pathogenesis
Since the first two frameshift mutations in the MC4R were independently reported by

Vaisse et al. and Yeo et al. (Vaisse et al., 1998; Yeo et al., 1998), extensive clinical studies have
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been performed attempting to identify novel MC4R mutations in different obese patient cohorts.
To date, mutation in the MC4R is the most prevalent form of monogenic obesity, with more than
170 naturally occurring mutations been identified. These mutations include at least 142 non-
synonymous, 13 frameshift, 3 deletions, 8 nonsense mutations (Hinney et al., 2013), which are
scattered throughout the MC4R. More than 118 residues are mutated, covering 36% of the whole
receptor.

In vitro functional characterization is crucial and a prerequisite to determine whether a
mutation causes the disease or not. Depending on the functional defects, mutants can be divided
into five classes according to a classification scheme we proposed earlier (Tao, 2005, 2006; Tao
and Segaloff, 2003). Class | mutants are defective in receptor biosynthesis and/or have
accelerated protein degradation; Class Il mutants are synthesized but trapped intracellularly,
primarily by endoplasmic reticulum quality control system, although some mutants may be
trapped in the Golgi apparatus; Class 11l mutants are defective in ligand binding; Class IV
mutants are signaling defective; and Class VV mutants display normal function.

Extensive functional studies have demonstrated that the majority of loss of function MC4R
mutations belong to Class Il (reviewed in (Hinney et al., 2013; Tao, 2009)). As summarized in
Tables 1-3, a total of 79 Class Il mutations have been reported, accounting for almost 45% of all
naturally occurring human MC4R mutations identified to date. Different dysfunctional severity is
observed, with some mutants exhibiting total loss of function (Table 1), some severely

dysfunctional (Table 2), and some mildly dysfunctional or normal (Table 3).

1.4.3.1 Class Il MC4R mutants that are nonfunctional

Nonsense and frameshift mutations are expected to have catastrophic impact on protein
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sequence, likely resulting in a complete dysfunctional protein. Indeed, five nonsense and six
frameshift Class I MC4R mutations have been reported (Table 1). The first MC4R pathogenic
mutations, 211del CTCT and 244ins GATT, were reported by two groups simultaneously
(\Vaisse et al., 1998; Yeo et al., 1998) and later were characterized as producing receptors that are
totally intracellularly retained with complete loss of function (Ho and MacKenzie, 1999; Yeo et
al., 2003). Mutation 211del CTCT was identified in a four-year-old child with >99™ centile BMI
and a history of hyperphagia (Yeo et al., 1998). His father heterozygous for this mutation is also
extremely obese with a BMI of 41 kg/m? (Yeo et al., 1998). The other frameshift mutation,
244ins GATT, was found in a 35-year-old woman with 65% total body fat and a BMI of 30
kg/m? at age 20 (Vaisse et al., 1998). Her mother, her sister and one of her nieces have a very
similar weight history (Vaisse et al., 1998). The most frequent nonfunctional MC4R mutation to
date, Y35X, was found to have a frequency as high as 0.6% in severely obese German and
Danish populations (Lubrano-Berthelier et al., 2003).

Given the critical role of MC4R in the control of food intake and energy expenditure in
humans, it is expected that mutations leading to complete loss of function of MC4R would be
associated with a more severe obesity phenotype compared to the WT or partially dysfunctional
mutations. Indeed, a systematic mutation-screened study in 500 Caucasians with severe
childhood obesity showed that 23 subjects harboring nonfunctional mutant receptors are
significantly more obese than the 22 individuals with partially functioning mutant receptors

(Farooqi et al., 2003).

1.4.3.2 Class |1 MC4R mutants that are severely dysfunctional

As shown in Table 2, a total of 32 missense Class Il MC4R mutations lead to severely
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dysfunctional protein that retain some residual ligand binding and signaling capabilities. Since
these mutations are scattered throughout the MC4R, the mechanism by which each mutation
impairs the folding property and subsequent functionality still calls for further investigation. Up
to now, numerous studies have been performed to characterize the functional phenotypes of
MC4R mutants. It is clear from these studies that, with several exceptions that are discussed later,
the intracellular retention of MC4R mutants is variable but strongly correlates with the
impairment of their cAMP signaling. Interestingly, one screening study for novel MC4R
mutations found that the decrease in cell surface expression of the mutants seems to correlate

with the age of obesity onset (Lubrano-Berthelier et al., 2003).

1.4.3.3 Class Il MC4R mutants that are mildly dysfunctional or normal

Some Class Il MC4R mutants have mildly reduced or even normal function (Table 3). They
interrupt the protein folding and stability while do not affect significantly the capability of the
protein to bind to the ligand nor to induce the downstream cAMP signaling. For example, L54P
and 169T were identified in a large Genetics of Obesity Study consisting of 2000 early-onset
severely obese patients. L54P was found in 8 years-old Turkish boy and 169T was detected in
two white European boys (one was 9 years old and the other was 13 years old) (Tan et al., 2009).
All the carriers have a BMI above the 98" percentile (Tan et al., 2009). Detailed functional
analysis demonstrated that both L54P and 169T have decreased cell surface expression but retain
normal ligand binding and cAMP generation (Tan et al., 2009). There are two possibilities that
may explain why these mutants have reduced plasma density but still retain relatively normal
function: i) some mutants have improved ligand binding affinities and/or signaling potencies

(e.g., H76R and D146N); ii) spare receptors may exist in the in vitro system, in which full
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response is elicited by agonists at a concentration that does not require full occupancy of the
receptor (Tao, 2005). However, spare receptors identified from in vitro system are unlikely to
exist in vivo, raising caution in the interpretation of in vitro data.

The relatively normal functional property of these mutants is not consistent with their
potential role in obesity pathogenesis. However, whether these mutations impair other aspects of
MC4R function, such as ERK1/2 signaling pathway (He and Tao, 2014), remains to be

investigated.

1.5 Therapeutic strategies for rescuing misfolded MC4R mutations
1.5.1 Molecular chaperone promotes the folding of the MC4R

In the crowded cellular environment, the newly synthesized polypeptides are marginally
stable and are at high risk of misfolding and aggregation, potentially resulting in deleterious
consequences to the cell. Therefore, a network of molecular chaperones that promote folding and
prevent aggregation are employed by the cell to avoid this undesired outcome. Molecular
chaperones, by definition, are proteins that interact with, stabilize or aid another protein to
achieve its functionally active conformation, without being present in its final structure (Hartl et
al., 2011). They are critical for maintaining protein homeostasis, a process that integrates signals
and regulates flux from protein synthesis through protein folding, misfolding, and degradation.
Several classes of molecular chaperones have been identified in the cells, such as heat shock
proteins (HSP40, HSP60, HSP70, HSP90, HSP100 and the small HSPs), calnexin and
calreticulin, protein disulfide isomerase, and other client-specific chaperones (reviewed in (Tao

and Conn, 2014)).
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Melanocortin-2 receptor (MC2R) accessory proteins (MRAPS), including MRAP and
MRAP2, have been demonstrated to be essential for the MC2R trafficking and function (Chan et
al., 2009; Metherell et al., 2005; Sebag and Hinkle, 2007), serving as MC2R specific molecular
chaperones. Indeed, the identification of MRAPs provides a molecular explanation for the
difficulties encountered in the expression of the MC2R in nonadrenal cell lines (Noon et al.,
2002). In contrast, MRAPs reduce MCA4R surface expression and responsiveness to NDP-MSH
in CHO cells cotransfected with MRAPs and MC4R (Chan et al., 2009). The two isoforms of
MRAP?2 in zebrafish appear to have different effects on MC4R function. Interaction of MRAP2a
with MC4R results in reduced affinity of the MC4R to bind with a-MSH whereas interaction of
MRAP2b with MC4R leads to inhibited receptor constitutive activity but increased potency of a-
MSH (Sebag et al., 2013). Furthermore, the physiological relevance of MRAP2 interaction with
MC4R was recently demonstrated. Majzoub, Farooqi and colleagues showed that transgenic
mice with whole body deletion and brain-specific targeted deletion of the Mrap2 gene develop
severe obesity at a young age (Asai et al., 2013). In the same study, rare heterozygous mutations
in MRAP2 are associated with early-onset severe obesity in humans (Asai et al., 2013). However,
the molecular basis of the interaction between MRAPs and MCA4R, as well as the mechanisms by
which MRAP2 exerts its effects on body weight regulation remain to be investigated.

An elegant study by Chapple and colleagues demonstrated that cytosolic chaperone system
can functionally rescue intracellularly retained mutant MC4Rs by promoting their folding
(Meimaridou et al., 2011). In that study, three naturally occurring MC4R mutations, S58C, P78L,
and D90N, are demonstrated to have decreased cell surface expression and to be retained in the
ER due to misfolding (Meimaridou et al., 2011). Cytosolic cognate 70-kDa heat-shock protein

(Hsc70) interacts with MC4R and promotes the anterograde trafficking of mutant receptors,
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resulting in increased NDP-MSH-stimulated cAMP production (Meimaridou et al., 2011). Hsc70
also increases the folding of ER-retained MC4Rs with enhanced diffusional mobility in ER
membranes, whereas coexpression with HSJ1b, a cochaperone that increases the degradation of
Hsc70 clients, decreases the cellular expression levels of MC4R (Meimaridou et al., 2011). In
addition, Hsp90 is shown to collaborate with Hsp70 in the cellular processing of MC4Rs, as
evidenced by the observation that inhibition of endogenous Hsp90 by geldanamycin reduces
cellular levels of MC4R whereas stimulation of the ATPase activity of Hsp90 by enhancing the
expression of cochaperone Ahal increases the cellular levels of MC4R (Meimaridou et al., 2011).
It should be noted that in addition to the intracellularly retained MC4R mutants, the cytosolic
Hsp70/Hsp90 chaperone system can also increase the cell surface expression and function of WT
MC4R (Meimaridou et al., 2011), consistent with previous findings that WT MC4R is not
optimally folded (Fan and Tao, 2009). Therefore, this chaperone system might represent a

potential therapeutic strategy for treating obese patients without MC4R mutations.

1.5.2 Chemical chaperone rescues misfolded MC4Rs

Chemical chaperones are small and low molecular weight molecules that non-selectively
enhance protein stability and folding. Multiple chemical chaperones have been identified and
broadly divided into two groups, osmolytes and hydrophobic chaperones (reviewed in (Cortez
and Sim, 2014; Papp and Csermely, 2006)). The mechanisms by which they promote protein
folding vary. Osmolytes such as glycerol can indirectly protect the partially folded intermediates
from aggregation by sequestering the hydrophobic residues from polar solvent (Vagenende et al.,
2009), whereas hydrophobic chaperones such as sodium 4-phenylbutyrate (4-PBA) are able to

aid protein folding by binding to the exposed hydrophobic segments of the unfolded or misfolded
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protein and/or inducing the synthesis of endogenous molecular chaperones (Papp and Csermely,
2006).

Following the demonstration that chemical chaperones can rescue mutant proteins from
aggregation or facilitate them to escape from quality control and subsequent degradation
(Burrows et al., 2000; Cheong et al., 2007; Robben et al., 2006; Rubenstein et al., 1997; Uversky
et al., 2001), the group of Baldini reported the first chemical chaperone with potential rescuing
effect on the MC4R (Granell et al., 2010). In that study, PBA partially increases the cell surface
expression of WT and three intracellularly retained mutant MC4Rs (P78L, 1316S, and 1317T)
and the rescued 1316S MCA4R at the cell surface responds to a-MSH stimulation with increased
CAMP production (Granell et al., 2010). These rescuing effects are achieved by decreasing the
misfolding of mutant receptors, as evidenced by increased proportion of cell surface 1316S
MC4R, reduced levels of ubiquitinated 1316S MC4R, and suppressed mutant-induced ER stress
(Granell et al., 2010). In another study performed by the same group, PBA exhibits similar
rescuing effects on P272L MC4R, an intracellularly retained mutant that is associated with
severe early-onset obesity (Granell et al., 2012). However, treatment with a ubiquitin activating
enzyme inhibitor, UBE-41, that suppresses MC4R ubiquitination, rescues the cell surface
expression of MC4R P272L more efficiently compared to the treatment with PBA that promotes
MCA4R folding (Granell et al., 2012). Moreover, the effects of PBA and UBE-41 are additive
(Granell et al., 2012), indicating that PBA and UBE-41 affect MC4R exit from the ER by
targeting steps that are, at least in part, independent of each other. These results suggest that
strategies aiming at the folding and/or ubiquitination step of intracellularly trapped MC4Rs by
using chemical chaperones and/or by E1 inhibitor might represent a novel approach for

personalized treatment of specific form of obesity.
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However, despite encouraging results in some disease models (Inden et al., 2007; Wiley et
al., 2011), the clinical utility of chemical chaperones is still questionable due to their lack of

specificity, high concentration required, and issues related to the intolerable toxicity.

1.5.3 Pharmacoperone stabilizes misfolded MC4Rs
1.5.3.1 Pharmacoperones for protein misfolding diseases

After the discovery of chemical chaperones that nonspecifically stabilize misfolded proteins,
Loo and Clarke initially found that substrates or modulators of P-glycoprotein specifically rescue
mutant P-glycoproteins within a few hours after addition of the substrate but do not rescue the
AF508 cystic fibrosis transmembrane conductance regulator (CFTR) (Loo and Clarke, 1997).
These substrates or modulators are now known as pharmacoperones, which are small
hydrophobic compounds that enter the cell and specifically correct the folding and routing of
misfolded proteins. Pharmacoperones stabilize the intramolecular structure and/or quaternary
structure of multimeric proteins and the rescue may occur cotranslationally or, in most cases,
posttranslationally (Arakawa et al., 2006; Leidenheimer and Ryder, 2014). Pharmacoperones are
commonly identified from substrates and inhibitors of enzymes or ligands of receptors and ion
channels. They may rescue misfolded proteins in most cellular compartments, especially in the
mitochondrion, lysosome, and ER where proteins suffer unusual stress (Loo and Clarke, 2007;
Ringe and Petsko, 2009).

Up to now, diverse pharmacoperones have been developed and pharmacoperone therapy has
been proposed as a potential treatment for many human protein misfolding diseases. These
include pharmacoperones of P53 (Bykov et al., 2002; Foster et al., 1999) and human telomerase

reverse transcriptase (Kang et al., 2016) to treat cancer, pharmacoperones of HERG potassium
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channel to treat long QT syndrome (Zhou et al., 1999), pharmacoperones of CFTR to treat cystic
fibrosis (Sampson et al., 2011; Wainwright et al., 2015), pharmacoperones of
phosphomannomutase 2 to treat congenital disorder of glycosylation (Yuste-Checa et al., 2017),
and pharmacoperones of a-galactosidase A, B-glucosidase, and aspartylglucosaminidase to treat
Fabry disease (Khanna et al., 2010; Yam et al., 2006), Gaucher disease (de la Mata et al., 2015;
Lieberman et al., 2007), and aspartylglucosaminuria (Banning et al., 2016), respectively. Most
importantly, clinical trials of several pharmacoperones have been successfully conducted and
pharmacoperone therapy is now considered as a promising alternative to gene therapy and
enzyme replacement therapy (Clancy et al., 2012; Giugliani et al., 2013; Hughes et al., 2017;
Warnock et al., 2015; Zimran et al., 2013).

In the case of GPCRs, Morello et al. were the first to use nonpeptidic antagonists to restore
the expression of mutant arginine vasopressin V2 receptors (AVPR2) (Morello et al., 2000). The
first clinical trial of pharmacoperones for GPCRs was also done on this receptor in nephrogenic
diabetes insipidus (NDI) patients (Bernier et al., 2006). Five NDI patients each bearing one type
of AVPR2 mutations were treated with SR49059 for a short-term and their 24-hour urine volume
and water intake are significantly decreased and urine osmolalities are increased (Bernier et al.,
2006). Unfortunately, the trial of SR49059 was discontinued due to side effects (Los et al., 2010).
Another AVPR2 antagonist OPC41061 (Tolvaptan) has been approved in the USA and Europe
to treat hyponatraemia and heart failure with little side effects (Farmakis et al., 2008; Schrier et
al., 2006). OPC41061 is a promising candidate as a pharmacoperone to be tested clinically for
the treatment of NDI (Los et al., 2010).

A number of ligands have been identified as pharmacoperones for several other GPCRs,

such as &-opioid receptor (Petaja-Repo et al., 2002), rhodopsin (Noorwez et al., 2003),
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gonadotropin-releasing hormone receptor (GnRHR) (Conn and Janovick, 2011), and LH receptor
(Newton et al., 2011). While most pharmacoperones of GPCRs have been tested in cellular
studies, one antagonist pharmacoperone therapy of IN3 has been successfully performed in
knock-in mouse expressing a trafficking defective GnRHR mutant (Janovick et al., 2013).
Pulsatile IN3 therapy rescues mutant GnRHR to the cell surface and restores spermatogenesis,
proteins associated with steroid transport and steroidogenesis, and androgen levels (Janovick et
al., 2013). Successful trials of pharmacoperones in humans and in animals demonstrate the

therapeutic feasibility of pharmacoperones of GPCRs in vivo.

1.5.3.2 Antagonist pharmacoperones for the MC4R

We identified the first pharmacoperone for the MC4R, ML00253764, in 2009 (Fan and Tao,
2009; Tao, 2010). ML00253764 is a small molecule antagonist (Vos et al., 2004) and partial
inverse agonist (Huang and Tao, 2012; Nicholson et al., 2006) of the MC4R that can cross the
blood-brain barrier and act on MC4R in vivo after intraperitoneal injection (Nicholson et al.,
2006; Vos et al., 2004). Since then, seven more antagonists have been developed as
pharmacoperones for the MC4R, including MTHP, PPPone, MPCI, DCPMP, NBP, Ipsen 5i, and
Ipsen 17 (Rene et al., 2010; Tao and Huang, 2014; Wang et al., 2014) (Fig. 1.2). In addition, four
more compounds (identities not disclosed) have also been reported to have chaperoning activity
on the MC4R (Ward et al., 2012), although the details have not been reported.

Antagonist-rescued proteins arrive at the plasma membrane in an antagonist-bound state,
potentially preventing the receptor being activated by endogenous agonists. In general, it is
relatively difficult for high-affinity antagonist pharmacoperones to dissociate from the target

receptor whereas it is easier for low-affinity antagonist pharmacoperones to dissociate from the
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target receptor. However, low-affinity antagonist pharmacoperones require a higher effective
concentration, which is not practical for potential therapeutic applications. For example, NBP (Ki,
2.4 nM) rescues several misfolded MC4R mutants but cannot restore their NDP-MSH
responsiveness, possibly because of prolonged binding (Rene et al., 2010). DCPMP (Ki, 0.02 uM)
(Rene et al., 2010) can rescue most of the tested mutants but have a rescue ECsp around 10 uM
whereas Ipsen 5i (Ki, 2.0 nM) (Tao and Huang, 2014) and Ipsen 17 (Ki, 0.96 nM) (Wang et al.,
2014) have a rescue ECso around 10 nM. In addition, Ipsen 5i and Ipsen 17 have relatively low
functional antagonist potencies (77 nM and 44 nM respectively) (Poitout et al., 2007) and the
signaling potency of a-MSH on Ipsen 17-treated MCA4R is only 2-fold higher than that of the
untreated WT (Wang et al., 2014). This indicates that Ipsen 5i and Ipsen 17 have a relatively
rapid dissociation rate, allowing the binding of endogenous ligands.

Ipsen 5i (Tao and Huang, 2014) and Ipsen 17 (Wang et al., 2014) have broad rescue spectra
rescuing 10 of 11 and 11 of 12 studied mutants, respectively. The signaling of fourteen rescued
mutants are proportional to or greater than the increase in cell surface expression, suggesting that
the primary defect of these mutants is misfolding resulting in detection by the cellular quality
control system and intracellular retention but not ligand binding or signaling. These mutants

retain intrinsic function and can become functional when coaxed to the cell surface.

1.5.3.3 One agonist pharmacoperone for the MC4R

In contrast to antagonist pharmacoperones, agonist pharmacoperones do not need to
dissociate from the target receptor. THIQ is a small molecule potent agonist of the MC4R (ECso,
2.1 nM) which shares part of the binding pocket with NDP-MSH (ICso, 1.2 nM) and has several

unique interaction determinants (Chen et al., 2007; Tao, 2010). THIQ shows good oral
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bioavailability and can penetrate the blood-brain barrier (Chen et al., 2007). We show that THIQ
is also a pharmacoperone of the MC4R promoting the proper folding and subsequent signaling of
intracellularly retained mutant MC4Rs (Huang and Tao, 2014b). THIQ rescues the cell surface
expression and signaling of 7 of 10 mutants studied in two physiologically relevant neuronal cell
lines, Neuro2a and NIE-115, with a rescue ECsp varying from 10 nM to 1 uM depending on the
mutants (Huang and Tao, 2014b). THIQ only rescues 3 mutants in the HEK293 cells, suggesting
a more efficient chaperoning activity of THIQ in neuronal cells than in HEK293 cells (Huang
and Tao, 2014b). However, such a difference between different cell lines is not obvious for Ipsen
51 (Tao and Huang, 2014) and ML00253764 (unpublished data). THIQ also increases the
signaling of two mutants, P78L and P260Q, without increasing their cell surface expression
(Huang and Tao, 2014b). The increased signaling might be due to signal amplification or THIQ
might induce intracellular signaling. A similar observation has been reported on AVPR2: three
cell-permeable agonists initiate intracellular signaling without promoting cell surface expression
of mutant AVPR2s (Petaja-Repo et al., 2002).

Many GPCR agonists promote receptor desensitization, internalization, and/or block the
recycling of internalized receptor (Lefkowitz, 2013; McDaniel et al., 2012; Mohammad et al.,
2007). Indeed, prolonged treatment (24 h) of THIQ decreases the cell surface expression and
signaling of WT MC4R by approximately 50% (Huang and Tao, 2014b). To avoid receptor
desensitization and internalization, screening of allosteric modulators but not agonists or
antagonists with better therapeutic potentials and less side effects will be particularly important

(Huang and Tao, 2014b; Jaffe et al., 2013; Noorwez et al., 2008; Tao, 2014; Yang et al., 2015a).
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1.5.3.4 Pharmacoperones for WT MC4R

It is well known that various WT GPCRs are not efficiently folded (see (Tao and Conn,
2014) for a comprehensive review). Pharmacoperones may promote the folding and trafficking
of WT receptors and such observations have been reported in several GPCRs, such as 3-opioid
receptor (Petaja-Repo et al., 2002) and GnRHR (Conn et al., 2007; Janovick et al., 2002). All the
eight antagonist pharmacoperones of the MC4R described above increase the cell surface
expression of the WT MC4R (Fan and Tao, 2009; Rene et al., 2010; Tao, 2010; Tao and Huang,
2014; Wang et al., 2014). Therefore, in addition to being a therapeutic avenue for obese patients
harboring MC4R mutations, pharmacoperone therapy may also be used to treat obese patients

without any MC4R mutation.

1.5.4 ER-targeted a-MSH stabilizes an active conformation of the MC4R

Recently, an interesting study has proposed an alternative approach to stabilize the active
conformation of MC4R and rescue the cell surface targeting of misfolded mutants through
intracellular delivery of the melanocortin peptide, a-MSH (Granell et al., 2013). A designed ER-
targeted a-MSH interacts with MC4R in the ER and traffic together to the cell surface where it
induces constant cCAMP and AMP kinase signaling (Granell et al., 2013). MC4R in a complex
with intracellular a-MSH exists in an active conformation that is resistant to desensitization,
lysosome degradation, and AgRP antagonism (Granell et al., 2013). Binding of intracellular o-
MSH changes the conformation of one misfolded MC4R mutant, 1316S, and promote its cell
surface expression and constant signaling (Granell et al., 2013). Chronic administration of MTII
and other agonists of the MC4R causes tachyphylaxis possibly because of desensitization of the

receptor and/or upregulation of anorexigenic hormones such as AgRP (Bluher et al., 2004;
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Pierroz et al., 2002). Thus, development of novel small molecule or peptide agonists for
intracellular targeting may constitute a therapeutic approach to promote persistent receptor

signaling with resistance to desensitization.
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Table 1.1 Functional properties of Class Il MC4R mutants that are nonfunctional with no

detectable ligand binding and/or signaling.

Class Il mutation g(er:t,::srigice -er;;?tlession Binding Signaling Cell type Reference
‘G’ ins at codon 16 | ND NA NA ND HEK?293 (Lubrano-Berthelier et al., 2006)
‘A% ins at codon 112 ND? NA ND ND gﬂISEIZZ% (Yeo et al., 2003)

NA NA NA ND HEK293 (Farooqi et al., 2003)

ND? — ND ND gﬂISE-IZZ%T (Ho and MacKenzie, 1999)
‘CTCT” del at COS-7
codon 211 ND? NA ND ND aHEKo93 | (Yeoetal., 2003)

NA NA NA ND HEK293 (Farooqi et al., 2003)
‘GATT’ ins at | ND? —a ND ND gchE-}ZZ%T (Ho and MacKenzie, 1999)
codon 244 ND NA NA ND HEK?293 (Lubrano-Berthelier et al., 2006)
‘GA’ del at codon | ~40% — ND ND HEK293 (Xiang et al., 2010)
251 NA NA NA ND COS-7 (Hinney et al., 2003)
2(7;9T " ins at codon |\ NA NA ND HEK293 (Farooqi et al., 2003)
Dell170 ~15% ~70% ND ND HEK293T (Wang and Tao, 2011)
W16X ND? NA NA ND HEK293 (Bolze et al., 2013)

~5% — >1b ND HEK?293 (Xiang et al., 2006)
Y3 NA NA ND NA HEK293 (Larsen et al., 2005)
169M ~31% NA NA ND HEK293 (Lubrano-Berthelier et al., 2006)
169R ~10% — ND ND HEK293T (Wang and Tao, 2011)

~18% — >1b ND HEK293 (Xiang et al., 2006)

~31% NA NA ND HEK293 (Lubrano-Berthelier et al., 2003)
P78L ~0.9% NA ND ND HEK293 | (Nijenhuis etal., 2003)

1? — ND ND HEK293 (Tao and Segaloff, 2003)
Y80X ND NA NA ND HEK293 (Lubrano-Berthelier et al., 2006)
C84R ~10% 40% ND |Rmax, 1ECsp | HEK293 (Fan and Tao, 2009)

NA NA NA ND COs-7 (Hainerova et al., 2007)

~45% — >1P ND HEK?293 (Xiang et al., 2010)
SR NA NA NA ND COS-7 (Hinney et al., 2003)
V5| ~2% — >1P ND HEK?293 (Xiang et al., 2006)

NA NA NA ND COs-7 (Hinney et al., 2003)

12 NA |Bmax, 11Cs0 | ND O a3 | (Yeoetal, 2003)
N97D NA NA NA ND HEK293 (Faroogi et al., 2003)

~20% — TCso 1ECso HEK?293 (Xiang et al., 2006)
G98R ~70% — >1b ND HEK?293 (Xiang et al., 2010)
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12 — NA NA HEK?293 (Tao and Segaloff, 2003)
I NA B 11Cs0 | ND COS-7 (Yeo et al., 2003)
max &HEK?293 "’
L.106P NA NA NA ND HEK293 (Faroogi et al., 2003)
~30% — — 1ECso HEK?293 (Xiang et al., 2006)
COS-7
a
125K ! NA 1Bmax, TICso | ND aHEK293 | (Yeoetal., 2003)
2% ~60% >1b ND HEK293 (Xiang et al., 2006)
S136P ~15% ~37% 1Bmax, TICs0 | ND HEK?293 (Tan et al., 2009)
C172R ND NA ND |Rmax, 1ECsp | HEK293 (Hohenadel et al., 2014)
WiT4e ~30% — >1b ND HEK293 (Xiang et al., 2010)
~10% 40% ND |Rmax, 1ECsp | HEK293 (Fan and Tao, 2009)
~30% — >1 ND HEK Xiang et al., 201
309 b 293 (Xiang et al., 2010)
G181D NA NA NA ND COS-7 (Hinney et al., 2003)
NA NA ND NA HEK?293 (Larsen et al., 2005)
1194T ~15% — ND ND HEK?293T (Wang and Tao, 2011)
~25% — ND ND HEK293T (Wang and Tao, 2011)
P260Q 12 NA NA |Rmax COS-7 (Beckers et al., 2010)
NA NA NA |Rmax HEK293 (Stutzmann et al., 2008)
1260N ~50% 70% | Bmax ND HEK?293 (Tan et al., 2009)
~40% NA | Bmax — HEK?293 (Hohenadel et al., 2014)
COS-7
a
ND NA ND ND &HEK293 (Yeo et al., 2003)
~20% — — 1ECso HEK?293 (Xiang et al., 2006)
c2ny ~38% NA NA NA HEK293 (Lubrano-Berthelier et al., 2003)
1? — ND ND HEK?293 (Tao and Segaloff, 2003)
NA NA NA ND HEK?293 (Farooqi et al., 2003)
COS-7
ND NA ND ND &HEK293 (Yeo et al., 2003)
Y287X ~25% — >1b 1ECso HEK293 (Xiang et al., 2006)
NA NA NA ND HEK?293 (Farooqi et al., 2003)
~25% — >1b ND HEK?293 (Xiang et al., 2006)
P299H ~18% NA NA ND HEK293 (Lubrano-Berthelier et al., 2003)
NA NA ND ND CHO (Roubert et al., 2010)
P299L ~30% — >1b ND HEK?293 (Xiang et al., 2010)
307X ~20% — ND ND HEK293T (Wang and Tao, 2011)
Q ~31% — ND ND HEK?293 (Santoro et al., 2009)
l: denotes significantly decreased, 1: denotes significantly increased, —: denotes no significant

change, ND: not detectable, NA: not assessed.
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¢ Indicates that the receptor expression was measured by confocal microscopy or surface

enzyme-linked immunosorbent assay.
b Indicates that the 1Cso could not be determined up to 1 uM concentrations or no competitive

displacement binding of NDP-MSH was observed.
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Table 1.2 Functional properties of Class Il MC4R mutants that are severely dysfunctional

but retain some residual ligand binding and signaling capabilities.

Class !I Cell sur-face Total . Binding Signaling Cell type Reference
mutation | expression | expression
R7C ~40% ~70% — TECso HEK?293 (Fan and Tao, 2009)
~30% — — TECso HEK293 (Xiang et al., 2006)
SEGC ~50% NA NA l|Rmax, TECso | HEK293 (Lubrano-Berthelier et al., 2003)
1? — 1 Bmax — HEK?293 (Tao and Segaloff, 2003)
NA NA — |Rmax, tECsp | CHO (Roubert et al., 2010)
~50% — >1P |Rmax, tECsy | HEK293 (Xiang et al., 2010)
E61K ~25% ~72% {Bmax, TICs0 | |Rmax HEK?293 (Tan et al., 2009)
NA NA NA JRmax HEK?293 (Calton et al., 2009)
12 NA 1Bmax, 1Cs0 | |Rmax, 1ECso gﬂ?zﬁz% (Yeo et al., 2003)
N62S ~10% — >1P 1ECso HEK293 | (Xiang et al., 2006)
ND? — 1Bmax JRmax HEK293 (Tao and Segaloff, 2003)
N72K ~3% — NA |Rmax, TECso | HEK293 (Delhanty et al., 2014)
DION ~78% — NA ND COS-7 (Biebermann et al., 2003)
~60% — — |Rmax, tECsy | HEK293 (Xiang et al., 2010)
SoaN ~50% ~70% 1 Bmax — HEK293T | (Wang and Tao, 2011)
NA NA NA JRmax HEK?293 (Stutzmann et al., 2008)
~57% NA NA ND HEK293 (Lubrano-Berthelier et al., 2003)
11025 ~8% — — 1ECso HEK?293 (Xiang et al., 2006)
—4 NA ND |Rmax, TECsp | HEK293 (Tao and Segaloff, 2005)
NA NA {Bmax, T1Cs0 | |Rmax, 1ECso | CHO (Roubert et al., 2010)
11217 ~45% — 1Cso 1ECso HEK293 (Xiang et al., 2010)
NA NA NA 1ECso COs-7 (Hinney et al., 2003)
~45% — | Bmax Rmax HEK293 (Fan and Tao, 2009)
— NA NA 1ECso HEK?293 (Lubrano-Berthelier et al., 2003)
StzrL —2 NA NA |Rmax, tECsp | HEK293T | (Valli-Jaakola et al., 2004)
NA NA M Cso TECso CHO (Roubert et al., 2010)
11377 ~30% NA | Bmax TECso HEK?293 (Nijenhuis et al., 2003)
NA NA — 1ECso HEK?293 (Xiang et al., 2006)
~60% — — 1ECso HEK?293 (Xiang et al., 2006)
T1501 — NA — JRmax, 1ECsp | HEK293 (Lubrano-Berthelier et al., 2006)
— — 1 Bmax l|Rmax, TECsp | HEK293 (Vaisse et al., 2000)
Y157S ~30% — — JRmax, TECso | HEK293 (Xiang et al., 2010)
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1? — 1Bmax JRmax HEK?293 (Tao and Segaloff, 2003)
NA NA NA |Rmax, tECsy | HEK293 (Lee et al., 2008)
M161T ~35% ~95% {Bmax, T1Cs0 | |Rmax HEK293 (Tan et al., 2009)
~20% — ND J|Rmax, 1ECsp | HEK293 Unpublished data
Ti62l ~20% 67% — |Rmax HEK?293 (Tan et al., 2009)
R165G ~10% NA | Bmax — HEK?293 (Hohenadel et al., 2014)
~25% — — TECso HEK?293 (Xiang et al., 2006)
~7.5% NA {Bmax |Rmax HEK?293 (Nijenhuis et al., 2003)
RI6SQ ~7% NA | Bmax — HEK?293 (Hohenadel et al., 2014)
NA NA NA |Rmax, tECsy | HEK293 (Farooqi et al., 2003)
~26% NA NA ND HEK?293 (Lubrano-Berthelier et al., 2006)
R165W | ~20% — — TECso HEK?293 (Xiang et al., 2006)
~9.4% NA | Bmax |Rmax HEK?293 (Nijenhuis et al., 2003)
1170V ~45% NA {Bmax |Rmax HEK?293 (Nijenhuis et al., 2003)
~84% NA NA 1ECso HEK293 (Lubrano-Berthelier et al., 2006)
P230L ~40% — {Bmax 1ECso HEK?293 (Fan and Tao, 2009)
~65% NA NA |Rmax HEK293 (Lubrano-Berthelier et al., 2006)
L250Q ~50% — L1Cso 1ECso HEK?293 (Xiang et al., 2006)
~16% NA {Bmax, ICs0 | |Rmax HEK293 (Nijenhuis et al., 2003)
~60% — — TECso HEK293 (Xiang et al., 2006)
G252S ~96% NA NA TECso HEK293 (Lubrano-Berthelier et al., 2006)
NA NA {Bmax, T1Cs0 | 1ECso CHO (Roubert et al., 2010)
~20% — | Bmax Rmax HEK293 (Fan and Tao, 2009)
F2613 12 NA NA JRmax COS-7 (Fang et al., 2008)
&HEK?293 ’
CI71R ~30% — — JRmax, TECso | HEK293 (Xiang et al., 2010)
~41% NA ND |Rmax, tECsy | COS-7 (Tarnow et al., 2003)
P272L ~30% NA NA Rmax N2A (Granell et al., 2012)
<10% NA 1Bmax, {ICs0 | |Rmax HEK?293 (Nijenhuis et al., 2003)
1301T ~25% — — 1ECso HEK?293 (Xiang et al., 2006)
~37% NA NA TECso HEK293 (Lubrano-Berthelier et al., 2006)
Y302F ~53% — — 1ECso HEK?293 (Roth et al., 2009)
A303P ~10% NA 1 Bmax — HEK293 (Hohenadel et al., 2014)
NA NA NA |Rmax, 1ECsy | HEK293 (Thearle et al., 2012)
R305W | ~69% NA NA TECso HEK?293 (Lubrano-Berthelier et al., 2006)
R310K ~47% — 1 Bmax — HEK?293 Unpublished data
~40% — | Bmax Rmax HEK293 Unpublished data
1316S NA NA NA l|Rmax, TECsp | HEK293 (Farooqi et al., 2003)
~45% — — — HEK293 (Xiang et al., 2006)
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~72% — — t ECso HEK293 (Fan and Tao, 2009)
L325F | ~70% — 11Cs0 — HEK293 | (Xiang etal., 2010)
NA NA ND NA HEK293 (Larsen et al., 2005)

l: denotes significantly decreased, 1: denotes significantly increased, —: denotes no significant

change, ND: not detectable, NA: not assessed.

& Indicates that the receptor expression was measured by confocal microscopy or surface

enzyme-linked immunosorbent assay.

b Indicates that the 1Cso could not be determined up to 1 pM concentrations or no competitive

displacement binding of NDP-MSH was observed.
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Table 1.3 Functional properties of Class Il MC4R mutants that are only mildly

dysfunctional or relatively normal.

Class !I Cell sur.face Total . Binding Signaling | Cell type Reference
mutation | expression expression
V50M ~69% NA NA — HEK?293 (Lubrano-Berthelier et al., 2003)
NA NA — — CHO (Roubert et al., 2010)
L54P ~21% ~44% — — HEK?293 (Tan et al., 2009)
169T ~44% — — — HEK293 (Tan et al., 2009)
H76R ~55% — LICso — HEK293T | (Wang and Tao, 2011)
~41% NA LICso — HEK?293 (Nijenhuis et al., 2003)
T112M —a NA — — HEK293 (Tao and Segaloff, 2005)
—a NA NA — HEK293T | (Valli-Jaakola et al., 2004)
D146N ~20% 75% Cso — HEK293T | (Wang and Tao, 2011)
1195S ~30% — L1Cso — HEK293T | (Wang and Tao, 2011)
M215L ~73% — — — HEK293 Unpublished data
~60% — — 1ECso HEK293 (Xiang et al., 2006)
A244E
NA NA NA TECso COs-7 (Hinney et al., 2003)
1251L ~25% — — — HEK293 (Xiang et al., 2006)
VoS3l ~76% NA — — HEK293 (Nijenhuis et al., 2003)
NA NA — — HEK293 (Xiang et al., 2006)
F280L ~55% — 11Cso — HEK293T | (Wang and Tao, 2011)
1? NA NA NA COs-7 (Beckers et al., 2010)
L300P ~25% — 11Cso — HEK293T | (Wang and Tao, 2011)
~60% — 1ICso — HEK293 (Xiang et al., 2006)
1317T ~66% NA NA — HEK293 (Lubrano-Berthelier et al., 2003)
~42% NA I Bmax — HEK?293 (Nijenhuis et al., 2003)
1317V ~80% — — 1ECso HEK?293 (Fan and Tao, 2009)
~60% — — — HEK293 (Xiang et al., 2010)
: denotes significantly decreased. 1: denotes significantly increased. —: denotes no significant

change. NA: not assessed.

¢ Indicates that the receptor expression was measured by confocal microscopy or surface

enzyme-linked immunosorbent assay.
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Figure 1.1 Schematic representation of the MC4R.

Mutation sites of Class Il MC4R are highlighted with black background with those that are
nonfunctional with no detectable ligand binding or signaling in pink font, those that are severely
dysfunctional but retain some residual ligand binding and signaling capabilities in light blue font,
and those that are mildly dysfunctional in light green font. Residues that have multiple mutations

classified into different classes are highlighted in white font.
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Figure 1.2 Structures of small molecule chemical chaperone (A), agonist (B), and

antagonists (C) that promote the proper folding of intracellularly retained mutant MC4Rs.
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Chapter 2

2.1 Introduction

The melanocortin-4 receptor (MC4R) belongs to the superfamily of G protein-coupled
receptors (GPCRs) consisting of the hallmark seven transmembrane domains (TMs) connected
by alternating extracellular and intracellular loops, with an extracellular N-terminus and
intracellular C-terminus (Gantz et al., 1993). The endogenous agonist of MC4R, a-melanocyte
stimulating hormone (MSH), is a small peptide derived from post-translational processing of
pro-opiomelanocortin (reviewed in (Smith and Funder, 1988)). Agouti-related protein is the
endogenous antagonist of the MC4R. Upon agonist stimulation, MC4R couples to the
heterotrimeric stimulatory G protein and then activates adenylyl cyclase to promote the
intracellular accumulation of cCAMP (Gantz et al., 1993). Other signaling pathways, including
calcium and mitogen-activated protein kinase, are also activated by the MC4R (Mountjoy et al.,
2001; Vongs et al., 2004), although the relevance of these signaling pathways in mediating the
diverse functions of the MC4R are not fully elucidated yet (reviewed in (Huang and Tao,
2014b)).

Since the cloning of human MC4R (hMC4R) in 1993 (Gantz et al., 1993), MC4R have
been cloned from a number of other mammals, including rat (Mountjoy et al., 1994), pig (Kim
et al., 2000), cattle (Haegeman et al., 2001), and dog (Skorczyk et al., 2007). In recent years,
with increasing interests in role of MC4R in energy homeostasis of lower vertebrates, MC4Rs

of some nonmammalian species including trout (Haitina et al., 2004), flouder (Kobayashi et al.,
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2008), goldfish (Cerda-Reverter et al., 2003), spiny dogfish (Ringholm et al., 2003), and
cavefish (Aspiras et al., 2015), among others, were also cloned.

During the past decade, anatomical, pharmacological and rodent genetic studies have
shown that MC4R plays a critical role in regulating food intake and energy expenditure
(reviewed in (Cone, 2005; Tao, 2005)). It regulates both energy intake and expenditure (Huszar
et al., 1997), with the effect of food intake accounting for 60% of the effect on body weight
(Balthasar et al., 2005). Human genetic studies provided further supporting evidence that the
MC4R is important in maintaining energy homeostasis in humans, playing major roles in the
development of both monogenic and polygenic obesity (reviewed in (Hinney et al., 2013; Tao,
2009)). Mutations in MC4R are the most common cause of early onset obesity, with up to 6%
of obese Caucasian kids harboring MC4R mutations (Farooqi et al., 2003). Mutations in
cavefish mc4r have been shown to contribute to the adaptation to nutrient availability (Aspiras
etal., 2015).

Giant panda (Ailuropoda melanoleuca), famous as the “living fossil”, is an ancient species
with a history of about 7 million years and an endangered species endemic to China (Lindburg
and Baragona, 2004). Due to its highly specialized feeding habits and reproductive capability,
giant panda typically has a low fertility and high neonatal mortality, contributing to the
endangered status of giant panda. There are only about 1600 giant pandas surviving in the wild.
Previous studies suggested that there is a close relationship between the nutritional status and
reproduction of the mammals (reviewed in (Tena-Sempere, 2013)). The MC4R participates in
the control of energy homeostasis as well some reproductive function (reviewed in (Tao, 2010)).
Hence cloning MCA4R is important for understanding nutritional problems and field starvation

of giant panda. So far there are few studies on the giant panda at the molecular level.
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As the central melanocortin system has been suggested to play an important role in
regulation of energy balance in a variety of species from fish to human, we propose that it is also
critical for energy homeostasis of giant panda. To begin to understand the roles MC4R might
play in regulating energy homeostasis and other physiological processes in the giant panda, we
report herein the molecular cloning and pharmacology of the giant panda MC4R (amMC4R).
Based on the sequence deposited at NCBI (reference sequence number XM002924679.1), we
designed the primers and successfully cloned amMC4R cDNA and inserted it into pcDNA 3.1, a
mammalian expression vector. We also analyzed the sequence characteristics of the protein
encoded by the cDNA and compared it with those of human and other species reported. With
hMCA4R as a control, the binding and signaling properties of amMC4R were investigated using
several agonists of the MC4R, including [Nle*, D-Phe’]-a-MSH (NDP-MSH), a- and B-MSH,
and a small molecule agonist of the MC4R, THIQ ([(N-[(3R)-1,2,3,4-tetrahydroisoquinolinium-
3-ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1-
ylmethyl)piperidin-1-yl]-2-oxoethylamine) (Sebhat et al., 2002). This study provides data for
inquiring into the hereditary traits of the gene from giant panda and basis for formulating

protective strategy for the giant panda.

2.2 Materials and Methods
2.2.1 Hormones and supplies

NDP-MSH was purchased from Peptides International (Louisville, KY). a-MSH was
purchased from Pi Proteomics (Huntsville, AL). B-MSH was purchased from CHI Scientific
(Maynard, MA). THIQ was purchased from Tocris Bioscience (Ellisville, MO). ?°|-NDP-MSH

was iodinated as previously described (Mo et al., 2012). '2°I-cAMP was iodinated with
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chloramine T method (Steiner et al., 1969). Tissue culture plastic wares were purchased from
Corning (Corning, NY). Cell culture media, newborn calf serum, and other reagents for cell
culture were obtained from SunShine (Nanjing SunShine Biotechnology Co., LTD., Nanjing,

China).

2.2.2 Materials and DNA preparation

Genomic DNA was isolated from about 200 pl of blood collected and donated by
colleagues at Yangzhou Zoo (Yangzhou, China) using the Genomic DNA Preparation Kit
according to the manufacturer's instructions (TransGen Biotech, Beijing, China). The genomic

DNA extracted were dissolved in water, and kept at -70 °C.

2.2.3 Molecular cloning of amMC4R

The amMCA4R coding region was amplified directly from giant panda genomic DNA using
a primer pair (sense primer 5’-AAGAATTCATGAACTCGACGCTCCACCATGGGATG-3’
and anti-sense primer 5’-CCTCTAGATTAATATCTGCTAGACAAGTCACAAAGGCC-37)
designed based on the published nucleotide sequence of amMC4R (NCBI reference sequence
number: XM002924679.1) incorporating EcoRI and Xbal restriction sites in sense and anti-sense
primers (underlined), respectively. PCR amplification was performed in a 25 pl mixture
containing 100 ng of the giant panda genomic DNA, 0.4 uM of each primer, 12.0 ul 2x<Easy Taq
PCR Supper Mix (TransGen Biotech) with the following cycling parameters: 2 min at 95 °C for
one cycle and 1 min at 95 °C, 60s at 56 °C, and 90 s at 72 °C for 35 cycles followed by a final

cycle of extension at 72 °C for 10 min.
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After amplification, PCR products were separated by electrophoresis in 1.5% agarose gel
with 1< TAE buffer, stained with ethidium bromide and visualized under UV light. The expected
size fragments of PCR products were harvested and purified from gel using Axygen PCR
purification kit (Axygen, Beijing, China), and then double digested with EcoRIl and Xbal
(Promega, Shanghai, China). The double digested PCR fragment was ligated into the expression
vector pcDNA3.1(+) using T4 DNA ligase (TransGen Biotech) at 16 °C for 12 hours. The
recombinant molecules were transformed into Escherichia coli competent cells (DH5a), and
then spread on the LB-plate containing 50 pug/mL ampicillin. Plasmid DNA was extracted with
Axygen mini-prepare kit (Axygen) to screen clones with the insert of expected size after
digestion with EcoRI and Xbal. The nucleotide sequence of the cloned amMC4R was determined
by sequencing three independent plasmids performed at Sangon Biotech Co. Ltd (Shanghai,
China). After verifying that the entire coding region was achieved by automated DNA
sequencing, amMC4R tagged at its N terminus (after the initiating Met) with myc tag was
generated by Sangon Biotech (Shanghai) Co. Ltd. Plasmid DNA containing a myc epitope tag
and the amMC4R of correct sequence (myc-amMC4R-pcDNA3.1) was prepared with Axygen

Plasmid Maxi kit for transfection as described below.

2.2.4 Homology and phylogenetic analysis of amMC4R

Homology and phylogenetic analyses at nucleotide and amino acid levels were performed
between different species including giant panda (Ailuropoda melanoleuca), human (Homo
sapiens), mouse (Mus musculus), rat (Rattus norvegicus), pig (Sus scrofa), cattle (Bos taurus),
dog (Canis lupus), cat (Felis catus), chicken (Gallus gallus) and zebrafish (Danio rerio) using

DNASTAR Lasergene v7.1.0 program, according to the manufacturer’s protocols.
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2.2.5 Cells and transfections

Human embryonic kidney (HEK) 293T cells, purchased from American Type Culture
Collection (Manassas, VA, USA), were grown at 5% CO; in Dulbecco's modified Eagle's
medium containing 10 mM HEPES, 10% newborn calf serum, 50 ug/ml gentamicin, and 100
units/ml of penicillin and 100 pg/ml streptomycin. For transient expression of the amMCA4Rs,
cells were plated on gelatin-coated 35 mm six-well clusters. When the cells reached 50-70%
confluency, they were transfected using calcium phosphate precipitation method (Chen and
Okayama, 1987). Ligand binding and signaling studies were performed approximately 48 h later

after transient transfection.

2.2.6 Western blot analysis

Protein for western blot was extracted from cells transfected with amMCA4R by ultrasonic
lysis. Protein samples were prepared with SDS loading buffer. After removal of cell debris by
centrifugation, aliquots of the samples (70 ug per lane) were separated by 12% SDS-PAGE and
transferred to nitrocellulose membrane (SunShine, Nanjing, China), and then blocked with TBS-
T (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 50 mM KCI, 0.05% (w/v) Tween 20) containing 5%
skim milk. After incubation in blocking solution, the filters were reacted overnight with mouse
anti-myc antibody (Invitrogen, Carlsbad. CA) in 1% bovine serum albumin (BSA) (1:5000) at
4<C. Then, the membranes were treated with horseradish peroxidase-conjugated goat anti-mouse
antibody (SunShine) in 1% BSA (1:15,000) for 1 h at room temperature, developed with an ECL

kit, and visualized using and ECL Chemiluminescence Imaging System (Bio-Rad, Hercules, CA).

2.2.7 Radioligand binding assay
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The method for ligand binding has been described in detail before (Tao and Segaloff, 2003).
Briefly, 48 h after transfection, cells were washed twice with warm Waymouth’s MN752/1
media (Sigma-Aldrich, St. Louis, MO) containing 1 mg/ml BSA (referred herein as
Waymouth/BSA). Then fresh Waymouth/BSA with or without different concentrations of
unlabeled ligands (NDP-, a- or B-MSH, THIQ) and 100,000 cpm of *?°I-NDP-MSH (50 pl) was
added to each well. The final concentrations of unlabeled ligands ranged from 107! to 10° M
for NDP-MSH or THIQ, and from 107%° to 10°> M for a- or B-MSH. The total volume is 1 ml in
each well. After incubation at 37 °C for 1 h, plates were placed directly on ice, washed twice
with cold Hanks’ balanced salt solution contain 1 mg/ml BSA. Then 100 ul of 0.5 N NaOH was
added to each well. Cell lysates were then collected from each well using cotton swabs to plastic
tubes, and counted in a gamma counter. All determinations were performed in duplicates and
three independent experiments were performed. Bmax (maximal binding) and ICsp (concentration
of unlabeled ligand that resulted in 50% displacement) were calculated using GraphPad Prism

4.0 software (San Diego, CA).

2.2.8 Intracellular cAMP generation

Forty-eight hours after transfection, HEK293T cells were washed twice with warm
Waymouth/BSA and incubated with fresh Waymouth/BSA containing 0.5 mM
isobutylmethylxanthine (Sigma-Aldrich) at 37 <C for 15 min. Then different concentrations of
NDP, a- or B-MSH, or THIQ were added into each well to make a final volume of 1 ml and
incubated at 37 <C for another 1 h. The reaction was terminated on ice and the cells were lysed
by 0.5 M perchloric acid containing 180 pg/ml theophylline and neutralized by 0.72 M KOH/0.6
M KHCOs. cAMP levels were measured using RIA. All determinations were performed in

triplicate and the experiment was repeated three times. Maximal response (Rmax) and ECsg
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(concentration of agonist that cause 50% maximal cAMP production) values were calculated

using Prism 4.0 software.

2.2.9 Statistic analysis

GraphPad Prism 4.0 Software (San Diego, CA, USA) was used to calculate ligand binding
and signaling parameters including ICso, ECso, Bmax, and Rmax. The significance of differences in
binding and signaling parameters between the human and giant panda WT MC4Rs were

analyzed using Student’s t-test with Prism 4.0.

2.3 Results
2.3.1 Nucleotide and deduced amino acid sequences of the putative amMC4R

Rompler and colleagues first reported the partial CDS sequence of the amMC4R (GenBank
accession number: EF384251.1) in 2007. The predicted complete sequence of the amMC4R was
published in 2010 (NCBI Reference Sequence: XM002924679.1) based on the shotgun genome
sequence of giant panda (Li et al., 2010). In the present study, the amMC4R we cloned matched
the predicted sequence perfectly.

We performed nucleotide sequence alignment among the obtained nucleotide sequence of
amMCA4R gene and nucleotide sequences of human, mouse, rat, pig, cattle, dog, cat, chicken and
zebrafish MC4Rs (GenBank accession number or NCBI reference sequence number:
AY?236539.1, NM_016977.3, NMO013099.2, AB021664, NM_174110.1, DQO084210.2,
XM _003995231.2, AB012211, and AY078989.1, respectively). The sequence analysis revealed
that the giant panda MC4R gene was intronless and contained an open reading frame of 999 bp
predicted to encode a protein of 332 amino acids (Fig. 2.1A). Comparison of the amMC4R

sequence with that of the MC4Rs from other species showed that amMC4R is 93.6%, 88.7%,
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88.6%, 92.2%, 89.3%, 92.2%, 94.5%, 79.9%, and 68.0% homologous at nucleotide level (Fig.
2.1B). At the amino acid level, the homology of giant panda MC4R was over 96% to human, pig,
dog, and cat, 95% to 90% to mouse, rat, and cattle, 87.3% to chicken and 71.1% to zebrafish
MC4Rs (Fig. 2.2B), with the highest homology in the TMDs, extracellular, and intracellular
loops and lower homology at the amino and carboxyl termini. Giant panda MC4R had the same
length as other mammalian (human, mouse, rat, pig, cattle, dog, and cat) MC4Rs. The chicken
MCA4R is one amino acid shorter at N-terminus than mammalian MC4Rs. The zebrafish MC4R is
three amino acids shorter at the C- and N-termini than mammalian MC4Rs, respectively (Fig.
2.2A). Phylogenetic analysis indicates that amMCA4R clustered together with MC4Rs from other
species at nucleotide level (Fig. 2.1C) but was significantly convergent from dog and cat MC4R

and to a less degree from chicken and zebrafish MC4Rs at amino acid level (Fig. 2.2C).

2.3.2 Western blot analyses of amMC4R protein

The recombinant myc-amMCA4R was transfected into HEK293T cells. Twenty-four hours
after transfection, total cellular protein was extracted and the expression of amMC4R was
examined using western blot. The sequence analysis revealed that the giant panda MC4R
encoded a receptor protein of 332 amino acids and protein molecular weight was 36.9 kDa.
Molecular weight of myc tag was about 1.2 kDa. The putative molecular weight of amMC4R
protein (with the myc tag) should be about 38 kDa. In present study, western blot analysis
revealed a protein band with a molecular weight of approximately 38 kDa (Fig. 2.3). There was
no protein band in empty vector group or un-transfected group. The result showed that
expression vector myc-amMC4R-pcDNAS3.1 was successfully constructed and the recombinant

could be expressed in HEK293T cells.
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2.3.3 Ligand binding properties of the amMCA4R to four MC4R agonists

To investigate the binding properties of amMC4R and hMC4R, we performed competitive
binding assay using '?°I-NDP-MSH as the iodinated ligand and four agonists as competitors.
NDP-MSH is a superpotent long-lasting analog of the natural agonist (a-MSH) widely used in
melanocortin receptor studies. The endogenous ligands, a- and B-MSHSs, and a small molecule
agonist of the MC4R (THIQ) were also used. Fig. 2.4 showed the results from a typical
experiment (from a total of 3 independent experiments) of ligand binding of amMC4R and
hMC4R to '2°I-NDP-MSH, displaced by unlabeled NDP-MSH (Fig. 2.4A), a-MSH (Fig. 2.4B),
B-MSH (Fig. 2.4C), or THIQ (Fig. 2.4D). The ligand-binding assays revealed that amMC4R
bound NDP-MSH with the highest affinity, followed by THIQ, a-MSH and B-MSH, the same
ranking order as hMC4R (Fig. 2.4 and Table 2.1). As shown in Fig. 2.4 and Table 2.1, amMC4R
and hMC4R bound to the same agonist with similar 1Cs0S. Bmax 0f amMC4R was 59% of that of

hMCA4R, indicating decreased expression level compared to hMC4R.

2.3.4 Signaling properties of amMCA4R to four MC4R agonists

To demonstrate whether the cloned amMCA4R is capable of producing a biologically active
receptor protein, we transfected the amMC4R construct obtained into HEK293T cells and
analyzed its signaling property using four agonists, NDP-, a-, or B-MSH, or THIQ. As shown in
Fig. 2.5, four agonists induced dose-dependent accumulations of intracellular cAMP for the
cloned amMC4R and hMC4R. amMC4R responded to NDP-, a-, or B-MSH, or THIQ
stimulation with similar Rmaxs as hMC4R. The ECsos of amMC4R to a-MSH, 3-MSH, or THIQ
were similar to hMC4R, whereas that of NDP-MSH was slightly decreased. The basal activity of

amMC4R was similar to that of hMC4R (Fig. 2.5 and Table 2.2). The data from the signaling
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assays demonstrated that NDP-MSH was the most potent agonist to stimulate dose-dependent

cAMP generation with an ECsg of 1.07 nM.

2.4 Discussion

In the present study, as the first step towards elucidating the role(s) of the MC4R in giant
panda energy homeostasis, we described the molecular cloning and pharmacological
characterization of the giant panda MC4R. Through bioinformatics analysis and progress in giant
panda genome sequencing, the putative full-length coding region of amMC4R was identified.
Primers designed based on this sequence were used to amplify the coding region from giant
panda genomic DNA by taking advantage of the fact that the mammalian MC4Rs, including the
putative amMC4R, are intronless. This amplified fragment was inserted into pcDNA3.1 and the
sequence verified.

Our results herein showed that mammalian MC4Rs all share the same gene structure and
have the coding region of the same size compared to that of h(MC4R. The amino acid sequences
are highly conserved among the mammalian MC4Rs reported. The phylogenetic analysis clearly
separated the mammalian and nonmammalian MC4Rs. Homology and phylogenetic analysis of
nucleotide sequence for MC4R of several species were in line with previous studies (Ringholm
et al., 2002; Schioth et al., 2003; Staubert et al., 2007). Western blot analysis showed that
amMCA4R protein was expressed in HEK293T cells after transient transfection of myc-amMC4R-
pcDNAZ3.1 with a molecular weight of about 38 kDa.

For future in vivo investigation of the role that amMC4R plays in giant panda energy
homeostasis, the most potent and selective agonist for amMC4R must be selected from the pool

of known MCA4R agonists. Herein, we tested the pharmacological properties of several MC4R
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agonists on the cloned amMC4R. Four ligands were used, and hMC4R was included in all
experiments for comparison. We were interested in whether amMC4R had similar pharmacology
as hMC4R. From ligand binding studies, we showed that of the four agonists tested, the rank
order in terms of affinity was: NDP-MSH, THIQ, a-MSH, and 3-MSH. Human MCA4R had the
same rank order for these ligands. Our data for amMC4R (ICso of 16.57 nM) was very close to
the numbers reported for human and dog MC4Rs (Schioth et al., 1996; Yan and Tao, 2011).

The classical signaling pathway for the MC4R is by coupling to the heterotrimeric
stimulatory G protein, with receptor activation leads to increased cAMP production, and
consequently protein kinase A activation (Gantz et al., 1993). In the present study, signal
transduction properties were analyzed by intracellular cCAMP assays after transient transfection
of amMC4R into HEK?293T cells. NDP-MSH is a superpotent long-lasting analog of the natural
agonist derived from proopionmelanocortin, a-MSH. As a commonly used analog for MCR
studies, NDP-MSH is more potent than the endogenous ligands a- and 3-MSHSs and therefore is
better for in vitro studies to elucidate the signaling property of MC4R (Fan et al., 2008; Sawyer
et al., 1980; Yan and Tao, 2011). Treatment of HEK293T cells expressing amMC4R with
different concentration NDP-MSH resulted in the dose-dependent increase of intracellular cCAMP
level. Of the four agonists, NDP-MSH was the most potent agonist, therefore would suited for
further in vivo studies to elucidate the functional importance of MC4R in energy homeostasis in
giant panda.

Here, our data obtained from B-MSH were similar to the data obtained when a-MSH was
used as the agonist, suggesting that amMC4R bound a-MSH with similar affinity and responded
with similar potency compared with B-MSH. Similar results were also obtained in chicken

MC4R (Wang et al., 2016). We concluded that a- and B-MSHs might be both important in
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activating amMCA4R. Therefore B-MSH might also be an important endogenous ligand for
activation of MC4R and regulation of energy homeostasis in different animals. Additionally,
THIQ is a highly selective nonpeptidic MC4R agonist. Recently, studies have also been
performed on the ligand binding and signaling properties of MC4R for THIQ (Hogan et al., 2006;
Pogozheva et al., 2005; Yang et al., 2009). Xiang et al. reported that THIQ might bind to
residues on the MC4R different from endogenous ligand (Xiang et al., 2007). For amMC4R and
hMCA4R, our data obtained in binding and signaling assasy from THIQ were close to NDP-MSH,
suggesting that THIQ was a superpotent agonist for the two MC4Rs.

In summary, we have cloned the amMC4R. Expression of the cloned amMC4R in
HEK293T cells revealed that indeed amMC4R was fully functional upon stimulation with
agonists in vitro. Pharmacological characterizations using four agonists revealed that the
amMC4R and hMC4R have the same rank orders in binding affinity for these ligands. The

results will lay a foundation for further study of amMCA4R on giant panda physiology.
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Table 2.1 Ligand binding properties of hMC4R and amMC4R.

Bmax 1Cs (nM)
MC4R n

(%) NDP-MSH a-MSH B-MSH THIQ
hMC4R 3 100 20.08 +2.03 410.77 +£84.54 568.55 +95.78 55.69 +15.80
amMC4R 3 59 +12 16.57 £2.53 382.73 +£14.81 556.27 +162.58 40.02 £7.76

The data were expressed as the mean &= SEM of three independent experiments. 1Cso was the
concentration of ligand that was needed to cause 50% inhibition in the binding assay.

& Significantly different from hMC4R, p < 0.001.
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Table 2.2 Agonist-stimulated cAMP responses of hMC4R and amMC4R.

NDP-MSH a-MSH B-MSH THIQ
MC4R n

ECso (nM) Rmax ECso (n M) Rmax ECso (nM) Rmax ECso (nM) Rmax
hMC4R 3 238%0.13 100 3.68 £0.53 100 2.37 £0.55 100 4.35+0.20 100

amMC4R 3 1.07 +0.23* 104 7 3.14+0.15 105=+8 2.02+0.19 106 +8 3.12+0.99 117 +12

The data were expressed as the mean & SEM of three independent experiments. ECso was the
concentration of agonist that results in 50% stimulation of the maximal response. The maximal
response (Rmax) Was 3382 +743 pmol cAMP/10° cells for hMC4R under NDP-MSH stimulation,
2791 £578 pmol under a-MSH stimulation, 2536 +578 pmol under 3-MSH stimulation, and
3147 £410 pmol under THIQ stimulation.

& Significantly different from hMC4R, p < 0.001.
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Figure 2.1 Deduced nucleotide and amino acid sequences of amMC4R and comparison
with MC4Rs from other species.

(A) Sequence of the full-length amMC4R cDNA with in silico translation is shown. Underlined
sequence indicates restriction sites of the primers used for amplification of the cDNA by PCR.
The sequence of myc tag is shaded in gray. (B) Homology and (C) phylogenetic analysis of

MC4R nucleotide sequences from several species.

A

AAGAATTCGCCACCATGGAACAAAAGCTGATCTCAGAAGAAGACCTARACTCGACGCTC 15
M N S T L 5
CACCATGGGATGCACACTTCCCTCCACTTCTGGAACCGCAGCACCTACAGACAGCACGCC 75
H H G M H T S L HF WDNIR S T Y R Q H A 25
AATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTATGAGCAACTTTTT 135
N A S E S L G K G Y s bD G G C Y E Q L F 45
GTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATAAGCTTGTTGGAGAATATTCTGGTG 195
v 8 P E V F VvV T L 6 VvV I 8 L L ENTIULYV 65
ATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTTCATCTGTAGC 255

I vV A I A KNI KDNUILH S P M Y F F I C S 85
CTGGCTGTGGCAGATATGTTGGTGAGCGTTTCGAACGGCTCAGAAACCATTGTCATCACC 315

L AV A DMUL V S V S NG s E T I Vv I T 105
CTGTTAAACAGTACGGATACGGACACGCAGAGTTTCACAGTTAATATTGATAATGTCATT 375

L L N S T D TD T Q S F T VNI DNV I 125

GACTCGGTGATCTGTAGCTCCTTGCTTGCATCGATTTGCAGCCTGCTTTCAATTGCAGTG 435

D S v I ¢C $ $ L L A S I C s L L S I AV 145
GACAGGTACTTTACTATCTTTTATGCTCTCCAGTACCATAACATCATGACGGTTAGGCGG 495

D R Y F T I F Y A L Q ¥ H N I M T V R R 165
GTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCGGGCATTCTGTTCATC 555

v ¢ I I I §$s C I WA AC T V S G I L F I 185
ATTTACTCGGACAGTAGTGCTGTGATCATCTGCCTCATCACCATGTTCTTCACCATGCTG 615

I ¥ $S b s s A v I I CcCL I TMU FVF T ML 205
GCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTCATGGCCAGACTGCACATTAAGAGA 675

A L M A S L Y V H M F L MAIRLH I K R 225
ATCGCGGTCCTCCCAGGCACTGGCACCATCCGCCAAGGTGCCAACATGAAGGGTGCGATT 735

I AV L P G T G T I R Q G A NMIK G A I 245
ACCTTGACCATACTGATCGGGGTCTTTGTTGTCTGCTGGGCCCCATTCTTCCTCCACTTA 795

T L T I L I G V F vV vV C W A P F F L H L 265
ATATTCTACATCTCTTGTCCCCAGAATCCATACTGTGTGTGTTTCATGTCTCACTTTAAC 855

I F ¥ I s C P Q N P Y C V C F M S H F N 285
TTGTATCTCATCCTGATCATGTGTAATTCCATCATCGACCCTCTAATTTATGCACTCCGG 915

L ¥ L I L I M CN S I I D P L I Y A L R 305
AGCCAAGAACTGAGGAAGACCTTCAAAGAGATCATCTGTTGCTATCCCCTAGGCGGCCTT 975

S @ E L R K T F K E I I C C Y P L G G L 325
TGTGACTTGTCTAGCAGATATTAATCTAGAGG 996

C DL S S RY 332
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Giant
Human Mouse Rat Pig Cattle Dog Cat  Chicken Zebrafish

panda

Giant panda  100.0 93.6 88.7 88.6 92.2 89.3 92.2 94.5 79.9 68.0

Human 100.0 88.9 88.5 92.1 87.0 89.5 92.9 80.9 68.1
Mouse 100.0 95.0 88.3 85.3 87.5 88.2 78.4 68.7
Rat 100.0 88.2 85.4 87.1 88.1 78.6 69.4
Pig 100.0 89.1 90.1 91.9 80.0 69.7
Cattle 100.0 88.1 89.0 78.5 70.1
Dog 100.0 914 79.7 69.2
Cat 100.0 81.1 69.1
Chicken 100.0 67.2
Zebrafish 100.0
Giant panda
Cat
Human
Pig
— Dog
Mouse
Fat
Cattle
7] Chicken
310 Zehbrafish
T T T T 1
20 15 10 5 0

Mucleotide Substitutions (x100)
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Figure 2.2 Comparison of amino acid sequences between amMC4R and MC4Rs from other
species.

(A) Alignment of the amino acid sequences between giant panda (amMC4R) and human
(hMC4R), mouse (MMC4R), rat (rMC4R), pig (SMC4R), cattle (bMC4R), dog (cMC4R), cat
(fFMC4R), chicken (gMC4R) and zebrafish (dAMC4R) MCA4Rs. Positions of different regions of
the receptor are indicated above the sequences and labeled as follows: transmembrane domains
as TMD 1-7, extracellular loops as EL 1-3, intracellular loops as IL 1-3, amino and carboxyl
termini as extracellular amino terminus and cytoplasmic tail respectively. The conserved residues
are indicated with stars below (*). The transmembrane domains are shaded in gray. (B)

Homology and (C) phylogenetic analysis of MC4R amino acid sequences from several species.
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A

Extracellular Amino Terminus TMD1 IL1

amMC4R 1 MNSTLHHGMHTSLHFWNRSTYRQHANASESLGKGYSDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
hMC4R 1 MVNSTHRGMHTSLHLWNRSSYRLHSNASESLGKGYSDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
mMC4R 1 MNSTHHHGMYTSLHLWNRSSYGLHGNASESLGKGHPDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFF I
fMC4AR 1 MNSTHHHGMYTSLHLWNRSSHGLHGNASESLGKGHSDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
sMC4R 1 MNSTHHHGMHTSLHFWNRSTYGLHSNASEPLGKGYSEGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFEFI
bMC4R 1 MNSTQPLGMHTSLHSWNRSAHGMPTNVSESLAKGYSDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
cMC4R 1 MNSTLQHGMHTSLHFWNRSTYGQHGNATESLGKGYPDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
fMC4AR 1 MNSTHHHGMHTSLHFWNRSTYGPHSNASESPGKGYSDGGCYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHSPMYFFI
gMC4R 1 MNFTQHRGTLQPLHFWNQSN-GLHRGASEPSAKGHSSGGCYEQLFVSPEVFVTLGI ISLLENVLVIVAIAKNKNLHSPMYFFI
dMC4R 1 MN-TSHHHGLHHSFRNHSQGALPVGKPSHGDRG--SASGCYEQLLISTEVFLTLGLVSLLENILVIAAIVKNKNLHSPMYFFI
* [ Xk ok ok ok ok ox Kok ok K Kk Kk ok K Ak ok ok ok Kk K K K K ok Kk X %
TMD2 EL1 TMD3 IL2
amMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDTQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVRRV
hMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVKRYV
mMMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVRRYV
IMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVRRV
SMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVKRYV
bMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVDIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVKRYV
cMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVRRV
fMC4R 84 CSLAVADMLVSVSNGSETIVITLLNSTDTDAQ-SFTVNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVRRV
gMC4R 83 CSLAVADMLVSVSNGSETIVITLLNNTDTDAQ-SFTINIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMTVKRYV
dMC4R 81 CSLAVADLLVSVSNASETVVMALITGGNLTNRESI IKNMDNVFDSMICSSLLASIWSLLAIAVDRYITIFYALRYHNIMTQRRA
Kok ok K K K Kk ok K K K Kk Kk Xk Xk * * Kok ok K ok koK K K K ok ok ok kK ok ok Kk Kk K K ok ok Kk X K K ok Kk kX K K Kk K *
TMD4 EL2 TMD5 IL3
amMC4R 167 G 1 | | SCIWAACTVSGILFIIYSDSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGTIRQGANMKGAITLTI
hMC4R 167 G 1 | | SCIWAACTVSGILFI I YSDSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGAIRQGANMKGAITLTI
mMMC4R 167 G| | | SCIWAACTVSGVLFI|I|IYSDSSAVIICLISMFFTMLVLMASLYVHMFLMARLHIKRIAVLPGTGTIRQGTNMKGAITLTI
MC4R 167 G 1 | | SCIWAACTVSGVLFI |IYSDSSAVIICLITMFFTMLVLMASLYVHMFLMARLHIKRIAVLPGTGTIRQGANMKGAITLTI
SMC4R 167 G| | | SCIWAVCTVSGVLFI|IYSDSSAVIICLITVFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGTIRQGANMKGAITLTI
bMC4R 167 A1 T|I SAIWAACTVSGVLFI I YSDSSAVIICLITVFFTMLALMASLYVHMFLMARLHIKRIAVLPGSGTIRQGANMKGAITLTI
CMC4R 167 G I | | SCIWAACTVSGILFIIYSDSTAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGTIRQGANMKGAITLTI
fMC4R 167 G| | | SCIWAACTVSGVLFI I YSDSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGTIRQGANMKGAITLTI
gMC4R 166 GV I I TC IWAACTVSGILFI IYSDSSVVIICLISMFFTMLILMASLYVHMFMMARMHIKKIAVLPGTGPIRQGANMKGAITLTI
dMC4R 165 GT | I TCIWTFCTVSGVLFIVYSESTTVIICLISMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPIWQAANMKGAITLTI
TMD6 EL3 TMD7 Cytoplasmic Tail
amMC4R 250 L IGVFVVCWAPFFLHLIFYI SCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEI ICCYPLGGLCDLSSRY
hMC4R 250 L IGVFVVCWAPFFLHLIFYI SCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEI ICCYPLGGLCDLSSRY
mMMC4R 250 L I GVFVVCWAPFFLHLLFY|ISCPQNPYCVCFMSHFNLYLILIMCNAVIDPLIYALRSQELRKTFKEIICFYPLGGICELSSRY
MC4R 250 L IGVFVVCWAPFFLHLLFYISCPQNPYCVCFMSHFNLYLILIMCNAVIDPLIYALRSQELRKTFKEIICFYPLGGICELPGRY
SMC4R 250 L IGVFVVCWAPFFLHLIFYISCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEIICCYPLGGLCDLSSRY
bMC4R 250 L I GVFVVCWAPFFLHLIFYISCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEI ICCSPLGGLCDLSSRY
CcMC4R 250 L IGVFVVCWAPFFLHLIFYISCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEIICCYPLGGLCDLSSRY
fMC4R 250 L IGVFVVCWAPFFLHL IFYI SCPQNPYCVCFMSHFNLYLILIMCNSI IDPLIYALRSQELRKTFKEIICCYPLGGLCDLSSRY
gMC4R 249 L IGVFVVCWAPFFLHLIFYISCPYNPYCVCFMSHFENFYLILIMCNSI IDPLIYAFRSQELRKTFKEI ICCCNLRGLCDLPGKY
dMC4R 248 LLGVFVVCWAPFFLHLILMISCPRNPYCVCFMSHFNMYLILIMCNSVIDPLIYAFRSQEMRKTFKEICCCWYGLASLCV
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Figure 2.3 Western blot analysis of the expression of the cloned amMC4R.
Protein samples were extracted from cells transfected with the cloned amMC4R (lane A), cells
transfected with empty vector (lane B), and non-transfected cells (lane C). Seventy micrograms

of protein was loaded in each lane. The molecular weights of standard marker proteins are

indicated at the left.
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Figure 2.4 Ligand binding properties of the cloned amMC4R in HEK293T cells.

HEK293T cells were transiently transfected with the cloned amMC4R (hMC4R was used as a

control), and binding properties of the MC4Rs were measured as described in Section 2.

Different concentrations of unlabeled agonists were used to displace the binding of %°I-NDP-

MSH to MC4Rs on intact cells (A, NDP-MSH; B, a-MSH; C, B-MSH; D, THIQ). Results

shown were expressed as mean % of hMC4R binding *range from duplicate determinations

within one experiment. All experiments were performed three times.
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Figure 2.5 Signaling properties of the cloned amMC4R in HEK293T cells.

HEK293T cells were transiently transfected with the cloned amMC4R (hMC4R was used as a
control), and signaling assays were performed as described in Section 2. For measurement of
CAMP accumulation, the transfected cells were stimulated with various concentrations of
agonists (A, NDP-MSH; B, a-MSH; C, B-MSH; D, THIQ). Intracellular cAMP levels were

measured by RIA. Results were expressed as the mean =SEM of triplicate determinations within

one experiment, and all experiments were performed three times.
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Chapter 3

3.1 Introduction

Obesity is a complex metabolic disorder caused by an imbalance of food intake and energy
expenditure. Human obesity has reached epidemic levels worldwide and caused substantial
public health crisis due to its close association with several medical conditions, including type 2
diabetes mellitus, hypertension, and cardiovascular disease as well as certain types of cancer
(reviewed in (Haslam and James, 2005; Tao et al., 2013)). In the past two decades, several genes
have been identified to be associated with obesity, and mutations in the melanocortin-4 receptor
(MC4R) gene have been characterized as the most common cause of monogenic obesity in
human, with a prevalence of up to 6% in some populations with early-onset morbid obesity
(Hinney et al., 2003).

The MC4R belongs to family A rhodopsin-like G protein-coupled receptors (GPCRS) with
the hallmark structure of seven transmembrane (TM) domains. The MCA4R is primarily expressed
in central nervous system (Gantz et al., 1993; Mountjoy et al., 1994) and plays a vital role in
regulating both food intake and energy expenditure (Huszar et al., 1997). The endogenous
ligands for MC4R include agonistic peptides derived from processing of proopiomelanocortin
and the antagonist agouti-related peptide (reviewed in (Tao, 2010)). Since MC4R primarily
couples to the stimulatory G protein, receptor activation enhances the adenylyl cyclase activity,
which results in increased intracellular cAMP production and subsequent activation of protein

kinase A. MC4R activation by a-melanocyte stimulating hormone (a-MSH) leads to decreased
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food intake and increased energy expenditure whereas antagonism of MC4R by agouti-related
peptide results in positive energy balance (Fan et al., 1997; Ollmann et al., 1997).

Since two groups of O’Rahilly and Froguel independently reported that frameshift
mutations in the MC4R are associated with severe early-onset obesity (Vaisse et al., 1998; Yeo et
al., 1998), more than 170 distinct mutations in the coding region of the MC4R gene have been
identified from different patient cohorts (Hinney et al., 2013; Tao, 2009). These mutations are
divided into five classes according to a classification scheme based on the life cycle of GPCRs
(Tao, 2005; Tao and Segaloff, 2003). Class | mutants have decreased receptor biosynthesis
and/or increased receptor degradation; Class Il mutants are synthesized but trapped
intracellularly; Class 111 mutants are expressed on the cell membrane but have defects in binding
to the ligand; Class IV mutants exhibit normal cell surface expression and ligand binding but are
defective in cAMP signaling; Class V mutants behave normally in all the parameters mentioned
above, therefore their potential pathogenic role in obesity remains elusive.

Previously, several groups reported the identification of nine MC4R mutations in various
patient cohorts. They are L23R (Wang et al., 2006) in the N-terminus, K73R (Nowacka-Woszuk
et al., 2011) in intracellular loop (IL) 1, T101IN (Buchbinder et al., 2011) in TM2, T112K
(Hinney et al., 2006) in extracellular loop 1, M161T (Tan et al., 2009) in IL2, L207V (Rouskas
etal., 2012) in TM5, M215L (Nowacka-Woszuk et al., 2011) in IL3, R310K (Wang et al., 2006)
and 1316S (Yeo et al., 2003) in the C-terminus (shown schematically in Fig. 3.1). The clinical
characteristics of the patients harboring these mutant MC4Rs are listed in Table 3.1. However,
these mutants were either not characterized or characterized incompletely. In the current study,
we investigated the total and cell surface expression, ligand binding, and cAMP signaling

properties of these mutant receptors.
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MC4R also activates ERK1/2 signaling pathway (Chai et al., 2006; Mo and Tao, 2013),
which has been suggested to be related to MC4R function of energy homeostasis in vivo (Daniels
et al., 2003; Sutton et al., 2005). We previously showed that defects in the basal or ligand-
stimulated ERK1/2 signaling might be associated with the obesity pathogenesis in patients
harboring Class V MC4R mutations (He and Tao, 2014). We and others also reported unbalanced
cAMP and ERK1/2 signaling in the MC4R (He and Tao, 2014; Mo and Tao, 2013; Patten et al.,
2007). Therefore, the ERK1/2 signaling pathway of naturally occurring MC4R mutations might
be important to unravel the MC4R functions and was also investigated.

Extensive functional studies of obesity-associated MC4R mutations have shown that the
majority of inactivating mutants are trapped intracellularly (Hinney et al., 2013; Tao, 2009).
However, some mislocalized mutant receptors with minor defects might still retain the potential
to function normally if they were escorted to the plasma membrane. Pharmacological chaperone
(pharmacoperone) has emerged as a promising therapeutic approach for correcting the
dysfunctional misfolded receptors by selectively stabilizing the proteins and facilitating their
trafficking to their sites of action. A number of small molecules, including agonists, antagonists,
and allosteric modulators, have been identified as pharmacoperones for a diverse array of GPCRs
using in vitro system (Chen et al., 2006; Huang and Tao, 2014b; Janovick et al., 2002; Morello et
al., 2000; Newton et al., 2011; Noorwez et al., 2004). Several in vivo studies demonstrated high
efficacy of pharmacoperones in transgenic animals and clinical trials (Bernier et al., 2006;
Janovick et al., 2013; Los et al., 2010). We previously reported that two MC4R inverse agonists,
Ipsen 5i and ML00253764, promote proper folding and trafficking of some Class Il mutant
MC4Rs (Fan and Tao, 2009; Tao and Huang, 2014). Here the general effects of these two small

molecules on Class Il mutant MC4Rs were also investigated.
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3.2 Materials and Methods
3.2.1 Materials

[Nle*, D-Phe]-a-melanocyte stimulating hormone (NDP-MSH) was purchased from
Peptides International (Louisville, KY) and iodinated as described previously (Mo et al., 2012).
a-MSH was purchased from Phoenix Pharmaceuticals (Belmont, CA). Melanotan Il (MTII) (Al-
Obeidi et al., 1989) and THIQ (Sebhat et al., 2002) were purchased from Tocris Bioscience
(Elisville, MO). Ipsen 5i (Poitout et al., 2007) and ML00253764 (Vos et al., 2004) were custom

synthesized by Enzo Life Science (Plymouth Meeting, PA).

3.2.2 Site-directed mutagenesis

Mutant hMC4Rs were generated by QuickChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA) using the (wild-type) WT receptor as the template (Tao and Segaloff, 2003).
Automated DNA sequencing was performed by DNA Sequencing Facility of University of
Chicago Cancer Research Center (Chicago, IL) to verify the presence of desired mutations and

the absence of errors in the coding sequences.

3.2.3 Cell culture and transfection

HEK293 and 293T cells were purchased from American Type Culture Collection
(Manassas, VA) and were cultured in DMEM with 10% newborn calf serum, 10 mM HEPES,
100 units/ml penicillin, 100 ug/ml streptomycin, 0.25 pg/ml amphotericin B, and 50 pg/ml
gentamicin. HEK293T cells were plated into gelatin-coated 35 mm six-well clusters, transfected
with the WT or mutant constructs at 50-70% confluency using calcium phosphate precipitation

method (Chen and Okayama, 1987), and were assayed for binding and signaling 48 h later. For
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Western blot, HEK293T cells were seeded into gelatin-coated 100 mm dishes and were
transfected using the same method. For confocal microscopy and flow cytometry, stable cells
were established after transfection of HEK293 cells and selection with G418 as described

previously (Tao and Segaloff, 2003).

3.2.4 Confocal microscopy

The method for confocal microscopy has been described earlier (Tao and Segaloff, 2003).
On the day of experiment, stably transfected HEK293 cells were washed three times with filtered
PBS-IH, fixed with 4% paraformaldehyde for 30 min, and blocked with 5% bovine serum
albumin (BSA) for 1 h. Cells were then incubated with 9E10 monoclonal anti-myc antibody
(1:100; Developmental Studies Hybridoma Bank, the University of lowa, lowa City, 1A) for 1 h,
and this was followed by incubation with Alexa Fluor 488-conjugated goat anti-mouse 1gG
(1:1000; Invitrogen, Carlsbad, CA) for 1 h. After being washed for 5 times, cells were covered
by VectaShield Mounting Media (Vector Laboratories, Burlingame, CA) and a glass coverslip.

Fluorescent images were taken using a Bio-Rad laser scanning confocal microscope.

3.2.5 Flow cytometry

Flow cytometry was performed as described previously (Wang and Tao, 2011). On the day
of experiment, cells were rinsed once with ice-cold PBS-IH and collected. The antibodies used
and dilutions of antibodies were the same as described above for confocal microscopy.
Fluorescence signals were measured with a C6 Accuri Cytometer (Accuri Cytometers, Inc, Ann
Arbor, MI). All the steps were performed at room temperature. Fluorescence from cells stably

transfected with pcDNA3.1 empty vector was used to measure background staining. The
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expression levels of each mutant were calculated as a percentage of WT MC4R expression using
the formula: (mutant fluorescence — pcDNAS3.1 fluorescence)/(WT fluorescence — pcDNA3.1

fluorescence) ><100%.

3.2.6 Radioligand binding assay

Forty-eight hours after transfection, cells were washed twice with warm Waymouth’s
MB752/1 media (Sigma-Aldrich, St. Louis, MO) containing 1 mg/ml BSA (Waymouth/BSA).
Then cells were incubated with 1 ml Waymouth/BSA containing 50 pl, 100,000 cpm of |-
NDP-MSH, and with or without different concentrations of NDP- or a-MSH at 37 <C for 1 h.
Cells were then washed twice with cold Hank’s balanced salt solution to terminate the reactions,

lysed by 100 ul 0.5 N NaOH, collected with cotton swabs, and counted in a gamma counter.

3.2.7 cAMP assay

Forty-eight hours after transfection, cells were washed twice with warm Waymouth/BSA
and then incubated with fresh Waymouth/BSA containing 0.5 mM isobutylmethylxanthine
(Sigma-Aldrich) at 37 <C for 15 min. Then either buffer alone or different concentrations of
NDP- or a-MSH were added and the incubation was continued for 1 h. The reaction was
terminated on ice and the intracellular cAMP was extracted by the addition of 0.5 N perchloric
acid containing 180 ug/ml theophylline and 0.72 M KOH/0.6 M KHCO3 into each well. cAMP
concentrations were determined by radioimmunoassay as described in detail before (Steiner et al.,

1969).

3.2.8 ERK1/2 phosphorylation assay
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Twenty-four hours after transfection, cells were starved in Waymouth/BSA at 37 <C for
another 24 h. Upon treatment with or without 1 uM NDP-MSH or 10 uM o-MSH at 37 <C for 5
min, cells were collected after being washed with cold 0G (150 mM NaCl and 20 mM Hepes, pH
7.4). Total protein concentrations were determined by Bradford protein assay, and 30 ug protein
samples were separated by 10% SDS-PAGE and blotted onto pre-wetted PVDF membranes.
After blocking in 10% nonfat dry milk for at least 4 h at room temperature with agitation, the
membranes were then immunoblotted with the primary antibodies, rabbit anti-pERK1/2 antibody
(1:2000; Cell Signaling, Billerica, MA) and mouse anti-B-tubulin antibody (1:5000;
Developmental Studies Hybridoma Bank, the University of lowa) overnight at 4 <C. This was
followed by the incubation of the HRP-conjugated secondary antibodies, donkey anti-rabbit 19G
(1:2000; Jackson ImmunoResearch, West Grove, PA) and donkey anti-mouse 1gG (1:5000;
Jackson ImmunoResearch) for at least 1 h at room temperature. Specific bands were visualized
with ECL reagent (Thermo Scientific, Rockford, IL) and were analyzed and quantified by Image

J Software (NIH, Bethesda, MD).

3.2.9 Antagonist treatment of the HEK293 cells

This method was performed as described before (Fan and Tao, 2009). Briefly, HEK293
cells stably expressing WT, M161T, or 1316S MC4Rs were plated on gelatin-coated six-well
plates. Then cells were incubated in the presence of 0.1% DMSO, 1 uM Ipsen 5i, or 10 uM
ML00253764 at 37 <C for 24 h. On the day of experiment, cells were either immunostained at
non-permeabilized status for flow cytometry study or stimulated with 1 uM NDP-MSH for 1 h

for CAMP signaling assay.
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3.2.10 Statistical analysis

Ligand binding and signaling data were analyzed using GraphPad Prism 4.0 to calculate
maximal binding (Bmax), 50% inhibition concentration (ICso), maximal response (Rmax), and 50%
maximal response concentration (ECso). The significance of differences in cell surface and total
expression levels, pEKR1/2 levels, as well as binding and signaling parameters between the WT

and mutant hMC4Rs were analyzed using Student’s t-test with Prism 4.0.

3.3 Results
3.3.1 Localization of WT and mutant hMC4Rs by confocal microscopy

Previous studies suggested intracellular retention is the predominant defect in naturally
occurring mutant hMC4Rs. Therefore, we performed confocal microscopy to study the
localization of these hMC4Rs. The monoclonal antibody 9E10, which selectively binds to the
myc epitope tag at the N-terminus of hMCA4R, revealed the localization of hMC4R. As shown in
Fig. 3.2, T112K, M161T, M215L, R310K, and 1316S had significantly reduced or even absent
cell surface expression whereas the rest of mutants were expressed at the cell surface as good as

WT hMCA4R.

3.3.2 Quantification of WT and mutant hMCA4R expression by flow cytometry

To quantitate the expression of mutant hAMC4Rs, flow cytometry was performed. Consistent
with the confocal microscopy results, the data from non-permeabilized cells showed that T112K,
M161T, M215L, R310K, and 1316S had significantly reduced cell surface expression compared

to WT control (Fig. 3.3A). The results from permeabilized cells showed that all the mutants had
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similar total expression levels as those of WT hMC4R except that T112K had a small but

statistically significant decrease in total expression levels (Fig. 3.3B).

3.3.3 Ligand binding of WT and mutant hMC4Rs

To investigate whether the MC4R mutations cause alterations in the ligand binding
properties of the receptor, competitive ligand binding assays were performed using NDP- or a-
MSH as the competitor. NDP-MSH is a synthetic superpotent agonist and o-MSH is a natural
agonist for MCRs except MC2R. Both agonists are widely used in MC4R functional studies.

When NDP-MSH was used as the ligand, M161T had no detectable binding whereas
R310K and 1316S showed increased affinity compared to the WT hMC4R (Fig. 3.4A and Table
3.2). When a-MSH was employed as the competitor, similar results were observed except that
R310K had normal 1Cso (Fig. 3.4B and Table 3.2). Maximal binding values were also calculated
from the binding assays. In addition to M161T with no measurable binding, three mutants,
T101N, R310K, and 1316S, had significantly reduced Bmax compared to the WT hMC4R (Fig.

3.4 and Table 3.2).

3.3.4 cAMP signaling of WT and mutant hMC4Rs

To investigate whether the missense MC4R mutations alter the signaling properties, the
agonist-induced intracellular cAMP production was measured. As shown in Fig. 3.5A-B and
Table 3.3, WT hMCA4R showed a dose-dependent increase in intracellular cAMP accumulation in
stimulation with NDP- and a-MSHSs, with ECsgs of 0.34 and 2.64 nM, respectively. When NDP-
MSH was used as the ligand, all the mutants showed similar Rmax and ECso values as those of

WT hMCA4R except that L207V and R310K had significantly decreased ECsos (Fig. 3.5A and
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Table 3.3). When a-MSH was used as the ligand, M161T only responded to > 1 uM a-MSH
stimulation (Fig. 5B). T101N had increased ECso and 1316S displayed decreased Rmax, whereas
the other mutants could signal similarly as the WT hMCA4R (Fig. 3.5B and Table 3.3).

Since it has been suggested that constitutive activity of MC4R might be important for
maintaining long-term energy homeostasis in human (Srinivasan et al., 2004), we also measured
the basal activity. The basal CAMP levels of the WT receptor were 24.30 +4.85 pmol/10° cells.
Four mutants, L207V, M215L, R310K, and 1316S, displayed significant elevation in basal
activity whereas M161T had lower basal CAMP levels compared to WT hMCA4R. The other

mutants exhibited normal basal signaling (Fig. 3.5C).

3.3.5 ERK1/2 signaling of WT and mutant h(MC4Rs

Both in vitro and in vivo studies have demonstrated that MC4R activation leads to ERK1/2
phosphorylation and defective ERK1/2 signaling might be involved in obesity pathogenesis.
Therefore, the ERK1/2 signaling of mutant h(MC4Rs were also investigated.

Upon stimulation with 1 uM NDP-MSH, WT and five mutant hMC4Rs (L23R, T112K,
M161T, M215L, and R310K) showed significantly increased pERK1/2 levels compared to basal
condition whereas K73R, T101N, L207V, and 1316S failed to respond to NDP-MSH stimulation
in ERK1/2 activation (Fig. 6A-B). Upon stimulation with 10 uM a-MSH, WT and six mutant
hMC4Rs (K73R, T112K, M161T, L207V, M215L, and R310K) showed significantly elevated
ERK1/2 phosphorylation whereas L23R, T101N, and [316S did not respond to o-MSH
stimulation in the ERK1/2 activation (Fig. 6C-D).

In addition, we showed that all the mutants, including the L207V, M215L, R310K, and

I316S that were constitutively active in the cCAMP pathway as well as M161T that exhibited
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decreased basal CAMP levels, had similar basal pERK1/2 levels as those of WT hMC4R (Fig.

3.6E).

3.3.6 MTII or THIQ-induced cAMP signaling of M161T hMC4R

Interestingly, our data showed that M161T exhibited severely impaired CAMP signaling in
response to a-MSH but had normal NDP-MSH-stimulated cCAMP production (Fig. 3.5A-B). To
test whether other MC4R agonists could also induce normal cAMP signaling of M161T, MTII
and THIQ, two potent synthetic MC4R agonists with nanomolar potency, were employed (Al-
Obeidi et al., 1989; Sebhat et al., 2002). Our results showed that the ECsos of MTII and THIQ for
the WT MCA4R was 0.58 and 2.36 nM, respectively (data not shown). In addition, M161T failed
to respond to MTII (Fig. 3.7A) and only had a modest increase in the CAMP levels upon 1 uM

THIQ stimulation (Fig. 3.7B).

3.3.7 Functional rescue of thirteen Class 11 hMC4Rs

Since Ipsen 5i or ML00253764 have been reported as pharmacoperones for MC4R (Fan and
Tao, 2009; Tao and Huang, 2014), we measured the effects of these two small molecules on the
cell surface expression and function of M161T and 1316S, together with other eleven Class Il
MC4R mutants (including 169T, 1102S, T162l, R165Q, R165W, 1195S, 1269N, Y287X, P299H,
A303P, and Q307X).

HEK?293 cell stably expressing WT and mutant hMC4Rs were incubated with 1 uM Ipsen
5i or 10 uM ML00253764 for 24 h and assayed for flow cytometry. As shown in Fig. 3.8A,
the cell surface expression of eleven mutants (169T, 1102S, M161T, T162l, R165Q, R165W,

1195S, 1269N, P299H, A303P, and 1316S) treated with Ipsen 5i were dramatically increased to a
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level that were similar or even higher than that of the vehicle-treated WT hMC4R whereas those
of two other mutants (Y287X and Q307X) were not significantly increased. ML00253764
significantly enhanced the cell surface expression of ten mutants (I69T, 1102S, M161T, T162l,
R165Q, R165W, 1195S, 1269N, A303P, and 1316S) compared to that of the vehicle-treated
controls but had no significant effect on that of Y287X, P299H, and Q307X. Notably, WT
hMCA4R also showed a 1.5-fold increase in the cell surface expression after each antagonist
treatment (Fig. 3.8A).

To further investigate whether the rescued mutant hMC4Rs were functional at the cell
surface, the cells were stimulated with 1 uM NDP-MSH for 1 h and the intracellular cAMP
levels were measured. As shown in Fig. 3.8B, Ipsen 5i treatment significantly increased cAMP
signaling of 169T, M161T, T162l, R165Q, R165W, and A303P whereas it had no effect on
1195S, 1269N, Y287X, P299H, Q307X, and 1316S compared to that of the corresponding
vehicle-treated controls. In addition, ML00253764 treatment significantly elevated NDP-MSH-
stimulated cAMP production of 169T, M161T, T162I, and R165W whereas it did not affect
R165Q, 1195S, 1269N, Y287X, P299H, A303P, Q307X, and 1316S. It should be noted that both
Ipsen 5i and ML00253764 treatment attenuated NDP-MSH-induced cAMP production in WT

and 1102S hMC4Rs by approximately 40% and 60%, respectively (Fig. 3.8B).

3.4 Discussion
In the present study, we performed detailed functional analysis of nine novel naturally
occurring MC4R mutations with unknown or partially known functional properties. Based on the

functional data summarized in Table 3.4, T112K is a Class | mutant, M161T, M215L, R310K,
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and 1316S are Class Il mutants, T101N belongs to Class Ill, L23R, K73R, and L207V are Class
V mutants.

Previous studies showed that T112K has similar cell surface expression and NDP-, a-, or [3-
MSH-stimulated cAMP production compared to WT hMCA4R (Hinney et al., 2006). In this study,
despite normal ligand binding and cAMP signaling properties, T112K had significantly impaired
total and cell surface expression (Table 3.4). The discrepancy of cell surface expression might be
due to the differences in the assays sensitivity and/or the cell types used in two studies. Hence,
T112K is a Class | mutant.

Mutants M161T, M215L, R310K, and 1316S had normal total expression but significantly
decreased cell surface expression compared to the WT hMC4R, and corresponding decreases in
maximal binding and/or ligand-stimulated cAMP signaling were also observed (Table 3.2 and
3.3). These data suggested that resides M161, M215L, R310, and 1316, located in the
intracellular loop or C-terminal tail, were required for MC4R trafficking and targeting onto the
cell membrane. Indeed, previous mutagenesis studies of cytoplasmic side of receptor have led to
the identification of several conserved motifs that play a critical role in GPCR export from the
endoplasmic reticulum (Bermak et al., 2001; Duvernay et al., 2004; Robert et al., 2005).
Substitution of residues on or near these motifs might impair receptor anterograde trafficking.
Therefore, they are Class 1l mutants.

T101N was identified from a morbidly obese male but no functional study was reported
(Buchbinder et al., 2011). We observed that T101N had normal receptor expression but a
significant decrease in Bmax and a 500-fold increase in ECsg in response to a-MSH (Table 3.2 and
3.3). It is well known that TMs and extracellular loops are important for ligand binding and

receptor activation in various GPCRs. Residue T101 is located in the extracellular side of TM2, a
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region that has been shown to be directly involved in the ligand-receptor interaction (Kalani et al.,
2004; Lane et al., 2014; Miura et al., 2003). In addition, by introducing His residues into the
MC4R to form metal ion binding sites, Lagerstrém et al. showed that E100 and 1104 in TM2 and
D122 and 1125 in TM3 are involved in the orientation of the helices and activation of the
receptor (Lagerstrom et al., 2003). Substitution of T101 might blunt ligand-receptor interaction
and lead to defective ligand binding and receptor activation. Therefore, T101N belongs to Class
1.

Mutants L23R, K73R and L207V were shown with normal receptor expression, ligand
binding, and cAMP signaling compared to WT hMC4R (Table 3.4). Therefore, they are Class V
mutants. However, L23R, K73R and L207V failed to respond to either NDP- or a-MSH in the
ERK1/2 signaling pathway (Fig. 3.6), suggesting defect in the ERK1/2 signaling pathway might
be a cause of obesity in the patients harboring these Class V mutations. Consistently, similar
observations were reported previously (He and Tao, 2014).

Unexpectedly, mutant M161T with severely defective a-MSH-stimulated cCAMP signaling
(Fig. 3.5B) had dose-dependent cAMP production that was similar to WT MC4R upon NDP-
MSH stimulation (Fig. 3.5A). Consistent with our observations, Xiang et al. demonstrated that
synthetic agonists, NDP-MSH, MTII, THIQ, and AMW3-130, restore normal functional
response of some mutant hMCA4Rs that have decreased endogenous agonist potency (Xiang et al.,
2007; Xiang et al., 2010). To further test the potential of other potent synthetic ligands to rescue
the cCAMP signaling of M161T hMC4R, MTII and THIQ, two potent and widely used MC4R
agonists, were also employed for the CAMP assay. Our results demonstrated that M161T was
also severely defective in responding to MTII or THIQ stimulation (Fig. 3.7). THIQ- and NDP-

MSH-induced divergent cAMP signaling through MC4R have been reported. Yang et al.
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demonstrated that THIQ-induced cAMP signaling through double MC4R mutant T150H/K242H
is blocked by Zn?*, whereas NDP-MSH-initiated signaling is not, suggesting that structurally
different MC4R ligands could induce distinct downstream signaling by stabilizing the receptor in
different conformations (Yang et al., 2014). Therefore, the difference of CAMP response induced
by NDP-MSH and that by a-MSH or MTII might also result from the subtle differences of the
MC4R conformations stabilized by these agonists. NDP-MSH but not a-MSH or MTII could
stabilize the M161T in a conformation that is similar to that of activated WT hMC4R. Although
NDP-MSH shares high structural homology with o-MSH and MTII, previous studies have
revealed that subtle changes in the receptor conformation (molecular movements as small as 1 A)
could result in dramatic modification on the activity of receptor and downstream enzymes
(Koshland, 1998; Rahmeh et al., 2012). However, the molecular basis responsible for MC4R
signaling mediated by different agonists demands further investigation.

The WT MCA4R is constitutively active and loss of basal activity in the mutant MC4Rs has
been suggested to be one cause of obesity (Srinivasan et al., 2004). We demonstrated that
mutants L207V, M215L, R310K, and 1316S with normal basal pERK1/2 levels, were
constitutively active in the cAMP signaling pathway. Similar results were observed before. We
previously reported that two MC4R mutants (A244G and A259G) with normal basal pPERK1/2
levels are constitutively active in the cAMP signaling (Huang and Tao, 2012). These findings
support the currently accepted dogma that GPCRs exist in multiple active conformations and
some mutant GPCRs preferentially stabilize certain active conformations (Reiter et al., 2012).

Collectively, we showed that NDP-MSH selectively elevated cAMP production for K73R,
T101N, L207V, and 1316S without significant activation of ERK1/2 cascade (Table 3.5),

whereas a-MSH selectively elevated cAMP production for L23R, T101N, and 1316S without
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significant activation of ERK1/2 cascade (Table 3.5). Therefore, these mutants were biased
receptors, in which agonist only stabilizes a restricted subset of conformations activating one
signaling pathway. Indeed, biased signaling in the cAMP and ERK1/2 signaling pathways has
been previously reported in the MC4R (He and Tao, 2014; Huang and Tao, 2012) and
melanocortin-3 receptor (Yang et al.,, 2015a; Yang et al., 2015b). These data confirm the
existence of multiple activation states of MC4R with ligand-specific and/or mutant-specific
conformations that could couple MC4R to distinct signaling pathways, adding a new layer of
complexity to the MC4R signaling.

Interestingly, mutant M161T with no measurable ligand binding responded to both ligands
with increased ERK1/2 phosphorylation levels (Fig. 3.4 and 3.6). Though it is uncommon,
similar observations have previously been reported in other GPCRs, including melanocortin-3
receptor (Yang et al., 2015b) and gonadotropin-releasing hormone receptor (Bedecarrats et al.,
2003). One possible explanation is that these mutant receptors had a lower affinity and
underwent a faster dissociation of the ligand, making the binding hard to detect, whereas the
ERK1/2 activation could still be achieved by this transient binding (Huang and Tao, 2014a;
Yang et al., 2015b).

In tune with previous findings that intracellular retention is the most common defect of
inactivating mutant MC4Rs, we showed that four of the nine (44.5%) MC4R mutations had
defective cell surface expression. The effects of Ipsen 5i and ML00253764 on the cell surface
expression and function of intracellularly retained mutant MC4Rs were determined in this study.
As shown in Fig. 3.8A, Ipsen 5i and ML00253764 treatment rescued the cell surface expression
in 85% and 77%, and the function in 46% and 39% of the thirteen intracellularly retained mutant

MCA4Rs, respectively. The cell surface expression levels in most mutants were dramatically
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increased up to 6 folds compared with the vehicle-treated controls, most of which were even
higher than the vehicle-treated WT MCA4R, suggesting high rescuing efficiency of Ipsen 5i and
ML00253764.

The cell surface expression and function of 169T, M161T, T162l, R165Q, R165W, and
A303P hMC4Rs were rescued by Ipsen 5i and those of 169T, M161T, T162l, and R165W
hMC4Rs were rescued by ML00253764 (Fig. 3.8), indicating the functionality of these mutants
could be restored once they were escorted to the cell membrane. 1102S, 1195S, 1269N, and 1316S
hMCA4Rs treated with Ipsen 5i or ML00253764 had obviously increased cell surface expression
but unchanged cAMP production (Fig. 3.8), suggesting that the defects of these mutants were not
only due to intracellular retention but also abnormal ligand binding or signaling. Mutants Y 287X,
P299H, and Q307X were not rescued by Ipsen 5i and ML00253764 in the cell surface expression
and cAMP signaling with the exception that P299H only had a small increase in cell surface
expression (Fig. 3.8), indicating that these mutants might suffer more severe conformational
instability and could not be rescued by these two small molecules.

It should be noted that the cell surface expression of WT hMC4R was also increased by
50% after antagonist treatment (Fig. 3.8A), suggesting a potential therapeutic strategy for
treatment of obese patients that do not harbor MC4R mutations. We also showed the cAMP
production of WT hMC4R treated with ML00253764 or Ipsen 5i was dramatically reduced to
~60% of vehicle-treated control after 1h stimulation of NDP-MSH (Fig. 3.8B), which might be
caused by residual Ipsen 5i or ML00253764 that still occupied the receptor, competing with
NDP-MSH and blocking its binding with WT hMC4R. This antagonizing effect led to decreased

CAMP production.
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In summary, a systematic functional study of nine naturally occurring MC4R mutations was
performed. In agreement with previous studies, four out of nine MC4R mutants were shown to
be trapped intracellularly, suggesting that intracellular retention is the most common defect of
naturally occurring MC4R mutations. We also demonstrated that defect in the ERK1/2 signaling
might be a cause of obesity in patients harboring Class V mutants. Five mutant receptors were
shown to be biased receptors in the cAMP and ERK1/2 signaling pathways. In addition, we
showed that Ipsen 5i and ML00253764 could act as pharmacoperones to rescue the cell surface
expression and function of Class Il mutant MC4Rs. The data obtained in our study might provide
insights into the structure-function relationship of the MCA4R, contribute to a better
understanding of MC4R pharmacology, and present a potential personalized medicine for

treatment of obesity.
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Table 3.1 Phenotypes of patients carrying the nine MC4R mutations investigated in the

current study.

hMC4R  Prevalence (%)  Phenotypes Age of obesity onset  References

L23R 0.50° BMI 27.6 Before 10.8 (Wang et al., 2006)

K73R 0.99° RBMI 163.6 Unknown (Nowacka-Woszuk et al., 2011)
T101N Unknown BMI 62 10 (Buchbinder et al., 2011)
T112K 0.02° BMI 28.5 Unknown (Hinney et al., 2006)

M161T 0.052 Unknown Before 10 (Tan et al., 2009)

L207V 0.20° BMI 42.4 Unknown (Rouskas et al., 2012)

M215L 0.41° RBMI 166.0 Before 17 (Nowacka-Woszuk et al., 2011)
R310K  0.50° BMI 27.6 Before 10.8 (Wang et al., 2006)

1316S 0.86° Unknown Before 10 (Yeo et al., 2003)

BMI, body mass index (defined as body weight in kilograms divided by height in meters

squared); RBMI, relative body mass index (defined as the BMI of every obese patient divided by

the ideal (50th percentile) BMI for their age and gender and multiplying the obtained result by

100).

& Data was obtained from population-based samples.

b Data was obtained from obese children and adolescents.

¢ Data was obtained from obese adults.
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Table 3.2 Ligand binding properties of WT and mutant hMCA4Rs.

ICs0 (NM)
hMC4R n Brmax (%6 WT)

NDP-MSH a-MSH
WT 10 100 42.94 +13.88 1133.16 +260.51
L23R 5 95.05 +15.23 23.84 +7.28 1408.64 +321.15
K73R 5 116.47 £15.01 21.02 £7.28 967.22 +183.52
T101N 5 60.25 +4.74° 39.54 +8.86 1512.23 £964.90
T112K 5 102.55 +5.84 23.98 +8.65 1292.52 +503.06
M161T 5 ND° ND¢ ND¢
L207V 5 121.71 +12.31 37.84 +£10.08 1192.06 +484.85
M215L 5 117.39 £11.94 24.19 +7.78 860.86 +137.81
R310K 5 60.58 +8.98° 10.80 +3.232 555.00 +111.87
1316S 5 36.98 +6.73° 7.54 +1.87° 405.68 +149.412

& Significantly different from WT hMC4R, p < 0.05.

b Significantly different from WT hMC4R, p < 0.001.

¢ Not detectable.
Bmax values are mean = SEM of at least ten independent experiments with NDP- or a-MSH as
the ligand, and the values of other parameters are mean = SEM of at least five independent

experiments.
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Table 3.3 Agonist-stimulated cAMP signaling of WT and mutant hMCA4Rs.

NDP-MSH a-MSH
hMC4R  n

ECso (NM) Rumax (% WT) ECso (NM) Rumax (% WT)
WT 8 0.34+005 100 2.64 +0.69 100
L23R 4 043+0.10  115.16 +18.07 4.58 +1.59 131.88 +5.49¢
K73R 4 033+0.11  89.92+16.94 3.79 +1.07 117.87 +19.41
TI0IN 4 051+0.10  107.06 +30.41 931.05 +£63.46° 113.78 +11.10
TI12K 4 0.34+0.06  127.96 +27.36 5.72 +1.56 123.65 +16.46
M161T 4 1.95+0.77  100.08 +13.47 1377.67 £194.89°  39.13 +11.09°
L207V 4 0.16 £0.01¢  112.91 +17.52 1.27 +0.30 107.84 +20.21
M215L 4 048+0.11  107.44 +2501 3.64 +1.22 122.28 +24.95
R310K 4 0.10 £0.03*  129.26 +6.96° 1.09 +0.29 108.54 +25.53
1316S 4 049 +£0.13  173.63 +34.07 0.45 +0.09 51.15 +8.96"

& Significantly different from WT hMC4R, p < 0.05.

b Significantly different from WT hMC4R, p < 0.01.

¢ Significantly different from WT hMC4R, p < 0.001.

ECso and Rmax values are mean =SEM of at least four independent experiments. The Rmax of WT

hMC4R was 1296.48 + 260.55 pmol/10° cells with NDP-MSH stimulation and was 1543.94 +

359.22 pmol/108 cells with a-MSH stimulation.
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Table 3.4 Summary of functional properties of the nine mutant h(MC4Rs studied herein.

CAMP Signaling

L23R — — — — — \%
K73R — — — — — \%
T10IN — — \2 — J 11
T112K J 2 — — — |
M161T — \2 \’ J 2 Il
L207V — — — ) — %
M215L — \2 — ) — Il
R310K — \2 \’ ) — Il
1316S — J \’ ) J Il

“}”: denotes the particular function is defective.
“—"": denotes the particular function is normal.

4 The classification of the hMC4R mutants is based on the scheme we proposed earlier.
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Table 3.5 The effect of ligands on cAMP and ERKZ1/2 signaling in WT and mutant

hMCA4Rs.
NDP-MSH-stimulated signaling a-MSH-stimulated signaling

hMC4R

CAMP ERK1/2 Bias cAMP ERK1/2 Bias
WT 1 1 No 1 1 No
L23R 1 1 No 1 — Yes
K73R 1 — Yes 1 1 No
T101N 1 — Yes 1 — Yes
T112K 1 1 No 1 1 No
M161T 1 1 No 1 1 No
L207V 1 — Yes 1 1 No
M215L 1 1 No 1 1 No
R310K 1 1 No 1 1 No
1316S 1 — Yes 1 — Yes

The column “Bias” is designated for whether the ligand-induced cAMP and ERK1/2 signaling
pathways were divergent, in which “No” denotes balanced cAMP and ERK1/2 signaling,
whereas “Yes” denotes biased activation of either signaling pathway. “1”: denotes increased
activity compared to the basal level. “—: denotes no significant changes between basal and

maximal signaling levels.
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Figure 3.1 Schematic model of hMC4R with the nine novel naturally occurring mutations

characterized in this study highlighted with gray background.

M161T

®
CopaaV

88



Figure 3.2 Confocal imaging of WT and mutant hMC4Rs.
The HEK293 cells stably transfected with pcDNA3.1, WT, and mutant myc-MC4Rs were
stained with Alexa fluorescent 488 antibody and imaged by confocal microscopy. Similar results

were observed in at least three independent experiments.
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Figure 3.3 Cell surface and total expression of WT and mutant hMC4Rs.

Cell surface expression levels (A) or total expression levels (B) of the WT and mutant hMC4Rs
were measured by flow cytometry. The results were expressed as a percentage of cell surface
expression levels or total expression levels of the WT hMC4R with correction of the nonspecific
staining in cells stably transfected with the empty vector. Data were mean = SEM of four

experiments. Star (*) indicates significantly different from WT hMC4R (p < 0.05).
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Figure 3.4 Ligand binding properties of WT and mutant hMC4Rs with NDP-MSH or a-
MSH as the competitor.

HEK293T cells were transiently transfected with the indicated hMC4R constructs and binding
properties of the receptors were measured by displacing the binding of %°I-NDP-MSH with
different concentrations of unlabeled NDP-MSH (A) or a-MSH (B) as described in Materials
and Methods. Results shown are expressed as % of WT binding = range from duplicate

determinations within one experiment. All experiments were performed at least three times.
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Figure 3.5 cAMP signaling of WT and mutant hMC4Rs with NDP-MSH or a-MSH as the

ligand.

HEK293T cells were transiently transfected with the indicated hMC4R constructs were

stimulated with different concentrations of NDP-MSH (A) or a-MSH (B). Intracellular cAMP

levels were measured as descried in Materials and Methods. The basal cAMP signaling (C) of

mutant hMC4Rs are expressed as % of WT basal signaling. Results were expressed as mean =+

SEM of at least triplicate determinations within one experiment. All the experiments were

performed at least four times. Star (*) indicates significantly different from WT hMC4R (p <

0.05).
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Figure 3.6 ERK1/2 signaling of WT and mutant hMC4Rs with NDP- or a-MSH as the
ligand.

HEK293T cells were stimulated with or without 1 uM NDP-MSH or 10 uM a-MSH for 5 min.
ERK1/2 phosphorylation was measured as described in Materials and Methods. Panel A and C
showed the representative image of one experiment. Panel B and D showed the densitometry
results of ERK1/2 phosphorylation of ligand-stimulated WT and mutant hMC4Rs, expressed as
the percentage of the value obtained in non-stimulated cells transfected with corresponding
construct. Panel E showed basal pERK1/2 levels of mutant hMC4Rs, expressed as a percentage
of WT basal pERK1/2 levels. Shown are mean & SEM of at least five experiments. Star (*)

indicates significantly different from the control group treated with DMSO (p < 0.05).
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Figure 3.7 cAMP signaling of M161T hMC4R in stimulation with MTII or THIQ.
HEK293T cells were transiently transfected with M161T hMC4R were stimulated with different
concentrations of MTII (A) or THIQ (B). Intracellular cAMP levels were measured using RIA
described in Materials and Methods. Results are expressed as mean =SEM of at least triplicate

determinations within one experiment. All the experiments were performed at least four times.
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Figure 3.8 Pharmacological rescue of Class 11 MC4R mutants by Ipsen 5i or ML00253764.

HEK293 cell stably expressing WT and mutant MC4Rs were treated with 0.1% DMSO, 1 uM
Ipsen 5i or 10 uM ML00253764 for 24 h, then were sorted with flow cytometry to quantitatively
measure the cell surface expression (A) or CAMP assay to measure the CAMP production after 1
h stimulation with 1 uM NDP-MSH (B). Cell surface expression or CAMP levels of WT hMC4R
treated with vehicle were set as 100% in each experiment. Shown are mean =SEM of at least
three experiments. Star (*) indicates significantly different from the control group treated with

DMSO (p < 0.05).
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Conclusions and Future Prospective

Extensive rodent and human studies have suggested the crucial role of MC4R in regulating
food intake and energy expenditure. Subsequently, MC4R regulation of energy homeostasis was
also demonstrated in other mammals such as rhesus monkeys, dog, cat, pig and sheep. Molecular
cloning and pharmacologic characterization of other mammalian MC4Rs are important and
necessary to better understand the physiology of MC4R. In addition, mutation in the MC4R is the
most common monogenic form of obesity. Therefore, unraveling the underlying pathogenic
mechanisms of these mutations and seeking therapeutic strategies for treatment of MC4R
mutation-related obesity are of great importance.

We reported herein the molecular cloning and pharmacology of the amMC4R. Sequence
analysis revealed that amMC4R was highly homologous (>88%) at nucleotide and amino acid
sequences to several mammalian MC4Rs. We showed that amMC4R bound NDP-MSH with the
highest affinity followed by THIQ, a-MSH, and B-MSH, with the same ranking order as hMC4R.
Treatment of HEK293T cells expressing amMC4R with different concentrations of agonists
resulted in dose-dependent increase of intracellular cAMP levels, with similar EC50s for the four
agonists.

Furthermore, the pharmacological study in Chapter 3 demonstrated that four out of nine
(44.5%) mutants were defective in targeting onto the cell membrane, suggesting that intracellular
retention is the most common defect of naturally occurring MC4R mutations. Five mutant
receptors were shown to be biased receptors in the cAMP and ERK1/2 signaling pathways and
defect in the ERK1/2 signaling might be a cause of obesity in patients harboring Class V mutants.
Importantly, two MC4R inverse agonists were shown to act as pharmacoperones to rescue the

cell surface expression and function of intracellularly trapped MC4Rs.
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The therapeutic feasibility of pharmacoperones has been demonstrated with in vivo studies
in animals and in humans. Multiple in vitro studies have shown that pharmacoperones could
rescue many obesity-linked intracellularly retained MC4R mutants with retained intrinsic
function. These pharmacoperones are usually orally bioavailable and can cross the blood-brain
barrier, opening up the possibility of treating obese patients harboring MC4R mutations. We

eagerly await findings from in vivo studies of pharmacoperones of the MC4R.
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