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Abstract

The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor critical for
maintaining energy homeostasis. Transmembrane domain 3 (TM3) of MC4R contains residues
that are suggested to be essential in ligand binding and signaling. Several MC4R mutations in
TM3 are associated with human obesity. To gain a better understanding of the functions of TM3,
we analyzed the functions of 26 residues in TM3 using alanine-scanning mutagenesis. We
showed that all 26 TM3 mutants had normal cell-surface expression. Four mutants were
defective in ligand binding and signaling, and six mutants had normal ligand binding, but
impaired cAMP production. L140A had increased basal cAMP level.

To further characterize the function of L140, we generated 17 additional L140 mutants.
Fifteen L140 mutants had significantly decreased cell surface expression, with L140R and
L140V expressed normally. Ten L140 mutants had increased basal cAMP activities. Four L140
mutants were defective in ligand-stimulated cAMP generation. Interestingly, with the
extracellular signal-regulated kinase (ERK) 1/2 pathway, we showed that nine constitutively
active mutants had similar levels of basal pERK1/2 as that of wild type (WT) receptor, and two
signaling defective mutants had similar levels of pERK1/2 as that of WT upon agonist
stimulation, different from their cAMP signaling properties, suggesting biased signaling in these
mutant receptors. In summary, we identified 13 residues in TM3 that were essential for ligand

binding and/or signaling. Moreover, L.140 was critical for locking MC4R in an inactive
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conformation and several mutants showed biased signaling in cAMP and ERK1/2 signaling
pathways.

The MC4R is constitutively active in vivo and its basal activity has been suggested to be
important in obesity pathogenesis. Theoretically, it is expected that constitutively active MC4R
mutants are associated with a lean phenotype, even anorexia nervosa. However, there are several
constitutively active MC4R mutants identified from obese patients, and the mechanism of how
these mutations associate with obesity still needs further investigation.

In addition to the conventional Gs-stimulated adenylyl cyclase pathway, it has been
recently demonstrated that MC4R also activates mitogen-activated protein kinases, ERK1/2.
Herein, we investigated the potential of four MC4R ligands that are inverse agonists at the Gs-
cAMP signaling pathway, including agouti-related peptide (AgRP), MCL0020, Ipsen 5i, and
ML00253764, to regulate ERK1/2 activation (pERK1/2) in wild type and six naturally occurring
constitutively active mutant (CAM) MC4Rs. We showed that these four inverse agonists acted as
agonists for the ERK1/2 signaling cascade in wild type and CAM MC4Rs. Three mutants
(P230L, L250Q and F280L) had significantly increased pERK1/2 level upon stimulation with all
four inverse agonists, with maximal induction ranging from 1.6 to 4.2 fold. D146N had
significantly increased pERK1/2 level upon stimulation with AgRP, MCL0020 or ML00253764,
but not Ipsen 5i. The pERK1/2 levels of H76R and S127L were significantly increased only upon
stimulation with AgRP or MCL0020. In summary, our studies demonstrated for the first time
that MC4R inverse agonists at the Gs-cAMP pathway could serve as agonists in the MAPK
pathway. These results suggested that there were multiple activation states of MC4R with ligand-
specific and/or mutant-specific conformations capable of differentially coupling the MC4R to

distinct signaling pathways.
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Chapter 1
Introduction

Obesity, by definition, results from calorie intake in excess of energy expenditure.
Clinically, people are considered obese when their body mass index (BMI) is more than 30
kg/m?. BMI is a measurement obtained by dividing a person’s body weight in kilograms by
square of the person’s height in meters. Obesity is rapidly becoming a critical health problem in
the United States, with nearly 70% of adults considered overweight (BMI > 25 kg/m?) or obese
compared with less than 25% forty years ago (Flegal, et al. 2012). In fact, obesity and associated
comorbidities have reached epidemic proportions in the U.S and other developed countries.
Although environmental and lifestyle factors contribute to obesity pathogenesis, there is
mounting evidence demonstrating the importance of genetic contributions in the pathogenesis of
obesity. Therefore, there is enormous interest in understanding the molecular mechanisms
underlying the regulation of energy homeostasis, and the defects that result in obesity.

The melanocortin-4 receptor (MC4R) is a member of family A, rhodopsin like G protein-
couple receptor, which has been shown to be a critical regulator of energy homeostasis,
regulating both energy intake and expenditure (Tao 2005, 2010). Human genetic studies have
demonstrated that defects in MC4R are the most common monogenic form of obesity,
characterized by its early-onset and severity (Farooqi, et al. 2003; Lindgren, et al. 2008; Loos, et
al. 2008). About 170 MC4R mutations, including nonsense, missense, frameshift, and inframe
deletions, have been identified from obese patient cohorts of different ethnic origins (Hinney, et

al. 2013; Tao 2005, 2010).



This chapter presents an overview of the obesity epidemic and current treatments. The
regulation of energy homeostasis by central nervous system and gastrointestinal hormone are
discussed. Finally, the importance of MC4R in regulating energy homeostasis, including its

cloning and tissue distribution, naturally occurring mutations and molecular mechanism are

highlighted.



1.1 Obesity
1.1.1 The epidemic of obesity

Obesity, by definition, is a medical condition in which a person’s BMI is more than 30
kg/m?. Obesity cannot be simply considered as a cosmetic problem (Friedman 2004), since it is
closely related to various diseases, including type 2 diabetes mellitus, dyslipidemia, hypertension,
arteriosclerosis, cardiovascular disease, polycystic ovarian syndrome, and certain types of cancer
(Desvergne, et al. 2004). Therefore obesity should be considered as a disease (Allison, et al.
2008). Indeed, overweight (BMI between 25 and 29.9) and obesity now ranks as the fifth leading
global cause of death.

Obesity has become an epidemic in developed countries. In the United States, nearly 70%
of adults are considered as overweight or obese compared with less than 25% forty years ago
(Flegal et al. 2012). According to the report from World Health Organization, globally, more
than 1 billion adults are overweight and at least 300 million adults are clinically obese.

According to this report (http://www.who.int/dietphysicalactivity/media/en/gsfs obesity.pdf,

accessed 16 May 2013), the obesity epidemic is not only restricted to developed countries, but
also is increasing at an alarming rate in developing countries. For example, one survey shows
that the prevalence of overweight, general obesity, and abdominal obesity among Chinese adults
has increased significantly from 1993 to 2009 (Xi, et al. 2012).

There has been a dramatic increase in childhood obesity over the past decades. Therefore,
childhood obesity is also becoming a significant public health crisis. It was estimated that 43
million children under age of 5 years were overweight in 2010, with a quarter of which are obese
(Lobstein, et al. 2004). These overweight children will have more risk to have obesity

comorbidities such as type 2 diabetes and heart disease during or even before early adulthood



(Lobstein et al. 2004). Obesity has a direct effect on longevity. It is estimated that people with
severe obesity (BMI >45 kg/m?) will have the maximum life loss of 13 years, representing a 22%
reduction in life expectancy (Fontaine, et al. 2003).

In addition to the health problem, obesity is associated with significant economic burden.
It has been reported that, in the United States, about 21% of adult medical expenditures are
imposed from the health care resources associated with obesity (Finkelstein, et al. 2004). In 2006,
it is reported that obese people had medical spending that was $1,429 greater than spending for
normal-weight individual. In 2008, obesity associated medical costs are $147 billion per year in
the United States according to the National Health Expenditure Accounts estimates (Finkelstein,
et al. 2008). The majority of these medical expenditures are financed by taxpayers (Finkelstein et
al. 2008), with roughly half financed by Medicare and Medicaid (Finkelstein et al. 2008). The
lifetime costs of obesity are still positive even taking into account the shortened lifespan for the

obese (Finkelstein et al. 2008).

1.1.2  Current treatment for obesity

The heart of the obesity epidemic is largely due to that few effective therapeutic options
are available to the obese patients, despite that considerable scientific progress on the
physiological system regulating energy homeostasis has been made during past decades. Current
treatments for obesity includes lifestyle intervention, pharmacotherapy and bariatric surgery for
the morbidly obese patients, with BMI of 40 kg/m? or more. Traditionally, lifestyle intervention,
such as increased exercise, dieting, and behavioral counseling, can succeed in short-term for the
majority of obese patients. However, the drawback to this option is that it does not produce

sustained weight loss. The failure of long-term effects of lifestyle intervention reflects the



strongly conserved nature of the biological defense of body fat mass, accounting for the largest
obstacle in preventing weight regain (Guyenet and Schwartz 2012; Woods, et al. 2000).

Pharmacotherapy, such as sibutramine (a serotonin—norepinephrine reuptake inhibitor
that reduces appetite) and orlistat (a triacylglycerol lipase inhibitor that reduces dietary fat
absorption), was used as an adjunct to facilitate weight loss and prevent weight regain for some
patients under lifestyle interventions (Eckel 2008). However, current pharmacotherapies have
inadequate efficiency, for example, it is reported that the average weight loss for sibutramine and
orlistat is 4.45 kg and 2.89 kg over 12 months treatment, respectively. Another obstacle of using
pharmacotherapy is attributing to the adverse effect and imperfect safety record (Nguyen, et al.
2012). Indeed, sibutramine was withdrawn in Europe and North America in 2010 because it has
been shown that patients undergoing long-term sibutramine treatment are more likely to have
increased risk of nonfatal myocardial infarction and nonfatal stroke (James, et al. 2010).

Bariatric surgeries, such as Roux-en-Y gastric bypass, vertical sleeve gastrectomy and
adjustable gastric banding, have increased in popularity in the treatment of obesity due to its
superior ability to produce effective long-term weight loss in both magnitude and durability,
resulting in an average of 61.2% of weight loss (Buchwald, et al. 2004; Stefater, et al. 2012). It
has also been reported that individuals receiving bariatric surgery have reduced incidence of
diabetes (Buchwald et al. 2004), heart disease (Pontiroli and Morabito 2011), and cancer
(Ashrafian, et al. 2011), independent of weight loss (Buchwald et al. 2004; Chambers, et al. 2011;
Stefater et al. 2012). However, only a small fraction of obese population undergoes these
procedures due to the significant risks during and after operation, and the high cost (DeMaria
2007; Nguyen et al. 2012; Terranova, et al. 2012). It is reported that the overall rate of death for

bariatric surgery was 0.3%, and major complications occurred in 4.1% of the patients even



operations are performed by the best surgeons (Flum, et al. 2009). Several mechanisms,
including gastric volume restriction, delayed gastric emptying, increased energy expenditure and
central nervous system (CNS) control, have been proposed for the metabolic benefits of bariatric
surgery to help the choice of better bariatric procedure for individual patients and to develop

more efficient and less invasive procedures (Stefater et al. 2012).

1.1.3  Regulation of energy homeostasis by the central nervous system

Energy homeostasis refers to the balance between energy intake, including the intake
through the form of food and drinks, and energy expenditure, including resting energy
expenditure (basal metabolism) and physical activity over a prolonged period in adult animals. In
normal adult animals, the energy homeostasis is precisely maintained, therefore, there is no
significant change in body weight during adulthood (Guyenet and Schwartz 2012).

An ‘adiposity negative-feedback’ system, formed by the integration of several peripheral
signals and central nervous system, has been proposed more than 50 years ago to clarify the
physiological mechanism of energy homeostasis (Kennedy 1953). The hypothalamus plays a
critical role in the ‘adiposity negative-feedback’ system. It receives and integrates multiple
neuronal and hormonal signals about energy homeostasis through several nuclei, particularly the
ventro medial, paraventricular (PVN) and arcuate nuclei (ARC). The ARC contains two subset
of neurons, one of which is orexigenic neuropeptide Y (NPY)/agouti-related protein (AgRP)
neuron, and another is anorexigenic proopiomelanocotin (POMC)/cocaine- and amphetamine-
related transcript (CART) neuron (Cone 2005; Schwartz, et al. 2000; Tao 2010).

Four criteria have been proposed for being a negative-feedback signal. These criteria are
(1) that it crosses the blood brain barrier; (2) that its circulation level is proportional to the

adiposity level; (3) that it exerts weight-loss function through acting on neuronal systems



involved in energy homeostasis; and (4) that inhibition of these neuronal actions results in
obesity. Some hormones (such as glucocorticoids), cytokines (such as interleukin-6, tumour
necrosis factor-ot) and nutrients (such as free fatty acids and glucose), fulfill some criteria,
however, leptin and insulin are the only two hormones that satisfy all of these criteria (Morton, et
al. 2006; Niswender and Schwartz 2003; Schwartz et al. 2000; Woods et al. 2000).

The discovery of leptin by Douglas Coleman and Jeffrey Friedman was a landmark event
in modern biomedical research, for which they received the Albert Lasker Basic Medical
Research Award in 2010 (Flier and Maratos-Flier 2010). Leptin is an adipose tissue derived
hormone produced by adipocytes (Zhang, et al. 1994) that informs the brain about the status of
energy stores in the organism through the ‘adiposity negative-feedback system’. In mammals,
leptin decreases food intake through inhibiting the orexigenic NPY/AgRP and activating
POMC/CART neurons (Cone 2005; Schwartz et al. 2000; Tao 2010). These two types of neurons
express leptin receptors (Cheung, et al. 1997). Leptin, by binding to the leptin receptors in
POMC/CART neurons, stimulates ARC POMC gene expression (Schwartz, et al. 1997,
Thornton, et al. 1997). POMC-derived a-melanocyte-stimulating hormone (a-MSH) is an
agonist of the MC4R, whereas AgRP is an antagonist of the MC4R. MC4R signaling is an
important downstream mediator of leptin’s effects on energy homeostasis (Seeley, et al. 1997).
Deficiencies in leptin signaling are responsible for the profound genetic obesity present in rodent
obesity models, including ob/ob mice (leptin deficiency) (Zhang et al. 1994), db/db mice (leptin
receptor deficiency) (Chen, et al. 1996), and Zucker fa/fa rat (leptin receptor deficiency) (Phillips,
et al. 1996).

Since leptin plays critical role in regulating energy homeostasis, initially it was highly

expected that leptin would have significant therapeutic potential towards curing obesity.



However, disappointing efficacy in clinical trials (Heymsfield, et al. 1999) diminished the initial
passion. Indeed, human obesity is associated with leptin resistance rather than leptin deficiency
(Caro, et al. 1996; Maffei, et al. 1995; Rohner-Jeanrenaud and Jeanrenaud 1996). Several
mechanisms for leptin resistance have been proposed, including impaired transport of leptin
across the blood-brain barrier, endoplasmic reticulum stress, inflammation, perturbations in
developmental programming, and leptin-signaling defects (Myers, et al. 2008; St-Pierre and
Tremblay 2012). The exact mechanism of leptin resistance are not clarified yet, and relevant
studies are extremely active at the cellular, physiological, and behavioral levels (Myers, et al.
2010; St-Pierre and Tremblay 2012).

There are several nuclei in the hypothalamus, including the ARC, the PVN, the
dorsomedial nucleus, and the preoptic area, that are critical for regulating energy homeostasis.
These nuclei perform different functions. ARC neurons respond to various hormones and
nutrients, including adiposity signals (leptin and insulin), gastrointestinal (GI) hormones (such as
ghrelin), gonadal steroids, and glucose (Cone, et al. 2001). There are transport mechanisms that
carry these molecules through the blood—brain barrier. In addition, some neurons in the ARC
have cell bodies or projections in the median eminence, where there is no blood—brain barrier,
therefore capable of sensing nutrient changes in the blood. Neurons in other parts of the
hypothalamus, such as the PVN and the dorsomedial nucleus are also critical for regulating
leptin-mediated energy homeostasis (Myers, et al. 2009). The preoptic area controls energy
expenditure and core body temperature regulation (Nakamura and Morrison 2008).

In addition to the hypothalamus, the midbrain (Morley 1987) and the brainstem are also
involved in the central regulation of energy homeostasis. For example, the ventral tegmental area

and striatum, which are the main components of the mesolimbic dopamine system, play essential



roles in mediating the brain reward circuit for the preference of palatable food (Myers et al.
2009). These reward circuits interacting with the circuits controlling energy homeostasis to
generate food intake signals (Guyenet and Schwartz 2012). The brainstem is also critical in
regulating energy homeostasis. The dorsal vagal complex comprises: (1) the area postrema (AP),
a circumventricular organ lacking a functional blood—brain barrier therefore capable of sensing
chemical changes in the blood; (2) the nucleus of the tractus solitarius (NTS), a center that
integrates GI distension, mechanosensory, and other inputs from the viscera; and (3) the dorsal
motor nucleus of the vagus (DVN), a center that integrates motor and secretory drive to the
viscera. NTS receives and integrates vagal afferent satiation, blood-borne energy status signals
(such as glucose and fatty acid levels), and GI peptides secreted during a meal, and send signals
to the DVN to maintain energy balance (Grill and Hayes 2009). Several peptides, including those
secreted in response to meals, such as amylin, are sensed at AP to terminate the meal, generating
anorexic responses. Administration of melanin-concentrating hormone into the fourth ventricle
targeting the NTS decreases body temperature without changing physical activity and food
intake, suggesting that melanin-concentrating hormone inhibits energy expenditure through the
hindbrain (Zheng, et al. 2005a).

Neurons in the NTS also integrate leptin and melanocortin signals to control food intake,
functioning through elements of leptinergic and melanocortinergic signaling systems (Schwartz
2006). For example, it has been demonstrated that POMC is not only produced in the ARC of the
hypothalamus, but also highly expressed in the NTS in the hindbrain (Bronstein, et al. 1992;
Palkovits, et al. 1987). The MC4R is also expressed abundantly in the DVN (Mountjoy, et al.
1994), and exerts similar functions in decreasing food intake and increasing energy expenditure

upon activation as that in the hypothalamus (Brown, et al. 1998; Grill, et al. 1998; Skibicka and



Grill 2008, 2009; Williams, et al. 2000). Injection of MC4R ligands into the fourth ventricle near
the dorsal vagal complex affects meal size, but not meal frequency (Zheng, et al. 2005b).
Brainstem melanocortin system is also involved in mediating cholecystokinin (CCK) inhibition

of food intake (Fan, et al. 2004).

1.1.4 Regulation of energy homeostasis by GI peptides

In addition to the adiposity signal, leptin and insulin, the GI tract also sends nutritional
signals to the brain to control energy homeostasis. Important satiety hormones produced in the
GI tract include ghrelin (Li, et al. 2013), obestatin (Zhang, et al. 2013), CCK (Sayegh 2013),
peptide tyrosine tyrosine (PYY) (Zac-Varghese, et al. 2011).

Ghrelin is a 28 amino acid peptide produced mainly in the fundus of the stomach. Ghrelin
functions as a key modulator of energy homeostasis, acting via the ghrelin receptor to regulate
appetite, select fuel substrate, modulate body weight, and maintain glucose/lipid homeostasis (Li
et al. 2013). Ghrelin may also sends the peripheral energy storage signal to the brain through the
ghrelin receptor, leading to changes in food intake and adiposity (Arvat, et al. 2000; Wren, et al.
2000). Therefore, ghrelin plays an important role in enabling adaptation to changes in nutritional
status by controlling metabolic parameters such as energy intake and expenditure.

Ghrelin is the only GI hormone known to stimulate food intake. The orexigenic effect of
ghrelin is mainly attributed to the activation of its receptor localized in the hypothalamic nucleus.
ICV administration of ghrelin significantly augments feeding in rodents and increases body
weight gain. Ghrelin antibody and ghrelin receptor antagonist apparently suppresses feeding
behavior. Within the arcuate nucleus, the ghrelin receptor is mainly expressed on almost all NPY
/AgRP neurons (Willesen, et al. 1999). Both antibodies against NPY or AgRP, and antagonists of

the Y1 NPY receptor have been reported to abolish ghrelin-induced feeding (Toshinai, et al.

10



2003). In addition, the stimulatory effects of ghrelin on these orexigenic neurons are
complemented by reduced POMC neuronal activity via inhibitory B-amino butyric acidergic
inputs from NPY/AgRP neurons (Cowley, et al. 2003). Thus, ghrelin may stimulate the food
intake not only via activating orexigenic NPY/ AgRP neurons, but also by simultaneously
suppressing anorexigenic POMC.

Variations in ghrelin receptor genes have been linked to obesity, disordered eating
behavior, hypertriglyceridemia, and insulin resistance. Five single nucleotide polymorphisms
(SNPs) has been found to be associated with BMI in 1095 individuals from 178 pedigrees with
multiple obese members (Baessler, et al. 2005). F279L and A204E mutations are associated with
short stature and obesity, respectively (Wang, et al. 2004). Four naturally occurring missense
mutations have been documented in either the National Center for Biotechnology Information
SNP database or the literature (Gjesing, et al. 2010; Holst and Schwartz 2006). Two SNPs
(rs490683 and rs9819506) in the promoter region of the human ghrelin receptor gene are
associated with abnormalities in body weight and BMI (Mager, et al. 2008). Even though
common polymorphisms of ghrelin receptor genes might not be strong contributors to polygenic
obesity, they definitely modulate obesity-related traits (insulin secretion/resistance) and eating
behavior.

Based on bioinformatic prediction, Zhang and colleagues discovered that, in addition to
ghrelin, the ghrelin gene encoded another secreted and bioactive peptide. The precursor is
encoded by the gene GHRL, which is located on chromosome 3, band p25-26.2 and is cleaved
by protease into peptide segments. Zhang and colleagues isolated this new 23-amino acid
hormone from rat stomach, and it showed actions opposite to ghrelin on food intake, body

weight, and gastric emptying and named it “obestatin” (Zhang, et al. 2005).
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In the first report of obestatin, Zhang et al. showed that the intraperitoneal injection and
intracerebroventricular treatment of obestatin in adult male mice have decreased food intake
(Zhang et al. 2005). Then many groups repeated its anorectic effects in a number of experimental
paradigms after both peripheral and central administration of obestatin. On the other hand,
several researchers were not able to confirm the effect of obestatin on food intake (Gourcerol, et
al. 2007a; Kobelt, et al. 2008; Nogueiras, et al. 2007; Seoane, et al. 2006; Unniappan, et al. 2008),
thus the role of obestatin as an anorectic hormone was challenged (Gourcerol, et al. 2007b). The
reason for the discrepancies is unclear. The different experimental paradigms such as different
animal species, methods of administration, and the duration of drug treatment, might have
influenced the outcome of the effect of obestatin on food intake in some way. Also, a recent
study questioning the purity of synthetic peptides including obestatin might shed a clue on these
discrepancies (De Spiegeleer, et al. 2008). In addition to the effect on food intake, obestatin may
regulate other physiological processes, including modulating gastrointestinal motility, GH
secretion and lipid metabolism.

Accumulating publications have confirmed the role of obestatin in regulating energy
homeostasis and its association with obesity, among many other physiological functions. Its
receptor(s) involved in these functions remains, however, controversial. Two receptors for
obestatin have been proposed: GPR39 and GLP-1R (Granata, et al. 2008; Zhang et al. 2005).
Both G protein-coupled receptors (GPCRs) are found to be correlated with the function of
obestatin, especially metabolism. GPR39 knockout mice showed accelerated gastric emptying,
increased volume of gastric secretion, higher mature body weight and body fat composition, and
increased cholesterol levels compared with wild type (Moechars, et al. 2006), supporting the role

of obestatin-GPR39 system in regulating energy homeostasis.
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CCK is another intestinal peptide hormone regulating energy homeostasis. The main
source of peripheral CCK is the endocrine I-cells of the upper small intestine (Buffa, et al. 1976;
Larsson and Rehfeld 1978; Polak, et al. 1975). In addition, CCK can be found in enteric neurons
and the central nervous system.

There are three possibilities that could explain the mode of action for CCK in regulating
energy homeostasis: endocrine, paracrine, and neurocrine (Sayegh 2013). The endocrine route
assumes that the I-cells secrete CCK into the blood stream, primarily the circulation of the upper
GI tract (the celiac and cranial mesenteric arteries), and activates the DMV, NTS, and AP in the
hindbrain through circumventricular organs that lack the blood-brain barrier. The result of this
activation is decreased food intake. The paracrine route suggests that CCK secreted by I-cells
travels through the interstitial space and activates neighboring vagal afferents, which intensely
supply the duodenum and terminate in the DVC to reduce food intake. The neurocrine route
suggests that CCK is secreted by neurons in the gut and activates nearby vagal afferents, which
in turn activate the DVC to reduce food intake. This route requires intense investigation, as there
is not enough data to support or reject it.

PYY is produced by the enteroendocrine L cells in the distal gut that decreases food
intake (Zac-Varghese et al. 2011). Two forms of PYY, PYY1-36 and PYY3-36, are released
postprandially, with the latter form consisting of the predominant form. PY'Y3-36 is generated by
cleaving PYY1-36 of the tyrosine proline residues at the N-terminus by dipeptidyl peptidase IV,
an aminopeptidase that cleaves dipeptides from the N-terminus of proteins containing an alanine
or proline at the second position. Postprandial plasma PYY levels are proportional to the
amounts of calories consumed. These PYY molecules signal through binding to the G protein-

coupled NPY receptors (Y1, Y2, Y4, Y5, and Y6) (Michel, et al. 1998). Of the five subtypes of
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NPY receptors, PYY1-36 bind to Y1 and Y5 receptors, whereas PYY3-36 binds selectively to

Y2 receptor (Batterham, et al. 2002).

1.2 Melanocortin-4 receptor
1.2.1 Melanocortin system

The melanocortin system consists of several agonists, two antagonists, and five receptors.
The agonists, including a-MSH, B-MSH, y-MSH, and adrenocorticotropic hormone (ACTH), are
all derived from POMC by posttranslational cleavages (Bertagna 1994; Smith and Funder 1988).
In the anterior pituitary gland, POMC is cleaved into ACTH and other peptides by prohormone
convertase (PC) 1. In hypothalamus, brainstem, skin as well as hair follicles, POMC is further
cleaved by PC2 into MSH. The melanocortin system is unique in having two endogenous
antagonists, Agouti and Agouti-related peptide (AgRP). To the best of our knowledge, in other
GPCR system, there is no other endogenous antagonists that have been identified.

Five melanocortin receptors (MCRs), numbered as MCIR to MC5R based on the
sequence of their cloning, mediate the diverse physiological functions of their ligands. The
MCIR primarily expressed in skin and hair follicles regulates pigmentation. The MC2R is the
classical ACTH receptor expressed in the adrenal cortex that regulates adrenal steroidogenesis
and cell proliferation. The role of the MC3R in regulating food intake is controversial. Data from
knockout animals revealed that Mc3r knockout results in increased feed efficiency and adiposity
(Butler, et al. 2000; Chen, et al. 2000). The MC4R are expressed primarily in the central nervous
system, and mounting evidence support its essential role in regulating energy homeostasis. Study
of MC5R knockout mice suggests that the MC5R is involved in regulating exocrine gland

secretions (Chen, et al. 1997).
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1.2.2  Molecular cloning and tissue distribution of MC4R

The first cloning of human (h) MC4R was obtained independently by the groups of Gantz
and Cone (Gantz, et al. 1993; Mountjoy et al. 1994) through degenerate PCR and homology
screening. The hMC4R is a protein of 332 amino acids encoded by an intronless gene with an
open reading frame of 999 bp. Among the MCRs, the MC4R share the highest homology with
the MC3R, with 58% identity and 76% similarity. The human MC4R gene is located at
chromosome 18q21.3 (Gantz et al. 1993; Magenis, et al. 1994).

The MC4R is a member of the family A, rhodopsin like GPCRs with seven
transmembrane domains (TMs) connected by alternating extracellular loops (ELs) and
intracellular loops, and the extracellular N terminus, and the intracellular C terminus. The MC4R,
as well as other MCRs, unlike other family A GPCRs, have some unique features, such as (1) the
missing disulfide bond linking the top of TM3 and EL2 which is highly conserved in other
family A GPCRs (Tarnow, et al. 2003), (2) the short intracellular loops and ELs, especially EL2,
making MC4R one of the shortest members in the GPCR superfamily, and (3) the substitution of
the highly conserved Pro in TMS and Asn in TM7 (in the NPxxY motif, N7.49) in family A
GPCRs by a Met and an Asp, respectively, in the MC4R (Tao 2010).

In the original cloning article, Gantz et al. (Gantz et al. 1993) showed that the hMC4R 1is
primarily expressed in brain. They further showed that the MC4R mRNA is expressed in regions
of the thalamus, hypothalamus, and hippocampus using in situ hybridization in mouse brain
sections. In the hippocampus, only CA1 and CA2 region, but not CA3 and CA4 regions, was
shown to have extensive labeling of the MC4R. It has been shown that other regions, including
dentate gyrus, cortex, and amygdala, also have the MC4R mRNA expression (Gantz et al. 1993).

It was shown that the MC4R mRNA is also widely expressed in adult rat brain, including cortex,
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thalamus, hypothalamus, brainstem, and spinal cord (Kishi, et al. 2003; Mountjoy et al. 1994;
van der Kraan, et al. 1999). In rat hypothalamus, it is expressed highly in PVN, including both
parvicellular and magnocellular neurons. In addition to neurons, astrocytes were also reported to

express the MC4R (Caruso, et al. 2007; Selkirk, et al. 2007).

1.2.3 MCA4R in energy homeostasis

The critical importance of MC4R in mediating energy homeostasis was not realized until
the molecular cloning of the MCRs, although there are earlier studies showing that ICV
administration of a-MSH and ACTH decreases food intake in rats (Poggioli, et al. 1986; Vergoni,
et al. 1986). In 1997, several studies established the essential role of the MC4R in regulating
energy homeostasis.

Cone and colleagues showed that ICV administration of melanotan II (MTII), a
superpotent and stable cyclic analog of a-MSH, inhibits the hyperphagia in four different obese
mouse models (Fan, et al. 1997). This inhibition was attenuated by coadministration of SHU9119,
a high-affinity cyclic antagonist of MC3R and MC4R (Fan et al. 1997). Administration of
SHU9119 alone increases feeding (Fan et al. 1997), even in diet-induced obesity, therefore
exacerbating the obesity (Hagan, et al. 1999). These results indicated that the disruption of
hypothalamic melanocortinergic neurons might be a potential mechanism responsible for the
obesity in mice (Fan et al. 1997). More potent effect on alterations in food intake was achieved
by direct injection of these compounds into the PVN, which express very high levels of the
MC4R (Mountjoy et al. 1994), suggesting that PVN is the primary sites of action in melanocortin
regulation of feeding behavior (Giraudo, et al. 1998). The use of more specific MC4R

antagonists such as HS014 and HS024 provided further evidence that MC4R is important in
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regulating food intake (Conde-Frieboes, et al. 2012; Kask, et al. 1998a; Kask, et al. 1998b; Kask,
et al. 1998c; Skuladottir, et al. 1999).

The report of the Mc4r knockout mouse model published in 1997 is a landmark study
providing the definitive evidence that the MC4R is critical for regulating energy homeostasis in
mice (Huszar, et al. 1997). The homozygous knockout mice are severely obese. The
heterozygous mice have intermediate body weights compared with the wild-type (WT)
littermates and homozygous mice, suggesting that there is a gene dosage effect (Huszar et al.
1997). Mc4r knockout mice have also been demonstrated to be hyperphagic, hyperglycemic,
hyperinsulinemic, and have delayed meal termination and reduced sensitivity to CCK (Blevins,
et al. 2009; Fan et al. 2004). In addition to hyperphagia, the Mc4r knockout mice was also shown
to have decreased energy expenditure, accounting for 40% of the effect of the MC4R on energy
homeostasis (Balthasar, et al. 2005). Recently, a study showed that the ability of regulating food
intake is contributed to the MC4R expressed in the PVN and/or amygdala, whereas the effect of
controlling energy expenditure is attributed by the MC4R expressed in other neurons (Balthasar
et al. 2005).

Another important breakthrough, establishing the importance of MC4R in regulating
energy homeostasis, is the cloning of AgRP gene by several groups independently (Ollmann, et
al. 1997) (Graham, et al. 1997) (Fong, et al. 1997). AgRP was initially considered as a neutral
antagonist for the MC4R. However, subsequent studies demonstrated that it is indeed an inverse
agonist for human and rodent MC4Rs decreasing basal signaling of WT (Chai, et al. 2003;
Haskell-Luevano and Monck 2001; Nijenhuis, et al. 2001) or constitutively active mutant

MC4Rs (Tao, et al. 2010).
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It has been shown that AgRP is orexigenic (Ilnytska and Argyropoulos 2008). The
inhibitory effect of a-MSH on food intake was blocked after the ICV injection of AgRP, and
food intake increases for at least 24 h (Rossi, et al. 1998). Bloom and colleagues (Kim, et al.
2000) further showed that the PVN, the dorsomedial nucleus, and the medial preoptic area were
the areas with the greatest response to AgRP, whereas no changes in feeding were seen after the
administration of AgRP into the ARC and lateral hypothalamic area (Kim et al. 2000). AgRP
also blocks the inhibitory effect of leptin on food intake and body weight in a dose-dependent
manner (Ebihara, et al. 1999).

Agrp knockout mice was originally reported to be normal in food intake, body weight, or
susceptibility to diet-induced obesity (Qian, et al. 2002). However, a subsequent knockout study
on mice with a different genetic background showed that 6-month-old homozygous Agrp
knockout mice have decreased body weights, due to increased metabolic rate and motor activity
(Wortley, et al. 2005). Furthermore, Agrp knockout mice have increased circulating thyroid
hormones, increased uncoupling protein 1 expression in brown adipose tissue, and longer life
span when fed with a high-fat diet (Redmann and Argyropoulos 2006). Finally, human genetic
studies suggest that SNPs in AgRP such as A67T might provide protection against obesity,
associated with anorexia nervosa and leanness (Marks, et al. 2004; Vink, et al. 2001). However,
functional studies on the AgRP variant did not identify any defect in its interaction with the
MCA4R (de Rijke, et al. 2005). Therefore, the exact mechanism for this protection remains to be
investigated.

The MC4R in the hypothalamus has been well accepted to be a critical downstream
mediator of leptin (Zhang et al. 1994) in regulating energy homeostasis. Leptin increases POMC

mRNA expression (Mizuno, et al. 1998; Schwartz et al. 1997; Thornton et al. 1997) through the
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leptin receptor expressed in POMC neurons in the ARC (Cheung et al. 1997), increasing the
frequency of action potentials in the POMC neurons (Cowley, et al. 2001), whereas decreases
AgRP mRNA expression in ob/ob (leptin-deficient) but not db/db (leptin receptor-deficient)
mice (Ebihara et al. 1999). Fasting, with plasma leptin concentration decreased, results in up-
regulation of AgRP mRNA (Ebihara et al. 1999; Hahn, et al. 1998; Mizuno and Mobbs 1999).
Furthermore, ICV administration of SHU9119 blocked the anorexigenic effect of leptin on food
intake (Seeley et al. 1997). It is noteworthy that although the melanocortin system is the
dominant component of leptin signaling, it has been reported that other factors, including age,
gender and diet, induce independent and additive effects of the two systems (Boston, et al. 1997,
Trevaskis and Butler 2005; Trevaskis, et al. 2008).

The critical importance of leptin-regulated melanocortin circuit in energy homeostasis in
humans and rodents is also highlighted by the fact that defects in multiple molecules in this
circuit cause obesity. Mutations in humans including leptin (Montague, et al. 1997; Strobel, et al.
1998), leptin receptor (Clement, et al. 1998), POMC (Krude, et al. 1998), PCI (Jackson, et al.
1997), and MC4R (Tao 2010), all result in monogenic obesity. In addition, loss of the
transcription factor single-minded 1 in both mice and humans causes obesity (Holder, et al. 2000;
Michaud, et al. 2001) due to the disruption of the development of the PVN, which is critical in
MCA4R regulation of food intake (Balthasar et al. 2005). The rodent models include ob/ob mice
[deficient in leptin (Zhang et al. 1994)], db/db mice (Chen et al. 1996) and Zucker fatty rats
(Phillips et al. 1996) (deficient in leptin receptor), Pomc knockout mice (Challis, et al. 2004;
Yaswen, et al. 1999), fat/fat mice (deficient in carboxypeptidase E, an enzyme involved in
POMC processing) (Naggert, et al. 1995), AgRP-overexpressing mice (Graham et al. 1997,

Ollmann et al. 1997), and Mc4r knockout mice (Huszar et al. 1997).
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1.2.4 MC4R mutations in obesity pathogenesis

The first mutations in the MC4R gene associated with severe early-onset obesity were
identified independently by Froguel and O’Rahilly in 1998 (Vaisse, et al. 1998; Yeo, et al. 1998).
Up to now, more than 170 distinct mutations have been identified from patient cohorts of
different ethnic origins. These mutations, including missense, nonsense and inframe deletion
mutations, are widely spread throughout the MC4R.

Based on the life cycle of the receptor, we proposed a classification scheme for MC4R
mutations (Tao 2010): (1) Class I mutations have defective in protein synthesis and/or
accelerated protein degradation, and thus the total receptor protein levels are decreased.
Nonsense mutants might belong to this class, although this assumption needs to be verified
experimentally. It has been shown that R7C, C84R, and W174C, with decreased total expression
levels, are class I mutations (Fan and Tao 2009). (2) Class II mutations have normal protein
synthesis, but are intracellularly retained, most likely in the endoplasmic reticulum due to
misfolding being detected by the cell’s quality control system. (3) Class III mutations have
normal cell surface receptor expression, but are defective in ligand binding. These mutants are
always impaired in intracellular signaling due to the impairment in binding. (4) Class IV
mutations have normal cell surface expression and ligand binding, but defective in transducing
signaling with decreased efficacy and/or potency. The signaling properties of these mutants are
characterized solely by measurement of cAMP signaling. The ability of naturally occurring
mutants to activate Gi/o or MAPK has not been explored. (5) Class V mutations are variants with
unknown defect. These variants have normal cell surface expression, ligand binding, basal and
maximal signaling. Whether and how these variants cause energy imbalance and therefore

obesity is unclear.
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Mounting evidence have demonstrated that the MC4R is a critical regulator of energy
homeostasis in humans, and human genetic studies have identified that defects in MC4R are the
commonest monogenic form of obesity, characterized by its early-onset and severity (Farooqi et
al. 2003). It has been shown that patients carrying the MC4R-deficient mutations are
hyperphagic. When they are offered a buffet meal, they have increased caloric intake (Farooqi et
al. 2003). The degree of hyperphagia correlates with residual receptor activity. The patients
carrying mutations with a complete loss of signaling cause more severe obesity (Farooqi et al.
2003). It has been shown that MC4R mutations not only affect food intake but also influence
energy expenditure (Farooqi et al. 2003). It was reported that Pima Indians with two pathogenic
MC4R mutations (R165Q and a frameshift mutation with A insertion at nucleotide 100) have
decreased energy expenditure. Similarly, in Hispanic patients, MC4R variants are also associated
with altered energy expenditure (Cole, et al. 2010). In addition to obesity, MC4R mutation
carriers were also reported to have increased longitudinal growth (Farooqi et al. 2003), similar to
the Mc4r knockout mice (Huszar et al. 1997). Patients with homozygous MC4R mutations are
more severely obese than patients with heterozygous MC4R mutations (Farooqi et al. 2003).

Constitutive activity of MC4R has been suggested to be important in obesity
pathogenesis. MC4R mutants with decreased basal activity has been demonstrated to be one
explanation how the mutants in MC4R results in obesity. Theoretically, it is expected that
constitutively active MC4R mutants are associated with a lean phenotype, even anorexia nervosa.
For example, mutant 12511, which has higher constitutive activity, is considered to be the
potential reason that this variant is negatively associated with BMI (Xiang, et al. 2006). However,

there are several constitutively active MC4R mutants identified from obese patients, and the
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mechanism of how these mutations associate with obesity still needs further investigation (Tao

2010).

1.2.5 Signaling pathways of the MC4R

Since the cloning of the MC4R by Gantz et al., in 1993 (Gantz et al. 1993), it has been
well accepted that the classical signaling pathway for the MC4R is by coupling to the
heterotrimeric stimulatory G protein (Gs). Receptor activation leads to increased adenylyl
cyclase (AC) activity and subsequently enhances cyclic 3°,5’-adenosine monophosphate (cAMP)
production and activity of protein kinase A (PKA).

In addition to coupling with Gs, MC4R activation was also shown to coupling with Gq or
Gi/o proteins. In HEK293 cells, MC4R activation was also shown to increase intracellular
calcium (Mountjoy et al. 1994; Nickolls, et al. 2005) that was sensitive to cholera toxin
(Mountjoy et al. 1994). In GT1-1 cells, a hypothalamic cell line endogenously expressing murine
MCA4R, it was shown that MC4R can increase intracellular calcium through Gg/phospholipase C-
dependent signaling pathway (Newman, et al. 2006). However, in another mouse hypothalamic
cell line GT1-7 cells, no increase in intracellular calcium concentrations was observed (Buch, et
al. 2009). By measuring GTPyS binding, it was shown that the MC4R can also couple to Gi/o
proteins (Buch et al. 2009). In both heterologous cells expressing WT MC4R and GT1-7 cells,
MCA4R activation stimulates pertussis toxin-sensitive GTPyS binding, indicating the coupling to
Gi/o proteins (Buch et al. 2009).

In addition to activation of the G protein dependent signaling pathway, it has been
demonstrated recently that MC4R also activates mitogen-activated protein kinases (MAPK),
both in vitro and in vivo in rat hypothalamus (Chai, et al. 2006; Daniels, et al. 2003; Vongs, et al.

2004). It has also been demonstrated that ERK1/2 is involved in MTII-induced decreases in food
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intake (Sutton, et al. 2005). In COS-1 cells expressing rodent MC4R, MTII induce ERK1/2
activation in time- and dose-dependent manners (Daniels et al. 2003). ICV injection of MTII into
rat hypothalamus showed that this ERK1/2 activation also happens in vivo (Daniels et al. 2003).
Vongs et al. (Vongs et al. 2004) showed that in CHO cells stably expressing hMC4R, NDP-MSH
also induces ERK1/2 activation in time- and dose-dependent manners, and this activation is
abolished by SHU9119. The GT1-1 cell line that expresses MC4R endogenously also responds
to NDP-MSH stimulation with increased ERK1/2 activation (Chai et al. 2006). In cerebral
microvessels, MC4R activation of MAPK leads to potentiation of leptin signaling (Zhang, et al.
2009).

The signaling mechanism leading to ERK1/2 activation is cell-line dependent and still
largely undetermined. In CHO cells expressing hMC4R, NDP-MSH-induced ERK1/2 activation
was blocked by phosphatidylinositol 3-kinase inhibitors wortmannin and LY294002, but not
PKA inhibitor Rp-cAMPS, suggesting the importance of PI3K in ERK1/2 activation. In GT1-1
cells, however, it has been demonstrated that increased ERK1/2 activation is mediated by
calcium and protein kinase C (Chai et al. 2006). In vivo, ERK1/2 activation induced by fourth
ventricle administration is mediated by the cAMP-PKA pathway (Sutton et al. 2005). In other
GPCR family, it has been well established there is G protein-independent ERK1/2 activation
signaling pathway mediated by important adaptor proteins arrestins, which was conventionally
considered as desensitizers to terminate G protein dependent signalling after agonist binding to
the receptor (Violin and Lefkowitz 2007). The role of arrestins in MC4R-mediated ERK1/2
activation is largely undetermined, and therefore, needs further investigation

Mulholland and colleagues (Chai, et al. 2009) recently reported that MC4R activation

inhibits the c-Jun N-terminal kinase (JNK), therefore inhibiting Ser307 phosphorylation at the
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insulin receptor substrate-1. These effects were blocked by SHU9119. MC4R agonist augments
insulin-stimulated AKT phosphorylation both in vitro and in vivo. Increased insulin-stimulated
glucose uptake was observed in GT1-1 cells after NDP-MSH stimulation. These observations
suggest that MC4R activation can interact with insulin signaling through modulating JNK
activity (Chai et al. 2009). This is consistent with an earlier observation that central
administration of MTII improves insulin tolerance in diet-induced obese rats (Banno, et al. 2007).
In summary, MC4R activation can result in coupling to all three major classes of G proteins, Gs,
Gi/o, and Gq, changing second messengers such as cAMP and calcium and activating MAPK
including ERK1/2 and JNK.

AgRP was initially identified as an orexigenic stimulus, through competitive binding of
melanocortins to the MC4R (Banno et al. 2007). AgRP was later found to be an inverse agonist
at the MC4R (Adan and Kas 2003; Haskell-Luevano, et al. 2001; Nijenhuis et al. 2001),
suggesting that AgRP might exerts its function independently of melanocortins. Several
additional lines of evidence (Tolle and Low 2008; Wu, et al. 2008) revealed that the effects of
AgRP on energy homeostasis are independent of melanocortin signaling. Since it has been
reported that MC4R can functionally couple with Gi/o proteins, it was speculated that it might be
involved in the independent effect of melanocortins. Indeed, a recent study demonstrated that
AGRP is able to induce the incorporation of GTPyS35 in PTX-sensitive manner (Buch et al.
2009). However, in the same cells PTX was not able to block AGRP-mediated reduction of
forskolin-induced cAMP accumulation. It has also been demonstrated that AGRP causes
interactions between the MC4R and arrestins in HEK293 or Cos-1 cells (Breit, et al. 2006).
Therefore, AgRP mediated MC4R signaling and its physiological role in mediating energy

homeostasis is still largely undetermined and need further investigation.
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Chapter 2

2.1 Introduction

Obesity is rapidly becoming a critical health problem in the U.S., with nearly 70% of
adults considered as overweight or obese compared with less than 25% forty years ago (Flegal et
al. 2012). Obesity and associated comorbidities, such as type 2 diabetes mellitus, hypertension
and heart diseases, have reached epidemic proportions in the United States and other developed

countries (Bhargava, et al. 2004).

Studies have demonstrated that the melanocortin-4 receptor (MC4R) is critical for
regulating food intake and energy expenditure in mice (Huszar et al. 1997). The Mc4r knockout
mice have maturity-onset obesity, hyperphagia, hyperglycemia and hyperinsulinemia. Human
genetic studies have identified that defects in MC4R are the commonest monogenic form of
obesity, characterized by its early-onset and severity (Farooqi et al. 2003). More than 170 MC4R
mutations, including nonsense, missense, frameshift, and inframe deletions, have been identified

from obese patient cohorts of different ethnic origins (Tao 2005, 2010).

The MC4R is a member of family A G protein-coupled receptors (GPCRs) with seven
transmembrane (TM) helices connected by alternating extracellular and intracellular loops. Since
the cloning of the MC4R by Gantz et al. in 1993 (Gantz et al. 1993), it has been established that
this receptor subtype primarily couples to the stimulatory G protein (Gs), which increases
adenylyl cyclase activity, and subsequently leads to increased cyclic adenosine monophosphate

(cAMP) production that then enhances the activity of protein kinase A (PKA). The activation of
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MC4R by the endogenous agonist, a-melanocyte stimulating hormone (o-MSH), results in
decreased food intake and increased energy expenditure, while the inhibition of MC4R by the
endogenous antagonist, agouti-related protein, leads to increased food intake and decreased
energy expenditure (Fan et al. 1997; Fong et al. 1997; Ollmann et al. 1997). Ligands targeting
the MC4R have significant therapeutic potential in obesity treatment. Therefore, a better
understanding of the MC4R function at molecular level is critical for the development of

effective therapy for human obesity.

In addition to the conventional Gs-cAMP-PKA pathway, it has been demonstrated
recently that MC4R also activates extracellular signal-regulated kinase (ERK) 1/2 (Daniels et al.
2003; Vongs et al. 2004) and this signaling pathway is involved in melanocortin-induced
decreases in food intake (Sutton et al. 2005). Thus, activation of ERK1/2 pathway is one cellular

mechanism that may underlie the regulation of energy homeostasis mediated by the MC4R.

Transmembrane domain 3 (TM3) has been suggested to be important for ligand binding
and activation in various GPCRs (Ballesteros, et al. 2001; Farrens, et al. 1996; Gether, et al. 1997,
Lu and Hulme 1999; Rasmussen, et al. 1999; Roth, et al. 2008; Sheikh, et al. 1996; Tao, et al.
2000). Studies based on site-directed mutagenesis (Ballesteros et al. 2001; Rasmussen et al. 1999;
Roth et al. 2008; Tao et al. 2000), electron paramagnetic resonance spectroscopy (Farrens et al.
1996), fluorescence spectroscopy (Gether et al. 1997) and engineered metal ion-binding site
studies (Sheikh et al. 1996) have indicated the potential role of TM3 in GPCR functions. Indeed,
direct evidences from high-resolution crystal structures of several GPCRs, such as rhodopsin
(Palczewski, et al. 2000), B2 adrenoceptor (Cherezov, et al. 2007; Rasmussen, et al. 2011;

Rasmussen, et al. 2007; Rosenbaum, et al. 2007; Rosenbaum, et al. 2011) and human A (2A)
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adenosine receptor (Jaakola, et al. 2008), further confirmed that the movement of TM3 was

critical for the conversion of the receptor to the active conformation.

A few recent studies suggest that TM3 of MC4R is important for ligand binding and
activation (Chen, et al. 2007; Haskell-Luevano et al. 2001; Lagerstrom, et al. 2003; Pogozheva,
et al. 2005; Yang, et al. 2000). Some residues in TM3 have been suggested to be essential in
forming the binding pocket that directly interacts with ligand (Yang et al. 2000), and some
residues in TM3 have been implicated to be crucial in receptor activation by participating in the
conformational switch upon ligand stimulation (Chen et al. 2007). In particular, several naturally
occurring MC4R mutants found in TM3 have been associated with human obesity. However, the
structure-function relationship of MC4R TM3 has not been fully elucidated. In the current study,
pharmacological characterization of 26 amino acid residues (Fig. 1, from V119 to V145,
excluding S136 and DRYFTI motif) were performed systematically to gain further insight into

the molecular basis involved in cell surface expression, ligand binding and receptor activation.

2.2 Materials and methods
2.2.1 Hormones and supplies

[Nle*,D-Phe’]-a-melanocyte stimulating hormone (NDP-MSH) was purchased from
Peptides International (Louisville, KY). ['*)I]-NDP-MSH was prepared using a modified
chloramine-T method as previously described (Xiang et al. 2006). Cell culture plates and flasks
were purchased from Corning (Corning, NY). Cell culture media, newborn calf serum,

antibiotics and reagents were obtained from Invitrogen (Carlsbad, CA).
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2.2.2  In vitro mutagenesis of MC4R

Wild type (WT) human (h) MC4R was generously provided by Dr. Ira Gantz and tagged
with c-myc epitope tag at the N-terminus as described previously (Tao and Segaloff 2003).
Mutations were generated using QuikChange™ site-directed mutagenesis kit (Stratagene, La
Jolla, CA) with WT myc-hMC4R as template (Tao and Segaloff 2003). Plasmids used for
transfection were prepared using IsoPure Maxi Prep Kit (Denville Scientific, Metuchen, NJ).
Automated DNA sequencing was performed (University of Chicago Cancer Research Center
DNA Sequencing Facility, Chicago, IL) to confirm the intended mutations were introduced in

the constructs correctly.
2.2.3 Cell culture and DNA transfection

HEK?293T cells were obtained from American Type Culture Collection (Manassas, VA),
and maintained at 5% CO: in Dulbecco’s modified Eagle’s medium containing 10 mM HEPES,
10% newborn calf serum, 100 units/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B and 100 pg/mL gentamicin. Cells were plated on gelatin-coated 35 mm 6-well
clusters and transfected at 50-70% confluency using calcium phosphate transfection method
(Chen and Okayama 1987). Ligand binding assay, cAMP signaling assay and flow cytometry

assays were performed 48 h after transfection.
2.2.4 Radioligand binding assay

Ligand binding assays were performed as described in detail previously (Tao and
Segaloff 2003). Briefly, 48 hours after transfection, cells were washed twice with warm
Waymouth/BSA, and then incubated with 100,000 cpm of '>’I-NDP-MSH with or without

different concentrations of unlabeled NDP-MSH (from 107! to 10 M) at 37 °C for 1 h. Cells
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were then washed twice with cold Hank’s balanced salt solution containing 1 mg/ml BSA and
subsequently solubilized with 100 pl of 0.5 N NaOH. Cells lysates were then collected using
cotton swabs, and counted using a gamma counter. All determinations were performed in
duplicate. Apparent maximal binding (Bmax) (Tansky, et al. 2007) or receptor occupancy (Wang,
et al. 2008) and concentrations that result in 50% inhibition (ICso) were calculated using Prism

4.0 software (San Diego, CA)
2.2.5 cAMP signaling assay

Forty-eight hours after transfection, cells were washed twice with warm Waymouth/BSA
and then incubated in fresh Waymouth/BSA containing 0.5 mM isobutylmethylxanthine (Sigma-
Aldrich, St. Louis, MO) at 37 °C for 15 min. Subsequently, either buffer alone or different
concentrations of NDP-MSH (from 1072 to 10) were added and the incubation was continued
for another hour. Cells were then solubilized with cold 0.5 N percholoric acid containing 180
pg/ml theophylline (phosphodiesterase inhibitor). The supernatant was collected to measure the
level of cAMP production using radioimmunoassay (Fan, et al. 2008). All determinations were
performed in triplicate. Maximal response (Rmax) and concentrations that result in 50% maximal

response (ECso) were calculated using Prism 4.0 software.
2.2.6 Flow cytometry assay

The cell surface and total expression level of WT and mutant MC4Rs were quantified
using flow cytometry technique as described before (Fan and Tao 2009) except that transiently
transfected cells were used. Briefly, 48 h after transfection, cells were placed on ice and washed
twice with filtered phosphate buffered saline for immunohistochemistry (PBS-IH, 137 mM NaCl,

2.7 mM KCI, 1.4 mM KH2PO4, 4.3 mM Na:HPOu4, pH 7.4), fixed with 4% paraformaldehyde for
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30 min, permeabilized (only for measurement of total expression level) with 1% Triton X-100 in
PBS-IH for 4 min, and then incubated with blocking solution (PBS-IH with 5% BSA) for 1h.
Cells were then incubated with monoclonal anti-myc (9E10) antibody (Developmental Studies
Hybridoma Bank at the University of lowa, lowa City, [A) diluted 1:100 in PBS-IH with 0.1%
BSA for 1 h. Cells were then washed thoroughly and incubated for another hour with Alexa
Fluor 488-conjugated goat anti-mouse IgG (Invitrogen) diluted 1:1000 in PBS-IH with 0.1%
BSA. Cells were then washed three times with PBS-IH and fluorescence signals were collected
with C6 Accuri Cytometer (Accuri Cytometers, Inc., Ann Arbor, MI). Fluorescence from cells
transfected with empty vector was used as negative control. The expression level of the mutants
was calculated as a percentage of WT MC4R expression using the formula: [mutant
fluorescence- pcDNA3 fluorescence]/ [WT fluorescence- pcDNA3 fluorescence] x100% (Wang
et al. 2008). For assessing the effect of proteasome or lysosome inhibitor on total receptor

expression, 24 h after transfection, cells were treated with MG132 (25 uM), NH4Cl (25 mM) or

chloroquine (100 uM) for 18 h prior to the measurement.

2.2.7 ERKI/2 signaling assay

For studying ERKI1/2 signaling, cells were washed twice and incubated with
Waymouth/BSA (Waymouth’s MB752/1 media (Sigma-Aldrich, St. Louis, MO) containing 1
mg/ml bovine serum albumin (BSA)) 24 h after transfection and starved in Waymouth/BSA for
24 h at 37 °C before hormone stimulation. Cells were treated for 5 min with either buffer alone
or | uM NDP-MSH, solubilized in lysis buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 0.5% NP-
40,2 mM EDTA, 1 mM sodium orthovanadate and 1 mM sodium fluoride), and then clarified by
centrifugation at 4 °C, 14,000xg for 15 min. Thirty pug of supernatant proteins were separated on

10% SDS-PAGE gel and then transferred to PVDF membrane. Phosphorylated ERK1/2 and -
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tubulin were detected by immunoblotting with rabbit anti-pERK1/2 antibody (1:1000~1:3000,
Cell Signaling Technology, Beverly, MA) and mouse anti-B-tubulin antibody (1:5000~1:20000,
Developmental Studies Hybridoma Bank at the University of lowa, lowa City, IA), respectively.
Membranes were then washed thoroughly with Tris-buffered saline (TBS, 20 mM Tris, 0.5 M
NaCl, pH 7.5) containing 0.1% Tween-20 (TBST), and then probed with horseradish peroxidase
(HRP)-conjugated secondary donkey anti-rabbit (1:500~1:2000, Jackson ImmunoResearch
Laboratories, West Grove, PA) and HRP-conjugated donkey anti-mouse (1:5000~1:20000,
Jackson ImmunoResearch Laboratories) at room temperature for 2 h. The membranes were then
washed with TBST and a final wash with TBS. Blots were then visualized using enhanced
chemiluminescence reagent (Pierce) and quantified using Image] 1.44 software (National
Institute of Health, Bethesda, MD) after densitometric scanning of the films. ERK1/2
phosphorylation was normalized according to the loading of proteins by expressing the data as a
ratio of pERK1/2 over B-tubulin. The phosphorylated ERK1/2 was expressed as a percent of the

basal value of WT hMCA4R.
2.2.8 Statistical analyses

The significance of differences in cell surface expression level, signaling and binding
parameters, and pERK1/2 activities, between the WT and mutant hMC4Rs were analyzed using

Student’s #-test with Prism 4.0.
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23 Results
2.3.1 Expression, ligand binding and signaling properties of the TM3 mutant hMC4Rs

To study the importance of TM3 residues in ligand binding and signaling, we mutated 26
TM3 residues as shown in Fig. II-1, excluding previously well-studied S136 (Fan and Tao 2009)
and DRYFTI motif (Govaerts, et al. 2005; Tao and Segaloff 2003; Yamano, et al. 2004), by
alanine-scanning mutagenesis. For these studies, TM3 residues were mutated to Ala (or
substitution of Ala by Gly) to eliminate the side chain interactions. Results obtained from these
mutants would reveal which amino acid residues are important for ligand binding and/or receptor

activation. A total of 26 TM3 mutants were generated.

To quantitate the cell surface and total receptor expression levels of mutant MC4Rs, flow
cytometry technique was used as described in Materials and Methods. The results demonstrated
that all TM3 mutants were expressed normally on the cell surface with no significant difference
compared to WT MC4R (Fig. I1I-2A). One mutant, [129A, had a small, although statistically
significant, decrease in total expression, and the other 25 mutants had normal total expression

levels (Fig. II-2B).

Ligand binding and signaling properties of these mutants were assessed using NDP-MSH.
Because NDP-MSH is a superpotent analog of a-MSH (Sawyer, et al. 1980), we reasoned that if
a mutant cannot bind and respond to NDP-MSH, it would not be able to bind and respond to the

endogenous ligands such as o- or B-MSH.

As shown in Fig. II-3 and Table 2.1, the WT hMC4R binds to NDP-MSH with an I1Cso of
108.83 £+ 22.60 nM. Of the 26 mutants, D126A had no measurable binding. Six mutants, D122A,

I125A, L133A, L134A, S139A and L140A, had decreased maximal binding. Four mutants,
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V124A, 1125A, L140A and 1143A, had lower ICsos (increased affinities). Upon NDP-MSH
stimulation, WT MC4R responded with increases in cAMP accumulation in a dose-dependent
manner with an ECso of 0.51 + 0.07 nM (Fig. II-4 and Table 2.1). D126A had no response to
NDP-MSH stimulation, consistent with its lack of detectable binding. Three mutants, D122A,
L133A and L140A, had decreased maximal response and/or increased ECsos, consistent with
their decreased ligand binding. Five mutants, S127A, V128A, S132A, L141A and 1143A, despite
normal ligand binding, had decreased maximal response and/or increased ECsos suggesting that
these mutants were partially defective in signaling. The other mutants could signal at least as
well as WT MC4R in terms of maximal signaling. Three mutants, S142A, A144G and V145A,
even had significantly increased maximal response. Several mutants, including N120A, S139A,

L140A and L141A, had decreased ECsos (Fig. 1I-4 and Table 2.1).

Since it was suggested that basal signaling might be important for maintaining energy
homeostasis in humans (Srinivasan, et al. 2004), we also measured the basal signaling of the
mutant MC4Rs. As shown in Fig. II-5, two mutants, 1137A and L140A, had significantly
increased basal signaling. Of the remaining 24 mutants, seven had decreased basal signaling and

the other mutants had normal levels of basal signaling.

2.3.2 Expression, ligand binding and signaling properties of the L140 mutant hMC4Rs

Since L140°** (superscript indicates Ballesteros-Weinstein numbering for GPCR residues
(Ballesteros and Weinstein 1995)), a highly conserved residues presenting in 74% family A
GPCRs (Mirzadegan, et al. 2003), has been suggested to be important in stabilizing the inactive
conformation of GPCRs (Baranski, et al. 1999; Kosugi, et al. 2000; Latronico, et al. 1998; Lu

and Hulme 1999; Tao et al. 2000) (reviewed in (Tao 2008)), saturation mutagenesis was
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performed at this loci to gain further detailed information on the structure-function relationship

of L140 in MCA4R.

Seventeen additional L140 mutants were generated (excluding L140H, which we failed to
generate after several attempts), and their cell surface and total receptor expression were studied
(Fig. 1I-6). Two mutants, L140G and L140V, had both normal cell surface and total receptor
expression. Three mutants, L140C, L1401 and L140K, had significantly decreased cell surface
expression with normal total expression, suggesting that these mutants were intracellularly
retained. Two mutants, L140P and L140R, had normal cell surface expression (Fig. II-6A), but
with decreased total expression (Fig. I[I-6B). Ten L140 mutants, including mutations of L140 to
D,E,F,M, N, Q, S, T, W and Y, had significantly decreased cell surface expression, most likely
due to their significantly decreased total expression. In order to study whether the decreased total
receptor expression were due to accelerated protein degradation, total receptor expressions of
these ten L140 mutants were characterized with or without the treatment of proteasome inhibitor
(25 uM MG132), or lysosome inhibitors (25 mM NH4Cl or 100 uM chloroquine) as described in
Materials and Methods. As shown in Fig. 1I-7, there was no significant increase of total
expression of the mutant and WT hMC4R upon the treatment of proteasome or lysosome

inhibitors.

The ligand binding properties of the seventeen L140 mutants were also studied. As
shown in Fig. II-8 and Table 2.2, L140G and L140V, although with normal cell surface
expression, had significantly decreased maximal binding. Twelve mutants, mutations of L140 to
C,D,E,F,L M, N, Q, S, T, Wand Y, had decreased maximal binding (Fig. II-8 and Table 2.2),
most likely due to their largely decreased cell surface expression (Fig. II-6A). Three mutants,

mutations of L140 to K, P and R, had normal ligand binding.
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The signaling properties of the seventeen L140 mutants are presented in Fig. II-9 and
Table 2.2. Upon NDP-MSH stimulation, ten mutants, mutations of L140 to C, D, F, I, M, N, Q, S,
T and Y, had decreased maximal response and/or increased ECsos, which were consistent with
their decreased cell surface expression levels. Mutant L140G, expressed normally on the cell
surface, was impaired in signaling in terms of maximal response, most likely due to its defect in
ligand binding. Mutant L140R also had significantly decreased maximal response, although it
had normal cell surface expression and ligand binding. Other mutants could signal at least as
well as WT MC4R in terms of maximal signaling. L140V had decreased ECsos (Fig. II-9 and

Table 2.2).

We also measured the basal signaling of the L140 mutants (Table 2.2). Ten mutants,
mutations of L140 to C, D, E, K, N, P, Q, S, T and V, had increased basal cAMP activity. Four
mutants, mutations of L140 to I, M, R and Y, had decreased basal cAMP production, and the

other mutants had normal basal signaling activities.

2.3.3 Signaling properties of L140 mutants at the ERK1/2 pathway

Because the MC4R can signal through both cAMP and ERK1/2, and ERK1/2 signaling
pathway has been suggested to be one cellular mechanism underlying the regulation of energy
homeostasis by MC4R (Sutton et al. 2005), we asked whether there is biased signaling at the
MC4R. The L140 mutants studied herein (Fig. II-9) revealed four signaling defective mutants
(SDM, including mutations of L140 to G, I, M and R) and nine constitutively active mutants
(CAM, including mutations of L140 to C, E, K, N, P, Q, S, T and V) in the cAMP pathway.
These mutants are excellent tools to address two questions: 1. Are mutants constitutively active
in the cAMP pathway also constitutively active in the ERK1/2 pathway? 2. Are mutants

defective in ligand-induced signaling in the cAMP pathway also defective in responding to
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ligand stimulation in the ERK1/2 pathway? Therefore the ability of these L140 mutants to
activate ERK1/2 was studied either in the basal condition (for the CAMs) or in maximal ligand-
stimulated condition (for the SDMs). A time-course experiment was performed to determine the
optimal time for ERK1/2 activation in WT MC4R, and the level of pERK1/2 reached maximum
in 5 min (data not shown). In these experiments, the WT or mutant MC4R were transfected into
HEK293T cells and subsequently treated for 5 min with 1 uM NDP-MSH (for SDM only) or not.
The levels of pERK1/2 were measured using Western blots as described in Materials and

Methods.

As shown in Fig. II-10A-C, despite that the CAMs had high constitutive activities in the
cAMP pathway (Fig. II-10A), their basal pERK1/2 activities were at similar levels to that of WT
MC4R (Fig. II-10B-C), different from their basal cAMP signaling. None of the CAM mutants
had increased basal ERK1/2 signaling. Data for the four SDMs are shown in Fig. I[I-11A-C. Two
mutants (L1401 and L140M) were defective in ERK1/2 signaling upon NDP-MSH stimulation,
consistent with their deficiency in cAMP production. Two SDMs (L140G and L140R) had
similar level of ERK1/2 phosphorylation as that of WT MC4R upon NDP-MSH stimulation,
different from their cAMP signaling properties. It is interesting to note that although L140R had
decreased basal cAMP activity (see also (Tao 2008)), it had significant constitutive pERK1/2
activity (Fig. II-11C). These results suggested that the nine CAMs and two SDMs (L140G and

L140R) had divergent cAMP and ERK1/2 signaling properties.
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2.4 Discussion

In the present study, we systematically studied 26 residues of TM3 in MC4R. We showed
that one mutant D126A had no measurable binding, and six other mutants, D122A, T125A,
L133A, L134A, S139A and L140A, had significantly decreased maximal binding or receptor
occupancy (Fig. 1I-3 and Table 2.1). These 7 mutants had normal levels of cell surface

expression, suggesting that these mutants were defective in ligand binding per se.

D122, 1125 and D126 sit at the top of the third transmembrane domain. We showed that
DI122A, T125A and D126A were expressed normally at the cell surface but with significantly
decreased ligand binding or cAMP signaling. These results are consistent with previous
mutagenesis experiments demonstrating D122, 1125 and D126 as being essential for binding to
peptide and nonpeptide ligands (Fleck, et al. 2005; Hogan, et al. 2006; Yang et al. 2000),
hypothesized to interact with the pharmacophore His-D-Phe-Arg-Trp of NDP-MSH (Hogan et al.
2006; Nargund, et al. 2006). We also showed that the naturally occurring D126Y mutation is
expressed normally at the surface, but had no binding to NDP-MSH, defective in ligand binding

per se (Wang and Tao 2011).

Four mutants, including L133A, L134A, S139A, and L140A, were expressed on the cell
surface normally, but had significantly decreased maximal binding (Fig. II-2A and Table 2.1).
L133 and L134 are located in the middle of TM3, and S139 and L140 are located near the
intracellular surface. Because of the modest decreases in maximal binding without affecting the
binding affinity (similar ICso as the WT MC4R) for L133A and L134A, and the inherent
inaccuracies in the binding assay used here for estimating maximal binding, we cannot conclude
whether these two residues are directly involved in ligand binding. A previous study mutating

L133 to methionine showed that binding to NDP-MSH is not affected (Yang, et al. 2002).
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Mutations of S139 and L140, located close to the intracellular surface of TM3, into alanine,
caused dramatic decreases in maximal binding despite normal cell surface expression. Similar
observations were made before in other peptide receptors. For example, in the GnRH receptor,
mutations in the cytoplasmic end of TMs were found to affect ligand binding (Lu, et al. 2005). In
the MC3R, we showed that mutations of E92 located near the intracellular end of TM1 abolished
ligand binding despite expression at the cell surface (Wang et al. 2008). These mutations likely
affected the conformation of the receptor rather than directly disrupted ligand-receptor

interaction.

Four mutants, D122A, D126A, L133A and L140A, had cAMP signaling deficiency, most
likely due to their impaired binding properties as discussed before. Five mutants, S127A, VI128A,
S132A, L141A and 1143A, had impaired signaling, but normal ligand binding, suggesting that
these residues are important in signal transduction. Several previous studies (Hinney, et al. 2003;
Valli-Jaakola, et al. 2004), including ours (Fan and Tao 2009), showed that one naturally
occurring mutation, S127L, has significantly decreased maximal responses, and modest (less
than threefold), but significant increase in basal cAMP signaling activity. In our experiments,
mutating S127 to Ala resulted in decreased maximal response. However, its basal activity was

similar to that of WT MCA4R.

We previously reported that one naturally occurring mutation, S136F, is a loss-of-
function mutation with normal total and cell surface expression, as well as normal ligand binding
properties (Fan and Tao 2009), consistent with other studies (Tan, et al. 2009; Valli-Jaakola et al.
2004). Multiple mutagenesis experiments further showed that S136 is important for signaling.
We showed that mutating S136 to Ala, Cys, and Arg, resulted in decreased maximal response,

whereas mutations into Cys, Leu, Arg and Try, resulted in increased ECsos (Fan and Tao 2009).
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The DRY motif and surrounding residues has been known to be essential for receptor
signaling in various GPCRs (Gether 2000; Govaerts et al. 2005; Yamano et al. 2004). Mutations
in this motif are known to greatly affect the receptor functions by directly disrupting the G
protein coupling, and disrupting the ionic lock formed between TM3 and TM6 (reviewed in
(Gether 2000)). In the MC4R, mutations of DRY motif resulted in profoundly impaired ligand
binding and receptor signaling properties (Yamano et al. 2004). Previous studies mutating D146
into Ala resulted in significantly increased basal cAMP activity. We also reported that one
naturally occurring mutation, D146N, has increased basal cAMP activity with decreased cell
surface expression, decreased ligand binding but normal maximal responses (Tao et al. 2010;
Wang and Tao 2011). T150I in the DRYxxI motif has significantly decreased receptor signaling
(Govaerts et al. 2005). We showed that 1151 in the DRYxxI motif at the end of TM3 is also
critical for ligand-induced cAMP signaling; mutation of this isoleucine to asparagine totally

disrupts NDP-MSH-induced signaling despite normal ligand binding.

The remaining mutants could signal at least as well as WT MC4R in terms of maximal
signaling upon NDP-MSH stimulation, consistent with several previous studies (Chen et al. 2007;
Yang et al. 2000). Three mutants, S142A, A144G and V145A, even had significantly increased
maximal response. Similar observations were made before in other mutant MC4Rs (Wang and

Tao 2011).

We also showed that one mutant, [121A, had normal cell surface expression, ligand
binding and cAMP signaling. Some previous studies demonstrated that one naturally occurring
mutation, [121T, is impaired in cAMP signaling upon stimulation with a-MSH (Hinney et al.
2003). Recent studies, however, showed that 1121T has decreased cell surface expression,

decreased binding affinity with NDP-MSH, but normal potency upon a-MSH or NDP-MSH
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stimulation (Xiang, et al. 2010). Therefore, the structure-function relationship of the residue 1121

is still unclear.

In addition, our data showed that one mutant, I[137A, normally expressed on cell surface,
had normal binding and signaling properties. In previous studies, one naturally occurring
mutation, [137T, has been shown to be expressed on the cell surface but defective in agonist

binding (Gu, et al. 1999).

Basal signaling of the MC4R has been suggested to be important for maintaining energy
homeostasis in humans (Srinivasan et al. 2004). We have also identified a number of naturally
occurring MC4R mutations that have decreased basal activities (Fan and Tao 2009; Tao et al.
2010; Wang and Tao 2011). In this study, we also measured the basal signaling of the mutant
MC4Rs. We showed that two mutants, 1137°#°A and L140°**A, had significantly increased basal
signaling. These results are consistent with the crystal structure of B2 adrenoceptor, showing that
[121°4° (Rasmussen et al. 2011) and L124** (Rosenbaum et al. 2007) are essential for
stabilizing receptor in its inactive conformation, hypothesized to interact with other residues

through hydrophobic interactions.

In order to obtain more detailed insight into the function of L140 in MC4R, we generated
seventeen additional L140 mutants. We showed that ten L140 mutants were constitutively active
in cAMP signaling, including substitutions of L.140 to three hydrophobic residues (C, P and V),
four hydrophilic neutral residues (N, Q, S and T), two hydrophilic negatively charged residues
(D and E) and one hydrophilic positively charged residue (K). Four L140 mutants had normal or
even decreased basal cAMP activity, including substitutions of L140 to one hydrophilic

positively charged residue (R) and six hydrophobic residues (F, G, I, M, W and Y).
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Correlation analyses demonstrated that the basal cAMP activity was significantly
correlated with the hydrophobicity (Jones 1975) of the residues (Pearson correlation coefficients
= -0.5523, p-value = 0.0142). This result was consistent with the previous finding in the crystal
structure of P2-adrenoceptor that a hydrophobic pocket was formed around the Leul24*%
(Rosenbaum et al. 2007). Four mutants (L140 to C, P, R and V), however, were exceptions that
cannot be fully explained by the hypothesis that constitutive activation resulted from the
disruption of hydrophobic interactions that stabilize the receptor in its inactive state. Rather, in
these cases, a more likely hypothesis is that constitutive activity arises from the disruption of
interhelical interactions stabilizing the inactive conformation, as well as formation of other
interactions involving the newly introduced residue, which can stabilize the receptor in an active

state (Tao et al. 2000).

With the recent report that ERK1/2 signaling activated through MC4R is involved in
melanocortin-induced decreases in food intake (Sutton et al. 2005), herein, we studied the
ERK1/2 signaling of nine CAMs and four SDMs at the L140 locus. We demonstrated that two
SDMs (L1401 and L140M) had similar ERK1/2 activities as their cAMP signaling properties.
The other two SDMs (L140 to G and R) had normal ERK1/2 phosphorylation upon stimulation.
L140R had decreased basal cAMP activity, but had significant constitutive activity in the basal
ERK1/2 signaling pathway. All nine L140 CAMs (L140to C, E, K, N, P, Q, S, T and V) had no
constitutive activation of ERK1/2 signaling. Therefore, we concluded that one mutant, L140G,
was intrinsically biased in ERK1/2 signaling pathway. One mutant, L140R, was intrinsically
biased in basal cAMP signaling, and was intrinsically biased in ERK1/2 signaling upon NDP-
MSH stimulation. Nine mutants, mutations L140 to C, E, K, N, P, Q, S, T and V, were

intrinsically biased MC4R mutants in basal cAMP signaling.
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Several intrinsically biased GPCR mutants have been reported. For example, a mutant
angiotensin type 1A receptor (DRY/AAY) is intrinsically biased in ERK1/2 signaling upon
agonist stimulation (Wei, et al. 2003). The transgenic mice with this mutant receptor develop
more severe hypertrophy and bradycardia than the WT mice (Zhai, et al. 2005). One mutant [32-
adrenoceptor (T68F, Y132G and Y219A) is also intrinsically biased in ERK1/2 signaling
pathway (Shenoy, et al. 2006). In the MC4R, Patten et al. (Patten, et al. 2007) reported the first
MC4R mutant, D298N, which is intrinsically biased in cAMP signaling. It was shown that
D298N has cAMP signaling, but does not have ERK1/2 signaling upon hormone stimulation. To
our best knowledge, we are the first to report mutant MC4Rs (mutations of L140 to C, E, K, N, P,
Q, S, T and V) that were intrinsically biased in basal cAMP signaling, as well as the first to
report mutant MC4Rs (L140G and L140R) that were intrinsically biased in ERK1/2 signaling

pathway upon agonist stimulation.

The studies of biased agonism in other GPCRs have suggested that divergent signaling
pathways might contribute to different physiological functions (reviewed in (Whalen, et al.
2011)). The MC4R has multiple physiological roles in regulating energy homeostasis, cachexia,
cardiovascular function, glucose and lipid homeostasis, reproduction and sexual function, etc.
The dominant signaling pathways activated in different physiological functions of MC4R,
however, has not been determined. The intrinsically biased MC4R mutant constructs found in
present study, hopefully, could be useful for generating transgenic animals, and thus be helpful
in investigating the potential role of cAMP-dependent or ERK1/2-dependent signaling pathway

in the physiology of the MC4R.

GPCRs have been known to have multiple signaling states, and a mutant receptor can

adopt specific conformation (reviewed in (Perez and Karnik 2005)). Our data suggested that the
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nine L140 CAMs might stabilize the MC4R in a conformation capable of coupling to cAMP but
not ERK1/2 signaling pathway. The two L140 SDMs (L140 to G and R) might stabilize the
MCA4R in a conformation capable of coupling to ERK1/2 but not cAMP signaling pathway upon
NDP-MSH stimulation. The SDM L140R might stabilize the MC4R in a conformation that
constitutively activate ERK1/2 but not cAMP signaling. Our results further confirmed the
divergent structural requirement for the cAMP and ERK1/2 signaling pathways, and suggested
that L140 might be a key residue in switching MC4R between several thermodynamically

favorable conformations.

The flow cytometry results showed that three mutants, L140C, L1401, and L140K, were
intracellularly retained with decreased cell surface expression, but normal total receptor
expression, suggesting that these mutants are defective in forward trafficking. Defective
trafficking of mutant receptors to the cell surface has been shown to be a predominant defect in
MCA4R, as well as in other GPCR mutations. Interestingly, however, one TM3 mutant (I129A)
and twelve L140 mutants (mutating L140 to D, E, F, M, N, P, Q, R, S, T, W and Y) had dramatic

decreases in total receptor expression.

Decreased total receptor expression has been reported previously for some missense
GPCR mutations including the MC4R (Fan and Tao 2009; Wang and Tao 2011; Zhang, et al.
2012), even for some synonymous mutations (Bartoszewski, et al. 2010; Duan, et al. 2003). We
therefore further studied that whether the decreased total receptor expression were due to
accelerated protein degradation (Yang, et al. 2011). Ten L140 mutants (mutating L.140 to D, E, F,
M, N, Q, S, T, W and Y) had almost abolished total receptor expression. Their total receptor

expressions were characterized with or without the treatment of proteasome inhibitor (25 uM

MG132), or lysosome inhibitors (25 mM NH4Cl or 100 uM chloroquine). The results (as shown
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in Fig. 1I-7), however, showed that there was no significant increase of total receptor expression
upon the treatment of proteasome or lysosome inhibitors. These results suggested that increased
degradation by the proteasomes or lysosomes were not responsible for the diminished expression
of these mutants. Decreased protein synthesis due to altered secondary structure of mRNA
(Bartoszewski et al. 2010; Duan et al. 2003) of those MC4R mutants might be responsible for the
decreased receptor expression. Further studies are needed to address the detailed causes of the

observed decreased total MC4R expression.

In summary, the results presented here showed that TM3 was critical for MC4R ligand
binding and/or signaling, consistent with previous studies. Of the 26 TM3 mutants we studied
herein, 13 were significantly impaired in ligand binding and/or cAMP signaling. Moreover, L.140
was critical for locking MC4R in inactive conformation and several mutants displayed biased

signaling in cAMP and ERK1/2 signaling pathways.
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Table 2.1 Ligand binding and NDP-MSH-stimulated signaling of WT and mutant hMC4Rs.

NDP-MSH binding

NDP-MSH-stimulated cAMP

hMC4R  n

1Cs0 (nM) Bumax (% WT) ECs0 (nM) Rumax (Y% WT)
WT 29  108.83£22.60 100 0.51%0.07 100
VII9A 5 56.71£6.08 104.21424.30 0.30+0.11 115.88+18.10
NI20A 5 46.01+17.89 86.16+27.89 0.39+0.03¢ 118.02+22.03
1121A 5 26.08+5.94 81.73+13.73 0.12+0.01 104.73+10.26
DI22A 5 50.78426.24 55.83+13.71° 0.68+0.12° 87.76+25.20
NI123A 5 48.4248.75 77.29+11.53 0.19+0.04 79.79+20.53
VI24A 4 33.90+10.33" 119.56+35.00 0.18+0.07 99.58+19.14
1125A 4 18.43+10.17° 42.78+19.04 0.28+0.04 74.83+32.50
DI26A 4 ND* ND* ND* ND*?
SI27A 4 68.53+33.61 71.11+£12.12 0.63+0.38 64.10+7.79¢
VI28A 4 51.08+25.94 46.42+19.98 4.7142.02 55.99+17.84°
1129A 4 24.09+5.43 116.79+24.01 0.63+0.26 86.12423.93
CI30A 4 100.09+36.06 82.81+19.51 0.68+0.31 88.09+10.64
SI31A 4 78.71422.06 108.99+32.19 0.4240.33 74.71+15.97
S132A 4 70.13422.33 75.8943.78 0.64+0.22 66.46+13.24°
L133A 4 43.92+15.01 61.77+4.02¢ 0.74+0.35 41.46+13.88°
L134A 3 38.43+£14.27 80.15+5.98° 0.7120.18 105.16+15.57
A135G 3 125.60+55.60 81.74+9.94 0.89+0.07 91.08+13.80
1137A 3 75.85428.20 99.74+5.46 0.67+0.28 84.14+10.06
CI38A 3 126.78+48.30 91.40+14.92 0.56+0.07 85.40+15.06
S139A 3 9.59+3.69 36.66+7.87° 0.26+0.07° 90.66:17.02
L140A 4 3.12+0.70° 33.35+2.36¢ 0.01£0.01° 29.96+2.71¢
L141A 4 100.58423.25 95.47+10.38 0.13+0.01¢ 77.9348.63"
S142A 4 338.76£137.72  103.38+7.49 0.64+0.06 130.60+8.46°
1143A 4 35.83+8.34° 103.83+9.26 3.91+0.244 22.2043.354
Al44G 4 136.53+32.68 105.06+6.81 1.30+0.09¢ 178.09+13.46¢
V145A 4 194.46+£52.91 135.63+£11.70° 1.50+0.11¢ 223.55+29.43¢

45



The data were expressed as the mean = SEM of 3-5 independent experiments for the mutant
hMC4Rs. The maximal responses (Rmax) were 2509.55 + 160.14 pmol cAMP/10° cells for WT
hMCA4R.

2 ND, could not be detected

b Significantly different from corresponding WT receptor, p < 0.05.

¢ Significantly different from corresponding WT receptor, p < 0.01.

d Significantly different from corresponding WT receptor, p < 0.001.
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Table 2.2 NDP-MSH-stimulated signaling and ligand binding properties of WT and L140

mutant hMC4Rs.
IMC4R 1 Basal cAMP NDP-MSH binding NDP-MSH-stimulated cAMP
(% WT) ICs0 (nM) Bumax (% WT) ECso (nM) Runax (% WT)
WT 29 100.00 108.83+£22.60 100 0.51+0.07 100
L140C 3  1832.12+303.62°¢ 7.82+0.67° 6.99+0.99¢ 21.05+6.85° 65.36+7.54¢
L140D 3  208.35+17.77° ND? 8.83+4.88¢ 1.15+0.86 40.03+3.88¢
LI40E 3 1576.81+37.80¢  5.04+0.71° 15.76+3.17¢ 0.63+0.18 86.97+6.67
L140F 3  67.73£26.97 31.68+12.74 46.49+7.29¢ 14.12£1.70¢ 69.75+3.67¢
L140G 3 84.11£7.40 13.70+2.84 8.05+5.90¢ 2.20+0.54° 20.82+0.27¢
L1401 3  49.75+8.02° ND* ND* ND® ND*
L140K 3  643.25+15.17¢ 11.81+2.62 129.16+5.09¢ 3.45+£2.19 95.9442.06
L140M 3  21.21+3.63¢ ND? ND? ND? ND*?
L140N 3 2693.38+566.11° 5.57+0.93° 18.27+4.544 0.27+0.11 64.234+4.67¢
L140P 3 1227.83+266.28° 19.38+10.35 136.90+42.12 1.65+0.98 113.44+9.47
L140Q 3 1997.89+800.82  10.19+£3.61° 47.32+5.234 1.28+0.07¢ 75.61£13.88
L140R 3  51.17+4.85¢ 161.35+40.70  97.04+5.04 1.23+0.11° 45.094+2.07¢
L140S 3  1696.26+448.25° 22.45+14.33 10.53+4.95¢ 1.56+0.76 44.36+9.81°¢
L140T 3  2868.03+£903.00° 8.83+0.72° 20.45+6.40¢ 40.74+5.43¢ 96.89+5.16
L140V 3 1830.42+440.04° 7.60+1.20° 45.98+13.27° 0.27+0.03° 103.55+9.33
L140W 3 62.82+16.90 15.62+1.31° 9.32+1.69¢ 8.87+3.24 103.03£2.45
L140Y 3  32.84+9.61° 24.45+5.20 54.91+10.05¢ 29.56+7.97° 88.28+5.19

The data were expressed as the mean = SEM of three independent experiments for the mutant

hMC4Rs. The maximal responses (Rmax) were 2509.55 + 160.14 pmol cAMP/10° cells for WT

hMC4R.

2ND, could not be detected

® Significantly different from corresponding WT receptor, p < 0.05.

¢ Significantly different from corresponding WT receptor, p < 0.01.

4 Significantly different from corresponding WT receptor, p < 0.001.
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Figure II-1. Schematic model of the hMC4R with the mutations characterized in this study

highlighted with gray background.
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Figure II-2. Cell surface expression (A) and total expression (B) of WT and TM3 mutant
hMC4Rs measured by flow cytometry. The results are expressed as percentage of cell surface
or total expression levels of the WT hMC4R after correction of the nonspecific staining in cells
transiently transfected with the empty vector as described in Materials and methods. Data were
mean = SEM of 3 experiments. The statistical significance are indicated as follows: a:

significantly different from WT hMC4R, p < 0.05.
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Figure II-3. Ligand binding properties of the WT and mutant hMC4Rs with NDP-MSH as
the ligand. The binding of '*I-NDP-MSH to hMC4R on intact cells were measured as described
in Materials and methods. Results shown are expressed as percentage of WT binding + range

from duplicate determinations within one experiment. All experiments were performed 3-5 times.
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Figure 11-4. Signaling properties of the WT and mutant hMC4Rs with NDP-MSH as the
ligand. Intracellular cAMP levels were measured using RIA as described. Results are expressed
as the mean + SEM of triplicate determinations within one experiment. All experiments were

performed 3-5 times.
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Figure II-5. Constitutive activities of the WT and TM3 mutant hMC4Rs. Intracellular basal
cAMP levels in cells transiently transfected with WT or mutant hMC4Rs were measured in the
absence of any ligand. The results are expressed as % of WT basal activity. All experiments were
performed 3-5 times. The basal cAMP levels were 47.25 + 4.98 pmol/10° cells (mean = SEM of
29 experiments). The statistical significance are indicated as follows: a: significantly different

from WT hMCA4R, p < 0.01; b: significantly different from WT hMC4R, p < 0.001.
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Figure II-6. Cell surface expression (A) and total expression (B) of WT and L1140 mutant
hMC4Rs measured by flow cytometry. See the legend to Figure II-2 for details. The statistical
significance are indicated as follows: a: significantly different from WT hMC4R, p < 0.05; b:

significantly different from WT hMC4R, p < 0.001.
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Figure II-7. Total receptor expression of WT and ten L140 hMC4R mutants, that with
totally abolished total receptor expression, measured by flow cytometry with or without the
treatment of proteasome inhibitor (25 pM MG132), or lysosome inhibitors (25 mM NH4Cl
or 100 uM chloroquine). The results are expressed as percentage of cell total expression levels
of the control of WT hMC4R after correction of the nonspecific staining in cells transiently
transfected with the empty vector as described in Materials and methods. Data were mean +

SEM of 3 experiments.
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Figure II-8. Ligand binding properties of the WT and L140 mutant hMC4Rs with NDP-
MSH as the ligand. The binding of '*I-NDP-MSH to hMC4R on intact cells were measured as
described in Materials and methods. Results shown are expressed as percentage of WT binding +
range from duplicate determinations within one experiment. All experiments were performed 3-5

times.
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Figure I1-9. Signaling properties of the WT and L140 mutant hMC4Rs with NDP-MSH as
the ligand. Intracellular cAMP levels were measured using RIA as described. Results are
expressed as the mean + SEM of triplicate determinations within one experiment. All

experiments were performed 3-5 times.
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Figure 11-10. cAMP and ERK 1/2 signaling of WT and constitutively active L140 mutant
hMC4Rs. cAMP accumulation (A) and ERK 1/2 phosphorylation (B-C) were assessed after a 1-
h and a 5-min incubation as described in Materials and methods. Results are expressed as
percentage of the value obtained in nonstimulated WT MC4R cells and represent the mean +
SEM of three independent experiments. The statistical significance are indicated as follows: a:
significantly different from WT hMC4R, p < 0.05; b: significantly different from WT hMCA4R, p

< 0.01; c: significantly different from WT hMC4R, p < 0.001.
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Figure II-11. cAMP and ERK 1/2 signaling of WT and signal defective L140 mutants. See
the legend to Figure II-10 for details. cAMP accumulation (A) and ERK 1/2 phosphorylation (B-
C) were assessed after a 1-h and a 5-min incubation as described in Materials and methods.
Results are expressed as percentage of the value obtained in nonstimulated WT MC4R cells and
represent the mean + SEM of three independent experiments. The statistical significance are
indicated as follows: a: significantly different from WT hMC4R, p < 0.05; b: significantly

different from WT hMC4R, p < 0.01; c: significantly different from WT hMC4R, p < 0.001.
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Chapter 3

3.1 Introduction

G protein-coupled receptors (GPCRs) are versatile signaling molecules that regulate
almost all physiological processes including energy homeostasis (Tao, et al. 2013).The
melanocortin-4 receptor (MC4R) is a member of family A GPCRs that has been shown to be a
critical regulator of energy homeostasis, regulating both energy intake and expenditure
(Balthasar et al. 2005; Huszar et al. 1997). Human genetic studies have identified that defects in
MC4R are the most common monogenic form of obesity, characterized by its early-onset and
severity (Farooqi et al. 2003). About 170 MC4R mutations, including nonsense, missense,
frameshift, and inframe deletions, have been identified from obese patient cohorts of different

ethnic origins (Tao 2005, 2010).

Since the cloning of the MC4R by Gantz et al. in 1993 (Gantz et al. 1993), it has been
established that it primarily couples to the stimulatory G protein (Gs), which increases adenylyl
cyclase activity, and subsequently leads to increased cyclic adenosine monophosphate (cAMP)
production that then enhances the activity of protein kinase A (PKA). The activation of MC4R
by the endogenous agonist, a.-melanocyte stimulating hormone (a-MSH), results in decreased
food intake and increased energy expenditure, while the inhibition of MC4R by the endogenous

antagonist, agouti-related protein (AgRP), leads to increased food intake (Fan et al. 1997; Fong

et al. 1997; Ollmann et al. 1997).
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Previous functional studies of MC4R on both naturally occurring and laboratory-
generated mutants have relied primarily on measurements of intracellular cAMP generation. For
example, studies on the naturally occurring mutations identified some mutations with defects in
intracellular cAMP signaling (reviewed in (Hinney et al. 2013; Tao 2005, 2009, 2010)).
However, some mutants show no functional alterations on intracellular cAMP accumulation (Tao
and Segaloff 2003; Wang and Tao 2011), and some mutants even constitutively activate cAMP
production (Tao 2008; Vaisse, et al. 2000). Six naturally occurring mutations identified in obese
patients, including H76R (Stutzmann, et al. 2008; Wang and Tao 2011), S127L (Fan and Tao
2009; Hinney et al. 2003), D146N (Stutzmann et al. 2008; Wang and Tao 2011), P230L (Fan and
Tao 2009; Hinney et al. 2003), L250Q (Proneth, et al. 2006; Tao et al. 2010; Vaisse et al. 2000)
and F280L (Beckers, et al. 2010; Wang and Tao 2011) (Fig. I1I-1), have been shown to cause
constitutive activation. The obesity observed in vivo in these patients could not easily be
explained by the in vitro cellular phenotype of these mutations. Indeed, gain of function mutation
is expected to result in lean phenotype, even anorexia nervosa. This suggests that signaling
pathways other than Gs might contribute to the physiological effect of the MC4R. Indeed, in
addition to the conventional Gs-cAMP-PKA pathway, it has been demonstrated recently that
MC4R also activates p44/42 mitogen-activated protein kinases (MAPK), also known as
extracellular signal-regulated kinases 1 and 2 (ERKI1/2), both in vitro and in vivo in rat
hypothalamus (Chai et al. 2006; Daniels et al. 2003; Vongs et al. 2004). It has also been
demonstrated that ERK1/2 is involved in melanocortin-induced decreases in food intake (Sutton
et al. 2005). Thus, activation of ERK1/2 pathway is one cellular mechanism that may underlie

the regulation of energy homeostasis mediated by the MC4R.
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Recently, a few studies discovered the biased activation of ERK1/2 in MC4R. It has been
shown that one mutant MC4R (D298N) retains cAMP generation, but abolishes ERK1/2
activation (Patten et al. 2007). We also reported that several artificially generated mutant MC4Rs
have divergent cAMP and ERK1/2 signaling cascade upon agonist stimulation (Huang and Tao
2012; Mo, et al. 2012). However, little is known about the alteration of ERK1/2 pathway in
naturally occurring MC4R mutants, and how MC4R ligands may regulate the ERK1/2 signaling
cascade that is crucial to gain a better understanding of MC4R functions at the molecular basis.
In the present study, we assessed the potential of MC4R ligands, particularly the antagonists, to
regulate MAPK activation in WT and the six naturally occurring constitutively active mutant

(CAM) MC4Rs.

3.2 Materials and methods

3.2.1 Reagents and supplies

[Nle*, D-Phe’]-a-melanocyte stimulating hormone (NDP-a-MSH) was purchased from
Peptides International (Louisville, KY). AgRP(83-132) (Fig. III-2A) was purchased from
Phoenix Pharmaceutical Inc. (Mountain View, CA). Ac-D-2-Nal-Arg-2-Nal-NH2 (MCL0020)
(Chaki, et al. 2003) (Fig. III-2B) was purchased from Tocris Bioscience (Ellisville, MO). Ipsen
51 (Poitout, et al. 2007) (Fig. III-2C) and ML00253764 (Vos, et al. 2004) (2-[2-[2-(5-bromo-2-
methoxy-phenyl)-ethyl]-3-fluorophenyl]-4,5-dihydro-1H-imidazol) (Fig. III-2D) were custom
synthesized by Enzo Life Science, Inc. (Plymouth Meeting, PA). ['*I]-cAMP was iodinated
using chloramine T method. Cell culture plates and flasks were purchased from Corning
(Corning, NY). Cell culture media, newborn calf serum, antibiotics and reagents were obtained

from Invitrogen (Carlsbad, CA).
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3.2.2 Cell culture and DNA transfection

HEK293T cells were obtained from American Type Culture Collection (Manassas, VA),
and maintained at 5% CO2 in Dulbecco’s modified Eagle’s medium containing 10 mM HEPES,
10% newborn calf serum, 100 units/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B and 50 pg/mL gentamicin. Cells were plated on gelatin-coated 35 mm 6-well
clusters and transfected at 50-70% confluency using calcium phosphate transfection method
(Chen and Okayama 1987). GT1-7 cells were generously provided by Dr. Pamela Mellon
(Mellon, et al. 1990), and maintained at 5% CO: in Dulbecco’s modified Eagle’s medium
containing 10 mM HEPES, 10% fetal bovine serum, 100 units/ml penicillin, 100 pg/ml
streptomycin, 0.25 pg/ml amphotericin B and 50 pg/mL gentamicin. For preparation of cellular
lysates for immunoblotting, cells were plated on gelatin-coated 100 mm dishes, then cells were
washed twice and incubated with Waymouth/BSA (Waymouth’s MB752/1 media (Sigma-
Aldrich, St. Louis, MO) containing 1 mg/ml bovine serum albumin (BSA)) 24 h after
transfection (or 48h after plating GT1-7 cells) and starved overnight (18h for HEK293T or 24h

for GT1-7) at 37 °C before ligand stimulation.

3.2.3 cAMP accumulation assay

HEK293T cells were washed twice, 48 hours after transfection, with warm
Waymouth/BSA and then incubated in fresh Waymouth/BSA containing 0.5 mM
isobutylmethylxanthine (Sigma-Aldrich) at 37 °C for 15 min. Subsequently, either buffer alone
or different ligands (1 uM NDP-MSH (Mo et al. 2012), 10 nM AgRP (Tao et al. 2010), 1 uM
MCLO0020 (Chaki et al. 2003), 1 uM ML00253764 (Tao 2010) or 1 uM Ipsen 5i (Tao et al.

2010)) were added and the incubation was continued for another hour. Cells were then
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solubilized with cold 0.5 N percholoric acid containing 180 pg/ml theophylline
(phosphodiesterase inhibitor). The supernatant was collected to measure the level of cAMP
production using radioimmunoassay (Tao et al. 2010). All determinations were performed in

triplicate, and each experiment was performed three times independently.

3.2.4 ERKI1/2 phosphorylation assay

The phosphorylated ERK1/2 (pERK1/2) activity was measured as described previously
(Mo et al. 2012). Briefly, 48 hours after transfection (or 72 hours after plating GT1-7 cells), cells
were treated for 5 min (or various times for time-course study) with either buffer alone or
different ligands (1 uM NDP-MSH, 10 nM AgRP, 1 uM MCL0020, 1 puM ML00253764 or 1
uM Ipsen 5i). The time points in the time-course experiments were chosen based on previous
reports of MC4R-mediated ERK1/2 signaling (Chai et al. 2006; Damm, et al. 2012; Vongs et al.
2004). Cells were solubilized in lysis buffer and lysates were separated on 10% SDS-PAGE gel.
Proteins were then transferred onto PVDF membrane. pERK1/2 and B-tubulin were detected by
immunoblotting with rabbit anti-pERK1/2 antibody (1:1000~1:2000, Cell Signaling Technology,
Beverly, MA) and mouse anti-B-tubulin antibody (1:5000~1:10000, Developmental Studies
Hybridoma Bank at the University of lowa, lowa City, [A), respectively. Blots were probed with
horseradish  peroxidase-conjugated secondary donkey anti-rabbit (1:2000, Jackson
ImmunoResearch Laboratories, West Grove, PA) and horseradish peroxidase-conjugated donkey
anti-mouse (1:5000~1:10000, Jackson ImmunoResearch Laboratories) at room temperature for 2
h. The membranes were then visualized using enhanced chemiluminescence reagent (Pierce,
Rockford, IL) and quantified using ImagelJ 1.44 software (National Institute of Health, Bethesda,
MD) after densitometric scanning of the films. ERK1/2 phosphorylation was normalized

according to the loading of proteins by expressing the data as a ratio of pERK1/2 over B-tubulin.
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3.2.5 Statistics

The significance of differences in cAMP accumulation and pERK1/2 activities were

analyzed using paired two-tail Student’s t-test with Prism 4.0 Software.

3.3 Results

3.3.1 cAMP and pERK1/2 signaling efficacies of MC4R agonist NDP-MSH

HEK?293T cells lacking endogenous expression of the MC4R have been widely used as a
mammalian expression system in MC4R studies. We used HEK293T cells transiently transfected
with the WT or CAM hMC4R to study the effect of NDP-MSH on the conventional cAMP
pathway. In accordance with our previous reports (Fan and Tao 2009; Tao et al. 2010; Wang and
Tao 2011), the CAM hMC4Rs had significantly increased basal cAMP levels at 2-10 fold that of
the WT (Fig. III-3A). NDP-MSH acted as an agonist for the WT and CAM hMC4R in the cAMP

pathway, inducing significantly increased cAMP accumulation (Fig. I1I-3A).

To evaluate the efficacy of NDP-MSH on MAPK signaling, we first performed the time
course study of NDP-MSH-induced ERK1/2 phosphorylation in HEK293T cells transiently
transfected with WT hMC4R. We found that NDP-MSH behaved as an agonist inducing a
sustained activation of ERK1/2 with a 3-fold maximal increase at 5 min upon stimulation with 1
uM NDP-MSH (Fig. III-3B-C). The activation of ERK1/2 sustained for up to 30 min, and the
level of pERK1/2 decreased to 59% of the maximal response at 60 min, but was still 1.8-fold
higher compared to the basal pERK1/2 level (Fig. III-3B-C). No significant change of pERK1/2
level was observed upon NDP-MSH treatment in HEK293T cells transiently transfected with

empty vector (data not shown).
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To exclude artifact due to overexpression of the MC4R in a non-neuronal cell line, we
also studied the NDP-o-MSH-induced ERK1/2 activation in a mouse hypothalamic cell line,
GT1-7, that express murine (m) MC4R endogenously (Khong, et al. 2001; Shinyama, et al.
2003). Stimulation with 1 uM NDP-a-MSH induced a 2.3-fold transient activation of pERK1/2
with maximal response at 5 min after addition of 1 uM NDP-MSH (Fig. III-3B-C). The level of

pERK1/2 quickly decreased to 60% of basal level after 20 min incubation.

Based on the kinetic profile of ERK1/2 activation in WT MC4R (Fig. 11I-3B-C), the
pERK1/2 levels of the CAM MC4Rs were measured after 5 min stimulation with NDP-MSH in
HEK293T cells transiently transfected with CAM MC4Rs. As shown in Fig. 3D-E, we found
that NDP-MSH acted as an agonist for ERK1/2 signaling cascade in all CAM hMC4Rs, inducing
significantly increased pERK1/2 level upon 5 min NDP-MSH stimulation. In addition, we found
that all six CAM hMC4Rs displayed constitutively active basal pERK1/2 signaling (Fig. I1I-3F).
Similar observations were made before in our previous report that some mutant hMC4Rs have
increased basal cAMP production also have enhanced basal ERK1/2 phosphorylation (Huang

and Tao 2012).

3.3.2 cAMP and pERK1/2 signaling efficacies of antagonist AgRP(83-132)

The melanocortin system is unique in having two endogenous antagonists, agouti and
agouti-related protein (AgRP) (Tao et al. 2010). AgRP is an antagonist for the hMC4R. Previous
studies have shown that a fragment of AgRP, AgRP(83-132), is indeed an inverse agonist that
decreases basal cAMP signaling of WT or CAM hMC4Rs (Chai et al. 2003; Nijenhuis et al.
2001; Tao et al. 2010). In the present study, we showed that AgRP(83-132) indeed acted as
inverse agonist, causing 50%-80% decrease of basal cAMP level of WT and six CAM hMC4Rs

(Fig. ITII-4A) consistent with previous reports.
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Although AgRP(83-132) has been demonstrated to be an inverse agonist in cAMP
signaling pathway, little is known how it may regulate the ERK1/2 signaling. To study the effect
of AgRP on ERK1/2 phosphorylation, we first studied the temporal dependence of pERK1/2
activity in HEK293T cells transiently transfected with WT hMC4R treated with 10 nM
AgRP(83-132). We found that, interestingly, AgRP(83-132) acted as an agonist for MAPK
cascade, inducing a transient phosphorylation of ERK1/2 with a 2.3-fold maximal increase at 5
min after stimulation with 10 nM AgRP(83-132) (Fig. III-4B-C). The activity of pERK1/2
decreased to 60% of the maximal response at 10 min and attenuated to almost the basal pERK1/2
level after 45 min. We did not observe significant change of pERK1/2 level in HEK293T cells

transiently transfected with empty vector upon AgRP(83-132) treatment (data not shown).

A similar kinetic pattern of ERK1/2 phosphorylation was observed in GT1-7 cells
endogenously expressing mMC4R. We found that AgRP(83-132) behaved as an agonist for
ERK1/2 signaling in GT1-7 cells as that in HEK293T cells, inducing a transient maximal
response at 5 min with 2.1-fold increase of pERK1/2 level upon AgRP(83-132) stimulation (Fig.
I11-4B-C). The level of pERK1/2 decreased to almost the basal pERK1/2 level after 10 min. The
overall identical pattern of ERK1/2 phosphorylation for both exogenous (HEK293T cells) and
endogenous (GT1-7 cells) receptor expression suggested that the observed ERK1/2 activation
upon AgRP(83-132) stimulation was a physiological response for MC4R, but not an artifact of

receptor overexpression in HEK293T cells.

Therefore, in subsequent experiments a stimulation of 5 min with 10 nM AgRP(83-132)
was used to study the ERK1/2 signaling in other CAM hMC4Rs in HEK293T cells. In all six
CAM hMC4Rs, we showed that AgRP(83-132) also acted as an agonist inducing significantly

increased (1.6-2.8 fold increase) pERK1/2 level upon 5 min stimulation with AgRP(83-132) (Fig.
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I11-4D-E). These results demonstrated that AgRP(83-132), commonly classified as inverse
agonist for the cAMP signaling pathway decreasing basal cAMP level, was shown to exert
agonist properties on the MAPK signaling cascade activating the phosphorylation of ERK1/2 in

WT and six CAM hMC4Rs.

3.3.3 cAMP and pERK1/2 signaling efficacies of peptidomimetic antagonist MCL0020
MCL0020, a tri-peptide mimetic MC4R antagonist, was first reported to exert its function
as a neutral blocker exhibiting antidepressant, anxiolytic and anti-stress effect (Chaki et al. 2003).
In the present study, however, we demonstrated that MCL0020 actually acted as inverse agonist
inducing 46-85% decrease of the basal cAMP activities of WT or six CAM hMC4Rs (Fig. I1I-

5A).

The effect of MCL0020 on the MAPK signaling was first assessed in HEK293T cells
transiently transfected with WT hMC4R. We showed that MCL0020, behaving as an agonist,
significantly activated a transient phosphorylation of ERK1/2, with 2.7-fold maximal increase at
5 min (Fig. III-5B-C). The pERK1/2 level decreased to 48% of the maximal response at 20 min
and returned almost to the basal pERK1/2 level after 45 min (Fig. III-5B-C). No significant
phosphorylation of ERK1/2 was observed in HEK293T cells transiently transfected with empty

vector upon MCL0020 treatment (data not shown).

MCLO0020 exhibited similar agonist activity for the MAPK signaling pathway in GT1-7
cells endogenously expressing mMC4R. We showed that 1 uM MCL0020 induced a transient
activation of ERK1/2, with a maximal 2-fold phosphorylation at 5 min (Fig. II-5B-C).
Subsequently, the pERK1/2 activity decreased rapidly to the basal level after 10 min incubation

with MCL0020 (Fig. III-5B-C). These results demonstrated that the ERK1/2 phosphorylation
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induced by MCL0020 was a physiological consequence of MC4R and was not due to the

overexpression of receptor in HEK293T cells.

Therefore, 5 min incubation was used for subsequent study of the effect of MCL0020 in
MAPK signaling in six CAM hMC4Rs. We showed that MCL0020 also exhibit agonist activity
for the MAPK signaling in all six CAM hMC4Rs, inducing significantly increased pERK1/2
activity upon MCLO0020 stimulation (Fig. III-5D-E). These results suggested that MCL0020,
commonly classified as neutral antagonist, was shown to exhibit inverse agonist activity for the
cAMP signaling pathway decreasing the basal cAMP level, but to behave as an agonist for the
MAPK signaling cascade activating the phosphorylation of ERK1/2 in WT and six CAM

hMC4Rs.

3.3.4 cAMP and pERK1/2 signaling efficacies of antagonist Ipsen 5i

Ipsen 51, first synthesized by Poitout and his colleagues at Ipsen Research Laboratories,
was reported to act as a selective MC4R antagonist with 2 nM binding affinity (Poitout et al.
2007). Here, we showed that Ipsen 51 was also an inverse agonist for both WT and CAM MC4Rs,
with maximal inhibition of basal cAMP ranged from 37% to 80% (Fig. I1I-6A) consistent with

our previous findings (Tao et al. 2010).

Next, we tested the potential of Ipsen 5i to affect the MAPK signaling in HEK293T cells
transiently transfected with WT hMC4R and GT1-7 cells endogenously expressing the mMC4R.
We found that the pERK1/2 level has no significant differences upon incubation with 1 uM
Ipsen 5i within 1h, for both HEK293T and GT1-7 cells (Fig. IT1I-6B-C). Even though we did not
observe the change of MAPK signaling for WT MC4R, based on the results with the other
ligands (NDP-MSH, AgRP and MCL0020), we still chose 5 min incubation to study the effect of

Ipsen 51 for MAPK signaling of other six CAM hMC4Rs.
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As shown in Fig. III-6D-E, Ipsen 5i induced significant increases of ERKI1/2
phosphorylation for 3 CAM hMC4Rs (P230L, L250Q and F280L), acting as an agonist for
MAPK cascade. No significant difference was observed for other 3 CAM hMC4Rs, including
H76R, S127L and D146N, upon 5 min treatment with 1 uM Ipsen 5i. These results demonstrated
that Ipsen 5i, normally identified as inverse agonist for cAMP signaling, exhibited agonist

activity for MAPK signaling in some specific CAM hMC4Rs.

33,5 cAMP and pERKI1/2 signaling efficacies of another small molecule antagonist
ML00253764

ML00253764, first reported as MC4R antagonist, has been demonstrated to effectively
reduce cancer cachexia (Nicholson, et al. 2006; Vos et al. 2004). Here, we showed that
ML00253764 behaved as an inverse agonist for both WT and CAM hMC4Rs, inducing maximal
decrease of basal cAMP level range from 47% to 82% (Fig. IlI-7A), consistent with our previous

reports (Tao 2010; Tao et al. 2010).

The potential of ML00253764 to regulate MAPK signaling was first examined in
HEK293T cells transiently transfected with WT hMC4R. As shown in Fig. II-7B-C,
ML00253764, acting as an agonist for MAPK signaling, induced a significantly sustained
activation of ERK1/2 with 2.9-fold maximal response at 5 min. The ML00253764-induced
pERK1/2 level sustained for up to 1h, still with 2.0-fold increase over basal level (Fig. I1I-7B-C).
We did not observe significant ERK1/2 activation upon ML00253764 treatment in HEK293T

cells transiently transfected with empty vector (data not shown).

In GT1-7 cells, the ML00253764 also acted as an agonist for MAPK signaling, inducing
a transient ERK1/2 phosphorylation with 2.0-fold maximal response at 5 min (Fig. III-7B-C).

The level of ML00253764-induced pERK 1/2 returned to the basal level after 20 min incubation
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with ML00253764 (Fig. III-7B-C). Overall, the patterns of ERK1/2 phosphorylation in
HEK293T and GT1-7 cells were similar in terms of the maximal activation at 5 min, suggesting
that the observed ML00253764-induced ERK1/2 activation was physiological and not due to
receptor overexpression in HEK293T cells. Therefore, 5 min incubation was used subsequently

to study the effect of ML00253764 to regulate MAPK signaling in six CAM hMC4Rs.

As shown in Fig. III-7D-E, four CAM hMC4Rs (D146N, P230L, L250Q and F280L) had
significantly elevated pERK1/2 level upon 5 min ML00253764 stimulation, with 2.2-3.6 fold
increase of ERK1/2 activity. However, no significant change of pERK1/2 level was observed for
the other two CAM hMC4Rs (H76R and S127L) upon 1 uM ML00253764 treatment (Fig. III-
7D-E). These results demonstrated that ML00253764, which is normally classified as inverse
agonist, was shown to behave as agonist inducing significantly increased pERK1/2 level in WT

and some CAM hMC4Rs.

3.4  Discussion

In the present study, our results demonstrated that four ligands that were previously
classified as antagonists or inverse agonists in terms of the Gs-cAMP cascade, including AgRP,
MCLO0020, Ipsen 51, and ML00253764, exhibited agonist activity on the MAPK pathway. These
findings are not consistent with the classical description of ligand efficacy, in which agonists and
antagonists were purely defined in the scenario of the most common G protein-mediated
signaling (Kenakin 2005). These results are more in accordance with the developing concept that
ligands can exhibit dual efficacy for divergent cellular signaling pathways, and thus resulting in

different physiological functions (reviewed in (Whalen et al. 2011)).
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As summarized in Table 3.1, our results demonstrated that NDP-a-MSH acted as
balanced agonist activating both cAMP and MAPK signaling pathways in the WT and all six
CAM MC4Rs. Peptidic inverse agonist AgRP(83-132) and peptidomimetic inverse agonist
MCLO0020 behaved as biased agonists activating MAPK signaling, whereas decreasing cAMP
production in WT and six CAM MC4Rs. Small molecule inverse agonist Ipsen 5i exhibited
biased agonist efficacy for MAPK signaling in three CAM MC4Rs, including P230L, L250Q
and F280L. Another small molecule inverse agonist ML00253764 acted as biased agonist

inducing ERK1/2 phosphorylation in WT and four CAM MC4Rs, but not H76R or S127L.

NDP-a-MSH has been demonstrated to lead to sustained activation of ERKI1/2
phosphorylation in dose- and time-dependent manner in CHO cells stably expressing WT
hMC4R (Vongs et al. 2004) and in GT1-1 cells endogenously expressing mMC4R (Chai et al.
2006). In the present study, we showed that, in the HEK293T cells transiently transfected with
WT hMC4R, NDP-a-MSH induced a sustained activation of ERK1/2 phosphorylation. However,
we showed that in GT1-7 cells, NDP-a-MSH induced a more transient ERK 1/2 activation, which
is different from other cell lines (Fig. III-3B-C). A similar finding that a-MSH induced a
transient ERK1/2 activation in GT1-7 cells, was recently reported (Damm et al. 2012). Therefore,
our present study and those of others (Chai et al. 2006; Daniels et al. 2003; Vongs et al. 2004)
suggested that MC4R mediated NDP-MSH-induced ERK1/2 activation could be cell-line

dependent.

AgRP was initially identified as an orexigenic stimulus, through competitive binding of
melanocortins to the MC4R (Ollmann et al. 1997). AgRP was later found to be an inverse
agonist at the MC4R (Adan and Kas 2003; Haskell-Luevano and Monck 2001; Nijenhuis et al.

2001), suggesting that AgRP might exerts its function independently of melanocortins. Several
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additional lines of evidence (Tolle and Low 2008; Wu et al. 2008) revealed that the effects of
AgRP on energy homeostasis could be independent of melanocortin signaling. Our results
demonstrated that AgRP(83-132) behaved as a biased agonist activating ERK1/2 signaling in
WT and CAM MC4Rs in HEK293T cells. We also showed that AgRP(83-132) also behaved as
an agonist activating ERK1/2 signaling in GT1-7 cells. The ERK1/2 upstream mediator has not
been determined in the present study and need further investigation. Some alternative signaling
pathways of AgRP have been identified recently, including Gio or arrestin-dependent pathways
(reviewed in (Breit, et al. 2011)). It has been shown that AgRP mediates a pertussis toxin-
sensitive Gio-coupled signaling (Buch et al. 2009), and moreover Gino proteins can activate the
ERK1/2 signaling (Ferraguti, et al. 1999; Pace, et al. 1995; Shahabi, et al. 1999). In addition, it
has been demonstrated that AgRP induces arrestin-mediated MC4R endocytosis in HEK293 or
Cos-1 cells (Breit et al. 2006). Therefore, Gin proteins or arrestins might be potential mediators

of AgRP-induced ERK1/2 phosphorylation in WT and CAM MC4Rs.

In addition to AgRP, we further tested the potential of other MC4R inverse agonists,
including MCL0020, Ipsen 51 and ML00253764, in activating ERK1/2 signaling. We found that
all these inverse agonists exhibited agonist efficacy for the ERK1/2 signaling. In other GPCRs,
several antagonists or inverse agonists have been identified to induce biased ERK1/2 signaling
(Ahn, et al. 2012; Azzi, et al. 2003; Benned-Jensen, et al. 2011; Wisler, et al. 2007). For example,
carvedilol, a nonsubtype-selective B-adrenergic receptor inverse agonist, has been shown to
mediate a G-protein independent, B-arrestin2-dependent ERK1/2 activation (Wisler et al. 2007).
These results suggested that the dual efficacy of inverse agonists might be a general concept

applicable to other GPCRs.
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MCLO0020 was first described to be a neutral antagonist without affecting basal cAMP
activity in COS-1 cells (Chaki et al. 2003). In the present study, however, we demonstrated that
MCLO0020 acted as a partial inverse agonist that decreasing basal cAMP accumulation by 46-
85% of the in HEK293T cells transiently transfected with WT or CAM MC4Rs. Therefore, the

effect of MCL0020 to MC4R might be cell-line dependent.

In addition to the biased ligands, some receptor mutants have been reported to be
intrinsically biased even stimulated with traditional balanced ligands (Mo et al. 2012; Shenoy et
al. 2006; Wei et al. 2003; Zhai et al. 2005). In the present study, we demonstrated that the
patterns of biased ERK1/2 signaling in different MC4R mutants varied even in response to the
same ligand. For example, upon Ipsen 5i stimulation three CAM MC4Rs (P230L, L250Q and
F280L) had decreased cAMP, but increased ERK1/2 signaling, whereas WT and other three
CAM MC4Rs (H76R, S127L and D146N) had only decreased cAMP signaling, but no
significant change of ERK1/2 activity was observed. ML00253764 activated ERK1/2 signaling
in WT and four CAM MC4Rs (D146N, P230L, L250Q and F280L) but no effect on ERK1/2
activity in other two CAM MC4Rs (H76R and S127L). These results suggested that there were
some structural requirements of receptor for ligands to exert their dual efficacies. Indeed, recent
crystal structures of Bi-adrenoceptor (Warne, et al. 2012) and serotonin receptor (Wacker, et al.
2013) proved that the conformation of receptor bound with biased ligand is different from that
with balanced ligand. Further systematic identification of intrinsically biased receptor mutants

might be an alternative way to help designing more potent biased ligands.

Conventionally, the constitutive activity of receptor was solely characterized using the G-
protein dependent signaling. Numerous CAM GPCRs have been reported to associate with

diseases (Tao 2008). Even some WT receptors also have considerable constitutive activity
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(Seifert and Wenzel-Seifert 2002; Tao 2008). Basal signaling of MC4R might be important for
maintaining energy homeostasis in humans (Srinivasan et al. 2004). Paradoxically, several
constitutively active mutants were identified from obese patients (reviewed in (Tao 2010)).
Increased constitutive activity is expected to result in decreased food intake and increased energy
expenditure, therefore the lean phenotype. Herein, we showed that all six CAM MC4Rs had not
only constitutive activity in basal cAMP signaling, but also constitutive activity in basal ERK1/2
signaling. Moreover, the inverse agonist, AgRP(83-132), exhibited agonist efficacy for ERK1/2
signaling in WT and CAM MC4Rs. This novel AgRP-mediated ERK1/2 signaling pathway
provided a potential missing link towards a better understanding of the physiological function of
AgRP at molecular level. Hopefully, further in vivo study on the ERK1/2 signaling of these
naturally occurring CAM MC4Rs might reveal the pathophysiology of the constitutive activity in

MC4R.

It has been demonstrated that MC4R mediates melanocortin-induced long-lasting effects
on regulating food intake and energy expenditure in rat (Grill et al. 1998). ERK1/2 is known to
activate transcription factors to alter gene expression (Cobb 1999; Pearson, et al. 2001). We
suggest alternation in basal and/or stimulated ERK1/2 signaling might be mediating the long-
lasting effect of the MCR and the pathogenesis of the CAM MC4Rs in human obesity. Much

more studies need to be done to elucidate the exact mechanisms.

In summary, the results of the present study demonstrated that several MC4R inverse
agonists in the cAMP pathway acted as agonists, activating ERK1/2 signaling, adding a new
layer of complexity to the MC4R signaling. The study also confirms a multiple activation states
of MC4R with ligand-specific and/or mutant-specific conformations capable of differentially

coupling the MC4R to distinct signaling pathways.
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Table 3.1 The effect of agonist and antagonists on cAMP and pERK signaling in WT and

CAM hMC4Rs.
NDP-MSH AgRP(83-132) MCL0020 Ipsen 5i ML00253764

cAMP pERK Bias cAMP pERK Bias cAMP pERK Bias cAMP pERK Bias cAMP pERK Bias
WT i 1 No ! ) Yes ! ) Yes ! — No | 1 Yes
H76R i 1 No ! ) Yes ! ) Yes ! — No | — No
S127L ) ) No ! ) Yes ! ) Yes ! — No ! — No
D146N ) ) No ! ) Yes ! ) Yes ! — No ! 1 Yes
P230L i i No l i Yes l i Yes l i Yes l i Yes
L250Q ) ) No ! ) Yes ! ) Yes ! ) Yes ! 1 Yes
F280L ) 1 No ! 1 Yes ! 1 Yes ! 1 Yes ! 1 Yes

The column “Bias” is designated for whether the ligand-induced cAMP and pERK1/2 signaling

pathways were divergent, in which “No” denotes balanced cAMP and ERK1/2 signaling,

whereas “Yes” denotes biased activation of ERK1/2 signaling. “1”: denotes increased activity.

“1”: denotes decreased activity. “—: denotes that the activity had no significant change.
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Figure III-1. Schematic model of the hMC4R with the naturally occurring constitutively

active mutations characterized in this study highlighted with gray background.

87



9000606
(p)

e F2B0L

88



Figure III-2. Amino acid sequence of AgRP (83-132) (A) and chemical structure of

MCL0020 (B), Ipsen 5i (C) and ML00253764 (D).
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A: AgRP (83-132)

Ser - Ser - Arg - Arg - Cys - Val - Arg - Leu - His - Glu - Ser - Cys - Leu - Gly - GIn - GlIn - Val - Pro - Cys - Cys - Asp - Pro -
Cys - Ala - Thr - Cys - Tyr - Cys - Arg - Phe - Phe - Asn - Ala - Phe - Cys - Tyr- Cys - Arg - Lys - Leu - Gly - Thr - Ala - Met -

Asn - Pro - Cys - Ser - Arg - Thr - NH;

D: ML00253764

B: MCL0020 C: Ipsen 5i
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Figure III-3. cAMP and ERK1/2 signaling efficacy of MC4R superpotent agonist NDP-
MSH. cAMP accumulation (A) and ERK1/2 phosphorylation (B-F) experiments were performed
as described in Materials and Methods. Typical image of time-course study (B) and kinetics (C)
of ERK1/2 phosphorylation carried out in HEK293T and GT1-7 cells. Representative image (D)
and results (E) of ERK1/2 phosphorylation in HEK293T cells transiently transfected with WT or
six CAM MC4Rs. Results are expressed as percentage of the value obtained in nonstimulated
cells and represent the mean + SEM of three independent experiments. (F) Basal pERK1/2 level
of WT and CAM MCH4Rs, and results are expressed as percentage of WT basal pERK1/2 activity.
The statistical significance are indicated as follows: a: significantly different from basal cAMP
or pERK activity, p < 0.05; b: significantly different from basal cAMP or pERK activity, p <

0.01; c: significantly different from basal cAMP or pERK activity, p < 0.001.
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Figure I1I-4. cAMP and ERK1/2 signaling efficacy of MC4R antagonist AgRP(83-132).
cAMP accumulation (A) and ERK1/2 phosphorylation (B-E) was performed as described in
Materials and Methods. Typical image of time-course study (B) and kinetics (C) of ERK1/2
phosphorylation carried out in HEK293T and GT1-7 cells. Representative image (D) and results
(E) of ERK1/2 phosphorylation in HEK293T cells transiently transfected with WT or six CAM
MC4Rs. Results are expressed as percentage of the value obtained in nonstimulated cells and
represent the mean = SEM of three independent experiments. The statistical significance are
indicated as follows: a: significantly different from basal cAMP or pERK activity, p < 0.05; b:
significantly different from basal cAMP or pERK activity, p < 0.01; c: significantly different

from basal cAMP or pERK activity, p < 0.001.
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Figure III-5. cAMP and ERK1/2 signaling efficacy of MC4R antagonist MCL0020. cAMP
accumulation (A) and ERK1/2 phosphorylation (B-E) was performed as described in Materials
and Methods. Typical image of time-course study (B) and kinetics (C) of ERKI1/2
phosphorylation carried out in HEK293T and GT1-7 cells. Representative image (D) and results
(E) of ERK1/2 phosphorylation in HEK293T cells transiently transfected with WT or six CAM
MC4Rs. Results are expressed as percentage of the value obtained in nonstimulated cells and
represent the mean = SEM of three independent experiments. The statistical significance are
indicated as follows: a: significantly different from basal cAMP or pERK activity, p < 0.05; b:
significantly different from basal cAMP or pERK activity, p < 0.01; c: significantly different

from basal cAMP or pERK activity, p < 0.001.
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Figure II1-6. cAMP and ERK1/2 signaling efficacy of MC4R antagonist Ipsen 5i. cAMP
accumulation (A) and ERK1/2 phosphorylation (B-E) was performed as described in Materials
and Methods. Typical image of time-course study (B) and kinetics (C) of ERKI1/2
phosphorylation carried out in HEK293T and GT1-7 cells. Representative image (D) and results
(E) of ERK1/2 phosphorylation in HEK293T cells transiently transfected with WT or six CAM
MC4Rs. Results are expressed as percentage of the value obtained in nonstimulated cells and
represent the mean = SEM of three independent experiments. The statistical significance are
indicated as follows: a: significantly different from basal cAMP or pERK activity, p < 0.05; b:
significantly different from basal cAMP or pERK activity, p < 0.01; c: significantly different

from basal cAMP or pERK activity, p < 0.001.
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Figure III-7. cAMP and ERK1/2 signaling efficacy of MC4R antagonist ML00253764.
cAMP accumulation (A) and ERK1/2 phosphorylation (B-E) was performed as described in
Materials and Methods. Typical image of time-course study (B) and kinetics (C) of ERK1/2
phosphorylation carried out in HEK293T and GT1-7 cells. Representative image (D) and results
(E) of ERK1/2 phosphorylation in HEK293T cells transiently transfected with WT or six CAM
MC4Rs. Results are expressed as percentage of the value obtained in nonstimulated cells and
represent the mean = SEM of three independent experiments. The statistical significance are
indicated as follows: a: significantly different from basal cAMP or pERK activity, p < 0.05; b:
significantly different from basal cAMP or pERK activity, p < 0.01; c: significantly different

from basal cAMP or pERK activity, p < 0.001.
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Conclusions and Future Prospective

Obesity is a complex and heritable disease resulting from intricate interactions of
behavior, environmental factor, and genetic disorders. Although several genetic variants have
been identified to be associated with human obesity, the discovery of the MC4R has been
considered as an important breakthrough in investigating human obesity.

Our systematic study of structure-function relationship of transmembrane domain 3
provided detailed information on the molecular basis of the MC4R function, and might be useful
for future drug design and better pharmacotherapy of obesity. We found that TM3 of MC4R was
critical for ligand binding and/or signaling, consistent with previous studies. Of the 26 TM3
mutants we studied herein, 13 were significantly impaired in ligand binding and/or cAMP
signaling. Moreover, L140 was critical for locking MC4R in an inactive conformation and
several mutants displayed biased signaling in cAMP and ERK /2 signaling pathways.

In addition, the study presented in Chapter III demonstrated that several MC4R inverse
agonists in the cAMP pathway acted as agonists, activating ERK1/2 signaling, in both WT and
naturally occurring CAM MCA4R. This novel finding adds a new layer of complexity to the
MCA4R signaling. The study also confirms the existence of multiple activation states of MC4R
with ligand-specific and/or mutant-specific conformations capable of differentially coupling the
MCA4R to distinct signaling pathways.

Further studies to identify the ERK1/2 upstream signaling mediators will provide
important missing links in understanding the molecular mechanism of the MC4R in regulating

energy homeostasis.
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