UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Deciphering the Melanocortin System: Three Distinct Approaches

Permalink
https://escholarship.org/uc/item/4r77h2cX

Author
Ersoy, Baran Alp

Publication Date
2009

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4r77h2cx
https://escholarship.org
http://www.cdlib.org/

DECIPHERING THE MELANOCORTIN SYSTEM: THREE DISTINCT APPROACHES

by
Baran A. Ersoy
DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Pharmaceutical Sciences and Pharmacogenomics
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO




il



Acknowledgements

My doctoral study leading to this thesis work could not have been
complete without the love and support of my family, especially my wife Meghan.

She gives me strength and makes me believe in myself.

The chapter Il of this thesis is coauthored with Melissa A. Calton and is a
reprint of the material as it appears in Human Molecular Genetics Journal.

The chapter IV of this thesis is a reprint of the material as it appears in
Pediatric Research Journal. The coauthor listed in this publication directed and

supervised the research that forms the basis for the chapter IV of this thesis.

il



Deciphering the Melanocortin System:

Three Distinct Approaches

by Baran Alp Ersoy

Human obesity is a multi-factorial trait regulated by environmental and
genetic factors and is considered to be a global epidemic associated with
mortality. Therefore, understanding the molecular pathways controlling the
energy homeostasis is of great importance in order to develop pharmaceutical
agents to treat obesity. This thesis work includes four separate research projects
with the common intention of exploring the central control of energy homeostasis
using three distinct research approaches. Leptin-melanocortin axis is the major
central regulator of energy homeostasis where MC4R and POMC play key roles
in transmitting the anorexigenic signal of the adipocyte secreted hormone leptin.
In a genetic linkage study, we demonstrated that naturally occurring MC4R
mutations but not the POMC or MC3R mutations are strongly associated with
human obesity. Secondly, in an attempt to determine an alternative signaling
pathway to leptin, the inhibition of G; protein signaling in the POMC neurons
decreased the energy expenditure in a transgenic mouse model. Finally, we
scrutinized the molecular mechanism underlying the physiologically relevant
constitutive activity of MC4R. The data supports the evolutionary role of the N-
terminal domain in the activity regulation of the G protein-coupled receptors.
Overall, our findings provide essential pieces to the bigger puzzle of the
melanocortin system, and contribute to the biomedical research in the pursuit of

understanding the regulation of energy homeostasis in humans.
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Introduction

Obesity as a Health Threat

The current epidemics of obesity and type 2 diabetes in the United States
are of major public heath significance. According to the National Health and
Nutrition Examination Survey (NHANES) the measured prevalence of obesity
(measured by body mass index (BMI) > 30kg/m?) in U.S adults was 30.5%,
compared to 22.9% in NHANES Il (1988-1994) '. Over the same period, an
alarming increase in the prevalence of extreme obesity (BMI > 40 kg/m?) was
also observed, increasing from 2.9% to 4.7% of the population. By dramatically
increasing mortality > and morbidity > from cardiovascular disease, obesity has
emerged as a major public health issue for the 21% century. At least one billion
people are overweight, and 300 million are obese *. Excess adiposity is strongly
associated with hypertension, dyslipidemia, type 2 diabetes, heart failure and
stroke °. The burden of disease is particularly high in individuals with severe
obesity as they are more likely to develop more than one of these co-morbidities
. Obese individuals (especially those with an abdominal pattern of fat
distribution) are at elevated risk of insulin resistance/type 2 diabetes,
hypertension, dyslipidemia, stroke and heart failure.

The Fight against obesity has two major fronts: one is regulating the

environmental factors leading to increased obesity such as unhealthy dietary



habits and lack of physical activity, and the other is a comprehensive research
towards a better understanding of the molecular mechanisms that control energy

homeostasis in humans. In this thesis study, we will span and extend the latter.

The leptin-melanocortin pathway in the regulation of long-term energy

homeostasis.

Prevention of obesity in mammals is dependant on a number of systems,
including the activity of an anorexigenic pathway made up of the adipocyte-
secreted hormone leptin, its neuropeptide effectors pro-opiomelanocortin
(POMC) and Agouti-related protein (AgRP) and the melanocortin 4 Receptor
(MC4R) (Figure 1). Leptin, an adipocyte specific hormone, is secreted by the
adipocyte at levels that correlate with fat mass and regulates adipose tissue
mass through centrally mediated effects on satiety and energy metabolism’.
Binding of leptin to its receptor leads to increased expression of POMC #'° and
decreased expression of AGRP ' "% in two different neuron populations of the
arcuate nucleus of the hypothalamus (ARC) '*'. The hypothalamic pro-
hormone POMC is cleaved into alpha Melanocortin Stimulating Hormone (a-
MSH) by two proconvertases (PC1 & PC2) 8. o-MSH ' and AgRP %*?2 are both
high affinity ligands of MC4R, a G-protein coupled receptor (GPCR) expressed in
the neurons of the paraventricular nucleus (PVN) in the hypothalamus (Figure 1).

23

a-MSH is an agonist and results in satiety “°, whereas AgRP is an

antagonist/inverse agonist 2°?* ?* and is orexigenic.
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INTAKE

Hypothalamus .

Adipocytes
Figure 1. Leptin-Melanocortin Axis. Left panel shows the anatomical location of

the Hypothalamus, Arcuate Nucleus (ARC), and Paraventricular Nucleus (PVN)

in the human brain. Right panel depicts Leptin-Melanocortin signaling pathway.



The essential role of this axis in the regulation of long-term energy
homeostasis is best demonstrated by the observation that mutation of leptin 2?7,
the leptin receptor ?® 2°, POMC *-*2, PC1 and MC4R * all cause obesity in
human and mice. In particular, heterozygous mutations in MC4R are the cause of
2 to 6% of severe obesity cases in humans 38 (Figure 2). Finally, as MC4R is a
key integrator of different signals reflecting the metabolic status, and its activation

results in food intake inhibition, this receptor has become a maijor target for new

anti-obesity drugs °.

Figure 2.

Figure 2. Naturally occurring obesity causing MC4R mutations. A) Serpentine

model of 7TM receptor MC4R. Red arrows represent the non-synonymous point
mutations. B) Representative weight phenotype of a heterozygous MC4R

mutation carrier in human.



Three distinct approaches to dissect the melanocortin system.

The leptin-melanocortin axis is a complex system that requires the
harmony of multiple components to maintain energy homeostasis. These
components can be studied individually and in relation to each other to clarify the
complexity of the system. In this thesis dissertation, the leptin-melanocortin axis
is studied using three distinct and different approaches: transgenic mice,
structural biology, and human genetics. Transgenic mouse models have become
the standard in studying gene manipulations and disease states in an entire
organism. In the first chapter, using a conditional transgenic mouse model we
demonstrated the role of an alternative signaling pathway (other than leptin) in
POMC neurons. In the second chapter, we studied the structure and function of
the N-terminal mediated constitutive activity of MC4R and its implication for the
other G protein-coupled receptors. Finally, genetic linkage studies help us
discover and/or validate genes that are implicated in the obesity phenotype.
Therefore, in the chapters 3 and 4 we studied the segregation of naturally
occurring human mutations (POMC, MC3R, and MC4R) with extreme obesity

(BMI>40), and their functional relevance in the melanocortin system.



Approaches:

-Transgenic Mouse Model:
Chapter 1. Pertussis toxin-sensitive G; signaling in the POMC neurons
is necessary to maintain energy expenditure.

-Structural Biology:
Chapter 2. Expanding the role of the N-terminal domain in the evolution
of GPCR activity modulation.

-Human Genetics:
Chapter 3. Association of functionally significant Melanocortin-4 but not
Melanocortin-3 receptor mutations with severe adult obesity in a large
North-American case control study.
Chapter 4. Mutational Analysis of the Pro-opiomelanocortin Gene in
French Obese Children Led to the Identification of a Novel Deleterious
Heterozygous Mutation Located in the a-Melanocyte Stimulating Hormone

Domain.



Chapter |

Pertussis Toxin-sensitive G; Protein Signaling in the
POMC Neurons is Necessary to Maintain Energy

Expenditure.



SUMMARY

Several G protein-signaling pathways have been suggested to play a role
in the central regulation of energy homeostasis through the agouti-related protein
(AgRP) and proopiomelanocortin  (POMC) expressing neurons of the
Hypothalamus. However, the precise role of the POMC neuron specific G;
signaling in the regulation of energy homeostasis remains unclear. To directly
address this issue, we used a mouse model to inhibit G; signaling in POMC
neurons by POMC neuron specific expression of the catalytic S1 subunit of
pertussis toxin, a known potent inhibitor of Gj, signaling. Inhibition of the G;
signaling in the POMC neurons resulted in a thrifty phenotype with slightly
decreased/unchanged food intake, decreased energy expenditure, and increased
body weight. Increased body weight was caused by decreased energy
expenditure, not by increased food intake. In contrast to the previous views that
defend regulation of energy expenditure and food intake by different subsets of
neurons, our phenotypic analysis suggests that one specific signaling pathway
within the same subset of POMC neurons, the G; signaling, can regulate energy
expenditure independent from food intake. Our findings validate the importance
of G; protein signaling in POMC neurons in the regulation of energy expenditure.
We propose the modulation of POMC neuron specific G; protein-coupled
receptors as a novel and alternative target for the pharmacological treatment of

energy homeostasis disorders.



INTRODUCTION

In the central regulation of energy homeostasis, leptin signaling is the
major regulator of AgRP and POMC neuronal activity in the melanocortin
system’?*. Leptin regulates long-term energy homeostasis by inhibiting the

.12 and activating the anorexigenic POMC neurons®°

orexigenic AgRP neurons
through the same subtype of cytokine receptor, LepRb*. Although leptin and its
target LepRb are the strongest and most studied modulators of the AgRP and
POMC neurons, a number of different satiety and hunger signals have also been

described to control the same subset of neurons through a different family of

receptors, the G protein-coupled receptor (GPCR) family (figure 1).

GPCRs, also known as the 7TM (seven transmembrane) receptors,
constitute the largest family of membrane receptors in the mammalian genome.
Overall, there are nearly 400 non-odorant GPCRs that regulate different

physiological mechanisms in humans*" #?

. Therefore, modulating the activity of
the tissue specific GPCRs that have specific physiological roles has been the
focus of the pharmaceutical industry, making up to 40% of all available drugs in
the market. At the cellular level, GPCRs couple to one of the four different
subsets of G proteins to regulate intracellular signaling: G, and G, proteins
regulate intracellular cAMP levels by activating or inhibiting adenylyl cyclase

43, 44

activity respectively . G,q protein activates phospholipase C (PLC) and

increases Ca?* mobilization”®.  Finally, G,i213 is involved in the Rho family



GTPase signaling®.

When it comes to the AgRP and POMC neurons, GPCRs with neuron
specific expression have been considered potential drug targets for the treatment

of eating disorders*>2.

For the AgRP neuron specific GPCRs, food intake can
be regulated through G; and G signaling. A hunger-signaling peptide, ghrelin, is
secreted from the stomach and activates a G, protein-coupled receptor, Growth
Hormone Segretagogue Receptor (GSHR) in the AgRP neurons to increase food

intake*® 49

(figure 1). A postprandial satiety signal, pancreatic polypeptide Y
(PYY) is secreted from the pancreas and inhibits AgQRP neurons through a G;
protein-coupled receptor, Neuropeptide Y Receptor 2 (Y2R) to decrease food

intake46’ 47, 50-52 (

figure 1). Another satiety signal, Serotonin (5HT) decreases
food intake by inhibiting the AgRP neurons through the G; signaling serotonin
receptor subtype 5HT1, which is specifically expressed in the AgRP neurons®
(figure 1). For the GPCR regulated POMC neuron activity, Serotonin can also
decrease food intake by activating the anorexigenic POMC neurons through the

G, signaling serotonin receptor subtype SHT,c, which is specifically expressed in

the POMC neurons** °**¢ (figure 1).

10



Figure 1.

Serotonin

(+¥

SHT2C

Serotonin

Ghrelin PYY

Leptin

Figure 1. Endogenous ligands that modulate POMC and AgRP
neurons in the Arcuate Nucleus of the hypothalamus. Red - AQRP/NPY
neuron. Green - POMC neuron. Blue - MC4R neuron. (-) - Inhibitory

effect. (+) activating effect.
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Although the importance of G4 protein signaling in both AQRP and POMC
neurons has been well established, the knowledge on the relevance of G;
signaling in regulating energy homeostasis has been limited to AQRP neurons.
Therefore, in this study, we set to determine the role of G; signaling in POMC
neurons in regulating energy homeostasis. We used a mouse model to inhibit G;
signaling in POMC neurons by tissue specific expression of the catalytic S1
subunit of bordatella pertussis toxin® (PTX). PTX inhibits 4 out of 5 G; protein
subtypes (G, G,2, G, G, Not G,) by ADP-ribosylation®”. Inhibition of G;
signaling in POMC neurons caused a thrifty energy homeostasis phenotype with
slightly decreased food intake and decreased energy expenditure, leading to
increased body weight. Our findings improve the understanding of the
melanocortin system and widen the horizon for the drug discovery in the

treatment of energy homeostasis disorders.

12



RESULTS

Generation of mice with POMC neuron specific pertussis toxin expression.

We used two previously described mouse models to obtain POMC neuron
specific PTX expression. ROSA26"™ mouse model carries the catalytic S1
subunit of PTX inserted in the ROSA26 locus®®. The insertion is designed so that
PTX can only be expressed upon excision of a floxed silencer cassette by Cre
recombinase®® (ROSA26"™ allele, figure 2A). ROSA26"™ mouse has WT-like
(wild type-like) phenotype in the absence of Cre Recombinase expression®®. The
system's efficacy was previously tested in vivo in pancreatic beta cells where

6" and Cre recombinase lead to inhibition of

contemporary presence of ROSA2
Gis signaling®®. In the second mouse model, lacZ expressing gene was inserted
into the same locus instead of PTX, allowing lacZ expression as a marker in the
presence of Cre recombinase® (ROSA26%, figure 2B). ROSA26"*“ mouse also
carries a transgene expressing Cre recombinase under the promoter and
transcriptional regulatory elements of the POMC gene®® (POMC®™, figure 2C),
hence allowing PTX and lacZ expression specifically in the POMC expressing
neurons.

Mice homozygous for the ROSA26°™ allele (ROSA26°™F™X) were
intercrossed to mice homozygous for the ROSA26“°* allele (ROSA26'%°%12°%)

carrying a single copy of the POMC®™ transgene (figure 2D). Subsequent

progeny provided mice heterozygous for the ROSA26 locus (ROSA26" %) with

13



or without the POMC®™ transgene. Quantitative mRNA analysis showed that the
ROSA26°™2Z/pOMC®™ mice had 10-fold more PTX expression in the

6 PTX/lacZ

hypothalamus compared to ROSA2 mice (figure 3). Only the male mice

in this breeding scheme were used for the phenotypic analysis (figure 2D).

14



Figure 2.

A.
loxP loxP
Rosa26 Stop PTX
B.
loxP loxP
Rosa26 Stop LacZ
C.
D.

ROSA26PTX/PTX ROSA26acZ/lacZ |

POMCCRE

ROSA26P™aZ  ROSA26PTXacZ
POMCCRE

Figure 2. Depiction of transgenic constructs and the breeding scheme.

A & B) Purple - Rosa26 promoter. loxP - Cre recombinase excision
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sites. Red - Stop cassette. Yellow - Catalytic S1 subunit of bordatella

pertussis toxin (PTX).

Blue - Beta Galactosidase. C) Black - POMC

promoter. Green - Cre Recombinase. D) Breeding scheme. Circle -

Dame: ROSA26"™FT™X Dash filled Square - Sire: ROSA26™¢#"acz

JPOMC®™. Square - Non-mutant male pups: ROSA26" ™% Black filled

square - mutant male pups: ROSA26" ™%4/pOMCC™.

Figure 3.

=
Q

PTX (fold expression)

N

<)}

3

Figure 3. Hypothalamic Pertussis toxin mRNA
expression. mMRNA was purified from surgically
dissected whole hypothalamus of wild type (WT)
BL6, ROSA26"™"?/POMC®™, and ROSA26" >
mice. Total mRNA quantity was determined by
spectroscopy. PTX mRNA quantity was determined
by Sybr Green quantitative RT-PCR and further
normalized to cyclophilin A housekeeping gene. Fold
PTX mRNA expression was normalized to
ROSA26°™2Z PTX mRNA expression (1x). Error

bars represent standard error for n=>5.
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We tested the accuracy of the POMC neuron specific expression by lacZ
staining. LacZ staining of the whole brain of ROSA26"%4/POMCC™ mice was
compared to ROSA26W1dTrelacZ poMCC™ mice. Figure 4A and 4B show that the
Cre recombinase system worked properly since the pattern of the lacZ staining
was in accordance with the previously published localization of the POMC
neurons in the hypothalamus® °'. In addition, PTX expression in the POMC
neurons did not cause neurotoxicity because the number and the size of the
POMC neurons were unchanged between the ROSA26°™*4/POMC®™ and

ROSA26VdTyrellacZ poMCC™ mice (figure 4B).

Expression of PTX in POMC neurons leads to increased body weight.

ROSA26°™2Z/pOMC®™ mice were slightly but significantly overweight
compared to ROSA26" 7% mice (figure 5A). The increased body weight was
not due to an early developmental problem because ROSA26" 22/ POMCC"™®
and ROSA26°™%%? mice had identical body weight at the age of weaning (3
weeks old, figure 5B). 2 grams of increased body weight appeared after 5 weeks
of age and persisted throughout the adulthood (figure 5A). The evaluation of the
body composition by DEXA revealed that this increased body weight phenotype
could be explained by the increased fat mass in ROSA26"*4/POMC®™ mice
(figure 6A). The lean body mass and the length remained unchanged between

the ROSA26°™2Z/POMC®™ and ROSA26" ™% mice (figure 6B and 6C).

17



Figure 4.

ROSA26PTXacZ | POMCCRE  ROSA26WTlacZ | POMCCRE

ROSA26P™/acZ | POMCCRE  ROSA26WTlacZ | POMCCRE

Figure 4. Whole brain LacZ staining. A) Localization of POMC®RE Cre
Recombinase system to the POMC neurons. B) Neuronal anatomy of POMC
expressing neurons. Whole brain and cryogenic hypothalamic brain slice lacZ

stainings are representative images of n=4.
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Plasma leptin level was increased in the ROSA267"22/POMCC™ mice by
nearly two folds in accordance with the increased adiposity (figure 7A).
ROSA267 ™22/ pOMCC™ mice had unaltered reduction in food intake in response
to a pharmacological intraperitoneal (I.P.) dose of leptin (2.5mg/kg) compared to
ROSA267™%Z mice (figure 7B). However, the hypothalamic mRNA expression
of POMC, AgRP and NPY suggests that ROSA26"24/POMC ™ mice had
decreased leptin sensitivity at the physiological levels of leptin. In accordance
with the increased plasma levels of leptin, ROSA267X#2/POMC®"™ mice had
decreased AgRP and NPY levels compared to ROSA26°™"%Z mjce (figure 8B).
Increased plasma leptin was able to induce its inhibitory effect on the AGQRP/NPY
neurons because this subset of neurons was not genetically altered. However,
the increased plasma leptin levels in ROSA267"22/POMCC™ mice did not lead
to increased POMC mRNA compared to ROSA26°™/% suggesting that the
inhibition of G; signaling by pertussis toxin in the POMC neurons altered the

leptin sensitivity at the physiological levels (figure 8A, and figure 9).
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Figure 5.
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n=13) mice. Error bars represent the standard error. *P<0.05, **P<0.01,

***P<0.001.
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Figure 6.
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Figure 7.
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Figure 7. Plasma leptin level and Pharmacological leptin sensitivity of
ROSA26° ™22/ pOMCC™ vs. ROSA26°™1%? 8 weeks old mice. A)
Plasma leptin levels measured at fed state. B) Effect of 2.5mg/kg I.P.
Leptin administration (grey) vs |.P. saline administration (black) on food
intake. Data is normalized to daily food intake with saline
administration. Error bars represent standard error for N=5. *P<0.05.

NS P>0.05.
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Figure 8.
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Figure 8. Hypothalamic mRNA levels of ROSA26" ™%¢4/POMC®"™ (black) vs.
ROSA267™%°Z (red) 8 weeks old mice determined by Syber green RT-PCR.
A) POMC mRNA level. B) AgRP and NPY mRNA levels. Error bars represent

standard error for N=5. **P<0.01, NS P=0.07.
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Figure 9. Loss of leptin sensitivity at POMC neurons in
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ROSA267 ™22/ pOMCC™ mice. A) Increased plasma leptin effects POMC
and AgRP/NPY mRNA expression in wild type mice. B) Increase in
POMC mRNA in response to increased plasma leptin levels is impaired

due to the inhibition of G; signaling by PTX.

Increased body weight of ROSA26°™"°Z/pOMCC™ mice is not due to

increased food intake.

To determine if the increased body weight and adiposity of
ROSA26"™2Z)pOMCC ™ mice was due to increased food intake, we measured
average daily food intake for 10 days. Daily grammage of food intake was
identical between ROSA26°™22/POMC®™ and ROSA267"*2 mjice (data not
shown). However, ROSA26"™2/POMC®™ mice ate slightly but significantly
less than ROSA26"7%“ mice when the food intake was normalized to their
respective body weights (1% decrease in food consumption per body weight,

Figure 10A).
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Figure 10.
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Figure 10. Food intake and efficacy for ROSA267™%2/POMC®™ (black) vs.
ROSA267™%°Z (red) 8 weeks old mice. A) Average daily food intake for 10
days normalized to corresponding body weights. B) Food efficacy calculated
as grams of weight gained per grams of food comsumed for 10 days. Error

bars represent standard error for N=9. *P<0.05, ** P<0.01.

Because ROSA26"™2°Z/POMC®™® mice had unchanged/slightly
decreased food intake despite being overweight, they had significantly increased
food efficacy. ROSA26""2°Z2/POMC ™ mice gained more weight per food

6PTX/ lacZ

consumed compared to ROSA2 mice through the span of the 10-day

measurement period (figure 10B).
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ROSA26°™"°Z/pOMCC"™ mice have decreased energy expenditure.

Oxymax study revealed that ROSA267™2Z/POMCC™® mice had
significantly reduced oxygen uptake compared to ROSA26" 7% mice
independent of the light/dark cycle changes (Figure 11A). Decreased energy
expenditure phenotype of ROSA26°™%Z/POMC®™ mice was measured at 8
weeks of age when there is a significant increase in food efficacy and body
weight. This suggests that the reduced energy expenditure is the major cause of
increased body weight, food efficacy and adiposity in ROSA26""2°Z/pOMCC™
mice. Also, the respiratory exchange ratio (RER=V.CO,/V.0;) was decreased in
ROSA267 ™22/ pOMC®™ mice, indicating an increased usage of adipose tissue
as the energy source (figure 11B). The slight increase in adiposity in the
ROSA267 ™22/ pOMCC™ mice could explain why they utilize slightly more fat as

the energy source.
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Figure 11.
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Figure 11. Energy expenditure of ROSA26"™"4/POMC®™ (black) vs.
ROSA267™%°Z (red) 8 weeks old mice. A) Oxygen uptake (VO,) measured

through 24 hr period for every 10 minutes. Data is averaged to hourly oxygen
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uptake and normalized to lean body mass. Dark cycle is represented with grey
screens between 1-7 am and from 7 pm (19hr) until midnight (24hr). B)
Respiratory exchange ratio (RER) measured through 24 hr period. Data is
normalized to hourly average. Error bars represent standard error for N=5.

*P<0.05.

ROSA26°™"2°Z/pOMCC"™ mice have regular compensatory feeding.

To test if the ROSA26°™2/POMC®"™ mice had impaired response to
adiposity signals, we tested the increased compensatory food intake following
food deprivation. Albeit non-significant, ROSA26""24/POMC®™ mice had lost
slightly less weight (p=0.06) at the end of 36 hr fasting period, a trend in
accordance with the reduced energy expenditure phenotype (figure 12A).
ROSA26°™"?/POMC®® and ROSA26"7"*? mice had similar 24 hr

compensatory food intake after a 36 hr fasting period (figure 12B).
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Figure 12.
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Figure 12. Food deprivation and compensatory feeding for

ROSA267 ™22/ pOMCC™ (black, n=9) vs. ROSA267 %% (red, n=10) 8 weeks old
mice. A) Change in body weight during 36 hr fasting followed up with 24 hr
refeeding. B) Compensatory feeding for 24 hr following fasting. Error bars

represent the standard error. NS P>0.05.

In combination with the food intake and energy expenditure data, the
compensatory feeding experiment suggests that the inhibition of the G; signaling
in the POMC neurons leads to an altered energy expenditure phenotype, not an

altered food intake phenotype.
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ROSA26°™"°Z/ pOMCC™ mice have regular glucose and glucocorticoid

metabolisms.

To test if the increased body weight led to a diabetic phenotype in
ROSA267 ™22/ pOMCC™ mice, we tested the fasting plasma insulin levels and
the glucose tolerance (GTT). Glucose metabolism was unaltered in
ROSA267 ™22/ pOMC®™ mice because the fasting plasma insulin levels and

6PTX/ lacZ

glucose tolerance test (GTT) were identical to the ROSA2 mice (figure

13A and 13B respectively).
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Figure 13. Insulin levels and glucose tolerance test for

ROSA267 ™22/ pOMCC™ (black) vs. ROSA267 2% (red) 8 weeks old mice. A)
Fasting plasma insulin levels. B) Glucose tolerance test (GTT). Error bars

represent the standard error for N=5. NS P>0.05.
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Because POMC is also expressed in the pituitary,
ROSA267 ™22/ pOMCC™ mice also expressed PTX in select pituitary cells (data
not shown). Since the level of pituitary production of POMC regulates
glucocorticoid metabolism, we further tested if the inhibition of G; signaling in the
pituitary POMC cells induced a change in the glucocorticoid metabolism. The
inhibition of G; signaling in the POMC expressing pituitary cells did not alter the
pituitary POMC expression and did not lead to an increase in the plasma
glucocorticoid levels compared to ROSA26" ™% mice (figure 14A and 14B
respectively). Therefore, the decreased energy expenditure and increased body
weight phenotype is independent of the pituitary POMC expression and the

glucocorticoid metabolism.
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Figure 14. Glucose metabolism for ROSA267™%Z/POMC®™ (black) vs.

ROSA267™%°Z (red) 8 weeks old mice. A) Pituitary POMC mRNA levels.
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DISCUSSION

Inhibition of G; signaling in POMC neurons results in a similar phenotype to

POMC specific deletion of AMP-activated protein kinase.

The major effect of G; signaling is the inhibition of adenylyl cyclase activity
and a consequent decrease in the intracellular cAMP accumulation®* (figure 15).
Thus, inhibiting the G; signaling increases the cAMP dependent Protein Kinase A
(PKA) activity, and its downstream protein phosphorilation and gene
transcription*® (figure 15). One such downstream target of PKA is AMP-activated
protein kinase (AMPK), and its phosphorilation by PKA inactivates AMPK (figure
15). Therefore, we postulated that down regulating AMPK activity in POMC
neurons would have similar consequences to inhibiting G; signaling by pertussis
toxin.  Among 14 different publications on 14 different POMC neuronal
modifications, POMC neuron specific deletion of AMPKa2 (POMCAMPKe2(F)
reduces AMPK signaling and results in similar energy homeostasis phenotype to
ROSA267 ™22/ pOMC®™ mice with increased body weight, unchanged food
intake, and decreased energy expenditure®"* (Table 1 and 2).

Further determination of decreased hypothalamic AMPK activity in
ROSA267 ™22/ pOMC®™ mice compared to ROSA26" ™" mice would solidify
this hypothesis. However, the difference in hypothalamic AMPK activity between

POMCAMPKa2) and wild type (WT) mice was shown to be minimal® (90%
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reduced AMPK activity compared to WT). Therefore, determining a reduction vs.

deletion of AMPK signaling in POMC neurons could present a greater challenge.

Figure 15.
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Figure 15. Intracellular effectors of G; protein-coupled
receptor activation.  Phosphorilated G; protein complex
inhibits adenylyl cyclase activity and its production of cAMP.
Reduction in the intracellular cAMP concentration leads to a

decrease in the active conformation of cAMP dependent
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Protein Kinase A (PKA). Less active PKA results in
decreased CREB (cAMP responsive element-binding protein)
signaling and more active AMPK (AMP-activated protein
kinase) signaling because PKA activates and inhibits these

signaling pathways respectively.
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Table 1.

) Food Lean
Weight Intake Mass Fat Mass VO,
Tfam Neuronal
Ablation i ' i ' _
DTR Neuronal
Ablation ¥ * ND NP "
POMC (-/-) + + ND ND ND
in female | in female No in female
STAT3(-/-) only + only + Change only + ND
No No No No
gp130(-/-) Change | Change | Change Change ND
No
PTEN (-/-) + + ND * Change
No
No NO
Socs3 (-/-) Change/ Change ND Change ¥
HFD -
No No
Irs2 (-/-) Change | Change ND ND ND
No
AMPKa.2(-/-) + Change ND + B
Only 6-8 | Only at
PDK1 ('/') weeks + week 6 + ND ND ND
No No
InsR (-/-) Change | Change ND NP NP
No No No
LepR (--) (1) * Change | Change ¥ Change
No Males +/
LepR (--) (2) + ND Change ¥ Fem_ales
No
No No No
PTP1B (-/-) Cnla:rlgg_e/ Change Change } Change

Table 1. Energy homeostasis phenotypes of various POMC genetic alteration
studies. Abbreviations: (+) increase. (-) decrease. ND - Not determined. HFD -
High Fat Diet. VO, - Oxygen consumption. Tfam - mitochondrial transcription
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factor A. DTR - Dyphteria Toxin. Stat3 - Signal Transducer and Activator of
Transcription 3. gp130 - Glycoprotein 130. PTEN - phosphatase and tensin
homolog. Socs3 - Suppressor of cytokine signaling 3. Irs2 - Insulin receptor
substrate 2. AMPKa2 - 5' AMP-activated protein kinase alpha 2 subunit. PDK1 -
Pyruvate dehydrogenase kinase, isozyme 1. InsR - Insulin receptor. LepR -

Leptin receptor. PTP1B - Protein tyrosine phosphatase 1B.

Table 2.
ROSA26"™Z] [ pOMCAVFKaZT)
POMC®"™
Weight + +
Food intake No Change/ No change
Slight Decrease
Fat mass + +
VO, - -
Pharmacological No Change No Change
Leptin Sensitivity
Glucose No Change No Change
POMC, AgRP/NPY Altered No Change
expression
Table 2. Comparison of energy homeostasis phenotypes:

ROSA26" ™22/ pOMCC™ vs. POMCAMPKa2(),
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Two different types of signaling pathways in the POMC neurons control

food intake and energy expenditure separately.

Increased food intake and decreased energy expenditure come hand in
hand in severely obese patients, hence rising the probability that decreased
energy expenditure is an inevitable secondary consequence of increased food
intake and body weight. However, such an assumption would lead to the
conclusion that there is no primary metabolic regulation of energy expenditure; it
is a mere consequence of increased weight gain. To the contrary, various
investigations provide strong evidence for the metabolic regulation of energy

expenditure and food intake independent of each other.

Leptin's pharmacological effect of decreased food intake has been well
established and is also repeated in this study (figure 7B). Also, when
administered to food-restricted lean mice, leptin increases energy expenditure
independent of food intake and body weight”®. Therefore, leptin must be a direct
metabolic regulator of energy expenditure since increased energy expenditure is
not an instantaneous secondary effect of decreased food intake and decreased

body weight.

Recently, another study demonstrated the divergence of food intake and

energy expenditure regulation further downstream of leptin signaling. Balthasar
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et al. hypothesized that different subset of MC4R expressing neurons can
modulate food intake and energy expenditure independent from each other’.
MC4R knock out mice have increased food intake and reduced energy
expenditure because they cannot relay the leptin's anorexigenic signal' "33 77
8 Therefore, all MC4R expressing neurons in the hypothalamus were thought to
regulate food intake and energy expenditure in unison’® (Figure 16, previous
view). Nonetheless, In the MC4R knockout mouse, the rescue of MC4R activity
specifically to Sim1 (Single-minded gene 1) expressing neurons (limited to the
Paraventricular Nucleus (PVH) and Amygdala) rescued only the increased food
intake phenotype; energy expenditure remained low. Therefore, the authors
proposed that different subsets of MC4R expressing neurons must regulate food

intake and energy expenditure independent from each other’® (figure 16, new

view).
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Figure 16.
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Figure 16. Functional separation of MC4R neurons as published by Balthasar et
al. Two different subset of MC4R expression neurons regulate food intake and

energy expenditure separately and independent from each other.

On the other hand, our results suggest that food intake and energy
expenditure do not necessarily require different subset of neurons. Altering only
one specific signaling pathway in POMC neurons, the G; signaling pathway

specifically changed energy expenditure independent of food intake. This is
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reminiscent of the POMC MK« mouse model where the increased body
weight is correlated to decreased energy expenditure, not the food intake®”. In
the POMC neurons where the major regulator of food intake is leptin signaling,
the G; signaling specifically regulates energy expenditure (Figure 17). Our results
provide further evidence that decreased energy expenditure in obesity is not
necessarily a secondary effect of increased body weight. Alteration of energy
expenditure alone in the absence of increased food intake is a sufficient cause to

increase the body weight.

Figure 17.

Energy -
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Figure 17. Cross-talk and roles of leptin and G; signaling in POMC neurons.
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POMC neuron specific G; signaling: a possible target to by-pass leptin

resistance?

Leptin resistance develops quickly with obesity’”®. Obese patients do not
respond to pharmacologically administered leptin; therefore, they cannot benefit
from its anorexigenic effect. In fact, plasma leptin levels of obese patients are
already elevated due to increased adiposity. Many pharmaceutical and
academic laboratories study the cause of leptin resistance in order to use leptin
as a pharmaceutical agent to treat obesity, or to increase the sensitivity of obese

patients to their own physiologically elevated leptin levels.

In the POMC and AgPR neurons, leptin signals through LepRb receptor
that transmits its intracellular signal through Jak2 and Stat3 proteins’®. Down
regulation of leptin signaling by negative feedback and leptin resistance occur
early in the signaling pathway. Therefore, an alternative pathway that by-passes
leptin signaling in POMC neurons could prove to be beneficial for the patients
with leptin resistance. One such mechanism has been utilized to activate POMC
neurons independent of the leptin signaling. Activation of a G4 protein-coupled
receptor (5HTyc) specifically expressed on the POMC neurons by
Dexfenfluramine has the similar anorexigenic effect of leptin, and it promotes

weight loss in obese patients with leptin resistance®.

Our study also suggests that modulating the G; signaling pathway in

POMC neurons could regulate energy homeostasis. Since the inhibition of G;
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signaling pathway in POMC neurons leads to weight gain due to decreased
energy expenditure, an antagonist for a POMC neuron specific G; protein-
coupled receptor has a potential to be developed into a drug for the treatment of
cachexia. It is also plausible that; in a reversible manner, activation of a POMC
neuron specific G; protein-coupled receptor could trigger increased energy
expenditure. Such a therapeutic could be beneficial for obese patients with leptin
resistance. In order to validate these possible treatment opportunities, further
research in determining POMC specific G; protein-coupled receptors, and

pharmacological testing of their specific ligands will be essential.
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MATERIALS AND METHODS

All procedures were performed with the approval of the University of
California San Francisco (UCSF) Institutional Animal Care and Use Committee
(IACUC). Mice were housed at 21°C with normal 12 hr. light-12 hr. dark cycle
and free access to water and food. All mice were 129/Sv and C57BL/6J
background with over 99% homology to C57BL/6J gene expression (7-13 times
backcrossed to C57BL/6J background). Only the male mice were utilized in the

experiments.

Mouse Models - ROSA26° ™ %8 ROSA26'%°*°° and POMCC®RE ¢ mice have been

previously described. ROSA26°™

mouse was obtained from S.R. Coughlin
(UCSF, San Francisco CA). ROSA26"%%*, and POMCC®RE mice were provided by

A.W Xu (UCSF, San Francisco CA).

Body Weight & Composition - Mice body weight was measured every week
from the age of weaning until 18 weeks old. Body composition as fat and lean
body mass was measured for 8 to 12 weeks old adult mice by Dual Energy X-
Ray Absorptiometry (DEXA) instrument, Lunar PIXImus2 (Lunar Corp, Madison,
WI). The length of the mice was measured under anesthesia at 8 weeks of age

from the tail root (anus) to the snout in centimeters.
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Food Intake - mice were single-caged for food intake study after weaning at 3
weeks. After a week of acclimation food intake was measure every day for a
period of 10 days. Body weight was measured at the beginning and the end of
10 days food intake measurement period. Daily food intake was averaged for 10
days and normalized to average body weight throughout the 10 day period.
Food efficacy was calculated by dividing food intake per day (grams) by weight

gain per day (grams).

Compensatory Feeding - 7 weeks old mice were single-caged and acclimated

OAM

for a week prior to the experiment. Food was removed at 7.0 on day 1 and

replaced 36 hrs after at 7.00° on day 2. 24 hr compensatory food intake was

measured at 7.00™M

on day 3. Body weight was measured at the beginning
(7.00" on day 1), at the end of fasting (7.00°™ on day 2), and at the end of 24 hr
compensatory feeding period (7.00™ on day 3). Body weight and food intake

were normalized to initial body weight.

X-gal Staining - 8 weeks old mice were first anesthetized with an I.P. injection of
avertin (20 mg/ml, 0.2ml by ten grams of body weight) and perfused with cold
PBS (15ml) followed by freshly prepared 4% paraformaldehyde and 0.2%
glutaraldehyde in PBS (1ml/gram weight of mice) into the left ventricle of the
heart with a butterfly needle 27 X3/8 with an 8 inch tubing (Abbott Laboratories
North Chicago, IL). Surgically removed whole brain and pituitary samples were

post-fixed in 4% paraformaldehyde for 2 hrs following the perfusion, then washed
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(3x 10mins) with 0.1% Triton X-100 in PBS at room temperature. Xgal staining
was performed overnight at 37C in PBS containing 5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, 1 mM MgCl,, and 1 mg/ml X-gal. For
cryosectioning, brain and pituitary samples were incubated at 4C in 30% sucrose
for 24 hrs. Brain and pituitary were embedded in M-1 embedding matrix (Thermo
Electron Co., Pittsburgh, PA) and frozen on dry ice for at least 1 hour. With a
cryostat (LEICA CM 1800 Cryostat) section of 10 to 30 um were cut and mounted
on Superfrost/Plus microscope slides (Fisherbrand, Pittsburgh, PA) and kept at -
80C. Imaging the X-gal staining in the arcuate nucleus was performed using
Zeiss Axio Imager Optical Microscope before (whole brain) and after the

cryosectioning (slice).

mRNA Expression - Fed 8 weeks old mice were sacrificed. The hypothalamus
and pituitary tissue we dissected and immediately preserved in RNA later
solution (Qiagen, Valencia CA). mRNA was extracted from the tissue using
Rneasy mini kit (Qiagen, Valencia CA) and was processed according to the
manufacturer protocol. After mRNA purification, remaining DNA was eliminated
by Dnase Turbo (Ambion, Applied Biosystem Inc., Foster City, CA), and total
mRNA yield was measured by spectrophotometry. Oligo dT primers and reverse
transcriptase (Superscript Il, Invitrogen, Carlsbad CA) were used in RT-PCR to
convert 1.5ug mRNA into cDNA. Final cDNA was quantified by real time PCR
assay using primer sets designed to amplify gene expression of interest (PTX,

POMC, AgRP, NPY). We used a 2X SYBRgreen master mix (Applied Biosystem
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Inc., Foster City, CA) and 0.1uM of primer per reaction. Real time PCR was
performed on a light cycler, 7900HT (Applied Biosystem Inc. Foster City, CA) and
each reaction was normalized with two internal housekeeping genes (beta-actin,
cyclophilin A) for control. PTX, POMC, AgRP, NPY, beta-actin, and cyclophilin A

primer sets are available upon request.

Plasma Leptin Level & Sensitivity

Plasma leptin - 8 weeks old fed mice were sacrificed and plasma was collected
from blood in serum separator tubes (BD microtainer, Franklin Lakes, NJ).
Plasma leptin level was determined by Leptin ELISA according to the
manufacturer's manual (Leptin EIA kit, Alpco Inc. Windham NH). 5ul of serum
per sample was run in duplicate for each mouse.

Pharmacological leptin sensitivity - leptin was obtained from the National
Hormone and Peptide program (NHPP) and was suspended in phosphate buffer
saline (PBS), pH 7.4, for |.P. administration. 7 weeks old mice were single-caged
and acclimated for one week prior to the experiment. All mice were given PBS
by I.P. injection at 8.00 M and 5.00 ™. 24 hr food intake was measured and
standardized for 3 consecutive days. On the forth day, mice were given leptin
(2.5mg leptin per kg body weight) by I.P. injection at 8.00 M and 5.00 ™. 24 hr
food intake upon leptin administration was measured and normalized to food

intake upon PBS administration.
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Plasma Insulin Level & Glucose Tolerance Test - For serum Insulin
measurement and glucose tolerance test 8 weeks old mice were fasted overnight
prior to testing. The blood was collected by the tail vain the next morning.
Plasma was separated by centifugation, and the plasma insulin level was
determined by Insulin ELISA (ultra sensitive insulin EIA, Alpco Inc. Windham NH)
using 5ul serum sample size. For the glucose tolerance test mice were injected
with 2 grams/kg body weight of 20% D-glucose by |.P. administration. At 15, 30,
60 and 120 minutes blood glucose was sampled from the tail and measured with

a glucometer (Ascensia Elite XL, Bayer Co. Tarrytown NY).

Plasma Glucocorticoid level - 8 weeks old fed mice were sacrificed by quick
euthanasy technique, and plasma was collected from blood in serum separator
tubes (BD microtainer, Franklin Lakes, NJ). Plasma corticosterone level was

determined by Corticosterone ELISA (Corticosterone EIA, Cayman Inc. Ann

Arbor, Ml) using 50ul of serum sample.

Energy expenditure - Metabolic rate was determined by measuring VO, and
VCOs; levels by Oxymax system (Columbus Instruments, OH) located in a limited
access room, minimizing factors that could affect the behavior and the activity of
the mice. 7 weeks old mice were single-caged and acclimated for a week. On the
day of the experiment, mice were placed in bedded Oxymax chambers (4" X 5" X
8”) and were provided with water and food supply. Mice were acclimated to

Oxymax chambers for 2 hr, and the VO, and VCO, measurements were

47



collected every 10 minutes for the following 24 hr. Data was averaged to hourly

metabolic rate and normalized to the lean body mass (determined by DEXA).
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Chapter Il

Expanding the Role of the N-terminal Domain in the

Evolution of GPCR Activity Modulation

...The Molecular mechanism of the N-terminal domain mediated constitutive

activity of Melanocortin-4 Receptor.

49



SUMMARY

A large number of G protein-coupled receptors rely on their N-terminal
domains for ligand recognition and activation. However, most of the information
on the activation of these receptors has been provided through the study of those
identified and studied on the bases of their ability to be activated by specific
diffusible physiological or pharmacological ligands interacting directly with their
core transmembrane regions. This raises the question of the functional and
evolutionary link between N-terminal mediated and direct GPCR activation. Here
we address this issue by dissecting the molecular interactions underlying both
modes of activation in a single receptor, the Melanocortin-4 Receptor. We find
that activation of this receptor by its N-terminal domain specifically requires
amino-acids outlining the conserved rotamer toggle-switch domain while the
high-affinity physiological agonist of this receptor requires a separate sets of
residues for activation. The additional observation that the activation by the N-
terminal domain can be independently modulated by the physiological inverse-
agonist of MC4R leads us to suggest that a number of constitutively active

orphan GPCR could have physiological inverse agonists as sole regulators.
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INTRODUCTION

Seven trans-membrane G protein-coupled receptors (GPCRs) are the
largest and most diverse superfamily of membrane-bound receptors and the
target of half of all pharmaceutical drugs. These molecules have an extracellular
N-terminal domain and a simple architectural core of seven trans-membrane

helices (TM1 to TM7) connected by extracellular and cytoplasmic loops (figure

1),

Figure 1.
N-terminal domain
Extracellular
Cell membrane <4— 7TM domain
Cytosol

/

C-terminal domain

G protein subunits

Figure 1. Specific domains of G protein-coupled receptors and G proteins. Two
straight lines represent the phospholipid bilayer of the cell membrane.
Serpentine (snake-like) model of GPCR is depicted in orange, 7TM (seven

transmembrane) helical domain spans through the cell membrane.
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The GPCR superfamily is subdivided into different sub-groups on the
basis of phylogenetic criteria as well as conserved residues within the helices
and the size and characteristics of their N-terminal domain which plays an
essential role in the activation of most classes of GPCRs. Class B Secretin
receptors have a conserved N-terminal Cysteine network that stabilizes their
structure, and altering the N-terminal domain impairs ligand interactions (figure
2). Class B adhesion receptors have a diverse variety of N-terminal domain
motifs, which determine the ligand specificity of the receptors (figure 2). Class C
glutamate receptors have a conserved N-terminal Venus flytrap that regulates
ligand binding and receptor activity (figure 2). Frizzled/Smoothened receptors
possess N-terminal Wnt binding domains for ligand recognition and activation®®%2
(figure 2). For classA/Rhodopsin receptors, the largest family of GPCRs, the role
of the N-terminal domain in the activation of the receptors has been significantly
less addressed with the exceptions of protease-activated receptors (PARSs), in
which activation of the receptor is dependent on proteolytic cleavage and

unmasking of an N-terminal domain that acts as a tethered ligand® figure (figure

3A) , and glycoprotein receptors (figure x).
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Figure 2.
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Figure 2. The role of the N-terminal domain in ligand binding and recognition in
GPCRs. Class B Secretin-like receptors - red lines depict the conserved Cyteine
network. Class B Adhesion receptors - "X" represents possible diverse N-
terminal motifs. Class C Glutamate receptors - VFTM (Venus Flytrap Motif).

Frizzled/Smoothened receptors - Wnt motif.
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Figure 3.
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Figure 3. Activation mechanism of PAR1. A) Proteolytic cleavage of the N-
terminal domain by thrombin unmasks an activating neo-N-terminal sequence,
which interacts and activates the receptor through the 7TM domain. B) In the
absence of Thrombin, exogenous addition of a peptide that mimics the neo-N-

terminal domain can activate the receptor with low affinity.
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Despite this recognized role of the N-terminal domain in GPCR activation,
a very limited number of studies have attempted to understand the functional
molecular interactions between this domain and the core of the receptor. This is
due to the historic emphasis on Rhodopsin, a class A GPCR in which the ligand
is covalently linked to the core of the receptor and the first GPCR for which a
crystal structure was available, and to the focus on GPCRs identified and studied
on the bases of their ability to be activated by specific high-affinity diffusible
pharmacological ligands interacting directly with the core transmembrane regions

of the receptor.

Here we define and compare the relative molecular interactions underlying
activation by the N-terminal domain and by a physiological high-affinity agonist at
a single receptor, the Melanocortin-4 Receptor (MC4R). MC4R is one of five
melanocortin receptors (MCRs), a subfamily of the a group of class A Gs-coupled
GPCRs. MCA4R is expressed in the central nervous system and is essential for
the maintenance of long-term energy balance in humans. Heterozygous
mutations in MC4R are the most common genetic cause of severe human
obesity and over 80 naturally occurring pathogenic mutations in this receptor
have been described 3% 37 38 8 A number of studies have mapped the
interaction of the endogenous physiological agonist of MC4R, a-MSH, to acidic
amino-acids in TM2 and TM3 of the receptor. In addition to this high-affinity
ligand, the N-terminal domain of MC4R also activates the receptor, which

therefore displays a constitutive activity shown to be of in vivo functional
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relevance® . Remarkably, MC4R, and two other members of the melanocortin
receptor sub-family, are also unique among GPCRs in physiologically responding
to endogenous antagonists®®°. Indeed, Agouti Related protein (AGRP),
released by an independent population of neurons is both an antagonist, as it
inhibits a-MSH activation of MC4R, and an inverse-agonist as it inhibits its

constitutive activity.

Using a peptid mimic of the MC4R N-terminal domain as a
pharmacological agent, we find that inverse agonism by the endogenous ligand
AGRP at this receptor can be attributed to specific antagonism of the N-terminal
domain. By comparing the activation of the receptor by its N-terminal domain
and by a-MSH through systematic alanine-scanning mutagenesis, we find that
activation by these agonists occurs through distinct molecular mechanisms.
Interestingly, the N-terminal domain activates the receptor through a set of amino
acids that are crucial for a conserved mode of activation among class A GPCRs,
suggesting that inverse agonism may be the original mechanism for modulation

of the activity of this receptor.
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RESULTS

The N-terminal domain of MC4R acts as a diffusible ligand.

We had previously demonstrated that the N-terminal domain of MC4R is a
tethered ligand and is essential for the maintenance of its constitutive activity®.
Specifically, a receptor lacking the first 24 N-terminal amino acids (MC4R A1-24,
figure 4) responds normally to a panel of agonists and to AGRP antagonism of a-
MSH (figure 5 and Table 1) but has a low constitutive activity that can be rescued
by co-expression of the MC4R N-terminal domain chimerically linked to the trans-
membrane domain of CD-8%. The activation of MC4R by its N-terminal domain
resembles that of PAR1, in which unmasking of the active site requires
proteolytic cleavage by thrombin® ®' (figure 3A). In the case of PAR1, it had
been shown that, in the absence of thrombin, exogenous addition of a synthetic
peptide mimicking the unmasked active N-terminal domain can also lead to the
activation of the receptor® (figure 3B). To determine whether this could also be
the case for MC4R, we tested whether a peptide mimicking amino acids 2
through 26 of the N-terminal domain would act as a partial agonist for MC4R A1-
24. Indeed, at 100mM, MC4R2-26, but not MC4R20-39, increased the activity of
MC4R A1-24 to the level of the constitutive activity of WT MC4R (Figure 6A). The
low potency of the N-terminal domain activation (ECs0=72mM) (Figure 6B) is
compatible with the high local concentration in the tethered form and is similar to

that observed in the case of PAR1%' (figure 3B).
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Figure 4.

Membrane

Cytosolic

Figure 4. The serpentine of MC4R outlining the studied amino acids. MC4R A1-
24, ATG translational start site (dashed line). Naturally occurring obesity causing
mutations (white on black). Mutations that cause premature termination of
translation or frame shift are not shown. Residues implicated exclusively in the
aMSH activation of MC4R (white on grey). Alanine mutagenesis targeted polar

and aromatic amino acids (black on grey).
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Figure 5.
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Figure 5. Functional studies of MC4R A1-24. A) A1-24 and WT MC4R basal
activity. Black bars represent inverse agonism by AgRP. B) aMSH binding of
A1-24 and WT MC4R. C) A1-24 and WT MC4R activation by aMSH. D) AgRP
antagonism of aMSH activation for A1-24 and WT MC4R. Error bars represent

standard error for the triplicate.
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Table 1.

Emax
WTMC4R | =°° ECso Clos (% WT Emax Clos
(nM) maximum)

7941 to

BMSH | 06027 | 0.27t01.35 84.51 89.60
14540 to 86.26 to

yMSH 268.5 495.90 94.68 103.1
0.01652 to 7214 1o

MTII 0.04381 0.1162 77 41 82.67
0.0379 to 89.16 to

THIQ | 0.07545 0.1503 94.17 99.18

Emax
MCAR A1-24 | COF° ECso Clos (% WT Emax Clos
(nM) maximum)

73.03 to

BMSH 1675 | 0.521t05.38 84.67 96.32
110.10 to 84.57 to

yMSH 194.8 344.90 94.2 103.8
67.05 to

MTII 0.02308 | 0.007 to 0.0758 74.66 82.28
0.1055 to 84.33 to

THIQ 0.1887 0.3376 90.79 97.25

Table 1. MC4R activation by MSH, yMSH, THIQ, and MT-Il. One-way ANOVA
test shows non-significant difference between A1-24 and WT MC4R activation.
Sigmoidal dose response curves, ECsy, Emax values and their 95% confidence

intervals were calculated using Prism 4. N =5 for all experiments.
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Figure 6.
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Figure 6. MC4R2-26 peptide is a partial agonist of MC4R A1-24. A)
The full 2-39 amino acid sequence of MC4R N-terminal domain has
been synthesized as two peptides: 2" through 26" amino acids
(MC4R2-26) and 20™ through 39" amino acids (mock peptide).

Stimulation of MC4R A1-24 with 2-26 vs. 20-39 N-terminal peptides.
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The assay control for background activation was done using pcDNA3.1
that encodes LacZ. B) MC4R2-26 dose response. MC4R A1-24
transfected cells were stimulated with increasing concentrations of
MC4R2-26. Receptor activation is calculated as percentage of maximal

activity recorded in the presence of MC4R2-26 (0.5mM).

AGRP antagonizes the diffusible MC4R2-26 N-terminal domain.

AGRP is both an antagonist of a-MSH and an inverse-agonist at the
MC4R® . |ts antagonist activity is independent of the N-terminal domain
(Supplemental Figure 5D). Availability of an active diffusible N-terminal domain
allowed us to test whether the inverse-agonist activity of AGRP could be
exclusively assigned to antagonism of the N-terminal domain (Figure 7A). AgRP
antagonized the activation of MC4R A1-24 by MC4R2-26 with an identical ECs
as that for the inverse agonism of AgRP on the WT receptor (Figure 7B). In
addition, MC4R2-26 displaced radio-labeled AgRP with similar affinities for WT
and A1-24 MC4R (Figure 7C). Together, these data indicate that the inverse
agonist activity of AGRP at the MC4R can be attributed to its antagonism of the

N-terminal domain of that receptor.
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Figure 7.
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Figure 7. Independent modulation of MC4R2-26 activation. A) The model of
Independent regulation of N-terminal domain by the AgRP. B) AgRP antagonism
of MC4R2-26 activation of MC4R A1-24 compared to AgRP inverse agonism of
WT MC4R. C) MC4R2-26 binding to A1-24 and WT MC4R. '®°| AgRP is used
as the competitive radio-labeled ligand. Error bars represent standard error for

the triplicate.
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The MC4R2-26 activation site does not overlap with the aMSH activation
site.

Three acidic residues in the second and third transmembrane domains of
melanocortin receptors (E1oo , D122 , and D126 in MC4R, Figure 1 - white on grey)
are essential for their activation by melanocortins. Alanine substitution of these
residues impairs aMSH binding and activation but does not decrease the
constitutive activity of the receptor® (figure 8A). To determine if the activation site
of MC4R by its N-terminal domain overlaps with a-MSH, we tested whether these
mutations also affected activation by the N-terminal domain. When introduced
into MC4RA1-24, E100A, D122A and D126A impaired activation of the receptor
by aMSH but not by MC4R2-26 (Figure 8B) demonstrating that these three

residues are not implicated in activation by the N-terminal domain.

Figure 8.
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(Figure 8 continued on the next page)
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Figure 8.
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Figure 8. Acidic amino acids that are essential for aMSH mediated activation of
MC4R. A) aMSH activation of E100A (grey), D122A (dashed), and D126A (black)
MC4Rs vs. WT receptor (red). B)The basal activity of full length E100A, D122A,
and D126A MC4Rs (black). The basal activity of truncated A1-24 MC4R E100A,
A1-24 MC4R D122A, and A1-24 MC4R D126A (white). MC4R2-26 stimulation of
truncated A1-24 MC4R E100A, A1-24 MC4R D122A, A1-24 MC4R D126A

(grey). Error bars represent standard error for the triplicate.
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The peptide sequence HLWNRS is the minimum activating sequence of the

N-terminal domain of MC4R.

To further outline the molecular basis of the N-terminal activation of
MC4R, we first delineated the minimal activating region of the N-terminal domain.
We tested overlapping peptides spanning the MC4R N-terminus for their activity
at MC4R A1-24. Setting hexapeptides as the shortest sequence length, all
possible combinations produced 9 smaller overlapping peptides in addition to the
original MC4R2-26 peptide (Figure 9). While MC4R2-26 showed the greatest
activity, some of its segments failed to activate MC4R A1-24 (Figure 9). All
activating peptides shared the common sequence Hisis-Leuqs-Trpis-Asnq7-Argqs-
Serig (MC4R14-19). Notably, this minimal activating sequence encompasses the
most conserved portion of the N-terminal region throughout several species
(figure 10), encompasses Arg18, a previously described genetic “hotspot” for

obesity-causing mutations in the MC4R®3® 92 93

and can be targeted by a specific
antibody with relevant physiological consequences®, as antibodies against the
overlapping rat MC4R11-25 act as inverse agonists in vitro and lead to increased

food intake and body weight in rats.
We further determined the relative role of specific amino-acids within this

minimal activating sequence. Substitutions of His14, Arg18 and W16

significantly decreased the activity of MC4R14-19 suggesting that N-terminal
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domain activation may be due to interaction with accessible aromatic or charged
residues in the transmembrane core of the receptor (Figure 11).

Figure 9.
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Figure 9. Determination of the minimal activating sequence of MC4R2-26 for
basal activation. Small overlapping segments of MC4R2-26 peptide are
displayed on the left panel of the figure. The bar graph represents the WT basal
activity (black), MC4R A1-24 basal activity (white), and the stimulation of MC4R
A1-24 by the corresponding peptide on the left (grey). Error bars represent

standard error for the triplicate.
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Figure 10.

Figure 10. Multiple alignments of the MC4R N-terminal sequences of multiple
species. 100% conserved residues are marked by star (*). 13" through 19"

amino acids are bracketed between vertical dashed lines.

Figure 11.
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Figure 11. Determination of the essential amino acids of MC4R2-26

for basal activation. Single amino acid substitutions of the minimal
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activating peptide are displayed on the left panel of the figure. The
mutated residues are indicated with black font on white background
whereas the original sequence is indicated with white font on black
background. The bar graph represents the WT basal activity
(black), MC4R A1-24 basal activity (white), and the stimulation of
MC4R A1-24 by the corresponding peptide on the left (grey). Error

bars represent standard error for the triplicate.

Core transmembrane residues involved in N-terminus mediated activation.

We reasoned that mutations in amino acids solely implicated in the N-
terminal mediated activity of MC4R would impair the constitutive activity of the
receptor but not the activation of the receptor by aMSH. We first surveyed
naturally-occurring obesity-causing mutations studied in our laboratory for such a
biochemical phenotype (Figure 4, white on black)® *'°'. Qut of 71 mutations
examined, 8 had decreased basal activity and a conserved response to aMSH.
Five of these mutations were in the N-terminal domain of the receptor (R7H,
R18H, R18C, R18L, T11A)®*® %2 and three were in the intracellular domains of the
receptor (V95I, A154D, G231S)** %, but none was located in the solvent-

accessible region of the receptor.

Because of the positively charged nature of the N-terminal domain, we

systematically screened all the remaining negatively charged solvent-accessible
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residues for such a biochemical phenotype by Alanine scanning mutagenesis
(Figure 4, among black on grey). Substitution of these acidic amino acids did not

alter the basal or aMSH activation of the receptor (Figure 12A).

Because mutational analysis of the N-terminal domain suggested a
possible role for an aromatic residue mediating its activity, we also tested all
remaining accessible aromatic and basic residues in a similar manner (Figure 4,
among black on grey). Of 17 residues tested, mutagenesis of 9 (W174A, Y187A,
F201A, F202A, W258A, F261A, F262A, H264A, and F284A) led to significantly
reduced basal activity compared to the WT receptor (Figure 12B and 12C). Of
these mutants, W174A, Y187A, F202A, F261A, H264A, F284A had a
significantly altered response to a-MSH (figure 13A and 13B) but three mutant
receptors (F201A, W258A, F262A) displayed a normal response to the agonist a-
MSH making them identical to MC4R A1-24 for their functional profile, and thus
candidates for activation by the N-terminal domain (Figure 13C and table 2). We
next tested whether any of the 3 residues exclusively altering the constitutive
activity of the receptor were implicated in its activation by the N-terminal domain.
When introduced into MC4R A1-24, mutations of the residues F201, W258, and
F262 to alanine impaired activation of the receptors by exogenously added N-
terminal peptide, confirming their specific involvement in the partial agonism of

the N-terminal domain of the receptor (Figure 13D).
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Figure 12.
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Figure 12. The basal activity of the previously unstudied acidic, basic and

aromatic residues accessible from the extracellular domain. A) Acidic residues.

B) Basic residues C) Aromatic residues.

Dashed line and the black bars

represent the WT basal activity. MC4R mutations' basal activity (grey bars).

Mock DNA (white bars). Error bars represent standard error for the triplicate.
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Figure 13.

A B
m OWT |

1004 © WiT4a n 1004
2F + FI61A 2F »
Z 3 754 * Hze4A Z 3 754 x
S E S E
<R <R
:::-E 504 :::-E 504
@ E 25 @ E 25
g2 g2

41 40 9 8 -7
aMSH (Log[M]) aMSH (Log[M])

=]
[=]

Fasasl
WMIAR 14-1%

I ! ! . A1-24  A1-24 A1-24
-11 10 -8 -8 -7 WT A2 fp1a wessa  Foeza
aMSH (Log[M])

—
=J =
o =
[ 1
# X + 5

[
e | [}
n [=]

%]

wn
bt
n

Receptor Activity
(% WT Maximum)
3
Receptor Activity
(% WT Basal)

o=

Figure 13. Activation profile of low basal MC4R mutants. A) and B) W174A,

F261A, H264A, Y187A, F202A, F284A mutations aMSH dose response. C)
F201A, W258A, F262A mutations aMSH dose response. D) The activation of
MC4R A1-24 mutants by MC4R14-19 peptide. Error bars represent standard

error for the triplicate. WT MC4R aMSH dose response curve marked in red.
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Structural determinants of N-terminal domain mediated activation of the

MC4R.

As distinct sets of residues in the TM domain appear to be involved in
interactions with the N-terminus and with exogenous ligands, we sought to
establish the relative location of these molecular actors. In the absence of a
structure for the MC4R, such a structural framework can be obtained from a
homology-based model, since the crystal structures of related receptors are
available. We built a homology model of the TM domain of the MC4R based on
the recently obtained crystal structure of the B2-Adrenergic receptor (B2AR)'%*
103

. Helix ends were estimated from the structure of the 2AR and no structural

modifications were performed on the backbone.

As shown on Figure 14, most amino acids involved specifically in
activation by the hormone, including the well characterized negatively charged
residues E100, D122 and D126"'™, are clustered at the extracellular portion of
TM2 and TM3. In sharp contrast, residues involved solely in the activation by the
N-terminus are located at the interface between TMV and TMVI, forming a
spatially distinct cluster from residues involved in a-MSH activation. Interestingly,
this cluster correspond to W286°* and F290°°? in the B2AR, in which it
comprises the "rotamer toggle switch", a conserved molecular switch that has
been proposed to be involved in activation of the amine and opsin receptor

families'®.
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It should also be noted that while the cytoplasmic end of the TMV of the
MC4R shares common motifs with that of the B2AR, the upper half (towards the
extra-cellular region) is significantly divergent, and does not include the normally
conserved P5.50. This suggests that the helical bulge observed in the B2AR and
in rhodopsin is likely to be absent in the melanocortin receptors which would thus
bring F202 towards the center of the bundle and F201 towards TMVI, explaining

the similar functional profiles of the MC4R mutants F201A and F202A.

Figure 14.

A

(Figure 14 continued on the next page)
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Figure 14.

Figure 14. 3D Molecular model viewed from the top extracellular surface of
MC4R. Ligand specific activation sites are displayed. A) F201, W258, and F262
as activation site downstream of N-terminal domain, circled in blue. B) E100,
D122, and D126 as the a-MSH specific activation site, circled in orange. MC4R

3D TM alignment is done by taking f2AR crystal structure as a model.
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Pharmacological modulators of MC4R activity.

Due to its potential for the treatment of obesity, the discovery of
pharmacological MC4R agonists has been extensive. To determine if the
increased potency of two pharmacological MC4R super agonists MT-II
(melanotan 1l) and THIQ (tetrahydroiso-quinolone) rises from the utilization of
both the aMSH and the N-terminal domain activation sites, we tested the
activation of F201A, W258A, and F262A mutations by these agents (table 2). Our
results indicate that MT-Il did not use the N-terminal activation site because its
potency and efficacy were not reduced when the N-terminal activation site was
mutated. On the other hand, both F262 and W258 were necessary for full
activation by the pharmacological super agonist THIQ. THIQ also requires acidic

1% Therefore, the use of

amino acids that are essential for cMSH activation
both the aMSH and N-terminal domain activation sites could provide an
explanation for the much higher potency and efficacy of THIQ when compared to

oMSH.

At pharmacological doses, Zinc cation can activate MC4R with an ECsg of
13mM'”". Zinc also boosts aMSH efficacy but not the potency when combined
together'”’”, suggesting that the effect is additive but not synergistic. We
determined that Zinc activation was independent of aMSH activation site by
finding that E100A, D122A, D126A did not alter Zinc activation (data not shown).

Instead, our results indicate that Zinc activation of MC4R requires both the N-
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terminal domain and its activation site because Zinc failed to activate MC4R A1-

24 and the mutations of the N-terminal domain activation site (F201A, W258A,

F262A).

Zinc acts as a mediator between the N-terminal domain and

its

activation site because MC4R A1-24 Zinc activation was rescued in the presence

of 100uM MC4R2-26.

Table 2.
EC Emax
GMSH %0 ECso C|95 ma
(nM) (% WT maximum) Emax Clos
WT 0.7453 0.44 t0 1.28 91.69 86.46 to 96.92
F201A 0.601 0.34 to 1.07 96.43 88.22 t0 104.6
W258A 1.562 1.02to0 2.40 91.87 84.42 t0 99.32
F262A 1.039 0.76t0 1.43 91.67 86.94 to 96.41
MTII
WT 0.04381 0.0165t0 0.1162 77.41 72.14 t0 82.67
F201A 0.07338 0.0317 to 0.1699 81.32 74.34 to 88.31
W258A 0.07224 0.0266 to 0.1964 78.85 69.89 to 87.81
F262A 0.03766 0.0089 to 0.1594 78.42 67.75 10 89.10
THIQ
WT 0.07545 0.0379 to 0.1503 94 .17 89.16 t0 99.18
F201A 0.2164 0.1083 t0 0.4322 101.00 92.12 t0 109.8
W258A 0.5696** 0.3654 to 0.8881 92.14 85.551098.73
F262A 0.3966** 0.2108 to 0.7459 96.55 88.67 to 104 .4

Table 2. MC4R activation by aMSH, THIQ, and MT-II.

P values for the

significance of difference between WT and mutant MC4R activations was tested

77



by One-way ANOVA. P < 0.05 (*), P < 0.01 (**). Sigmoidal dose response
curves, ECsy, Emax values and their 95% confidence intervals were calculated

using Prism 4. N = 3 for all experiments.
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Figure 15. The activation of MC4R, MC4R A1-24, MC4R A1-24 F-201A by
ZnCl,. A) Single dose activation by 0.0M ZnCl, alone or in combination with
100uM MC4R2-26. B) Dose response curve: Red - WT MC4R with ZnCl,, Black -
MC4R A1-24 with ZnCl,, Green - MC4R A1-24 with ZnCl; in the presence of
100uM MC4R2-26. cAMP accumulation upon receptor activation was measured

by cAMP enzyme immunoassay.
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DISCUSSION

Conformational complexity at the MC4R.

In this study, we have identified a scaffold of aromatic residues in the
MC4R that mediates N-terminal induced self-activation targeted by the
physiological inverse agonist AGRP. This region is not necessary for the agonist
effect of the diffusible endogenous ligand a-MSH suggesting that both modes of
activation trigger different conformational pathway during activation of MC4R.
This conformational complexity is similar and can be superimposed onto that
observed for the extensively studied B2AR in which a number of structurally
different agonists disrupt distinct combinations of stabilizing intramolecular
interactions’®. For example, in the B2AR, the aromatic catechol ring of the
catecholamines interacts directly with the aromatic residues of the rotamer toggle
switch while it is not required for activation by the partial agonist salbutamol.
Indeed, our observation of an essential role for W16 in the minimal activating N-
terminal MC4R hexapeptide also suggests the possibility that its aromatic ring
similarly directly interacts with the rotamer toggle switch, an interaction that could
be facilitated by the absence of a second extra-cellular loop (ECL2), which is a

specific characteristic of melanocortin receptors'.
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Expanding the role of the N-terminal domain in the evolution of GPCRs .

Historically, Class A GPCRs have been identified and studied on the
bases of their ability to be activated by specific high-affinity diffusible
pharmacological ligands interacting directly with the core transmembrane regions
of the receptor. However major exceptions include glycoprotein receptors (FSHR,
TSHR, LHR), in which the proximal portion of a large N-terminal domain
suppresses the receptor’s activity in the absence of a ligand, and ligand binding

to this region relieves this inhibition'®

, as well as protease-activated receptors
(PARs) for which activation of the receptor is dependent on proteolytic cleavage
and unmasking of an N-terminal domain that acts as a tethered ligand®®. Our
findings at the MC4R provides an evolutionary link between these different
modes of activation and suggests a more central role for the N-terminal domain
in the evolution of activity modulation at class A GPCRs (Figure 16). Indeed, we
propose that most modes of activation found at GPCRs can derive from the
ancestral interaction of the N-terminal domain with the core of the receptor
adapting towards different degrees of activation or modulation by ligands. For a
subset of class A receptors such as PARs and glycoprotein receptors, this N-
terminal mediated regulation was modified by endogenous factors like proteases
and ligands (Figure 16). MC4R represents an intermediate situation in which the
N-terminal mediated activation is negatively modulated by an endogenous ligand

and an endogenous agonist independently regulates the receptor positively, with

AGRP also blocking this interaction. At the end of the spectrum, class A GPCRs
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may have lost the sensitivity to their N-terminal domain due to the preferential
adaptation to their endogenous ligands, whether it is diffusible as in the B2AR or

covalently bound as in Rhodopsin.

Figure 16.
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Figure 16. Evolutionary model of the role of the N-terminal domain
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in GPCRs. Class A GPCR activation and N-terminal modifications
are shown on the right panel. N-terminal domains of GPCRs are
not structural representations; they depict their functional role.
Secretin receptor family - red lines represent the cystein network.
Adhesion receptor family - "X" represents multiple diverse N-
terminal motifs. Glutamate receptor - Venus Flytrap motif (VFTM).

Frizzled/Smoothened receptor family - Wnt motif.

Physiological inverse-agonists as regulators of constitutively active orphan

GPCRs.

Another consequence of the framework proposed above and specifically
of our observation that the N-terminal/AGRP interaction can independently
modulate the activity at the MC4R is the suggestion that physiological negative
regulation by inverse agonist might be the unique mode of regulation at GPCRs.
Indeed, despite extensive efforts in the search for physiological agonists, a large
number of GPCRs remain orphan or have proposed physiological ligands with
pharmacological characteristics that are not compatible with a physiological role.
The high constitutive activity of a number of these orphan receptors could
indicate that inverse agonism is the only physiological modulation at these
receptors and would explain the failure of deorphanizing studies using high
throughput assays limited to detecting agonism (figure 17). Whether the

interaction of an activating N-terminal domain and a physiological inverse agonist
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will be the basis for activity modulation at these GPCRs remains to be tested but
GPR61 is a recent example of a GPCR with a high constitutive activity, which is

also mediated by the agonistic effect of its own N-terminal domain"®.

Figure 17.
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Figure 17. Orphan receptors with N-terminus mediated high constitutive activity.
A) The current method of deorphanizing GPCRs. B) Proposed method to test

N-terminal mediated activation. C) How constitutively active orphan receptors

should be studied.
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Experimental Procedures

MC4R ligands - Melanotan-ll was obtained from Genscript (Piscataway, NJ).
1,2,3,4-tetrahydroisoquinoline (THIQ) was provided by Merck Research Labs
(Rahway, NJ). Melanocyte stimulating hormone and AgRP were purchased

from Phoenix Pharmaceuticals (Belmont, CA).

MC4R plasmid constructs - Wild-type (WT) and E42K human MC4R genes
were cloned from genomic DNA into the vector pcDNA 3.1 as previously
described®. MC4R A1-24 was made as described, and the prolactin signal
peptide and a Flag epitope tag (DYKDDDD) were added to both WT and MC4R

A1-24 for identical membrane localization®.

Ligand binding assay - HEK 293 cells were stably transfected with either MC4R
A1-24 or WT MC4R using Effectene transfection kit (Qiagen, Valencia, CA)
previously. Competitive binding was measured as a function of the displacement
of a radio labeled MC4R super agonist, ['?°l]-NDP-aMSH or antagonist/inverse
agonist, ['*°[-AgRP (PerkinElmer Life and Analytical Sciences, Billerica, MA) in
the presence of increasing concentrations of a competitive ligand. Stably
transfected cells were incubated for two hours in binding buffer with radioligand
and with aMSH or N-terminal domain peptide as competitive ligands. At the end
of the binding assay, cells were lysed and binding - as a function of loss of

radioactivity - has been measured using a gamma counter (Packard Instruments,
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Meriden, CT). The gamma counter readings were normalized for non-specific
binding and plotted as a percentage of the maximum radioligand binding. Best-fit
estimates of the 1Csy and their 95% confidence intervals were obtained by non-

linear regression fitting of the sigmoidal dose response curves using Prism 4.

MC4R activity - luciferase reporter assay: MC4R activaty was measured as
previously described® % %°. Briefly, HEK293 cells were transfected with WT or
mutant MC4R plasmid, cre-luciferase plasmid, and renilla luciferase using
Effectene transfection kit (Qiagen, Valencia, CA). Transfected cells were
incubated for 6 hours in stimulation medium (aMEM medium with 0.1 mg/mi
bovine serum albumin (BSA) and 0.25 mM isobutylmethylxanthine (Sigma, St
Louis, MO) for basal stimulation). Choice of stimulation factor was added to the
basal medium at the desired concentration. Luciferase activity, representing the
cAMP production through MC4R activation, was assessed using the Steady-Glo
Luciferase Assay System (Promega, Madison, WI) and a microplate
luminescence counter (Packard Instrument, Downers Grove, IL). Renilla activity,
representing solely the transfection efficiency, was assessed for each individual
transfection using dual luciferase assay kit (Promega, Madison, WI) on a
luminometer (Analytical Luminescence Laboratory instrument, San Diego, CA).
Luciferase activity upon MC4R activation was normalized over the transfection
efficiency by dividing the cre-luciferase activity by the renilla luciferase activity.
The results were finally normalized as a percentage of the maximum stimulation

observed. Best-fit estimates of the ECsps, ICsos and their 95% confidence
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intervals were obtained by non-linear regression fitting of the sigmoidal dose

response curves using Prism 4.

MC4R activity, cCAMP assay - HEK293 cells were transfected with WT or mutant
MC4R and renilla plasmids. Transfection efficiency has been measured through
renilla luciferase activity. Non-acetylated cAMP level has been measured by
enzyme immunoassay (cAMP EIA) according to the manufacturer's manual
(Amercham Biosciences). Raw data for the triplicate has been normalized to the

percentage of WT MC4R activity.

Peptide synthesis - Fmoc-Asn(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH,
Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Met-OH, Fmoc-Ser(tBu)-OH, Fmoc-
Thr(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH and Rink
Amide MBHA resin (0.66 meqg/g) were purchased from Novabiochem (San
Diego, CA). All peptides were assembled as amides on an Applied Biosystems
(Foster City, CA) model 433a automated peptide synthesizer (0.1-0.25 mmol
scale) using modified cycles with HBTU/DIEA mediated coupling, DMF as
solvent (Fisher or EM Science), and a deprotecting solution of 1:1:98 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene:Hexamethyleneimine:DMF. 0.5 M Acetic
Anhydride in DMF was added for 5 minutes to cap some peptides. Peptides
containing Met were cleaved with 95:2.5:2.5 TFA:TIS:Thioanisole for 1.5 hrs. and
the filtrate precipitated with refrigerated diethyl ether, precipitate spun down with

centrifugation, decanted, and the crude peptide suspended in a 1:1 H20:ACN
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0.1% TFA solution, for peptides not containing Met anisole was substituted for
thioanisole. The proper molecular mass was confirmed by a Waters (Milford,
MA) ZMD ESI-MS. Analytical HPLC on either a c4, c18, or diphenyl vydac 4.6 x
150 mm 5 pym column was performed before and after prep (c4 vydac 22 x 250
mm 10 um) or semiprep (c18 alltech 10 x 250 mm 5 pm) purification to assess
peptide purity (280%) using H20 (0.1% w/v TFA)/ACN (0.1% w/v TFA) gradients.

All peptides were lyophilized following HPLC purification.

Molecular modeling of MC4R - A homology model of the seven transmembrane
helices of the MCR4r was constructed based in the crystal structure of the b2-
adrenergic receptor (PDB id P32245). The sequence alignment was based on

"1 Side chains were

the most conserved residues found in all class A GPCRs
placed using SCWRL 3.0. Local geometries were optimized with 1026 steps of

steepest descent energy minimization using the Gromas package.

Statistical Analysis - For the competitive ligand binding assay, best-fit estimates
of the ICsy and its 95% confidence intervals were obtained by non-linear
regression fitting of the one site competition curves using Prism 4. For MC4R
activity dose response curves, best-fit estimates of the ECsp, 1C50 and their 95%
confidence intervals were obtained by non-linear regression fitting of the

sigmoidal dose response (variable slope) curves using Prism 4.
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Chapter lli

Association of functionally significant Melanocortin-4
but not Melanocortin-3 receptor mutations with severe
adult obesity in a large North-American case control

study*.

*In association with Melissa A. Calton
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SUMMARY

Functionally significant heterozygous mutations in the Melanocortin-4
receptor (MC4R) have been implicated in 2.5% of early-onset obesity cases in
European cohorts. The role of mutations in this gene in severely obese adults,
particularly in smaller North American patient cohorts, has been less convincing.
More recently, it has been proposed that mutations in a phylogenetically and
physiologically related receptor, the Melanocortin-3 receptor (MC3R), could also
be a cause of severe human obesity. The objectives of this study were to
determine if mutations impairing the function of MC4R or MC3R were associated
with severe obesity in North American adults. We studied MC4R and MC3R
mutations detected in a total of 1821 adults (889 severely obese and 932 lean
controls) from two cohorts. We systematically and comparatively evaluated the
functional consequences of all mutations found in both MC4R and MC3R. The
total prevalence of rare MC4R variants in severely obese North American adults
was 2.25% (Clgsy, of 1.44-3.47) compared to 0.64% (Clgse, of 0.26-1.43) in lean
controls (p<0.005). After classification of functional consequence, the prevalence
of MC4R mutations with functional alterations was significantly greater as
compared to controls (p<0.005). In contrast, the prevalence of rare MC3R
variants was not significantly increased in severely obese adults (0.67% (Clgse, of
0.27-1.50) vs. 0.32% (Clgsy, of 0.06-0.99)) (p=0.332). Our results confirm that

mutations in MC4R are a significant cause of severe obesity, extending this
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finding to North American adults. However, our data suggest that MC3R

mutations are not associated with severe obesity in this population.
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INTRODUCTION

Obesity results from the interaction between a genetic predisposition and
deleterious environmental factors''?. Both common variants with small effects''®
"4 and rare variants with larger individual effects have been shown to contribute

to the genetic predisposition to obesity'"®

. In particular, rare heterozygous
mutations in the coding sequence of the melanocortin-4 receptor (MC4R) gene
account for a significant number of severe obesity cases''®'?". MC4R belongs to
the family of seven trans-membrane G-protein-coupled receptors (GPCR) and is
expressed at low levels in hypothalamic nuclei involved in the regulation of food
intake and in particular neurons of the para-ventricular nucleus (PVN)'?2. MC4R
regulates food intake by integrating a satiety signal provided by its agonist a-
MSH and an orexigenic signal provided by its antagonist Agouti-related protein
(AGRP)® "2 Both of these ligands are expressed in distinct neuronal
populations of the arcuate nucleus of the hypothalamus and are coordinately
regulated by the adipocyte-secreted hormone, leptin, to control food intake and
maintain long-term energy homeostasis'®*. Mice lacking both alleles of mc4r
(mc4r -/- mice) develop a maturity onset hyperphagic obesity syndrome by 10

weeks of age'. Mice heterozygous for an mc4r deletion (mc4r +/- mice) show an

average weight that is intermediate between that of wild-type and mc4r -/- mice'.

Numerous studies, mostly in European populations have documented a

prevalence of 2.67% [Clgs: 2.1-3.6] of nonsense, frameshift and missense MC4R
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mutations in early-onset obesity”>. More recently, such mutations have also
been implicated in the development of severe adult obesity in these same
populations. For example MC4R mutations were found in 2.35% (Clgs 0.9-3.8) of
severely obese French adults®. Fewer studies, in relatively small number of
patients, have explored the prevalence of MC4R mutations in severely obese
North American patients'®® "> % Results have been inconsistent leading to the
suggestion that environmental differences could selectively impact the relative

effects of MC4R mutations in these populations.

Another melanocortin receptor, the melanocortin 3 receptor (MC3R), is
closely related to MC4R and is expressed in the arcuate nucleus of the

122, 127

hypothalamus . MC3R has also been implicated in long-term energy

homeostasis in rodents'® '*°. Homozygous null me3r-/- mice have an increased
fat mass through increased feed efficiency'?® 2.

Evidence for a causative role for MC3R in human obesity is scarce. Few
heterozygous MC3R mutations have been detected in early-onset obese
patients™® 3!, Large-scale studies, systematically comparing the prevalence of
rare MC3R mutations in cases and controls to formally determine if, similarly to

MC4R, such mutations are associated with severe obesity have not yet been

performed.

In this study, we used two cohorts of North American adult subjects to

compare the prevalence and the function of MC4R and MC3R mutations found in
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patients with severe obesity and in non-obese controls. Our results confirm that
MC4R mutations are a significant cause of severe obesity and extend this finding
to North American adults. In contrast, our data does not support a similar role for

MC3R mutations in the predisposition to this condition.
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RESULTS

Prevalence and nature of MC4R mutations in two North American cohorts

of severe obese adults.

We analyzed the prevalence and nature of MC4R coding region mutations
detected in 1821 adults (889 severely obese and 932 controls) from our
previously reported cohorts' 132, A total of 26 subjects carried rare variants in
the MC4R coding region (Table 1): 20 in the severely obese group (2 subjects
both carried Leu211Del and Pro299His mutations) and 6 among the controls. In
the severely obese adults, 17 missense mutation carriers, 2 nonsense mutation
carriers, and 3 frameshift mutation carriers were identified (for a total of 20
different carriers). Six control subjects carried six different missense mutations.
The total prevalence of rare MC4R variants in severely obese North American
adults was 2.25% (Clgse, of 1.44-3.47) compared to a prevalence of 0.64% (Clogse,

of 0.26-1.43) in lean controls (p=0.005) [OR=4.3].

In addition, a total of 41 subjects carried the common variant Val103lle
and 12 subjects carried the common variant Leu251lle (Table 2). The frequency
of these two variants was similar to that described in other studies (2.43-5.31%
for Val103lle and 0.96-3.23% for Leu251lle)® 120 125 133,134 'Thg prevalence of
these polymorphisms was not statistically different between case and controls in

our studies (p=0.775, 0.774 respectively), most likely due to limited power to
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detect an association, and thus failed to replicate the small, but significant

association with decreased body weight seen in a larger study for the Val103lle

variant'®.
Table 1.
In Vitro
Gene Mutation No. No. In Silico Prediction Functional Study
Severely Control Assayed
Obese Carriers Class- Difference
DNA Protein Carriers (n=932) | PolyPhen SNAP ification | compared
(n=889) to WT
MC4R
Cohort | c.11C>T | Ser4Phe' 1 + +(0; 58%) -
c.105C>A | Tyr35stop' 1 nonsense nonsense + nonsense
Phe202Leu
c.606C>A ¥ 1 0 - - (0; 53%) -
c.634_63
5delT Leu211Del 1 frameshift frameshift + frameshift
c.691G>A | Gly231Ser 1 - - (4; 85%) -
Arg236Cys
Severely ~ ©.706C>T ’ ++ +(3:78%) -
obese c.806T>A | lle269Asn* + +(4; 82%) + EC50
Cys271Phe
c.812G>T ¥ 1 - +(5; 87%) + JEmax
c.895C>T | Pro299Ser* 1 + +(4; 82%) + JEmax
GIn307stop
c.919C>T ' 1 0 nonsense nonsense + nonsense
¢.335C>T | Thr112Met 0 1 - +(3;78%) -
c.473A>G | His158Arg* 0 1 ++ +(6; 93%) -
Lean
c.523G>A | Ala175Thr 0 1 - - (3; 78%) -
Asn240Ser
c.719A>G ¥ 0 1 - - (3; 78%) -
Cohort Il c.89C>T Ser30Phe* 1 0 + +(4; 82%) -
c.95G>A Gly32Glu 1 0 - - (1; 82%) -
c.182A>G Glu1Lys 1 0 + +(5; 87%) + |Emax
¢.380C>T | Ser127Leu 1 0 + - (0; 53%) + No Emax
c.634_63
5delT Leu211Del 2 0 frameshift frameshift + frameshift
Severely
obese c.896C>A | Pro299His 2 0 + +(6; 93%) + |Emax
c.907G>A | Ala303Thr 1 0 - +(2; 70%) + EC50
c.976T>C [ Cys326Arg 1 0 ++ +(4;82%) -
Lean c.583A>G | lle195Val* 0 1 - - (0; 53%) -
c.914G>A | Arg305GIn* 0 1 ++ +(4;82%) + |Emax
TOTAL 20* 6

(Table 1 continued on the next page)
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Table 1. (continued)

In Vitro
Gene Mutation No. No. In Silico Prediction Functional Study
Severely Control Assayed
Obese Carriers Class- Difference
DNA Protein Carriers (n=932) | PolyPhen SNAP ification | compared
(n=889) to WT
MC3R
Cohort | c.260T>C | lle87Thr™ 1 0 + +(0; 58%) -
Ala260Val'
c.779C>T ¥ 1 0 - - (3; 78%) -
Met275Thr'
c.824T>C ' 1 0 ++ + (4; 82%) -
Severely c.397_72
obese 6delins22 | ¢.397_726
8 delins228™ 1 0 Del/ins Del/ins + Del/ins
¢.205A>T | Ser69Cys' 0 1 - - (1; 69%) -
Lean c.245T>C | Phe82Ser™ 1 + +(4; 82%) + {Emax
Cohort I
¢.839C> | Thr280Ser’
G * 1 0 ++ +(2; 70%) + |Emax
Severely c.889C> | Leu297Val'
Obese G ¥ 1 0 - +(3; 78%) -
Lean c.245T>C | Phe82Ser'™ 0 1 + +(4; 82%) + {Emax
TOTAL 3

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

Table 1. Summary of unique or rare mutations identified in the coding regions of

MC4R and MC3R. For PolyPhen predictions: benign is denoted as -; possibly

damaging is +, and probably damaging is ++. For SNAP predictions: neutral is

denoted as -, and non-neutral as +, both followed by (reliability index; %

expected accuracy). For in vitro classification: no functional alteration denoted as

-, and functional alteration as +, followed by reason for functional alteration

classification. Mutations are classified has having an in vitro functional alteration

when: response did not reach a maximum, ECs, was significantly different

(p<0.05) compared to that of the WT by ANOVA followed by Dunnett's post-test,

and/or had an Enqx Of less than 50% wild type receptor maximum activity.
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- mutations never previously described, ¥: mutations for which a-MSH dose

response had never been described, |: decreased.

Table 2.
No. Severely No. Lean
Gene Variant Obese Carriers | Control Carriers P value
(n=889) (n=932)
MC4R Val103lle 19 22 0.755
Leu251lle 6 6 0.774
MC3R Arg257Ser 1 7 0.070

Thr6Lys/Val81lle Haplotype

Wild type 391 414
Heterozygou 93 113 0.950
s for 6K/81l
Homozygous 13 11
for 6K/811

Table 2. Summary of common variants identified in MC4R and MC3R. The
number of severely obese adult carriers (out of n=889) and lean control carriers

(out of Nn=932) for each variant for both MC4R and MC3R are listed.
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Comparative functional analysis of severe adult obesity-associated MC4R

mutations.

Nonsense and frameshift mutations in GPCRs generally lead to loss of
function of the protein, and we considered them, a priori, to be functionally
severe. However, most of the detected rare MC4R mutations are missense
mutations, which may or may not significantly affect the function of the receptor.
We therefore determined whether documenting the functional consequences of
all mutations would strengthen the observed association between rare MC4R
mutations and severe obesity. We systematically evaluated the agonist activation
of each of the missense MC4R mutants found in obese and lean subjects to that
of the wild-type receptor in an in vitro assay. We chose this assay as it will more
sensitively detect most functional alterations in MC4R including impairment in
membrane expression and/or ligand binding’'®.  We considered a missense
mutation to have functional alteration when: 1) a mutation had a-MSH dose
response that did not reach a maximum, 2) a mutation had an ECsy that was
significantly different (p<0.05) compared to that of the wild type receptor, and/or
3) a mutation had an Enax of less than 50% wild type receptor maximum activity.
Including the 2 nonsense and 2 deletion mutations, 10 mutations, found only in
obese subjects (in a total of 12 obese carriers), modified the agonist activation of
the receptor in our in vitro assay while only 1 mutation found in control subjects
(Arg305GIn) had such an in vitro phenotype (Table 1, Figure 1). After

classification of functional consequences, the prevalence of functionally altered
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MC4R mutations was significantly greater than compared to controls (p=0.001)

[OR=12.7] (Figure 3).

Figure 1.
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(Figure 1 continued on the next page)
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Figure 1. (continued)
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Figure 1. Functional analysis of mutant MC4Rs. a-MSH dose response curves of
mutants identified in A) lean controls of Cohort | (n=554), B) severely obese
cases of Cohort | (n=510), C) lean controls of Cohort Il (h=378), and D) severely
obese cases of Cohort Il (n=379). Data points represent mean +SEM of at least
three experiments performed in triplicate. Mean (Clgs) of the EC50 (nM) is
indicated for each variant, when the variant response reached a maximum. For
comparison purposes, the activities range from basal activity (0%) to the maximal

activity (100%) of each receptor.
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Prevalence and nature of MC3R mutations in two North American cohorts

of severe obese adults.

To determine whether, as is the case for MC4R, rare MC3R mutations are
associated with obesity, we examined the coding sequence of this gene in the

same 889 cases and 932 controls.

The haplotype of 2 previously described common variants Thr6Lys and
Val81lle'™® were identified in 13 obese and 11 controls (not significant, p=0.950;
Table 2). In addition, one mutation, Arg257Ser, was found in both control and
severely obese subjects and was not considered further in the analysis (Table 2).
Six severely obese and three controls carried rare heterozygous mutations in
MC3R (Table 1). The prevalence of rare MC3R variants in the severely obese
patients was 0.67% (Clgse, of 0.27-1.50) compared to 0.32% (Clgse, of 0.06-0.99)

in controls (not significant, p=0.332).

Comparative functional analysis of severe adult obesity-associated

MC3R mutations.

As with MC4R, we systematically and comparatively evaluated the agonist
activation of each of the mutant MC3R found in obese and lean subjects. Two
MC3R mutations identified in two obese adults and one MC3R mutation identified

in two control subjects was functionally altered in vitro (Table 1; Figure 2).
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Arg257Ser, found in both case and control subjects was also classified as a
mutation with functional consequence. The prevalence of variants with functional

alterations was the same in cases and controls (p= 0.625; Figure 3).

Figure 2.
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Figure 2. Functional analysis of mutant MC3Rs. a-MSH dose response curves of
mutants identified in A) lean controls of Cohort | and Cohort Il (n=932), and B)
severely obese cases of Cohort | and Cohort Il (n=889). Data points represent
mean *SEM of at least three experiments performed in triplicate. Mean (Clgs) of
the ECso (nM) is indicated for each variant, when the variant response reached a
maximum. For comparison purposes, the activities range from basal activity (0%)

to the maximal activity (100%) of each receptor.
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In silico analysis of severe adult obesity-associated MC4R and MC3R

mutations.

To determine whether in silico approaches could also be used to
determine association of functionally significant mutations in MC4R and MC3R
with obesity we used the computer mutation prediction programs, PolyPhen'’
and SNAP™0  After classification of functional consequences, the prevalence
of functionally altered MC4R mutations was significantly greater compared to
controls for both the prediction tools, PolyPhen (p =0.001) and SNAP (p=0.002)
(Figure 3). However, as with our in vitro analysis (p=0.625), the prevalence of
MC3R variants with functional alterations by both in silico prediction methods
was the same in cases and controls (PolyPhen p=0.442; SNAP p=0.277) (Figure
3). For both MC4R and MC3R there was no significant difference between the
prevalence of mutations classified as having a functional alteration in the in vitro
assay and in silico. However, there were a number of discrepancies between
both methods, which indicates that at an individual mutation level in silico

approaches cannot replace functional characterization (Table 1 and Figure 3).
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Figure 3.
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Figure 3. Prevalence of rare MC4R (A) and MC3R (B) mutation carriers in
severely obese and lean subjects. Prevalence of carriers is determined by
combining both Cohort | and Cohort Il (a total of 889 cases and 932 controls).
The prevalence of total rare mutation case carriers were compared to control
carriers. These mutations were then grouped according to results of the
funcitonal studies. Comparison of carriers between cases and controls were

made using two-tailed Fisher's exact test. **: p<0.005, NS= not significant.
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DISCUSSION

This study confirms that mutations in MC4R are a significant cause of
severe human obesity and extends this finding to severely obese North American
adults. Indeed, we find the same combined prevalence of such mutations (2.25%
(Clgsy, of 1.44-3.47%)) in our severely obese adult patient populations as that
previously described in French adults (2.35% (CI95 0.90-3.80%)) with severe
obesity (BMI>35kg/m?)® and in young adult Danish males (BMI=31kg/m?)"*.
This prevalence also matches the frequency of MC4R mutations detected in
cohorts of patients with childhood obesity of different origins (1-6%)°" 116121, 134
“1 Rare MC4R mutations are also found in non-obese controls albeit with a
significantly lower frequency. The prevalence of such mutations in our control
population (0.64%) is strikingly similar to that described for a very large
population-based sample of adults from Germany (0.66% (Closy, 0.44-0.96%))"*
and in most non-obese control populations. While the significant difference in the
prevalence of rare MC4R mutations between cases and controls supports a
causative role for such mutations in the severe obesity of these patients, this
observation underlines the importance of systematically evaluating the functional
consequences of such mutations. Indeed, restricting the association analysis to
only mutations with a significant effect on the function of MC4R, significantly

increases the odds ratio of association of rare MC4R mutations with severe

obesity.
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As compared to MC4R, the importance and role of MC3R mutations in the
pathogenesis of obesity in rodents and humans has been less clear. As
compared to mc4r -/- mice, mc3r-/- mice have a milder phenotype, limited to an
increase in body fat, and unlike in heterozygous mc4r+/- mice, no energy

homeostasis phenotype has been observed in heterozygous me3r+/- mice® %

129, 143

1% and four rare mutations in

To date only two common variants
heterozygous carriers'®" '** have been described in the coding region of the
MC3R. The two common MC3R variants Thr6Lys and Val81lle, which were also
detected in the current study, were not associated with any obesity-related

phenotypes, therefore likely representing benign polymorphisms '3 145148,

With respect to rare mutations in MC3R, one mutation, lle183Asn, has
been detected in one severely obese girl and her obese father, was absent in

130, 131 More

control subjects, and was characterized to be functionally inactive
recently, 3 MC3R mutations were identified in a study of 290 severely obese
[talian adults, mean BMI of 44.215.9kg/m2. These three mutations were absent in

215 non-obese controls'*.

In that study, however, controls were only screened
for mutations found in cases but the MC3R gene was not systematically
sequenced in these controls. Two of these mutations were studied in the two

families and segregated with obesity in the family members (total of four
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relatives). Only one of the mutations, 1le335Ser, demonstrated in vitro functional

abnormalities™**.

Our study, the largest yet to evaluate the prevalence of MC3R mutations
in severe human obesity, does not support a significant role for mutations in this
gene in this condition. The prevalence of such mutations in cases is 0.67% (Clgsy,
of 0.27-1.50) and is the same in controls. Systematic in vitro study of these
mutations also demonstrates that functionally significant mutations are as
frequent in both cohorts. Interestingly, the prevalence of rare MC3R variants
found in both groups is also the same as the prevalence of rare MC4R variants
(whether considering all or only restricted to functionally significant) found in
controls or in the general population, further suggesting that it corresponds to the

"background" frequency of rare mutations in these genes.

Our data does not eliminate a possible role for some of the individual
MC3R mutations in the obesity of the carriers, in particular if some of these
mutations have a pleiotropic or dominant negative effect. However, formal
demonstration of the phenotypical effect of such specific mutations would require
the study of very large multigenerational pedigrees to reach statistical

significance. Such pedigrees are rarely available.

The recent completion of large genome scans has demonstrated that a

certain number of common variants are associated with severe obesity but has
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also strongly suggested that, in aggregate, such common variants will only
account for a small portion of the overall genetic predisposition to this
condition " 1*°_ This observation has led to the re-visiting of the hypothesis
that rare variants could account for the majority of one individual's predisposition
to severe obesity and has led to the suggestion that large scale systematic
sequencing of patients will be required to detect genes in which rare mutations
predispose to the disease. Our results underline some of the possible limitations
in the outcomes and interpretations of this approach. First, it is clear that the
mere presence of rare heterozygous variants in cases is not sufficient to
implicate a gene in the condition as such variant can be present at the same
prevalence in controls, reflecting the background level of benign mutations in the
gene. Second, differentiating functionally relevant mutations from functionally
neutral mutations through specific in vitrol/in vivo assays might be required to
strengthen the association of rare mutations in a particular gene with a common
phenotype. Finally, at an individual level, demonstration of the role of a specific

mutation in a common condition might be limited.
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MATERIALS AND METHODS

Subjects - US case-control study (Cohort )'** *°: Patients and controls were
recruited through an ongoing study on the genetic determinants and clinical
implications of severe obesity as well as from the Cardiovascular Research
Institute Genomic Resource, a population-based investigation of cardio-vascular
disease both established at the University of California, San Francisco (UCSF).
Severely obese adult patients (n=510) were selected for a BMI=40 kg/m?. BMI
was 47.9+8.3 kg/mz, Age 48.3x12.1y, 73% female, 85% Caucasian. Controls
(n=554) were chosen on the basis of a BMI<25 (BMI 22.9+1.4 kg/m? and were
matched for sex (68% female), Age (51.314.5y) and ethnicity (82% Caucasian).

The UCSF Committee on Human Research approved the protocols, and
informed written consent was obtained from all patients. Genomic DNA was

extracted from white blood cells by standard methods.

Subjects - Canadian case-control study (Cohort 1)’ "*°: Patients were
recruited Ottawa Hospital Weight Management Clinic and controls were recruited
from the Ottawa region. Severely obese Caucasian adult patients (n=379) were
selected for a BMI240 kg/m?% BMI was 49.0+8.8 kg/m?, Age 49.5+10.7y, 63%
female. Caucasian controls (n=378) were chosen on the basis of a BMI below the
10th percentile for age and sex (BMI 19.4+1.6 kg/m?), and were matched for sex

(64%female), and age (45.5£13.0y).
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The institutional review boards of the University of Ottawa Heart Institute and the
Ottawa Hospital approved this study and informed consent was obtained from all
participants. Genomic DNA was extracted from white blood cells by standard
methods. This cohort has previously been used to sequence for variants

implicated in obesity'®.

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

ABIPRISM 3700 automated DNA sequencer (Applied Biosystems).

In Vitro analysis of missense MC4R and MC3R mutations - MC4R and MC3R
expression vectors: Wild type (WT) and mutant alleles of MC4R and MC3R gene
were amplified and cloned directly from the genomic DNA of the patient. Both

one exon genes were cloned in the vector pcDNA 3.1 (Invitrogen, San Diego,
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CA). All expression vectors were sequenced to establish the presence of the

mutation and the absence of any induced mutations.

Assay of MC4R and MC3R activity - HEK 293 cells stably expressing or
transiently transfected to express the luciferase reporter under the control of a

cAMP responsive promoter''® 132

were maintained in a-MEM supplemented with
10% calf serum (HYCLONE), L-glutamine, non-essential amino acids, and
penicillin/streptomycin. Transfection and dose response assays were performed

as previously described'® 132,

Briefly, different concentrations of o-MSH
(SIGMA, St. Louis, Missouri, USA) were added to the medium at the desired
concentration. Luciferase activity, representing the cAMP production through
MC4R or MC3R activation, was assessed using the Steady-Glo Luciferase Assay
System (Promega, Madison, WI) and a microplate luminescence counter
(Packard Instrument, Downers Grove, IL). Luciferase activity upon MC4R or
MC3R activation was normalized over the transfection efficiency and the results

were finally normalized as a percentage of the maximum stimulation observed for

the wild type receptors.

In silico prediction of missense mutation effects - PolyPhen Prediction:
Missense variants identified by sequencing were classified based on their
potential impact on protein function or structure (benign, possibly damaging, or
probably damaging) using a new version of the PolyPhen method™’. These

predictions are based on the analysis of multiple sequence alignments of
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homologous proteins, functional annotation, and structural information if
available™. The new version of PolyPhen constructs multiple sequence
alignment using a pipeline of several existing programs for aligning sequences,
alignment quality control, and clustering of sequences. PolyPhen defines the
predictions of the mutations as follows: 1) probably damaging: it is with high
confidence that it is suppose to affect protein function or structure, 2) possibly
damaging: it is suppose to affect protein function or structure, 3) benign: it is

most likely that it lacks any phenotypic effect.

(http://genetics.bwh.harvard.edu/pph)

SNAP Prediction - SNAP (Screening for Non-Acceptable Polymorphisms) is a
neural-network based method™® that uses, among other things, information
about sequence conservation, per residue predictions of secondary structure,
solvent accessibility, and flexibility, and, if available, experimental functional
annotations. The server output is a binary classification of the mutation’s
functional effect (neutral/non-neutral) in combination with the reliability index (RI)

138

of prediction (integer score ranging from zero to nine) ™, which correlates well

with the expected accuracy of the prediction™®.

Statistical Analysis - Prevalence and confidence intervals were calculated using
GraphPad Statistics Software. Common variants and haplotype associations with
obesity were analyzed by performing a Chi-square analysis-of-contingency table

with Yates’ correction. The prevalence of rare mutation carriers and the
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prevalence of functionally significant rare mutation carriers (as defined by in silico
and in vitro experiments) in severely obese subjects compared to those
prevalences in lean subjects were analyzed for a significant difference (p<0.05)
by two-tailed Fisher's exact test. Best-fit estimates of the EC50s (the
concentration of ligand needed to achieve 50% of maximum effect) and the 95%
confidence intervals were obtained by non-linear regression fitting of the
sigmoidal dose response curves using Prism 4. Mutant receptor EC50s were
compared to wild type receptor EC50 and significance (p<0.05) was determined

by ANOVA followed by Dunnett’s post-test.
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CHAPTER IV

Mutational Analysis of the Pro-opiomelanocortin Gene
in French Obese Children Led to the Identification of a
Novel Deleterious Heterozygous Mutation Located in the

a-Melanocyte Stimulating Hormone Domain®.

*in collaboration with Beatrice Dubern
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SUMMARY

The pro-opiomelanocotin (POMC) plays a key role in body weight
regulation, where its derived peptides mediate leptin action via the hypothalamic
melanocortin 4 receptor (MC4R). The pathogenic effects of POMC mutations
have been challenged in obesity. Our aim was to assess the relevance of POMC
mutations in a cohort of French obese and nonobese children. Direct sequencing
of the POMC gene was performed in 322 obese and 363 control unrelated
children. Functional studies for the novel Phe144Leu mutation included the
response to a-melanocyte stimulating hormone (aMSH) and a competitive
binding assay. POMC mutations were identified in 3.72% of obese [95%
confidence interval (Cl): 1.66-5.80] and 2.20% of control (95% CI: 0.69-3.71)
subjects. The novel mutation located in the aMSH region of the POMC gene
(Phe144Leu) was found in one obese child and was transmitted by the obese
father. Functional studies showed that MC4R activation in response to
Leu144aMSH was almost completely abolished due to a dramatically altered
binding of Leu144aMSH to MC4R. The frequency of POMC mutations is not
significantly different between obese and control children in our cohort. The novel
heterozygous mutation Phe144Leu leading to the absence of melanocortin

signaling was associated with early-onset obesity suggesting its pathogenic role.
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INTRODUCTION

The proopiomelanocortin (POMC) is a complex propeptide encoding a
number of melanocortin peptides that are released by tissue-specific proteolytic
processing. These peptides have important roles in a range of functions such as
skin pigmentation, control of adrenal function, and body weight regulation via the
leptin/melanocortin pathway'®'. The production of POMC in the central nervous
system is stimulated by leptin and its posttranslational process leads to the
generation of different peptides'. The nature of POMC-derived peptides
depends on the type of endoproteolytic enzymes present in specific brain areas.
In the anterior pituitary, the presence of the proconvertase (PC) 1 enzyme allows
the production of adrenocorticotropic hormone (ACTH) and B-lipotropin peptides,
while the simultaneous presence of PC1 and PC2 in the hypothalamus
determines the production of a-, B-, y-melanocyte-stimulating hormone (a-, B-,
yMSH) and B-endorphins. POMC knockout mice become obese due to the loss
of the anorexigenic action of aMSH on melanocortin-4 receptor (MC4R)
expressing neurons. They have no adrenal function because of the lack of ACTH
production and present variable alterations in coat pigmentation due to the

absence of aMSH in the skin'™®

. The phenotype of POMC-deficient mice
resembles that of patients with rare mutations that completely prevent POMC-
derived peptide production. To date, six families with children carrying

homozygous or compound heterozygous loss-of-function mutations in POMC

have been described. The children in these families display a hypocortisolism,
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early-onset obesity, and variable alterations of skin and hair pigmentation,
thereby defining a new rare syndrome of obesity associated with POMC

deficiency™* 1%°.

The POMC gene is located in the human chromosome 2, which is a region
strongly linked with leptin levels and to a lesser extent with obesity™®"°. It was
considered a strong positional candidate, and direct gene screening revealed
several polymorphisms, generally with low frequency, located in both coding and
noncoding regions'®. Variants of the POMC gene were found in German'®" 2,
Danish'®®, Swedish'®, Italian'®® '®® and English'®"* '®® obese children and young
adults and in French diabetic and obese adults'®®. These variations included
base insertion or deletion, missense, or silent mutations and were generally
uncommon. Most of these variants were not associated with obesity-related
phenotypes and generally had no functional consequences, except for mutations
involving BMSH domain (Arg236Gly and Tyr221Cys)'®* %7 18 The frequency of
the Arg236Gly mutation was shown to be mildly increased in U.K. obese
children, and functional analyses revealed that this mutation prevents the normal
processing of BMSH and B-endorphin, resulting in a fusion protein'®’. Able to
bind MC4R, this aberrant peptide leads to a decreased activation of the receptor.
Recently, the mutation Tyr221Cys, also located in the BMSH domain of POMC,
was implicated in early-onset obesity with deleterious in vitro functional effects'®*
'8 Those findings suggested that BMSH might play a critical role in weight

regulation in humans. Thus, further investigations of the POMC gene in obese

and nonobese populations are needed to determine the contributing role of
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POMC gene variants in human obesity.

In the present study, we report the mutational analysis of the POMC gene
in a French cohort of 322 obese children and 363 controls. We also describe a
novel heterozygous mutation in the aMSH domain of the POMC gene associated

with early-onset obesity and with deleterious in vitro functional effects.
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RESULTS

Frequency of POMC mutations in obese and lean French children and

identification of a patient carrying the Phe144Leu POMC mutation.

By screening 322 severely obese children for POMC mutations, nine
mutations were identified (Asp53Gly, Gly96Cys, Pro132Ala, Arg236Gly,
Glu214Gly, Ala195Thr, Leu209Pro, Phe87Leu, Phe144Leu) in 12 unrelated
individuals (3.72%, 95% CI: 1.66-5.80]). Among them, six have not been
previously reported (Asp53Gly, Phe87Leu, Gly96Cys, Pro132Ala, Phe144Leu,
Leu209Pro). In the control group, two novel mutations (Asn91Ser, Glu57Lys)
were uniquely detected, whereas two mutations (Glu214Gly, Ala195Thr) were
found in both obese and control populations (Table 1 and figure 1). Four obese
patients and one lean control were carriers of the Asp53Gly mutation (1.24%).
Overall, the frequency of POMC gene variations was not significantly different
between obese (3.72%, 95% CI: 1.66-5.80) and controls [2.20%, 95% CI: 0.69-
3.71, p = not significant (NS)] in this group of French children. Clinical and
biological characteristics of POMC mutation carriers (obese and controls) are
shown in Table 2. No difference in weight and BMI Z score was observed
between POMC genetic variant carriers and noncarriers in the obese and lean

groups, respectively (data not shown).
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Table 1.

Nucleotide Amino acid Obese Controls %2
change change (n=322) (n=373)
158 a>g Asp53Gly 4 (1.24%) 1(0.27%) NS
287 c>t Gly96Cys 1(0.31%) 0
395 c>g Pro132Ala 1(0.31%) 0
707 c>g Arg236Gly 1(0.31%) 0
642 a>g Glu214Gly 1 (0.31%) 4 (1.07%)
584 g>a Ala195Thr 1(0.31%) 1(0.27%)
627 t>c Leu209Pro 1(0.31%) 0
262 c>a Phe87Leu 1(0.31%) 0
273 a>g Asn91Ser 0 1(0.27%)
169 g>a GIn57Lys 0 1(0.27%)
431 t>c Phe144Leu 1(0.31%) 0
POMC gene variations 3.72% 2.20% NS

frequency

Table 1. Frequency of POMC gene variations in obese and control children.

Closs,[1.66-5.80]
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Figure 1.
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Figure 1. POMC protein and location of the variants in obese and lean children.
White and black boxes are for the cut sites for PCs. Italics: mutations identified
only in controls. JP, joint peptide; CLIP, corticotropin-like intermediate peptide;

LPH, lipoprotein hormone; Endo, endorphin.
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Table 2.

POMC Age BMI Z Age at obesity Ins TO Gly TO TG Chol Leptin
Subjects mutation (y) Sex (SD) onset (y) (pU/mL) (mmol/L) HOMA (mmol/L) (g/L) (ng/mL)
Obese
1 Asp53Gly 5 F 4.7 5 4.1 43 0.8 0.5 0.7 ND
2 Asp53Gly 7 M 6.7 0.5 13.0 5.1 3.0 0.6 1.7 17.5
3 Asp53Gly 8 M 5.2 4 14.0 4.8 3.0 0.5 1.5 16.0
4 Asp53Gly 10 F 4.7 6 19.8 4.8 42 1.3 2.1 26.0
5 Gly96Cys 13 F 3.6 ? 14.0 4.9 3.0 0.8 1.4 21.0
6 Prol32Ala 17 F 38 ? 169 5.0 3.7 0.9 1.5 ND
7 Arg236Gly 15 F 1.7 5 ND ND ND ND ND ND
8 Glu214Gly 11 F 33 2 26.0 4.9 57 0.8 0.9 12.0
9 Alal95Thr 12 F 5.8 ? ND ND ND ND ND ND
10 Leu209Pro 14 M 39 32 18.0 5.1 4.1 0.8 1.5 19.4
11 Phe87Leu 7 F 6.2 ? 15.0 5.0 3.3 0.6 1.8 21.0
12 Phel44Leu 12 F 2.7 45 83 5.5 2.0 0.9 1.7 20.0
Controls
13 Asn91Ser 11 M -1.1 — 59 4.8 1.3 04 1.2 39
14 Glu57Lys 11 M 0.3 — 15.5 4.1 2.9 0.8 1.1 35
15 Asp33Gly 12 M 0.9 — ND ND ND ND 1.2 42
16 Glu214Gly 13 M 1.6 — 15.0 57 3.8 1.1 1.4 214
17 Glu214Gly 12 F 0.1 — 42 4.7 0.9 0.8 1.5 8.6
18 Glu214Gly 11 F 3.9 — 232 5.1 52 1.3 1.1 40.8
19 Glu214Gly 12 M —-1.2 — 5.2 4.9 1.1 04 1.7 0.8
20 Alal95Thr 14 F 0.8 — ND ND ND ND ND 16.8

Table 2. Characteristics of POMC mutations carriers.

M, male, F, female; age at obesity onset is defined as age with BMI above the
97th percentile; Ins TO, fasting insulinemia; Gly TO: fasting glucose; HOMA,
homeostasis model assessment index defined as (fasting insulin level _ fasting
glucose level) divided by 22.5; TG, triacylglycerol; Chol, total cholesterol; ?, data
not available; ND, not determined.

Biological parameters were measured according to methods described in

Materials and Methods section.
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Because most of the detected mutations occurred in regions of the POMC
propeptide with uncertain biological functions, we concentrated our study on the
novel heterozygous missense mutation Phe144Leu located in the aMSH coding
region of POMC gene. The Phe144Leu mutation was detected in only one obese
child and was absent in the control population. Segregation analysis of the
mutation in the family showed that the mutation was present in the obese father
(figure 2A). The other available family members were not carriers of the mutation

and were neither overweight nor obese.

Figure 2.
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Figure 2. Pedigree, genotype, and clinical characteristics of the Phe144Leu
POMC mutation carrier. (A) Pedigree and genotypes. The proband Il1 is a 12-y-
old female with a BMI of 22.5 kg/m? (BMI Z score = 2.7 SDs). She is

heterozygous for a Phe144Leu (t > ¢ 431) mutation. The mutated allele was
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transmitted by her father who is moderately obese (BMI, 31 kg/m? at age 38 vy,
BMI Z score = 1.9 SDs). Subjects 12 (BMI, 21 kg/m? at age 40 y, BMI Z score = -
0.5 SD), 112 (age, 8 y; BMI Z score = 0.2 SD) and I3 (age, 6 y; BMI Z score = 0.9
SD) are nonobese carriers of two normal alleles. Obese individuals (solid circles
and squares). Age, BMI Z score, and genotype (+, normal; -, mutated) are
indicated on the pedigree; ND, not determined. (B) BMI curves of the proband
(HetPOMC), six heterozygous MC4R mutation carriers (HetMC4R), and three
homozygous null leptin receptor mutants (LepR 1, 2, 3). HetPOMC (solid
squares); LepR 1 (solid circles); LepR 2 (open triangles); LepR 3 (solid triangles);

HetMC4R (open diamonds).

Clinical and biologic phenotype of the phe144leu mutation carrier.

The Phe144Leu mutation carrier was a 12-y-old obese girl from a
nonconsanguineous family. She was born at term and had a normal birth weight
(3000 g). She had no red hair and no clinical evidence of adrenal impairment. At
age 12 y, the patient's BMI Z score was 2.7 SDs with normal puberty (Tanner
stage 4). Her fat mass was 31.45% (18.7 kg) of her total body mass. The BMI
curve showed a preserved but early (at age 2 y) adiposity rebound in the
absence of any dietary intervention (figure 2B). The age at obesity onset, defined
as age with BMI above the 97th percentile, was 4.5 y. We compared the BMI
evolution of the proband with that of subjects lacking leptin receptor (LEPR)

170

signaling and with that of subjects heterozygous for MC4R mutations ™~ (figure

2B). In contrast to LEPR-deficient patients, the BMI curve of the proband did not
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show a dramatic augmentation. When compared with young MC4R mutation

carriers'® (

unpublished data), the BMI curves were close during the first 4 y of
life between MC4R mutation carriers and the girl carrying the Phe144Leu
mutation. Differences in BMI evolution markedly appeared after the age of 5 y
because the BMI of the POMC mutation carrier showed only minor aggravation
compared with MC4R subjects displaying a rapid increase in BMI in the absence

of any dietary intervention.

Endocrine and metabolic explorations in the proband showed only a
moderate hyperinsulinemia with a plasma insulin level of 16.9 pUI/mL 120 min
after glucose ingestion with normal glucose levels (Table 3). Hypothalamic-
pituitary-adrenal axis explorations were normal (urinary free cortisol, dynamic test
of adrenal axis), as well as thyroid axis explorations (free T4 and TSH) (Table 3).
Circulating leptin measurement (leptin 20 ng/mL) was in agreement with her
corpulence (leptin/kg fat mass, 1.1). Lipid metabolism was unremarkable (total
cholesterol, 1.7 g/L; triacylglycerol, 0.9 mM). At age 12 y, the resting metabolic
rate evaluated by indirect calorimetry was normal for her body composition (1260

kcal /24 h, 39 kg fat-free mass).
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Table 3.

Phel44Leu Normal range

UFC (ug/24 h) 17.5 23 £ 11
CREF test

Cortisol (ng/mL) (0—60 min) 53-146 104 + 48-184 = 29

ACTH (pg/mL) (0-60 min) 25-76 <40-77 = 27

LPH (pg/mL) (0—60 min) 124-218 87 = 38-167 £ 49
TSH (pU/mL) 3.0 1.78 (0.2-3.5)
Free T, (pg/mL) 7.2 8.5 (5.8-115)
OGTT

Glucose (mmol/L) (0-30-120 min) 5.0-7.2-6.5 T0: 3.3-5.8; T120: <7.8

Insulinemia (pUl/mL) (0-30-120 min) 8.3-32.2-1690 TO: <5

Table 3. Endocrine characteristics of the proband with the Phe144Leu mutation.
UFC, urinary free cortisol; CRF, corticotropin releasing factor; LPH, lipoprotein

hormone; OGTT, oral glucose tolerance test.

Functional effect of the Phe144leu POMC mutation.

We evaluated the ability of Leu144aMSH (mutated POMC allele) to
activate hMC4R by comparing both cAMP production and the binding to the
receptor with that of Phe144aMSH (wild-type allele). In our assay, hMC4R
activation in response to Leu144aMSH was almost completely abolished (ECsp
not determinable) compared with that with Phe144aMSH (ECso £ SD = 1.5 £ 0.7
nM) (Figure 3A). This result was due, at least partially, to the dramatically altered

binding of Leu144aMSH to hMC4R (figure 3B).
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Figure 3.
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Figure 3. Impaired activation and binding of MC4R by the aMSH product of
Phe144Leu POMC. Leu144aMSH (Leu at position 7 of aMSH corresponding to
the mutated POMC allele) and Phe144aMSH (Phe at position 7 corresponding to
wild type) were synthesized and purified by high-performance liquid
chromatography. A) MC4R activity in response of Phe144aMSH or
Leu144aMSH. Data points represent means of five determinations and error bars
indicate SDs. The ECsp + SDs for aMSH activation is 1.5 £ 0.7 nM. B)
Competition binding assay of Phe144aMSH or Leu144aMSH on the human
MC4R. Each point is the mean of triplicate values and error bars indicate SDs.
The ICsp for Phe144aMSH in this experiment is 29.6 + 7.52 nM. Phe144aMSH

(solid squares); Leu144aMSH (solid triangles).
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DISCUSSION

We report here the screening of the POMC gene in a cohort of obese and
nonobese French children. A novel mutation (Phe144Leu) located in the aMSH
domain of the POMC gene associated with early-onset obesity was detected. In
vitro studies revealed that the Phe144Leu amino acid substitution resulted in a
deleterious functional effect with a complete lack of hMC4R activation due to a
dramatic impairment of mutant aMSH binding. The Phe144Leu mutation was
found in a 12-y-old girl with early-onset obesity. No other associated phenotypes
such as adrenal insufficiency and hypopigmentation were noted in contrast to the
phenotype in patients with POMC-null homozygous mutation'™*. This may be
explained by the complex regulation of pigmentation characterized by high
interindividual variability. More specifically, pigmentation in humans varies greatly
between individuals and particularly among ethnic groups, primarily because of
several differences in melanin (e.g. size, shape, density, and type) and the
multiple polymorphisms in melanocortin 1 receptor that are capable of
modulating its basal activity'®®. Several observations, including this one, suggest
that the skin and hair phenotype might vary according to the ethnic origin of
POMC mutation carriers'®® '®”. Precise chemical analysis measuring hair melanin
peptide and skin pigmentation would be necessary to firmly conclude. We also
observed normal results in hypothalamic-pituitary-adrenal axis explorations in the
Phe144Leu carrier, which could be explained by the fact that the mutation does

not alter the effect of ACTH on melanocortin 2 receptor. This is in agreement with
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previous findings observed in heterozygous carriers of POMC mutations'® 62

167. 188 However, this would need further in vitro functional investigation.

The BMI curve of this subject shows several interesting findings. Obesity
starts as early as in the MC4R mutant carriers, suggesting a very early effect of
the functionally relevant Phe144leu mutation on weight gain after birth. However,
it is less severe over time. This is not due to a change in diet because both
MC4R and POMC mutated subjects did not undergo any dietary intervention until
the age of 10 y. This observation suggests that, in humans, deleterious
heterozygous mutations in the aMSH domain of the POMC gene might lead to a
less severe obese phenotype than heterozygous mutations in MC4R gene. While
the central melanocortin system is intolerant to the loss of a single MC4R allele, it
appears to be able to tolerate the loss of one copy of the POMC gene, except for
mutations in BMSH. The Phe144Leu mutation in aMSH, as the one recently
reported by Lee et al.’®® appears to have only a moderate effect on the obese
phenotype when compared with the effect of BMSH mutations. Our findings
provide additional support for a more critical role of BMSH than of aMSH in the
control of human energy balance'®® %" 1% Because BMSH is present in the
human hypothalamus "' and seems to have higher affinity for the hMC4R'"2, it is
likely to be the more physiologically relevant endogenous ligand for the hMC4R
(when compared with aMSH). The obese phenotype associated with the POMC
mutation reported here could also be modulated by other variants in modifier
genes, intrinsic and/or extrinsic to the melanocortin pathway. Co-segregation

analysis also showed that the obese father carrying the mutation has a
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comparatively less pronounced form of obesity. Gene-environment interactions
are a plausible explanation, as the younger generation is growing up in a much
more obesogenic environment compared with the older generation. This family
pedigree with the POMC mutation further illustrates the complex nature of human
obesity when variant alleles in certain thrifty genes might interact together to

favor weight gain in a predisposing environment.

In our study, the frequency of POMC gene variations was not significantly

different between obese and control children. In contrast to MC4R mutations that

167, 168 92, 142

are significantly more frequent in obese populations , it suggests that
the implication of POMC mutations in the development of obesity remains to be
discussed. Although carriers of POMC mutations have been described in several
studies'®* 195 161-164. 166-168 ' {he effect of the mutations on the obesity phenotype
appears to be variable and the study of the functional consequences of POMC
mutations are still rare but necessary to demonstrate their pathogenic role. Up to
now, only a few POMC mutations may be considered a cause of monogenic

obesity 154, 162, 167, 168'

In conclusion, we found a similar frequency of POMC mutations in lean
and obese children. Only rare deleterious mutations, such as the Phe144Leu
described here, might contribute to early-onset obesity'®'1%% 16168 | addition to
previous studies, our findings confirm the less critical role of the POMC gene
mutations in the complex determinism of human obesity when compared with
MC4R mutations that are involved in 2%-3% of human obesity® 2. In addition,

they may confirm the more critical role of BMSH than aMSH in the control of
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human energy balance because mutations in aMSH appear to have only a
moderate effect on the obese phenotype when compared with the effect of BMSH
mutations and support the physiologic role of the melanocortin pathway in human

weight regulation.
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MATERIALS AND METHODS

Direct POMC gene sequencing - This study was approved by the local ethics
committee, and informed consent was obtained from all participating subjects.
The genomic DNA of all subjects was isolated from 10 mL of venous whole blood
(Wizard Genomic DNA Purification Kit, Promega Madison, WI). Direct
sequencing (Sequencer Applied Biosystem) of the coding region of the POMC
gene was performed in 322 unrelated obese children and in 363 nonobese
children. Obese children [mean age, 12.8 y + 2.8 standard deviations (SDs);
mean body mass index (BMI) Z score = 4.3 + 1.2 SDs; BMI Z score range, 2.0-
10.2 SDs] were prospectively recruited between 2001 and 2004 in three different
departments of pediatric nutrition located in Paris, Caen, and Margency, France
[as described in Dubern et al.”’®]. In the present study, obesity was defined as a
BMI Z score at least 2 SDs above the mean age and sex-specific BMI values in
children in France'”®. The control group included 363 nonobese children (mean
age, 11.5y = 0.6 SD; mean BMI Z score = 0.2 + 1.0 SD; BMI Z score range, -
2.96 to 1.93 SDs). These children were part of a randomized, controlled ongoing
field trial (ICAPS) in middle school's first-level adolescents from eight randomly

selected schools in the department of the Bas-Rhin (Eastern France) '™

Genotyping of the Phe144Leu POMC mutation in the proband's family was
also performed by direct sequencing (Sequencer Applied Biosystem) of the
coding regions of the POMC gene. Primers and conditions can be provided upon

request. Nucleotides and amino acids were numbered according to GenBank
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accession numbers V01510 and NP 000930, respectively.

Clinical and biochemical data - All obese patients underwent a physical
examination with anthropometric measurements and Tanner stage evaluation by
the same investigator in each center. Height and weight curves were obtained

from the medical health records of the subjects.

In the patient carrying the Phe144Leu mutation, body composition (fat-free
mass and body fat) was measured using whole-body dual-energy x-ray
absorptiometry (Hologic QDR 2000 unit, Waltham, MA). The percentage body fat
was calculated as the ratio of total body fat mass over total body mass. Blood
samples were collected in the morning after an overnight fast. Total cholesterol
and triacylglycerol were measured using an enzymatic assay (Boerhinger,
Mannheim, Germany). Plasma leptin concentrations were measured by
radioimmunoassay (RIA) (LINCO Research, Inc., St. Louis, MO). Oral glucose
tolerance test was performed by giving 1.75 g glucose/kg body weight
(maximum, 75 g). Plasma glucose and insulin concentrations were measured in
the fasting state and 30 and 120 min after glucose ingestion using the glucose
oxidase method and a RIA with polyclonal antibodies (INSI-PR, CIS Bio
International, Gif-sur-Yvette, France), respectively. Hypothalamic-pituitary-
adrenal axis exploration included urinary free cortisol and a dynamic test of
adrenal axis with measurements of serum cortisol and ACTH by standard
immunoassays. To explore thyroid axis, serum free thyroxine (T4) and thyroid-

stimulating hormone (TSH) were measured by standard immunoassays. Basal
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resting metabolic rate was performed using indirect calorimetry (Deltatrac I

monitor, Datex Instrumentarium Corp., Helsinki, Finland).

Human MC4R (hMC4R) activation by the aMSH product of Phe144leu POMC
- Leu144aMSH (Leu at position 7 of aMSH) and Phe144aMSH (Phe at position
7) were synthesized and purified by high-performance liquid chromatography
(Genemed Synthesis Inc., South San Francisco, CA). MC4R activity was
measured by analyzing its ability to activate expression of a cyclic adenosine
monophosphate (cCAMP)-inducible luciferase gene in HEK 293"°. HEK 293 cells
stably expressing a cAMP-inducible luciferase gene were transiently transfected
with the hMC4R and stimulated for 6 h with medium alone, increasing amounts of
Phe144aMSH or Leu144aMSH, after which luciferase activity was measured as
previously described'". Data points represent means of five determinations and

error bars indicate SDs.

Competitive binding assay - HEK 293 cells stably transfected with the hMC4R
were incubated with [®I[INDP oMSH in the presence of increasing
concentrations of Phe144aMSH or Leu144aMSH. Results are expressed as a
percentage of total specific binding (Bmax). The curve is fitted using nonlinear
regression analysis and one-site competition model (GraphPad Prism, graph
software, San Diego, CA). Each point is the mean of triplicate values. Error bars

indicate SDs.
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