ROLE OF MAHOGANY IN MELANOCORTIN SIGNALING

Daniela M. Dinulescu
[ -

A DISSERTATION

Presented to the Department of Cell and Developmental Biclogy
and the Oregon Health Sciences University
School of Medicine
in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

April 2000



School of Medicine

Oregon Health Sciences University

CERTIFICATION OF APPROVAL

This i1s to certify that the Ph.D. thesis of
Daniela M. Dinulescu

has been approved

Professor in charge of thesis

Member

‘—/_&

Associate Dean for Graduate Studies



TABLE OF CONTENTS

TABLE OF CONTENTS ....ctteceuimimmsissreeecsasannss s ss e s A
LIST OF FIGURES ......ouruiuerereminciismssissstse ettt Vi
LIST OF ABBREVIATIONS ...oiiiiommriniiercuiismimsssssssssms s s s Xi
ACKNOWLEDGEMENTS ...t Xiv
ABSTRACT ..o eomssevssns vas s pgsarmmmes It e L i bbb i mens i st s gt s« 0o XVi
CHAPTER ONE. INTRODUCTION ...t L
L. EXTENSION AND AGOUTI-A BRIEF HISTORY ..ovviiiiiniinsmnnee 2
3. PRO-OPIOMELANOQOCORTIN (POMOC) ..ot 6

D] POMOC PFrOCESSING eovvevvanvvanasssisssmiesssimss sttt 6

22 Melanocortin FURCHONS .......c.ocooeivrrimsstnisssin s 16

Br MELANOCORTIN RECEPTORS, A FAMILY OF Gs-PROTEIN COUPLED

RECEPTORS (GPCRS) ...oturueueeimiiieressesetsmsmsmsss st s Zl
3./, Structural and Functional Characteristics of Melanocortin Receptors .23
B9 MICT-RR.......comsevmmmens susunse on RS RS ol e e o Pt 27

88 IMOILR....... oo e e Db BT v s e s G A eSS 34

4. AGOUTI-THE FIRST EXAMPLE OF A NATURALLY-OCCURING

ANTAGONIST OF GPCRS .oeeeiciiiirniner e 36
4.1, DiSCOVEry Of AGOULT .covovomieiioiiniisiisisiin s 36
4.2, Regulation of Murine Agouti Gene EXPressioN......ooweenrceenimnvmisncss 38
43 Structural Characteristics of Murine AGOULL ........coooveivieeressisnee: 44



4.4.  Functional Characterization of Murine Agouti.....................cc...ocoveee. 46

4.4.1. In Vitro Effects of AQOULi................cccooviivviniiiiiiiiiiiii 46
4.4.2. In Vivo Effects of Agouti: the Lethal Yellow Syndrome ............... 47
5. AGOUTI RELATED PROTEIN (AGRP).....cccccoviiiiiiiiii e 52
5.1 Discovery Of AGRP .........cccooviiiivviiiiiiiiiiiiiiiiiiiee e 52
5.2.  Parallelism between Agouti and AGRP .........c.cc.ooooviiviviiiiiiiiiiienn, 53
5.3.  Regulation of AGRP Expression by Leptin and Nutritional Status ........ 60
5.4, Fine-tuning the Mechanism of Agouti and AGRP Action...................... 62
6. CONTRASTING AGOUTI AND LEPTIN DEFICIENT OBESITY
MOBDBLS ' | oot i st s« omomssio s £ ooy o8k Smbssssn Ao i B 66
6.1. Leptinand Leptin Receptors......... iz isssspwisissigisssisesssmtnmsnsssamimmessssans 66
6.2.  Comparison Between AY and ob (db) Obesity Models........................... 69
7. OF MICE AN MEN ... .cuooiiuusn. . s sunsssssossssssss  cosusass sy s ias s b 5
7.1.  Role of Leptin in Human ODesity ..........cccccovviiiviiiiiiiniiieiiiiiieniiieens 72
7.2 Role of Pro-opiomelanocortin (POMC) in Human Obesity................... 75
7.3.  First Cases of Altered MC4-R Signaling Identified in Human
Popuilation s.. st - S e b i it a s e s P
8. MAHOGANY AND MAHOGANOID: SPECIFIC ACTIVATORS OF
AGQUTT AND AGRE v ot mm s et s s G505 W0 mh i i 4RER {8455 i 83
8.1.  Discovery of Mahogany and Mahoganoid..................ccccccooiviinninnnn. 83
8.2.  Distribution and Structural Characteristics of Mahogany .................... 84
8.3, Physiological Characterization of Mahogany ..................cc.....c.oooon. 89
8.4.  Insights into the Molecular Mechanism of Mahogany Action ............... 92

i



9. SPECIFIC AIMS AND OUTLINE OF THE THESIS....cccociii 93

CHAPTER TWO. GENETIC INTERACTION BETWEEN CANINE

EXTENSION AND AGOUTI ............c.coooniiiiiiiiiiiiiii s 97
AB ST R A CT oottt et eet e ettt e e et e e s e 98
INTRODUGCTION ..ot eette et et aaeneiatteseesass s e s asss e e e s e e iar s e s s m s e s et e et 99
MATERIALS AND METHODS ...t 100
RESULT S  ooiioooeote e eee et eeeee e e s s er e ta e s me e e st s s e s e e e s e s e s b T s e R e ettt 102
DISCUSSION ..ovevees e ecvitisressecere osesesterassrasess s s e ans s s s e aam s sas s sa s st e i bt s s s bt s sn bt a0 105

CHAPTER THREE. MAHOGANY (mg) STIMULATES FEEDING

AND INCREASES BASAL METABOLIC RATE INDEPENDENT OF

ITS SUPPRESSION OF AGOUTT ... 113
A B ST R A CT oottt eereeee et e e s e e i te e e e e e T 114
INTRODUGCTION ...ceioiiitiireeeeemseesaareeeeeessssssraaesasssntass sasastasssosrassttstasensessonnnssnssares 115
MATERIALS AND METHODS ..ot 118
RESUL TS oottt et eteaeeee e e e e ettt e ee e s s ns e e aaa s a b e e e e e b s e s et s et 121
DISCUSSION ..ooeeeeee e ceitieitseessraeeeeseraereeaeirraseasassasarartess ittt s e ra sttt st e s rn s s i 125

CHAPTER FOUR. EFFECTS OF THE CENTRAL

MELANOCORTIN SYSTEM ON INSULIN RELEASE AND INSULIN

SENSITIVITY ...oooeeeeiiiiieeteieis e e e tesee e e e e e e e mmass st ss s an s 135

1l



ABSTRACT oo e s e s e s s et et e s essea e ressasae s nssnansn st asaebaebenrraeen 136

INTRODUGCTTION ...ttt et e sttt e e s eeeeeme e e aaih e s s r e e s e e iabr s s s s s s 137
MATERIALS AND METHODS ..o 138
RESULTS ..o coiificisiois ssisrstnisatamsssmesseos snisetssssnonssoneasssessnes sossss hsbt £ HpboImmimmy spminis o oy’ 141
DISCUSSION ..ottt te e siireaaerae e et eeeaaesiassarresssrrasaaaa e iabar s s e s s s s s bbb n v 145

CHAPTER FIVE. INCREASED INSULIN SECRETION AND

GLUCOSE CLEARANCE RATE IN MICE LACKING

M AH O G ANY oottt ettt e aataaetaa e et a s e st s sra s s s et s easeanses 151
ABSTRACT oot oo 152
INTRODUGCTION ..o voseseeseseesessesssesseemsosesssssmsssssssssssssesssssssassssnsesmsecsmsassunness 153
MATERIALS AND METHODS ..coeoeoeereeoseeessesesiesssemessee i essssissieessesseneneessnsns 154
RESULTS AND DISCUSSTON .. ... ooeoeeeeeeeveseeeseesees e ssesiesiesiesssnesanenes 156

CHAPTER SIX. AROLE FOR MAHOGANY IN AXONAL

GUIDANCGE ... eeeeecivtsrtr e s e e st s s s s 165
ABSTRACT oottt ettt e e e ar e a e 166
INTRODUGCTION ....oooiiiiiiirteesirieeeesee et iiinivtessraesaasssessoiasesanmteee s sarana e s s asnsas s 167
MATERIALS AND METHODS ...ooiiiiiiiiiii it 168
RESULTS oot ettt e e et ee e e et sasmnn e e s sna e e sab s et e bbbt e s s e n s s st bbb e e s n e 171
DISCIUSSTON ittt ettt e e et e e e st bt a e s e e e e et e st ae e e s e tb e e s e na s e 176
SUMMARY AND CONCLUSIONS ... 185



REFERENCES

.....................................................................................



LIST OF FIGURES

CHAPTER ONE
FIGURE 1. POMC PROCESSING IN THE ANTERIOR AND INTERMEDIATE

P T UL T A R Y ettt ettt e e e st e et e s e s s b e s e r e s e e bs s e e e e e s b b s e e s e s e s 15

FIGURE 2. AMINO ACID SEQUENCE ALIGNMENT OF HUMAN

MELANOCORTIN PEPTIDES ....oii oottt 19

FIGURE 3. PROTEIN SEQUENCE ALIGNMENT OF MAMMALIAN

MELANOCORTIN 1 RECEPTORS (MCI-RS) ..oooiiiiiiiiiiiiiiiiiii i 1

FIGURE 4. NATURALLY-OCCURING MUTATIONS IN MAMMALIAN

1Y (03 15 X T U U 32

FIGURE 5. REGULATION OF MURINE AGOUTI GENE EXPRESSION........... 42
FIGURE 6. REVERSION OF a TO &' OR 4" ALLELE TAKES PLACE THROUGH

A MECHANISM OF HOMOLOGOUS RECOMBINATION .....ccoiiiniiiiiinn 43

FIGURE7. AMINO ACID SEQUENCE ALIGNMENT OF MAMMALIAN

AGOUTI PROTEINS L.ttt etteeeae s eiis et et a st 45

FIGURE 8. AMINO ACID SEQUENCE ALIGNMENT OF MURINE AGOUTI AND

AGOUTI-RELATED PROTEIN (AGRP)....cccoiiiiiiiiiii e 57

FIGURE 9. DISULFIDE ARRANGEMENT OF MURINE AGOUTI, AGRP, AND

CONOTOXIN GVIA (CONUS GLORIMARIS) oo 58

FIGURE 10. POMC AND AGRP DISTRIBUTION PATTERNS IN THE CENTRAL
NERVOUS SYSTEM (CNS) ..oeieiiiiiiiiiie i 59
FIGURE 11. COMPARISON BETWEEN THE LETHAL YELLOW (4 Y) AND

LEPTIN-DEFICIENT (0b) OBESITY MODELS. ... 71

vi



FIGURE 12. STRUCTURAL FEATURES OF MAHOGANY/ATTRACTIN .......... 88
FIGURE 13. ABSENCE OF MAHOGANY DOES NOT SUPPRESS THE
PHENOTYPE OF THE MC4-R KNOCKOUT (MC4-R KO) MOUSE .......cccccoovevine 91

FIGURE 14. POTENTIAL MODELS OF MAHOGANY-AGOUTI/AGRP

INTERACTION L.ooiiiiiieiieiiiieeeeeseesireaeeeeseasteeseias b erteeseaaestossitrn s sttt e s sa bt re st e seint 94

TABLE 1. CENTRAL AND PERIPHERAL EFFECTS OF MELANOCORTIN

PEPTIDES reteee e rirenninn s rcnin s tssssassees s sisnasanan o S === 20

TABLE 2. MELANOCORTIN RECEPTOR DISTRIBUTION, BIOLOGICAL

FUNCTION, AND PHARMACOLOGY ..coiiiiiiiiiin i 26

TABLE3. PHARMACOLOGY OF NATURALLY-OCCURING MCI-R

WA RTANTS i et sl ¥ 96 srmenesen - <GS T e e o s § N Bttyesrssss w4 Al SRS it a5l 33

TABLE4. NATURAL MC4-R VARIANTS ASSOCIATED WITH HUMAN

[0)23 5] 1 12U OO P PP PP PP PP P PP AAERPE RS AR 82

CHAPTER TWO

FIGURE 1. GENOMIC STRUCTURE AND AMINO ACID SEQUENCE OF THE

CANINE AGOUTT ..ottt ettt s st a e et e e e et 107
FIGURE 2. EXPRESSION PATTERN OF THE 45 AGOUTI ALLELE ............... 108
FIGURE 3. AMINO ACID SEQUENCE OF THE CANINE MCI-R ................... 109

FIGURE 4. THE CANINE ¢ ALLELE ENCODES A NON-FUNCTIONAL

Y, (03 1 - OSSOSO PO PP ST O PP PRSP PPEPRT SRR STPREPES 110

vit



FIGURE 5. NO DIFFERENCE IN mRNA LEVELS BETWEEN FULL-LENGTH (£)

AND TRUNCATED MCIR-R306Er (€) «ccoovvvirirriimiineeeiiieeeiiitesiire e 111

FIGURE 6. MCIR-R306ter 1S NON-FUNCTIONAL BECAUSE OF DECREASED

PROTEIN STABILITY AND LOSS OF CELL SURFACE EXPRESSION ............. 112

CHAPTER THREE

FIGURE 1. mg SUPPRESSES THE A -INDUCED OBESITY SYNDROME BUT
HAS NO EFFECT ON 0b-INDUCED WEIGHT GAIN.....cccoooiiiiiiicneenn 128
FIGURE 2. mg SUPPRESSES THE 4 "INDUCED INCREASE IN LINEAR
GIRCOMVTHE  ; Goattmmiiotsasimmenmemameems - s i <o s nosufss smscs s usesursaamse s i § 53305 SR 129
FIGURE 3. mg SUPPRESES THE ENDOCRINE EFFECTS OF THE 4" OBESITY

SATEINRUTIMVIE ....covimomsoessirmms gl diiesaiiss ssn s 0 . i s s st s’ P STt g 130
FIGURE 4. mg AND md INDEPENDENTLY INDUCE HYPERPHAGIA .......... 131

FIGURE 5. mg INCREASES BOTH MOTOR ACTIVITY AND BASAL
METABOLIC RATE ..ot ecr e s sviabasrree s s s ae e e sanb e s s srnnaee e 132

TABLE 1.  mg SUPPRESSES THE AY-INDUCED INCREASE IN ADIPOSITY 133

FIGURE 6. HYPOTHALAMIC NPY EXPRESSION IS NOT AFFECTED BY

MATIOTGANTY .o ichiarimstnin s shsnaocmanmesss oo sossssssssssnssemsammes e sssnss o sasaassssasassssrassssessosas 134

CHAPTER FOUR
FIGURE 1. EFFECT OF MELANOCORTIN AGONIST ADMINISTRATION ON

SERUM INSULIN IN THE HYPERINSULINEMIC 0b/ob MOUSE.................c.... 146

viil



FIGURE 2. ROLE OF THE SYMPATHETIC NERVOUS SYSTEM IN THE
REDUCTION OF SERUM INSULIN BY MTI ADMINISTRATION..................... 147
FIGURE 3. EFFECT OF MTII ON INSULIN RELEASE AND GLUCOSE

TOLERANCE IN THE LEAN C57BL/6J MOUSE.......ccccoiiiiiiin e 148

FIGURE 4. DECREASED PERIPHERAL INSULIN SENSITIVITY IN THE

YOUNG MC4-R KNOCKOUT (MC4-R KO)MOUSE ..o 149

FIGURE 5. NO SIGNIFICANT CHANGE IN THE GLUCOSE TOLERANCE OF

YOUNG MC4-R KO AND CONTROL ANIMALS ... 150

CHAPTER FIVE
FIGURE 1. GLUCOSE CLEARANCE RATE IS INCREASED IN mg/mg

ANTMALS 1o ibemesssircidinmaris s bl Orm s ol s - ums - Tamadedi ekt S5 0 8 5a G011 159

FIGURE 2. ABSENCE OF MAHOGANY PROTECTS ob/ob MICE FROM
DEVELOPING NON-INSULIN DEPENDENT DIABETES (NIDDM) ................... 160
FIGURE 3. EFFECT OF MAHOGANY ON PERIPHERAL INSULIN

S B N S T TN Al T 0 .. o S st Sl s s s s s st (st D 4 I st 161

FIGURE 4. INCREASED INSULIN RELEASE IN RESPONSE TO A GLUCOSE

CHALLENGE IN mg/mg MICE .........cccooiiiiiiiii e 162

FIGURE 5. MAHOGANY HAS NO EFFECTS ON GLUCOSE HOMEOSTASIS IN

THE ABSENCE OF A FUNCTIONAL MC4-R ..o ..163

FIGURE 6. SPECIFIC MAHOGANY EXPRESSION IN THE PANCREAS ....... 164

1X



CHAPTER SIX
FIGURE 1. NORMAL RESPONSE OF mg/mg ANIMALS TO CENTRALLY-

ADMINISTERED AGRP ..ooiiiiiiiiiiiie i 179

FIGURE 2. mg DOES NOT SUPPRESS THE OBESITY OF AGRP TRANSGENIC

ANIMALS o i cesind isose s swisisvmscoe s ismsas vansanssie s soio s BaBTS 0140} a0 i AU Poaig ¥ frirsmnmesessoes 180

FIGURE 3. REDUCED SENSITIVITY OF mg/mg ANIMALS TO CENTRALLY-

ADMINISTERED MTIL...ooiieiiieitiee ettt ee e seiiiiar et as e e 181

FIGURE 4. AGRP SYNTHESIS IS NOT LIKELY TO BE AFFECTED BY

MAHOGANY ooitiiiiiieriieiieetesnrsrneeesessiosasmtssisssbansasssssnnanessssensesssanmnsssssnsnnnssanssstiosias 182

FIGURE 5. MAHOGANY CONTROLS AGRP AXON GUIDANCE IN THE

PV H e e et et a s 183



ACTH
AGRP
o-MSH

Atrn

¥
A

BAT
p-gal
BMR
cAMP
CLIP
CNS
CPE
CRE
C-terminal
db/db

BC

ER

ECso
GPCR
HEK 293

HPA-axis

LIST OF ABBREVIATIONS

Adrenocorticotrophic Hormone
Agouti-related Protein
a Melanocyte-stimulating Hormone

Attractin Gene

Lethal Yellow Mouse Model

Brown Adipose Tissue

B Galactosidase

Basal Metabolic Rate

Cyclic 3, 5 -Adenosine Monophosphate
Corticotropin-like Intermediate Lobe Peptide
Central Nervous System
Carboxypeptidase E

cAMP Responsive Element
Carboxy-terminal Domain

Leptin Receptor-deficient Mouse Model
Extracellular Loop

Endoplasmic Reticulum

Effective Concentration Producing a Half Maximal Response

G-Protein Coupled Receptor
Human Embryonic Kidney 293 Cells

Hypothalamic-Pituitary-Adrenal Axis

X1



HPLC
IC

I.c.v.

ICso

LPH

mg

md

MCn-R
MC4-R KO
MTII
NDP-a-MSH
NPY
N-terminal
NTS

OB

ob/ob

PBS

PE

PCR
POMC
PVH

RIA

High Performance Liquid Chromatography
Intracellular Loop

Intracerebroventricular

Intraperitoneal

Inhibitory Concentration Giving Half Maximal Binding
Lipotropic Hormone

Hypomorphic Mutation at the mahogany Locus
Hypomorphic Mutation at the mahoganoid Locus
The Nth Melanocortin Receptor

MC4-R Knockout Mouse

Melanotan I1

[Nle*, D-Phe’]-a-MSH

Neuropeptide Y

Amino-terminal Domain

Nucleus Tractus Solitaris

Leptin Gene

Leptin-deficient Mouse Model
Phosphate-buffered Saline

Prohormone Convertase

Polymerase Chain Reaction
Pro-opiomelanocortin

Paraventricular Nucleus of the Hypothalamus

Radioimmunoassay

X1l



™ Transmembrane Domain
SEM Standard Error of the Mean

SNS Sympathetic Nervous System

X1l



ACKNOWLEDGEMENTS

[ would like to thank my advisor, Dr. Roger Cone, for his continuous support and
encouragement during the four and a half years of my thesis research. [ am extremely

grateful to him for giving me the chance to work in his laboratory and sharing with me

the depth of his knowledge.

My appreciation also goes to my thesis committee for their advice and encouragement. 1

am indebted to them all for helping me shape the beginning of my scientific career.

I thank all members of the Cone laboratory for their kindness and stimulating discussions.
| especially thank Dr. Wei Fan and Jeanie Zhou for their technical assistance with the
physiology experiments. My appreciation goes to Ruth Thomas for her participation in

the glucose and energy homeostasis studies. I also thank Ruth for her support, friendship,

and many exciting discussions.

Finally, I would like to thank my family, friends, and my loving husband.

X1V



To my parents, Dr. Dorel and Despina Dinulescu
To Matthew and Alyssa

In memory of my father-in-law

Xy



ABSTRACT

The central melanocortin system has recently been demonstrated to play a key role in the
regulation of energy homeostasis in both humans and rodents. This process is mediated
by MC4-R, a melanocortin receptor with a wide distribution in the central nervous system
(CNS), including the hypothalamus. Melanocortin receptors, such as MC4-R, are unique
in that they are regulated by an endogenous antagonist, agouti-related protein (AGRP),
which blocks the action of melanocortin agonists (i.e. a-MSH or other POMC-derived
melanotropins) at these receptors. Recent studies have established that central
melanocortinergic neurons exert a tonic inhibition on feeding behavior and metabolism.
This tonic inhibition is relaxed as a result of AGRP antagonism at MC4-R and

downregulation of agonist expression, resulting in the stimulation of caloric intake and

energy storage.

The hypomorphic mahogany (mg) mutation was initially characterized as a
e
suppressor of the yellow pigmentation induced by ectopic agouti (4 ) expression . Since

Y : y . 8 .
A expression in the brain leads to the development of a severe murine obesity syndrome,
it became of great interest to determine whether the phenotype is reversed in the absence
of mahogany. The first physiological characterization of mahogany was also

accomplished in the process. It was thus determined that mahogany has multiple

y
physiological effects in the presence or absence of the 4 gene. Our analysis indicated

that the mg mutation not only suppressed agouti-induced ycllow pigmentation but also

the 4" obesity syndrome, suggesting that it blocked agouti action at both MC1 and MC4-

XVI



Rs. In addition, we determined that mahogany had independent effects on feeding
behavior and metabolism in the normal, lean mouse that did not express agouti in the
brain. Homozygous mg was thus shown to induce an increase in energy expenditure as
well as caloric intake; both metabolic rate and motor activity were increased in mg/mg

mice, presumably via activation of the sympathetic nervous system (SNS). Since

Y
endogenous AGRP mimics the function of agouti overexpression (4 ) in normal animals,
these findings strongly argue that the absence of mahogany suppresses AGRP binding to

MC4-R as well.

This conclusion prompted us to investigate the molecular mechanism that enables
mahogany to alter AGRP signaling. Mahogany was recently proposed to function as a
co-receptor for agouti binding to MCI1-R in melanocytes. This model, however, does not
adequately describe the interaction between mahogany and AGRP in the brain. We
found that not only did mg/mg animals have a normal response to exogenous AGRP
administration, but they could also adequately sense constitutive levels of endogenous
AGRP. It was thus determined that the absence of mahogany did not suppress the obesity
of AGRP transgenic mice, suggesting that the effect of AGRP overexpression was similar
in mg/mg and control animals. Taken together, these results indicate that if AGRP is able
to access the MC4-R, via diffusion as in the case of exogenous administration or
overproduction as in AGRP transgenic animals, the absence of mahogany does not
preclude it from binding to the receptor and being physiologically active. This led us to
pursue the hypothesis that endogenous AGRP is not properly accessing the MC4-R in

mg/mg animals. Immunoelectron microscopy studies of AGRP fiber distribution and

Xvil



their interaction with a-MSH projections confirmed the presence of major developmental
defects in mg/mg animals. These defects reflect an inadequate AGRP signal at MC4-R

target sites and may have an etiological role in the lean phenotype of the mg/mg mouse.
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CHAPTER ONE

INTRODUCTION



1. EXTENSION AND AGOUTI-A BRIEF HISTORY

Extension and agouti were first described several decades ago (Silvers, 1961; Silvers and
Russel, 1955) as the genetic loci that control the relative amount and distribution of
eumelanin (brown/black) and pheomelanin (red/yellow) pigments, respectively, in
mammalian fur. Phenotypically, the two genctic systems have opposite effects. The
mammalian coat color is thus the consequence of their competition to achieve different
pigmentary effects. Normal extension alleles promote the spread of a solid dark color
throughout the fur. Agouti alleles, on the other hand, restrict the dark pigmentation,
substituting it with a light coat color. The agouti-banded pattern is easily distinguishable
in individual hairs; wild-type mouse hair is black at the root and tip, with a yellow stripe
in between. Differences in agouti pigmentation are also visible throughout the coat, with
dorsal regions of the body darker than ventral areas. Mutations at both agousi and
extension loci affect this pattern. For instance, dominant (gain of function) mutations at

the extension locus, such as sombre, result in a dark black phenotype. By contrast,

dominant (gain of function) mutations at the agouti locus, such as the lethal yellow (4Y),

produce a yellow coat color. Recessive (loss of function) mutations at the extension locus

also result in a yellow color (dusty yellow), although not identical with the 4V phenotype
(bright yellow coat color). Likewise, recessive (loss of function) mutations at the agouti
locus produce a black coat color, although, again, not identical with the sombre
phenotype (pheomelanin is still visible in a/g mice around the pinnae, mammae, and

perineum areas whereas amimals carrying the sombre mutation have a solid black coat

color).



Chimera and grafting experiments indicated early on that the agouti gene product
did not operate within the melanocyte, the pigment-producing cell, but rather from the
surrounding follicular microenvironment (Jackson, 1993). Analysis of the phenotypes
produced by the various agouti alleles (i.e. dominant alleles produce a yellow coat color,
loss-of-function mutations result in black pigmentation, and wild-type alleles give an
intermediate phenotype, a banded pattern) suggested, many years ago, that pheomelanin
synthesis was the default pathway. Experiments carried out by Tacheuchi et al.
(Takeuchi et al., 1989) provided further clues into the nature of the agouti-extension
interaction. It was thus demonstrated that o-melanocyte-stimulating hormone (a-MSH)

and cholera toxin, as well as forskolin, induced eumelanin synthesis in explants from lethal

yellow mice (4¥/a) but did not stimulate eumelanogenesis in the hair follicles of recessive
yellow (e/e) animals (lakeuchi et al, 1989). These results suggested that the gene
product of the agouti locus, which probably functioned in follicle cells, interacted with o-
MSH at the «-MSH-R and that the extension locus controlled the activity of adenylyl
cyclase in melanocytes (Takeuchi et al., 1989; Jackson, 1993). It was thus proposed that
extension encoded a receptor for a-MSH; agouri, on the other hand, was predicted to
encode an antagonist that blocked a-MSH signaling, possibly by preventing its binding to
the receptor (Takeuchi et al., 1989; Jackson, 1993). This model was confirmed in the
early 90 s when the two genes were cloned; extension was found to encode the MSH-R
(melanocortin 1 receptor, MC1-R), whereas agouti turned out to be a high affinity

antagonist for the same receptor (Bultman et al., 1992; Lu et al., 1994; Miller et al., 1993;

Mountjoy et al., 1992).



Molecular analysis of the agouti and extension genes has allowed a better
understanding of the complex process of mammalian pigmentation. The two genetic
systems and the nature of their interaction have proved to be highly conserved in
mammals; it is not entirely clear, however, if this is true in humans as well. Several
extension alleles have been associated with specific human complexions and hair colors,
but the cause and effect relationship between the two has yet to be proven. Furthermore,
agouti does not appear to play any role in human pigmentation and its exact biological

function in humans remains thus far unknown.

Mountjoy and collaborators reported in 1992 that the extension locus encodes a
member of the melanocortin receptors (MC1-R), a family of Gs-coupled receptors, of
which five isoforms are presently known (Cone et al., 1993; Mountjoy et al., 1992).
MC1 and MC2-R are the classical melanocyte-stimulating hormone receptor (MSH-R)
and adrenocorticotrophic receptor (ACTH-R), respectively, whereas MC3, 4, and 5-R are
novel receptors with a multitude of physiological effects. Melanocortins such as a-MSH
and ACTH are the natural ligands for this family of receptors: a-MSH for MC1, 3, 4, and
5-R, and ACTH for MC2-R, respectively. They are secreted mainly by the pituitary
gland and by several other tissues, albeit in reduced quantities, following cleavage from a
common precursor, the pro-opiomelanocortin (POMC). The activity of melanocortin
receptors is unique in that it is regulated by endogenous antagonists, such as agouti, and
the recently discovered agouti homologue, agouti-related protein (AGRP). A detailed

description of the melanocortin system, including ligands (melanocortins, POMC),



endogenous antagonists (agouti, AGRP), and melanocortin receptors, is presented in the

next chapters.



2.  PRO-OPIOMELANOCORTIN (POMC)

2.1. POMC Processing

Melanocortins are a family of peptide hormones derived from pro-opiomelanocortin
(POMC), a prohormone that is synthesized mainly in the anterior and intermediate
pituitary of vertebrates. Other sites of POMC expression include the hypothalamus and
medulla (i.e. arcuate nucleus, nucleus tractus solitaris), as well as numerous peripheral
tissues, such as the skin, skeletal muscle, pancreas, gastrointestinal tract, thyroid, and
placenta (Smith and Funder, 1988). In both anterior and intermediate pituitary POMC is
post-translationally cleaved to yield three fragments: the amino-terminus (N-terminus),
the adrenocorticotrophic hormone (ACTH), and B-lipotropin (B-LPH). These
polypeptidic fragments are further processed in the intermediate lobe to yield five
additional hormones: « and y-melanocyte stimulating hormone (o/y-MSH), corticotropin-

like intermediate lobe peptide (CLIP), v-LPH, and B-endorphin (-END) (Figure 1).

The production of multiple peptides from a common precursor (POMC) 1s the
result of a series of post-translational events that include exo- and endopeptidase
cleavage, acetylation, ca-amidation, and phosphorylation. The extent of these
modifications varies widely, being tissue and species-specific. The amino acid sequence
of the precursor, POMC, is however, highly homologous among various species. It
consists of an N-terminal fragment (16 K peptide or pro-y-MSH), ACTH, and B-LPH at

the C-terminus. ACTH generates o-MSH and CLIP upon further cleavage, whereas B-



LPH is sequentially processed to y-LPH and different forms of B-endorphin (B-EP): -
EP, 31, B-EP\ 7, B-EP, .56, B-EPy.;7 (y-EP), and B-EPy ¢ (0-EP) (Figure 1). All peptides
within the POMC precursor, with the exception of o and y-EP, are flanked by pairs of
dibasic residues such as Lys/Arg, Arg/Lys, Arg/Arg, and Lys/Lys; this results in POMC

being preferentially cleaved at dibasic residues.

The post-translational process of POMC maturation starts in the endoplasmic
reticulum (ER) with the cleavage of the N-terminal signal peptide by a signal peptidase,
followed by the protein release into the ER lumen. Since the POMC precursor is
intended for transport to the Golgi apparatus, it must be first glycosylated in the ER
lumen. A preformed oligosaccharide core, consisting of 14 glucose, mannose, and N-
acetyl-glucosamine residues, is attached to the protein via an N-linked (asparagine-linked)
glycosylation event. The process of N-glycosylation is catalyzed by oligosaccharyl
transferases and occurs at the asparagine (Asn) residue of the Asn-X-Ser triplet that
borders the y-MSH sequence; the CLIP peptide is, also, N-glycosylated to some extent
(Eipper and Mains, 1980). The trimming of the oligosaccharide core is catalyzed by
glucosidases and mannosidases, it starts within the ER and continues after transfer to the
Golgi apparatus. The oligosaccharide chains are further processed in the Golgi by
glycosyl transferases, which add N-acetylglucosamine, galactose, and N-acetylneuraminic
acid residues to the mannose residues of the core. A second process of glycosylation, this
time O-linked, takes place in the Golgi apparatus. It consists in the addition of N-

acetylgalactosamine residues to the hydroxyl (OH) groups of serine (Ser), threonine



(Thr), or hydroxylysine (Lys-OH) residues, and is catalyzed by O-glycosyltransferases

(Seidah and Chretien, 1981).

There is now significant evidence of additional postranslational events
(phosphorylation and sulfation) that take place in the Golgi apparatus. For instance,
ACTH is phosphorylated at Ser’' within the anterior pituitary (Bennett et al., 1983).
The sugar residues of the larger POMC fragments may also be sulfated within the
intermediate pituitary (Bourbonnais and Crine, 1985; Hoshina et al, 1982). The

functional significance of these modifications remains thus far unknown.

Following maturation, the POMC precursor is transferred to secretory vesicles
where it undergoes further processing; as a result of this process, a variety of peptides
with a large spectrum of biological activities are generated. Posttranslational events that
occur in the secretory granule pathway include: proteolytic (endo- and exopeptidase)
cleavage, acetylation, and o-amidation. The current model of POMC processing in the
anterior and intermediate pituitary has been developed based on studies performed in
AtT-20 cells (anterior pituitary corticotrope tumor cell line) and Rin mSF insulinoma
cells, as well as high performance liquid chromatography (HPLC) analysis of pituitary

extracts from various species.

Endopeptidase Cleavage
POMC processing occurs preferentially at dibasic residues and is catalyzed by

prohormone convertases: PC1/PC3 and PC2. Both enzymes are endopeptidases with



trypsin-like activities that are evolutionarily conserved within vertebrates. They are
expressed primarily in neuroendocrine tissues but their distribution varies depending on
the tissue. For example, PC1/3 is highly expressed in the anterior pituitary where PC2
can be found at only low levels. By contrast, in the intermediate lobe both enzymes are
highly expressed, with PC2 being more abundant. The pattern of POMC processing as
well as the enzymes utilized in the process differ between the two pituitary lobes,
suggesting a highly specialized process.  Studies in AtT-20 (anterior pituitary
corticotrope tumor cell line) and Rin mSF insulinoma cells, which closely resemble the
pattern of POMC cleavage in intermediate pituitary, demonstrate that PC1/3 and PC2
process POMC in a sequential fashion (Benjannet et al., 1991; Thomas et al., 1991;
Thorne et al., 1991). PC1/3 is mainly responsible for POMC processing in the anterior
lobe and uses only Lys/Arg dibasic‘ residues as cleavage sites. By contrast, PC2 is the
primary enzyme for POMC processing in the intermediate lobe and employs all
combinations of dibasic (Lys, Arg) residues: Arg/Lys, Lys/Arg, Lys/Lys, and Arg/Arg;
this suggests that PC2 has a broader spectrum of activity than PC1. Thus, PC1/3 cleaves
POMC into ACTH and B-LPH, whereas POMC processing by PC2 yields p-EP, AJP,

and o-MSH (Benjannet et al., 1991; Thomas et al., 1991).

Together PC1/3 and PC2 process POMC in a concerted manner; as a result of
their action the prohormone is extensively cleaved in the intermediate pituitary, generating
a variety of small peptides, including y-MSHs, CLIP, o-MSH, B-MSH, and B-EP. The
two enzymes are responsible, therefore, for producing all the main POMC-derived

peptides, with the exception of o and y-EP. y-EP is generated as a result of a different



endopeptidase cleavage between two hydrophobic residues, leucine (Leu'’y and
phenylalanine (Phe'®). Cathepsin D and renin have been assigned as potential enzymes

for this process (Smith and Funder, 1988).

Exopeptidase Cleavage

Several exopeptidase activities have been described for POMC processing. First, POMC
cleavage at dibasic residues is followed by the removal of the basic carboxy-terminal (C-
terminal) residue by carboxypeptidase E (CPE) (Smith and Funder, 1988). A second
carboxypeptidase activity is responsible for the generation of B-EP,. from B-EP.»;
(Smith and Funder, 1988). A third carboxypeptidase cleaves ACTH by removing the

phenylalanine residue at position 39 and generates ACTH, ;3 and ACTH, 333 (CLIP)

(Smith and Funder, 1988).

o-Amidation

o-MSH and the acidic joining peptide (AJP), located in the POMC precursor between y-
MSH and ACTH, are the only end products a-amidated at the C-terminus (Eipper et al.,
1986; Seidah et al., 1981). The amidation process is thought to protect the peptides from
carboxypeptidase cleavage and may be critical for their function (Smith and Funder,
1988). The c-amidation process is catalyzed by peptidyl glycine o-amidating
monooxygenase (Murthy et al., 1986), an enzyme that requires a glycine (Gly) residue at
the C-terminus. It is not surprising, therefore, that the precursors of all a-amidated

peptides derived from POMC have Gly residues preceding dibasic residues (Smith and

Funder, 1988).
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Acetylation

The acetylation of «-MSH (both mono- and di-) and B-EP occurs mainly in the
neurointermediate lobe of the pituitary. a-MSH is both o-N-acetylated (monoacetylated)
and o-N-O-diacetylated at the N and O positions of the N-terminal Ser residue; B-EP, on
the other hand, is o-N-acetylated at the amino-terminal tyrosine (Tyr) residue. The same
acetyltransferase is responsible for the acetylation of desacetyl a-MSH, a-MSH, and B-
EP in the intermediate pituitary (Glembotski, 1982). Whether this holds true for other
sites of POMC processing, such as the hypothalamus, is still controversial (Barnea and
Cho, 1983; O’Donohue, 1983). The acetylation process is thought to play opposite roles
in the activation of the two peptides. The N-acetylation increases the biological activity
of a-MSH whereas the acetylated B-EP is virtually inactive (Guttmann, 1961; Smyth et

al., 1979).

Central and Peripheral Sites of POMC Processing

It is now well established that POMC synthesis occurs at central sites (pituitary, central
nervous system, CNS) and in a variety of peripheral tissues. The processing of the
precursor is tissue-specific, suggesting a broad spectrum of biological activities for

POMC-derived peptides.

Pituitary gland
The anterior and intermediate lobes of the pituitary gland are the predominant sites of
POMC production. In the pituitary gland 3% of the anterior lobe cells and more than

90% of the intermediate lobe cells synthesize POMC (Gee and Roberts, 1983). POMC

11



processing occurs within both anterior and intermediate pituitary lobes; the end products
that are generated as a result of this process vary, however, between the two
compartments. The roles of the POMC-derived peptides produced in the anterior and
intermediate pituitary differ, suggesting that the two lobes are functionally distinct.
POMC processing in the anterior pituitary results in the production of four main
fragments: the N-terminal 16 K fragment, ACTH, B-LPH, and B-EP (Eipper and Mains,
1981). B-EP,, is the major B-EP species present in the anterior pituitary, with the other
B-EP peptides (B-EP;.,7, B-EP|.26, v-EP, and «-EP) and N-acetylated forms (NacEP,,
NacEP, ,;, and NacEP, »4) being less abundant (Burbach and Wiegant, 1984; Zakarian and
Smyth, 1982). A small proportion of ACTH is further processed to a-MSH (mainly
desacetyl) and CLIP (Smith et al., 1982). By contrast, the main fragments produced in
the intermediate pituitary lobe are: the N-terminal fragment, -MSH, AJP, o-MSH,
CLIP, v-LPH, and B-EP (Bennett, 1984; Bohlen et al., 1981; Browne et al., 1981; Crine et
al., 1978; Crine et al., 1979; Mains and Eipper, 1979). The majority of a-MSH 1n the
intermediate lobe is diacetylated at the amino-terminal Ser residue. B-EP is present in the
intermediate lobe as mainly NacEP,_,; and NacEP; 54; NacEP,_;;, Naca-EP, and Nacy-EP
are also found in the intermediate pituitary but in smaller amounts (Al-Noaemi et al,
1982; Cheng et al., 1987; Smith and Funder, 1988). A combination of eight CLIP forms
are found in the intermediate lobe that are generated following glycosylation at position
29 (Asn), phosphorylation at position 31 (ACTH), and cleavage of the C-terminal

phenylalanine (Phe) residue (Bennett et al., 1982).
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Central Nervous System (CNS)

POMC is found in brain in relatively low amounts compared to the pituitary gland. For
instance, the total amount of POMC-derived peptides present in the hypothalamus
represents only 0.1% of that produced in the pituitary (Smith and Funder, 1988).
Immunohistochemical data indicate that the localization of neuronal cell bodies staining
positively for a-MSH, ACTH, and B-EP is limited to the arcuate nucleus of the
hypothalamus and the commissural part of the nucleus tractus solitaris (NTS) (Orwoll et
al., 1979; Palkovits et al., 1987). By contrast, there is a vast network of o-MSH, ACTH,
and B-EP-positive fibers that innervate numerous brain areas, including hypothalamic
nuclei, median eminence, preoptic and septal areas, thalamus, and brainstem. POMC
processing in the CNS resembles the cleavage pattern of the intermediate pituitary.
Therefore, the main fragments generated upon POMC cleavage in the brain are: o-MSH,
CLIP, y-LPH, and B-EP. In the hypothalamus, the majority of «-MSH is not acetylated;
outside the hypothalamus, however, mainly acetylated forms of o-MSH are found
(Chretien et al.,, 1984). For instance, both mono- and diacetyl-a-MSH are present in
nucleus accumbens, whereas des-acetyl a-MSH is found in amygdala (Chretien et al.,
1984). The main form of B-EP in the hypothalamus is B-EP,_y;; in amygdala and midbrain,
however, the shorter forms of B-EP predominate (Smith and Funder, 1988). In
hippocampus, brain stem, and nucleus accumbens B-EP undergoes extensive acetylation
and proteolytic cleavage, resulting in a variety of shorter, acetylated B-EP peptides (Smith

and Funder, 1988).
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Skin

POMC is synthesized in a variety of peripheral tissues, albeit in a much lower amount
than that found in the pituitary. Peripheral tissues that produce POMC include the
thyroid, pancreas, gastrointestinal tract, reproductive tract, immune system, skeletal
muscle, and skin (Smith and Funder, 1988). The small amount of prohormone found in
the peripheral tissues argues for an autocrine or paracrine, rather than endocrine, role for
POMC-derived peptides (Smith and Funder, 1988)  Recent in vitro studies, using
cultured human and murine skin-derived cells, demonstrate that POMC protein and its
derivatives, B-LPH and p-EP, are synthesized in cutaneous cells, such as keratinocytes. In
addition, normal skin and hair follicles have been shown to stain positively for POMC-
derived peptides, suggesting that POMC is synthesized and processed correctly in vivo
as well (Wintzen and Gilchrest, 1996). POMC transcription and processing are
reportedly upregulated following exposure to ultraviolet radiation (UVR), cytokines
(interleukin-1-a or IL-1-a), and mitogenic agents (phorbol 12-tetradecanoate 13-acetate or
TPA) (Wintzen and Gilchrest, 1996). Possible functions for POMC-derived peptides in
the epidermis include melanogenesis, cell cycle regulation, cell differentiation,

immunomodulation, and skin protection after sun exposure (Wintzen and Gilchrest,

1996).
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Figure 1. POMC processing in the anterior and intermediate pituitary.
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2.2. Melanocortin Functions

POMC-derived peptides have a large spectrum of physiological roles. The first biological
activity described for the melanocortin peptides was the ability of amphibian pituitary
extracts, containing o-MSH and ACTH, to enhance melanogenesis (Hogben and Winton,
1922). Consequently, the agonist activity of melanocortins has been determined based on

their ability to induce pigment dispersion in frog and lizard skin bioassays.

Melanocortin peptides, such as ACTH, «, B, and y-MSH, share a common His®-
Phe’-Arg® Trp’ (HFRW) pharmacophore that is indispensable for their function (Figure
2). This tetrapeptide core was deemed sufficient for the agonist activity of «-MSH and
its analogues, as tested in frog and lizard skin bioassays (Castrucci et al., 1989; Hruby et
al, 1987). A likely explanation for this phenomenon has recently been offered by
computer modeling studies. Thus, receptor-ligand docking analysis suggests that the

HFRW tetrapeptide binds directly to the melanocortin receptor and controls the agonist

activity of the ligand.

A variety of a-MSH-analogues have been chemically synthesized based on the
HEFRW scaffold and tested in vitro for their agonist activity. The stereochemistry of the
tetrapeptide core appears to be important, since replacing the L-Phe’ residue with its D-
isomer results in a more potent agonist. The combination of D-Phe’, which increases the
potency of the agonist, and norleucine (Nle) at position 4 (instead of Met) that increases

the stability of the compound by preventing its oxidation, generates the [Nle*, D-Phe’]-o-
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MSH or NDP-a-MSH compound. NDP-a-MSH turned out to be a super-potent, long-
lasting agonist of the melanocortin receptors (Sawyer et al., 1980). Furthermore, cyclic a-
MSH analogues proved to be even better agonists than the linear compounds. For
instance, a cyclic compound, cyclo[Cys®, Cys'’]-a-MSH, containing a disulfide bridge,
which stabilizes a B-turn critical for a-MSH conformation, exhibits a superagonist activity
(Sawyer et al., 1980). Likewise, the introduction of a lactam bridge (between positions 4
and 10) in the NDP-o-MSH structure resulted in a highly potent and very stable agonist,
Ac-Nle*-cyclo[Asp®, D-Phe’, Lys'’]-a-MSH (4-10)-NH,, melanotan II or MTII (Al-
Obeidi et al., 1989; Hruby et al., 1995). A similar design was used to generate a highly
potent, selective antagonist, Shu 9119 (Al-Obeidi et al., 1989; Hruby et al., 1995). All
three compounds: NDP-a-MSH, MTII, and Shu 9119 have proved to be essential tools

in delineating the specific functions of the various melanocortin receptors.

Melanocortins have a multitude of physiological effects, including the stimulation
of pigmentation, adrenal steroidogenesis, lipolysis, natriuresis, sexual activity, pheromone
release, sebum secretion, grooming behavior, learning and memory, nerve regeneration,
neurite outgrowth, and HPA axis activation (Table 1). In addition, antipyretic and anti-
inflammatory effects have been reported for melanocortin peptides together with their
ability to modulate heart rate and blood pressure (Table 1). In recent years, a-MSH and
its analogues, such as MTII, have generated a lot of interest because of their dramatic
effects on energy and glucose homeostasis. It is now well established that central
administration of melanocortin peptides suppresses feeding behavior and increases

metabolic rate (Cowley et al., 1999; Fan et al., 1997). Additional effects of melanocortins
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have been reported on the suppression of insulin secretion via activation of the
sympathetic nervous system (see chapter 4). The majority of the effects described in
Table 1 have a central origin, since they can be reproduced by intracerebroventricular
(i.c.v.) administration of melanocortin peptides. Exceptions include the stimulatory
effects on lipolysis, sebum secretion, natriuresis, adrenal steroidogenesis, and
pigmentation that originate in adipocytes, sebaceous and preputial glands, kidney, adrenal
gland cortex, and melanocytes, respectively. Finally, the ability of melanocortin peptides

to reduce inflammatory responses and stimulate nerve regeneration has a dual origin, both

central and peripheral.

18



Figure 2. Amino acid sequence alignment of human melanocortin peptides.
The pharmacophore is highlighted in red. Conserved residues outside the pharmacophore

sequence are colored in blue.
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Table 1. Central and peripheral effects of melanocortin peptides.
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3. MELANOCORTIN RECEPTORS, A FAMILY OF Gs-

PROTEIN COUPLED RECEPTORS (GPCRs)

Once the importance of melanocortin peptides in the regulation of feeding behavior,
inflammation, immunity, and behavior was revealed, it became critical to determine their
site of action. The first indication came in the late 1980 s when receptor autoradiography
experiments were performed. lodinated ['*°I] NDP-o-MSH was used as a tracer in these
assays because of its potency and prolonged biological activity. The use of an iodinated
ligand served a dual purpose in these studies: it allowed both the localization and
characterization of the binding sites for melanotropins. Receptor distribution was thus
studied in vivo by monitoring the tracer uptake in the CNS and peripheral organs (Tatro,
1990; Tatro and Reichlin, 1987). The results of those studies indicated that melanocortin
receptors had a wide distribution, suggesting that they had effects on the functions of

multiple organs (Tatro and Reichlin, 1987) (Table 2).

Tatro and collaborators were thus able to assemble a neuroanatomic map of
specific o-MSH binding sites in the brain, which included various structures within the
medial preoptic area, caudate putamen, olfactory tubercle, bed nucleus of the stria
terminalis, ventral part of the lateral septal nucleus, hypothalamic periventricular and
paraventricular nuclei, dorsal anterior amygdaloid area, substantia innominata and thalamic
paraventricular nucleus, as well as the lower brainstem (Tatro, 1990; Tatro, 1993; Tatro
and Entwistle, 1994a; Tatro and Entwistle, 1994b). A number of peripheral organs were

also found to contain specific a-MSH binding sites; among them were the Harderian,
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lacrimal, preputial, submandibular, thyroid and adrenal glands, pancreas, duodenum,
bladder, spleen, skin, as well as brown and white adipose tissue (Tatro and Reichlin,
1987). Each brain structure showed a characteristic binding pattern, indicating the
existence of multiple receptors that were distinguishable from each other based on their
pharmacology. Thus, the pharmacological analysis of melanocortin binding sites in the
CNS revealed the presence of two receptor subtypes with different radioligand affinitics
(Tatro and Entwistle, 1994a). The same was true for peripheral organs. For instance, o-
MSH did not compete with iodinated ACTH for binding to adrenal tissue sites,
suggesting the presence of a melanocortin receptor subtype that was selective for ACTH

(Klemcke and Pond, 1991).

The ability of melanocortin peptides to stimulate adenylate cyclase activity in
cultured cells and brain slices suggested that the melanocortin receptors were part of the
G-protein-coupled (GPCR) family (Florijn et al., 1993; Mac Neil et al., 1981; Mackie et
al., 1972). The melanocortin receptor family (MC-R) was thus cloned based on their
homology with other members of the GPCR family (Mcuntjoy et-al, 1992). Mountjoy
and collaborators used a polymerase chain reaction (PCR) with degenerate primers
approach to amplify DNA sequences from a melanoma line, previously shown to contain
a high level of specific ['*'I] NDP-a-MSH binding sites (Mountjoy et al., 1992). Using
these sequences, they were soon able to obtain clones for the full length mouse and human
MSH-R (MC1-R) as well as human ACTH receptor (MC2-R). This discovery was
quickly followed by the identification of additional members of the melanocortin receptor

family based on a similar technique. The newly discovered receptor subtypes included
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the MC3, MC4, and MC5-R (Chhajlani et al., 1993; Gantz et al., 1993a; Gantz et al.,
1993b; Gantz et al., 1994; Labbe et al., 1994; Mountjoy and Wild, 1998; Roselli-Rehfuss
et al., 1993). There is now growing evidence suggesting the existence of a sixth
melanocortin receptor that mediates central effects of y-MSH, such as tachycardia and the

pressor response.

The availability of the cloned MC-Rs offers a unique opportunity to confirm
previous findings on melanocortin function and to assign physiological activities to
specific receptor subtypes. In addition, the feasibility of molecular approaches for
targeted inactivation of individual MCR subtypes in specific tissues should facilitate the

discovery of new physiological functions for melanocortins and their receptors.

3.1. Structural and Functional Characteristics of Melanocortin

Receptors

The five melanocortin receptors (Figure 4) are chatacterized by seven transmembrane
(TM) domains, an extracellular N-terminal region, three extracellular (EC) loops, three
intracellular (IC) loops, and a C-terminal domain. They are unique among the GPCRs by
virtue of their short N- and C-termini, second extracellular (EC;) and third intracellular
loops (IC5). All five receptor subtypes are associated with Gs and positively coupled to
adenylyl cyclase, thus inducing intracellular c¢AMP synthesis upon activation.
Melanocortin receptor subtypes share a significant degree of homology with each other.

For instance, within a species, the amino acid identity of the different MC-R subtypes is
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39-60%. The homology among various species for one receptor subtype is even higher.
For example, the identity among all cloned MC1-Rs is 70%, and that of MC5-Rs is 80%.
A large number of residues are conserved among all melanocortin receptor subtypes,
suggesting that they are likely to bind the HFRW pharmacophore of the melanocortin
peptides. In addition, a significant number of residues are conserved in each melanocortin
receptor subtype from various species; these particular residues confer specificity to the

ligand-receptor interaction.

Molecular and functional analysis of the five melanocortin receptors known to
date indicates that they have a wide distribution within the body, specific pharmacology,
and a multitude of biological activities (Table 2). In situ hybridization studies identify
MC3 and MC4-R as the main receptor subtypes present in the brain. In the
hypothalamus, MC4-R appears to be more prevalent than MC3-R, suggesting that it may
be the main regulator of energy homeostasis. MC5-R is distributed in a variety of
peripheral sites, although several reports indicate its presence in the brain as well
However, since the MC5-R mRNA levels reported are very low, the existence of this

receptor subtype in the CNS remains uncertain.

All melanocortin receptors, with the exception of MC2-R, recognize a common
group of ligands that includes various forms of MSH as well as ACTH; they do, however,
exhibit ligand specificity. The adrenal MC2-R is the most selective melanocortin receptor
subtype as it is activated only by ACTH. By contrast, MC3-R is the least selective

subtype as it recognizes and binds all melanocortins, including y-MSH.  The recent
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discovery of synthetic MC-R agonists and antagonists has helped elucidate specific in
vivo functions of the melanocortin system. The lack of selective ligands for various MC-
R subtypes is still a major setback in this effort. Nevertheless, ligand-receptor studies are
instrumental in determining whether selective pharmacological targeting of the MC-Rs

will ultimately have any therapeutic benefits.

The two receptor subtypes (i.e. MC1 and MC4-R), which are relevant to the

mechanism of mahogany action, are discussed in more detail in the next section.
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Table 2. Melanocortin  receptor  distribution, biclogical function, and

pharmacology.
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3.2. MCI-R

The extension locus encodes the first member of the melanocortin receptor family, MC1-
R. The identity of cloned MC1-Rs among various mammalian species is fairly high (70%,
Figure 3). Originally designated as MSH-R, this melanocortin receptor subtype is
expressed primarily in hair follicles and its main role is control of pigmentation
(Mountjoy et al., 1992; Robbins et al., 1993). The rate limiting enzyme of eumelanin
(black pigment) synthesis is the tyrosinase, which is regulated both transcriptionally and
postranslationally by ¢cAMP. o-MSH and other POMC-derived melanotropic peptides
bind to the Gs-coupled MCI-R and subsequently raise intracellular cAMP levels and
activate the tyrosinase enzyme. o-MSH is the preferred ligand for MC1-R activation in
most species; human MCI-R, however, binds a-MSH and ACTH equally well.  The
human receptor has, therefore, evolved to be super-sensitive to melanotropins
(Mountjoy, 1994). This could be due to the fact that, unlike most mammals, adult
humans lack the intermediate pituitary, the site of ACTH processing to a-MSH. As a

result, circulating o-MSH is not detected in human-scrum.

Melanotropins, produced by the pituitary, are known to stimulate eumelanin
synthesis in the skin; they are not necessary, however, for long term maintenance of
eumelanogenesis. Hypophysectomized C57BL/6J] mice, for instance, do not lose the
ability of synthesizing eumelanin (Geschwind et al., 1972). Local production of POMC-
derived melanocortin peptides has now been demonstrated to take place in hair follicles,

especially in keratinocytes (Schauer et al., 1994). Thus, it may be possible that hair
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follicle cells, rather than the pituitary, are the main sites of melanotropin synthesis and

regulators of the pigmentation process.

MC1-R was the first GPCR to be identified as containing naturally-occurring
mutations (Robbins et al., 1993). Functional variants of the MCI-R have now been
found in many species, including rodents, dog, cattle, fox, sheep, guinea pig, panther, as
well as humans (Figure 4). The pharmacology of MC1-R variants has been thoroughly
investigated; these studies confirm, for the first time, the existence of GPCRs that are
constitutively activated by naturally-occurring mutations (Table 3). In rodents, for
instance, two dominant extension alleles, E* and E*’*, have been described that encode
constitutively active MC1-Rs; both receptors are 30-50% activated in the absence of any
ligand and are associated phenotypicélly with an all-black coat color. The sombre
mutation is the result of a Glu®® to Lys change in TM2 whereas the sombre-3J mutation
is a Leu®® to Pro change in the same region (Robbins et al., 1993). By contrast, the
recessive yellow e allele encodes a non-functional, truncated receptor as a result of a
frameshift mutation at position 183, located between TM4 and TMS, (Robbins et al,
1993). In bovines, genetic studies have identified a dominant EP allele for black coat color
and a recessive e mutation for red pigmentation. As in the mouse, a Leu® to Pro change
(EP) results in a constitutively active MC1-R, whereas a frameshift mutation caused by a
deletion at position 104 is responsible for the e phenotype (Klungland et al., 1995).
Furthermore, a dominant extension allele (E™) has been described in Alaska Silver foxes
with dark pigmentation, which is the result of a Cys'*® to Arg mutation and generates a

constitutively activated MCI1-R as well (Vage et al., 1997). Genetic analysis of the
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extension locus in guinea pigs indicates that the tortoiseshell coat pattern is due to
homozygosity of a recessive e’ allele, which is associated with a large deletion i the
MC1-R (Cone, 2000). Finally, sequence analysis of the MC1-R cloned from a panthe;r
with a dominant black coat color revealed an Arg'® to Leu change that may result in a
constitutively active receptor; this prediction, however, has yet to be confirmed by in

vitro pharmacology studies.

A large number of MCI1-R mutations has been identified in humans (Table 3);
they are usually changes in TM2 and are associated with red hair and fair skin (Box et al.,
1997; Schioth et al., 1999). It is not entirely clear at this time whether these mutations
are responsible for a loss of MC1-R function in humans. Several of them appear to be
polymorphisms since the encoded MC1-Rs have a normal in vitro pharmacology (Table
3). Others proved to be less responsive to o-MSH, although they maintained fairly
normal ligand affinity (Table 3) (Schioth et al., 1999). These particular receptors were
unable to activate adenylyl cyclase in response to «-MSH stimulation as potently as the
wild-type receptor (Schioth et al., 1999). None.of the mutant receptors displayed a
complete loss of ligand binding; the Arg'**His and Asp**His variants, however, showed a
slight reduction in the affinity for e-MSH (Schioth et al., 1999). In addition, o-MSH was
shown to have no effect in melanocyte cultures from red hair/fair skin individuals (Hunt et
al., 1996), suggesting the existence of an MC1-R defective in either ligand binding or signal
transduction. However, comparison of MCI1-R genotypes in dizygotic twin pairs
discordant for red hair color indicates that the MC/-R gene cannot be solely responsible

for the red hair phenotype, since five of the thirteen pairs tested had both haplotypes
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identical (Box et al., 1997). This result suggests the existence of additional modifier genes
that contribute to the development of red hair and fair skin in humans. Mutations in

MCI1-R are therefore necessary, but not sufficient, for red hair production (Box et al.,

1997).
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Figure 3. Protein sequence alignment of mammalian melanocortin 1 receptors
(MC1-Rs).

The alignment includes the amino acid sequences of mouse, human, bovine, panther, fox,
and chicken MC1-Rs. Regions of high homology in the transmembrane (TM) and

extracellular loops are featured in blue and red, respectively.
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Figure 4. Naturally-occurring mutations in mammalian MC1-Rs.
A. Functional MC1-R variants are illustrated using the murine receptor as a model.
Identical and conserved residues among all melanocortin receptors are featured in red and
yellow, respectively. Blue residues indicate naturally-occurring mutations.

B-E. Mammalian extension and agouti phenotypes as illustrated in rodents (B), cattle

(C), foxes (D), and sheep (E).
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Table 3. Pharmacology of naturally-occurring MCI1-R variants.
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3.3. MC4-R

The highly conserved MC4-R is found in all regions of the CNS, including the cortex,
thalamus, hypothalamus, brainstem, as well as in the spinal cord (Cone, 2000; Mountjoy
et al., 1994). MC4-R is more widely expressed in the brain than MC3-R; MC4-R is
found, for instance, in both parvicellular and magnocellular divisions of the paraventricular
hypothalamic nucleus (PVH), which has been implicated recently in the central control of
energy homeostasis (Cowley et al., 1999). Targeted disruption of the murine MC4-R
results in an obesity and diabetes phenotype that closely resembles the agouti-induced
(A") syndrome (Huszar et al., 1997). In addition, intra-PVH administration of an MC3/4-
R agonist, MTII, reduces food intake and stimulates metabolic rate (Cowley et al., 1999).
Interestingly, MC4-R has also been implicated in endotoxin-induced anorexia (Huang et
al., 1999). These data provide evidence for the involvement of the melanocortin system,
and MC4-R in particular, in the regulation of feeding behavior and energy expenditure. A
number of MC4-R mutations have recently been demonstrated to co-segregate with a
dominantly-inherited form of human obesity; this phcnomenon and its implications are

discussed in more detail later in the chapter.

Numerous functions have been assigned to MC4-R, aside from its regulation of
energy homeostasis. For instance, MC4-R mediates the antipyretic role of central
melanocortins during endotoxin-induced fever (Huang et al., 1997; Huang et al., 1998).
Furthermore, endogenous melanocortins have now been implicated in the suppression of

both acute and chronic inflammation (experimental arthritis) (Ceriani et al., 1994a; Ceriani

34



et al., 1994b). The anti-inflammatory effects of «-MSH are presumed to be centrally
mediated, possibly via MC4-R in the septum (Glyn-Ballinger et al., 1983). In addition,
MC4-R is at least partially responsible for the hypotensive and bradycardic effects
elicited by the release of endogenous melanocortins (e«-MSH) from arcuate neurons (Li et
al.,, 1996). The pressor response and tachycardic effects elicited by central y-MSH
administration are, however, mediated by an as yet unidentified melanocortin receptor (L1
et al., 1996). In addition, grooming behavior has now been demonstrated to be controlled
by the melanocortin system, possibly via activation of the MC4-R (Adan et al., 1999).
Finally, melanocortins have previously been shown to antagonize opiate-induced
analgesia, dependence, and tolerance (Alvaro et al.. 1997; Alvaro et al., 1996). Decreased
melanocortin function, via downregulation of MC4-R expression in brain regions that
mediate opiate addiction (i.e. striatum and periaqueductal gray) is presumed to account

for this phenomenon (Alvaro et al., 1996).
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4. AGOUTI-THE FIRST EXAMPLE OF A NATURALLY-

OCCURING ANTAGONIST OF GPCRs

4.1. Discovery of Agouti

The murine agouti gene was discovered in 1992 by positional cloning. The key to its
cloning was finding a radiation-induced chromosomal inversion that mapped near the
agouti locus on chromosome 2; this inversion created breakpoints in both agowtsi and a
closely linked locus, designated as the /imb deformity (Id) locus (Bultman et al., 1991;
Jackson, 1993). As the /d gene was already cloned at the time, it became fairly easy to
identify the agouti gene. It was thus discovered that the chromosomal mversion
interrupted the third intron of an 18 kb gene, which appeared to encode a small 131 amino

acid pretein (Bultman et al., 1991; Jackson, 1993).

Agouti turned out to be a paracrine-signaling factor, secreted by dermal papillae
cells, adjacent to melanocytes, which acted within the hair follicle microenvironment to
block melanocortin action at MC1-R (Bultman et al., 1992; Lu et al., 1994). Binding of «-
MSH to the receptor triggers an increase in cAMP levels, followed by tyrosinase
activation and eumelanin production. In the presence of agouti the opposite is true:
eumelanin synthesis is shut down and the default pathway, which has phaeomelanin as
the final product, is activated. There are now more than twenty dominant, recessive, and
pseudoagouti alleles that have been identified in rodents, foxes, and cattle, with interesting

functional variations from species to species. In rodents agouti is expressed only m skin
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and testis. In humans, however, it has a wider pattern of distribution being expressed in
adipose tissue, testis, ovary, heart and at lower levels in foreskin, kidney, and liver
(Kwon et al., 1994; Wilson et al., 1995). Thus far, no evidence has linked agouti to
human pigmentation; its biological function in humans remains to be investigated. Most
of our present knowledge of agouti structure and function comes from experiments

performed on rodents. A synopsis of these murine studies is presented in the next

sections.
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4.2. Regulation of Murine Agouti Gene Expression

Agouti gene expression is regulated in mice in a regional and temporal fashion to create a
differential distribution of yellow and black pigment in individual hair shafts and
throughout the body (Miller et al., 1993; Vrieling et al., 1994). Examples of murine agouti
alleles written in their order of potency are the lethal yellow (4"), white-bellied agouti
(A™), wild-type (4), black-and-tan (a'), and non-agouti (a) (Miller et al., 1993; Vrieling et
al., 1994). The agouti phenotype, which is the true coloration of wild-type mice and
characterizes animals with 4 and A" alleles, consists o% hairs with subapical yellow or tan
bands on an otherwise black background. Little difference is seen between dorsal and
ventral pigmentation in mice homozygous for the A4 allele. By contrast, the presence of
AW and af alleles creates regional differences in pigment distribution, with ventral surfaces
lighter due to increased deposition of phacomelanin (Miller et al., 1993; Vrieling et al..

1994).

A detailed genetic analysis of the different murine agouti alleles has led 1o the
discovery of multiple agouti transcripts. Alternative processing of agouti mRNA is due
to insertions in the intronic regions of A%, a, and «a alleles of retrovirus-like transposable
VL30 elements (Bultman et al., 1994; Vrieling et al., 1994). The newly inserted sequences
are of different sizes depending on allele type. The 11 kb insertion in the a allele includes
a complete VL30 element (5.5 kb) and an additional genomic fragment of 4.5 kb, flanked
by two 526 bp direct repeats. The 6 kb insertion in the o’ allele contains a VL30 element

(5.5 kb) and a single 526 bp direct repeat. Finally, the 0.6 kb insertion in the A" allele
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consists of only one VL30 LTR. Interestingly, all inserts integrate at the same position
and allow the agouti gene to retain its coding exons (Bultman et al., 1994; Vrieling et al.,
1994). Therefore, the multiple agouti transcripts vary in their 5 non-coding sequences
but they all encode the same protein. The first class of transcripts (transcript I) is
expressed in the dorsal and ventral skins of 4/4, A%/4, and AW/a animals (Bultman et al.,
1994; Vrieling et al., 1994). Gene expression of transcript I is restricted to the mid-phase
of the hair-growing cycle and is associated phenotypically with subapical-yellow banded
hairs throughout the body. The second class of transcripts (IT) is expressed in the ventral
skins of 4W/4, A%/a, and a'/a’ animals, is not temporally restricted, and is responsible
phenotypically for the lighter ventral pigmentation seen in AW and o’ animals (Bultman et
al., 1994; Vrieling et al., 1994). An interesting example of negative gene regulation is the
recessive non-agouti (a) allele. Mice homozygous for the a allele have an all-dark
phenotype with a few ventral phacomelanin hairs scattered around the pinnae, mammae,
and perineum (Silvers, 1979). The 11 kb insertion in the first intron of the a allele
downregulates the production of either form of agouti transcripts (Bultman et al., 1994;
Vrieling et al., 1994). Why is transcription differeiitially regulated, though, depending on
insert size? Neither transcript (I or II) is synthesized for the « allele, form II only is
allowed for a’, whereas A" retains both transcripts. The puzzle was easily solved once

the molecular characterization of agouti was completed.

The genomic organization of the murine agouti gene is rather complex. It consists
of three coding exons designated as 2, 3, and 4, as well as four non-coding exons: 1A, 1A ,

IB, and 1C, located upstream (Bultman et al., 1994; Vrieling et al., 1994) (Figure 5). This
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intricate pattern of gene regulation is achieved through the existence of alternatively
spliced agouti transcripts that differ in their 5 untranslated exons and are controlled by
two different sets of regulatory elements. Type I transcripts contain non-coding exons,
1B or 1C, and are regulated by temporal (hair-cycle-specific) elements (Vrieling et al.,
1994) (Figure 5). Gene expression of transcript | is restricted to the mid-phase of the
hair-growing cycle and is associated phenotypically with subapical-yellow banded hairs
throughout the body (Vrieling et al., 1994). In contrast, type II transcripts contain non-
coding exons, 1A and 1A, and are under the control of regional (ventral-specific)
promoter elements (Vrieling et al., 1994) (Figure 5). The second class of transcripts is
responsible phenotypically for the lighter ventral pigmentation seen in several agouti

strains (1.e. white-bellied agouti) (Vrieling et al., 1994).

Insertion of a large 11 kb sequence in the intron between exon 1C and the first
coding exon (i.e. exon 2) of the « allele results in dowa-regulation of transcription from
either promoter. Integration of a smaller 6 kb insert (« allele) allows ventral-specific
expression only. Finally, insertion of an even smaller 0.6 kb fragment at the same
position (4" allele) does not seem to interfere with either regulatory elements, as a result
A%/4 and A%/a animals produce both transcripts (I and 1l). Based on the molecular
analysis of the various agouti alleles, Bultman ef a/. suggest that 4" is in fact the true
wild-type allele whereas A4 is a loss-of function mutation, which fails to produce type Il
transcripts (Bultman et al., 1994). This conclusion is in agreement with the phenotype
displayed by the majority of wild-type agouti mice, which show a lighter ventral

pigmentation (Silvers, 1979). The molecular characterization of the different agouti alleles
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helps also to explain the high rate of spontaneous mutations that occur between ¢ and of
or a and A", respectively. Reversion of a to af or AW is proposed to take place through a
mechanism of homologous recombination that utilizes the 526 bp direct repeats (DTRs)
or the long terminal repeats (LTRs) of the VL30 transposable elements, respectively,
(Bultman et al.,, 1994) (Figure 6). The agouti locus is characterized, therefore, by great
genetic complexity. The existence of multiple control elements that regulate alternatively
spliced agouti transcripts makes possible an intricate pattern of gene regulation and

accounts for the variability of agowti pigmentation.
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Figure 5. Regulation of murine agouti gene expression.
Two sets of regulatory elements (hair-cycle and ventral-specific) control the alternative

use of untranslated 5° agouti exons (1B-C and 1A-A").
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Figure 6. Reversion of a to a’ or A" allele takes place through a mechanism of

homologous recombination.
The ability of the a allele to mutate to a’ or A" is the result of a homologous
recombination process that utilizes either the 526 bp direct repeats (DTRs) or the long

terminal repeats (LTRs) of the VL30 transposable elements, respectively.
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4.3. Structural Characteristics of Murine Agouti

Despite its genetic complexity, the agouti locus encodes a small protein of only 131-
amino acids that is fairly conserved among various species (Figure 7). Agouti displays
the structural characteristics of a secreted protein having a hydrophobic signal sequence
and lacking any transmembrane domains. The prominent structural features of the matureA
protein are an N-terminal signal peptide, a highly basic middle region, and a C-terminal
domain rich in cysteine (Cys) and proline (Pro) residues (Bultman et al, 1994).
Biochemical analysis of the agouti protein shows that it is highly glycosylated and very
stable to thermal denaturation (Willard et al., 1995). The spacing pattern of the 10 Cys
residues present in the C-terminus is reminiscent of cone snail (conotoxins) and spider
toxins (plectoxins), suggesting a conserved three-dimensional motif. Based on this
structural similarity it has been postulated that all Cys residues of the agouti protein are

engaged in disulfide bonds (Willard et al., 1995).
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Figure 7. Amino acid sequence alignment of mammalian agouti proteins.
The alignment includes amino acid sequences of the murine, human, and fox agouti

proteins. The three coding exons of agouti are shown in blue, green, and red, respectively.
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4.4. Functional Characterization of Murine Agouti

4.4.1. InVitro Effects of Agouti

In vitro studies using recombinant mouse agouti protein proved that agouti was a potent
melanocortin antagonist (nM range) at two different MC-R subtypes: 1 (K| app—2.6.% 0.8
nM) and 4 (K, = 54 + 18 nM), a relatively weak antagonist at MC3-R (K| ap= 190+
74 nM), and a very weak antagonist at MC5-R (K| 45, = 12,000 + 340 nM) (Kiefer et al.,
1998; Lu etal, 1994; Willard et al., 1995). Thus, the ability of the antagonist to compete
with o-MSH for binding to melanocortin receptors decreases as follows MC1-R > MC4-
R >>MC3-R >>>MC5-R (Kiefer et al., 1998). Pharmacological studies of murine agouti
conclude that its mechanism of action is a classical competitive antagonism of
melanocortin receptors (Kiefer et al., 1998; Lu et al., 1994; Willard et al., 1995). In
addition, a shorter version of agouti, residues 83 through 131, is shown to be as potent an
antagonist as the full-length protein (Willard et al., 1995). The Cys-rich C-terminus is
therefore deemed sufficient for cffective antagonism of mclanocortins action in vitro as
well as in vivo (Perry et al., 1996; Willard et al., 1995). The basic domain, on the other
hand, appears to play key roles in agouti biogenesis (ie. protein folding, post-
translational processing, sorting, and secretion) and/or in facilitating the interaction with

the receptor (Miltenberger et al., 1999).

The mechanism of agouti action shows interesting variations across species.

Functional analysis of recombinant agouti-signaling protein (ASIP), the human homologue
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of murine agouti, indicates a similar pharmacological profile: ASIP is a potent antagonist
at human MCI1 (K| zpp = 0.47 £ 0.06 nM) and MC4-R (K app = 0.14 + 0.02 nM), and a
relatively weak antagonist at MC3 (Kiapp = 6.4 + 1.1 nM) and MCS5-R (K app = 1.16 +
0.17 nM) (Yang et al., 1997). Competitive antagonism of ASIP is apparent, however,
only towards MC1-R (Yang et al., 1997). By contrast, genetic analysis of fox agouti and
extension variants suggests that agouti functions in this case as a negative antagonist
(inverse agonist) of MC1-R, rather than as a classical competitive antagonist (Vage et al,,
1997). In the mouse, extension is epistatic to agouti, meaning that constitutively active
receptors encoded by dominant extension alleles cannot be blocked by agouti action. In
the fox, however, the opposite is true: agouti is able to partially block eumelanin

synthesis 1n the presence of a dominant extension allele (Vage et al.. 1997).

4.4.2. In Vivo Effects of Agouti: the Lethal Yellow Syndrome

Once the agouti gene was cloned it became possible to address the molecular basis of A4', a
dominant allele at the agouti rlocus, and its pleiotropic effects. In doing o scientists were
able to reveal a much more complex picture of agouti functions than previously thought.
it soon became clear that agouti and its homologues are part of a general signaling system
that extends far beyond the hair follicle and the melanogenesis process. The lethal yellow
(A4") mutation was identified at the turn of the century as the first murine obesity
phenotype (Danforth, 1927). Animals heterozygous for the A" allele were not only
characterized by a yellow coat color but also by late-onset obesity associated with

hyperphagia, increased linear growth, and non-insulin dependent diabetes, as well as an
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increased propensity for developing tumors [for review see (Yen et al, 1994)]. In
addition, it was recognized early on that AY homozygosity is associated with embryonic

lethality, a phenomenon that has puzzled scientists for many decades.

Genetic analysis shows that A is in fact the result of a chromosomal
rearrangement in which the promoter and the first non-coding exon of a closely linked
gene, Raly, became spliced to exons of the wild-type agouti gene (Michaud et al., 1994;
Miller et al., 1993). Therefore, similar to of and A" alleles, 4" maintains the 3 end of the
normal gene and encodes the same gene product now under the regulatory control of the
Raly promoter. Unlike @’ and 4" alleles, which arise through incorporation of novel
DNA sequences, A is the result of a large deletion in the Raly gene that leaves only the
promoter and its first non-coding exon intact (Michaud et al., 1994; Miller et al., 1993).
Further analysis of the Raly gene indicates that this housekeeping gene is ubiquitously
expressed and encodes an RNA-binding protein essential for mRNA processing, which is
required for normal development (Michaud et al., 1994; Miller et al., 1993). Once this
information was revealed, the pieces of the puzzle started falling into place. First,
homozygosity for the 4 ¥ allele results in embryonic lethality due to the absence of the
RNA-binding Raly protein, which is necessary for blastocyst formation (Michaud et al,
1994: Miller et al., 1993). Secondly, the agouti gene, now under the control of the relaxed
Raly promoter and devoid of temporal and regional restrictions, becomes ecfopically
expressed. Overexpression of agouti in multiple tissues is therefore the cause of the A

phenotype.  This conclusion is further supported by the ability of agouti, under the

48



control of a B-actin promoter, to recapitulate the A" phenotype in transgenic animals

(Klebig et al., 1995).

The pharmacological characterization of agouti makes it now easy to understand
why ectopic agouti expression per se is responsible for the A" phenotype. The primary
cause of the 4" syndrome is identified as disruption of melanocortin receptor signaling in
both skin and brain. Chronic antagonism by agouti of MC1-R in the skin results in
yellow fur, whereas agouti competition at the hypothalamic MC4-R produces obesity.
This conclusion is supported by most of the experimental data available to date. The
most compelling evidence is the recent finding that MC4-R KO have a phenotype similar
to the A" syndrome (Huszar et al., 1997); in addition, central administration of MC4-R

agonists and antagonists has been shown to stimulate and inhibit feeding behavior,

respectively (Fan et al., 1997).

Several studies, however, have proposed an alternative mechanism for agouti
action that does not involve melanocortin receptor antagonism [for review sce (Zemel,
1998)]. On the basis of structural similarities between agouti and invertebrate
neurotoxins, which are known to block calcium channels, it has been speculated that
agouti might in fact regulatc lipogenesis and insulin releasc via a calcium-mediated
mechanism (Zemel, 1998). In support of this model, both murine and human agouti
proteins were shown to cause dose-dependent increases in calcium influx in adipocytes
and pancreatic B-cells (Zemel, 1998). Therefore, it may scem that agouti, like invertebrate

toxins, is able to modulate intracellular calcium levels by directly regulating calcium
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channels. However, there are striking differences not only in their mechanism of action
but also in their potency and kinetics. Conotoxins, for example, are rapid and irreversible
calcium channels inactivators (Olivera et al., 1991) whereas agouti is a slow-acting,
transient activator (Zemel, 1998). Moreover, the increase in lipogenesis that is seen upon
transfection of agouti protein in adipocytes can be elicited in the absence of agouti
through activation of calcium channels (Zemel, 1998). This suggests that modulation of
intracellular calcium levels may simply be secondary to agouti action. According to the
calcium hypothesis , development of agouti-induced obesity is elicited by a combination
of factors that include agouti expression in adipose tissue and hyperinsulinemia (Zemel,
1998). This conclusion is, however, inconsistent with the finding that the MC4-R KO
phenotype is more profound than the 4* syndrome, suggesting that disruption of MC4-R
signaling is necessary and sufficient for triggering all aspects of agouti-induced obesity.
Furthermore, a recent study (Ollmann et al., 1998) indicates that agouti binds directly to
MC1-R and that a functional MC1-R is required for agouti signaling. In light of these
new findings, direct regulation of calcium channels by agouti seems less likely. It is still
possible, however, that agouti binding to MCI-R results in modulation of calcium

metabolism through an indirect mechanism.

There is now significant evidence that agouti has additional action targets on the
melanocyte aside from MCI1-R. This is suggested by the difference in coat color between
AY and e/e animals, two genetic models that are characterized by a disruption in MC1-R
signaling. Agouti overexpression in skin results in a bright yellow pigmentation (4")

whereas inactivation of the MC1-R (e) gives rise to a dusty yellow coat color. In
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addition, agouti was shown to reduce basal melanogenesis in B16 F1 murine melanoma
cells in the absence of a-MSH (Hunt and Thody, 1995). Agouti was thus proposed to
function as an inverse agonist (negative antagonist) of the MCI-R by binding to the
receptor 1n the absence of ligand and inhibiting its basal signaling activity (Lefkowitz et
al.,, 1993; Samama et al., 1994). This hypothesis was confirmed by in vivo studies of
agouti. In the fox, unlike the mouse, extension is not epistatic to agouti, since areas of red
pigment can still be seen in animals carrying onc copy of a constitutively activated MC1-
R. This phenomenon can be easily explained by the recently proposed allosteric ternary
complex model.  According to this model, GPCRs are in equilibrium between
constrained , inactive (R) and relaxed, active (R*) conformations (Lefkowitz et al.,
1993). The active receptor conformation, which couples to G-proteins, is promoted by
either agonists or constitutively activating mutations in TM2/TM3 (Samama et al., 1994).
(Classical competitive antagonists (i.e. mouse agouti) bind equally well to either receptor
and block receptor activation by inhibiting ligand binding. Inverse agonists (i.e. fox
agouti) have properties opposite to those of agonists, in that they have a higher affinity
for the constrained form of the receptor (R) and thus shift the equilibrium towards the

inactive state (Samama et al., 1994).
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5. AGOUTI RELATED PROTEIN (AGRP)

5.1. Discovery of AGRP

The discovery a decade ago of the murine agouti gene was intended to bring scientists a
step closer to understanding the complexities of mammalian pigmentation. The first of
the obesity genes was also uncovered in the process. What followed was an explosion of
major discoveries with a dramatic impact on murine as well as human obesity and
diabetes. Looking back it seems as if we have found a key for unlocking the
neuroendocrine pathways that regulate energy and glucose homeostasis. Recently, a new
gene, the agouti related protein (AGRP), was discovered and found to share a striking
similarity in structure and function with agouti, although the two gene products have
different areas of distribution. Identification of a hypothalamic melanocortin receptor,
MC4-R, together with AGRP as central components of feeding behavior and metabelism,
has helped build a picture, albeit incomplete, of the neuronal pathways involved in energy

homeostasis.

Two lines of evidence suggested the existence in the brain of an agouti-like
protein that would block signaling at central melanocortin receptors, MC3/4-R. First, in
vitro pharmacology studies found that agouti is a highly specific MC4-R antagonist even
though agouti is not normally expressed in the brain (Blanchard et al., 1995; Lu et al.,
1994; Willard et al., 1995). Secondly, central administration of synthetic MC3/4-R

antagonists uncovered a functional role for melanocortin antagonists in vivo, namely

52



stimulation of feeding behavior (Fan et al., 1997). It came then as no surprise when a new
gene, the agouti related protein (AGRP), was isolated in 1997 based on its homology to
agouti (Ollmann et al., 1997; Shutter et al., 1997). The pattern of Cys spacing from the
C-terminal agouti region was used to screen a sequence tag database; two genes, murine
and human, encoding a protein similar in size and structure to agouti, were thus identified

(Ollmann et al., 1997; Shutter et al., 1997).

5.2. Parallelism Between Agouti and AGRP

Like agouti, AGRP contains three coding exons; however, depending on the site of
expression (central versus peripheral) AGRP mRNA transcripts may or may not contain
an upstream non-coding exon (Shutter et al., 1997). The genomic organization of the

coding exons is similar between agouti and AGRP despite differences in intron/exon

junctions (Shutter et al., 1997).

Both agouti and AGRP are 131-aminoacid proteins with- putative signal peptide
sequences and Cys-rich C-terminal domains (Ollmann et al., 1997; Shutter et al., 1997)
(Figure 8). Unlike agouti, AGRP lacks the central basic sequence and the Pro-rich C-
terminal region (Ollmann et al., 1997; Shutter et al, 1997). The strongest homology
between the two proteins is within the polyCys domain of the C-terminus. Interestingly,
the pattern of Cys spacing that is shared by agouti and invertebrate toxins is also
conserved in AGRP (Ollmann et al., 1997; Shutter et al., 1997) (Figure 9). Both agouti

and AGRP contain 10 Cys residues, 9 of which are spatially conserved. Like agouti, all
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10 of the AGRP Cys residues form disulfide bridges (Bures et al.,, 1998; Ollmann et al.,
1997) that are essential for the protein s structural stability and biological function.
Biochemical studies also indicate that AGRP is very stable to thermal denaturation
(similar to agouti) as well as acid degradation (Rosenfeld et al., 1998). Furthermore,
biophysical characterization of agouti and AGRP shows that both proteins have similar
CD spectra, their secondary structure consisting of mainly random coils and B-sheets

(Rosenfeld et al., 1998; Willard et al., 1995).

Both agouti and AGRP are competitive antagonists of «-MSH action at
melanocortin receptors (Fong et al, 1997, Rossi et al, 1998; Yang et al., 1999b).
Likewise, the C-terminus of AGRP, residues 83 through 131, retains the biological
activity of the full-length protein in vitro (Yang et al.,, 1999b) as well as in vivo (Rossi et
al., 1998). Agouti and AGRP differ, though, in their biochemical specificity towards
individual receptor subtypes. In contrast to agouti, AGRP is equally potent in inhibiting
signaling at central melanocortin receptors, MC3 and MC4-R (binding affinity of human
AGRP close to | nM for both receptors), very little inhibition is detected at the MC5-R,
and virtually no activity at MCI1-R (Fong et al., 1997; Rossi et al., 1998; Yang et al.,

1999b). Therefore, AGRP is as potent an antagonist at MC4-R as agouti, and a much

stronger antagonist at MC3-R.

The tissue distribution of agouti and AGRP differ greatly. The expression of
agouti is normally confined to hair follicles whereas AGRP is expressed primarily in the

hypothalamus, adrenal medulla, and at low levels in testis, lung, and kidney (Ollmann et
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al., 1997; Shutter et al,, 1997). Unlike agouti, the localization pattern of human and
murine AGRP is strikingly alike (Shutter et al., 1997), indicating similar roles for AGRP
in both species. In situ hybridization studies show that brain expression of AGRP mRNA
is confined to neuronal cell bodies localized in the arcuate nucleus of the hypothalamus
(Figure 10) (Broberger et al., 1998; Haskell-Luevano et al., 1999; Shutter et al., 1997).
These neurons are shown to project to many of the same hypothalamic nuclei to which
the arcuate nucleus POMC neurons project (Broberger et al., 1998; Haskell-Luevano et
al., 1999) (Figure 10). Furthermore, these nuclei are known to express the two central
melanocortin receptors, MC3 and MC4-R (Cowley et al., 1999; Mountjoy et al., 1994;

Roselli-Rehfuss et al., 1993).

The potency of AGRP action at MC3/4-R together with their similar distribution
pattern suggest that AGRP and not agouti controls their function in vivo. Furthermore,
the presence of AGRP-immunoreactive fibers in a subset of hypothalamic nuclei (i.e.
arcuate, paraventricular, dorsomedial) strongly suggests a key role for AGRP and the
melanocortin system in the regulation of energy homeostasis. This conclusion is
supported by multiple findings. First, central administration of AGRP is shown to mimic
the effect of synthetic MC3/4-R antagonists and stimulate feeding (Rossi et al., 1998).
Furthermore, AGRP is able to specifically block the reduction in food intake elicited by
a-MSH administration (Rossi et al., 1998). Secondly, overexpression of AGRP in
transgenic animals results in an obesity phenotype strikingly similar to that of MC4-R
KO or 4" mice (Graham et al, 1997; Ollmann et al, 1997). In conclusion,

melanocortinergic neurons exert a tonic inhibition on feeding behavior and metabolism



while AGRP counteracts the effect. This tonic inhibition is relaxed as a result of AGRP

antagonism at MC4-R and results in the stimulation of caloric intake and energy storage.
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Figure 8. Amino acid sequence alignment of murine agouti and agouti-related
protein (AGRP).

Identical amino acid residues are shown in red. Of particular interest for agouti/AGRP
structure and function are the 10 Cys residues (marked by dots) and the conserved RFF
triplet (white letters) in the C-terminal domains. The putative signal peptide sequences

are colored in yellow and exon boundaries are indicated by arrows.
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Figure 9. Disulfide arrangement of murine agouti, AGRP, and conotoxin GVIA

(Conus glorimaris).

Cys residues are depicted in red. The Cys-spacing pattern and disulfide connectivity of

both agouti and AGRP strongly resemble conotoxins.
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Figure 10. POMC and AGRP distribution patterns in the central nervous
system (CNS).

Saggital section of the rodent brain schematically indicating the distribution of POMC-
immunoreactive (black lines) and AGRP-immunoreactive (red lines) neuronal fibers.
AGRP neurons originating in the arcuate nucleus are shown to project to many of the

same CNS sites to which the arcuate nucleus POMC neurons project.
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5.3. Regulation of AGRP Expression by Leptin and Nutritional

Status

Unlike agouti, AGRP is modulated by leptin and nutritional status. Multiple lines of
evidence indicate that leptin is in fact a negative regulator of AGRP expression. AGRP
mRNA is upregulated in the absence of leptin (i.e. 0b/ob) or when leptin levels are low
(i.e. fasting) (Mizuno and Mobbs, 1999; Ollmann et al, 1997; Shutter et al., 1997).
Central administration of leptin normalizes AGRP levels in leptin-deficient oh/0b mice but
has no effect in leptin-resistant db/db animals (Ebihara et al., 1999). In addition, fasting
further increases AGRP expression in db/db but not in ob/ob mice (Ebihara et al.,, 1999;
Wilson et al., 1999b). Finally, AGRP levels are downregulated in certain obesity models
characterized by chronic hyperleptinemia, such as 4%, although they are not affected in
others: rubby and far (Ollmann et al., 1997; Wilson et al., 1999b). It is possible, however,
that AGRP downregulation in 4" animals is in fact the result of agouti overexpression. If
ectopic agouti expression mimics the function of AGRP in the central control of energy
homeostasis then presence of the first might downregulate the latter via a negative
feedback mechanism. In conclusion, leptin action is signaled downstream by the
melanocortin system via changes in the ratio between antagonist (AGRP) and agonist (a-
MSH) concentration. AGRP is one of several orexigenic peptides that is tightly
controlled by leptin levels. In the fed state elevated leptin levels suppress AGRP
production and result in decreased food intake as well as increased metabolism.
Conversely, during fasting, low leptin levels relax the tight regulatory control that leptin

has upon AGRP production; as a result, AGRP becomes upregulated and

60



stimulates feeding behavior. Interestingly, a recent study proposes that AGRP may
represent an important connection between feeding behavior and reproductive function,
since AGRP was found to stimulate both systems (Stanley et al,, 1999). This finding
could potentially explain why a long-term caloric restriction is associated in most species

with a decline in their reproduction.

Both AGRP and «-MSH levels are modulated by leptin and nutritional status.
AGRP is considered, however, to be more dynamically regulated by metabolic state than
POMC. It is AGRP expression that changes dramatically in leptin-deficient ob/od and
leptin-resistant db/db obesity models: AGRP mRNA is increased 5-10 fold (Ollmann et
al., 1997; Shutter et al., 1997) compared to a 60-80% reduction in hypothalamic POMC
level (Mizuno et al., 1998). Furthermore, AGRP message is upregulated in models of
dietary obesity whereas o-MSH concentration is virtually unchanged in these animals
(Harrold et al., 1999). A 24-48 h fasting period is associated with a much more robust
increase in hypothalamic AGRP mRNA (Ebihara et al., 1999; Mizuno et al., 1999;
Mizuno and Mobbs, 1999; Wilson et al., 1999a) than a teduction in POMC level (Mizuno
and Mobbs, 1999). These data suggest therefore that homeostatic regulation of the

melanocortin system is achieved through alterations in antagonist rather than agonist

bioavailability.

It is possible that AGRP controls the activity of central melanocortin receptors in
a manner similar to regulation of MC1-R signaling by agouti in the skin. Modulating the

melanocortin system via changes in antagonist, rather than agonist, levels has certain
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advantages. First, the homeostatic system can be more tightly reguléted, as AGRP is
more restricted in tissue distribution than o-MSH and has a less wide sphere of action. In
addition, the functional specificity of AGRP makes it possible for the wvarious
melanocortin receptor subtypes to be selectively regulated. AGRP is therefore an
attractive target for therapeutic intervention; the development of small molecule
inhibitors, which would specifically suppress AGRP action, may lead to more efficient

obesity treatments.
5.4. Fine-tuning the Mechanism of Agouti and AGRP Action

Both agouti and AGRP are known to block melanocortin receptor signaling but their
mechanism of action is still under debate. The most accepted mechanism for
agouti/AGRP action is a classical competitive antagonism of melanocortin receptors.
However, several additional mechanisms have been proposed, including inverse agonism
(Vage et al,, 1997) and direct regulation of calciumn channels (Zemel, 1998). Recent
studics, however, were able to climinate some of the controversics-surrounding the cxact
biochemical mechanism of agouti/AGRP action. Ollmann and collaborators clearly
demonstrate that MC1-R is indeed an agouti receptor and that presence of a functional
MCI1-R is absolutely necessary for agouti function in vivo (Ollmann et al, 1998).
Furthermore, AGRP is shown to bind solely to melanocortin receptors in both
conventional binding and photoemulsion assays (Yang et al., 1999b). The two studies
indicate that agouti/AGRP and o-MSH bind to melanocortin receptors in a mutually

exclusive fashion (Ollmann et al., 1998; Yang et al., 1999b). Finally, direct binding of
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AGRP to the MC4-R has been recently demonstrated by protein cross-linking (Khong et
al., 1999). It is not clear, however, if the agonist and antagonist compete for the same
binding site on the receptor. At first glance, no amino acid sequence similarity between
agouti/AGRP and a-MSH seems obvious. Careful comparison of agouti and AGRP C-
terminal sequences reveals, however, the presence of a conserved RFF motif that
resembles the «-MSH pharmacophore HFRW (Tota et al., 1999). A loop of 8 residues
flanked by two Cys residues and including the RFF triplet (residues 110-117 in AGRP,
115-122 in agouti, respectively) is shown to be critical for both agouti and AGRP
antagonisin at melanocortin receptors (Tota et al., 1999). This octapeptide loop contains
therefore most of the structural determinants for melanocortin receptor binding and
antagonism.  Furthermore, alanine (Ala) scanning mutagenesis of this octapeptide
indicates that the RFF motif is the most critical in determining antagonist activity (ICsy =
0.5+ 0.1 nM for AGRP binding to MC4-R whereas [Cs; for the three Ala mutants are:
67 + 46 nM for RI11A, 61 + 35 nM for F112A, and 25 + 13 oM for F113A,
respectively) (Tota et al, 1999). The octapeptide loop of the antagonist is therefore
proposed to mimic the conformation of a-MSH wnd-interact with the receptor through a
similar mechanism (Tota et al., 1999). This model would thus imply that the agonist and
antagonist occupy the same binding site on the receptor An alternative model suggests
that the antagonist attaches itself to a different receptor site and blocks ligand binding
through an allosteric mechanism. In support of this model it was determined that
extracellular loops 2 and 3 of the MC4-R are critical sites for antagonist (AGRP) binding
but had little effect on agonist (-MSH) binding (Yang et al., 1999a). Future studies will

concentrate on finding definitive proof in support of either mechanism.
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Although agouti and AGRP have been shown to share structural and functional
similarities, an intriguing difference in their mechanism of action has been recently
reported (Ollmann and Barsh, 1999). This particular study tests the pharmacology of
agouti and AGRP in Xenopus melanophores, an assay system considered by some
accounts to be more sensitive than the 293 HEK or B16 cell lines. The C-terminus of
agouti and all AGRP forms examined follow the competitive antagonist profiles that have
been previously described. Full-length agouti, however, is characterized by a dual
mechanism at the Xenopus MCI1-R: competitive antagonisni of ligand binding by the C-
terminus and receptor down-regulation elicited by the N-terminal domain (Olimann and
Barsh, 1999). The reduction in melanocortin signaling is achieved either by receptor
internalization or post-translational modification (Ollmann and Barsh, 1999). The results
of this study are, however, in disagreement with previous reports, which showed identical
pharmacological profiles for both full-length and C-terminal agouti (Willard et al., 1995).
It is very likely that the conflicting results reflect in fact the properties of the different
cell culture systems used: Xenopus melanophores (Ollmann and Barsh, 1999) and
mammalian B16 melanoma cells (Willard et al., 1995). It may be that the pharmacological
properties described for the N-terminal agouti domain are in fact specific only to the
Xenopus MCI-R. Future studies employing endogenous cell types that express native

melanocortin receptors should give us a better understanding of agouti pharmacology.

It is beyond dispute that clear differences exist between the structure and function
of agouti and AGRP. Nevertheless, one cannot help but be amazed at the multitude of

similarities displayed by the two proteins. [t is uncertain whether agouti and AGRP are
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the result of convergent or divergent evolution, and whether additional homologues remain
to be discovered. The data available to date suggest remarkable functional similarities, in
that both agouti and AGRP appear to function as regulators that antagonize relatively
constitutive signaling pathways in the skin and brain, respectively. Further studies will

help provide more insight into the intriguing biology of agouti and AGRP.
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6. CONTRASTING AGOUTI AND LEPTIN DEFICIENT

OBESITY MODELS

6.1. Leptin and Leptin Receptors

The concept of the adipostat is based on the existence of an adipose tissue-brain
endocrine axis that regulates body weight (Kennedy, 1953). The mediator of this axis is
leptin, an adipocyte-secreted circulating hormone that informs the CNS of the energy
reserves available in the body (Zhang et al.,, 1994). Consequently, plasma leptin levels
reflect the size of the adipose depot. Caloric restriction and weight loss are associated in
both rodents and humans with decreased leptin levels. The brain senses the deviation
from the preset weight and activates the orexigenic pathways in the hypothalamus. This
results in the stimulation of caloric intake and a decrease in energy expenditure until the
animals return to their previous weight. Conversely, in animals fed ad /libitum, elevated
leptin levels trigger the activation of anorexigenic signals in the brain and result in a

reduced food intake and increased metabolism.

Animals that carry recessive mutations in the obese (0b) and diabetes (db) genes
display severe obesity syndromes, which bear strong resemblance to each other. It has
been proposed, therefore, that these genes encode the ligand and receptor, respectively,
for a physiologic pathway that regulates energy intake and expenditure. In support of
this proposal, o6 mRNA was found to be highly expressed in the adipose tissue of db/db

mice, suggesting that these mutant animals are resistant to the action of the ob gene
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product (Maffei et al., 1995). Once the 0b and db genes were cloned and fully
characterized, it was revealed that they encode the leptin and leptin receptor, respectively

(Chen ct al., 1996; Tartagha et al., 1995; Zhang et al., 1994).

The leptin receptor (OB-R) is a single-transmembrane receptor that shows
sequence homology and functional similarity to members of the class I cytokine receptor
family (Tartaglia et al., 1995). Two alternatively spliced isoforms of the OB-R have been
described, they encode receptors that vary in the length of their cytoplasmic domain. The
long form of the OB-R is highly expressed in the mouse hypothalamus (arcuate,
ventromedial, dorsomedial, paraventricular, and ventral premammillary nuclei) and is
coupled to multiple signal transducers in the STAT pathway, including STAT-3, STAT-
5, and STAT-6 (Ghilardi et al., 1996, Hakansson et al., 1996; Huang et al., 1996; Mercer
et al., 1996a; Tartaglia et al,, 1995). The short OB-R form, on the other hand, is
expressed at high levels in the mouse choroid plexus and leptomeninges and is unable to
activate the STAT pathway (Ghilardi et al, 1996; Mercer et al., 1996a). The long
cytoplasmic domain of the OB-R is deemed responsible, therefore, for intracellular signal
transduction. It is presumed that leptin circulates from the adipose tissue to the choroid
plexus, binds to the short form of the OB-R, crosses the blood-brain barrier, and
subsequently reaches the hypothalamus where it binds to the long OB-R isoform. Several
lines of evidence suggest that the failure to produce the long OB-R form is responsible for
the generation of the db/db obesity syndrome. A G to T point mutation and a 106
nucleotide inscrtion were identified within the long OB-R isoform of db/db mice. The

point mutation creates a novel donor splicing site that changes the 106 nucleotide
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insertion into a new exon (Chen et al., 1996). The presence of this novel exon in the
genomic sequence of the long OB-R results in a receptor with a truncated cytoplasmic
domain; the mutant receptor is unable to transduce the leptin signal downstream to STAT
proteins (Chen et al., 1996). By contrast, no differences in the levels of the short OB-R

isoform levels were identified between db/db and control mice (Ghilardi et al., 1996).

Multiple lines of evidence indicate that both orexigenic and anorexigenic pathways
in the arcuate nucleus are regulated by leptin. /n situ hybridization studies, using probes
specific for the tong form of the OB-R and neuropeptide (NPY), showed extensive double
labeling in the ventromedial subdivision of the arcuate nucleus (Baskin et al., 1999b;
Hakansson et al., 1996; Mercer et al., 1996b). More recently, POMC-containing neurons
in the arcuate nucleus were also found to co-express the long OB-R isoform (Cheung et
al., 1997), suggesting that melanocortins may be key mediators of central leptin effects.
Therefore, both anabolic NPY- and catabolic POMC-containing neurons are direct targets
of leptin action. In support of this hypothesis, leptin administration to 0b/ob mice was
shown to increase the cellular levels of POMC mRNA in the arcuate-nucleus (Schwartz et
al., 1997; Thomton et al., 1997). By contrast, reduced leptin signaling in the brain, due to
genetic defects (0b, db) or fasting, decreased POMC mRNA levels in the arcuate nucleus
(Schwartz et al., 1997). Leptin signaling in the CNS is thus at least partially mediated by
the hypothalamic melanocortin system. Furthermore, during fasting, both OB-R mRNA
and leptin binding were found to be elevated in the arcuate nucleus, although leptin
signaling was overall decreased (Baskin et al., 1999a). The increase in leptin receptor

expression and function was seen primarily in NPY-containing neurons; this finding is

68



consistent with the activation of the orexigenic (NPY) pathways by leptin during a period

of caloric restriction.

The wide distribution of leptin receptors in the hypothalamus together with the
severity of the 0ob syndrome suggest that leptin mediates numerous pathways that control
energy balance. A biologically active form of recombinant leptin was produced in vitro
and used to assess the multiple in vivo roles of leptin. Leptin was thus demonstrated to
inhibit food intake, reduce body fat stores, increase energy expenditure, and restore
normal reproductive function when administered to ob/ob animals (Campfield et al., 1995;
Chehab et al., 1996; Halaas et al., 1995; Pelleymounter et al., 1995). Leptin treatment had
no effect in db/db animals, consistent with their leptin resistance (Campfield et al., 1995;
Halaas et al., 1995). These studies indicate that leptin has multiple endocrine functions

and may be an important therapeutic target for human obesity.

6.2. Comparison between AY and ob (db) Obesity Models

Several features differentiate the leptin obesity disorders (0h, db) from the agouti-induced
or 4" syndrome. First, defects in leptin signaling result in an early-onset morbid obesity
syndrome that develops as early as 3 weeks of age; by contrast, the 4" syndrome, caused
by agouti overexpression, is characterized by a late-onset obesity, which does not become
prevalent until 3-4 months of age. Secondly, the 4" phenotype is less severe than either
one of the leptin syndromes (Figure 11). For instance, 0b/ob mice are characterized by

increased body weight (60-80 g), hyperphagia (6-8 g food per day), reduced energy
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expenditure (-30% of normal), hyperglycemia, hyperinsulinemia (40-50 ng/ml), high levels
of corticosteroids, hypothyroidism, dyslipidaemia, and infertility due to
hypogonadotropic hypogonadisms. A" animals, on the other hand, gain 40-50 g in body
weight, consume 5-6 g of food per day, are less deficient in using their energy stores

(-10% of normal), have normal corticosteroid and thyroid hormone levels, and no defects
in reproductive function. In addition, the non-insulin dependent diabetes (NIDDM)
syndrome that is associated with the 4" obesity is less severe than the ob disorder. A"
mice are characterized by a mild hyperglycemia (males only) and are less
hyperinsulinemic than ob animals (3-5 ng/ml). The differences in the body lengths of
ob/ob and A" animals are also of particular interest. The leptin deficiency and the high
corticosteroid levels are responsible for the stunted growth of 0b/ob animals. 4" animals,
on the other hand, are characterized by increased linear growth; the mechanism triggering
this increase remains thus far unknown. All these features, suggest that the A", rather

than the ob syndrome, resembles much better the human obesity disorder.
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Figure 11.  Comparisen between the lethal yellow (A") and leptin-deficient (0b)

obesity models.

Featured from left to right are the C57 BL/6J black (a/a), lethal yellow (4'/a), wild-type

(4/a), and obese (ob/ob) mouse.
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7. OF MICE AND MEN

7.1. Role of Leptin in Human Obesity

Epidemiological studies show that as much as 70% of body weight variation in humans 1s
due to genetic factors. Several murine obesity genes have been cloned and characterized
within the last decade. In rodents, altered leptin signaling, due either to absence of leptin
(0ob/ob) or leptin receptor (db/db), results in a morbid obesity syndrome that resembles
the hurman disorder. The discovery of the /leptin gene was received with a lot of
enthusiasm by the scientific community. [t was initially presumed that defective leptin
signaling played a major role in the development of human obesity. Scientists hoped that
the human disorder would be easily reversed by leptin treatment, as shown previously in
rodents (Campfield et al., 1995; Halaas et al., 1995). To everybody s surprise, however,
a low frequency of leptin and/or leptin-R mutations was found within the human
population. Furthermore, the majority of obese individuals exhibit leptin resistance,
which makes a potential leptin treatment extremely unlikely. Extensive genetic analysis
of patients with juvenile obesity, anorexia, and bulimia nervosa has shown no association
between these human disorders and mutations in the coding or upstream regions of the
leptin gene (Considine et al., 1996; Echwald et al., 1997: Hinney et al., 1997; Hinney et
al., 1998b; Maffei et al., 1996). Furthermore, numerous studies point to a lack of

association between mutations in the /eptin-R gene and human obesity (Gotoda et al.,

1997a; Matsuoka et al., 1997; Rolland et al., 1998).
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There are, however, several exceptions. Two children with early-onset obesity
have been identified in a highly consanguineous pedigree of Pakistani origin (Montague et
al., 1997). Both patients were shown to be homozygous for a frameshift mutation at
codon 133 of the leptin gene (Montague et al., 1997). Because of this mutation, the
normally secreted leptin protein is misfolded in the ER, accumulates intracellularly in an
aggregate form, and is finally degraded by the proteasome (Rau et al., 1999). As a result,
much like 0b/0ob mice, the subjects have undetectable plasma leptin levels despite their
increased body fat (Montague et al., 1997). Remarkably, the two children with congenital
leptin deficiency responded to leptin therapy. Peripherally administered leptin had a
dramatic effect in these patients and improved their endocrine condition within a short

amount of time (Farooqi et al., 1999).

A second group of leptin missense mutations associated with morbid obesity have
been described in a highly consanguineous Turkish family (Ozata et al., 1999; Strobel et
al., 1998). The affected individuals have multiple endocrine defects other than obesity,
including hypogonadism, decreased sympathetic tone, and immune system dysfunction.
Interestingly, leptin deficiency seems to be associated with an increased mortality rate
during childhood, since 7 out of the 11 obese children in this family succumbed to
infections very early in life (Ozata et al., 1999). Three other Turkish obese individuals
were identified as having the same mutation in the /eptin gene (Arg'” to Trp) (Pankov,
1999). The leptin mutation at codon 105 suppresses the ability of leptin to be secreted,
thus having a similar effect as the previously described mutation at codon 133 (Pankov,

1999; Rau et al., 1999). The same report describes homozygous mutations at the db
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locus in a family of Kabilian origin (Pankov, 1999); these mutations result in truncated
leptin receptors that lack both transmembrane and intracellular domains and are unable to
couple to STAT proteins. Both groups of patients exhibit obesity, diabetes, reduced
growth, and infertility. A similar mutation, described at the db locus, results in a
truncated, nonfunctional leptin receptor (Clement et al., 1998). The clinical symptoms
associated with this mutation include morbid obesity, hypogonadism, hypothyroidism,

and reduced growth hormone secretion (Clement et al., 1998).

These examples provide the first evidence that leptin plays a role, albeit small, in
the genetic inheritance of human obesity. It is now clear that leptin (leptin-R) gene defects
segregating with human obesity are extremely rare (Considine et al., 1996; Echwald et al,,
1997; Gotoda et al., 1997a; Hinney et al., 1997; Hinney et al., 1998b; Maffei et al., 1996;
Matsuoka et al., 1997; Rolland et al., 1998). Homozygosity at the ob (db) locus is
necessary for the development of obesity due to leptin (leptin-R) deficiency in both mice
and humans. A low frequency of human ob/+ (db/+) carriers may be responsible for the
reduced number of obesity cases due to leptin deficiency, which have been found so far in

the general population, and their predominant occurrence in highly consanguineous

pedigrees.
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7.2.  Role of Proopiomelanocortin (POMC) in Human Obesity

Once it became clear that the frequency of leptin mutations associated with human
obesity was extremely rare, additional targets, downstream of leptin signaling, were taken
into consideration. Among them are components of the melanocortin system, such as
MC4-R, POMC, and AGRP. The first indication of a connection between melanocortins
and human obesity came in 1998 when the first two examples of POMC-deficiency in
humans were uncovered (Krude et al., 1998). The pathophysiology of the human
condition is strikingly similar to that of the POMC KO mouse (Yaswen et al., 1999).
The two patients display early-onset obesity, hyperphagia, adrenal insufficiency, and red
hair pigmentation (Krude et al., 1998). The molecular cause of the human disorder is a
genetic defect within the POMC gene. Patient 1 was identified as a compound
heterozygous for two mutations in exon 3 that blocked POMC processing to «-MSH and
ACTH (Krude et al., 1998). The second patient was homozygous for a mutation in exon
2. which interfered with POMC translation (Krude et al, 1998). In both cases the
production of a-MSH and ACTH is virtually compromised. The clinical symptoms of
the two patients can be explained by the lack of ligands for the melanocortin receptors,
MCI-R, MC2-R , and MC4-R. For instance, the lack of ACTH secretion results in
adrenal insufficiency that is associated with hypocortisolism and hypoglycemia.
Furthermore, the absence of o-MSH at both MCI-R and MC4-R results in

pheomelanization (red hair pigmentation) and the development of a severe obesity

syndrome.
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Recently, the targeted disruption of the murine POMC gene was accomplished
and produced a phenotype very similar to the human condition (Krude et al., 1998).
Mice homozygous for the POMC null allele displayed severe obesity, adrenal
insufficiency, and altered skin pigmentation (Yaswen et al, 1999). Interestingly, the
POMC KO mouse was shown to respond to melanocortin agonists administered
peripherally. As a consequence of the melanocortin treatment, the murine phenotype
improved dramatically in a short amount of time. This ntriguing result makes POMC

and melanocortins excellent targets for the treatment of human obesity.

The important role that melanocortins play in the regulation of body weight is
also suggested by the severe obesity phenotype displayed by both rodents and humans
with mmpaired POMC processing (Jackson et al, 1997). A genetic defect in
carboxypeptidase E (CPE), identified as the for mutation, causes a severe obesity and
diabetes syndrome in mice (Naggert et al., 1995). Likewise, mutations in prohormone
convertase 1 (PCI) result in humans in an early-onset obesity associated with
Typerglycemia, hypogonadotrophic hypogonadism, and hypocortisolism (Jackson et al.,
1997). The patient is identified as being a compound heterozygous for two mutations in
PC1, one that prevents the processing of proPCI and the second that introduces a stop
codon within the catalytic domain (Jackson et al., 1997). PCI acts proximally to
carboxypeptidase E (CPE) in the processing pathways of several prohormones, including
POMC and proinsulin. As a result, POMC and proinsulin fevels are high whereas insulin
concentrations are low, which triggers the development of obesity and diabetes in both

mice and humans (Jackson et al., 1997; Naggert et al, 1995). In conclusion, genetic

76



defects in POMC synthesis and/or processing result in morbid obesity in both humans
and rodents. This suggests that components of the melanocortin system may play a

critical role in the etiology of human obesity.

A genome-wide scan for human obesity genes was carried out within the last years
and culminated with the identification of two major susceptibility loci (Hager et al.,
1998). The first locus, on chromosome 2, was found to be tightly linked to serum leptin
levels and body fat stores in a large population of Mexican Americans affected by the
disease (Hager et al.,, 1998). The linkage was later confirmed in African American and
French populations as well (Rotimi et al., 1999). A second major locus associated with a
high risk for obesity is located on chromosome 10 (Hager et al., 1998). This candidate
region for human obesity was identified following a genome scan of affected siblings in a

collection of French families.

Several candidate genes for human obesity, including POMC, have been identified
within the quantitative trait locus (QTL) on chromosome 2 (Hager.et al., 1998). A recent
genetic study provides new evidence supporting the claim that POMC is indeed the
leptin QTL previously identified in Mexican American families.(Hixson et al., 1999).
However, extensive genetic analysis in a large cohort of Caucasians with early-onset
obesity has failed to reveal an association between mutations in the coding or promoter
region of the POMC gene and juvenile obesity (Echwald et al., 1999; Hinney et al.,
1998a). The same was true for patients suffering from anorexia nervosa (Hinney et al.,

1998a). It is possible that the frequency of POMC mutations affecting eating disorders is
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higher in certain ethnic groups, such as Mexican or African Americans, than in the general

population. This hypothesis requires, however, further investigation.

Obese patients are at high risk factor for developing type 2 diabetes (NIDDM).
The etiology of this disease is rather complex, with both genetic and environmental
factors playing major roles. Recent studies conducted in a group of Mexican Americans
indicate two major susceptibility loci for NIDDM on chromosomes 2 and 15,
respectively (Cox et al., 1999; Hanis et al., 1996). No candidate genes have been thus far
associated with a higher incidence of developing NIDDM. Identifying these genes
remains, however, a high priority; it is hoped that genetic screening will help prevent the

development of obesity as well as NIDDM.
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7.3.  First Cases of Altered MC4-R Signaling Identified in Human

Population

Recently, two frameshift mutations in MC4-R (a deletion at codon 211 and an insertion
at codon 245) were found to be associated with a dominantly-inherited form of human
obesity (Vaisse et al., 1998; Yeo et al., 1998). As a consequence of these mutations, the
MC4-R becomes truncated at either the fifth or sixth transmembrane domain and is
therefore non-functional. = The human subjects harboring these mutations are
heterozygous at the MC4-R locus, suggesting that, similar to rodents, one copy of a
defective MC4-R is sufficient for the development of morbid obesity (MC4-R
haploinsufficiency).  Extensive screenings of obese individuals resulted in the
identification of additional MC4-R mutations, including a nonsense and several missense
mutations (Table 4) (Gu et al., 1999; Hinney et al., 1999; Sina et al., 1999; Yeo et al.,
1999). The nonsense mutation occurs at position 35 of the MC4-R and produces a
truncated receptor that retains only the N-terminal extracellular domain (Hinney et al.,
1999). This defect in MC4-R is presumed to result in 4 lack of receptor expression on
the plasma membrane; the immature receptor is likely misfolded in the ER and degraded
by the proteasome. MC4-Rs that harbor missense mutations are also presumed to be
non-functional due to defects in synthesis, ligand binding, or coupling to signal
transducers. However, only a few of these mutations have been pharmacologically tested.
The Ile"*'Thr MC4-R variant, for instance, which was identified in an extremely obese

subject, displays reduced agonist affinity and functional activation when expressed in 293
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HEK cells (Gu et al.,, 1999). The functional significance of the other missense mutations

remains to be established.

These studies indicate that mutations in the coding region of the MC4-R are not
uncommon and suggest that the melanocortin system plays an essential role in regulating
weight homeostasis in humans. Hemizygosity of the MC4-R gene is considered today to
be responsible for as much as 5% of the pediatric obesity cases (Vaisse et al., 1998; Yeo
et al., 1998); this percentage is likely to increase in future years as more screening testing
will be conducted. Not all allelic variants of the human MC4-R, however, are associated
with morbid obesity. For example, Tle'” Val, Thr''*Met, and Ile*'Leu variants are
polymorphisms since they have been detected with similar frequencies in both obese and
lean human subjects (Gotoda et al., 1997b; Gu et al., 1999; Hinney et al.,, 1999). This
prediction is supported by the observation that both Ile'” Val and Thr''*Met variants

display normal in vitro pharmacology (Gu et al., 1999; Hinney et al., 1999).

An intriguing recent study (Cody et al., 1999) challenges previous conclusions
(Hinney et al., 1999; Vaisse et al., 1998; Yeo et al., 1998) suggesting that dominantly-
inherited obesity, which segregates with human MC4-R mutations, is due to
haploinsufficiency of this gene (Cody et al., 1999). The authors have been investigating
the phenotype of individuals that harbor large deletions of chro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>