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The agouti locus is one of several classic
genetic loci that affect the coat color of
mice. The wild-type agouti phenotype,
exemplified by dorsal coat hairs that are
black with a single subapical band of yel-
low and lighter-colored ventral hairs, is
found in many mammals including ani-
mals of the genera Mus (mice), Oryctola-
gus (rabbits), Sciurus (squirrels), and Ca-
nis (wolves) (reviewed in ref. 1). Much
interest has focused on the agouti gene
because several dominant mutations re-
sult in mice that exhibit adult onset obe-
sity, hyperinsulinemia, and noninsulin-
dependent diabetes. In addition, mice car-
rying dominant agouti mutations show an
increased susceptibility to a variety of
spontaneous and/or induced solid tumors.
These mutations provide potential animal
models of human disease, and the mouse
provides an organism amenable to molec-
ular genetic, biochemical, physiological,
and pharmacological manipulations to in-
vestigate the causes and treatments of
these diseases. The mechanism of action
of the agouti gene in all of these pheno-
types is under intense investigation. Sev-
eral recent papers including two in this
issue by Klebig et aL (2) and Zemel et al
(3) now shed light on some modes of
action of the agouti protein as well as
provide models for in vivo and in vitro tests
of agouti function.

An Introduction to the Agouti Gene and
Its Effects on Coat Color in Mice

The murine agouti protein is composed of
131 amino acids, with a consensus signal
peptide, a highly basic central region, and
a cysteine-rich carboxyl terminus (4, 5)
(Fig. 1A). The agouti gene has three cod-
ing exons that are alternatively spliced to
different 5' untranslated exons, resulting
in four types of mature 0.7- to 0.8-kb
transcripts with identical coding regions.
Two different isoforms are transiently ex-
pressed during hair growth in dorsal and
ventral skin; the two hair-cycle-specific
exons reside 18 kb upstream of the first
coding exon. The remaining two isoforms
are expressed specifically in ventral skin;
the two ventrum-specific exons reside
120 kb upstream of the first coding exon

(4, 5, 12, 13). The wild-type light-bellied
agouti (A@) phenotype results from a

pulse of agouti expression during the hair-
growth cycle in the dorsum (resulting in

agouti-colored coat hairs) and continuous
expression during the hair-growth cycle in
the ventrum (resulting in yellow to white
coat hairs). Additional 1.0- to 7.5-kb tran-
scripts were detected in testis, but their
significance is unclear (4, 5).
The agouti (a) and extension (e) loci in

the mouse are responsible for the tempo-
ral and spatial distribution of phaeomela-
nin (yellow to red pigment) and eumela-
nin (black to brown pigment) granules
within each hair shaft (reviewed in ref.
14). The melanocyte-stimulating hormone
receptor [Mclr (for melanocortin 1 recep-
tor); formerly called MSHR] encoded by
the extension locus is expressed by neural
crest-derived melanocytes that reside near
the base of the hair follicle. Melanocytes
produce pigment and deposit it through
their dendritic processes into the growing
hair shaft. The agouti protein is expressed
by several cell types in the hair follicle but
not by melanocytes. The agouti protein is
a paracrine signaling factor (since it is
expressed by one cell type but acts on a
neighboring cell type) that dictates mela-
nocyte pigment production within individ-
ual hair follicles (reviewed in ref. 14). The
Mclr product transmits an intracellular
signal for eumelanin production upon
binding to its ligand, a-melanocyte-stim-
ulating hormone (a-MSH) (reviewed in
ref. 15), and is a guanine nucleotide-
binding protein (G protein)-coupled re-
ceptor that, when bound to a-MSH, acti-
vates adenylate cyclase, causing an in-
crease in cAMP levels and ultimately
resulting in eumelanin production. The
agouti protein antagonizes the complex
formed by a-MSH and its receptor (Mclr
product), preventing the subsequent in-
crease in cAMP levels and shifting mela-

nocyte pigment production from eumela-
nin to phaeomelanin (16). Thus, constitu-
tive production of agouti protein results in
coat hairs with more phaeomelanin, and
its absence or reduction results in coat
hairs with less phaeomelanin compared to
wild type. Absence of a functional agouti
protein does not appear to be biologically
detrimental to viability or fertility in mice
(4, 14).

Problems with Yellow Mice

Several recent studies have shown that
yellow mice result when the agouti gene is
ectopically overexpressed. In fact, the
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dominant agouti mutations AY, AVY, Ahvy
AiaPy AIY, and AsY are promoter mutations
that result from agouti coding exons being
placed under the control of ubiquitous
promoters (through either deletion and
juxtaposition to a promoter from a neigh-
boring upstream gene or insertion of a
transposable element that usurps control
of agouti gene expression) (17-22). None
of the dominant mutations alter the cod-
ing region of the agouti gene. Yellow
AY/- and AvY/- mice exhibit mild hy-
perphagia, hyperglycemia, non-insulin-
dependent diabetes, adult onset obesity,
and altered susceptibility to tumorigenesis
(reviewed in refs. 14, 23, and 24). A cor-
relation exists between the degree of ex-
pressivity of the phenotypes and the level
of agouti gene expression (ref. 3; reviewed
in refs. 22 and 23). However, these effects
are not a secondary result of phaeomela-
nin production, since mice lacking a func-
tional Mclr gene exhibit only the yellow
coat phenotype. Thus, the question re-
mains as to which tissue(s) and receptor(s)
are responsive to the agouti protein, en-
abling it to exert effects on organ systems
other than the hair follicle.

Transgenic Models Serve as Tests of
Agouti Function in Vivo

A formal proof of agouti gene function in
vivo is whether ubiquitous ectopic overex-
pression of agouti protein could result in
diabetic, obese mice with yellow coats; this
phenotype would essentially mimic that
seen in AY/- mice. Several investigators
have now made transgenic constructs that
place the agouti gene under the transcrip-
tional control of ubiquitous promoters (2,
6, 25). Founder mice usually exhibited
yellow stripes or patches on an otherwise
nonagouti or agouti coat (unless albino
zygotes were used), indicating that they
were mosaics carrying a functional trans-
gene. Most transgenic progeny displayed
uniformly pigmented fur, although the
overall amount of phaeomelanin in coat
hairs varied between lines (2, 25). In a
subset of lines, germ-line transmission
produced progeny with mottled or varie-
gated coats, indicating that transgene ex-
pression could be influenced by cis-acting

Abbreviations: c-MSH, a melanocyte-stimulat-
ing hormone; [Ca2+],, intracellular Ca2+ con-
centration; Mclr, melanocortin 1 receptor.
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Amino acid
numbers

Mouse MDVTRLLLATLVSFLCFFTVHSHLALEETLGDDRSLRSNSSMNS 1-44
11111 11111::111111:111::I11I111111111:1:Human MDVTRLLLATLLVFLCFFTANSHLPPEEKLRDDRSLRSNSSVNL 144

GVIA MKLTCVWIVAVLLLT--ACQLITADDSRGTQKHRALGSTTE 1-39

* 1:l! * I:: I:
Mous LDFSSVSIVALNKKSKKISRKEAEKRKRSSKKKASMKKVAR 45-85

11::1111111111111:11 ill 111111 111111:1
Humun LDVPSVSIVALNKKSKQIGRKAAEK-KRSSKKEASMKKVVR 45-84

GVIA LSL--STRCKSPGSSCSPTSYNCCRSCNPYTKRCYG 40-73
:: I ilI:111:::1 :1: 1:1 8-3

Mouse PPPP-S-PCVATRDSCKPPAPACCDPCASCQCRFFGSACTCRVLNP--NC %-131
I :I 111111:11111111111111111111 111:1111l: 11

Humun PRTPLSAPCVATRNSCKPPAPACCDPCASCQCRFFRSACSCRVLSL--NC &5-132

* I::: I: :1 III :I::I:I I I :1
Pt-ViI AVKCIG;WQETCNGKLP-CCDGCVMCECNIMGQNCRCNHPKMTSECGS

B

o-conotoxin C------C------CC--C------C

o-agatoxdn -C------CC----C-C------C-C

FIG. 1. Comparison of the mouse and human agouti proteins with toxins from the cone snail
Conus geographus and primitive hunting spider Plectreurys tristis. (A) The amino acid sequences
of the agouti protein in both mouse and human are shown (4-7). The highly basic region of exons
2,3, and 4 of the agouti protein is separated from the signal sequence (first 22 amino acids) and
5' end of exon 2 (A Top) and the cysteine-rich region of exon 4 (A Bottom). Above the agouti
sequence is the amino acid sequence of the o-conotoxin GVIA produced by C geographus.
Arrows indicate proteolytic cleavage sites within the GVIA prepropeptide; the first 22 amino
acids constitute a signal sequence, the second 23 amino acids compose an intervening region, and
the final 27 amino acids constitute the mature toxin (8). The asterisk denotes the carboxyl-
terminal glycine that is converted to an amide residue by a posttranslational processing event.
Below the human agouti protein is the amino acid sequence of plectoxin VIII (Plt-VIII) produced
by P. iristis (9) Amino acid identity between adjacent proteins is indicated by straight lines, and
conservative amino acid changes are indicated by two dots. Dashes indicate absences of amino
acids used to maximize the alignments. (B) The disulfide bond structure of the c-conotoxins and
co-agatoxins is shown by square brackets connecting cysteine residues (reviewed in ref. 10). Dashes
indicate the presence of any amino acid residue except cysteine. Because the disulfide structure
of the plectoxins is not known, the structure of the w-agatoxins, which have similar albeit not
identical cysteine backbone structures, is shown. The c-agatoxins are produced by the funnel-web
spider (Agelenopsis), and like the o-conotoxins and plectoxins, target presynaptic voltage-
activated Ca2+ channels. Only specific disulfide bridges result in biologically active peptides (11).

sequences at the integration site and/or
unlinked modifier genes but was not a
reflection of transgene copy number.

Offspring from different lines were
tested for weight gain (25) as well as
circulating levels of plasma insulin and
glucose (2). Transgenic mice became obese
and hyperinsulinemic, but only transgenic
males became hyperglycemic. The data also
indicated that as the levels of ectopic agouti
expression increased, the time of onset of
obesity, hyperinsulinemia, and hyperglyce-
mia decreased (2).
These transgenic models now demon-

strate that ectopic overexpression of the
agouti gene can recapitulate the pheno-
types exhibited by mice carrying dominant
agouti mutations. In addition, they are
useful for examining the role of the agouti
protein in influencing susceptibility to
spontaneous and/or induced tumors on a

variety of genetic backgrounds. By placing

the agouti gene under the control of tis-
sue-specific promoters, transgenic mice
can provide models to determine which
tissues are responsive to overexpression of
the agouti protein resulting in disease. In
addition, transgenic constructs resulting
from site-directed mutagenesis of agouti
coding sequences can be tested to estab-
lish which amino acids or domains of the
agouti protein are* necessary for specific
functions in vivo.

Agouti Gene Appears To Be Related to
Toxins from Snails and Spiders

Initial comparisons of agouti coding se-
quences to various data bases did not
identify homology to other known pro-
teins. However, the agouti protein has
striking similarities to two classes of toxins
produced by snails (marine gastropods)

and spiders (arachnids), the c-conotoxins
and the plectoxins, respectively (Fig. 1A).
The co-conotoxins are a family of ven-

oms made by the cone-snail species Conus
(reviewed in refs. 10, 26, and 27). These
marine snails survive by hunting fish, mol-
luscs, and/or polychaete worms. Their
sting delivers a venom composed of nu-
merous small peptides (9-30 amino acids
long) that paralyzes prey within a few
seconds. Individual peptides have specific
physiological targets and distinct pharma-
cological effects. Each toxin targets neu-
rotransmitter receptors [such as acetyl-
choline or N-methyl-D-aspartate (NMDA)
receptors] or ion channels (such as volt-
age-sensitive Ca2+ or Na2+) and can dis-
criminate between neuromuscular and
neuronal specific targets, binding with
high affinity to specific receptor subtypes.
The o-conotoxins target primarily N-type
presynaptic neuronal Ca2+ channels. Al-
though mammals are not the usual prey,
intracranial injection of the co-conotoxin
GVIA elicits shaking symptoms in mice,
with increasing dosages causing respira-
tory distress and death (10).
The primitive hunting spider Plectreurys

tristis produces a potent toxin to paralyze
its arthropod prey. P. tristis venom con-
tains at least 50 peptide toxins called
plectoxins, several of which have been
sequenced and exhibit significant homol-
ogy to each other (9). These peptides are
paralytic and/or lethal to several insect
species (9). Components of P. tristis toxin
are associated with a number of biological
activities, including disruption of voltage-
dependent Ca2+ channels in Drosophila
(28, 29) and mammals (30). In addition, P.
tristis venom can inhibit binding of the
c-conotoxin (GVIA) to the c-CgTX (C.
geographus toxin) receptors in rat brain
synaptic plasma membrane vesicles by a
noncompetitive allosteric mechanism (31).
The c-conotoxins and plectoxins are

made from prepropeptides (Fig. 1; D. J.
Leisy, personal communication). The
amino terminus of the precursor is highly
conserved among each class of toxins, as
are the number and spacing of cysteine
residues in the carboxyl terminus (which is
cleaved to produce the mature toxin). The
conserved cysteines are crucial to forma-
tion of disulfide bonds that establish the
core of the peptide; amino acids between
the cysteines form loops that presumably
face the outer surface of the peptide (Fig.
1B). Amino acids present in the loops thus
dictate the high level of target specificity
exhibited by each toxin. The spacing and
number of cysteine residues found in
c-conotoxins and plectoxins are most sim-
ilar to those found at the carboxyl termi-
nus of the agouti protein. These similari-
ties suggest that the cysteine-rich carbox-
yl-terminal end of the agouti protein
forms a functional three-dimensional
structure similar to the multiply disulfide-
bonded co-conotoxins and plectoxins.

A
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Thus, the agouti protein may represent a
class of molecules related to the toxins
that interact with specific neurotransmit-
ter receptors or ion channels. These find-
ings also suggest that other members of
the agouti family exist but have not yet
been detected because of divergence at
the nucleotide level.

Agouti Protein Can Influence Ca2+
Levels

A link between the agouti protein and
regulation of intracellular Ca2+ concen-
trations [Ca2+]i has now been found. Re-
search described by Zemel and colleagues
(3) demonstrates a significant difference
in [Ca2+], levels between insulin-sensitive
type I muscle fibers from yellow obese
AvYla mice compared with pseudoagouti
lean AvYla and black nonagouti a/a con-
trols. In addition, incubation of freshly
isolated and cultured skeletal muscle myo-
cytes from wild-type mice in agouti-
conditioned medium resulted in elevated
[Ca2+], levels by influencing Ca2+ influx
but not Ca2+ efflux or release from
[Ca2+], stores. The mechanism by which
the agouti protein can affect Ca2+ influx is
not known, but these findings suggest ex-
citing possibilities for the role of the agouti
protein in a variety of cellular functions.
Ca2+ plays an important role as second

messenger in a wide array of signal-
transduction pathways and cell types (re-
viewed in ref. 32). Changes in [Ca2+],
levels affect numerous processes, includ-
ing hormone secretion and neurotransmit-
ter release, enzyme and ion channel ac-
tivity, and gene expression (reviewed in
ref. 32). In addition, these ions are essen-
tial for mitosis and meiosis and have been
implicated in apoptosis (reviewed in refs.
33-35). Elaborate mechanisms have
evolved to maintain [Ca2+], that are 4
orders of magnitude lower than those
found outside the cell. Many reviews con-
cerning Ca2+ signal transduction pathways
have been published (32, 36-39). There-
fore, the observation that the agouti pro-
tein can influence [Ca2+], levels provides
the first link to internal cellular processes
that, when altered, can result in disease
phenotypes.
The questions arise as to which tissues

are responsive to the agouti protein (other
than the hair follicle) and whether these
effects are mediated through changes in
[Ca2+], levels. With respect to obesity and
diabetes, the relationship between in-
creased [Ca2+]1 levels and inhibition of
insulin-mediated glucose transport re-
mains unclear. One hypothesis involves a
direct relationship between the opening of
a Ca2+ channel and inhibition of insulin-
stimulated glucose uptake (as opposed to
sustained high [Ca2+]1 levels) and has been
implicated in studies of rat adipocytes
(40). If this were the case, the role of the
agouti protein in insulin resistance would

occur at the level of mediating Ca2+ in-
flux, presumably in insulin target cells
such as adipocytes. An alternative hypoth-
esis suggests that sustained high [Ca2+],
levels may contribute to insulin resistance
by interfering with one or several steps in
the signal transduction cascade initiated
by insulin binding (reviewed in refs. 41-
43). If this were the case, continued (ec-
topic) overexpression of the agouti pro-
tein could lead to sustained high [Ca2+],
levels, ultimately inhibiting the signal
transduction pathway initiated by insulin
binding. Zemel and colleagues (3) favor
the latter hypothesis and suggest that the
hyperinsulinemia/insulin resistance ob-
served in yellow obese mice causes in-
creased [Ca2+], levels, which induce in-
creased activity of inhibitor 1, a protein
involved in insulin-stimulated glucose
transport (reviewed in ref. 41). However,
the initial trigger for the hyperinsuline-
mic/insulin-resistant state must occur in
another tissue (such as adipocytes or pan-
creatic 3-cells) and could still be the direct
result of overproduction of the agouti
protein (7). If the agouti protein can affect
adipose cells resulting in hypertrophy,
obesity may be the primary factor that
leads to insulin resistance and non-insulin-
dependent diabetes (7).

It has been suggested that the agouti
protein may work through related mela-
nocortin receptors expressed in tissues
other than the hair follicle (3, 6, 16). Thus,
agouti may represent a new class of mol-
ecules that have target specificity for the
melanocortin receptor family and act spe-
cifically as antagonists to these receptors.
The conservation of the cysteine back-
bone structure of the agouti protein with
distantly related toxins, coupled with the
fact that related toxins target other mem-
bers of the melanotropin family (acetyl-
choline and NMDA receptors), are sug-
gestive of this hypothesis. However, we
favor the possibility that the primary func-
tion of the agouti protein is to directly
target specific subtypes of Ca2+ channels.
Another effect of increased [Ca2+], lev-

els resulting from sustained overexpres-
sion of the agouti protein may be the
initiation of gene expression leading to
effects on cell proliferation, invasion, and
tumor metastasis (reviewed in refs. 33 and
44). Effects such as mild hyperplasia could
be responsible for observed increases in
overall body mass as well as increased
susceptibility to tumorigenesis. Alterna-
tively, increased [Ca2+], levels may result
in secretion of hormones or growth factors
that can act systemically to induce cell
proliferation or other effects. Thus, the
ability of the agouti protein to influence
[Ca2+], levels may be the key to under-
standing its effects on different tissues
resulting in the various phenotypes seen in
dominant agouti mutants.

Implications for Mechanisms of Human
Disease

The human homolog of the agouti gene
was recently cloned (6, 7) and shown to
influence coat color in transgenic mice
(6). The open reading frames of the mouse
and human agouti genes are 85% identical
at the nucleotide level and 80% identical
at the amino acid level (Fig. 1A). Expres-
sion of the human agouti gene was de-
tected in adipose tissue, heart, ovary, and
testis and to a lesser extent in foreskin,
kidney, and liver (6, 7). The exon/intron
organization of the mouse and human
agouti genes is similar, with identically
positioned introns separating the three
coding exons. However, the promoter re-
gions and/or 5' untranslated exons are
likely to be different than in the mouse,
given that higher primates do not exhibit
banded hairs and that expression of the
human agouti gene was detected in more
tissues than in the mouse. The presence of
agouti transcripts in skin, heart, and adi-
pose tissue implicates a role for the agouti
gene in a variety of processes including
skin pigmentation, cardiovascular func-
tion, and energy metabolism. In addition,
the observation of agouti expression in
premenopausal but not postmenopausal
ovaries suggests a role for the agouti pro-
tein in fertility as well.
An intriguing and potential link to agou-

ti protein function is the observation of
elevated [Ca2+]i levels in tissues from hy-
pertensive, obese, and diabetic patients
(reviewed in refs. 41, 42 and 45). It has
been proposed that hyperinsulinemia, in-
sulin resistance, non-insulin-dependent
diabetes mellitus, obesity, hypertension,
and coronary artery disease are the result
of common abnormalities in cellular ion
metabolism (reviewed in refs. 41, 42, and
45). These diseases may present clinically
as parts of a spectrum of metabolic defects
ultimately dependent on genetic, dietary,
and/or environmental factors (reviewed
in refs. 42 and 45). The finding of agouti
gene expression in normal human heart as
well as adipose tissue (6, 7), coupled with
the finding that the agouti protein can
influence [Ca2+], levels (3), suggests that
the agouti protein is one common link
between these diseases. The level of ex-
pression of the agouti gene may be dic-
tated by a series of alleles in the human
population that can predispose individuals
to obesity, cardiovascular disease, and/or
diabetes.

Mutations or alterations in factors re-
sponsible for agouti gene expression that
result in the agouti protein being present
in the wrong place at the wrong time or at
higher levels than normal are likely to be
responsible for disease phenotypes in hu-
mans. The tools are now in hand to deci-
pher whether the agouti gene acts as a
paracrine (or other) factor in each tissue
to elicit specific cellular responses and to
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determine which effects of the agouti pro-
tein are mediated through melanocortin
receptors, ion channels, or other factors.
The agouti gene may ultimately prove
useful for diagnostic and therapeutic in-
tervention in human disease.
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