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We have isolated cDNA clones that encode a novel human gene related to agouti. Sequence analysis of this 
gene, named ART, for agouti-related transcript, predicts a 132-amino-acid protein that is 25% identical to 

human agouti. The highest degree of identity is within the carboxyl terminus of both proteins. Like agouti, 

ART contains a putative signal sequence and a cysteine rich carboxyl terminus, but lacks the region of basic 

residues and polyproline residues found in the middle of the agouti protein. Both agouti and ART contain 11 
cysteines, and 9 of these are conserved spatially. ART is expressed primarily in the adrenal gland, subthalamic 
nucleus, and hypothalamus, with a lower level of expression occurring in testis, lung, and kidney. The murine 
homolog of ART was also isolated and is predicted to encode a 131-amino-acid protein that shares 81% amino 
acid identity to humans. The mouse was found to have the same expression pattern as human when assessed 

by RT-PCR. Examination by in situ hybridization using mouse tissues showed localized expression in the 

arcuate nucleus of the hypothalamus, the median eminence, and the adrenal medulla. In addition, the 
hypothalamic expression of ART was elevated -10-fold in oh~oh and db/db mice. ART was mapped to human 
chromosome 16q22 and to mouse chromosome 8D1-D2. The expression pattern and transcriptional regulation 
of ART, coupled with the known actions of agouti, suggests a role for ART in the regulation of melanocortin 
receptors within the hypothalamus and adrenal gland, and implicates this novel gene in the central control of 

feeding. 
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A previously uncharacterized expressed sequence tag 
(EST) has been identified by homology to agouti, and 
named ART for agouti-related transcript. The sequence 
conservation between ART and agouti suggests that 
these genes may play similar roles in cellular signaling. 
Mouse agouti (A) is relatively well characterized, and is 
most commonly associated with the regulation of coat 
pigmentation (Searle 1968). Early phenotypic compari- 
son of mouse mutants at the agouti and extension loci 
suggested that the agouti gene product acts as an antago- 
nist to the extension gene product (Takeuchi et al. 1989). 
Subsequent cloning and biochemistry has confirmed this 
prediction. The extension gene encodes the melanocor- 
tin-1 receptor (MC1-R) that, when occupied by melano- 
cyte-stimulating hormone (c~-MSH), causes the melano- 
cyte to synthesize black pigment (for review, see Jackson 
1993). The mouse agouti gene encodes a secreted 131- 
amino-acid protein (Bultman et al. 1992) that acts as an 
antagonist at this receptor, blocking the action of 

1Corresponding author. 
E-MAIL kstark@amgen.com; FAX (805) 499-9931. 

R-MSH, and resulting in hairs with yellow pigment (Lu 

et al. 1994). 
Much of the interest in agouti, however, is related to 

other dominant phenotypes that result from ectopic ex- 
pression in mutant mice (AY), such as obesity, hyperin- 
sulinemia, diabetes, and increased tumor susceptibility 
(for review, see Manne et al. 1995). These pleiotrophic 
effects suggest that agouti may be exerting its dominant 
phenotype in the mouse by interacting with other mela- 
nocortin receptor family members. There are currently 
five known receptors; two of these, MC 1-R and MC2-R, 
show relative specificity for the ligands a-MSH and ad- 
renocorticotrophic hormone (ACTH), respectively 
(Mountjoy et al. 1992). Of the other three receptors, 
MC3-R is expressed in specific brain regions, whereas 
MC4-R is expressed more widely throughout the brain 
and spinal cord, and MCS-R is expressed in numerous 
peripheral tissues (Mountjoy et al. 1992, 1994; Roselli- 
Rehfuss et al. 1993; Labbe et al. 1994). Because adrenal- 
ectomized, agouti-expressing animals still develop obe- 
sity, the MC2-R is not implicated in the etiology of this 
phenotype (Cone et al. 1996). Partially purified mouse 
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agouti is a potent antagonist of the MC1-R and MC4-R, 
but not MC3-R or MC5-R (Lu et al. 1994). 

Recent data have implicated MC4-R as important in 

the control of feeding and in the pathogenesis of obesity 
caused by agouti. Mice in which the MC4-R gene was 
deleted show an obese phenotype that mimicks that of 

the mutant  A y mouse (Huszar et al. 1997). In addition, 
agonists of MC3-R and MC4-R have inhibited feeding, 
whereas antagonists of these receptors have increased 
feeding (Fan et al. 1997). 

Elevated levels of agouti are also associated with in- 
creased intracellular calcium in skeletal muscle (Zemel 

et al. 1995). Although no direct action of agouti on cal- 
cium channels has been reported, an intriguing peptide 

homology exists with ion channel blockers from spider 

and snail toxins (Ichida et al. 1993; Figueiredo et al. 
1995). This homology is mainly confined to the spacing 

of eight cysteines in the carboxyl terminus. A carboxy- 
terminal fragment of agouti, which retains these cys- 
teines, is also a potent antagonist of a-MSH at the 
MC1-R (Willard et al. 1995), which further implicates 
this region as an important determinant of biological ac- 
tivity. 

Human agouti is expressed in skin, heart, testes, 
ovary, and adipose tissue. The discordant expression pat- 

tern between mouse and humans suggests that agouti is 
regulating different functions in these species (Kwon et 

al. 1994; Wilson et al. 1995). Although the role of agouti 

in humans is not known, its dominant effects on obesity 
and diabetes observed in the mouse, its activity at mela- 

nocortin receptors, and its influence on calcium levels 
suggest a role for this, and related proteins, in regulating 
critical signaling pathways. 

The molecular cloning and characterization of ART, 

the first gene identified that shows homology to agouti, 
establishes the presence of a new gene family. The se- 

quence conservation between ART and agouti, its ex- 
pression pattern in humans and mice, and the up-regu- 
lation of ART expression in animal models of obesity all 

implicate this novel gene in the regulation of signaling 
through melanocortin receptors or intracellular calcium 
levels, or both. 

Results 

GenBank search 

The public EST database was searched with a sequence 

profile constructed from the human and murine agouti 
peptide sequences. One submission (accession no. 
H63735) was found to have homology to this profile, 
consisting of -160 bp at the 3' end of the genes. The 
submitted sequence contained seven cysteines that 

aligned with agouti but also contained an in-frame ter- 

mination codon amino terminal to this region. The sub- 
mission containing the sequence from the opposite end 
of this clone (accession no. H63298) did not show any 
homology to the profile. 

The bacterial stock containing the cDNA clone (acces- 
sion no. 208641) corresponding to these two sequence sub- 

missions was obtained and found to contain an insert of 
-1.5 kb. Analysis of the full insert sequence confirmed the 

presence of the agouti homology in the cysteine-rich car- 
boxyl terminus. The in-frame stop codon reported in 

H63735 was resolved as a flame-shift sequencing error in 
the EST sequence; correction of this error resulted in addi- 
tional sequence homology between clone 208641 and 
agouti. However, even with the correction of this frame 

shift, the predicted protein sequence from this open read- 
ing flame (ORF) resulted in a protein of 94 amino acids, 

compared to 132 amino acids for human agouti. In addi- 
tion, the predicted protein homology decreased dramati- 
cally toward the putative amino terminus. This suggested 

that 208641 was actually not a comlete cDNA clone, but 

rather an incompletely spliced hnRNA. 

Cloning of alternatively spliced ART transcripts 

Full-length clones corresponding to the partial sequence 
contained in clone 208641 were obtained from double- 
stranded cDNA derived from adrenal gland, subthalamic 
nucleus, and lung. 5' Rapid amplification of cDNA ends 
(RACE) analysis of cDNAs from adrenal gland or subtha- 

lamic nucleus revealed amplicons of 500 and 700 bp, 
respectively. Analysis of the sequence from these ampli- 
cons confirmed them as ART transcripts. Both of these 

inserts contained an ORF with the same coding poten- 

tial, but differed in the amount of apparent 5'-untrans- 

lated sequence. 3' RACE using RNA from all three tis- 
sues produced an amplicon of the same size (300 bp) and 

predicted protein-coding sequence. 
The combined sequence obtained from subthalamic 

nucleus RACE reactions is shown in Figure 1. As men- 
tioned above, the sequence from the adrenal gland and 
lung predicted the same ORF, but differed in the length 

of the presumed 5'-untranslated region. This cDNA se- 
quence contains in-frame termination codons upstream 
from the presumed translation start site, a termination 
codon, a polyadenylation signal, and a poly(A) tail. The 

protein predicted from this ORF contains 132 amino ac- 
ids, a signal peptide sequence, and 11 cysteines. 

Human and mouse genomic cloning 

To investigate further the alternative splicing suggested 
from the cDNA clones, we isolated human genomic 
clones that contained the entire coding region. A 2.3-kb 
EcoRI fragment was found to contain three coding exons, 
as well as one upstream noncoding exon (Fig. 2). This 

noncoding exon was identical to the presumed 5'-un- 
translated region found in subthalamic nucleus cDNA. 
The smaller transcripts present in the peripheral tissues 
seem to be attributable to the absence of this noncoding 

exon. Although the general genomic organization of 

three coding exons is preserved between ART and agouti, 
the intron/exon boundaries are not in identical positions 

(shown in Fig. 3). Given the weak homology observed 
outside the cysteine-rich coding regions of the genes, ir is 
not clear whether a common ancestor gene exists. 

The murine ART genomic clone was obtained as a 
4-kb XbaI fragment. All splice donor and acceptor se- 
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AGC TCC TAG GTC CCT GTC CTG TGGAAA TTT GTG GAC CCT GGG CAC 45 

CCT CTC TTG CTC CCA AAT TTT AAT CGG CTC CTG GAA ACC TCA CCC 90 

CAA ATT GGA GAT AGG CAC TCC TCT TGT AGA ACA AAA GGC TCA GGT 135 

TCA GGG AGT GAG GGC CTG AAC TGT GCC CCC ACC CTC CAG GAA GGG 180 

TCC TTC ACG GCC TGG CTG CAG GGA TCA GTC ACG TGT GGC CCT TCA 225 

TTA GGC CCT GCC ATA TAA GCC AAG GGC ACG GGG TGG CCG GGA ACT 270 

CTC TAG GCA AGA ATC CCG GAG GCA GAG GCC ATG CTG ACC GCA GCG 315 

Met Leu Thr Ala Ala 5 

GTG CTG AGC TGT GCC CTG 

Val Leu Ser Cvs Ala Leu 

GCC CAG ATG GGC TTG GCC 

Ala Gln Met Gly Leu Ala 

CAG GCC CTG CTC CCA GAG 

Gln Ala Leu Leu Pro Glu 

CTG AAG AAG ACA ACT GCA 

Leu Lys Lys Thr Thr Ala 

GAG GCT CAG GCC TTG GCA 

Glu Ala Gln Ala Leu Ala 

CCC CGC TCC TCA CGT CGC 

Pro Arg Ser Ser Arg Arg 

GGA CAG CAG GTG CCT TGC 

Gly Gln Gln Val Pro C~s 

CGC TTC TTC AAT GCC TTC 

Arg Phe Phe Asn Ala Phe 

ATG AAT CCC TGC AGC CGC 

Met Ash Pro C~s Ser Arg 

GCT AGG GTA GGG GCA AGG 

AAA AAA AAA AAA AAA AAA 

CTG CTG GCA CTG CCT GCC ACG CGA GGA 360 

Leu Leu Ala Leu Pro Ala Thr Ara GIV 20 

CCC ATG GAG GGC ATC AGA AGG CCT GAC 405 

Pro Met Glu Gly Ile Arg Arg Pro Asp 35 

CTC CCA GGC CTG GGC CTG CGG GCC CCA 450 

Leu Pro Gly Leu Gly Leu Arg Ala Pro 50 

GAA CAG GCA GAA GAG GAT CTG TTG CAG 495 

GIu Gln Ala Glu Glu Asp Leu Leu Gln 65 

GAG GTA CTA GAC CTG CAG GAC CGC GAG 540 

Glu Val Leu Asp Leu Gln Asp Arg Glu 80 

TGC GTA AGG CTG CAT GAG TCC TGC CTG 585 

Cys Val Arg Leu His Glu Ser Cys Leu 95 
g 

TGT GAC CCA TGT GCC ACG TGC TAC TGC 630 

Cys Asp Pro Cys Ala Thr Cys Tyr Cys ii0 

TGC TAC TGC CGC AAG CTG GGT ACT GCC 675 

Cys Tyr Cys Arg Lys Leu Gly Thr Ala 125 

ACC TAG CTG GCC AAC GTC AGG GTC GGG 720 

Thr End 132 

AAA CTC G~--~---~GG ATG GGA CCA ACA 765 

783 

Figure 1. Human ART cDNA sequence obtained from RACE 
reactions using subthalamic nucleus RNA. The presumed sig- 
nal sequence is underlined, the polyadenylation signal is boxed, 
and the location of the 11 cysteines is denoted by dots. 

quences were conserved between mouse and human, al- 

lowing determination of the cDNA and predicted protein 

sequences. The mouse gene is predicted to encode a 131- 

amino-acid protein that is 81% identical to the human 

gene (Fig. 3). Similarly, mouse agouti is also predicted to 

encode a polypeptide that is one amino acid shorter than 

the human protein. 

ART and agouti conserve cysteine residues 

Comparison of the peptide sequences of human agouti, 

human and mouse ART, and the spider toxin plectoxin 

VIII is shown in Figure 3. Overall, human ART is 25% 

identical (48 % similar) with human agouti, although the 

highest degree of sequence conservation is present in the 

carboxyl terminus of both proteins. Fifty percent of the 

amino acids in the carboxyl terminus (starting with cys- 

teine-93 of agouti) are identical. The region of basic 

amino acids in the middle of agouti (denoted by a box) is 

not conserved in ART, nor is the series of polyproline 

residues. Mouse ART is 81% identical to human ART at 

the amino acid level. 

Both ART and agouti have 11 cysteines, 9 of which are 

conserved upon alignment of the proteins. Both mature 

proteins are predicted to have 10 cysteines. Physical 

measurements of the agouti protein indicate the forma- 

tion of five disulfide bonds (Willard et al. 1995). In addi- 

tion, eight of these cysteines are also conserved with a 

class of spider and snail toxins, one of which (plectoxin 

VIII from the primitive hunting spider Plectreurys tristis) 

is shown in Figure 3. 

Expression patterns of human and mouse ART are 

similar 

The expression pattern of human ART was determined 

by Northern blot analysis of RNA from a variety of pe- 

ripheral, brain, and endocrine tissues. A striking and 

relatively specific pattern of expression for this novel 

gene (Fig. 4A) was observed in human tissues. The most 

abundant site of expression was the adrenal cortex, fol- 

lowed by the adrenal medulla, hypothalamus, subtha- 

lamic nucleus, and testis. A weak hybridization signal 

was detected in lung and kidney. Examination of the 

Northern blot with reference to the size markers re- 

vealed a transcript size of -0.7 kb in brain tissues, 

whereas peripheral tissues had a smaller transcript of 

-0.5 kb. This transcript size difference is presumably the 

result of alternative splicing of the 5' noncoding exon 

described above. 

The expression pattern of murine ART was deter- 

mined by RT-PCR analysis of RNA from a variety of 

tissues. Amplification of the RNA is predicted to pro- 

duce a 393-bp product, whereas any contaminating ge- 

nomic DNA yields a 733-bp fragment. The murine gene 

was found to be expressed in whole brain, hypothalamus, 

adrenal gland, lung, and testis, and was not detected in a 

number of other peripheral tissues (Fig. 4B). 

attgctaatggttctagccctgctcAGC TCC TAG GTC CCT GTC CTG ..... 

[Exon 1 (296 nt)] 

ATC CCG GAG GCA GAGgtgagtcctcaggttgggcagggactcctcctct ..... 

[Intron 1 (115 nt)] 

tcttcctgctgagccag GCC ATG CTG ACC GCA GCG GTG CTG AGC TGT ..... 

M L T A A V L S C 

[Exon 2 (133 nt)] 

CTG CTC CCA GAG CTC CCA G gtcagtgtgagcaagggtgggactgggcgg ..... 

L L P E L P G 

[Intron 2 (158 nt)] 

cctgccctcacatcctctgccccag GC CTG GGC CTG CGG GCC CCA ..... 

L G L R A P 

[Exon 3 (86 nt)] 

GAG GCT CAG GCC TTG GCA GAGgtaactgctcagggaaaagggtaagg ..... 

E A Q A L A E 

[Intron 4 (206 nt)] 

gtgctggttccccacccctgcagGTA CTA GAC CTG CAG GAC CGC ..... 

V L D L Q D R 

[Exon 4 (183 nt)] 

..... CTG GGT ACT GCC ATG AAT CCC TGC AGC CGC ACC TAG 

L G T A M N P C S R T * 

Figure 2. Sequence of the human genomic ART gene surround- 
ing the splice-acceptor sites. The nucleotide sequence shown is 
uppercase letters for exons and lowercase letters for intronic 
DNA. 
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Figure 3. Comparison of the predicted amino 
acid sequence for human agouti, human and 
mouse ART, and the spider toxin plectoxin 
VIII. Amino acid identity is denoted by a solid 
line, and similarity by dots. The basic region 
is boxed in human agouti. The location of the 
three coding exons for agouti and the ART 
genes are shown by open arrowheads. 
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Expression of ART in mouse and rat tissues was ex- 

amined in more detail by in situ hybridization. Expres- 

sion of ART within the central nervous system was 

strikingly restricted to the arcuate nucleus and the me- 

dian eminence (Fig. 5A-D). Within the median emi- 

nence, the expression appears confined to the inner pali- 

sade zone. Adjacent sections hybridized with probes to 

either neuropeptide Y (NPY) or pro-opiomelanocortin 

(POMC) revealed that the expression domain of ART in 

the hypothalamus resembled most closely that of NPY 

(Fig. 5E, F). In peripheral tissues, expression was detected 

in the adrenal medulla but not the cortex (Fig. 5G,H). 

Within the testis, a generalized low-level expression pat- 
tern was observed (data not shown). 

ART expression is up-regulated in mouse models of 
obesity 

To examine further the hypothalamic expression, we in- 

vestigated the expression of ART in animal models of 
obesity. Sections from ob/ob animals showed a mark- 

edly increased density of silver grains in the arcuate 

nucleus (Fig. 6B) relative to sections from non-mutant 

control animals (Fig. 6A). Careful comparison of the sig- 

nal in the arcuate nucleus versus the median eminence 

shows that ART expression is not elevated in the median 
eminence of ob/ob animals• 

To confirm and quantify more closely this elevated 
expression, we performed RT-PCR on hypotha- 

lamic RNA isolated from normal mice (five ani- 

mals, mean -- 22.2 g), spontaneously obese CD-1 mice 

(five animals, mean = 51.5 g), ob/ob mice (five ani- 

mals, mean = 76.4 g), and db/db mice (five animals, 

mean = 36.9). Serial 10-fold dilutions of the RNA, start- 
ing with 10 ng, were used as the template. RNA isolated 
from obese (ob) and diabetic (db) mutant  animals 

showed an -10-fold greater expression of ART relative to 

both normal and obese CD-1 mice (Fig. 6C). Because el- 

evated cortisol levels are a known sequelae of obesity in 

ob/ob and db/db animals, we investigated whether the 

ART up-regulation was attributable to hypercorti- 

solemia. Hypothalamic tissue from mice injected for 1 

week with dexamethasone or saline control showed 

equivalent expression of ART (Fig. 6D), ruling out regu- 

lation by cortisol. 

Chromosomal localization 

Chromosome mapping of ART was determined by fluo- 

rescent in situ hybridization (FISH). Human and mouse 

metaphase chromosomes were derived from human pe- 

ripheral blood lymphocytes or mouse embryonic stem 

(ES) cells, respectively. Preliminary analysis indicated 

that human ART was located on 16q; further localiza- 

tion was performed using two-color mapping with a 

probe specific for the heterochromatic region of 16q (Fig. 

6A). Measurements of 10 labeled chromosomes indi- 

cated that ART was located 45 % of the distance from the 

telomeric end of chromosome 16, and therefore, is 

mapped to 16q22. 
A search for human syndromes that map near this 

locus revealed Bardet-Biedl syndrome (BBS2) at 16q21 

(Online Mendelian Inheritance in Man, URL: h t tp : / /  

www3.ncbi ,  nlm. nih.gov/htbin-post /Omim/dispmim? 

209900). This syndrome is characterized by mental re- 
tardation, obesity, retinitis pigmentosa, polydactyly, and 
hypogonadism. The syndrome shows nonallelic hetero- 

geneity, and has been mapped to four loci on chromo- 

somes 3, 11, 15, or 16 (Carmi et al. 1995). 

The mouse gene was localized initially to chromo- 

some 8, and confirmed by cohybridization with a probe 
specific for the centromeric region of chromosome 8 (Fig. 
6B). Measurements of 10 specifically labeled chromo- 
somes demonstrated that ART was located 77% of the 

distance from the heterochromatic-euchromatic bound- 
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Figure 4. Expression pattern of ART in human (A) and mouse (B) tissues by Northern blot analysis or RT-PCR, respectively. (A) 
Nylon filters containing 2 ~g of poly(A) ÷ RNA from a variety of human tissues were probed with a human ART cDNA probe. Note 
the difference in transcript size between central (brain and subthalamic nucleus) and peripheral (adrenal, testes) tissues. The filter was 
stripped and reprobed with ~-actin to demonstrate equal loading, and to ensure accurate size determination. (B) RNA from mouse 
tissues was amplified with ART-specific oligonucleotides, which result in a 393- or 733-bp amplicon, respectively, when RNA or 
genomic DNA is the template. 

ary to the telomere, which corresponds to band D1-D2. 

This region of mouse chromosome 8 shows conservation 

of synteny with human chromosome 16q. 

D i s c u s s i o n  

The isolation and characterization of ART, the first gene 

identified with homology to agouti, establishes the pres- 

ence of a new gene family. The sequence conservation 

with agouti implies antagonistic activity at one or more 

melanocortin receptors, although other actions and re- 

ceptors may be involved. Although other endogenous 

peptide inhibitors of G protein coupled receptors have 

been reported (Tominaga et al. 1990; Zhu and Solomon 

1992), this would be the first description of a family of 

such genes. More broadly, the cloning of ART may pro- 

vide new insights and reagents for determining the func- 

tion of the melanocortin receptor family and their cog- 

nate ligands. The functional interaction between five 

melanocortin receptors, four ligands derived from 

POMC, and two endogenous peptide antagonists would 
provide many layers of regulation. 

Agouti, a coat color gene in mice, is possibly perform- 

ing other signaling functions in humans as the expres- 

sion pattern is not localized to skin. This fundamental 

difference between mice and humans has made extrapo- 

lation and interpretation of results between these species 

difficult. Because the expression pattern of ART is the 

same between rodents and humans in all tissues exam- 

ined, it is likely that both species use the protein to 

control the same signaling pathways. The highly specific 

pattern of expression, both in discrete regions of the 

brain and in peripheral tissues, is further indicative of a 

specialized role. 

Within the arcuate nucleus, the expression domain of 

ART overlaps closely with that of NPY-, but not that of 

POMC-expressing neurons. Lesion and tract-tracing 

studies suggest that NPY-expressing neurons in the ar- 

cuate nucleus project to other hypothalamic nuclei, in- 

cluding a major projection to the paraventricular nucleus 

(Kalra and Kalra 1996). The leptin receptor is also highly 

expressed in this same region of the arcuate nucleus 

(Mercer et al. 1996). Leptin administration decreases dra- 

matically the expression of NPY in the arcuate nucleus 

(Schwartz et al. 1996), and leptin-deficient (ob/ob) ani- 

mals have increased expression of NPY, establishing a 

link between these key regulatory proteins. In contrast, 

POMC-expressing neurons in the arcuate nucleus proj- 

ect to many sites other than the paraventricular nucleus 

(Cheung and Hammer 1995). Therefore, the ART-ex- 

pressing neurons in the arcuate nucleus are found in the 

same region as neurons that project to the paraventricu- 

lar nucleus and influence feeding. 

The elevated expression of ART in the hypothalamus 
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Figure 5. Expression analysis of ART in 
mouse tissues using in situ hybridization. (A- 
F) Mouse brain (coronal section) shown under 
bright field or dark-field illumination. (AN) ar- 
cuate nucleus; (ME) median eminence; (V3) 
the third ventricle. Sections were hybridized 
with an antisense probe for ART (A-D), NPY 
(E), or POMC (F). (G,H) Sections of mouse adre- 
nal gland, including both the cortex and me- 
dulla, hybridized with an ART antisense 
probe. Original magnification (A,B}, lx; (C-H), 
20x; bar, 100 ]am. 
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of obese and diabetic mutant  mice also supports a role in 

the regulation of feeding. This up-regulation was ob- 

served only in neurons known to influence feeding, 

namely those of the arcuate nucleus. Neurons in the 

adjacent median eminence, which are functionally and 

anatomically distinct from the arcuate nucleus, did not 

exhibit this increased transcription. The lack of induc- 

tion by dexamethasone demonstrates that this up-regu- 

lation is not attributable to hypercortisolemia secondary 

to obesity. Rather, the elevated expression in ob/ob and 

db/db animals, but not in obese, nonmutant  animals, 

suggests that impaired leptin signaling pathways are di- 

rectly involved. Elimination of NPY in ob/ob animals 

does not reverse completely the obese phenotype leading 

to the suggestion that other neuromodulators may be 

involved in the hypothalamic response to leptin (Erick- 

son et al. 1996). The data presented here suggest that 
ART may play a role in leptin signaling, and emphasize 
the importance of excluding ART as a candidate gene for 

the human syndrome BBS2. 

The obese phenotype observed in mice lacking the 

MC4-R (Huszar et al. 1997) indicates an inhibitory role 

for this receptor in weight regulation. This is further 

supported by the ability of agonists and antagonists of 

MC3-R and MC4-R (Fan et al. 1997) to decrease and in- 

crease weight, respectively. Thus, the molecular basis 
for the obesity observed in agouti-overexpressing mice 

may well be antagonism at MC4-R and possibly MC3-R, 

and subsequent relaxation of this tonic inhibition. The 

data presented above, combined with these reports, sug- 

gest a model by which leptin activity may be mediated 

by down-regulation of ART transcription, leading to in- 

creased tonic inhibition of the MC3-R and/or MC4-R 

pathway. 
It will be of great interest to determine which recep- 

tors are mediating the action of ART. Detailed localiza- 
tion studies in the brain have shown that MC3-R is ex- 
pressed primarily in the hypothalamus and thalamus 

(Roselli-Rehfuss et al. 1993), whereas MC4-R is ex- 
pressed in a number of other brain nuclei (Mountjoy et 
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Figure 6. ART expression in animal models of obesity. Coronal sections of brains through the hypothalamus from ob/ob mice (B) or 
nonmutant mice (A) hybridized and exposed under identical conditions. (C) RT-PCR analysis of ART gene expression in ob/ob, db/db, 
spontaneously obese CD-1, or control mice. (D) RT-PCR analysis of ART gene expression in mice injected for 1 week with either 

dexamethasone or saline control. 

al. 1994). Therefore, on the basis only of distribution 
patterns, it would seem that MC3-R is the more likely 

receptor in the brain. The arcuate nucleus is also a 

prominent site of POMC expression. Although the 
POMC gene product can be cleaved preferentially into 
amino-terminal (e.g., ~-MSH, oL-MSH) or carboxy-termi- 
nal ligands (e.g., ~-endorphin), the neuron still releases 

all peptides simultaneously (Smith and Funder 1988). 
Perhaps the presence of a regulatory peptide specific for 

melanocortin receptors in the synaptic cleft allows addi- 

tional attenuation of MSH and ACTH signaling, and 

preferential activation of the opioid pathway. 
In addition to the control of feeding, the hypothalamus 

is also important in the regulation of the pituitary and 

the entire hypothalamic-pituitary axis. In particular, the 
arcuate nucleus projects to parvocellular neurons within 

the paraventricular nucleus, which regulate pituitary 
function by secretion of peptide factors (e.g., corticotro- 
pin-releasing hormone) into the portal vasculature. 
These neurons are thought to secrete these peptides in a 
pulsatile manner. The inner palisade zone of the median 

eminence contains the unmyelinated axons of the neu- 
rosecretory neurons projecting from the hypothalamus 

to the posterior pituitary. It is intriguing to speculate 
that ART may be providing temporal regulation of hy- 
pothalamic function, analagous to the haircycle-specific 

regulation of melanogenesis by agouti. 
The expression of ART in the adrenal medulla does 

not appear to colocalize with any known melanocortin 

receptor, as both MC2-R and MC5-R are apparently con- 
fined to the cortex of the adrenal gland (Cone et al. 1996). 
The adrenal medulla, as opposed to the cortex, is neural 

crest in origin, and secretes peptides such as adrenalin 
and noradrenalin. Whether ART is involved in regulating 

the secretory function of the adrenal gland awaits further 
studies, as does the functional significance, if any, of the 
smaller splice variant of ART present in this tissue. 

However, because it is still unclear whether antago- 

nism at melanocortin receptors accounts completely for 
all the actions of agouti, other pathways may be involved 
in ART signaling. In particular, the carboxy-terminal 

conservation of cysteines between ART, agouti, and spi- 
der toxins may suggest a role for other pathways, possi- 
bly by regulating intracellular calcium levels. These cys- 
teines have been predicted from three-dimensional 

nuclear magnetic resonance studies to form four disul- 

fide bridges that constrain the toxin into a biologically 

active structure (Kim et al. 1995). 
The known biological activities of agouti, the hypo- 

thalamic localization of melanocortin receptors, and the 
phenotype of mice lacking MC4-R has implicated these 

gene products in the control of obesity. The sequence 
homology of ART to agouti and its expression pattern 
suggests a role in the regulation of melanocortin recep- 

tors in the hypothalamus and adrenal gland. The el- 
evated expression of ART in mutant  animal models of 

obesity identifies a potential participant in the hypotha- 

lamic control of feeding. 
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Figure 7. FISH mapping of human (A) or mouse (B) gene to chromosomes from peripheral blood leukocytes or male ES cells, 

respectively. (A) A biotin-labeled probe specific for the heterochromatic region of chromosome 16 is indicated by double arrowheads, 

whereas a digoxigenin-labeled Pl clone containing human ART is denoted by single arrowheads. This corresponds to human chro- 

mosome 16q22 (bottom). (B) Specific labeling of chromosome 8 by a digoxigenin-labeled BAC clone containing mouse ART sequences 

is indicated by single arrowhead. This region corresponds to mouse chromosome 8D1-D2 (bottom). 

Materials and methods 

GenBank EST search 

The public EST database was searched with a sequence profile 

(Gribskov et al. 1987; Liithy et al. 1994) constructed from the 

human and murine agouti peptide sequence. One submission 

(H63735) was found to have homology to this profile. The sub- 

mission containing the sequence from the opposite end of this 

cDNA clone was obtained (H63298), but did not show any ho- 

mology to the profile. The bacterial stock containing the cDNA 

clone (I.M.A.G.E. Consortium CloneID 208641) corresponding 

to these two submissions was obtained (Genome Systems, St. 

Louis, MO). DNA isolated from this clone (Qiagen) was se- 

quenced both to confirm the identity of the clone as well as to 
extend the sequence. 

Northern blot analysis 

Nylon filters containing immobilized human poly(A) RNA (2 ~g 

per lane) from a variety of human tissues (Clontech) were ex- 

amined for ART expression. Clone 208641 was digested with 
NcoI-NotI to generate a 600-bp probe, which was then labeled 

radioactively with [c~-32p]dCTP (RediVue, Amersham) in a ran- 

dom-primed reaction (RediPrime, Amersham). Unincorporated 

radioactivity was excluded by size exclusion chromatography 

(QuickSpin columns, Boehringer Mannheim). The filters were 

hybridized overnight at 42°C in buffer containing 50% formam- 

ide, 2% SDS, 10x Denhardt's, 100 ~g/ml of salmon sperm DNA, 

and 5x SSPE. The filters were then washed in 2x SSC, 0.05% 

SDS at room temperature for 40 min with three changes of wash 

solution, followed by 30 min at 50°C in 0.1x SSC, 0.1% SDS. 

Hybridization signals were detected by placing the filters in a 

Phosphorlmager cassette (Molecular Dynamics) overnight. 

RACE cloning 

To obtain the full-length cDNA clone corresponding to clone 

208641, human poly(A) + RNA (Clontech) from adrenal gland, 

subthalamic nucleus, and lung was reverse transcribed, sec- 

ond strand cDNA was synthesized, and ligated to adapter 

primers using the Marathon cDNA amplification kit (Clon- 

tech). The final cDNA products were purified from unligated 

adapter primers (PCR Clean-up kit, Qiagen), and used as a tem- 
plate for subsequent RACE reactions using PCR. PCR was per- 
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formed with the AP1 primer (5'-CCATCCTAATACGACT- 

CACTATAGGGC-3') and a gene-specific primer using the Ad- 

vantage PCR kit components (Clontech). For the 5' RACE, the 
gene-specific primer was 1275-34 (5'-TAGCCCCGACCCT- 

GACGTTGGC-3'); for the 3' RACE, the primer number 1291- 
71 (5'-GCTCCTCACGTCGCTGCGTAA-3') was used. After an 

initial denaturation step (94°C, 3 min), the reactions were 

cycled five times at 94°C, 15 see, 72°C, 2 min; five times at 

94°C, 15 sec, 70°C, 2 min; and 25 cycles at 94°C, 15 sec, 68°C, 

2 min on a Perkin Elmer 2400 PCR machine. 
For 5' RACE, an aliquot of the reaction mix was electropho- 

resed on an agarose gel, and the bands migrating at -600 bp were 

excised and purified (Gel Extraction kit, Qiagen) and used as a 

template for subsequent PCR using the nested primer AP2 (5'- 

ACTCACTATAGGGCTCGAGCGGC-3') and oligonucleotide 

1275-34. The PCR conditions were the same as previously de- 

scribed. 

To subclone the PCR products from the nested 5' RACE and 
the 3' RACE reactions, an aliquot was electrophoresed on aga- 

rose, and the desired bands were excised, purified, and cloned 
into a plasmid (TA Cloning kit, Invitrogen). DNA was purified 

from bacteria containing the plasmid (Qiagen), digested with 

EcoRI and electrophoresed to confirm the presence and size of 

the insert. Clones containing a variety of insert sizes were se- 

quenced with T7 and M13 primers. The sequence obtained was 
used to determine which clones had inserts that contained ART 

cDNA, and to design oligonucleotide primers to the 5' portion 

of the cDNA. 

Genomic cloning 

High-density filters spotted with DNA from human genomic P 1 
clones (Genome Systems) were hybridized with [a-g2P]dCTP- 

labeled NcoI-NotI probe described above in RapidHyb buffer 
(Amersham) at 65°C for 4 hr. The filters were then washed in 

2x SSC, 0.2% SDS at room temperature for 30 min, and then in 

0.2x SSC, 0.2% SDS at 65°C for 30 rain. The filters were placed 
into autoradiograph cassettes with Hyperfilrn (Amersham) and 

placed at -80°C overnight. The film was then developed, and 

the coordinates of P1 clones that hybridized to the probe were 

recorded. Bacterial stocks containing these positive P1 clones 

were obtained (Genome Systems) and DNA isolated (Qiagen). 

To obtain the mouse genomic clones a phage library (Strata- 

gene) and high-density filters spotted with a mouse bacterial 
artificial chromosome (BAC) library (Genome Systems) were 

screened with the full-length human ART cDNA or a 220-bp 
probe from the cysteine-rich region generated by PCR using 

oligonucleotides 1297- 71 and 1275-34, respectively. 
An aliquot of DNA was digested with EcoRI, electrophoresed 

on a 0.9% agarose gel, and the bands migrating at -2-3 kb ex- 

cised, purified, and subcloned (Bluescript KSII, Stratagene). 
DNA was isolated from bacteria-containing inserts (Qiagen), 

digested with EcoRI, electrophoresed, transferred to nylon fil- 
ters (Turboblotter, S&S), and UV cross-linked (Stratagene). 

These filters were then hybridized with the NcoI-NotI probe 

(human P1 clones) or the 220-bp probe (mouse BAC clones) as 

described above to identify clones that contained ART se- 

quences. DNA from these clones was then sequenced to provide 

the genomic structure of the gene. 

RT-PCR 

RNA was prepared from the tissues indicated using the RNea- 
syTotal RNA Kit (Qiagen). Oligonucleotides flanking the coding 

region of murine ART were used to amplify total RNA using the 

GeneAmp EZ rTth RNA PCR Kit (Perkin Elmer) for 35 cycles. 

Twenty-five percent of the reaction was run on a 1.25 % agarose 

gel for visualization. The amplicon from RNA is 393 bp, 
whereas any contaminating genomic DNA yields a 733-bp frag- 

ment. 

FISH mapping 

DNA was isolated from either a P1 clone or mouse BAC clone 

containing human or mouse genomic ART sequences, respec- 
tively. The DNA was labeled with digoxigenin dUTP by nick 

translation. Labeled probe was combined with sheared human 

or mouse DNA and hybridized to normal metaphase chromo- 

somes derived from phytohemagglutinin (PHA)-stimulated pe- 

ripheral blood lymphocytes or mouse ES cells in a solution con- 

taining 50% formamide, 10% dextran sulfate, and 2x SSC. Spe- 

cific hybridization signals were detected by incubating the 

hybridized slides in fluoresceinated anti-digoxigenin antibodies 
followed by counterstaining with propidium iodide for one- 

color experiments. Signal detection for two-color experiments 
was the same except for the inclusion of avidin Texas red and 

counterstaining with DAPI. For the human gene, a biotin-la- 

beled probe specific for the heterochromatic region of chromo- 

some 16 was cohybridized with the P1 probe, resulting in the 

heterochromatic region visualized in red, and the long arm of 
chromosome 16 in green. Measurement of 10 specifically hy- 

bridized chromosomes 16 were used to determine the distance 

from the telomere to the P1 probe location. 

In situ hybridization 

Tissues were rapidly dissected, fixed overnight in 4% paraform- 
aldehyde, embedded in paraffin, and sectioned at 5 gm. A probe 

encompassing the full-length coding sequence of mouse ART 
was cloned into PCR2.1 (Invitrogen). UTP labeled with 32p (Am- 

ersham) was used to synthesize an antisense riboprobe from the 

linearized plasmid template, and in situ hybridization was per- 

formed as described (Ellison et al. 1996). 
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