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Claycombe, Kate J., Yanxin Wang, Brynn H. Jones,
Suyeon Kim, William O. Wilkison, Michael B. Zemel,
Joseph Chun, and Naima Moustaid-Moussa. Transcrip-
tional regulation of the adipocyte fatty acid synthase gene
by agouti: interaction with insulin. Physiol Genomics 3:
157-162, 2000.—Mice carrying dominant mutations at the
agouti locus exhibit ectopic expression of agouti gene tran-
scripts, obesity, and type II diabetes through unknown mech-
anisms. To gain insight into the role of agouti protein in
modulating adiposity, we investigated regulation of a key
lipogenic gene, fatty acid synthase (FAS) by agouti alone and
in combination with insulin. Both agouti and insulin increase
FAS activity in 3T3-L1 and in human adipocytes. Agouti and
insulin independently and additively increase FAS activity in
3T3-L1 adipocytes. We further investigated the mechanism
responsible for the agouti-induced FAS expression in these
cells and demonstrated that both insulin (3-fold increase)
and agouti (2-fold) increased FAS gene expression at the
transcriptional level. Furthermore, insulin and agouti to-
gether exerted additive effects (5-fold increase) on FAS gene
transcription. Transfection assays of FAS promoter-lucif-
erase fusion gene constructs into 3T3-L1 adipocytes indi-
cated that the agouti response element(s) is (are) located in
the —435 to —415 region (—435/—415) of the FAS promoter.
Nuclear proteins binding to this novel sequence are adipocyte
specific. Thus the agouti response sequences mapped to a
region upstream of the insulin-responsive element (which we
previously reported to be located at —67/—52), consistent
with additive effects of these two factors on FAS gene tran-
scription.

gene transcription; regulatory sequences

AGOUTI, A PARACRINE FACTOR composed of 131 amino ac-
ids, is normally secreted within hair follicles during the
hair growth period (26, 32). Secreted agouti protein
regulates hair pigmentation by competitive antago-
nism of a-melanocyte stimulating hormone at its re-
ceptor (MC1-R), resulting in a switch from eumelanin
to phaeomelanin production (16, 26). Promoter muta-

Article published online before print. See web site for date of
publication (http://physiolgenomics.physiology.org).

Address for reprint requests and other correspondence: N.
Moustaid-Moussa, Dept. of Nutrition, Univ. of Tennessee, 1215 W.
Cumberland Ave., Knoxville, TN 37996-1900 (E-mail: moustaid
@utk.edu)

1094-8341/00 $5.00 Copyright © 2000 the American Physiological Society

tions at the mouse agouti locus resulting in ectopic
expression of the agouti gene cause yellow coat color,
marked obesity, hyperinsulinemia, type II diabetes,
and development of cancer (15, 29).

Although agouti was the first obesity gene to be
cloned (4), the role of agouti in the development of
obesity is not fully understood. Both peripheral and
central effects of agouti have been implicated in yellow
mouse obesity (22). Centrally, agouti has been shown
to antagonize the hypothalamic melanocortin receptor
(MC4-R), resulting in inhibition of feeding behavior (7).
In addition, we have obtained evidence supporting
peripheral actions of agouti in the etiology of yellow
mouse obesity. Fatty acid synthase (FAS) is expressed
at significantly higher levels in the fat tissues of A"/a
mice (viable yellow) compared with lean control and in
transgenic mice that ubiquitously overexpress the
agouti gene (11, 12). We also have shown that agouti
increases FAS expression and lipogenesis via an intra-
cellular Ca®" ([Ca®*],)-dependent mechanism (11-13).
Furthermore, insulin treatment of transgenic mice ex-
pressing the agouti gene specifically in adipocytes un-
der the control of the aP2 (adipocyte fatty acid binding
protein) promoter (6) causes a significant increase in
body weight compared with untreated transgenic mice
(23). Consequently, we hypothesized that agouti inter-
acts with insulin to induce obesity by upregulating
lipogenesis in adipose tissue.

To gain insight into the specific role of agouti protein
in adipocytes and its interaction with insulin, we in-
vestigated the effects of these two factors on FAS
expression in adipocytes. FAS plays a key role in long-
term regulation of lipogenesis and catalyzes de novo
synthesis of palmitate from acetyl-CoA and malonyl-
CoA; this pathway is highly regulated by nutritional
factors as well as hormonal signals (10). Insulin has
been shown to induce FAS in several species (2, 5, 10,
20, 24). We have previously demonstrated that this
increase in FAS gene expression is mediated via an
insulin response element within the proximal rat FAS
promoter (18).

In our present study, we report an additive effect of
agouti and insulin in inducing FAS expression in
3T3-L1 adipocytes. Furthermore, this induction of FAS
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activity is due to increased FAS gene transcription in
3T3-L1 adipocytes. Finally, we map the agouti re-
sponse element to a region distinct from the insulin
response element, and we demonstrate that specific
adipocyte nuclear proteins bind this novel agouti-re-
sponsive sequence.

MATERIALS AND METHODS

Expression of agouti cDNA. Full-length agouti cDNA was
subcloned into a baculovirus expression vector and expressed
in Trichoplusia ni cells. Medium was collected 48 h after
infection and partially purified as previously described (16).

Cell culture. 3T3-L1 cells were grown and differentiated as
previously described (11, 21). Briefly, cells were grown to
confluence in standard medium (DMEM supplemented with
10% FBS). At confluence, cells were induced to differentiate
by addition of dexamethasone (250 nM) and isobutylmethyl-
xanthine (0.5 mM) to standard medium for 2 days. Cells were
maintained for 3 additional days in standard medium, then
cultured overnight in serum-free medium (containing 1%
BSA) prior to treatment with agouti protein and/or insulin as
indicated in the legends to Figs. 1-6. HepG2 cells were
maintained in DMEM supplemented with 10% FBS, and
subconfluent cells were used for nuclei preparation.

Human adipocyte cell culture. Human adipose tissues were
obtained from abdominal fat of patients undergoing elective
liposuction or abdominoplasty. These tissues were processed
as previously described (5, 20). Briefly, adipose tissue was
minced into small fragments, digested with collagenase
(GIBCO BRL; Life Technologies, Bethesda, MD), and filtered
(350 wm mesh). The floating adipocyte fraction was then
maintained in DMEM medium supplemented with 1% FBS,
and cells were treated as described in the legend to Fig. 2.

FAS activity. FAS activity was measured spectrophoto-
metrically in crude cytosolic extracts of 3T3-L1 or human
adipocytes by measuring the oxidation rate of NADPH at 340
nm/min (19). FAS activity was normalized per milligram
protein or per microgram DNA, assayed as we previously
described (5, 11).

Northern Blot analysis. Differentiated cells were main-
tained overnight in serum-free medium prior to hormone
treatment (insulin and/or agouti), as indicated in the legends
to Fig. 1-6. Total RNA was isolated by the CsCl method (11,
21). RNA was subjected to agarose gel electrophoresis, and
Northern blot analysis was performed using FAS and actin
cDNAs as probes. Autoradiograms were analyzed by densi-
tometric scanning.

Nuclear run-on assay. Nuclei were isolated from control,
agouti and/or insulin-treated 3T3-L1 adipocytes as previ-
ously described (21). Nuclei were then labeled with [*2P]UTP,
and labeled RNA were purified and hybridized to rat FAS
c¢DNA (cloned in Dr. Porter’s lab and kindly provided by Dr.
A. G. Goodridge, University of Iowa, Iowa City, IA) and
lipoprotein lipase (LPL) ¢cDNA, which was used as a control
(kindly provided by Dr. S. Fried, Rutgers University, NJ).

FAS-luciferase fusion gene construct. A fragment of the
FAS 5'-flanking region spanning —2100 to +67 was gener-
ated by PCR using rat genomic DNA and subcloned into the
pGL-basic vector (Promega, Madison, WI). Various deletions
of this fragment were subsequently generated using Exo 111
mung bean nuclease deletion kit (Stratagene, La Jolla, CA)
(18) or by PCR using previously published FAS promoter
sequences (1, 3). For fusion constructs containing sequences
—450 to —395 or —435 to —415, these oligonucleotides were
first synthesized, annealed, and then subcloned into pGL2
SV promoter-luciferase plasmid.

AGOUTI-RESPONSIVE SEQUENCES IN THE FATTY ACID SYNTHASE GENE

Transient transfections. 3T3-L1 adipocytes were trans-
fected with each of the above fusion gene constructs using the
calcium phosphate-DNA coprecipitation method (kit pur-
chased from GIBCO BRL) as we previously described (18).
Transfected cells were maintained overnight in serum-free
medium before treating with agouti and/or insulin for up to
48 h, as indicated in the legend to Fig. 5. SV-B-galactosidase
fusion construct (Promega) was cotransfected with each of
the fusion constructs to normalize for the transfection effi-
ciency. pGL2 control, which contains the SV40 promoter
linked to the luciferase gene, was used as a control to deter-
mine specificity of agouti effect on FAS promoter. Agouti did
not affect luciferase activity when driven by the SV promoter
alone (pGL2 SV promoter).

Luciferase and B-galactosidase assays. The cells were lysed
in 100 mM potassium phosphate, pH 7.8, 0.2% Triton X-100,
and 1 mM dithiothreitol. The cytosolic extracts of lysed cells
were used for luciferase activity. Luciferase and B-galactosi-
dase activities were measured utilizing a luminometer
(Berthold, Nashua, NH) and a dual-luminescence assay kit
(Tropix, Bedford, MA).

Gel-mobility shift assays. Nuclei were isolated as described
above from 3T3-L1 and HepG2 cells and used to prepare
nuclear extracts as previously described (18, 20). HeLa nu-
clear extracts were purchased from Promega. Two comple-
mentary single strands of 20-bp oligonucleotides containing
FAS promoter sequences spanning —435/—415 region or mu-
tations within this region (oligonucleotides M3 and M5, de-
scribed in Fig. 6B) were synthesized, then annealed by incu-
bating equal molar concentrations in 1 M Tris-HCI (pH 7.5),
5 M NaCl, and 0.5 M EDTA at 65°C for 10 min followed by
cooling to room temperature. The annealed oligonucleotides
were 5'-end labeled with [y->2P]ATP using T4 polynucleotide
kinase (Promega). Gel shift binding assays were performed
at room temperature in 2 pl of binding buffer [5 mM MgCl,,
2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 50 mM
Tris-HCI, pH 7.5, and 0.25 pg/pl poly(dIdC) in 20% glycerol]
for 30 min. Each reaction contained 50,000 cpm (1.75 pmol) of
oligonucleotides and 2 pg of nuclear extracts. Unlabeled
competitors were added to reaction mixtures containing nu-
clear extract and binding buffer for 20 min at room temper-
ature prior to addition of labeled oligonucleotides. Electro-
phoresis of DNA-protein complexes was conducted using a
3% nondenaturing polyacrylamide gel in 50 mM Tris-HCI, 45
mM boric acid, and 0.5 mM EDTA (pH 8.3). The gels were
dried and exposed to X-ray film at —80°C.

Statistical analysis. One-way ANOVA was used (SAS,
Cary, NC) for statistical analysis. All data are expressed as
means + SE. All tests were conducted using a 95% confidence
interval.

RESULTS

Effects of agouti and insulin on FAS activity and
mRNA levels. We have previously shown that insulin
induces FAS expression (5, 18, 20). In addition, we
have reported that agouti significantly increases FAS
activity and triglyceride content in 3T3-L1 adipocytes
(11). However, mechanisms of agouti regulation of FAS
or its interaction with insulin are not known. In both
3T3-L1 (Fig. 1) and primary human adipocytes (Fig. 2),
agouti and insulin each increased FAS enzyme activity
by approximately threefold compared with control
cells. Combined agouti and insulin treatment caused
an approximately sixfold increase in FAS activity in
3T3-L1 adipocytes, demonstrating additive effects (Fig.
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Fig. 1. Effect of agouti and insulin on fatty acid synthase (FAS)
activity in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were
maintained overnight in serum-free media. Cells were then treated
with agouti (100 nM) and/or insulin (100 nM) for 48 h, and FAS
enzyme activity was assayed as described in MATERIALS AND METHODS.
Data are means + SE. #>°P < 0.01, groups with different symbols
are statistically different from each other. Each treatment repre-
sents an average from 4 separate dishes, and this is representative of
3 independent culture experiments.

1). These additive effects were not however, observed
in human adipocytes (Fig. 2). These data demonstrate
that 1) consistent with our previous report, agouti, like
insulin, directly regulates lipogenesis by inducing FAS
activity and 2) agouti and insulin independently and
additively increase FAS activity. Similar effects of agouti
and insulin were observed on FAS mRNA content (Fig.
3). Insulin (10 or 100 nM) and agouti (10 or 100 nM)
increased FAS mRNA content in 3T3-L1 adipocytes by
approximately fourfold, whereas the combination of
both hormones increased FAS mRNA content by sev-
enfold. This demonstrates that agouti, like insulin,
regulates FAS gene expression at the pretranslational
level.

Effects of agouti on FAS gene transcription.
Changes in mRNA content normally correlate with
parallel changes in the amount of transcribed mes-
sage and/or stability of the message. We therefore first
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Fig. 2. Effect of agouti and insulin on FAS activity in human adipo-
cytes. Primary human adipocytes were cultured in 1% FBS-supple-
mented media and treated with agouti (100 nM) and/or insulin (100
nM) for 48 h. FAS enzyme activity was then was assayed as de-
scribed in MATERIALS AND METHODS. Data are means = SE. #°P <
0.05; groups with different characters are statistically different from
each other. Each treatment represents an average from 6 separate
flasks. This experiment was repeated in 5 other patients, which
provided comparable results.
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Fig. 3. Effect of agouti and insulin on FAS mRNA content in 3T3-L1
adipocytes. Total RNA was isolated from cells treated with or with-
out insulin (Ins, 10 and 100 nM), agouti (Ag, 10 and 100 nM), or
insulin plus agouti (100 nM each) for 24 h. Northern blot analysis
was performed as described in MATERIALS AND METHODS using FAS
and actin as probes. A representative autoradiogram is shown (A),
and data averaging two experiments were analyzed by densitometry
scanning (B).

tested whether increased FAS mRNA by agouti was due
to increased FAS gene transcription. Results from the
nuclear run-on assays using nuclei isolated from ag-
outi- and/or insulin-treated 3T3-L1 adipocytes demon-
strated that both insulin (6-fold increase) and agouti
(3-fold) increased FAS gene expression at the tran-
scriptional level (Fig. 4). Agouti-induced FAS gene
transcription was specific since transcription rate of
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Fig. 4. Effect of agouti and insulin on FAS gene transcriptional rate in
3T3-L1 adipocytes. Nuclei were isolated from 3T3-L1 adipocytes that
had been treated with agouti (50 nM) and/or insulin (20 nM) for 24 h.
Nuclei were then labeled with [*2P]JUTP and hybridized to FAS or
lipoprotein lipase (LPL) cDNA, which were immobilized on nylon mem-
brane, and radioactivity was counted as arbitrary units. Results were
obtained from an average of 3 separate assays in which triplicate
samples were prepared. Data are means +SE. P4 P < 0.05, groups
with different letters are statistically different from each other.
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LPL (a key gene in triglyceride accumulation in adipo-
cytes) was not changed by agouti treatment. Further-
more, a combination of these two hormones showed
additive effects (9-fold increase) on FAS gene tran-
scription rate (Fig. 4). These changes in FAS gene
transcription by agouti or insulin are consistent with
those observed for FAS enzyme activity and mRNA
levels (Figs. 1-3). Collectively, results from these stud-
ies demonstrate that 1) agouti, like insulin, regulates
FAS gene expression primarily at the transcriptional
level and 2) insulin and agouti act via independent
transcriptional elements/ factors to regulate the FAS
promoter.

Agouti response element(s) in FAS promoter. To fur-
ther investigate the mechanisms of transcriptional reg-
ulation of the FAS gene by agouti, we searched for an
agouti-responsive region(s) within the FAS promoter.
Using transfection assays, we initially tested a pro-
moter region containing 500 bp of the FAS 5'-flanking
region. We have previously mapped the insulin re-
sponse sequence to —67/—52 region within the FAS
proximal promoter (18). We first transfected 3T3-L1
adipocytes with FAS-promoter luciferase fusion gene
constructs (=500 to +67 and —300 to +67), both of
which contain the insulin-responsive region, and the
effects of agouti on luciferase activity were measured.
Agouti significantly increased luciferase activity (Fig.
5A) in 3T3-L1 cells transfected with the —500 to +67
regions of the FAS promoter compared with cells trans-
fected with —300 to +67 of the FAS promoter or pGL2
control, which were not responsive to agouti. To further
narrow down the agouti-responsive region, we gener-
ated smaller fragments within the region spanning
from —500 to —300. Agouti increased reporter gene ac-
tivity in cells transfected with luciferase reporter con-
structs containing —450/—395 or —435/—415 sequences
of the FAS promoter, ligated into pGL2 SV promoter-
luciferase plasmid to levels comparable to those observed
in cells transfected with —500/+67 fragment (Fig. 5A).
The highest inductions of luciferase activity (~3-fold)
were achieved with cells transfected with the —435/—415
sequence (Fig. 5A). The SV promoter (pGL2 control) or
other FAS luciferase fusion constructs spanning the
—500/—300 region were not responsive to agouti (not
shown). These results indicate that 1) agouti response
element, AgRE, is located in the —435 to —415 region
upstream of the FAS transcription start site and 2) ag-
outi-responsive region is distinct from the insulin-respon-
sive region (15) (Fig. 5B).

Binding of nuclear factors to the putative FAS agouti
response sequences. After we identified a 20-bp region
of the FAS promoter that contains the agouti response
element(s), we used gel shift assays to determine
whether nuclear factors present in 3T3-L1 adipocytes
indeed bind to this region of the FAS promoter. As
indicated in Fig. 6A, nuclear extracts from 3T3-L1
adipocytes contained proteins that altered the electro-
phoretic mobility of oligonucleotides specific for the
AgRE. This major DNA-protein complex was competed
away by the same unlabeled oligonucleotide. Very low
binding was observed with nuclear extracts from pre-

AGOUTI-RESPONSIVE SEQUENCES IN THE FATTY ACID SYNTHASE GENE
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Fig. 5. Identification of agouti-responsive region in FAS promoter in
transfections assays. A: 3T3-L1 adipocytes were transfected with
FAS-luciferase fusion gene constructs as described in MATERIALS AND
METHODS. pGL is the control plasmid containing SV promoter and
luciferase and no FAS sequences. Transfected cells (6 dishes for each
treatment) were maintained overnight in serum-free media prior to
treatment of agouti (100 nM) and/or insulin (100 nM) for 48 h. Cells
were then harvested and subjected to luciferase activity, which was
normalized to B-galactosidase activity. Data are means + SE. *PP <
0.05; groups with different characters are statistically different from
each other. This experiment was repeated three times. B: agouti and
insulin response elements in the FAS promoter.

adipocytes and HepG2 cells, and no binding was de-
tected with nuclear extracts from Hela cells. These
results suggest that the transcription factor(s) that
binds to the AgRE in the FAS promoter is adipocyte
differentiation dependent.

To further define the binding specificity of AgRE to
adipocyte nuclear proteins, we synthesized two mu-
tants (M3, 5'-AAGAGACACGGACCTATTAT-3’; and
M5, 5'-CAACATGTCGGACCTGTTCT-3'). As shown in
Fig. 6B, unlabeled M3 competitor did not displace
AgRE (5'-CAGCGACACGGACCTGTTCT-3’) binding
to adipocyte nuclear extracts. However, M5 competed
away the labeled AgRE. These results suggest that the
sequence CGGACCTGTTCT is critical for binding of
AgRE to adipocyte nuclear proteins.

Collectively, these data indicate that the AgRE we
identified in the FAS promoter is the candidate site for
agouti-mediated FAS transcription. Importantly, nu-
clear proteins from both murine 3T3-L1 adipocytes as
well as isolated human adipocytes were able to bind to
this region (data not shown). It is also worth noting
that, as described for other DNA-binding proteins,
agouti treatment did not modify the binding capacity
or mobility of this band (data not shown).

DISCUSSION

Several studies have demonstrated that insulin is a
lipogenic hormone that regulates transcription of lipo-

http://physiolgenomics.physiology.org
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Fig. 6. Binding of 3T3-L1 adipocyte nuclear proteins to the agouti
response element in gel mobility shift assay. A: nuclear extracts from
adipocytes (Ad, lanes 4 and 6), preadipocytes (PA, lane 5), HeLa cells
(HL, lane 2), or HepG2 cells (HG, lane 3) were incubated with the
labeled agouti response element (AgRE, —435/—415 region of the
FAS promoter). Excess AgRE competitor was added in lane 4, and no
extracts were added to lane 1. Gel shift assays were performed as
described in MATERIALS AND METHODS, and a representative autora-
diogram is shown. Arrow indicates specific AgRE binding to adipo-
cyte nuclear extracts. B: adipocyte nuclear extracts were incubated
with labeled AgRE 5'-CAGCGACACGGACCTGTTCT-3’ in the ab-
sence (lane 1) or the presence of AgRE (lane 2) or mutations within
AgRE, named M3 (5'-AAGAGACACGGACCTATTAT-3') (lane 3) and
M5 (5'- CAACATGTCGGACCTGTTCT-3') (lane 4), where under-
lined bases were mutated. Gel shift assays were performed as de-
scribed in MATERIALS AND METHODS, and a representative autoradio-
gram is shown.

genic genes including the FAS gene (5, 9, 17, 18, 27,
30). Insulin acts either directly or in conjunction
with a glucose metabolite to regulate the FAS gene
transcription (8, 9). In all of our studies, insulin
effect was tested in the presence of glucose and thus
may reflect an insulin/glucose regulation of the FAS
gene. Hepatic transcription factors that mediate in-
sulin responsiveness have been identified including
upstream stimulatory factor I (USF1) and Spl, which
bind to —71 to —50 and —57 to —35 regions of the FAS
promoter, respectively (9, 27). Adipocyte determination
differentiation-dependent factor (ADD-1, or sterol reg-
ulatory element binding protein, SREBP-1) is another

161

type of transcription factor, which mediates its effect
on adipocyte energy homeostasis and adipocyte genes
including FAS and leptin through the insulin response
element (14).

Four different regions at —500 of FAS promoter
bind specific nuclear factors, including Sp1 and NF-Y
(25), and transcriptional induction of FAS by NF-Y
and Spl interaction (cooperate DNA binding) has
been suggested (25). Currently, transcription factors
mediating agouti regulation of gene transcription
are not known. To our knowledge, this is the first
report of agouti regulation of gene transcription and
of identification of agouti response sequences in any
gene.

We demonstrated that agouti, like insulin, in-
creases FAS activity in murine and human adipo-
cytes. In 3T3-L1 adipocytes, this increase was medi-
ated at the transcriptional level, and agouti and
insulin together showed additive effects on FAS ex-
pression, suggesting that these two proteins act
through independent transcription factors and DNA
elements within the FAS promoter. Indeed, we iden-
tified an agouti-responsive sequence within a FAS
promoter region (—435 to —415), which is distinct
from insulin-responsive sequences we previously re-
ported (18). Using mutations within the AgRE, we
defined a minimal sequence at —426 (CGGACCTGT-
TCT) that is critical for binding of AgRE to adipocyte
nuclear proteins. The agouti response sequence re-
ported here is novel sequence that binds more likely
to a novel trans-acting factor, since this sequence
does not share homology with any other published
regulatory sequences. Future studies will use fur-
ther mutational analysis to fully characterize this
agouti response element. Interestingly, we have
shown that yellow obese mice carrying agouti muta-
tion exhibit increased [Ca®"]; levels (33) and that
agouti increases [Ca®"]; in several cell types, includ-
ing adipocytes (12). Consistent with a Ca®*-linked
agouti transduction pathway, we have also shown
that agouti induces adipocyte FAS activity, both in
vivo and in vitro via a Ca®?" -dependent mechanism
(11, 13). Therefore, further studies will aim to deter-
mine whether this agouti response sequence serves
also as a Ca®" response element in the FAS gene.

Agouti is normally expressed in human adipose
tissue (28). Furthermore, we have recently shown
that agouti is expressed in human pancreas, where it
serves as a potent insulin secretagogue (31). Thus
these data indicate that the coexpression of agouti
and hyperinsulinemia, often found in concert, may
be attributable in part to combined actions of agouti
in adipose cells and in the pancreas. Our studies
demonstrate that, in addition to the effect of agouti
(or agouti related protein, AGRP) in the brain to
increase food intake, agouti also regulates adipocyte
metabolism, and thus this protein may act via cen-
tral as well as peripheral mechanisms to regulate adi-
posity (22).
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