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Obesity is the result of numerous, interacting behavioral, physiological, and biochemical factors. One
increasingly important factor is the generation of additional fat cells, or adipocytes, in response to excess
feeding and/or large increases in body fat composition. The generation of new adipocytes is controlled by
several “adipocyte-specific” transcription factors that regulate preadipocyte proliferation and adipogenesis.
Generally these adipocyte-specific factors are expressed only following the induction of adipogenesis. The
transcription factor(s) that are involved in initiating adipocyte differentiation have not been identified. Here
we demonstrate that the transcription factor, CREB, is constitutively expressed in preadipocytes and through-
out the differentiation process and that CREB is stimulated by conventional differentiation-inducing agents
such as insulin, dexamethasone, and dibutyryl cAMP. Stably transfected 3T3-L1 preadipocytes were generated
in which we could induce the expression of either a constitutively active CREB (VP16-CREB) or a dominant-
negative CREB (KCREB). Inducible expression of VP16-CREB alone was sufficient to initiate adipogenesis as
determined by triacylglycerol storage, cell morphology, and the expression of two adipocyte marker genes,
peroxisome proliferator activated receptor gamma 2, and fatty acid binding protein. Alternatively, KCREB
alone blocked adipogenesis in cells treated with conventional differentiation-inducing agents. These data
indicate that activation of CREB was necessary and sufficient to induce adipogenesis. Finally, CREB was shown
to bind to putative CRE sequences in the promoters of several adipocyte-specific genes. These data firmly
establish CREB as a primary regulator of adipogenesis and suggest that CREB may play similar roles in other

cells and tissues.

Excess body fat, or obesity, is a major health concern in the
United States and other developed nations. It has been esti-
mated that 26% of Americans are overweight (2), with 5 to
14% of men and 7 to 24% of women considered obese de-
pending on the definition employed (2, 5, 6, 12, 22, 45, 57).
Similar or even higher estimates for the prevalence of obesity
have been reported in other countries (42). Obesity contributes
to an increased rate of mortality (20) by virtue of its role in the
development of cardiovascular disease, diabetes, pulmonary
dysfunction, and gallstones (5, 10, 12).

Weight gain and obesity occur when energy intake by an
individual exceeds the rate of energy expenditure (23). Energy
intake and expenditure are in turn determined by multiple,
interacting factors ranging from dietary composition and feed-
ing and exercise habits to physiologic factors and biochemical
pathways that modulate lipid and overall energy metabolism
(58). At the cellular level obesity was originally considered a
hypertrophic disease resulting from an increase in fat cell size
or volume (30). However, several studies have demonstrated a
hyperplastic component to obesity. For example, sequential
biopsies in children indicate that fat cell numbers increase
when body fat reaches 25% of total weight (26, 35). Similarly,
obese adults have increased numbers of fat cells (30), and
preadipocytes from obese subjects proliferate more rapidly in
culture than cells from lean individuals (30, 51). New fat cells
could arise from a preexisting population of undifferentiated
progenitor cells or through the dedifferentiation of adipocytes
to preadipocytes which then proliferate and redifferentiate into
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mature adipocytes. In either case, the generation of new fat
cells demonstrates the crucial role of adipocyte proliferation
and differentiation in the development of obesity.

The isolation and characterization of cell lines that progress
from undifferentiated progenitor cells to mature adipocytes
following appropriate stimulation has made it possible to iden-
tify factors that participate in adipocyte development (40).
Among these factors, the nuclear hormone receptor, peroxi-
some proliferator activated receptor gamma 2 (PPARYy2),
members of the CCAAT-enhancer binding protein (CEBP)
family of transcription factors, and adipocyte determination-
differentiation factor 1 (ADD1-SREBP) appear to play par-
amount roles in adipocyte differentiation (40, 58). Ectopic
expression of PPARy2 has been shown to drive the differen-
tiation of preadipocytes to mature adipocytes in the presence
of PPAR ligands (64), and PPAR~2 has been shown to bind to
the promoters of several adipocyte-specific genes as a hetero-
dimer with the cis-retinoic acid receptor alpha (RXRa) (62,
63). CEBP@, which is expressed early in the adipocyte differ-
entiation program, has likewise been shown to promote the
differentiation of fibroblasts to adipocytes (75) and increase
the expression of PPAR«y2 (68). CEBPa is expressed relatively
late in adipogenesis and appears to accelerate or potentiate the
differentiation process as well as stimulate the expression of
certain adipocyte-specific genes (40). While expressed late in
adipocyte development, overexpression of CEBPa in fibro-
blasts will induce their differentiation to mature fat cells like
PPARvY2 and CEBPB (24). Expression of ADD1-SREBP1
alone is not sufficient to induce adipogenesis, but this factor
has been shown to stimulate the expression of two genes in-
volved with lipid metabolism: fatty acid synthetase and lipopro-
tein lipase (33). In addition, ADD1-SREBP1 appears to in-
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crease the percentage of cells that undergo adipocyte
differentiation under conditions that favor adipogenesis. In
addition to these factors, c-Jun, c-Fos, and c-Myc are also
induced early in adipogenesis during the period of clonal ex-
pansion (40). Interestingly, all the aforementioned factors are
undetectable or expressed at very low levels in preadipocytes,
and their expression increases only after the induction of adi-
pogenesis. This suggests that the expression of these factors
and induction of adipogenesis is under the control of an un-
identified factor(s) present in undifferentiated preadipocytes.

We have hypothesized that the transcription factor cyclic
AMP (cAMP) response element binding protein (CREB) may
play a crucial role in initiating adipogenesis. This hypothesis is
based on our previous reports showing that both CREB phos-
phorylation and transcriptional activity were stimulated by
agents that induce adipocyte differentiation such as dibutyryl
cAMP (Bt,cAMP) acting through the cAMP-dependent pro-
tein kinase A (PKA), and insulin via an ERK1/ERK2 kinase
cascade (34) and decreased nuclear protein phosphatase 2A
(PP2A) activity (49, 50). A number of groups have demon-
strated similar increases in CREB phosphorylation and activity
in response to other growth factors, including nerve growth
factor and fibroblast growth factor, via ERK1/ERK2 and p38
mitogen-activated protein (MAP) kinase pathways, respec-
tively (27, 60). Other growth factor-regulated protein kinases
such as protein kinase ¢ (PKC) (69), certain Ca**—calmodulin-
dependent protein kinases (55), and p70 S6 kinase have also
been shown to phosphorylate CREB. CREB is also regulated
by several viral proteins, some of which alter cellular growth
and differentiation. For example, we have demonstrated that
the small tumor antigen (small-t) of simian virus 40 (SV40)
enhances CREB phosphorylation and activity by inhibiting nu-
clear PP2A activity (67). Other studies have shown that human
T lymphotropic virus type 1 Tax protein and the X protein of
hepatitis B virus alter CREB DNA binding activity (3, 8, 25,
41), whereas adenovirus E1A proteins regulate the binding of
CREB to the transcriptional coactivators, CREB binding pro-
tein and P300 (7, 37, 39). Finally, other members of the CREB-
activating transcription factor (ATF) family of transcription
factors that bind the same cis-acting promoter sequences as
CREB are targets for various growth factor signaling systems
and viral transforming proteins (1, 14, 29, 38, 41, 60). Together,
these data strongly implicate CREB as a potential regulator of
cell proliferation and differentiation.

In this report we demonstrate that CREB is constitutively
expressed in 3T3-L1 fibroblasts prior to the induction of adi-
pogenesis or the appearance of “adipocyte-specific” markers.
Moreover, both CREB phosphorylation and transcriptional
activity were induced in either preadipocytes or mature adipo-
cytes following treatment with differentiation-inducing cocktail
containing insulin, Bt,cAMP, and dexamethasone. To directly
demonstrate that CREB induces adipogenesis, we generated
stably transfected 3T3-L1 preadipocytes cells lines in which we
could induce the expression of either constitutively active
(VP16-CREB) or dominant-negative (KCREB) CREB pro-
teins. With these cell lines we found that expression of consti-
tutively active CREB alone was sufficient to induce adipocyte
differentiation (based on cell morphology, triacylglycerol stor-
age, and the appearance of adipocyte markers), whereas dom-
inant-negative CREB effectively blocked adipogenesis in cells
treated with conventional differentiation-inducing agents. How
does CREB stimulate adipocyte development? Here we show
that CREB binds to putative cAMP response elements (CREs)
in the promoters of several adipocyte-specific gene promoters
and that CREB regulates transcription from the promoters of
the adipocyte-specific genes for phosphoenolpyruvate car-
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boxykinase (PEPCK), fatty acid binding protein (FABP [aP2/
422]), and fatty acid synthetase (FAS).

MATERIALS AND METHODS

Materials. Cell culture media and supplies were from Gibco-BRL (Beverly,
Mass.), Gemini Bioproducts (Gaithersburg, Md.), and Specialty Media, Inc.
(Lavallette, N.J.). 3T3-L1 fibroblasts were provided by Ted Ciraldi (LaJolla,
Calif.). Luciferase assay reagents were obtained from Analytical Luminescence
Laboratory (San Diego, Calif.) and chloramphenicol acetyltransferase (CAT)
enzyme-linked immunoassay assay kits were from Boehringer Mannheim (Indi-
anapolis, Ind.). A plasmid containing an enhancerless thymidine kinase (TK)
promoter linked to four copies of the Gal4 regulatory sequence driving expres-
sion of a luciferase reporter gene (pGal4TK-LUC) was provided by James
Hoeffler (Invitrogen, Carlsbad, Calif.). An expression vector (pRSV-KCREB)
for the dominant-negative CREB inhibitor protein, KCREB, was provided by
Richard Goodman (Oregon Health Sciences University, Portland). CREB- and
P-CREB-specific antibodies were purchased from New England Biolabs (Bev-
erly, Mass.). Antibodies to PPARYy2, RXRa, CEBPa and -B, and VP16 were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Cell Titer 96 AQ
reagents were from Promega Corp. (Madison, Wis.), and the Ecdysone Inducible
Expression System (pIND, pVgRXR vectors, zeocin, and muristerone), and total
RNA isolation reagents were from Invitrogen. A biotinylated, 60-base oligonu-
cleotide complementary to the mouse FABP (or aP2/422; bases 1 to 60 of the
open reading frame, 5'-GTAATCATCGAAGTTTTCACTGGAGACAAGCTT
CCAGGTTCCCACAAAGGCATCACACAT-3'), and 20 bp double-stranded
oligonucleotides for gel retardation assays (see Fig. 8) were purchased from
Gene Link (Thornwood, N.Y.). All other reagents were of molecular biology
grade or better and were purchased from Sigma Chemical Co. (St. Louis, Mo.).

Cell lines and transfection procedures. 3T3-L1 fibroblasts were passaged in
low-glucose Dulbecco modified Eagle medium (DMEM) plus 10% fetal calf
serum (FCS)-1 mM L-glutamine. 3T3-L1 fibroblasts were differentiated into
adipocytes after they reached confluency by the addition of differentiation me-
dium (high-glucose DMEM containing 10% FCS, 1 mM L-glutamine, 300 pM
isobutylmethylxanthine or Bt,cAMP, 1 uM dexamethasone, and 1 pg of insulin
per ml). After 2 days, the 3T3-L1 cells were transferred to adipocyte growth
medium (high-glucose DMEM plus 10% FCS, 1 mM L-glutamine, and 1 pg of
insulin per ml) and refed every 2 days. Differentiation of fibroblasts to mature
adipocytes was confirmed by Oil Red O staining of lipid vesicles.

Plates of 3T3-L1 fibroblasts and adipocytes were grown to 70 to 80% conflu-
ency and transfected with the indicated plasmids with Superfect Reagent (Qia-
gen, Valencia, Calif.) according to the manufacturer’s recommendations. Cells
stably transfected with the plasmid pVgRXR were selected in conventional
medium containing 500 pg of Zeocin per ml, and cells stably transfected with
pIND-VP16-CREB, pIND-KCREB (or pIND-VP16-KCREB and pIND-LacZ)
plasmids were selected in medium containing 500 pg of Geneticin per ml. Large,
rapidly growing, well-separated colonies were isolated 10 to 12 days after selec-
tion was begun with either antibiotic. Isolated clones were passaged in low-
glucose DMEM containing 10% FCS, 1 mM L-glutamine, and 500 g (each) of
Zeocin and Geneticin per ml. VP16-CREB or KCREB expression was induced
through the addition of 10 wM muristerone to the growth medium as indicated
in the figure legends. The effect of VP16-CREB and KCREB expression on
3T3-L1 proliferation was assessed by measuring the cell number with the Cell-
Titer 96 Aq reagent system (Promega Corp., Madison, Wis.). Cells were treated
with various reagents at the concentrations and times specified in the figure
legends.

Differentiation of 3T3-L1 preadipocytes to mature adipocytes was followed by
observing the accumulation of triacylglycerol in Oil Red O staining vesicles and
by the appearance of adipocyte markers, FABP (aP2/422) and PPAR~2. Differ-
entiation assays were performed on cells growing on eight-chamber microscope
slides. The cells were treated with the indicated agents in high-glucose medium.
Ten days following the initiation of differentiation, the cells were stained with Oil
Red O as previously described earlier (34) and counterstained with hematoxylin
to visualize cell morphology. Cells were observed by bright-field microscopy, and
representative fields were photographed with Kodak 200 film. Alternately, cells
growing on multiwell slides were lysed directly in Laemmli sodium dodecyl
sulfate (SDS) gel loading buffer, and the lysates were subjected to Western blot
analysis for PPAR«y2 expression. Total RNA was isolated from cells grown in
duplicate wells by using the Total RNA Isolation Kit from Invitrogen and sub-
jected to Northern blot analysis with a probe to FABP.

Luciferase assays were performed on a Monolight 2010 luminometer by using
the Enhanced Luciferase Assay kit (Analytical Luminescence Laboratory, San
Diego, Calif.) according to the supplier’s directions. Transfection efficiencies
were normalized by cotransfecting the cells with a plasmid containing a chimeric
SV40 promoter—f3-galactosidase gene, and B-galactosidase levels were measured
as previously described. All experiments were repeated at least three times, and
consistent results were obtained in all cases.

Lipid accumulation was quantitated by isopropanol extraction of Oil Red O
from stained cells and optical density determinations at 518 nm as previously
described (28).

Ecdysone-inducible VP16-CREB and KCREB expression system. The edison-
inducible expression system was employed to prepare stably transfected 3T3-L1
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cells in which we could induce the expression of VP16-CREB and KCREB. The
open reading frame for KCREB was isolated from the plasmid, pRSV-KCREB,
as an HindIII-EcoRI fragment. This fragment was subjected to PCR with a 5’
primer that introduced a new HindlIII site and a consensus Kozak translation
initiation sequence (GCCACC) immediately upstream of the first methionine
codon. The resulting PCR product was purified by electrophoresis on a 1%
agarose gel and ligated into the HindIII and EcoRlI sites of the plasmid, pIND.
The open reading frame for VP16 (amino acids 412 to 490) was excised from the
plasmid, pVP16 (Arthur Gutierrez-Hartman, University of Colorado Health
Sciences Center, Denver) as a HindIII-BamHI fragment. This fragment was also
subjected to PCR to introduce a Kozak sequence immediately upstream of the
translation start site. This fragment was directly ligated to a Bg/II-EcoRI frag-
ment containing the DNA binding domain (amino acids 217 to 327) of CREB-
327 excised from the plasmid pRSET-CREB (James Hoeffler, Invitrogen). This
chimeric VP16-CREB gene was ligated into the HindIIl and EcoRI sites of
pIND. As a control, we generated a chimeric gene composed of the VP16
transactivation domain linked to the (non)DNA-binding domain of KCREB.
The resulting plasmids were confirmed by restriction enzyme mapping and se-
quencing.

Western and northern blot analysis. Lysates and total RNA from 3T3-L1
fibroblasts and adipocytes treated as described in the figure legends was prepared
as described above. After we corrected for protein concentrations, the lysates
prepared in Laemmli SDS loading buffer were resolved on 10% polyacrylamide-
SDS gels and transferred to nitrocellulose. The nitrocellulose blots were blocked
with phosphate-buffered saline containing 5% dry milk and 0.1% Tween 20 and
then treated with antibodies that recognize phosphorylated CREB (P-CREB),
total CREB, CEBPa and -B, RXRa, PPARY2, or VP16. The blots were washed
and subsequently treated with goat anti-rabbit immunoglobulin G-conjugated to
alkaline phosphatase (for CREB, P-CREB, CEBP« and -, RXRa, and PPARY2
antibodies) or anti-goat—alkaline phosphatase conjugate (VP16 antibody). After
the blots were washed, specific immune complexes were visualized with 5-bromo-
4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium.

FABP expression was measured by Northern blot analysis of total RNA iso-
lated from 3T3-L1 cells as described above. Approximately 5 pg of total RNA
from each sample was separated by electrophoresis on denaturing (formalde-
hyde) 1% agarose gels run at 5 V/cm until the bromophenol blue tracking dye
had migrated half the length of the gel. The gels were soaked in several changes
of distilled water overnight at 4°C, stained with ethidium bromide, and briefly
examined in UV light to ensure RNA integrity and equivalent RNA amounts in
each lane. The gels were destained in several changes of 5X sodium chloride-
sodium citrate (SSC) buffer. RNA was transferred onto nitrocellulose mem-
branes. The resulting blots were heated to 80°C under vacuum for 2 h. The
membranes were blocked for 30 min at 70°C, and then a biotin-labeled FABP-
specific oligonucleotide probe (250 fg/ml) was added for an additional 30 min.
Blots were washed in three changes of 0.1 SSC containing 1% SDS at 70°C for
15 min in each wash. Specific hybridization complexes were then visualized with
BCIP and nitroblue tetrazolium.

Gel retardation assays. Gel retardation assays were performed in reactions
containing 1 pg of nonspecific, competitor DNA as previously described (34).

RESULTS

Insulin or Bt,cAMP alone can induce adipocyte differenti-
ation in 3T3-L1 cells. Maximal differentiation of 3T3-L1 prea-
dipocytes to mature adipocytes generally requires the addition
of a mixture of insulin or insulin-like growth factor-1, a glu-
cocorticoid, and a cAMP mimetic (40). However, Green and
Kehinde (28) demonstrated that 3T3-L1 cells would undergo
adipogenesis and accumulate triacylglycerol when treated with
insulin alone, and Yarwood et al. (74) recently demonstrated
that cAMP agonists potentiate growth factor-induced adipo-
genesis. We assessed the ability of these agents to induce
adipose differentiation by treating 3T3-L1 fibroblasts with in-
creasing concentrations of either insulin or Bt,cAMP for 48 h
and then measured triacylglycerol levels after an additional 8
days in culture. We found that 3T3-L1 cells accumulated tri-
acylglycerol when treated with insulin or Bt,cAMP alone, in a
manner dependent on the concentration of each agent used
(Fig. 1). Maximal triacylglycerol levels were noted with 3 mM
Bt,cAMP or 10 mg of insulin per ml. No lipid accumulation
was observed at Bt,cAMP concentrations below 3 pM or with
insulin concentrations of <3 pwg/ml. The maximal levels of lipid
stored in the cells treated with Bt,cAMP or insulin alone were
just slightly less than lipid levels measured in L1 fibroblasts
treated with a mixture of 0.3 mM Bt,cAMP and 10 pg of
insulin per ml (typical concentrations used in differentiation
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FIG. 1. Insulin or Bt,cAMP alone are sufficient to induce adipogenesis in
3T3-L1 cells. 3T3-L1 fibroblasts were passaged as described in Materials and
Methods. The cells were treated with the indicated final concentrations of either
Bt,cAMP (O) or insulin (O) for 48 h in high-glucose medium. The cells were
then refed every 2 days for 10 days with high-glucose medium containing 10 pg
of insulin per ml. On day 10 cells were fixed and stained with Oil Red O. Oil Red
O was extracted from the cells with 200 wl of isopropanol and measured at 518
nm. Levels of Oil Red O staining were corrected for nonspecific binding levels of
stain to untreated cells. For comparison, levels of Oil Red O staining in cells
treated with either 10 pg of insulin per ml and 0.3 mM Bt,cAMP (dotted line)
or else 10 ug of insulin per ml, 0.3 mM Bt,cAMP, and 1 pM dexamethasone
(solid line) are also shown.

experiments). L1 cells treated with a mixture of 10 ng of insulin
per ml, 1 uM dexamethasone, and 0.3 mM Bt,cAMP accumu-
lated only 30% more triacylglycerol than cells treated with
optimal doses of Bt,cAMP or insulin alone. Thus, high levels
of insulin or cCAMP mimetics, both of which we have shown
stimulate CREB in 3T3-L1 cells (34), are able to induce adipo-
genesis in the absence of other differentiation-inducing agents.

CREB is constitutively expressed prior to and during adi-
pogenesis and regulated by differentiation-inducing agents.
The first clue that CREB might be involved in adipocyte dif-
ferentiation was observed in assays in which total CREB
(unphosphorylated plus phosphorylated) protein and Ser133
phosphorylated CREB (phospho-CREB or P-CREB) were
measured in NIH 3T3-L1 cells (Fig. 2). CREB was present in
3T3-L1 fibroblasts prior to the induction of adipogenesis and
throughout the differentiation process at relatively stable levels
(Fig. 2A and B, total CREB panels). This is in sharp contrast
to other adipocyte-specific transcription factors such as CEBPa
and -B and RXRa, which are undetectable in untreated prea-
dipocytes (Fig. 2B, day 0). CEBP first became detectable in
our experiments approximately 30 min following treatment
with inducing agents and then continues to increase for at least
48 h (Fig. 2A and B), while RXRa and CEBPa do not appear
until days 2 and 8, respectively (Fig. 2B). The expression of
these factors corresponds to previous reports describing the
appearance of these and other adipocyte-specific factors only
after the induction of adipogenesis (40, 44, 58).

Not only was CREB present in 3T3-L1 cells before and
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FIG. 2. CREB is expressed before and during adipogenesis, and differenti-
ation-inducing agents stimulate CREB phoshorylation and transcriptional activ-
ity. (A) 3T3-L1 preadipocytes were grown to confluency as described in Materials
and Methods. The cells were refed with complete growth medium containing 1
wg of insulin per ml, 1 wM dexamethasone, and 0.3 mM Bt,cAMP for the times
indicated above each lane. Approximately 25 pg of cell lysate protein from each
sample was separated on 10% acrylamide-SDS gels and transferred to nitrocel-
lulose membranes. Duplicate membranes were subjected to Western analysis by
using antibodies specific for Ser133 phosphorylated CREB (Phospho-CREB),
total CREB, or CEBP protein as indicated. (B) Preadipocytes were grown to
confluency and then refed with medium containing insulin, dexamethasone, and
Bt,cAMP for 48 h. The cells were then refed every 2 days with medium con-
taining 1 pg of insulin per ml. Cell lysates were prepared on the days indicated
above each lane, and 25 pg of lysate protein from each sample was separated on
10% polyacrylamide-SDS gels and transferred to nitrocellulose membranes.
Individual membranes were probed with antibodies specific for phospho-CREB,
total CREB, CEBP« and -8, and RXRa as indicated. (C) 3T3-L1 fibroblasts and
adipocytes were grown as described in Materials and Methods. Cells were trans-
fected with the plasmid, pGal4TK-Luc, alone or with the plasmid pRSV-Gal4-
CREB by using Superfect transfection reagent. The plasmids are described in the
main text. At 24 h after transfection, the cells were treated with 0.5 mM
Bt,cAMP alone or with a mixture of 1 pg of insulin per ml, 1 pM dexametha-
sone, and 0.5 mM Bt,cAMP for 4 h. The control cells received no treatment.
Luciferase levels were measured in cell lysates as an index of transcription from
the Gal4-TK promoter. Levels of transcription are shown relative to levels
measured in untreated control cells transfected with pGal4TK-Luc alone.

during adipogenesis, but phosphorylation of CREB was rapidly
stimulated in cells treated with a differentiation-inducing mix-
ture containing insulin, Bt,cAMP, and dexamethasone (Fig.
2A). Phospho-CREB levels increased approximately 20-fold
within 10 min of treatment, remained elevated for another 20
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min, and then began to decline slowly. Interestingly, variations
in CREB phosphorylation were also noted during the 10-day
differentiation process (Fig. 2B). High levels of phospho-
CREB were detected in cell lysates prepared on days 2, 6, and
10, whereas lower but significant levels of phospho-CREB
were detected in lysates from days 4 and 8. These results
appear to reflect increases in CREB phosphorylation due to
refeeding of the cells with serum-containing medium. Our abil-
ity to stimulate CREB phosphorylation with differentiation-
inducing agents clearly points to a role for CREB in adipogen-
esis. Other CRE binding factors, including ATF-1, ATF-2, and
CREM, were not detected on Western blots of preadipocyte or
adipocyte cell lysates (data not shown), suggesting that such
proteins do not participate in adipogenesis.

We next assessed the ability of differentiation-inducing
agents to regulate CREB transcriptional activity. For these
experiments, 3T3-L1 preadipocytes or mature adipocytes were
transfected with a plasmid from which a chimeric protein com-
posed of the CREB transactivation domain (amino acids 1 to
261 of CREB-327) linked to the Gal4 DNA-binding domain
(amino acids 1 to 174) was expressed. The transcriptional ac-
tivity of this chimeric protein was measured by cotransfecting
the cells with a plasmid containing a Gal4-responsive promoter
linked to a luciferase reporter gene (pGal4TK-Luc). As shown
in Fig. 2C, transcription from the Gal4-responsive promoter
was unaffected by any treatment in the absence of Gal4-CREB
protein. However, in either preadipocytes or mature adipo-
cytes expressing Gal4-CREB, the differentiation-inducing mix-
ture of insulin, Bt,cAMP, and dexamethasone or the use of
Bt,cAMP alone stimulated transcription from the Gal4-re-
sponsive promoter by 10- to 12-fold. These results are consis-
tent with our previous data showing that insulin and cAMP
mimetics alone stimulate CREB-mediated transcription via
phosphorylation of CREB serine 133 (34). The ability of adi-
pogenesis-inducing agents to stimulate both CREB phosphor-
ylation and transcriptional activity, and the constitutive expres-
sion of CREB prior to and during differentiation led us to
hypothesize that CREB might play a role in initiating and
maintaining the adipocyte differentiation program.

Generation of stably transfected 3T3-L1 fibroblasts that
inducibly express constitutively active and dominant-negative
forms of CREB. To directly assess the participation of CREB
in adipogenesis, we generated stably transfected 3T3-L1 cell
lines in which we could induce the expression of constitutively
active or dominant-negative forms of CREB with the insect
hormone homolog, muristerone (ecdysone-inducible expres-
sion system; Invitrogen). This system allowed us to directly
modulate CREB transcriptional activity without relying on
pharmacological agents that might regulate other signaling
pathways and transcription factors. Constitutively active
CREB consisted of the transactivation domain of the viral
VP16 protein (amino acids 412 to 490) linked to the CREB
DNA-binding domain (amino acids 217 to 327). KCREB, a
protein which binds to endogenous CREB and prevents its
binding to CRE sequences in gene promoters (65), was em-
ployed as the dominant-negative CREB. As a control, we also
prepared a chimeric gene composed of the VP16 transactiva-
tion domain linked to the KCREB (non)DNA-binding do-
main. We believed that this protein would also act as a dom-
inant-negative CREB because of the effect of the KCREB
DNA-binding region, even though it contained the VP16 trans-
activation domain. VP16-KCREB would therefore serve as a
control for nonspecific or indirect effects, such as squelching
due to the transactivation portions of the proteins. The open
reading frames for these genes were ligated into the vector,
pIND, and transfected into 3T3-L1 fibroblasts previously trans-
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FIG. 3. Time course of VP16-CREB or KCREB expression in stably transfected 3T3-L1 cells after muristerone induction. 3T3-L1 cells stably transfected with the
plasmid, pVgRXR, and either pIND-VP16-CREB or pIND-KCREB were generated as described in Materials and Methods. Individual clones inducibly expressing
VP16-CREB, designated 2-4 and 9-7, and clones inducibly expressing KCREB, designated 2-1 and 2-10, were isolated. The expression of VP16-CREB or KCREB was
monitored in these clonal cell lines versus time after treatment with muristerone at a final concentration of 10 wuM. At 20 h, duplicate wells of cells were refed with
medium lacking muristerone (levels indicated by dashed lines) for comparison to cells in medium with muristerone (solid lines). Levels of VP16-CREB and KCREB
were measured by separating 25 wg of protein from lysates prepared at the times shown on 10% acrylamide-SDS gels. Proteins were transferred to nitrocellulose
membranes subsequently probed with antibodies to VP16 (for VP16-CREB) or CREB (for KCREB). Since the CREB antibody detected both KCREB and endogenous
CREB proteins, levels of KCREB expression were corrected for endogenous CREB levels measured in untreated cells (not shown). The optical densities of the bands
on the blots was determined by using Scan Analysis Software. A representative blot for each protein is displayed to the right of the graphs.

fected with the plasmid, pVgRXR, and selected in zeocin.
After selection for pIND-carrying cells in Geneticin, two
clones expressing VP16-CREB (2-4 and 9-7), two clones ex-
pressing KCREB (2-1 and 2-10), and two clones expressing
VP16-KCREB (2-6 and 9-3) in response to muristerone were
isolated and characterized.

The muristerone-induced appearance of VP16-CREB pro-
tein in clones 2-4 and 9-7 was examined by Western blot anal-
ysis by using antibodies specific for VP16 (Fig. 3). VP16-CREB
levels increased slowly over the first 4 h after muristerone
addition in both cell lines but rose rapidly to maximal levels in
20 to 24 h. Thereafter, protein levels decrease slowly even in
the continued presence of muristerone. Removal of muris-
terone from the cells slightly increased the rate of VP16-CREB
disappearance. The kinetics of KCREB induction were moni-
tored by Western blot analysis with antibodies to total CREB
(level corrected for endogenous CREB content in untreated
cells) and differed significantly from VP16-CREB expression.
KCREB levels increased much more rapidly than VP16-CREB
in both clones and continued to rise throughout the course of
the assay. Although removal of muristerone at 20 h decreased
the rate of KCREB expression, KCREB levels continued to
increase.

To test the ability of KCREB and VP16-CREB expression to
influence gene transcription, a plasmid containing a truncated,
CRE-containing portion of the phosphoenolpyruvate car-
boxykinase (PEPCK) gene promoter linked to a luciferase
reporter gene (—109 pPC-Luc) was transfected into each of
the clones. In KCREB clones 2-1 and 2-10, transcription from
this promoter was efficiently stimulated 2.5- to 3.5-fold by
treatment of the cells with Bt,cAMP (Fig. 4A). Prior overnight
treatment of the cells with muristerone alone had no effect on
PEPCK promoter-driven transcription but efficiently inhibited

Bt,cAMP-stimulated transcription. The ability of KCREB to
block Bt,cAMP-stimulated transcription appeared to be due to
its inability to bind CRE sequences and block binding of en-
dogenous CREB to CRE elements (Fig. 4B), a result consis-
tent with its reported function (65). Alternately, muristerone
treatment of VP16-CREB clones 2-4 and 9-7 stimulated lucif-
erase production from the PEPCK promoter fragment by 3.5-
to 4-fold compared to the levels measured in untreated cells.
These data confirmed our hypothesis that VP16-CREB would
stimulate transcription from CREB-regulated promoters in
the absence of signals directed toward activating endogenous
CREB. VP16-KCREB blocked Bt,cAMP-stimulated transcrip-
tion and CRE DNA-binding activity (data not shown).

Two possible mechanisms by which CREB could potentiate
adipose differentiation would be by increasing cell prolifera-
tion related to clonal expansion or by inhibiting cell growth as
a prelude to terminal differentiation. To examine these possi-
bilities, changes in the rate of cell growth in control versus
muristerone-treated VP16-CREB- and KCREB-expressing
clones was measured. As shown in Fig. 4C, no significant dif-
ferences in the rate of cell proliferation were noted over a
period of 72 h after muristerone treatment between control
and treated VP16-CREB- or KCREB-expressing cells.

CREB activation is necessary and sufficient to induce adi-
pogenesis. Based on our data showing that CREB phosphor-
ylation and transcriptional activity were stimulated by agents
that induce adipose differentiation, we hypothesized that the
expression of VP16-CREB would initiate or potentiate adipo-
genesis, whereas KCREB (and the VP16-KCREB control),
would inhibit differentiation in preadipocytes treated with dif-
ferentiation-inducing agents. This hypothesis was first tested in
experiments in which triacylglycerol storage was monitored as
an index of adipose differentiation by Oil Red O staining (Fig.
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FIG. 4. Effect of VP16-CREB or KCREB on CRE-dependent gene transcription and 3T3-L1 proliferation. (A) Stably transfected 3T3-L1 clonal cell lines inducibly
expressing VP16-CREB (clones 2-4 and 9-7) or KCREB (clones 2-1 and 2-10) were transfected with the plasmid, —109 pPC-Luc, which contains a CREB-responsive
portion of PEPCK gene promoter linked to a luciferase reporter gene by using Superfect reagent. The cells were cotransfected with the plasmid pSV-BGal. The
following day the cells were treated with 0.3 mM Bt,cAMP, 10 uM muristerone, or both agents together as indicated. After 4 h cell lysates were prepared, and the
luciferase activity was measured as an index of transcriptional activity. Levels are shown relative to the levels of luciferase activity in untreated, control cells (No Add’n).
(B) 3T3-L1 cells stably transfected with pIND-KCREB (clone 2-10) were stimulated with the indicated final concentrations of muristerone for 20 h. Nuclear extracts
were prepared, and electrophoretic mobility shift assays were performed with a 3?P-labeled oligonucleotide containing the consensus CRE sequence (TGACGTCA).
Reactions were separated on nondenaturing 6% polyacrylamide gels and exposed to film. The figure shows a representative autoradiograph. (C) Stably transfected
3T3-L1 clonal cell lines inducibly expressing VP16-CREB (clones 2-4 and 9-7) or KCREB (clones 2-1 and 2-10) were transferred to duplicate wells of 96-well plates
(5,000 cells/well). After 24 h, one well was treated with 10 pg of muristerone (squares, solid line), and the remaining well was left untreated (circles, dotted line). Cell
numbers were determined in each well with the Cell Titer 96 AQ reagent system at 24, 48, 72, and 96 h after plating of the cells. Values are shown relative to levels

measured in wells containing untreated, control cells at the 24-h time point for each cell line and are the averages of three assays.

5). Each of the VP16-CREB and KCREB cell lines, as well as
control cells (stably transfected with the pIND-LacZ expres-
sion vector) showed no signs of triacylglycerol accumulation if
propagated in the absence of differentiation-inducing agents.
Likewise, all cell lines exhibited significant triacylglycerol ac-
cumulation and large, rounded morphology 10 days following
exposure to a differentiation-inducing mixture of insulin,
Bt,cAMP, and dexamethasone. Thus, each of the cell lines
exhibited normal differentiation characteristics. No triacylglyc-
erol accumulation was observed in control cells treated with
muristerone alone, but triacylglycerol vesicles were readily ap-
parent in control cells exposed to both muristerone and the
conventional differentiation-inducing mixture. These data in-
dicated that muristerone alone had no significant impact on
cell phenotype.

However, in both of the VP16-CREB-expressing cell lines
treatment with muristerone alone was sufficient to induce tri-

acylglycerol accumulation and rounded cell morphology.
These data indicated that VP16-CREB expression, stimulated
by muristerone, was capable of initiating adipogenesis. Alter-
nately, both KCREB-expressing cell lines failed to exhibit signs
of differentiation when treated with muristerone prior to and
during their exposure to the conventional differentiation-in-
ducing mixture. Likewise, cells inducibly expressing VP16-
KCREB failed to differentiate when treated with inducing
agents (data not shown). The ability to block adipogenesis by
inhibiting endogenous CREB activity indicated that CREB is
required to induce normal adipose differentiation.

These data were confirmed by measuring the expression of
the adipocyte-specific markers PPARYy2 and FABP (aP2/422)
in cell lysates prepared on days 0 and 10 of treatment (Fig. 6).
As expected, no expression of these factors was noted in un-
treated control or in VP16-CREB- or KCREB-expressing cell
lines. However, when treated with the differentiation-inducing
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FIG. 5. VP16-CREB stimulates and KCREB inhibits adipogenesis in 3T3-L1 cells as determined by triacylglycerol storage. 3T3-L1 preadipocyte cell lines inducibly
expressing VP16-CREB (clones 2-4 and 9-7) or KCREB (clones 2-1 and 2-10) or control cells (stably transfected with the plasmids, pVgRXR and pIND-LacZ) were
grown to confluence as described in Materials and Methods. The cells were treated with the reagents indicated above each column of photographs. Cells treated with
differentiation mixture received 10 pg of insulin per ml, 1 wM dexamethasone, and 0.3 mM Bt,cAMP for 48 h and then were refed every 2 days with conventional
medium containing 10 pg of insulin per ml. Muristerone was added to medium at a final concentration of 10 pM for the entire 10-day differentiation period. After 10
days in culture, the cells were stained with Oil Red O to visualize triacylglycerol vesicles and then counterstained with hematoxylin. The photographs show cells on day

10 of each treatment.

cocktail, PPARv2 and FABP expression were observed in day
10 samples from all cell lines. As observed for triacylglycerol
storage, muristerone had no effect on the anticipated expres-
sion of PPARy2 and FABP in uninduced or induced control
cells. No PPARY2 or FABP were present on day 0 in either
VP16-CREB cell line, but they were easily detected in day 10
lysates from muristerone-treated cells in the absence of other
differentiation-stimulating agents. On the other hand, expres-
sion of KCREB (or VP16-KCREB [data not shown]) before
and during the application of the conventional differentiation-
inducing mixture completely blocked the appearance of both
PPAR~2 and FABP in the day 10 samples. Once again, these
data support the hypothesis that the activation of CREB acti-
vation is sufficient and necessary to initiate the adipocyte dif-
ferentiation program.

A number of factors appeared to influence the ability of
VP16-CREB and KCREB to regulate adipogenesis. For exam-
ple, the muristerone-induced expression of VP16-CREB alone
is sufficient to induce adipogenesis and lipid accumulation.
However, when VP16-CREB-expressing (muristerone-induced)

cells are also treated with insulin, triacylglycerol accumulation
is enhanced compared to cells treated with muristerone alone
(Fig. 7). Further increases in lipid accumulation were observed
in VP16-CREB-expressing cells treated with insulin and dexa-
methasone. Although insulin and dexamethasone appeared to
potentiate lipid storage in these cells, these agents did not alter
the percentage of cells undergoing adipogenesis. Whether the
differences in lipid accumulation reflect overall changes in dif-
ferentiation-related processes or simply increases in glucose
uptake and/or triacylglycerol synthesis and storage has not
been determined.

In similar experiments we noted that the “complete” inhibi-
tion of adipogenesis required the constitutive expression of
KCREB. As shown in Fig. 7, when KCREB expression was
induced with muristerone for only the first 48 h of the exper-
iment approximately 5 to 10% of the cells exhibited low levels
of triacylglycerol storage and a rounded morphology. In con-
trast, no cells exhibited lipid accumulation when treated with
muristerone to induce KCREB expression for the entire 9- or
10-day differentiation period.
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FIG. 6. VP16 CREB stimulates and KCREB inhibits adipogenesis in 3T3-L1
cells as determined by expression of adipocyte-specific genes. Control and VP16-
CREB- and KCREB-expressing cell lines were grown and treated as described in
the legend to Fig. 5. On days 0 and 10 of the experiment, whole-cell lysates and
total RNA was prepared from duplicate wells of cells. Approximately 25 g of
protein in the cell lysates was separated on 10% polyacrylamide-SDS gels and
transferred to nitrocellulose blots. The blots were probed with a polyclonal
antibody to PPAR<2, and the specific PPAR+y2 band is indicated by an asterisk
in the top row of blots. Likewise, 10 pg of total RNA was separated on 1%
denaturing agarose gels and transferred to nitrocellulose blots. The blots were
probed with an alkaline phosphatase-conjugated single-stranded oligonucleotide
to FABP (aP2/422).

CREB regulates adipocyte-specific genes. How does CREB
modulate adipogenesis? Most likely this process occurs
through the activation of genes that drive clonal expansion
and/or the adipogenic cascade and/or the expression of adipo-
cyte phenotype markers. As an initial evaluation of this hy-
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FIG. 7. Parameters of adipogenesis in VP16-CREB- or KCREB-expressing
3T3-L1 cells. Mixtures of clonal cell lines expressing VP16-CREB (clone 2-4 plus
clone 9-7) or KCREB (clone 2-1 plus clone 2-10) were passaged as described in
Materials and Methods as indicated. Cultures of these mixed cell populations
were treated with the agents listed above each photograph. The numbers in
parentheses indicates the days on which the agents were included in the growth
medium for the cells. After 9 days in culture, the cells were fixed and stained with
Oil Red O and counterstained with hematoxylin.

pothesis, we tested the ability of CREB to bind to known DNA
binding and/or regulatory sequences from several adipocyte-
specific gene promoters, including PEPCK, FABP, FAS,
PPARYy?2, stearoyl-coenzyme A desaturase (SCD), and CEBPa,
-B, and -8. These sites were selected based on their ability to
mediate transcriptional regulation in response to cAMP mi-
metics and/or insulin, their participation in gene expression
during adipogenesis (13, 15, 43, 44, 47, 73), and their significant
homology to the consensus CRE sequence (Fig. 8A). We first
assessed the ability of purified, recombinant CREB to bind
double-stranded oligonucleotide probes of these sequences in
gel retardation assays. Recombinant CREB was able to bind to
the probes of sequences for the promoters of the PEPCK,
FABP, FAS, SCD, and CEBPB and -3 genes but not of the
PPARY2 or CEBPa genes (Fig. 8B). Likewise, endogenous
CREB present in 3T3-L1 fibroblast nuclear extracts was shown
to bind some of these promoter sequences in “supershift” gel
retardation assays. Reactions containing antibody which rec-
ognizes total CREB exhibited an additional “supershifted”
band that was absent in reactions lacking the CREB anti-
body with oligonucleotides to putative CRE sequences in
the PEPCK, FABP, FAS, and CEBP promoters (Fig. 8C). No
supershifted complex was observed in reactions performed
with a nonspecific probe, although a factor(s) present in the
nuclear extracts was able to bind this sequence. The DNA-
binding activity observed in nuclear extracts appeared to be
due primarily to CREB since very little binding was observed
in reactions performed with nuclear extracts from cells ex-
pressing KCREB (Fig. 8D), which specifically blocks CREB
DNA binding activity. These data provide preliminary evi-
dence that CREB may participate in adipogenesis by binding
to regulatory elements in the promoters of certain adipocyte-
specific genes in a coordinated fashion with other regulatory
factors.

The ability of CREB to regulate transcription from three
adipocyte-specific gene promoters is demonstrated in Fig. 9. In
these experiments, 3T3-L1 preadipocytes were transfected
with plasmids containing the “full-length” promoters of the
PEPCK, FABP, and FAS genes linked to a luciferase reporter
gene. Transcription from all of these promoters could be stim-
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FIG. 8. CREB binds putative CRE sequences in the promoters of several adipocyte-specific genes. (A) The promoter regions of several adipocyte-specific genes
were visually inspected for the presence of putative CRE sequences. Potential CREs present in these promoters are indicated by the box-enclosed regions which
surround the nucleotides homologous to those in the consensus CRE sequences shown at the top of the figure. (B) Next, 20-bp double-stranded oligonucleotides, end
labeled with [y->*P]ATP and polynucleotide kinase, were incubated with purified, recombinant CREB protein as described in Materials and Methods. The reactions
were separated on nondenaturing, 6% polyacrylamide gels and exposed to Kodak X-ARomat film. The figure shows a representative autoradiogram of the free (bottom)
and CREB-bound complexes in comparison to reactions performed with a nonspecific (NS) oligonucleotide lacking a CRE sequence. (C) Next, 5 pg of nuclear extract
protein prepared from 3T3-L1 fibroblasts was incubated with the indicated, labeled oligonucleotides either in the absence (—) or presence (+) of CREB-specific
antibody. The reactions were separated on polyacrylamide gels as described above and exposed to film. The figure shows a representative autoradiogram of unbound
and protein-bound oligonucleotides. (D) A total of 5 pg of nuclear extract protein prepared from 3T3-L1 untreated (—) fibroblasts or cells treated with muristerone
to induce KCREB expression (+) was incubated with the indicated, labeled oligonucleotides. The reactions were separated on polyacrylamide gels as described above

and exposed to film. The figure shows a representative autoradiogram of unbound and protein-bound oligonucleotides.

ulated by treating the cells with the conventional differentia-
tion mixture. Cotransfection of the cells with a VP16-CREB
expression vector also stimulated transcription from each of
the promoters. Alternately, cotransfection of the cells with a
KCREB expression vector consistently decreased basal tran-
scription levels slightly from all three promoters and com-
pletely blocked the induction of luciferase production from
them by the differentiation mixture. Thus, CREB not only
binds to putative CRE sequences in these gene promoters but
appears to directly modulate transcription from them.

DISCUSSION

The data presented here demonstrate that CREB activation
is necessary and sufficient to initiate the adipocyte differenti-
ation program. This conclusion is based on the constitutive
expression of CREB in 3T3-L1 fibroblasts prior to the induc-
tion of adipogenesis and throughout the differentiation pro-

cess. Furthermore, both CREB phosphorylation and transcrip-
tional activity are rapidly induced in 3T3-L1 fibroblasts by
conventional differentiation-inducing agents, and CREB ap-
pears to bind to and stimulate transcription from the promot-
ers of several adipocyte-specific genes. Most importantly, we
have directly demonstrated that CREB stimulates adipogene-
sis through our ability to induce adipocyte differentiation with
constitutively active VP16-CREB and to completely block the
efficacy of normal differentiation-inducing agents with domi-
nant-negative KCREB. Obviously, there are caveats to these
conclusions based on studies with VP16-CREB and KCREB.
The properties of VP16-CREB may differ significantly form
those of wild-type CREB, and KCREB may alter the function
of factors other than CREB. However, the strength of our
conclusion is founded on complementary results generated
with positive and negative forms of CREB that elicit opposing
responses. In addition, the ability of the chimeric VP16-
KCREB protein to block adipogenesis indicates that our data
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FIG. 9. CREB regulates transcription from adipocyte-specific gene promot-
ers. Control or VP16-CREB- or KCREB-expressing 3T3-L1 fibroblasts were
transfected with plasmids containing the full-length promoters of the PEPCK,
FABP, or FAS genes linked to luciferase. The cells were cotransfected with the
internal control plasmid, pRSV-BGal. The following day the cells were treated
with muristerone to induce either VP16-CREB or KCREB expression as indi-
cated and/or with the conventional differentiation mixture of 10 pg of insulin per
ml, 1 pM dexamethasone, and 3 mM Bt,cAMP for 4 h. Cell lysates were then
prepared, and luciferase activity was measured as an index of transcriptional
activity. Levels of transcription are shown relative to levels measured in un-
treated cells for each promoter tested and were then corrected for transfection
efficiency.

are not due to indirect or nonspecific effects such as transcrip-
tional squelching. Our conclusion is further supported by the
ability of VP16-CREB and KCREB to regulate transcription
from well-defined, CRE-containing, adipocyte-specific gene
promoters.

The induction of adipogenesis by VP16-CREB alone indi-
cates that CREB activation is sufficient to induce this process,
whereas the ability of KCREB to block adipogenesis indicates
that CREB activation is a necessary step in adipocyte devel-
opment. These conclusions are significant because factors
previously identified as participants in adipogenesis are only
expressed in significant levels after initiation of the differenti-
ation program. Our results suggest that CREB is a primary
inducer of adipogenesis and, therefore, a potential target for
intercellular signaling mechanisms that recruit the develop-
ment of new fat cells in hyperplastic obesity. Further, CREB
and the signaling systems that impinge on CREB may prove to
be targets for therapeutic agents to treat or prevent obesity.
Interestingly, preliminary experiments in our laboratory indi-
cate that constitutive overexpression of KCREB in mature
adipocytes leads to their dedifferentiation with loss of triacyl-
glycerol vesicles, even in the presence of insulin (data not
shown). Unger and colleagues (76) have recently reported a
similar reversal of adipocyte phenotype in normal rats after
overexpression of leptin. These studies support the contention
that adipocyte development and function can be regulated at
various levels, thus opening the door to novel strategies de-
signed to address obesity and related disorders such as insulin
resistance.

Our data further confirm the concept that CREB and other
ATF-cAMP response element modulator (CREM)-inducible
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CAMP early repressor (ICER) family members play important
roles in multiple cellular activities, most notably proliferation
and differentiation. Initial clues to CREB’s participation in
these activities came from studies showing that several growth
factors and other extracellular stimuli activate CREB. We
demonstrated that insulin stimulates CREB phosphorylation
in 3T3-L1 fibroblasts and adipocytes and HepG2 cells through
an ERKI1/ERK2 signaling system (34) and a decrease in nu-
clear PP2A activity (49, 50). Greenberg, and colleagues have
reported a similar signaling cascade to CREB for nerve growth
factor in neuronal cells (27, 71, 72). Likewise, fibroblast growth
factor (60) and insulin-like growth factor 1 (46) also stimulates
CREB phosphorylation and activity in neuronal cells, but this
process appears to be mediated by p38 MAP kinase rather
than ERK1/ERK2. CREB and related proteins have also been
implicated in the G;-S transition of the cell cycle in studies
showing that cyclin A gene transcription is stimulated by
cAMP agonists via CRE sequences in the cyclin A gene pro-
moter (19).

In addition to this circumstantial evidence promoting a role
for CREB and related factors in cell growth and differentia-
tion, several groups have recently reported direct evidence
supporting this hypothesis. For example, Shimomura et al. (56)
have reported that a dominant-negative ATF-1 protein blocks
cAMP-induced neurite outgrowth in PC12 cells. Likewise, ec-
topic expression of a dominant-negative CREB protein in pi-
tuitary somatotrophic cells leads to somatotroph hypoplasia
and dwarfism in transgenic mice (59). Targeted expression of a
dominant-negative CREB in cardiac myocytes has been shown
to produce idiopathic-dilated cardiomyopathy with exagger-
ated heterogeneity in the myocyte phenotype (21). Surface
antigen receptor activation of B lymphocyte proliferation ap-
pears to involve enhanced CREB phosphorylation in response
to elevated PKA and PKC activity and downregulation of
PP2A (4, 69, 70), and the expression of dominant-negative
CREB in T lymphocytes blocks their proliferation after acti-
vation (9). CREB null transgenic mice exhibit perinatal mor-
tality, reduced corpus callosum and anterior commissures in
the brain, decreased thymic cellularity, and impaired T lym-
phocyte development (52). cAMP signaling to CREM and
ICER via PKA has been shown to play a role in hepatocyte
proliferation (53, 54), and CREB phosphorylation directly in-
hibits hepatic stellate cell proliferation (31). Similarly, cAMP-
induced ICER IIy expression blocks the proliferation of either
mouse pituitary tumor cells or human choriocarcinoma cells at
the G,-M boundary (48). Lamas et al (36) have reported that
the CREB inhibitor, ICER, modulates pituitary corticotroph
proliferation. In other studies, the tissue-specific extinguisher
locus (TSE-1) identified by Fournier and colleagues (11, 32,
61), which presumably blocks PKA signaling to CREB and
other factors, accounts for loss of hepatocyte phenotype mark-
ers in hepatoma-fibroblast hybrids. The data presented here
extend the multifunctional role of CREB by demonstrating for
the first time that activation of this factor is necessary and
sufficient to induce a differentiation program by using consti-
tutively active and dominant-negative forms of CREB.

One concern raised by these studies regards the paradoxical
role of cAMP signaling in both adipogenesis and lipolysis. Our
data are consistent with previous reports demonstrating a key
role for cAMP in potentiating adipogenesis (40, 74). However,
other laboratories have shown that B3-adrenergic stimulation
of cAMP-PKA signalling increases lipolysis (16, 18, 66), and
targeted knockout of the RIIB subunit of PKA leads to de-
creased obesity in mice (17). These contradictory processes
may be reconciled based on different roles for cAMP-PKA
signaling between undifferentiated fibroblasts compared to
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mature adipocytes. Similarly, differentiation of fibroblasts to
adipocytes is induced by the transient application of high levels
of cAMP mimetics, whereas 33-adrenergic stimulation or RIIB
subunit knockout probably represents protracted increases in
cAMP-PKA signaling. Thus, differences in experimental mod-
els may account for the seemingly contradictory role of cAMP
in adipogenesis and lipolysis. Moreover, it should be remem-
bered that cCAMP and PKA regulate numerous intracellular
systems and not just CREB and that, more importantly, CREB
function can be regulated by a variety of growth factors and not
just increases in cAMP. Together, these concepts support a
model in which multiple signals may impinge upon CREB to
induce adipogenesis in fibroblasts, whereas lipolysis is the re-
sult of cAMP-PKA signaling to increase the activity of lipolytic
pathways in mature adipocytes. Obviously, this is an area which
will require significant investigation to unravel the underlying
factors, their roles, and their interactions.

Another question not fully addressed by these studies con-
cerns the target(s) which CREB modulates in order to induce
adipogenesis. Our preliminary data indicate that CREB can
bind to putative CREs in the promoters of several adipocyte-
specific genes. Most the sequences we examined (with the
exception of the CEBP3 sequence) have been shown by other
groups to interact with nuclear factors and to participate in
gene expression in response to CAMP and/or insulin (13, 15,
43, 44, 47, 73). Furthermore, the genes encoding PEPCK,
FABP, and CEBPR have been shown to be acutely regulated
by cAMP or insulin, and the PEPCK and CEBP sequences we
tested have been shown to confer cAMP and CREB respon-
siveness on these genes. Certainly, our data are insufficient to
permit us to conclude that CREB directly regulates the genes
we selected. However, the results provide tantalizing evidence
that CREB may regulate certain adipocyte-specific genes, which
would support a role for CREB in adipogenesis. We have
initiated experiments to directly asses CREB’s role in reg-
ulating a group of candidate genes, as well as identify other
“CREB-regulated, adipocyte-specific” genes via gene mi-
croarray analysis.

The binding of CREB to an oligonucleotide probe corre-
sponding to a sequence in the CEBPB promoter was particu-
larly interesting. As noted before, CEBPR is expressed very
early in adipogenesis and will induce the differentiation of
fibroblasts to adipocytes when expressed ectopically (75). Our
data suggest that one mechanims by which CREB may induce
adipocyte differentiation is through an ability to stimulate
CEBPg expression, which may be sufficient to induce the en-
tire adipogenic cascade. If true, it should be possible to block
CREB-induced adipogenesis by inhibiting CEBPR expression
or activity. Figure 2B shows that CREB undergoes cyclical
increases and decreases in phosphorylation (and presumably in
transcriptional activity) during adipogenesis. These results im-
ply that CREB may be crucial at other steps in adipocyte
differentiation—from an initial stimulation of CEBPP expres-
sion to the late expression of genes encoding PEPCK, FABP,
and FAS.

How does CREB regulate growth in certain cell lines and
differentiation in others? One possible mechanism hinges on
the availability or accessibility of proliferation-related genes in
some cells and tissues versus the accessibility of differentiation-
inducing genes and phenotype markers in other cell types.
Applying this mechanism to adipogenesis suggests that only
differentiation-inducing and/or adipocyte-specific genes rather
than proliferation-inducing are accessible to CREB in preadi-
pocytes. Another possible mechanisms focuses on the interac-
tions of CREB with other transcription factors that, in concert,
exert proliferative versus differentiation-inducing effects in a

MoL. CELL. BIOL.

cell- or tissue-dependent manner. Interactions between CREB
and other transcription factors have been described in several
systems, but their role in adipogenesis remains unclear. A
number of possible mechanisms may account for CREB’s par-
ticipation in both proliferation and differentiation pathways. It
will be interesting to determine which mechanisms are actually
functioning in these capacities and to define potential interac-
tions between the mechanisms in the coordinate regulation of
these processes.
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