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Stimulation of adipogenesis in mouse preadipocytes requires C/EBP as well as activation of the MEK/
extracellular signal-regulated kinase (ERK) signaling pathway. In this study, we demonstrate that phosphor-
ylation of C/EBPP at a consensus ERK/glycogen synthase kinase 3 (GSK3) site regulates adiponectin gene
expression during the C/EBPB-facilitated differentiation of mouse fibroblasts into adipocytes. First, we show
that exposure of 3T3-L1 preadipocytes to insulin, dexamethasone (DEX), and isobutylmethylxanthine (MIX)
leads to the phosphorylation of C/EBP at threonine 188. Pretreating the cells with a MEK1-specific inhibitor
(U0126) significantly attenuates this activity. Similarly, these effectors activate the phosphorylation of T188
within an ectopic C/EBPf3 overexpressed in Swiss mouse fibroblasts, and this event involves both MEK1 and
GSK3 activity. We further show that expression of C/EBPP (p34kD LAP isoform) in Swiss mouse fibroblasts
exposed to DEX, MIX, and insulin induces expression of peroxisome proliferator-activated receptor vy
(PPARY) and some adiponectin but that it does not activate expression of FABP4/aP2. In fact, complete
conversion of these fibroblasts into lipid-laden adipocytes, which includes activation of FABP4 and adiponectin
expression, requires their exposure to a potent PPARYy ligand such as troglitazone. Expression of a mutant
C/EBPg in which threonine 188 has been modified to alanine (C/EBP@ T188A) can induce PPARYy production
in the mouse fibroblasts, but it is incapable of stimulating adiponectin expression in the absence or presence
of troglitazone. Interestingly, replacement of T188 with aspartic acid creates a C/EBP molecule (C/EBP@
T188D) that possesses adipogenic activity similar to that of the wild-type molecule. The absence of adiponectin
expression correlates with a reduced amount of C/EBPa in the adipocytes expressing the T188A mutant
suggesting that C/EBP« is required for expression of adiponectin. In fact, ectopic expression of PPARYy in
C/EBPa-deficient fibroblasts (NIH 3T3 cells) produces a modest amount of adiponectin, whereas expression
of both PPARy and C/EBP« in NIH 3T3 cells facilitates production of abundant quantities of adiponectin.
These data demonstrate that phosphorylation of C/EBP at a consensus ERK/GSKS3 site is required for both

C/EBPa and adiponectin gene expression during the differentiation of mouse fibroblasts into adipocytes.

Initiation of adipogenesis in mouse preadipocytes involves
the activation of a series of signaling pathways that lead to
expression of a cascade of transcription factors regulating pro-
duction of many hundreds of proteins responsible for the for-
mation of mature adipocytes (22, 31). It is generally accepted
that two principal players in this cascade are peroxisome pro-
liferator-activated receptor y (PPARy) and C/EBPa since ad-
ipogenesis does not occur in either PPARYy- or C/EBPa-defi-
cient mesenchymal stem cells in vivo or in vitro (2, 20, 29, 30).
Induction of transcription of these factors during the early
phase of adipogenesis is regulated by C/EBP through associ-
ation with C/EBP regulatory elements within the promoters of
the corresponding genes (8, 28, 37, 41). C/EBP is a member
of the bZIP family of transcription factors that binds to DNA
as homodimers or as heterodimers with other C/EBPs. Three
isoforms of C/EBPB (38kD, 34kD, and 20kD in mice) are
produced to various extents in different cell types and at spe-
cific stages of differentiation through alternative use of three
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translation initiation sites within a single mRNA (1, 6, 9, 39).
The most ubiquitous isoform (34kD), usually referred to as
LAP (liver-enriched transcriptional activator protein), is com-
posed of a C-terminal region containing the basic DNA-bind-
ing and leucine zipper dimerization domains and a N-terminal
region, which contains the transactivation domains (10). A
larger isoform (38kD), expressed in a differentiation-associ-
ated manner in some cell types including preadipocytes, is
identical to LAP except that it contains an additional transac-
tivation domain at the N terminus (11, 18, 24). Both LAP and
the 38kD protein are potent transactivators of gene expression,
whereas the 20kD isoform, LIP (liver-enriched transcriptional
inhibitory protein), represses transcription in a dominant neg-
ative manner (6, 10, 16, 18). In fact, LIP contains the C-
terminal region but lacks the N-terminal transactivation do-
mains and consequently represses transcription through the
formation of inactive dimers with LAP (10).

The transcriptional activity of C/EBP is regulated by sev-
eral mechanisms, including association with other proteins as
well as posttranslational modification. In fact, several reports
have suggested a role for phosphorylation in regulating
C/EBPg activity in response to a variety of effectors in different
cell types (4, 5, 7, 17, 23, 25, 26, 33-35). It has also been
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suggested that C/EBP normally exists in a repressed state and
is activated by phosphorylation of a repressor domain located
between the N-terminal transactivation domains and the C-
terminal bZIP region (19). This domain contains several
serines and threonines, all of which are phosphorylated to
some extent by a constitutive process (3). The site encompass-
ing threonine 188 (SPPGT'®*¥PSP) in murine LAP is a consen-
sus site for both glycogen synthase kinase 3 (GSK3) and
extracellular signal-regulated kinase (ERK), which is dephos-
phorylated in response to growth hormone stimulation of prea-
dipocytes (26). Modification of this site by mutation of the
threonine to alanine inhibits the C/EBPB-associated transcrip-
tion of a c-fos promoter reporter in response to growth hor-
mone signaling (25).

We have recently shown that exposure of 3T3-L1 preadipo-
cytes to the adipogenic effectors dexamethasone (DEX), iso-
butylmethylxanthine (MIX), insulin, and fetal bovine serum
(FBS) activates a transient burst of MEK/ERK signaling that
coincides with the induction of C/EBP expression (27). These
and other studies have suggested a role for both MEK/ERK
signaling and C/EBPB in regulating PPAR<y expression and
activity during the early phase of adipogenesis (16). In the
present study, we questioned whether the transcriptional ac-
tivity of C/EBP is regulated by this differentiation-associated
activation of MEK/ERK through the phosphorylation of the
consensus ERK/GSK3 site (T188) within the repressor domain
of C/EBPB. We demonstrate by using an anti-phospho-Thr188
C/EBPB-specific antibody that effectors which stimulate MEK/
ERK signaling in 3T3-L1 preadipocytes also enhance the phos-
phorylation of T188 in the LAP isoform of C/EBPB. Expres-
sion of LAP in Swiss mouse fibroblasts leads to the induction
of PPARYy, which in the presence of a PPARYy ligand (trogli-
tazone) stimulates the conversion of these cells into fat-laden
adipocytes, with a corresponding increase in expression of adi-
pogenic genes, including the adiponectin gene. Expression of a
mutant LAP in which T188 has been modified to alanine (LAP
T188A) is also capable of inducing expression of PPAR<y and
some markers of adipogenesis in response to troglitazone but
is significantly less capable of stimulating C/EBPa and adi-
ponectin gene expression. In addition, ectopic expression of
PPARYy in C/EBPa-deficient fibroblasts (NIH 3T3 cells) pro-
duces a modest amount of adiponectin, whereas expression of
both PPARy and C/EBPa in NIH 3T3 cells facilitates produc-
tion of abundant amounts of the adipocytokine. These data
demonstrate that phosphorylation of C/EBP@ at a consensus
ERK/GSK3 site is required for activation of C/EBPa expres-
sion, which leads to adiponectin gene expression during termi-
nal adipogenesis.

MATERIALS AND METHODS

Reagents. DEX, 3-isobutyl-1-methylxanthine, insulin, aprotinin, LY294002,
and Oil Red O were purchased from Sigma (St. Louis, Mo.). Leupeptin and
hygromycin were from American Bioanalytical Inc. (Natick, Mass.), while Ge-
neticin, calf serum, and Dulbecco’s modified Eagle’s medium (DMEM) were
supplied by Life Technologies Inc. (Gaithersburg, Md.). FBS was obtained from
HyClone (Logan, Utah), [y->*P]ATP was obtained from Perkin-Elmer Life Sci-
ences (Boston, Mass.), and fibroblast growth factor 2 (FGF-2) was obtained from
Peprotech (Rocky Hill, N.J.). Troglitazone was a gift from John Johnson (Parke-
Davis/Warner Lambert, Ann Arbor, Mich.).

Antibodies. Polyclonal anti-C/EBPa and anti-C/EBPB, monoclonal anti-
PPARY, and polyclonal antiactin were purchased from Santa Cruz Biotechnol-
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ogy (Santa Cruz, Calif.). Polyclonal antiadiponectin (ACRP30) was purchased
from Affinity Bioreagents (Golden, Colo.), monoclonal anti-pan-ERK was pur-
chased from Transduction Laboratories (Lexington, Ky.), and monoclonal anti-
phospho-ERK was purchased from New England Biolabs (Beverly, Mass.). Poly-
clonal anti-aP2 was kindly provided by David Bernlohr (University of
Minnesota). Polyclonal anti-phospho-188Thr-C/EBPB was obtained from Cell
Signaling Technology Inc. Polyclonal antiperilipin was a gift from Andy Green-
berg, (New England Medical Center, Tufts University, Boston, Mass.).

Expression vectors and generation of stable cell lines. A glutathione S-trans-
ferase (GST)-p34C/EBPB (LAP) bacterial expression plasmid was constructed
by subcloning PCR products of C/EBPB ¢cDNA (16) into BamHI and EcoRI sites
of the pGEX-5X-3 vector (Pharmacia Biotech, Uppsala, Sweden). The LAP
PCR fragments were generated with the following primers: 5'GCGGATCCCC
ACCATGGAAGTGGCCAACTT and 5'CCGGAATTCGCATCAAGTCCCG
AAACCCGGT. The mutant forms of C/EBPB (T188A and T188D) were pro-
duced by site-directed mutagenesis (QuikChange; Stratagene, La Jolla, Calif.) of
the wild-type GST-p34C/EBPR plasmid with the following primers to introduce
the appropriate change in codon 188: T188A, 5" TCCAGCCCGCCCGGAGCT
CCGAGCCCCGCCGAC3' (new Sacl site); T188D, 5'TCCAGCCCGCCCGG
GGATCCGAGCCCCGCCGAC3' (new BamHI site). To generate the wild-type
and T188A C/EBPB-pRevIRE expression vectors, BamHI-Sall cDNA frag-
ments from the corresponding C/EBPB-pGEX-5X-3 plasmids were subcloned
into the pRevIRE plasmid (Clontech, Palo Alto, Calif.) digested with BamHI
and Sall. To construct the T188D C/EBPB-pRevIRE expression vector, the
corresponding T188D C/EBPBR-pGEX-5X-3 plasmid was subjected to controlled
partial digestion with BamHI and Sall and the appropriate fragment correspond-
ing to the C/EBPB cDNA was purified by preparative agarose gel electrophore-
sis. This fragment was subcloned into pPGEM-T Easy (Promega, Madison, Wis.)
to give rise to the T188D C/EBPB-pGEM-T plasmid. A Sall-Sphl fragment of
T188D C/EBPB-pGEM-T was subcloned into pRevIRE digested with Sall and
Sphl. To generate the pRevIRE-C/EBPa expression vector, a PCR product
corresponding to the coding region of C/EBPa (28) was subcloned into pcDNA
3-1 (—)Myc-His (Invitrogen) following digestion with BamHI and HindIII to
give rise to the pcDNA 3-1 (—)Myc-His-C/EBPa plasmid. The PCR primers
used to produce the coding region of C/EBPa were as follows: 5’CCGGGATC
CATGGAGTCGGCCGACTTCTACGA3' and 5'GATCCCAAGCTTCGCGC
AGTTGCCCATGGCCTT3'. A BamHI-Pmel fragment of the pcDNA 3-1
(—)Myc-His-C/EBPa plasmid corresponding to the coding region of C/EBPa
linked to coding sequences for the Myc-His tag was then subcloned into the
pRev-TRE plasmid digested with BamHI and Hpal, giving rise to the pRev-
TRE-C/EBPa-Myc-His retroviral expression vector.

To establish retrovirus-producing cell lines, human embryonic kidney 293T
cells were seeded at 80% confluence in a 60-mm-diameter dish on the day of
transfection. Individual cultures of cells were transfected with Fugene 6 (Roche
Biochemicals Inc., Indianapolis, Ind.) and 2 pg of either the wild-type or mutant
C/EBPB-pREV-TRE vector, the C/EBPa-pREV-TRE vector, or pBabe-
PPARY2, along with 2 pg each of vesicular stomatitis virus G and GP expression
plasmids (pVpack; Stratagene). Two days after transfection, culture medium
containing high-titer virus was harvested and filtered through a 0.45-wm-pore-
size filter. The viral filtrate supernatant was used to infect Swiss mouse 3T3
fibroblasts constitutively expressing the TET activator protein (Swiss TET-off
cells; Clontech) or NIH 3T3 cells that were seeded in a 60-mm dish at 25%
confluence on the day of infection. Cells were incubated with retrovirus over-
night in the presence of 4 pg of Polybrene (Sigma)/ml, and the infection was
allowed to proceed for an additional 2 days in fresh growth medium. At this
stage, 100 pg of hygromycin and/or puromycin/ml was added to facilitate selec-
tion of stable cell lines, which required culture for 2 to 3 weeks in the presence
of the antibiotic.

Cell culture. 3T3-L1 preadipocytes were grown in growth medium (DMEM
containing 10% calf serum) until confluent and were then maintained in the
same medium for an additional 2 to 3 days. Stimulation of the various signaling
pathways was induced at 2 to 3 days postconfluence by addition of 1 uM DEX,
0.5 mM MIX, 1.67 uM insulin, 10% FBS, and 1 nM FGF-2. Swiss TET-off cells
were maintained in growth medium (DMEM containing 10% FBS) with 100 pg
of Geneticin/ml and 1 ug of tetracycline/ml. Swiss TET-off cells expressing either
wild-type or mutant C/EBPB (Swiss-LAP cells) were maintained in the same
growth medium as the Swiss TET-off cells except that 100 pg of hygromycin/ml
was also included along with the other antibiotics listed above. Differentiation of
the Swiss-LAP and NIH-PPARy * C/EBPa cell lines was essentially as de-
scribed previously (13, 16, 21). Cells were plated and cultured without tetracy-
cline for 2 days until they reached confluence. Differentiation was induced at 2
days postconfluence (day 0) by adding fresh DMEM containing 10% FBS, 0.5
mM MIX, 1 pM DEX, 1.67 uM insulin, and 10 uM troglitazone. After 48 h, cells
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were maintained in DMEM with 10% FBS, 0.83 pM insulin, and 10 pM trogli-
tazone. For experiments with U0126 (10 pM), LY294002 (50 uM), or LiCl (10
mM), postconfluent cells were preincubated with each of the drugs for 30 min
prior to addition of other effectors. Oil Red O staining was performed by
following the procedure described previously (38). The cells were then photo-
graphed by phase-contrast microscopy.

Preparation of whole-cell and nuclear extracts. Cultured cells were rinsed with
phosphate-buffered saline (140 mM NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, 8.1
mM Na,HPO, [pH 7.4]). For whole-cell extracts, cells were harvested in ice-cold
extraction buffer (20 mM Tris [pH 7.4], 150 mM NaCl, 0.5% sodium deoxy-
cholate, 2% Nonidet P-40, 0.2% sodium dodecyl sulfate, 1 mM EDTA, 20 mM
NaF, 30 mM tetrasodium pyrophosphate, 1 mM dithiothreitol, 1 mM sodium
vanadate, 10% glycerol, 5 uM aprotinin, 50 M leupeptin, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]) and lysates were incubated on ice for 15 min and
then centrifuged at 18,000 X g. For nuclear protein extracts, cells were lysed in
lysis buffer (10 mM Tris [pH 7.6], 10 mM NaCl, 3 mM MgCl,, 0.5% Nonidet
P-40). After a low-speed centrifugation, nuclei were resuspended in nuclear
extraction buffer (20 mM HEPES [pH 7.9], 350 mM NaCl, 1.5 mM MgCl,, 0.2
mM EDTA [pH 8.0], 25% glycerol, 5 uM aprotinin, 50 pM leupeptin, 1 mM
PMSF) and then incubated on ice for 20 min and centrifuged at full speed
(13,000 rpm) at 4°C. The resulting supernatants were stored at —80°C, and
protein concentrations were determined with the bicinchoninic acid kit (Pierce,
Rockford, I1L.).

Gel electrophoresis and immunoblotting. Proteins were analyzed by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred to poly-

FIG. 1. Phosphorylation of C/EBP at a consensus ERK/GSK3 site
during the differentiation of 3T3-L1 preadipocytes. (A) Proliferating
3T3-L1 preadipocytes were cultured in growth medium until they
reached confluence. At 2 days postconfluence (day 0), the quiescent
cells were exposed to DEX, MIX, FBS, and insulin, and total cellular
protein was harvested at the indicated times. Equal amounts of protein
from each sample were subjected to Western blot analysis using anti-
bodies specific for phospho-ERK1/2 (p-ERK), phospho-C/EBPB (p-
C/EBPB), ERK, C/EBPB, PPARY, C/EBPa, perilipin, and adiponec-
tin. (B) Confluent 3T3-L1 preadipocytes were exposed to various
combinations of 1.67 pM insulin (I), 1 nM FGF-2 (F), 20 uM U0126
(U), 50 uM LY294002 (LY), and 10 mM LiCl (Li) in the presence of
MIX and DEX for 4 h, and total cellular protein was subjected to
Western blot analysis using antibodies specific for phospho-C/EBPA
(pC/EBPB), C/EBPB, phospho-ERK1/2 (pERK), and ERK.

vinylidene difluoride membranes (NEN Life Science, Boston, Mass.) in 25 mM
Tris-192 mM glycine. Following transfer, membranes were blocked with 4%
nonfat dry milk in phosphate-buffered saline-0.1% Tween 20 and probed with
the antibodies specified above. Horseradish peroxidase-conjugated secondary
antibodies (Sigma) and an enhanced chemiluminescence (ECL) substrate kit
(Perkin-Elmer Life Science) were used for detection of specific proteins.

Electrophoretic mobility shift assay (EMSA). DNA binding assays were per-
formed on nuclear extracts prepared from wild-type, T188A, and T188D Swiss-
LAP cells by following previously described procedures (15, 28). A double-
stranded oligonucleotide corresponding to the C/EBP response element within
the C/EBPa promoter (5'GATCCGCGTTGCGCCACGATG3') was end la-
beled with [y->*P]ATP by using T4 polynucleotide kinase according to the man-
ufacturer’s instructions (New England Biolabs). For supershift analysis, 3 pg of
nuclear protein extract was incubated with antibodies at room temperature for 30
min prior to the binding reaction. Each nuclear extract was incubated with 2 g
of poly(dI-dC), 10X binding buffer (100 mM Tris-Cl [pH 7.5], 500 mM NaCl, 10
mM EDTA, 10 mM dithiothreitol, 50% glycerol), 1.5 pl of 50% glycerol, and
10,000 cpm of radiolabeled oligonucleotide in a final volume of 20 pl at room
temperature for 30 min. The reaction mixtures were resolved on a nondenaturing
6% polyacrylamide (39:0.5, acrylamide/bisacrylamide) gel at 150 V for 4 h at 4°C
in running buffer (25 mM Tris [pH 8.3], 190 mM glycine, 1 mM EDTA, 10%
glycerol). Gels were vacuum dried for 1 h before exposure to Biomax MR-1
autoradiography film (Eastman Kodak Co.). Antibodies used for the supershifts
were anti-C/EBPB and anti-C/EBPq, as described above.
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RESULTS

Activation of MEK/ERK signaling during the early phase of
adipogenesis leads to the phosphorylation of C/EBPB. To
measure the phosphorylation of C/EBPB during the differentia-
tion of preadipocytes, we employed a phospho-C/EBPB-specific
antibody, which was produced against a phosphorylated peptide
corresponding to the site encompassing threonine 188 of murine
C/EBPB. Figure 1A demonstrates that exposure of confluent
3T3-L1 preadipocytes to DEX, MIX, insulin, and FBS induces
MEKI activity during the initial 60 min of differentiation, as
indicated by the phosphorylation of ERK1 and ERK2, which
precedes the phosphorylation of C/EBPB occurring between 1
and 2 h after the start of differentiation. The activation of MEK1
is short-lived since it subsides to quiescent levels by 6 h, whereas
C/EBPB phosphorylation can be detected throughout the first 2
days of adipogenesis. Following these early events, the preadipo-
cytes continue to differentiate into mature adipocytes, as indi-
cated by the sequential expression of the adipogenic genes includ-
ing the C/EBPB, PPARY, C/EBPq, perilipin, and adiponectin
genes. This pattern of signaling, in which activation of MEK1
immediately precedes phosphorylation of C/EBP, suggests that
MEKI1 might regulate C/EBP activity during adipogenesis. To
determine whether MEK1 phosphorylates C/EBPP in 3T3-L1
preadipocytes, we exposed confluent cells to DEX and MIX in
the presence or absence of FGF-2 and/or insulin for 4 h and a
Western blot analysis was performed on total cellular proteins.
Our previous studies have shown that FGF-2 is a potent inducer
of MEKI activity in 3T3-L1 cells and is a proadipogenic factor;
consequently, we employed this effector to enhance the phos-
phorylation of C/EBP. Figure 1B demonstrates that the phos-
pho-C/EBPR antibody detects a protein that comigrates with the
LAP isoform of C/EBP in cells exposed to DEX and MIX (lane
1). These conditions also lead to the activation of MEKI, as
revealed by the phosphorylation of both ERK1 and ERK2. Ex-
posure of the cells to insulin and FGF-2 enhances the phosphor-
ylation of both C/EBPB and the ERKs (Fig. 1B, lane 3), whereas
exposure to insulin without FGF-2 attenuates the expression of
the phospho-C/EBPB species (Fig. 1B, lane 2). Inhibition of
MEKI1 activity by exposure of the cells to U0126 blocked the
phosphorylation of C/EBPB by FGF-2 and insulin (Fig. 1, lane 4).
Additionally, insulin, which activates both phosphatidylinositol
(PT)-3 kinase and Akt/protein kinase B activity and leads to sup-
pression of GSK3 activity, attenuates phosphorylation of
C/EBPg. Treatment of the cells with L'Y294002, an inhibitor of
PI-3 kinase activity, potentiates the ability of FGF-2 to phosphor-
ylate C/EBPB (Fig. 1B, lane 5), while treatment with LiCl, an
inhibitor of GSK3 activity, attenuated this effect of FGF-2. Taken
together, the data presented in Fig. 1 demonstrate that activation
of MEK1/ERK and/or GSK3 signaling potentiates the phosphor-
ylation of threonine 188 within the LAP isoform of C/EBPB
during the initial stages of adipogenesis in 3T3-L1 preadipocytes.

Activation of ERK or GSK3 in mouse embryo fibroblasts
induces the phosphorylation of C/EBP@ on Thr188. To inves-
tigate the role of threonine 188 in regulating C/EBPB activity,
we generated expression vectors corresponding to the LAP
isoform of C/EBP (wild type) as well as two mutant proteins
in which threonine 188 was replaced by either alanine (T188A)
or aspartic acid (T188D). To identify the signaling pathways
regulating the phosphorylation of C/EBPB in vivo, we ectopi-
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FIG. 2. Phosphorylation of T188 within a consensus ERK/GSK3
site of an ectopic C/EBPB in response to exposure of Swiss mouse
fibroblasts to FGF-2. Swiss mouse fibroblasts expressing either wild-
type (Wt), TI88A (T-A), or T188D (T-D) forms of C/EBPB were
cultured in growth medium without tetracycline until confluent. Two
days later, the cells were exposed to the various effectors in the pres-
ence of MIX, DEX, and insulin. (A) The Wt cells were exposed to
various combinations of 1 nM FGF-2, 20 uM U0126 (U), 50 pM
LY294002 (LY), and 10 mM LiCl (Li) for 30 min and harvested, and
the resulting total cell proteins were subjected to Western blot analysis
of phospho-C/EBPB (pC/EBPB), C/EBPB, phospho-ERK (pERK),
and ERK. (B) Confluent Wt, T-A, and T-D cells were exposed to 1 nM
FGF-2 along with DEX, MIX, and insulin for 30 min, and total cell
proteins were subjected to Western blot analysis of phospho-C/EBPA
and C/EBPB.

cally expressed wild-type LAP and the corresponding T188A
and T188D mutant proteins in Swiss mouse fibroblasts using
the pRevIET-off expression system. Figure 2A shows an ex-
tensive phosphorylation of the wild-type protein in cells ex-
posed to insulin in the presence of MIX and DEX, as revealed
by detection of a phosphorylated protein on the Western blot
with the phospho-C/EBPB-specific antibody (Fig. 2A, lane 1).
The extent of phosphorylation is enhanced when cells are ex-
posed to FGF-2 along with the other effectors (Fig. 2A, lane 2),
which also stimulates MEK activity (phosphorylation of ERK).
In fact, inhibition of MEKI1 by exposure of the cells to U0126
dramatically attenuates the phosphorylation of C/EBPB (Fig.
2A, lane 4). As observed in Fig. 1 for the endogenous C/EBPB
in 3T3-L1 preadipocytes, inhibition of PI-3 kinase with L'Y294002
appears to enhance the ability of FGF-2 to induce C/EBPpB
phosphorylation (Fig. 2A, lane 3), and this activity is also
blocked by treatment of the cells with LiCl (Fig. 2A, lane 5).
We also expressed the T188A and T188D mutant C/EBPRs
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The Swiss cell lines corresponding to Wt, TA, and TD forms of C/EBPB were induced to differentiate for 5 days in the absence or presence of
tetracycline (TET), as described in Materials and Methods. The cells were then fixed, stained with Oil Red O, and photographed.

and compared their levels of phosphorylation with that of the
wild-type control using the anti-phospho-C/EBPB antibody
(Fig. 2B). As expected, these data show that the antibody does
not interact with the mutant proteins on Western blots since
they do not contain a threonine to act as an acceptor for
phosphate in the Swiss cells. The significance of this analysis is
that it demonstrates the specificity of the antibody for phos-
pho-T188 within C/EBP@ and, along with the data in Fig. 2A,
confirms that T188 is a target of ERK/GSK3 signaling in Swiss
mouse fibroblasts.

Ectopic expression of wild-type, T188A, and T188D forms of
C/EBPf in Swiss mouse fibroblasts induces accumulation of
lipids and morphological differentiation into adipocytic cells.
Our earlier studies have shown that ectopic expression of
C/EBPB in NIH 3T3 fibroblasts induces expression of PPARYy,
which, in response to an exogenous PPARY ligand, leads to
lipogenesis and expression of some adipogenic genes, most
notably the gene encoding adipose tissue-specific fatty acid
binding protein aP2 (36-38). Other adipogenic genes such
as the C/EBPa and GLUT4 genes are not expressed; conse-
quently, we chose to investigate the function of C/EBPB in
Swiss mouse fibroblasts, which are more likely to differentiate
into mature adipocytes expressing the full complement of adi-
pocyte genes (13). To determine the role of phosphorylation in
regulating the adipogenic activity of C/EBPB, we ectopically

expressed LAP and its corresponding ERK/GSK3 site mutant
proteins (T188A and T188D) in fibroblasts by culturing the
corresponding Swiss-LAP cells (wild type and mutants) for
several days in the presence or absence of tetracycline. Con-
fluent cells were then exposed to DEX, MIX, insulin, and
troglitazone in the presence or absence of tetracycline. Figure
3 demonstrates that all three cell lines, when cultured in the
absence of tetracycline, are capable of undergoing an extensive
morphological differentiation, as revealed by the formation of
large round cells filled with lipid droplets. It appears that the
wild-type cells accumulate more lipid than the T188A mutants
even though the latter adopt a round morphology. Culture in
the presence of tetracycline to prevent the ectopic expression
of the LAP proteins results in maintenance of the original
fibroblast morphology throughout the differentiation period.
Phosphorylation of C/EBP at the ERK/GSK3 site is re-
quired for its ability to induce adiponectin gene expression. To
determine whether these mutant C/EBPs have different effects
on adipogenic gene expression, the corresponding Swiss-LAP
cells were exposed to DEX and insulin with or without MIX or
troglitazone for 5 days and expression of the adipogenic pro-
gram was assessed by analysis of total cell proteins on Western
blots. Exposure of the wild-type cells to DEX and insulin alone
in the absence of tetracycline facilitates phosphorylation of the
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FIG. 4. Phosphorylation of mouse C/EBPB at a consensus ERK/
GSK3 site (T188) is required for the induction of adiponectin gene
expression during the differentiation of mouse fibroblasts. Swiss mouse
fibroblast cell lines (wild type [Wt], T188A [T-A], and T188D [T-D])
were grown to confluence in the absence of tetracycline to induce
expression of the corresponding C/EBP protein. Two days later, the
cells were treated with either MIX or troglitazone in the presence of
DEX and insulin. The cells were harvested 5 days later and subjected
to Western blot analysis of phospho-C/EBPB (phosC/EBPB), C/EBPB,
PPARYy, perilipin, adiponectin, aP2, and actin.

ectopic C/EBPB and induces expression of PPARy2 but is
incapable of stimulating adipogenesis (Fig. 4, lane 1). Addition
of MIX along with DEX and insulin not only causes phosphor-
ylation of C/EBPR and expression of PPARY2 but also induces
production of adiponectin and perilipin (Fig. 4, lane 4). Inter-
estingly, these conditions are incapable of activating aP2 ex-
pression to any significant extent (Fig. 4, lane 4). Activation of
PPARYy activity by troglitazone, however, induces aP2 expres-
sion and enhances production of the other adipogenic genes
(Fig. 4, lane 7). Culture of the T188A mutant cell line in the
absence of tetracycline induces abundant expression of
C/EBPp equivalent to the levels produced in the wild-type cells
and under all the conditions analyzed is capable of inducing
PPAR~?2 expression (Fig. 4, lanes 2, 5, and 8). Interestingly, the
mutant LAP protein (T188A) in these fibroblasts is not capable of
stimulating adiponectin expression to any significant extent com-
pared to wild-type LAP, even in the presence of troglitazone (Fig.
4, compare lanes 5 and 8 with 4 and 7, respectively). Cells that
express the T188A protein, however, are capable of synthesizing
perilipin and aP2 following exposure to troglitazone. It is note-
worthy that the T188D C/EBPp expresses a significantly higher
level of adipogenic activity than the T188A mutant protein but
not as high a level as the WT protein. This is due, presumably, to
the presence of the negatively charged aspartic acid, which mimics
the effect of the phosphorylated threonine 188.

MoL. CELL. BIOL.

Phosphorylation of C/EBP at T188 is required to induce
expression of C/EBPa as well as adiponectin. To define the
role of phospho-C/EBPB in regulating adipogenesis, we ana-
lyzed the sequential expression of selected adipogenic proteins
during the differentiation of wild-type, T188A, and T188D cell
lines. Figure SA demonstrates that exposure of the cells to
DEX, MIX, insulin, and troglitazone in the absence of tetra-
cycline leads to an increase in the ectopic C/EBPB proteins
within the initial 24 h, which reaches a maximum of expression
by day 3 and remains at these high levels throughout the 7-day
culture period. All three cell lines express approximately the
same amount of C/EBPB. PPARYy expression is induced within
the initial 1 to 3 days of differentiation and is significantly more
apparent at this time in the wild-type and T188D cells than in
the T188A cell line. By day 5, it appears that all three cell lines
express equivalent quantities of PPARYy. This is in contrast to
the expression of C/EBPa, which is abundantly expressed in
wild-type and T188D cells but which is virtually absent in cells
expressing the TI88A mutant protein.

The data in Fig. 5A suggest that phosphorylation of C/EBPB
is also required to facilitate expression of C/EBPa in response
to activation of PPARYy. It is also possible that the T188A
mutant C/EBPB acts as a dominant negative factor which
blocks C/EBPa expression. To investigate this possibility, dif-
ferentiation was induced in three cell lines for 6 days as out-
lined in Fig. 5A in order to facilitate induction of PPARy and
then ectopic C/EBPP expression was inhibited by treating the
cultures with tetracycline. Figure 5B shows a Western blot
analysis of proteins isolated from the cells treated with or
without tetracycline for increasing times following the 6-day
time period. Addition of tetracycline results in an extensive
decrease in expression of the ectopic C/EBPR in all three cell
lines compared to the levels of expression in cells maintained
in the absence of tetracycline (Fig. 5B, compare lanes 2, 4, 6, 8,
10, 12, 14, 16, and 18 with 1, 3, 5, 7, 9, 11, 13, 15, and 17). In
the wild-type and T188D cells, the decrease in C/EBP expres-
sion had no effect on the abundant expression of PPARy or
C/EBPa during the 3 days of exposure to tetracycline (Fig. 5B,
lanes 2, 4, 6, 14, 16, and 18). These data suggest that, once the
ectopic C/EBPB (wild type or T188D) has established an adi-
pogenic state by inducing PPAR~y and C/EBP«, the adipogenic
program is self-sustaining, probably as a result of the cross-
regulation of PPAR+y and C/EBPa. In contrast, suppression of
the T188A mutant C/EBP at day 6 results in a corresponding
down-regulation of PPAR+y expression and a decrease in the
already low levels of C/EBP« (Fig. 5B, lanes 8, 10, and 12). It
appears, therefore, that the T188A C/EBPp is not acting as a
dominant negative molecule but instead is incapable of pro-
ducing the quantity of C/EBPa required to maintain PPARy
expression during terminal adipogenesis.

Mutant C/EBP T188A can bind to a C/EBP response ele-
ment from the proximal promoter of the C/EBPa gene. To
determine whether the inability of C/EBPB T188A to stimulate
C/EBPa expression stems from its inability to bind to the
C/EBP response element within the proximal promoter of the
C/EBPa gene, we compared the DNA binding activities of
wild-type, T188A, and T188D proteins to a radiolabeled oli-
gonucleotide corresponding to the response element (GCGT
TGCGCCACGATG; the response element is underlined).
The EMSA presented in Fig. 6A demonstrates that all three
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FIG. 5. Phosphorylation of mouse C/EBPB at a consensus ERK/GSK3 site (T188) is required for C/EBPa expression and for sustaining
terminal adipogenesis. (A) Swiss mouse fibroblast cell lines (wild type [WT], T188A [T-A], and T188D [T-D]) were cultured in growth medium
with or without tetracycline until confluent. Two days later, the cells were induced to differentiate by exposure to DEX, MIX, FBS, insulin, and
troglitazone for 2 days in the absence or presence of tetracycline. At this stage, cells were treated with insulin and troglitazone in the presence
(7d+TET) or absence of tetracycline and harvested at the indicated times. (B) The Swiss-LAP cells (WT, T-A, or T-D) were induced to
differentiate in the absence of tetracycline for 6 days as outlined for panel A. At this stage, 1 pg of tetracycline (+) or vehicle (—) was added to
the culture medium of each cell line to suppress expression of the ectopic C/EBP, and cells were harvested for nuclear proteins at the indicated
times. Equal amounts of nuclear proteins from each cell sample (A and B) were subjected to Western blot analysis of C/EBPB, PPARY, and

C/EBPa.

proteins expressed in cells that had been differentiated for 5
days avidly bind to the radiolabeled oligonucleotide (lanes 1, 5,
and 9), giving rise to several distinct DNA-protein complexes. It is
noteworthy that the profile of complexes in the TISS8A EMSA
differs somewhat from those in the wild-type and T188D EMSAs
(Fig. 6A, compare lane 5 with 1 and 9). A supershift EMSA using
an anti-C/EBPB antibody confirms that all of these complexes
contain C/EBP and also demonstrates that the TISSA C/EBPB
is as efficient at forming these complexes as the wild-type and
T188D proteins. As expected, the abundance of C/EBPa-contain-
ing complexes in the T188A cells is significantly lower than that in
wild-type or T188D cells, as revealed by the supershift EMSA
using an anti-C/EBPa antibody (Fig. 6A, compare lane 7 with 3
and 11). The supershift EMSA presented in Fig. 6B further shows
that the T188A C/EBPR binds to the C/EBP response element as
avidly as the wild-type protein throughout the differentiation pro-
cess (compare lanes 5 to 8 with 1 to 4). In contrast, as observed in
Fig. 6A, the abundance of the complexes containing C/EBPa in
the T188A cells is significantly lower than that in wild-type cells,
consistent with the significantly lower level of expression of the
C/EBPa protein in the T188A cells (Fig. 5).

Induction of adiponectin expression by PPARy in mouse
fibroblasts requires C/EBPa. The data presented above sug-
gested that the inability of the T188A mutant protein to acti-
vate adiponectin expression in mouse fibroblasts results from
its inability to induce expression of C/EBPa. To investigate the
role of C/EBPa in regulating adiponectin expression, we gen-
erated mouse fibroblasts expressing PPAR+y with or without
C/EBPa by infecting NIH 3T3 cells (C/EBPa deficient) with
retroviral vectors to facilitate expression of C/EBPa and/or
PPARY (i.e., NIH 3T3-Py+/Ca— [Ca—] and NIH 3T3-Py+/
Ca+ [Ca+]). Each cell line was induced to differentiate by
exposure to DEX, MIX, insulin, and troglitazone, and total cell
proteins prepared at different times were analyzed on Western
blots. Figure 7 shows the constitutive expression of PPAR~Y2 in
both cell lines (Ca— and Ca+) and the absence of C/EBPa in
the Ca— cell line. Figure 7 also shows an extensive induction
of fatty acid synthase and aP2 expression following exposure of
both cell lines to the adipogenic inducers. In contrast, adi-
ponectin expression is activated to a significant extent only in
the NIH 3T3 fibroblasts expressing both PPARy2 and C/EBPa
(Fig. 7, compare lanes 6 and 7).
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C/EBPa gene. Swiss fibroblasts expressing wild-type (WT), T188A (T-A), or T188D (T-D) forms of C/EBPRB were induced to differentiate as
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FIG. 7. Induction of adiponectin expression in mouse fibroblasts by
PPAR~?2 requires expression of C/EBPa. Confluent NIH 3T3 cell lines
expressing PPARy2 with (+C/EBPa) or without (—C/EBPa) were
induced to differentiate by exposure to DEX, MIX, FBS, insulin, and
troglitazone. At day 2, cells were treated with insulin and troglitazone
and harvested at the indicated times for Western blot analysis of
PPARY2, C/EBPaq, adiponectin, fatty acid synthase (FAS), aP2, and
B-catenin. Noninfected NIH 3T3 fibroblasts were also subjected to the
same differentiation protocol for 6 days in order to illustrate the
absence of adipogenic proteins.

DISCUSSION

In this report, we demonstrate that phosphorylation of the
LAP isoform of C/EBPB at a consensus ERK/GSK3 site reg-
ulates adiponectin gene expression during the C/EBPB-facili-
tated differentiation of mouse fibroblasts into adipocytes. The
data show that conditional ectopic expression of a mutant form
of LAP in which threonine 188 has been replaced with alanine
(T188A) is incapable of stimulating adiponectin gene expres-
sion, whereas wild-type LAP and a T188D mutant protein
express this activity. Phosphorylation of T188 within the con-
sensus ERK/GSK site is likely regulated by proadipogenic ef-
fectors by stimulating MEK1 activity during the early phase of
adipogenesis in mouse preadipocytes or fibroblasts ectopically
expressing C/EBPB. The inability of the T188A mutant protein
to induce adiponectin expression appears to be due to its
inability to stimulate C/EBPa expression. Consistent with this
notion is the fact that PPARY2 is capable of stimulating adi-
ponectin expression to a significant extent only in fibroblasts
that also express C/EBPa. This finding is in agreement with a
recent study suggesting a role for C/EBPa in regulating adi-
ponectin expression in mouse embryo fibroblasts (14).

Identification of T188 in LAP as a target for phosphoryla-
tion by ERK and GSK3 in response to exposure of fibroblasts
to adipogenic effectors. The data demonstrate that threonine
188 of the LAP isoform of murine C/EBP is a target of ERK
and GSK3 in vivo (Fig. 2) as well as in vitro (data not shown).
Threonine 188 is located within a domain of LAP that contains
several serine and threonine residues that are potential targets
for phosphorylation. In fact, a recent study has demonstrated
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that most of these residues are phosphorylated to some extent
by constitutive signaling pathways (3). The studies presented in
Fig. 2A that suggest that both ERK and GSK3 can phosphor-
ylate LAP on T188 in response to exposure of mouse fibro-
blasts to FGF-2 are based on the use of an anti-phospho-
C/EBPg antibody to detect phosphorylated C/EBP. The spec-
ificity of this antibody for phosphorylated T188 is presented in
Fig. 2B, which shows that, in contrast to the wild-type LAP
protein, the T188A and T188D mutant proteins do not react
with the antibody on Western blots. It appears from the data in
Fig. 2A that FGF-2 stimulates the phosphorylation of LAP
through at least two separate signaling pathways. The use of
U0126 suggests that MEK1/ERK signaling is involved, and the
use of both LiCl to block GSK3 and LY294002 to potentially
enhance GSK3 activity by attenuating PI-3 kinase/Akt activity
supports the involvement of a PI-3 kinase/GSK3 pathway.

Role of T188 in regulating the adipogenic activity of
C/EBP. The direct involvement of T188 in regulating the adi-
pogenic activity of C/EBPB is clearly demonstrated in Fig. 4.
Conditional ectopic expression of LAP in nonadipogenic mouse
fibroblasts induces PPARy expression and under specified adipo-
genic conditions also facilitates conversion of these cells into ma-
ture adipocytes based on the accumulation of lipid droplets and
expression of adiponectin, perilipin, and FABP4 (aP2). Ectopic
expression of the LAP T188A mutant protein in the mouse cells
can also stimulate expression of the PPARYy gene and some other
adipocyte genes, but it is incapable of inducing adiponectin gene
expression. In contrast, the LAP T188D mutant protein expresses
a level of adipogenic activity which approaches that of the normal
LAP protein. These observations suggest that phosphorylation of
C/EBPB by ERK and/or GSK3 in response to extracellular effec-
tors regulates its adipogenic activity, which includes coordinating
the expression of the full complement of genes during terminal
adipogenesis, most notably adiponectin. Previous studies by us
have shown a positive role for the activation of MEK/ERK sig-
naling during the early phase of adipogenesis in 3T3-L1 preadi-
pocytes (27). Specifically, we demonstrated that inhibition of
MEK1 activity with U0126 blocked the expression of PPAR+y and
C/EBPa in 3T3-L1 preadipocytes and, consequently, prevented
the differentiation of these cells into mature adipocytes. The stud-
ies presented above, however, demonstrate that preventing the
phosphorylation of the consensus ERK/GSK3 domain within
C/EBPB during the differentiation of mouse fibroblasts has a
much more selective effect on adipogenic gene expression since
induction of PPARY, perilipin, and aP2 expression occurred in
the T188A mutant cells. It is likely that phosphorylation of
C/EBPp is only one of several transcriptional processes that is
regulated by MEK/ERK signaling during the early phase of adi-
pogenesis. In fact, recent studies have suggested that clonal ex-
pansion, which is required for terminal adipogenesis, is also reg-
ulated by MEK/ERK signaling (32).

What is the mechanism by which phosphorylation of
C/EBPp selectively regulates adipogenic gene expression? It
appears from the data in Fig. 4 that the T188A mutant C/EBPj3
is as capable of activating PPARy expression as the wild-type
protein in the corresponding Swiss cells following exposure to
DEX and insulin with or without MIX or troglitazone. In
contrast, the mutant protein is not as effective at inducing
C/EBPa expression when cells are exposed to the adipogenic
inducers, including troglitazone (Fig. 5). This effect does not
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FIG. 8. Transcription factors and signaling pathways regulating
adiponectin expression during adipogenesis. This model is based on
this study and other studies referred to in the text.

appear to be due to any significant decrease in the ability of the
T188A C/EBPg to bind to a C/EBP regulatory element located
in the minimal promoter of the C/EBPa gene (Fig. 6). It is
possible, however, that the phosphorylation-defective C/EBP
may recruit corepressors to the C/EBPa gene and not the
PPARY gene. Recent studies have suggested that the transcrip-
tional regulation of the PPAR<y gene by C/EBPs differs from
that of other C/EBP target genes. In fact, the C/EBP response
element within the proximal promoter of the PPARYy2 gene
does not conform to the usual consensus sequence (12). The
element consists of two overlapping sequences that direct the
interaction of C/EBP with nuclear factor of activated T cells
(NFAT) to form an enhancer complex responsible for NFAT-
mediated activation of PPARY2 gene transcription (40). It is
conceivable, therefore, that phosphorylation of TI188 of
C/EBPg is not required for the formation of this unique en-
hancer complex. In contrast, however, the C/EBP regulatory
element within the C/EBPa promoter conforms to a consensus
sequence similar to that present in many other C/EBP target
genes. Furthermore, studies have shown that C/EBPB and
C/EBPa are potent activators of C/EBPa gene transcription
through direct interaction with this response element in the
proximal promoter. The data presented above are consistent,
therefore, with the notion that the unphosphorylated form of
C/EBPB (T188A) is incapable of activating C/EBPa transcrip-
tion. It follows that the absence of C/EBPa is responsible for
the lack of adiponectin expression since the studies shown in
Fig. 7 clearly demonstrate that expression of adiponectin dur-
ing adipogenesis depends on C/EBPa expression.

In conclusion, these studies identify an important role for
phosphorylation of C/EBP at a consensus ERK/GSK3 site in
regulating the expression of adiponectin during adipogenesis.
The model presented in Fig. 8 illustrates a signaling pathway
leading to adiponectin which includes phosphorylation of
C/EBPg and activation of C/EBPa. It is likely that this pathway
also requires activation of PPARYy since terminal adipogenesis
depends on PPARYy activity. These observations, however,
raise the possibility of identifying targets that may facilitate
modulation of adiponectin expression without affecting other
features of adipocyte function. For instance, promoting phos-
phorylation of C/EBPR in insulin-resistant adipocytes may en-
hance secretion of adiponectin without increasing accumula-
tion of lipid and, in so doing, may be an effective therapy for
metabolic syndrome.
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