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The differentiation of 3T3 preadipocytes into adipocytes is accompanied by a transient induction of C/EBPb
and C/EBPd expression in response to treatment of the cells with methylisobutylxanthine (MIX) and dexa-
methasone (DEX), respectively. In this report, we demonstrate that peroxisome proliferator-activated receptor
g (PPARg) expression in 3T3-L1 preadipocytes is induced by MIX and DEX, suggesting that C/EBPb and
C/EBPd may be involved in this process. Using a tetracycline-responsive expression system, we have recently
shown that the conditional ectopic expression of C/EBPb in NIH 3T3 fibroblasts (b2 cells) in the presence of
DEX activates the synthesis of peroxisome PPARg mRNA. Subsequent exposure of these cells to PPAR
activators stimulates their conversion into adipocytes; however, neither the expression of C/EBPb nor exposure
to DEX alone is capable of inducing PPARg expression in the b2 cell line. We find that unlike the case for 3T3
preadipocytes, C/EBPd is not induced by DEX in these 3T3 fibroblasts and therefore is not relaying the effect
of this glucocorticoid to the PPARg gene. To define the role of glucocorticoids in regulating PPARg expression
and the possible involvement of C/EBPd, we have established an additional set of NIH 3T3 cell lines expressing
either C/EBPd alone (d23 cells) or C/EBPd and C/EBPb together (b/d39 cells), using the tetracycline-
responsive system. Culture of these cells in tetracycline-deficient medium containing DEX, MIX, insulin, and
fetal bovine serum shows that the b/d39 cells express PPARg and aP2 mRNAs at levels that are almost
equivalent to those observed in fully differentiated 3T3-L1 adipocytes. These levels are approximately threefold
higher than their levels of expression in the b2 cells. Despite the fact that these b/d39 cells produce abundant
amounts of C/EBPb and C/EBPd (in the absence of tetracycline), they still require glucocorticoids to attain
maximum expression of PPARg mRNA. Furthermore, the induction of PPARg mRNA by exposure of these
cells to DEX occurs in the absence of ongoing protein synthesis. The d23 cells, on the other hand, are not
capable of activating PPARg gene expression when exposed to the same adipogenic inducers. Finally, atten-
uation of ectopic C/EBPb production at various stages during the differentiation process results in a concom-
itant inhibition of PPARg and the adipogenic program. These data strongly suggest that the induction of
PPARg gene expression in multipotential mesenchymal stem cells (NIH 3T3 fibroblasts) is dependent on
elevated levels of C/EBPb throughout the differentiation process, as well as an initial exposure to glucocorti-
coids. C/EBPd may function by synergizing with C/EBPb to enhance the level of PPARg expression.

The differentiation of preadipocytes into adipocytes is reg-
ulated by at least two families of transcription factors, the
CCAAT/enhancer-binding proteins (C/EBPs) and the peroxi-
some proliferator-activated receptors (PPARs), that are re-
sponsive to various adipogenic inducers, including fetal bovine
serum (FBS), insulin, dexamethasone (DEX), methylisobutyl-
xanthine (MIX), long-chain fatty acids, retinoids, and prostan-
oids (3–5, 10, 27, 32).
Three members of the C/EBP family, a, b, and d, are ex-

pressed at specific times during adipogenesis in a manner that
is consistent with a regulatory role for each protein during the
differentiation process (3). C/EBPa appears to perform an
important function in the activation and maintenance of the
terminally differentiated phenotype (17, 22, 28). C/EBPb and
C/EBPd are expressed at the onset of differentiation and are
considered to regulate C/EBPa production (32).
The PPARs (PPARa, PPARg, and PPARd/Nuc1) are mem-

bers of the nuclear hormone receptor superfamily, which in-
cludes receptors for the retinoid, thyroid, and steroid hor-

mones (9, 12, 16). These PPAR proteins are expressed to
various levels in many tissues, where they regulate the metab-
olism of lipids by activating the expression of key enzymes (15).
For instance, activation of PPARa in the liver induces the
proliferation of peroxisomes and associated enzymes, resulting
in long-chain fatty acid metabolism via the b-oxidation cycle (8,
14). PPARg is considered to play an important role in regu-
lating adipogenesis, since it is expressed most abundantly in
adipose tissue and is induced during the early phase of differ-
entiation of both 3T3-L1 and 3T3-F442A preadipocytes (5,
26).
The most conclusive evidence that both C/EBPa and

PPARg play a critical role in regulating adipogenesis has come
from studies that demonstrate the conversion of multipotential
mesenchymal stem cells (NIH 3T3 fibroblasts) into adipocytes
in response to the ectopic expression of each of these proteins
(11, 27). Furthermore, when the two proteins are expressed
together, they act synergistically to promote a level of adipo-
genesis in these fibroblasts equivalent to that observed in the
well-established 3T3 preadipocyte cell lines (27). In this re-
gard, it is important to note that two genes associated with the
terminally differentiated state of adipocytes, the aP2 and phos-
phoenolpyruvate carboxykinase genes, contain regulatory ele-
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ments within their promoters and/or enhancers which can be
transactivated by C/EBPs and PPARs (7, 20, 25, 26). It is
possible, therefore, that C/EBPa and PPARg represent two
arms of a network of transcription factors which are capable of
establishing the terminally differentiated state of adipocytes.
Recent studies by Yeh et al. suggest that the early induction

of C/EBPb and C/EBPd provides an important catalytic func-
tion during the differentiation process by relaying the effects
of MIX and DEX in a cascade-like fashion to activate termi-
nal differentiation (32). Consistent with this notion, we have
recently shown that the conditional ectopic expression of C/
EBPb in NIH 3T3 cells exposed to DEX activates the synthesis
of PPARg mRNA, and subsequent exposure of these cells to
PPAR activators stimulates their conversion into adipocytes
(31). Neither the overexpression of C/EBPb nor treatment with
DEX alone is sufficient to induce the expression of PPARg,
though when present together, these effectors act synergisti-
cally. Cao et al. have shown that treatment of 3T3-L1 preadi-
pocytes with DEX induces the expression of C/EBPd (3). It is
possible, therefore, that the ability of DEX to enhance PPARg
expression in the NIH 3T3/C/EBPb cells is due to its activa-
tion of C/EBPd production, thereby facilitating the formation
of C/EBPb-C/EBPd heterodimers. These heterodimeric com-
plexes may be the prerequisite adipogenic transcriptional ac-
tivators that initiate PPARg and C/EBPa expression.
In these investigations, we demonstrate that the induction

of PPARg mRNA in 3T3-L1 preadipocytes is enhanced many-
fold by exposure of the cells to DEX. To define the role that
glucocorticoids play in regulating PPARg expression and the
possible involvement of C/EBPd, we have established a set of
NIH 3T3 cell lines expressing either C/EBPd alone or C/EBPd
and C/EBPb together, using the tetracycline-responsive expres-
sion system. We show that the simultaneous overexpression of
both C/EBPd and C/EBPb in cells exposed to DEX results in
an extensive induction of PPARg mRNA production which is
several times greater than that induced by C/EBPb alone. In
contrast, ectopic expression of C/EBPd alone is incapable of
activating PPARg mRNA expression, even in the presence of
a cocktail of adipogenic inducers including DEX, MIX, insu-
lin, and FBS. We further show that the induction of PPARg
in the cells expressing both C/EBPb and C/EBPd is en-
hanced manyfold by glucocorticoids and occurs in the absence
of ongoing protein synthesis. Our observations suggest that
C/EBPb, C/EBPd, and glucocorticoids play a direct role in
initiating the early phase of adipogenesis through the induction
of PPARg.

MATERIALS AND METHODS

Plasmid constructions and stable transfections. Tetracycline transactivator
(tTA) (pUHD15-1) and tetracycline operator-cytomegalovirus promoter
(pUHD10-3) expression plasmids were obtained from H. Bujard, ZFMB, Uni-
versity of Heidelberg, Heidelberg, Germany (13). The tTA-dependent C/EBPd
expression vector was generated by ligating 1 kb of C/EBPd cDNA from an
EcoRI-BamHI double digest of the MSV-C/EBPd plasmid (provided by S. Mc-
Knight, Tularik, Inc., South San Francisco, Calif.) to the EcoRI-BamHI sites
within the polylinker region of pUHD10-3. The tTA-dependent C/EBPb expres-
sion vector was constructed as described previously (31). Transcription of
C/EBPb and C/EBPd mRNAs from the resultant plasmids, Tet-O-C/EBPb and
Tet-O-C/EBPd, is driven by the cytomegalovirus promoter containing seven
repeats of the tetracycline operator upstream of the C/EBPb or C/EBPd cDNA
in response to coexpression of tTA from the pUHD15-1 plasmid.
The NIH 3T3 b2 cell line, which expresses C/EBPb in a tetracycline-depen-

dent manner, was described previously (31). The inducible C/EBPd and
C/EBPb/d cell lines were generated by transfecting the Tet-O-C/EBPd expres-
sion vector either alone or in combination with the Tet-O-C/EBPb vector, along
with a pBabe-puromycin plasmid, into the tTA NIH 3T3 cell line (transfected
with the tTA vector alone). Transfection was performed with LipofectAMINE as
outlined by the supplier (GIBCO BRL, Life Technologies, Inc., Gaithersburg,
Md.). The transfected cells were selected in Dulbecco’s modified Eagle medium
(DMEM; GIBCO BRL) containing 10% FBS, 0.4 mg of G418 (GIBCO BRL)

per ml, 1.5 mg of puromycin (Sigma) per ml, and 1 mg of tetracycline per ml for
10 to 14 days. The resistant clones were subsequently isolated and propagated in
cell lines. These stable cell lines were screened by Northern (RNA) blot analysis
to identify clones that expressed abundant quantities of C/EBPd mRNA (d23) or
C/EBPd and C/EBPb mRNAs (b/d39) in response to the withdrawal of tetracy-
cline.
Cell culture. 3T3-L1 preadipocytes were maintained in growth medium con-

sisting of DMEM containing 10% normal calf serum (Intergen, Co., Purchase,
N.Y.) and were induced to differentiate as described previously (24). The NIH
3T3 stable cell lines (b2, d23, and b/d39) were induced to undergo adipogenesis
by being grown to;50% confluence in DMEM containing 10% FBS and 1 mg of
tetracycline per ml. Tetracycline was then withdrawn from the medium (to
induce C/EBPb and C/EBPd expression), and the cells were allowed to grow for
an additional 48 to 72 h in the absence of tetracycline, during which time they
reached confluence. At this stage, designated day 0, adipogenesis was induced by
refeeding with fresh medium containing 10% FBS, 1 mM DEX, 0.5 mM MIX,
and 5 mg of insulin per ml for 48 h. The cells were subsequently maintained in
10% FBS–5 mg of insulin per ml–50 mM 5,8,11,14-eicosatetraynoic acid (ETYA;
Sigma), or as indicated, and were refed every 2 days.
RNA analysis. Total RNA was isolated from the NIH 3T3 cell lines and the

3T3-L1 cells as described by Chomczynski and Sacchi (6). Cells were washed
twice with ice-cold phosphate-buffered saline and lysed with solution D (4 M
guanidinium thiocyanate, 25 mM sodium citrate [pH 7.0], 0.5% Sarkosyl, 0.1 M
2-mercaptoethanol). The lysate was extracted with acidic phenol-chloroform,
and then subjected to an overnight isopropanol precipitation at 2208C. RNA
samples were analyzed by Northern blot hybridization as described previously
(21). Probes were labeled by random priming using the Klenow fragment of
DNA polymerase I (Promega) and [a-32P]dCTP (DuPont, NEN Research Prod-
ucts, Boston, Mass.). cDNAs used as probes were as follows: C/EBPa, C/EBPb,
and C/EBPd (3), 422/aP2 (2, 23), and PPARg (1).
Electrophoretic mobility shift assays. DNA binding assays were performed as

described previously (21). Ten micrograms of nuclear extract was incubated with
3 mg of poly(dI-dC), 2 ml of carrier mix (50 mMMgCl2, 340 mM KCl), and delta
buffer (0.1 mM EDTA, 40 mM KCl, 25 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid [HEPES; pH 7.6], 8% Ficoll, 1 mM dithiothreitol) at 48C
for 15 min. Then [g-32P]dATP-radiolabeled double-stranded oligonucleotide
(50,000 cpm) was added to the reaction mixture, which was incubated for 30 min
at 48C. For supershift assays, the appropriate antibody was added to the nuclear
extract and incubated at room temperature for 1.5 h before addition of the
probe. The anti-C/EBPb and anti-C/EBPd antibodies were obtained from Santa
Cruz Biotechnology. Binding of the oligonucleotide to specific proteins was
determined by fractionating the nuclear proteins through a nondenaturing 6%
polyacrylamide gel at 200 V for 2.5 h at 48C in TBE buffer (80 mM Tris-borate,
2 mM EDTA [pH 8.0]). The gel was dried at 808C for 1 h before exposure to
X-Omat autoradiography film. The sequence of the C/EBP oligonucleotide used
in this study is 59-gatccGCGTTGCGCCACGATG-39 (21). The double-stranded
oligonucleotide was end labeled by T4 DNA polynucleotide kinase (New En-
gland Biolabs) and [g-32P]dATP (DuPont).

RESULTS

Effect of adipogenic inducers on PPARg mRNA expression
during the conversion of 3T3-L1 preadipocytes into adipo-
cytes. Confluent 3T3-L1 preadipocytes cultured in medium
containing 10% FBS were exposed to various effectors for 48 h
and then maintained in medium containing only FBS and in-
sulin for an additional 48 h. Total RNA was isolated and
subjected to Northern blot analysis as shown in Fig. 1A. Cells
maintained in insulin for the entire 4-day culture period ex-
press a moderate level of PPARg mRNA but virtually unde-
tectable levels of C/EBPa and aP2 mRNAs (lane 1). Exposure
of the cells to MIX in the presence or absence of insulin during
the initial 48 h has little effect on the basal level (insulin alone)
of PPARg expression, although this treatment does induce aP2
mRNA (lanes 2 and 4). In contrast, culture of the preadipo-
cytes in the presence of DEX results in a significant induction
of PPARg and aP2 expression (lanes 3 and 5), which is further
enhanced when DEX and MIX are present together (lanes 6
and 7).
To assess the specificity of the DEX effect, preadipocytes

were also exposed to triamcinolone acetonide (a glucocorticoid
agonist) and estradiol-17b (a nonglucocorticoid steroid) in the
presence of insulin and MIX. Exposure to triamcinolone ace-
tonide results in an extensive induction of PPARg, C/EBPa,
and aP2 mRNA expression (Fig. 1A, lane 8) compared with
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the level of expression observed in cells treated with insulin
and MIX alone (lane 4). Treatment with estradiol-17b, on the
other hand, has no effect on the adipogenic gene program
(lane 9).
To determine whether the glucocorticoid-induced changes

in PPARg mRNA are consistent with the involvement of a
glucocorticoid receptor, we cultured cells in insulin and FBS
with various concentrations of DEX for 48 h and then cultured
them for an additional 2 days in medium containing only in-
sulin and FBS. Figure 1B shows that the dose of DEX required
to promote maximal expression of PPARg mRNA is approx-
imately 10 nM, which is within the range of the Kd for the
association of DEX with the glucocorticoid receptor in 3T3-L1
cells (19).
Effects of glucocorticoids on the adipogenic gene program in

NIH 3T3 cells that ectopically express C/EBPb. In 3T3-L1
preadipocytes, the synergistic effect of glucocorticoids (DEX
or triamcinolone acetonide) and MIX on PPARg mRNA ex-
pression may be due to the effects of these agonists on C/EBPd
and C/EBPb, respectively (3). To investigate this possibility, we
have used lines of undifferentiated NIH 3T3 cells which do not
express PPARg but which we have modified to ectopically
express various C/EBPs, using a tightly controlled tetracycline-
responsive expression system. In a selected line that ectopically
produces C/EBPb (b2 cells), we have recently shown that in-
duction of C/EBPb to a required threshold level by culture in
tetracycline-depleted medium activates PPARg expression and
that subsequent addition of a PPAR activator (in this instance

ETYA, a synthetic analog of arachidonic acid) results in fur-
ther differentiation of these b2 cells into adipocytes (31). To
examine more critically the effect of various adipogenic induc-
ers on the differentiation of these cell lines, we cultured the b2
cells in medium deprived of tetracycline in order to activate
C/EBPb and analyzed the expression of selected mRNAs by
Northern blot hybridization. Treatment of the cells with insulin
and/or MIX (Fig. 2A, lanes 1, 2, and 4) has no effect on either
PPARg or aP2 mRNA expression. In contrast, exposure of the
cells to DEX alone or in the presence of insulin and/or MIX
(lanes 3, 5, 6, and 7) results in an extensive induction of
PPARg mRNA expression. The observation that exposure to
DEX and MIX appears to have no additional effect on PPARg
mRNA expression compared with exposure of these b2 cells to
DEX alone contrasts with the additive effect of these inducers
on PPARg expression seen in 3T3-L1 cells (Fig. 1A). This
difference is probably due to the fact that since the b2 cells
overexpress exogenous C/EBPb, they may not require MIX to
enhance the expression of the endogenous C/EBPb gene as
would be the case in the 3T3-L1 preadipocytes. The conditions
that enhance PPARg mRNA production also result in the
activation of the adipogenic program, as illustrated here by the
expression of aP2 mRNA. Figure 2B shows that the concen-
tration of DEX required to induce PPARg and aP2 expression

FIG. 1. (A) Induction of adipogenic genes by different effectors during the
differentiation of 3T3-L1 preadipocytes. Confluent 3T3-L1 preadipocytes were
exposed to various combinations of effectors for 48 h as indicated in DMEM
containing 10% FBS. The cells were then maintained in medium containing 10%
FBS and 2.5 mg of insulin per ml for an additional 48 h. Twenty micrograms of
total RNA isolated from the individual cultures was analyzed by Northern blot
hybridization using the following 32P-labeled cDNA probes: C/EBPa, PPARg,
and aP2. The effectors used were insulin (I; 10 mg/ml), DEX (D; 1 mM); MIX
(M; 0.5 mM); triamcinolone acetonide (T; 1 mM); and b-estradiol (E; 1 mM). (B)
DEX dose-dependent induction of PPARg mRNA in 3T3-L1 preadipocytes.
Confluent 3T3-L1 preadipocytes were treated with various concentrations of
DEX as indicated in DMEM containing 10% FBS and insulin (10 mg/ml) for
48 h. The cells were then maintained in DMEM with 10% FBS and insulin (2.5
mg/ml) for an additional 48 h. Total RNA (20 mg) was subjected to Northern blot
analysis as described in Materials and Methods.

FIG. 2. (A) Induction of PPARg and aP2 mRNAs by ectopic expression of
C/EBPb in NIH 3T3 b2 cells exposed to DEX and other adipogenic inducers.
Cells were grown to confluence in DMEM containing 10% FBS, exposed to a
combination of different effectors for 48 h, and then maintained in medium
containing 10% FBS, ETYA (50 mM), and insulin (5 mg/ml) for an additional 4
days. Tetracycline was present in the control culture as indicated. Twenty mi-
crograms of total RNA extracted from the different cultures was subjected to
Northern blot analysis using 32P-labeled cDNA probes corresponding to
C/EBPb, C/EBPd, PPARg, and aP2 mRNAs. The effectors were insulin (I; 5
mg/ml); DEX (D; 1 mM); and MIX (M; 0.5 mM). (B) DEX dose-dependent
induction of PPARg in NIH 3T3 cells (b2 cells) ectopically expressing C/EBPb.
Confluent b2 cells grown in tetracycline-deficient medium with 10% FBS were
exposed to insulin (5 mg/ml) and the indicated concentrations of DEX for 48 h;
they were then maintained for an additional 4 days in medium containing only
insulin and FBS. Control cells were exposed to tetracycline as indicated. Twenty
micrograms of total RNA isolated from each culture was analyzed by Northern
blot hybridization using the cDNA probes corresponding to PPARg, aP2, and
C/EBPb mRNAs.
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in the presence of elevated levels of C/EBPb is 100 nM. This
dose is somewhat higher than that required to initiate adipo-
genesis in 3T3-L1 cells.
As noted earlier, the function of DEX in regulating adipo-

genesis in both the b2 fibroblasts and the 3T3-L1 preadipo-
cytes may be to increase the abundance of C/EBPd, which is
then capable of forming heterodimeric complexes with the
overexpressed C/EBPb. These heterodimers may be the prin-
cipal activators of PPARg transcription as well as other adi-
pogenic genes, such as the aP2 gene, which contain C/EBP
regulatory elements within their promoters. To investigate this
possibility, we analyzed C/EBPd mRNA expression and DNA
binding activity at the indicated times following exposure of the
b2 cells to DEX in tetracycline-depleted medium. As shown in
Fig. 3A, however, we find no change in the abundance of
C/EBPd mRNA throughout the 96-h period following treat-
ment with the glucocorticoid. To test the possibility that DEX
enhances the synthesis of functional C/EBPd protein without
inducing mRNA production, we also performed gel mobility
supershift assays on nuclear extracts isolated from the b2 cells
at times following exposure to the glucocorticoid. Figure 3B
shows that all of the C/EBP complexes that are capable of
binding to a consensus C/EBP oligonucleotide contain
C/EBPb, since all of the C/EBP binding activity can be super-
shifted with the anti-C/EBPb antibody. Furthermore, the
abundance of these C/EBP complexes remains fairly constant
throughout the 96-h treatment period. In contrast, there is a
very low level of C/EBPd binding activity in the untreated cells
(Fig. 3B, lane 7), which increases only modestly at 4 h following
exposure of the cells to DEX (the pertinent controls of the
supershift assays with anti-C/EBPb and anti-C/EBPd antibod-

ies are shown in Fig. 4B). These data suggest that C/EBPd is
not directly relaying the effect of DEX in the b2 cell line.
Roles of C/EBPd and C/EBPb in activating PPARg gene

expression in NIH 3T3 cells. Although DEX fails to activate
the C/EBPd gene in NIH 3T3 cells, it nevertheless seems likely
that expression of this gene does provide a necessary function
during the differentiation of preadipocytes. To assess the im-
portance of C/EBPd in activating PPARg expression, we es-
tablished an additional set of NIH 3T3 cell lines expressing
C/EBPd alone (d23 cells), or C/EBPb and C/EBPd together
(b/d39 cells), under the control of the tetracycline-responsive
system. Figure 4A shows a Northern blot analysis of RNA
isolated from the d23 and b/d39 cells cultured in the presence
or absence of tetracycline. Analysis of the original b2 cell line
is also shown for comparison. All three cell lines express abun-
dant amounts of the respective mRNAs from the exogenous
cDNA vector in response to tetracycline withdrawal from the
culture medium. The level of induction of C/EBPd in the d23
and b/d39 cells and C/EBPb in the b/d39 cells is comparable to
that of C/EBPb mRNA expression in the b2 cells, which is
approximately three- to fivefold above the endogenous level.
To determine whether these ectopically expressed mRNAs
produce functional proteins, we performed a series of gel mo-
bility supershift assays using nuclear proteins isolated from
each cell line maintained in tetracycline-depleted medium. Fig-
ure 4B shows that control fibroblasts which do not produce any
exogenous C/EBP proteins (i.e., tTA cells, which are trans-
fected with the tTA vector alone) express a low but measurable
level of C/EBP DNA binding activity that may be accounted
for by the presence of endogenous complexes containing both
C/EBPb and C/EBPd, as indicated by the anti-C/EBPb and
anti-C/EBPd antibody supershifts. As shown previously, the b2
cells express predominantly C/EBPb homodimers, with very
little C/EBPd complexes present. In contrast, the d23 cells
show significantly higher levels of C/EBPd DNA binding activ-
ity, as expected for cells expressing abundant amounts of
C/EBPd mRNA (Fig. 4A). It is interesting that these fibro-
blasts, which were transfected with only the C/EBPd expression
vector, also demonstrate significant C/EBPb DNA binding ac-
tivity compared with the control tTA cells. This finding sug-
gests that the ectopically expressed C/EBPd protein is capable
of transactivating the endogenous C/EBPb gene to some ex-
tent. The b/d39 cells express abundant amounts of both
C/EBPb and C/EBPdDNA binding activity, which is consistent
with the dual overexpression of the corresponding mRNAs. It
appears that while all of the C/EBP dimers produced by these
b/d39 cells contain C/EBPb, as shown in the supershift of the
entire C/EBP DNA binding activity by the anti-C/EBPb anti-
body, not all of them contain C/EBPd, since the anti-C/EBPd
antibody is able to supershift only a fraction of the binding
activity. Nevertheless, these cells display significantly more
C/EBPdDNA binding activity than either the control tTA cells
or the b2 cells, which indicates that the exogenous cDNA is
functional in these cells. It appears, therefore, that the b2 cells
contain predominantly C/EBPb homodimers, the d23 cells
contain C/EBPd homodimers as well as C/EBPb/C/EBPd het-
erodimers, and the b/d39 cells contain abundant amounts of
both of these homodimers and heterodimers.
We have previously shown that the level of PPARg mRNA

expression is directly related to the level of C/EBPb DNA
binding activity in the b2 cells, which produce predominantly
C/EBPb homodimers (31). To determine whether other
C/EBP complexes can activate PPARg mRNA expression, we
induced C/EBP expression in the cell lines by growing the cells
to confluence in medium lacking tetracycline. These cells were
then exposed to DEX, MIX, insulin, and FBS for 48 h and

FIG. 3. The level of C/EBPd expression is not altered by the treatment of b2
cells with DEX. b2 cells were grown to confluence in the presence or absence of
tetracycline, at which time they were treated with DEX and insulin in DMEM
containing 10% FBS for 48 h and then maintained in DMEM with insulin and
10% FBS. Total RNA and nuclear proteins were isolated from each indicated
time point as described in the Materials and Methods. (A) Twenty micrograms
of RNA was analyzed by Northern blot hybridization as described in the legend
to Fig. 1. Ten micrograms of nuclear extract from each time point was subjected
to supershift electrophoretic mobility shift assay using a radiolabeled C/EBP
oligonucleotide probe (B). Anti-C/EBPb and anti-C/EBPd antibodies were used
in this supershift assay.
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subsequently maintained in medium containing FBS, insulin,
and ETYA for an additional 4 days. Total RNA was extracted
at this stage and analyzed on Northern blots as shown in Fig.
4C. The b/d39 and b2 cells express abundant amounts of
PPARg and aP2 mRNAs in the absence of tetracycline,
whereas the d23 and tTA cells do not express either of these
adipocyte-specific genes. Indeed, the level of expression of
these mRNAs in the b/d39 cells is almost equivalent to that
expressed in fully differentiated 3T3-L1 cells, which is approx-
imately threefold greater than the level measured in the b2
cells. These data suggest that together, the C/EBPb-C/EBPd
heterodimers and C/EBPb homodimers which form in the
b/d39 cells are significantly more potent activators of PPARg
transcription than the C/EBPb homodimers alone which are
present in the b2 cells. Furthermore, it is interesting that the
level of expression of the C/EBPb-C/EBPd complexes ob-
served in the d23 cells is incapable of activating PPARg, aP2,
and adipsin mRNA expression even though the abundance of
C/EBPdmRNA in these cells is as high as it is in the b/d39 cells
when cultured in tetracycline-deprived medium. Accordingly,
it appears that overexpression of C/EBPb, either alone or in
combination with C/EBPd, is required for the induction of
PPARg mRNA expression.
NIH 3T3 cells that express abundant amounts of both

C/EBPb and C/EBPd still require DEX to induce PPARg
mRNA expression. The abundant expression of PPARg
mRNA observed in the b/d39 cells compared with the level
seen in the b2 cells suggests that C/EBPd contributes to the
activation of the PPARg gene. It is possible, therefore, that the
effect of DEX in promoting the differentiation of 3T3-L1 cells
depends primarily on the induction of C/EBPd. It is also pos-
sible, however, that DEX activates transcription of the PPARg

gene in synergy with C/EBPb by interacting with a glucocorti-
coid receptor. If the only role of this glucocorticoid is to en-
hance C/EBPd production, then maximum expression of
PPARg mRNA in the b/d39 cells should occur in the absence
of DEX. The Northern blot analysis in Fig. 5 shows that over-
expression of both C/EBPb and C/EBPd in the b/d39 cells
cultured in tetracycline-deficient medium containing FBS and
insulin only modestly enhances PPARg mRNA expression
(compare lanes 1 and 8). Exposure of these cells to DEX (lane
3), however, results in an extensive induction of PPARg
mRNA to levels that are almost equivalent to those measured
in fully differentiated 3T3-L1 adipocytes (data not shown). It is
interesting that treatment with MIX and insulin can also acti-
vate PPARg mRNA production, though to a level significantly
lower than that observed in the DEX-treated cells. In addition,
triamcinolone acetonide is also a potent activator of PPARg,
aP2, and adipsin expression in these cells (lane 9), whereas
estradiol-17b is incapable of inducing the adipogenic program
(lane 10). As discussed previously regarding 3T3-L1 cells, the
effect of DEX on the differentiation of the b/d39 cells can also
be attributed solely to its glucocorticoid activity rather than to
some nonspecific steroidal property.
Induction of PPARg mRNA by DEX in b/d39 cells is inde-

pendent of ongoing protein synthesis. The data presented in
Fig. 5 suggest that DEX enhances PPARg mRNA expression
in the b/d39 cells by a mechanism separate from that involving
the activation of C/EBPd. It is possible that DEX induces the
production of another transcription factor that cooperates with
the C/EBPb-C/EBPd heterodimers to initiate PPARg expres-
sion, rather than itself acting on the PPARg gene. To address
whether the action of DEX is dependent on the synthesis of an
additional regulatory protein, we treated the b/d39 cells with

FIG. 4. Ectopic expression of C/EBPb or of C/EBPd and C/EBPb together can induce PPARg in NIH 3T3 cells, whereas C/EBPd alone is incapable of activating
PPARg expression. (A) Tetracycline-dependent expression of C/EBPb, C/EBPd, and C/EBPb/d mRNAs in NIH 3T3 b2, d23, and b/d 39 stable cell lines, respectively.
Cells were grown in the presence or absence of tetracycline as indicated for 48 h. Total RNA was isolated from each culture, and 20 mg was subjected to Northern blot
hybridization. (B) Analysis of C/EBP binding activities in the stable NIH 3T3 fibroblast cell lines. Cells were cultured in the absence of tetracycline. Nuclear proteins
were extracted, and 10 mg of each extract was subjected to electrophoretic mobility shift assay using a radiolabeled C/EBP oligonucleotide probe. For the supershift
assay, each extract was incubated with the appropriate anti-C/EBP antibody prior to addition of the probe. (C) Initiation of PPARg, aP2, and adipsin mRNAs in
response to overexpression of particular C/EBPs in the NIH 3T3 cell lines. Postconfluent b2, d23, b/d 39, and tTA cells were cultured in the presence or absence of
tetracycline prior to being exposed to DEX, MIX, and insulin for 48 h. This initial stimulation was followed by maintenance in medium containing insulin, ETYA, and
FBS for an additional 4 days, again in the presence or absence of tetracycline. Total RNA was extracted, and 25 mg of each RNA was subjected to Northern blot analysis
as described in Materials and Methods. L1, 3T3-L1 adipocytes. The RNA gel stained with ethidium bromide was included as a loading control.
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DEX in the presence or absence of cycloheximide, an inhibitor
of protein synthesis, and measured the production of PPARg
mRNA by Northern blotting. In the experiment shown in Fig.
6, confluent b/d39 cells cultured in FBS were treated with 5 mg
of cycloheximide per ml for 1 h and then exposed to either
insulin and cycloheximide or insulin, DEX, and cycloheximide
for the indicated times; control cells were treated with insulin
and DEX in the absence of cycloheximide. Exposure of con-
fluent b/d39 cells to DEX and insulin in the presence of on-
going protein synthesis induces PPARg mRNA within the ini-
tial 4 h. Maximum levels do not accumulate until 24 h
posttreatment, although a transient burst of C/EBPd mRNA

expression is observed 4 h posttreatment in these cells, which
already overexpress exogenous C/EBPd mRNA. Treatment of
these b/d39 cells with DEX and insulin in the presence of
cycloheximide results in a rapid, robust activation of PPARg
mRNA expression that reaches a maximal level within 4 to 8 h
posttreatment, whereas treatment with only insulin and cyclo-
heximide has no effect on PPARg mRNA production. The
expression of C/EBPdmRNA, however, is superinduced many-
fold by exposure of the cells to cycloheximide in the presence
or absence of DEX. This superinduction may be due to the loss
of a labile repressor that regulates the expression of either the
exogenous or the endogenous C/EBPd gene.
Expression of PPARg and aP2 mRNAs in NIH 3T3 cells is

dependent on elevated levels of C/EBPb DNA binding activity
through the entire differentiation process. The data presented
above demonstrate that both the enhanced expression of
C/EBPb DNA binding activity and exposure of NIH 3T3 cells
to DEX are required to initiate PPARg mRNA expression
during the early phase of adipogenesis. Following the initial
stimulus, however, DEX can be removed and the cells con-
tinue to undergo differentiation in the presence of FBS, insu-
lin, and an appropriate PPAR activator. To determine whether
elevated levels of C/EBPb DNA binding activity are required
throughout the differentiation process, we inhibited expression
of the exogenous C/EBPb gene at different stages of adipo-
genesis by reexposing the cells to tetracycline. In this experi-
ment (Fig. 7), differentiation was initiated in subconfluent b2
cells by removing tetracycline from the growth medium. The
cells were grown for an additional 2 days, during which time
they reached confluence. At this stage, the cultures were ex-
posed for 48 h to the adipogenic inducers DEX, MIX, and
insulin in medium containing FBS in order to activate PPARg
gene expression. These activated cells were then cultured in
medium containing 10% FBS, insulin, and ETYA for an ad-
ditional 6 days to promote expression of the adipogenic gene
program (as demonstrated by the expression of aP2 mRNA).
To determine the effect of suppressing exogenous C/EBPb
production on the adipogenic gene program, tetracycline was
restored to the culture medium at different times during this
differentiation process. All the cultures were harvested on day
10 and analyzed for PPARg and aP2 expression, as well as
C/EBPb DNA binding activity (data not shown). As demon-
strated previously (31), b2 cells that are exposed to tetracycline
for the entire 10-day period express minimal C/EBPb DNA
binding activity (31) and undetectable levels of the adipocyte-
specific mRNAs (Fig. 7, lane 1). In contrast, when these cells

FIG. 5. Maximum expression of PPARg in NIH 3T3 cells expressing C/EBPb
and C/EBPd (b/d39) is still dependent on DEX. Confluent b/d39 cells were
exposed to different effectors for 48 h and subsequently maintained in medium
containing FBS, insulin, and ETYA for an additional 4 days. Tetracycline (1
mg/ml) was present in the control culture as indicated. Total RNA was isolated
at day 6 from each culture, and 20 mg was analyzed by Northern blot hybridiza-
tion using 32P-labeled cDNA probes for PPARg, aP2, adipsin, C/EBPb, and
C/EBPd. I, insulin (5 mg/ml); D, DEX (1 mM); M, MIX (0.5 mM); T, triamcin-
olone acetonide (1 mM); E, b-estradiol (1 mM). The RNA gel stained with
ethidium bromide was included as a loading control.

FIG. 6. Induction of PPARg by DEX in NIH 3T3 (b/d39) cells expressing
both C/EBPb and C/EBPd is independent of ongoing protein synthesis. (A)
Confluent b/d39 cells cultured in the absence of tetracycline were treated with 5
mg of cycloheximide per ml for 1 h and then exposed to either insulin and
cycloheximide (I1CHX) or insulin, DEX, and cycloheximide (I1D1CHX) for
the indicated times. Control cells were treated with insulin and dexamethasone
in the absence of cycloheximide (I1D). Total RNA was extracted from each
culture, and 25 mg of each sample was subjected to Northern blot analysis. (B)
The RNA gel stained with ethidium bromide.

FIG. 7. Induction of PPARg is dependent on the expression of C/EBPb
through the entire differentiation process. b2 cells were grown in tetracycline-
free medium to activate C/EBPb expression and initiate differentiation. When
the cells reached confluence, PPARg expression was induced by exposing the
cells to DEX, MIX, and insulin in DMEM with 10% FBS for 48 h. The cells were
then maintained in medium containing FBS, insulin, and ETYA for an additional
6 days. Tetracycline was added back to the cultures at the indicated times prior
to the termination of the experiment on day 10. Twenty micrograms of total
RNA from each culture was analyzed by Northern blot hybridization using
32P-labeled cDNA probes for PPARg, aP2, and C/EBPd.
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are cultured in the absence of the antibiotic for the entire time
course, they express the exogenous C/EBPb protein (31) and
abundant quantities of PPARg and aP2 mRNAs (lane 6).
When these cells are exposed to tetracycline for progressively
longer periods of time (2 to 8 days), there is a corresponding
decrease in the abundance of the adipocyte-specific mRNAs
(lanes 5 through 1, respectively). We have also found (data not
shown) that the rate of turnover of the C/EBPb mRNA and
protein is extremely rapid such that the exogenous C/EBPb
present in tetracycline-deficient cells can be completely de-
graded within 48 h following reexposure to the antibiotic.
Taken together, these data suggest that elevated levels of the
exogenous C/EBPb DNA binding activity are required
throughout the differentiation of NIH 3T3 cells in order to
attain maximal expression of the adipogenic genes and thereby
express the fully differentiated phenotype.
Inhibition of the ectopically expressed C/EBPb and C/EBPd

in fully differentiated b/d39 cells results in a significant down-
regulation of the adipogenic gene program. It is possible that
upon reaching their fully differentiated state, NIH 3T3 cells no
longer require a constant elevated expression of C/EBPb to
maintain the adipogenic gene program. To assess the role of
the C/EBPs in regulating the terminal stages of adipogenesis in
these fibroblasts, the expression of both C/EBPb and C/EBPd
in the b/d39 cells which had been induced to differentiate for 6
days was inhibited by restoring tetracycline to the culture me-
dium. The fact that following stimulation to differentiate, the
b/d39 cells express maximum levels of PPARg, aP2, and adip-
sin by day 6 (unpublished data) indicates that they have
reached their fully differentiated state. In the experiment
shown in Fig. 8, tetracycline (1 mg/ml) was added to half of the
cultures at day 6 (referred as 0 h), while the other half were
maintained in tetracycline-free medium. Total RNA was iso-
lated from the cultures at the indicated times and subjected to
Northern blot analysis. Addition of tetracycline results in an
extensive decrease in the abundance of the ectopically ex-
pressed C/EBPb and C/EBPd mRNAs within the initial 10 h

compared with their abundance in the tetracycline-free control
cultures. By 72 h, the abundance of each of these mRNAs has
returned to the levels expressed by the endogenous genes (data
not shown), indicating that expression of the ectopic genes has
been totally inhibited and the preexisting mRNA has turned
over. The rate of decay of the PPARg mRNA is almost iden-
tical to that of the C/EBP mRNAs, suggesting that the PPARg
gene is completely dependent on the elevated expression of
C/EBPs and that the PPARg mRNA has a short half-life. This
extensive decrease in C/EBPb, C/EBPd, and PPARg expres-
sion eventually results in the down-regulation of the adipo-
genic gene program, as indicated here by a decrease in the
abundance of GPD and aP2 mRNAs within the 72-h period
following the restoration of tetracycline to the culture medium.
It is important to note that the drop in the levels of these two
adipogenic mRNAs is not apparent until 24 h, at which time
the expression of GPD decays at a much faster rate. These data
are consistent with the model that the addition of tetracycline
causes an inhibition of C/EBP expression which effectively
shuts off the PPARg gene within the first 10 h. PPARg protein
then decays during the following 14-h period, resulting in a
suppression of the adipogenic genes, including the GPD and
aP2 genes. Finally, these data show that expression of the
adipogenic gene program in fully differentiated b/d39 cells is
completely dependent on the ectopic expression of C/EBPd
and/or C/EBPb.

DISCUSSION

Activation of adipogenesis in 3T3-L1 preadipocytes is initi-
ated by treating confluent cells with DEX and MIX in medium
containing FBS and insulin. This process involves the sequen-
tial expression of transcription factors that play a role in reg-
ulating the adipogenic gene program (18, 30). The earliest
known factors to be induced are C/EBPb and C/EBPd, which
are observed during the initial 24 to 48 h, followed shortly
thereafter by PPARg. Studies by Yeh et al. indicate that both
C/EBPb and C/EBPd are required to activate C/EBPa expres-
sion 3 to 4 days after stimulation of the cells to differentiate
(32). The results reported here show that the induction of
PPARg gene expression during the conversion of multipoten-
tial mesenchymal stem cells (NIH 3T3) into adipocytes is de-
pendent on both elevated levels of C/EBPb and exposure of
the cells to glucocorticoids. The role of C/EBPb in this process
is most likely facilitated by the presence of at least two C/EBP
consensus binding sites in the proximal promoter region of the
mouse PPARg gene (33). The effects of the glucocorticoid
appear to be mediated through a constitutively expressed glu-
cocorticoid receptor, since they occur in the absence of ongoing
protein synthesis (Fig. 6) and are specific to the glucocorticoid
family of steroid hormone receptors (Fig. 5). Furthermore, the
concentration dependence of these responses is within the
range of that expected for the glucocorticoid receptor (10 nM).
Since the limited sequence analysis of the mouse PPARg gene
has not yet identified a consensus sequence corresponding to
the glucocorticoid response element, it is premature to discuss
the precise molecular mechanisms responsible for the activa-
tion of PPARg gene expression.
That glucocorticoids induce the expression of C/EBPd dur-

ing the differentiation of 3T3-L1 preadipocytes suggests that
the primary role of these steroid hormones in committed adi-
poblasts is to enhance the levels of C/EBPd in order for
C/EBPb-C/EBPd heterodimers to form and subsequently in-
duce PPARg expression. The results presented in Fig. 1, how-
ever, do not distinguish a direct involvement of glucocorticoids
in activating PPARgmRNA production in these preadipocytes

FIG. 8. The differentiation program is reversed by tetracycline, which inhibits
the expression of C/EBPb and C/EBPd in b/d39 cells. Postconfluent b/d39 cells
were induced to differentiate as described in Materials and Methods. At day 6 of
differentiation (referred as 0 h), tetracycline (1 mg/ml) was added to half of the
cultures, while the other half were maintained in tetracycline-free medium as a
control. Total RNA was isolated from each culture at the indicated times after
the addition of tetracycline. Twenty-five micrograms of total RNA from each
sample was subjected to Northern blot analysis using 32P-labeled cDNA probes
for PPARg, C/EBPb, C/EBPd, GPD, and aP2. The RNA gel stained with
ethidium bromide is included as a loading control.
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from an indirect mechanism involving an increase in C/EBPd.
The higher level of PPARg gene expression in NIH 3T3 b/d39
cells than in NIH 3T3 b2 cells strongly suggests that C/EBPd
plays a mechanistic role in regulating PPARg transcription
during the conversion of these mesenchymal stem cells, but
Fig. 4 demonstrates that the enhanced expression of C/EBPd
alone, without a corresponding enrichment in C/EBPb, is an
ineffective activator of PPARg and the adipogenic program.
Taken together, these data suggest that critical threshold levels
of these C/EBP complexes need to be attained in order for
PPARg transcription to be activated. In addition, it seems
likely that the preferred complexes contain a combination of
C/EBPb homodimers and C/EBPb-C/EBPd heterodimers.
The activation of C/EBPb and C/EBPd in response to DEX

and MIX during the early phase of adipogenesis in 3T3-L1
preadipocytes is transient: both C/EBP isoforms reach maxi-
mum levels of expression 5- to 10-fold greater than that ob-
served in proliferating cells 24 to 48 h following exposure to the
adipogenic inducers, and these levels decrease thereafter.
C/EBPd expression declines precipitously to virtually undetect-
able levels, whereas C/EBPb decreases at a much slower rate
to a level that is approximately 50% of that found in preadi-
pocytes. It is possible, therefore, that once these C/EBPs have
initiated PPARg transcription in the uncommitted mesenchy-
mal cells (NIH 3T3 fibroblasts), they are no longer required for
the terminal stages of the differentiation process. The data in
Fig. 7 suggest that this is not the case, however, since exposure
of activated b2 cells, expressing abundant quantities of both
PPARg and aP2, to tetracycline results in the rapid loss of their
ability to express the adipogenic phenotype as the abundance
of C/EBPb declines. In addition, the data presented in Fig. 8
demonstrate that exposure of fully differentiated b/d39 cells to
tetracycline results in both an inhibition of ectopically ex-
pressed C/EBPb and C/EBPd and a significant down-regula-
tion of PPARg, GPD, and aP2. It appears, therefore, that
maintenance of the adipogenic gene program in NIH 3T3
fibroblasts is dependent on a sustained elevated expression of
at least C/EBPb. Such an observation is consistent with the
notion that many of the downstream adipogenic genes, which
contain regulatory elements corresponding to both PPARg
and C/EBPs, require the presence of these transcription fac-
tors to facilitate their expression during the terminal stages of
differentiation. Presumably, the induction of C/EBPa tran-
scription 3 to 4 days into the differentiation of 3T3-L1 preadi-
pocytes provides this important function of activating and
maintaining terminal differentiation. In this regard, it is inter-
esting that the overexpression of either C/EBPb alone or
C/EBPb and C/EBPd together is unable to initiate C/EBPa
expression in NIH 3T3 fibroblasts (data not shown). Inhibition
of the ectopically expressed C/EBPs by reexposure of the ac-
tivated fibroblasts to tetracycline results, therefore, in a cell
with small amounts of endogenous C/EBPb and C/EBPd and
no C/EBPa. Consequently, it follows that under these circum-
stances, adipogenic genes that depend on C/EBPs for their
expression, such as the PPARg and aP2 genes, are no longer
transcribed, and adipogenesis is attenuated.
Recent investigations have provided convincing evidence

that both C/EBPb and C/EBPd are involved in mechanisms
that activate C/EBPa transcription in 3T3-L1 preadipocytes
(32). Results of a series of transfection studies have shown that
the promoter for the C/EBPa gene can be transactivated by
C/EBPb (21) and C/EBPd (31a) through a C/EBP regulatory
element at positions 2175 to 2190 upstream of the transcrip-
tional start site (21). The lack of C/EBPa expression in the
NIH 3T3/C/EBP cell lines suggests, therefore, that C/EBPb
and C/EBPd expression is necessary but not sufficient to initi-

ate C/EBPa transcription. What the other inducers are is not
known. Apparently, regulation of C/EBPa gene expression
differs somewhat from regulation of expression of other adi-
pogenic genes which facilitate the synthesis and deposition of
fat droplets in that these other genes are activated by PPARg
and C/EBPb. Induction of C/EBPa transcription may involve a
set of transcription factors that represent a separate pathway of
adipogenic regulators. It is also conceivable that the C/EBPa
gene is repressed in mesenchymal stem cells, and this repres-
sion may not be relieved simply by the overexpression of
C/EBPb and C/EBPd. A possible candidate responsible for
such a repression is the protein complex referred to as C/EBPa
undifferentiated protein (CUP), which is present in proliferat-
ing undifferentiated cells (29). CUP has been shown to bind
strongly to the C/EBP regulatory element within the C/EBPa
promoter.
The mechanisms that activate C/EBPb and C/EBPd gene

transcription in 3T3-L1 preadipocytes appear not to be oper-
ating to the same extent in NIH 3T3 cells, since exposure of the
latter cells to a full complement of adipogenic inducers con-
taining DEX, MIX, insulin, and FBS does not induce their
expression. It is quite possible, therefore, that commitment of
mesenchymal stem cells to the adipogenic lineage involves
acquisition of signal transduction pathways that induce
C/EBPb and C/EBPd expression in response to the adipogenic
inducers. These regulatory processes may include autoregula-
tory circuits in which C/EBPs are capable of cross-activating
each other’s expression. In this regard, the data in Fig. 4B show
that the ectopic production of C/EBPd in NIH 3T3 cells en-
hances C/EBPb expression; however, the levels reached are
still not high enough to induce PPARg or to stimulate adipo-
genesis. It is possible that the mechanisms responsible for
activating either C/EBPb or C/EBPd gene expression require a
minimal threshold level of C/EBP expression as well as the
appropriate direct inducer for each gene. For instance, induc-
tion of C/EBPb requires enhanced amounts of C/EBPd as well
as stimulation of cyclic AMP (cAMP) signalling pathways, sug-
gesting a synergy between C/EBP and cAMP response pro-
teins. Similarly, induction of C/EBPd requires C/EBPb in ad-
dition to glucocorticoids. An understanding of the interactions
of these C/EBP transcription factors and extracellular inducers
should provide insight into the mechanisms that control the
conversion of mesenchymal stem cells into adipocytes.
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