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Glucocorticoids potentiate the early steps of preadipo-
cyte differentiation and promote obesity in Cushing’s
syndrome and during prolonged steroid therapy. We
show that glucocorticoids stimulate 3T3 L1 preadipo-
cyte differentiation through a non-transcriptional
mechanism mediated through the ligand-binding
domain of the glucocorticoid receptor. This enhanced
the onset of CCAAT/enhancer binding protein (C/EBPo)
expression by potentiating its initial transcriptional acti-
vation by C/EBPB. In the absence of steroid, C/EBPB
associated with a transcriptional corepressor complex
containing mSin3A and histone deacetylase 1
(HDAC1), but lacking HDAC2 and RbAp46/48.
HDAC1/mSin3A were recruited to the C/EBPa pro-
moter with C/EBPP and promoted the deacetylation
of histone H4. Steroid induced the specific depletion of
this corepressor by targeting the HDAC1 within the
complex for degradation through the 26S proteasome.
Treatment with histone deacetylase inhibitors
replaced the effects of steroid treatment on preadipo-
cyte differentiation and C/EBPo expression, while
overexpression of HDAC1 abrogated the stimulatory
effects of steroid. Recapitulation of the glucocorticoid
effect by progestin treatment in the presence of the
progesterone receptor ligand-binding domain suggests
a conserved mechanism relevant to many aspects of
steroid-mediated differentiation.
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Introduction

The glucocorticoid receptor (GR) is a ligand-activated
nuclear hormone receptor that regulates gene expression
primarily through direct interaction with DNA response
elements (Mangelsdorf et al., 1995). Glucocorticoids
provide an adipogenic stimulus that is most obvious in
the truncal obesity of patients with Cushing’s syndrome
(Peeke and Chrousos, 1995). Weight gain is also a side-
effect of immunosuppressive glucocorticoid therapies (Pijl
and Meinders, 1996). In rodents, the weight loss that
follows adrenalectomy is prevented by glucocorticoid
replacement (Freedman et al., 1986; Sainsbury et al.,
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2001). However, gene-targeted mice in which GR is
compromised for DNA binding are of normal weight and
do not display any overt signs of alterations in adipogen-
esis, suggesting that the effects of glucocorticoids on
adipogenesis may be mediated through a non-genomic
mechanism (Reichardt et al., 2000a).

The adipocytes that constitute white fat originate from
committed precursor cells, which differentiate in response
to a series of cues including insulin and inducers of
cAMP. In primary preadipocytes and most cell culture
models, glucocorticoids strongly potentiate differentiation
(Gregoire et al., 1998). The early responses to insulin and
cAMP include the transient induction of CCAAT/enhan-
cer binding protein (C/EBP) B and C/EBPJ, and over-
expression of C/EBPP is sufficient to force preadipocyte
differentiation in culture (Yeh et al., 1995). In vivo, the
stimulatory effect of C/EBPJ activity is complemented by
the action of C/EBPJ, with defects in adipogenesis only
seen upon ablation of both proteins (Tanaka et al., 1997).
In the cellular models, the stimulatory effects of gluco-
corticoids coincide exactly with the expression of C/EBPJ
(Rubin et al., 1978).

Completion of the differentiation program is accom-
plished by C/EBPa and peroxisome proliferator activated
receptor Y (PPARY) (Freytag et al., 1994; Tontonoz et al.,
1994; Hu et al., 1995; Rosen et al., 1999). The regulatory
relationship between C/EBPo. and PPARY is complex,
involving both auto- and cross-regulatory control (Wu
et al., 1999). However, recent studies in PPARYy- and
C/EBPa-deficient cells have established that these factors
participate in a single pathway of fat cell development.
C/EBPa is required for the activation and maintenance of
PPARY expression and the conferment of insulin sensitiv-
ity to the mature adipocyte (Rosen et al., 2002).

It is hypothesized that C/EBPP and C/EBPS act to
initiate C/EBPo. and PPARY expression through C/EBP
response elements in the transcriptional control regions of
both genes (Christy et al., 1991; Elberg et al., 2000), with
recent experiments supporting a preferential role of
C/EBP in the activation of C/EBPo expression (Elberg
et al., 2000; Jiang and Lane, 2000). During preadipocyte
differentiation, induction of C/EBPo and PPARY lags the
appearance of C/EBPP/8 by many hours (Tontonoz et al.,
1994; Yeh et al., 1995; Tang and Lane, 1999). This may be
partially accounted for by the initial presence of the
inhibitory C/EBP family member CHOP, which binds
C/EBPP and o and restrains their transcriptional activity
by inhibiting dimerization and DNA binding (Ron and
Habener, 1992; Batchvarova et al., 1995; Tang and Lane,
2000). While stimulating early adipogenic events, glucor-
ticoids do not directly affect the appearance of C/EBPP or
the disappearance of CHOP (Cao et al., 1991).

In present study we report that glucocorticoid stimula-
tion of the early events in preadipocyte differentiation
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occurs through a non-transcriptional mechanism mediated
through the receptor ligand-binding domain (LBD), which
suppresses a specific histone deacetylase 1 (HDACI1)/
mSin3A copressor complex that otherwise interacts with
C/EBPB to restrain the onset of C/EBPa. expression. These
results present a molecular basis for the predisposition to
weight gain that is observed during prolonged glucocorti-
coid excess and treatment with the antiepileptic and
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antidepressant valproate (VPA). They also suggest a
mechanism for interaction between GR and C/EBPJ that
is likely to be relevant to the effects of glucocorticoids in
the immune system and on the hippocampus, and a broader
non-transcriptional mechanism of action for GR and other
steroid hormone receptors.

Results

The stimulatory effects of steroids on
preadipocyte differentiation are mediated through
the receptor LBD

Preliminary experiments demonstrating the potential for
the GR LBD to enhance C/EBPB-mediated transcription
(Boruk et al., 1998) suggested that the GR LBD might be
sufficient to communicate the stimulatory effects of
glucocorticoids on preadipocyte differentiation. To test
this possibility we examined the effect of a 48 h steroid
treatment on the differentiation of 3T3 L1 preadipocytes
infected to express the GR LBD from a retroviral vector
(Figure 1). The 3T3 L1 cell culture model has been used
extensively to study the molecular events governing
adipogenesis and in these cells steroid strongly potentiates
differentiation in the presence of insulin and 3-isobutyl-1-
methylxanthine (MIX), a cAMP phosphodiesterse inhibitor.

We measured the effect of steroid on 3T3 L1 differen-
tiation at day 8 in three ways: direct visualization of lipid
accumulation by Oil red O staining, measurement of the
level of adipsin accumulation and the measurement of
glycerol-3-phosphate dehydrogenase (GPDH) activity, a
key adipogenic enzyme (Wise and Green, 1979)
(Figure 1A).

Cells infected with the empty viral vector underwent
little differentiation following treatment with insulin and
MIX alone under conditions where insulin levels were
reduced to 50 nM and serum lots were carefully type
matched to focus on the effects of dexamethasone (dex)
treatment, although the initial clonal expansion of the cells
occurred normally (data not shown). Addition of dex to the
treatment regime induced the differentiation of a signifi-
cant percentage of the cells (20-30%), as demonstrated by
development of the characteristic rounded, lipid-laden
morphology, the appearance of adipsin and the modest
induction of GPDH. The response was steroid dependent
and was not observed upon treatment with the glucocorti-
coid antagonist RU486 (data not shown).

Infection with a retrovirus leading to expression of the
GR LBD (GRspsc) at approximately twice the level of the
endogenous GR (data not shown) did not benefit the

Fig. 1. Enhancement of preadipocyte differentiation is mediated
through steroid receptor LBDs. (A) Oil red O staining, adipsin protein
levels and GDPH activity of 3T3 L1 cells infected with retrovirus to
express amino acids 505-795 of rat GR (GRspsc) or control virus
(pLXSN) and cultured for 8 days in the presence of MIX and 50 nM
insulin (+MI), MIX, insulin and dex (+MID), or in the absence of cock-
tail (—=C). The images displayed are representative of results observed
in a minimum of three independent experiments performed in duplicate
over a period of several months. For GPDH, 1 mU equals 1 nmol of
product/min/mg of protein. (B) Effect of expression of amino acids
632-933 of human PR (PRg3,c) on 3T3 L1 differentiation as visualized
by Oil red O staining. (C) Western analysis of C/EBPB, 6, o and
PPARY expression in 3T3 L1 cells following 24 h treatment with MIX,
insulin and dex (D) or R5020 (R).



response to insulin and MIX (Figure 1A). However, the
stimulatory effect of dex was enhanced dramatically, with
a strong increase in adipsin expression, a 3-fold increase in
GPDH activity, and 60-80% of the cells becoming
rounded and staining prominently with Oil red O.
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Fig. 2. GR and PR LBDs potentiate C/EBPB-dependent C/EBPa
expression. (A) Fold induction of luciferase activity from the C/EBPo
(=355/+7) and PPARYy (—609/+52) promoters upon ectopic expression
of C/EBPq, B and & in HeLa cells. (B) Fold increase of C/EBPa, B and
d-dependent luciferase activity by dex treatment above the level of
activity in (A). (C) Effect of RU486 on the potentiation of C/EBPp-
dependent luciferase activity from the C/EBPo promoter in HeLa cells.
(D) Fold increase of C/EBPB-dependent luciferase activity from the
C/EBPa. promoter upon dex treatment of Cos7 cells cotransfected with
GR, GRp501p or GRspsc. (E) Mutation of C/EBP binding site in the
C/EBPa. promoter abrogates the GRsgsc-dependent stimulation of
C/EBPo. transcription in Cos7 cells. The schema delimits the 29 bp
mutation that abrogrates the C/EBP response element. (F) Comparison
of the potentiation of C/EBPB-dependent luciferase activity from the
C/EBPa. promoter by GRsgsc, PRgzoc and RAR upon treatment with
dex, R5020 and retinoic acid.

Role of GR in preadipocyte differentiation

To assess whether the LBD of GR might be sufficient
for the stimulatory effect of dex, we repeated our
experiment with a viral vector expressing the LBD of
the closely related progesterone receptor (PRgsac;
Figure 1B). In this instance, treatment with 100 nM
insulin and MIX alone was sufficient to induce differen-
tiation and lipid accumulation in ~5% of the cells.
Differentiation was not further affected by addition of
the synthetic progestin R5020 to 3T3 L1 cells infected
with control virus (Figure 1C), as R5020 did not activate
the endogenous GR (data not shown). In the presence of
the PR LBD, however, R5020 treatment strongly stimu-
lated differentiation, with >40% of the cells displaying
altered morphology and prominent Oil red O staining
(Figure 1B).

Stimulation of adipogenesis by the GR/PR LBDs
correlates with the initial activation of C/EBPa
expression by C/EBPf

As the stimulatory effects of steroid are specific to the
onset of the differentiation program, we examined the
effect of steroid treatment and expression of the GR and
PR LBDs on the initial appearance of early transcription
factors in the differentiation cascade (Figure 1C).
Consistent with previous results (Cao et al., 1991), the
induction of C/EBPP expression over the first 24 h of
stimulation was not significantly influenced by steroid
treatment, even in the presence of the GR or PR LBDs.
The early response of C/EBPS and PPARY was similarly
unaffected by steroid. By contrast, dex and R5020
significantly enhanced accumulation of C/EBPa at 24 h
in an LBD-dependent manner.

The ability of the GR/PR LBDs to influence transcrip-
tion from extended regions of C/EBPa and PPARYy
promoters was assessed directly in transient transfection
assays (Figure 2). In HeLa cells (Figure 2A and B), C/
EBPa, C/EBPB, C/EBPS and a combination of C/EBPJ
and O induced expression from the C/EBPo. promoter
between 2.5- and 4-fold (Figure 2A). By contrast, C/EBP3
failed completely to activate transcription from the PPARY
promoter even when expressed at higher levels (data not
shown), while C/EBPo and C/EBPS induced reporter
activity 2- to 3-fold. This inability of C/EBPJ to activate
transcription from the PPARY promoter was in agreement
with results in 3T3 L1 cells (Elberg et al., 2000).

Dex treatment had only a very modest stimulatory effect
on basal transcription from the C/EBPa promoter and no
significant additional effect on expression induced by C/
EBPa (Figure 2B). However, in the presence of C/EBP
and a combination of C/EBPB and 0, dex treatment
enhanced expression from the C/EBPo. promoter an
additional 5- to 6-fold, while enhancing expression
dependent on C/EBP§ alone a more modest 3-fold.
Conversely, dex treatment was unable to elicit significant
additional activation of the PPARYy promoter by any of the
three C/EBPs.

Stimulation of C/EBPB-induced C/EBPa. transcription
was agonist dependent, as treatment with RU486 was
without effect (Figure 2C). Experiments in Cos7 cells,
which lack endogenous GR, verified that the GR LBD was
sufficient for potentiation of C/EBPB-activated C/EBPo.
transcription and that stimulation by full-length GR was
not affected by mutations that abrogated receptor DNA
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binding (GRy s¢;p; Figure 2D). By contrast, the stimulatory
effect of the GR LBD was lost upon mutation of the C/EBP
response element in the C/EBPa. promoter (Figure 2E).

Consistent with our observations in 3T3 L1 cells, the PR
LBD was as effective as the GR LBD in potentiating the
activation of C/EBPo transcription by C/EBPJB
(Figure 2F). Potentiation of C/EBPB-mediated C/EBPo.
transcription was not a generic property of nuclear
hormone receptors, however, as retinoic acid treatment
of cells expressing RARa failed to induce C/EBPo
expression in the presence of C/EBP.

C/EBPp and steroidal activation of C/EBPx
transcription converge at an mSin3A/HDAC1
corepressor complex

The inability of the GR LBD to interact physically with
C/EBP (Boruk et al., 1998) pointed to the involvement of
intermediary factors with the ability to suppress transcrip-
tional activation by C/EBPP in the absence of steroid.
Recent microarray analysis of preadipocyte differentiation
(Soukas et al., 2001) suggested HDAC1 as a potential
repressor of C/EBPB. Our interest in HDACI was
heightened by reports that the antiepileptic drug VPA
acts as a histone deacetylase inhibitor (Gottlicher et al.,
2001; Phiel et al., 2001). One of the side-effects of VPA
treatment is weight gain reminiscent of that seen upon the

clinical application of glucocorticoids (Davis et al., 1994;
Jallon and Picard, 2001).

Ectopic expression of HDACI in Cos7 cells blocked the
C/EBPf-dependent stimulation of C/EBPa. transcription
by the GR and PR LBDs (Figure 3A), while having no
significant effect in the absence of steroid (data not
shown). HDACI1 expression also abrogated the stimulation
of C/EBPB-dependent C/EBPa. transcription by endogen-
ous GR in HeLa cells (data not shown). The effect was
specific, as transcription of a rous sarcoma virus-driven
reporter gene was unaffected by HDAC1 and the GR and
PR LBDs (data not shown).

Treatment of GR LBD-transfected Cos7 cells with the
histone deacetylase inhibitor trichostatin A (TSA) dra-
matically stimulated the induction of C/EBPa. transcrip-
tion by C/EBPP. Moreover, C/EBPa. transcription in the
presence of TSA was not stimulated further by dex
treatment in Cos7 or HeLa cells (Figure 3B; data not
shown).

HDACTI is a class 1 histone deacetylase that occurs in
several corepressor complexes, including the Sin3, NURD/
Mi2 and CoRest complexes (You et al., 2001; Narlikar
et al., 2002). To define the context in which HDACI acted
on C/EBPB, we tested C/EBPJ immunoprecipitates pre-
pared under stringent conditions for components of
HDAC!1-containing corepressor complexes.
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Fig. 3. Interaction of HDAC1 with C/EBP is relieved by prolonged steroid treatment. (A) Effect of transiently transfected C/EBPP, GRsgsc, PRe3ac
and HDACI on the induction of luciferase activity from the C/EBPo promoter in Cos7 cells. (B) Effect of dex and TSA on the fold induction of
C/EBPB-dependent luciferase activity from the C/EBPo. promoter in Cos7 cells. (C) Immunoprecipitation of transient transfected C/EBPf () and en-
dogenous HDACI1(H) from Cos7 cells (top) or endogenous C/EBPB and HDACI1 from 3T3 L1 cells treated for 24 h with MIX and 100 nM insulin
(bottom). NS, non-specific type-matched antibody. Immunoprecipitates and 10% of the extracts used for immunoprecipitation (input) were resolved by
SDS-PAGE and probed for the presence of the indicated proteins with specific antibodies. (D) GST pull-down assay of the binding of in vitro trans-
lated mSin3A and HDAC1 to GSTC/EBPP and GST. (E) Immunoprecipitations from 3T3 L1 cells performed as described in (C) except that dex was
included for the final 4 h or full 24 h of insulin/MIX treatment as indicated. (F) Northern analysis of HDAC1 mRNA following insulin, MIX and dex

treatment compared with 18S rRNA.
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Fig. 4. Histone deacetylases repress preadipocyte differentiation. (A) C/
EBPo, B and § levels at 24 h in whole-cell extracts prepared from
3T3 L1 cells treated with insulin and MIX and dex as indicated, and
infected with pLXSN or HDAC1-expressing virus (left) or treated with
TSA (400 nM) or valproic acid (VPA; 10 mM, right). (B) Effect of ini-
tial 48 h TSA or VPA treatment on Oil red O staining and adipsin
expression at day 8 in 3T3 L1 cells stimulated with insulin and MIX
(+MI) and dex (+DEX). (C) Effect of virally mediated HDAC1 expres-
sion on differentiation of 3T3 L1 cells as revealed by adipsin levels
and Oil red O.

Role of GR in preadipocyte differentiation

Immunoprecipitates of C/EBPP expressed in Cos7 cells
revealed separate interactions of C/EBPJ with endogenous
HDACT and p300 (Figure 3C), a coactivator that has been
implicated in activation of transcription by C/EBPJ (Mink
et al., 1997). mSin3A was also a prominent component
of C/EBPP immunoprecipitates. By contrast, HDAC2,
RbAp46 and RbAp48, which also occur in the Sin3
complex, did not appear in C/EBPP immunoprecipitates,
although all were detected upon immunoprecipitation of
HDACT. CoRest and HDAC4 were also not detected with
C/EBPB (data not shown). These data indicated that
C/EBPP interacted with subcomponents of the Sin3
complex, but did not interact with the NURD/Mi2 or
CoRest complexes.

We obtained exactly the same result with extracts from
3T3 L1 cells treated with MIX and insulin for 24 h, with
C/EBP interacting specifically with p300, HDACI and
mSin3A (Figure 3C). By contrast, we were unable to
detect an interaction between C/EBPB and HDAC2,
RbAp46 or RbAp48, which were expressed at relatively
low levels in these cells (data not shown).

In vitro binding studies suggested that the interaction
between HDACI and C/EBPP was mediated through
mSin3A. In vitro translated mSin3A bound strongly to
GSTC/EBPP but was not retained on beads containing
GST alone, whereas HDACI did not interact significantly
with GSTC/EBPP (Figure 3D).

Strikingly, addition of dex to the 24 h insulin/MIX
treatment abrogated the interaction of C/EBPP with
mSin3A and HDAC1 without affecting its interaction
with p300 (Figure 3E). This was a long-term effect of dex,
as mSin3A/HDACI association with C/EBPB was not
significantly affected by addition of dex for only the final
4 h of the insulin/MIX treatment. Dex treatment had no
obvious effect on the interaction between HDAC1 and
RbAp46 in the same cells (Figure 3E), nor did it suppress
HDACI transcription (Figure 3F). Indeed, insulin and
MIX treatment actually induced the accumulation of
HDAC1 mRNA, but this induction was unaffected by dex.
Previous analyses have shown that HDACI mRNA is
subsequently downregulated as cells proceed past 48 h
(Soukas et al., 2001).

HDACT1 inhibits the onset of C/EBPo expression
and preadipocyte differentiation
To assess whether regulation of the interaction between
mSin3A/HDACI and C/EBPJ by dex might be relevant to
the stimulation of preadipocyte differentiation, we exam-
ined the effect of manipulating HDACT1 on the adipogenic
program in 3T3 L1 cells (Figure 4). As for the GR LBD,
virally mediated expression of HDACI raised HDACI1
levels to approximately twice the level of endogenous
protein (data not shown). Infection with virus expressing
HDACI1, but not control virus, suppressed the dex-
dependent initial accumulation of C/EBPa at 24 h
(Figure 4A). Modest suppression of C/EBPS expression
was also observed, but accumulation of C/EBPJ was
unaffected. Conversely, addition of TSA and VPA stimu-
lated the accumulation of C/EBPa. at 24 h in the absence of
dex, without affecting the levels of C/EBPf or C/EBPJ.
Strikingly, treatment of the cells with TSA and VPA for
the first 48 h of differentiation strongly stimulated the
differentiation of insulin- and MIX-treated cells in the
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curve for each peak.

absence of dex, as demonstrated by the expression of
adipsin and Oil red O staining of the cells at day 8
(Figure 4B). Moreover, TSA- and VPA-stimulated differ-
entiation was not enhanced further by dex treatment. In an
additional parallel to steroid, treatment with TSA/VPA
subsequent to the initial 48 h of exposure to insulin and
MIX had no effect on differentiation (data not shown). By
contrast, viral expression of HDACI1 strongly inhibited
preadipocyte differentiation (Figure 4C).

Steroid treatment induces the disappearance of an
mSin3A/HDAC1-containing complex that
preferentially interacts with C/EBPJ

One possibility suggested by our results was that dex
treatment stimulated C/EBPP transcriptional activity and
3T3 L1 differentiation by directly competing for the
mSin3A/HDAC!1 complex that interacted with C/EBPP.
Indeed, we observed that both mSin3A and HDAC1 could
be detected in co-immunoprecipitates with GR when dex
treatment was performed for the final 4 h following the
onset of insulin and MIX treatment, and the GR LBD
appeared to be sufficient for this interaction (Figure 5A).
In an additional similarity to C/EBPJ, GR did not interact
with RbAp46/48 or HDAC2 (data not shown). However,
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4 h treatment of 3T3 L1 cells with dex failed to
significantly compete the interaction of mSin3A/HDACI
with C/EBPP (Figure 4F).

Turnover of GR and PR through the 26S proteasome is
dependent on the LBD and is accelerated by steroid
(Lange et al., 2000; Wallace and Cidlowski, 2001).
Analysis of extracts from 3T3 L1 and Cos7 cells showed
that the GR/PR LBDs induced a steroid-dependent
decrease in the levels of HDACI that was prevented by
the proteasome inhibitor MG132 (Figure 5B). Twenty-
four hour treatment of 3T3 L1 cells with dex resulted in a
large decrease in GR levels that was partially rescued by
addition of MG132. Concomitantly, dex treatment induced
an ~50% reduction (51.6 = 5.7%) in the levels of HDAC1
that was prevented by inclusion of MG132 (91.3 = 6.7%
of MG132 treatment alone), but had no obvious effect on
the levels of mSin3A. MG132 also induced the appearance
of slower migrating forms of HDACT that reflect progres-
sive ubiquitylation. Treatment of PR LBD-infected 3T3 L1
cells with R5020 and of Cos7 cells transfected with the GR
LBD with dex induced a similar MGI132-sensitive
decrease in HDAC1 (Figure 5B). The steroid-induced
decrease in HDACI1 levels was even more striking for
HDACT expressed by cotransfection with the GR LBD in
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Fig. 6. MG132 abrogates the effect of dex on recruitment of HDAC1/
mSin3A to the C/EBPo promoter. (A) ChIP analysis of the C/EBPo
promoter in 3T3 L1 cells treated for 24 h with vehicle (=C), insulin (I),
MIX (M) and dex (D) as indicated. Formaldehyde-crosslinked
DNA-protein complexes were immunoprecipitated with the antibodies
to the proteins indicated and with a pan-acetyl histone H4 antibody
(AcH4). DNAs prepared from the extracts employed for the immuno-
precipitations were used as input controls (B) ChIP for AcH4 in conflu-
ent 3T3 L1, SF7 and NIH 3T3 cells. (C) Effect of MG132 treatment
(1 uM) on the dex-dependent fold increase of C/EBPB-dependent luci-
ferase activity from the C/EBPa promoter in Cos7 cells cotransfected
with GRspsc. (D) Effect of MG132 treatment (1 uM) on ChIP for
HDACI! on C/EBPo. promoter in 3T3 L1 cells performed as in (A).

Cos7 cells (Figure 5B). Lastly, for 3T3 L1 cells, virally
mediated overexpression of HDACI maintained the
protein levels in dex-treated cells above the endogenous
HDACT levels in cells treated with MIX and insulin alone
(data not shown).

The inability of dex treatment to affect the amount of
HDAC1 that immunoprecipitated with RbAp46
(Figure 3E), while decreasing total HDACI1 levels by
approximately one-half, suggested that GR might select-
ively target a specific subpopulation of HDACI that
interacts preferentially with C/EBPP. FPLC size fractio-
nation of extracts prepared from 3T3 L1 cells treated with
insulin and MIX for 24 h resolved HDACI into six
components (Figure 5D). Peaks II, IV and VI of HDACI
contained a proportional amount of mSin3A, while peaks I,
IIT and V lacked mSin3A. By contrast, RbAp48 was
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enriched in peaks Il and V, somewhat under-represented in
peaks II and IV, and absent from peaks I and VL
Strikingly, almost 50% of the C/EBPP in the extract
cofractionated with HDACI1 peak VI.

Moreover, inclusion of dex with insulin and MIX for
24 h induced the complete loss of HDAC1 from peak VI.
HDACI1 peaks I-III were unaffected in their proportion
and migration, while peak IV shifted two fractions to the
right, and thus was designated IVa. Peak V of HDAC1 was
reduced in relative abundance by ~50%. Repetition of this
experiment in HeLa cells showed exactly the same result,
six analogous HDAC1-containing peaks with peak VI lost
from cells treated with dex (data not shown), illustrating
that this effect of steroid is applicable across cell types and
occurs independently of the presence of C/EBPp.

Steroid treatment prevents the recruitment of
HDAC1/mSin3A to the C/EBPa promoter

One prediction based on our results was that dex treatment
would promote the onset of C/EBPo expression by pre-
empting or curtailing the recruitment of mSin3A/HDACI1
to the C/EBPa. promoter. Treatment of confluent 3T3 L1
cells with insulin and MIX for 24 h induced the
accumulation of C/EBPP at the C/EBPo promoter, as
shown in chromatin immunoprecipitation (ChIP) experi-
ments (Figure 6A), directly implicating C/EBPP in the
initial response of C/EBPo. Similarly, insulin and MIX
treatment was sufficient to induce the recruitment of p300
to the C/EBPo. promoter, and the accumulation of C/EBP
and p300 was unaffected by dex treatment. By contrast, we
could find no evidence that GR associated with the
C/EBPo. promoter (Figure 6A), although we have readily
detected GR on the mouse mammary tumor virus promoter
in similar experiments (data not shown). Nonetheless, the
stimulatory effect of steroid on C/EBPa expression at 24 h
was reflected by a prominent increase in the presence of
RNA polymerase II (Polll) at the C/EBPa promoter.

Prior to adipogenic stimulation, neither mSin3A nor
HDACI1 was detected at the C/EBPo. promoter. Insulin
and MIX treatment induced the accumulation of both
factors concomitant with C/EBPB. However, dex treat-
ment strongly reduced the presence of HDACI1 and
mSin3A at 24 h.

Acetylation of histone H4 at the C/EBPo. promoter in
3T3 L1 cells correlated inversely with the recruitment of
HDAC1/mSin3A. H4 acetylation was readily detected in
untreated cells and cells stimulated to differentiate in the
presence of dex, but absent from the promoter in cells
stimulated by insulin and MIX alone. These results
indicate that HDACI recruitment to the C/EBPa promoter
contributes to active chromatin deacetylation and the
inhibition of transcriptional activation by C/EBPB/p300.

Interestingly, acetylation of the C/EBPo. promoter prior
to stimulation occurred preferentially in 3T3 L1 cells, as
little H4 acetylation was observed in two unrelated
fibroblast cell lines (Figure 6B). Thus, H4 acetylation of
the C/EBPo. promoter in uninduced cells may be one of the
factors that determine the commitment of 3T3 L1 cells to
the adipocyte lineage and their responsiveness to ectopic
overexpression of C/EBPB (Wu et al., 1995; Yeh et al.,
1995).

To seek direct evidence that the role of steroid in
potentiating the effects of C/EBPP on the C/EBPa
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promoter was linked to the induced degradation of
HDACI1 peak VI, we performed two experiments with
the proteasome inhibitor MG132. First, in GR LBD-
transfected Cos7 cells, addition of MG132 blocked the
stimulatory effect of dex on C/EBPB-mediated C/EBPa.
reporter gene expression without affecting steroid-
independent luciferase activity (Figure 6C). Secondly,
addition of MG132 to stimulated 3T3 L1 cells made the
insulin/MIX-induced recruitment of HDAC1 and mSin3A
to the C/EBPo. promoter refractory to dex treatment
(Figure 6D).

We conclude that glucocorticoids act to stimulate
preadipocyte differentiation by lowering the mSin3A/
HDACI1-imparted barrier to activation of C/EBPo tran-
scription by C/EBPP. This is accomplished by inducing
the degradation of an mSin3A/HDACI-containing co-
repressor complex that preferentially interacts with and
reduces the transcriptional activation potential of C/EBPp.

Discussion

Potentiation of C/EBPJ activation by GR
overcomes an HDAC1-mediated barrier to
preadipocyte differentiation

We provide compelling evidence that glucocorticoids
potentiate preadipocyte differentiation by specifically
targeting a C/EBP-interacting HDAC1 corepressor com-
plex that restrains the initial onset of C/EBPa. transcrip-
tion. This was accomplished through an LBD-dependent
mechanism that correlated with receptor-induced turnover
of an HDACI-containing complex that preferentially
interacted with C/EBP. Our results suggest an explan-
ation for the proadipogenic effects of a sustained elevation
in circulating glucocorticoids and treatment with the
antiepileptic and antidepressant VPA.

The simple size fractionation employed shows that
HDACT occurs in at least six complexes that differ in the
representation of mSin3A and RbAp48. C/EBPP prefer-
entially cofractionated with HDACI in the peak migrating
with the smallest molecular size (peak VI), which also
contained mSin3A, but lacked RbAp48. The apparent
separate interaction of C/EBPP with p300 and mSin3A/
HDACI1 suggests a dynamic competition between the
stimulatory effects of histone acetyl transferases and
HDACI on the C/EBPp transactivation potential expres-
sion. In the absence of steroid, the interactions equilibrated
in a manner that favored the HDACI, promoting
deacetylation of histone H4 and restraining recruitment
of Polll to the C/EBPa promoter. We have subsequently
noted that the C/EBPP is itself acetylated and this
acetylation is attenuated by HDACI1 (data not shown).
This suggests that HDAC1 may also regulate the tran-
scriptional regulation potential of C/EBPP directly.

As GR and the GR LBD alone were also observed to
interact physically with mSin3A/HDACI, it may have
been expected that cross-talk between GR and C/EBPJ
would have involved either the formation of a ternary
complex mediated through mSin3A/HDACI1 or the
titration of mSin3A/HDAC1 from C/EBPB by direct
competition. Cross-talk through ternary complex forma-
tion has been described previously for the alteration of
AP1 and NFxB signaling by glucocorticoids (Jonat et al.,
1990; Schule ef al., 1990; Yang-Yen et al., 1990; Heck
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et al., 1997), while competition for HDAC1 has recently
been described in myogenesis (Puri et al., 2001).
Furthermore, it is interesting to note that GR has also
recently been shown to promote the recruitment of
HDAC2 to DNA-bound NFxB (Ito et al., 2000).

However, at the physiological and near physiological
levels of GR and C/EBPP employed in our experiments,
we have failed to detect the formation of a ternary complex
between GR and C/EBP in solution, or the recruitment of
GR to the C/EBPa promoter. Furthermore, little effect of
steroid was observed on the mSin3A/HDACI1-C/EBPj
interaction after 4 h, a time that would normally be
expected to be more than sufficient for re-equilibration of
interactions in a competition mechanism. In cells lacking
CHOP, fast-acting TSA and VPA treatments had a much
stronger effect on C/EBPP transactivation than slower-
acting steroid. Thus, our data support a competition model
for the titration of mSin3A/HDAC1 from C/EBPB by GR
that results in an orderly transition of C/EBPP in
stimulated preadipocytes from a CHOP-associated form
unable to bind DNA, to a promoter-bound form restrained
through interaction with HDACI that becomes fully active
as HDACI is titrated through GR-facilitated proteosomal
degradation.

Recent work has shown that steroid receptors are
degraded through the 26S proteasome in a manner that is
accelerated by steroid treatment and is dependent on
determinants within the receptor LBD. Evidence is also
emerging that steroid receptors act to facilitate proteaso-
mal degradation of other factors. For example, there is a
convincing relationship between the targeting of GR and
p53 to the proteasome (Sengupta and Wasylyk, 2001).

In our experiments, the effect of steroid on C/EBPJ-
induced transcription and on the displacement of HDACI
and mSin3A from the C/EBPa promoter was abrogated
completely by proteasome inhibitor. Under physiological
conditions, steroid treatment decreased total HDACI
levels over a period of 24 h by ~50% in an MG132-
sensitive manner without affecting HDAC1 mRNA levels.
Underlying this relatively modest effect on total HDACI1
levels was the elimination of a specific HDAC1-containing
complex that preferentially associated with C/EBPJ. The
FPLC peak containing this complex accounted for one-
third of the HDACI in extracts prepared from untreated
cells and its steroid-induced elimination accounted for
two-thirds of the total effect of steroid on overall HDACI
levels. Furthermore, co-immunoprecipitation experiments
indicated that GR, like C/EBP, preferentially interacted
with what is probably the same subcomplex of HDACI
containing mSin3A, but lacking RbAp46/48.

As the broad effect of proteasome inhibitors blurred the
separation of HDACI1 by size fractionation (data not
shown), it is not yet possible to tell whether the loss of
HDACT1 peak VI results directly from targeted degradation
or whether the interaction with steroid receptor leads to
an initial disruption of the complex that is followed
thereafter by separate targeting of free HDACI to the
proteasome.

Broader implications of the modulation of HDAC1
by steroid

GR influences a variety of cellular processes in which
C/EBPB also plays an essential role. For example,



glucocorticoids potentiate transcriptional activation by
C/EBPPB (NF-IL6) in the immune system (Nishio et al.,
1993), and both factors play important roles in inflamma-
tory responses and influence macrophage and granulocyte
differentiation (LLloberas et al., 1998; Nerlov et al., 1998).
Recent work with GRY™ mice suggests that glucocorti-
coid-mediated repression of inflammatory responses is
independent of GR DNA binding (Reichardt et al., 2000b).
Thus, some of the effects of glucocorticoids in the immune
system may be related to the downregulation of HDACI.

Glucocorticoids also play an important role in the
hippocampus in promoting the development of long-term
memory (Kim and Yoon, 1998; Roozendaal, 2000;
McGaugh and Roozendaal, 2002; Sousa and Almeida,
2002). The recent implication that C/EBP is involved in
the consolidation of memory (Taubenfeld et al., 2001)
suggests a potential role for downregulation of HDACT in
this process. Furthermore, decreases in long-term memory
in aged animals show a correlation with the decreased
responsiveness of GR (Murphy et al., 2002).

Steroid-dependent targeting of HDACI was also
observed for PR. C/EBPf is known to have an important
role in progesterone-dependent lobuloalveolar develop-
ment (Seagroves et al., 2000). Furthermore, as weight gain
is a normal side-effect of pregnancy, it is possible that
progestins may contribute directly to potentiating the
adipogenesis that is seen during this time. Given the high
degree of conservation within the LBDs of steroid
receptors, it will also be interesting to assess whether
other steroid receptors have similar effects on HDACI.
Specific modulation of HDAC1 complexes by steroid
hormone receptors also has the potential to impact on a
broad variety of gene regulatory events that are indirectly
regulated by steroids beyond C/EBP.

Materials and methods

Constructs and infection

PTL,PRg35c expresses amino acids 632-933 of human PR. GR, HDACI,
RARo, C/EBP and the wild-type C/EBPo-luciferase reporter gene (—350/
+7), have been described previously (Legraverend et al., 1993; Yeh et al.,
1995; Boruk et al., 1998). A C/EBPo promoter mutant (—199 to —163)
was made by site-directed mutagenesis. Viral expression for GRsos_79s,
PRg32933 and HDACI was accomplished in pLXSN (Clontech).
Retrovirus was generated in Phoenix Ampho cells (ATCC). Fifty percent
confluent 3T3 L1 cells were infected with 1 ml of viral supernatant in the
presence of 4 pg/ul polybrene (Sigma) and selected for 10 days.

373 L1 differentiation

Cells were maintained in DMEM containing 1.0 g/l glucose and 10% calf
serum in 10% CO,. Calf serum lots were type matched for consistent
responses to hormonal cocktail. Two-day post-confluent preadipocytes
(day 0) were treated with 50-100 nM insulin, 500 pM MIX and 250 nM
dex, 250 nM of the synthetic progestin R5020, 400 nM TSA or 10 mM
VPA as indicated for 48 h. Cells were then cultured in DMEM with 10%
calf serum and insulin for 6 days. GPDH assays and Oil red O staining
were as described previously (Wise and Green, 1979; Schwarz et al.,
1997). Phase-contrast photomicrographs are representative of a minimum
of three experiments performed in duplicate.

Transient transfection

Cos7 and HeLa cells were transfected using Lipofectamine™ (Invitrogen)
and ExGen 500™ (MBI Fermentas), respectively. Two hundred
nanograms of reporter DNA, 200400 ng of C/EBPa, B, &-expressing
cDNAs, 100 ng of GR/PR- and RARo-encoding plasmids and 300 ng of
HDACI plasmid were used. Following transfection, cells were cultured in
phenol red-free DMEM with 10% charcoal-stripped FBS (Wisent) and
treated with dex (10° M), RU486 (10-° M), R5020 (10° M), TSA

Role of GR in preadipocyte differentiation

(160 nM), MG132 (1 pM) or vehicle for 20 h. Three-fold scale-up was
used for protein analysis. Luciferase assays were performed by standard
assay. Error represents the standard error of the mean of a minimum of
three experiments performed in duplicate. Transfection efficiency was
monitored by cotransfection of an RSV-B-gal plasmid.

Analysis of protein-protein binding

Whole-cell extracts were prepared from cells treated as described. For
western blots, 50-100 ug of extracts were probed with antibodies
[C/EBPB C-19, C/EBPo. 14AA, C/EBPS C-22, adipsin P-16, GR P-20,
anti-HDACI1 H-11 (Santa Cruz) and PPARY (ABR)] and visualized by
chemiluminescence (NEN). For co-immunoprecipitation, extracts were
incubated with antibody-conjugated protein A—Sepharose beads for 2 h.
Buffers for immunoprecipitation of GR included 20 mM sodium
molybdate. Precipitates were washed with 30 mM HEPES pH 7.5,
300 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 0.5% sodium
deoxycholate and 0.2 mM DTT, separated by SDS-PAGE, and probed
with antibodies to C/EBPB, RbAp46 N-19, HDACI1 (Affinity
Bioreagents), HDAC2 C-8 and RbAp48 (Santa Cruz). For in vitro
binding, GST and GST-C/EBPJ were prepared in E.coli BL21 (Boruk
et al., 1998). In vitro translated 3°S-labeled mSin3A or HDAC1 was
incubated with 1 pg of GST proteins for 2 h in 0.6 X lysis buffer + 0.1%
NP-40. Following extensive washings, binding was visualized by
Phosphorlmager (Molecular Dynamics). Results shown are representa-
tive of a minimum of three independent experiments.

RNA analysis

Total RNA from 3T3 L1 cells treated for 24 h with MIX and insulin in the
presence or absence of dex was prepared by RNeasy® RNA isolation kit
(Qiagen). HDAC1 mRNA was detected by northern blotting of 10 pug of
RNA with a 311 bp region of human HDAC1 (amino acids 321-425).

FPLC separation of HDAC1-containing complexes

Whole-cell extracts (1-4 mg) in TEDG buffer were separated over
Superose HR300. Fractions were TCA precipitated, separated by
SDS-PAGE and analyzed by western blotting. Band intensities were
calculated for every second fraction and compared with standard curves
of column inputs. Results are represented as a percent of total intensity of
HDACI in whole-cell extracts from untreated cells.

ChiP

ChIPs were performed essentially as described previously (Yahata et al.,
2001). 3T3 L1 cells were treated as indicated for 24 h and treated with 1%
formaldehyde at 20°C for 10 min. After harvesting in PBS and buffer I
(0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA and 10 mM HEPES
pH 6.5), cell pellets were resuspended and sonicated. Supernatants
(13 000 g) were diluted and incubated with antibodies to gal4, C/EBPB
C-19, mSin3A AK-11, HDAC1 C-19, p300 N-15, RNA polll N-20 and
acetyl-H4 (Upstate Biotechnology) at 4°C overnight, and precipitated
using a protein A—Sepharose slurry with 2 g of sheared salmon sperm
DNA. Precipitates were washed for 10 min at 4°C in TSE I, TSE II,
buffer Il and twice in TE, then extracted three times in 100 pul of 1% SDS,
0.1 M NaHCO;. Eluates were kept at 65°C overnight to reverse cross-
links. DNA was purified by Qiaquick PCR purification kit™ (Qiagen) and
amplified by PCR using the following primers for the C/EBPo. promoter:
—334 and -118, —108 and +17. Results shown are representative of a
minimum of three independent experiments.
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