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Up-regulation of the c-jun gene is a critical event in the retinoic acid (RA)-mediated differentiation of
embryonal carcinoma F9 cells. Activating transcription factor 2 (ATF-2) and p300 cooperate in the activation
of transcription of the c-jurn gene during the differentiation of F9 cells. We show here that the overexpression
of Jun dimerization protein 2 (JDP2), a repressor of AP-1, inhibits the transactivation of the c-jun gene by
ATF-2 and p300 by recruitment of the histone deacetylase 3 (HDAC3) complex, thereby repressing the
RA-induced transcription of the c-jun gene and inhibiting the RA-mediated differentiation of F9 cells. More-
over, chromatin immunoprecipitation assays showed that the JDP2/HDAC3 complex, which binds to the
differentiation response element within the c-jurn promoter in undifferentiated F9 cells, was replaced by the
p300 complex in response to RA, with an accompanying change in the histone acetylation status of the
chromatin, the initiation of transcription of the c-jun gene, and the subsequent differentiation of F9 cells. These
results suggest that JDP2 may be a key factor that controls the commitment of F9 cells to differentiation and
shed new light on the mechanism by which an AP-1 repressor functions.

Murine F9 cells, a line of embryonal carcinoma cells derived
from a teratocarcinoma (4), can be induced to differentiate to
endoderm-like cells by exposure to retinoic acid (RA) (36).
The RA-induced differentiation results in dramatic changes in
gene expression, which include a rapid increase in the rate of
transcription of the c-jun gene (9, 46). Moreover, constitutive
expression of the c-jun gene results in the differentiation of
various lines of embryonal carcinoma cells, such as F9 and P19
cells (10, 44, 46), suggesting that the induction of transcription
of c-jun by RA may play an important role in the events that
result in differentiation. It was reported previously that a se-
quence element in the c-jun promoter, the differentiation re-
sponse element (DRE), is necessary and sufficient for the RA-
induced expression of the c-jun gene (26). This element binds
the differentiation regulatory factor (DRF) complex, one com-
ponent of which is the adenovirus E1A-associated protein p300
(11, 28), which has histone acetyltransferase activity (3, 33, 45);
another component is activating transcription factor 2 (ATF-
2), which is a DNA-binding subunit of the DRF complex (23,
24). ATF-2 and p300 interact with each other in the DRF
complex and cooperate in the control of transcription in re-
sponse to differentiation-inducing signals, such as RA or E1A.
However, it is likely that other factors in addition to ATF-2 and
p300 are present in the DRF complex (23). In a previous
attempt to identify additional proteins in the DRF complex
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during the differentiation of F9 cells, Jin et al. isolated Jun
dimerization protein 2 (JDP2), a repressor of AP-1, as a can-
didate protein by using a yeast-two hybrid screening system
with ATF-2 as the bait (20).

JDP2 was initially isolated on the basis of its ability to in-
teract specifically with the AP-1 transcription factor c-Jun (2).
JDP2 is a relatively small (163 amino acids), ubiquitously ex-
pressed bZIP protein that can form stable heterodimers with
c-Jun, JunB, or JunD, and it acts as a repressor of c-Jun and
the c-Jun/c-Fos heterodimer (2). JDP2 also interacts with
ATEF-2 both in vitro and in vivo via its bZIP domain and binds
to the cyclic AMP response element to repress the cyclic AMP
response element-dependent transcription that is mediated by
ATF-2 (20). Thus, JDP2 may be a general repressor of tran-
scription that is related to the Jun/Fos/ATF-2 family. The AP-1
transcription factor is a collection of dimers composed of Jun
proteins (c-Jun, JunB, and JunD), Fos proteins (c-Fos, FosB,
Fral, and Fra2), or ATF proteins (ATF-1, ATF-2, ATF-2a,
and ATF-3) (22); it is involved in a variety of transcriptional
responses that are associated with the progression of the cell
cycle, cell differentiation, apoptosis, and tumorigenesis (1, 5,
22, 35, 39, 47). It seems likely that JDP2 is involved in all such
processes as an AP-1 repressor and, indeed, an inhibitory role
for JDP2 in the regulation of UV-induced apoptosis via sup-
pression of the expression of p53 was reported recently (34).
However, details of the physiological role of JDP2 remain
unknown, and the mechanisms by which JDP2 acts also remain
to be clarified.

We demonstrate here that JDP2 is an inhibitory subunit of
the DRF complex that can repress the RA-induced transcrip-
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tion of the c-jun gene by recruitment of the histone deacetylase
3 (HDAC3) complex to the DRE, thereby inhibiting the RA-
mediated differentiation of F9 cells. We also provide evidence
suggesting that JDP2 may be a key factor in the commitment of
F9 cells to RA-dependent differentiation.

MATERIALS AND METHODS

Plasmids and antibodies. pGEX-JDP2 was generated by ligating a PCR-
amplified fragment of DNA that included the coding sequence (amino acids 1 to
163) of JDP2 into pGEX-4T-1 (Amersham Pharmacia Biotech, Uppsala, Swe-
den) in frame. pcDNA-JDP2 was prepared by subcloning the JDP2 coding
region, which had been amplified by PCR, into pcDNA4/HisMax (Invitrogen
BV, Groningen, The Netherlands). pPGEX-ATF-2 and pECE-ATF-2 were gifts
from M. Green. pcDNA-Flag-HDAC3 was provided by W.-M. Yang. pGEX-
HDAC3 was constructed by inserting the HDAC3-encoding fragment from
pcDNA-Flag-HDACS3 into the EcoRI site of pGEX-4T-1. 3X DRE/tk-CAT,
—730/+874 c-jun-CAT, pACT-p300, pRSV-LacZ, and pBluescript-ATF-2 were
prepared as described elsewhere (20, 28). 3X mDRE/tk-CAT was generated by
site-directed mutagenesis, which changed the DRE site into the mutant DRE
(mDRE) site (5'-TTACCTTTTCCGAAAGCCTT-3’, where underlining shows
mutated nucleotides); three tandem repeats of this mDRE were inserted into the
HindIII site of tk-CAT. pcDNA4/LacZ, a control plasmid that encoded B-galac-
tosidase, was purchased from Invitrogen BV.

Monoclonal antibodies against JDP2 (immunoglobulin G1 [IgG1]) were pre-
pared by standard procedures (18). Supernatants from cultures of hybridoma
cells were screened by Western blotting for their ability to recognize purified
glutathione S-transferase (GST)-JDP2 specifically and not GST alone. Rabbit
antibodies against ATF-2 (N-96), mSin3 (AK-11), and HDAC3 (H-99) and goat
antibodies against HDAC3 (N-19), HDAC4 (L-19), HDACS (P-16), HDAC6
(C-16), and B-actin were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, Calif.). Rabbit antibodies against HDAC1 (H-51), HDAC2 (H-54), acetyl-
histone H4, and sodium butyrate were purchased from Upstate Biotechnology
Co. (Lake Placid, N.Y.). Preparation of the p300-specific polyclonal antibodies
was described elsewhere (28). Trichostatin A (TSA) was obtained from Wako
Chemical Co. (Osaka, Japan).

EMSAs. Details of the preparation of nuclear extracts, translation of proteins
in vitro, and electrophoretic mobility shift assays (EMSAs) were described else-
where (20). The DNA probe was obtained by annealing 5'-AGCTAGCATTAC
CTCATCCCGTGAGCCTT-3" and 5'-GATCAAGGCTCACGGGATGAGGT
AATGCT-3'. Competition experiments and supershift assays were performed by
prior incubation of proteins with a nonradiolabeled double-stranded oligode-
oxynucleotide competitor or with appropriate antibodies for 20 min.

Cell cultures, transfection, and assays of CAT activity. F9 cells that had been
stably transfected with the —730/+874 c-jun-CAT reporter (26) were transfected
with 1 pg of pcDNA-JDP2 or pcDNA4/LacZ empty vector by using Lipo-
fectamine 2000 reagent (Gibco-BRL, Rockville, Md.) or FuGENES transfection
reagent (Roche Diagnostic Co., Tokyo, Japan) according to the protocol of the
respective manufacturer. After selection of cells with 100 pg of Zeocin (Invitro-
gen BV)/ml for more than 3 weeks, we examined the expression of JDP2 and
B-galactosidase by immunoblotting analysis with antibodies against JDP2 and by
measurment of B-galactosidase activity, respectively. Stably transfected cells
were analyzed for chloramphenical acetyltransferase (CAT) activity by Northern
blotting and by a reverse transcription (RT)-PCR assay. For studies of transient
expression, cells were transfected with plasmid DNA and harvested 24 h after
transfection, and then CAT activity was measured by using extracts in amounts
that had been normalized by reference to B-galactosidase activity as described
elsewhere (28).

Immunoprecipitation, Western blotting analysis, and Northern blotting anal-
ysis. Immunoprecipitation and Western blotting were performed as described
elsewhere (28). Total RNA was prepared with TRIzol reagent (Gibco-BRL), and
Northern blotting was performed according to the manufacturer’s protocol.

Assays of HDAC activity. Proteins in cell extracts were immunoprecipitated
with appropriate antibodies, and immunoprecipitates were subjected to assays of
HDAC activity with an HDAC assay kit (Upstate Biotechnology Co.) in accor-
dance with the instructions of the manufacturer. The preparation of GST fusion
proteins was described elsewhere (20).

GST pull-down assays. The transcription and translation of pBluescript-
ATF-2 and pcDNA-Flag-HDACS3 in vitro and the purification of GST and of
GST fusion proteins were performed as described elsewhere (20). For protein-
binding assays, 4 pg of GST or GST-protein was incubated with 3°S-labeled
ATF-2 or HDAC3 (5 X 10° cpm) in a final volume of 500 ul of binding buffer (50
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mM Tris [pH 7.5], 5 mM MgCl,, 100 mM NaCl, 10% glycerol, 0.5 mg of bovine
serum albumin per ml, 5 mM B-mercaptoethanol) at 4°C for 1 h, and then 30 .l
of a suspension of glutathione-Sepharose beads (Amersham Pharmacia Biotech)
was added. After incubation for 2 h at 4°C, samples were extensively washed
three times with phosphate-buffered saline, and protein complexes were eluted
with a buffer (50 mM Tris [pH 7.5], 5 mM MgCl,, 100 mM NaCl, 10% glycerol,
5 mM B-mercaptoethanol) that contained 10 mM glutathione for analysis by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (10%
acrylamide). Gels were dried prior to exposure to X-ray film.
Immunoprecipitation of chromatin (ChIP). F9 cells were fixed in 1% formal-
dehyde at room temeprature for 5 min. Soluble chromatin was prepared as
described elsewhere (6) and subjected to immunoprecipitation in lysis buffer (50
mM Tris [pH 8.0], 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA,
standard protease inhibitors) with 1 to 2 pg of antibody at 4°C for 5 h. Immu-
nocomplexes were then recovered by the addition of protein A or G plus agarose
beads (Sigma-Aldrich, St. Louis, Mo.) and incubation at 4°C for 2 h. After the
beads were washed extensively, DNA was eluted, and cross-linking was reversed
by the addition of 200 wl of elution buffer (1% SDS, 0.1 M NaHCOj3) and
incubation overnight at 65°C. DNA was extracted with phenol and chloroform
(1:1, vol/vol), precipitated in ethanol, and then analyzed by PCR with primers
that corresponded to the DRE, namely, 5'-AACTGTAGGAGCGCAGCGG-3’
(forward direction) and 5'-ATTCTTCTCTGGGCCCG-3’ (reverse direction).
Real-time RT-PCR. The relative abundance of mRNAs was examined by a
real-time fluorescence detection method (13) with TagMan chemistry (PE Ap-
plied Biosystems, Foster City, Calif.). In brief, total RNA was treated with 1 U
of DNase (Promega Co., Madison, Wis.) per 20 pg of RNA, and analysis by
RT-PCR was performed with TagMan one-step RT-PCR Master Mix reagents
from PE Applied Biosystems. Twenty nanograms of total RNA in a total volume
of 10 pl was used for RT-PCR analysis. Each mixture of 200 nM primers, 100 nM
TagMan probe, 1X Master Mix, 1X MultiScribe and RNase Inhibitor Mix, and
RNA template was incubated at 48°C for 30 min and then at 95°C for 10 min.
The PCR then was allowed to proceed for 40 cycles of incubation at 95°C for 15 s
and at 60°C for 60 s. A standard curve was obtained by amplification of serially
diluted samples with known concentrations of RNA from cells that had been
stably transfected with the pcDNA4/LacZ empty vector. Real-time reactions and
quantification were performed with a sequence detector (ABI 7700; PE Applied
Biosystems). Glyceraldehyde-3-phosphate dehydrogenase transcripts were also
quantified as an internal control. The following oligodeoxynucleotides were used
for real-time RT-PCR: (i) laminin B1 primers, 5'-CTGCCCCAGTATACGGC
ATC-3' (forward direction) and 5'-AGGGCATGAGAACAAGCGAGT-3’ (re-
verse direction); laminin B1 probe, 5'-TGACGTGGAGAGCCCTTACACGTT
CA-3’; (ii) collagen 4al primers, 5'-GGCGGTACACAGTCAGACCAT-3’
(forward direction) and 5'-GGAATAGCCGATCCACAGTGA-3' (reverse di-
rection); collagen 4al probe, 5'-TTCCGCAGTGCCCTAACGGTTGGT-3';
and (iii) Hoxa-1 primers, 5'-CCCCTCTGACCATGGGATTAC-3' (forward di-
rection) and 5'-CCGCCGCAGCTGTTG-3'(reverse direction); Hoxa-1 probe,
5'-CTTTCCAATCCTGCGCGGTCAGTG-3'.

RESULTS

JDP2 is an inhibitory subunit of the DRF complex. We
performed gel EMSAs to determine whether JDP2 binds to
DRE and is included in the DRF complex. As shown in Fig.
1A, homodimers of ATF-2 and of JDP2 that had been trans-
lated in vitro each bound to the DRE probe (lanes 2 and 3),
while proteins in the reticulocyte lysate failed to bind to the
DRE probe by themselves (lane 1). JDP2 also formed a het-
erodimer with ATF-2 in the presence of the DRE probe; the
molecular mass of the heterodimer was different from those of
homodimers of ATF-2 and of JDP2 (Fig. 1A, lane 4). To
determine whether JDP2 was directly included in the DRF
complex, we also performed EMSAs with DRE as the probe
and antibodies against JDP2. As shown in Fig. 1B, the retarded
bands that corresponded to DRF were shifted still further
upon the addition of antibodies against JDP2 (lane 2). Anti-
bodies specific for p300 and for ATF-2 also caused supershift-
ing of the DRF complex, as reported previously (Fig. 1B, lanes
3 and 4) (23, 28). However, control antibodies had no effect on
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FIG. 1. JDP2 is an inhibitory subunit of the DRF complex. (A) JDP2 binds to DRE as a heterodimer with ATF-2. An EMSA was performed
with JDP2 and ATF-2 that had been translated in vitro (IVT) with *?P-labeled DRE as the DNA probe. Reti., reticulocyte lysate. The positions
of the ATF-2/ATF-2 homodimer, the ATF-2/JDP2 heterodimer, and the JDP2/JDP2 homodimer are indicated. Free, free DNA probe. (B) JDP2
is a component of the DRF complex. Nuclear extracts from F9 cells were incubated without (lane 1) or with antibodies against (Anti-) JDP-2,
ATF-2, and p300 and control (Cont.) antibodies (lanes 2 to 5, respectively). The mixtures were analyzed by an EMSA with DRE as the DNA probe.
Results obtained for the DRE probe with nuclear extract (lane 6) and with JDP2-specific antibodies alone (lane 7) are also shown. The positions
of DRF are indicated. (C) JDP2 represses DRE-dependent transactivation by ATF-2 and p300. F9 cells were cotransfected with 3X DRE/tk-CAT
(0.2 pg; left panel) or with 3X mDRE/tk-CAT (0.2 pg; right panel) plus 0.5 wg of pRSV-LacZ, together with various combinations of empty vector
(vector), pECE-ATF-2, and pACT-p300 (2.0 pg each) or increasing amounts of pcDNA-JDP2 (lanes 6 and 7) and empty vector (lanes 8 and 9)
(0.5 and 1.0 ng, respectively). At 24 h after transfection, cells were collected and CAT activity was determined. The data represent the results from

one of at least two independent experiments that gave similar results.

the mobility of the DRF complex (Fig. 1B, lane 5). In addition,
antibodies against JDP2 alone failed to bind to the DRE probe
(Fig. 1B, lane 7). These results suggested that JDP2 bound to
DRE as a heterodimer with ATF-2 and that it was included in
the DRF complex.

To investigate the role of JDP2 in the regulation of DRE-
mediated transactivation, we cotransfected F9 cells with vari-
ous combinations of a DRE/tk-CAT reporter construct and
plasmids that encoded JDP2, ATF-2, and p300. Then we mon-
itored DRE-mediated reporter activity. As anticipated, only
cotransfection of plasmids that encoded ATF-2 and p300 sig-

nificantly activated the transcription of the DRE/tk-CAT re-
porter gene (Fig. 1C, left panel, lanes 1 to 5). However, the
expression of JDP2 but not of the empty vector suppressed the
ability of ATF-2 and p300 to activate the DRE/tk-CAT re-
porter gene in a dose-dependent manner (Fig. 1C, left panel,
lanes 6 to 9). In a control experiment with the mDRE/tk-CAT
construct, in which 4 nucleotides within DRE had been mu-
tated, we detected only very low CAT activity in every instance
(Fig. 1C, right panel). These results demonstrated that JDP2
specifically repressed the DRE-dependent transcription of the
reporter construct that was mediated by ATF-2 and p300.
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FIG. 2. Inhibition of RA-induced activation of the c-jun promoter by JDP2. (A) Transient expression of JDP2 inhibits RA-mediated activation
of a c-jun promoter construct, —730/+874 c-jun-CAT. F9 cells that had been stably transfected with —730/+874 c-jun-CAT were transfected with
increasing amounts of pcDNA-JDP2 (JDP2) or the pcDNA4/LacZ empty vector (vector) (3.0, 6.0, or 9.0 pg each) plus pRSV-LacZ (1.0 pg). At
24 h after transfection, the cells were cultured without or with 1 M RA for 72 h and assayed for CAT activity. The data represent the results from
one of three independent experiments that gave similar results. (B) Stably transfected F9 cells harboring —730/+874 c-jun-CAT, together with
pcDNA-JDP2 or pcDNA4/LacZ, were established as described in Materials and Methods. The expression of JDP2 was examined by immuno-
blotting analysis with antibodies against JDP2. Endogenous JDP2 and the exogenously expressed JDP2 fusion protein (clones 2 and 4) are
indicated by arrowheads. (C) Stable expression of JDP2 inhibits RA-mediated activation of the c-jun promoter. pcDNA4/LacZ transfectants
(vector) and clones 2 and 4 were incubated without or with 1 pM RA for 60 h. Samples were assayed for CAT activity as described in Materials
and Methods. The values shown are the averages and standard deviations of the results from three independent experiments.

Considering all the results together, we concluded that JDP2 is
an inhibitory component of the DRF complex.

JDP2 suppresses the RA-dependent transcription of the c-
jun gene. Since DRE is both necessary and sufficient for the
RA-induced expression of the c-jun gene (26), the repression
by JDP2 of the DRE-dependent transcription induced by
ATF-2 and p300 implies a role for JDP2 in the regulation of
the RA-mediated transcription of the c-jun gene. We examined
the effect of the transient expression of JDP2 on the RA-
induced activation of the c-jun promoter. F9 cells which had
been stably transfected with the —730/+874 c-jun-CAT re-
porter construct were transfected with either pcDNA-JDP2 or
empty vector pcDNA4/LacZ; 24 h later, they were treated with
RA. Assays of CAT activity were performed after the cells
were incubated with RA at 10~° M for 72 h. As shown in Fig.
2A, transient expression of JDP2 but not of the empty vector
repressed the CAT activity that was mediated by the c-jun
promoter, and the effect of JDP2 was dose dependent. Next,
we established F9-derived cell lines that stably coexpressed
either JDP2 or the empty vector and the —730/+874 c-jun-

CAT reporter construct. Figure 2B shows that two positive
clones (clones 2 and 4) constitutively expressed JDP2. The
viability of these cells was apparently unaffected by the en-
hanced expression of JDP2 (data not shown). As shown in Fig.
2C, the two positive clones (clones 2 and 4) and the control cell
line that had been stably transfected with empty vector (vector)
had very limited CAT activity in the absence of stimulation by
RA. After treatment with RA at 10~° M for 60 h, however, the
extent of the enhancement of CAT activity in clones 2 and 4
was much lower (5- to 6-fold) than that (up to 13-fold) in the
control cell line (vector). These results indicated that the ex-
pression of JDP2 repressed the RA-mediated activation of the
c-jun promoter.

The rate of transcription of the c-jun gene increases dramat-
ically during the RA-mediated differentiation of F9 cells. Our
observation that the ectopic expression of JDP2 inhibited the
activity of the c-jun promoter implied that JDP2 may act as a
repressor of the RA-mediated transcription of the c-jun gene.
To examine this possibility, we treated the above-mentioned
cells with RA for different times and then monitored the level
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FIG. 3. Repression of RA-mediated transcription of the c-jun gene
by JDP2. (A) Levels of RA-induced transcription of the c-jun gene. F9
cells that had been stably transfected with pcDNA-JDP2 (clones 2 and
4) or pcDNA4/LacZ (vector) were incubated with 1 uM RA for the
indicated times. The levels of c-jun and B-actin transcripts were deter-
mined by Northern blotting. (B) The relative amounts of c-jun tran-
scripts from panel A were quantified with a phosphorimager. Amounts
were normalized by reference to the values for B-actin mRNA.

of transcription of the c-jun gene by Northern blotting. As
shown in Fig. 3, the expression of JDP2 (in clones 2 and 4)
delayed and decreased the extent of the RA-induced transcrip-
tion of the c-jun gene compared to that in cells transfected with
the empty vector alone. These results suggested that JDP2
inhibited the RA-induced expression of the c-jun gene that was
mediated by DRE within the c-jun promoter.

JDP2 functions in an HDAC-dependent manner. HDACs
act as repressors in the regulation of the expression of many
genes (14, 15, 31). In an attempt to determine whether an
HDAC may also be involved in the mechanism of repression by
JDP2, we cotransfected F9 cells with a DRE/tk-CAT reporter
construct and a variety of plasmids. Then we monitored DRE-
mediated reporter activity in the presence and absence of TSA,
an inhibitor of HDACs. As anticipated, the addition of
pcDNA-JDP2 suppressed the promoter activity of the DRE/
tk-CAT reporter gene that was mediated by either pACT-p300
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or pECE-ATF-2 or the combination of those two plasmids in
the absence of TSA (Fig. 4A, lanes 2, 4, and 6). This suppres-
sion of the transcription of the DRE/tk-CAT reporter gene by
JDP2 was, however, clearly reversed upon incubation of the
cells with 100 ng of TSA/ml (Fig. 4A, lanes 7 to 12). These data
suggested that HDAC activity might be required for the tran-
scriptional repression induced by JDP2.

The association of JDP2 with HDAC activity implied that a
protein complex that included JDP2 might have HDAC activ-
ity. We confirmed this possibility by measuring the HDAC
activity of protein complexes that were recruited by JDP2. The
HDAC activity of the JDP2-specific immunoprecipitate was as
high as that of the mSin3-specific complex and more than five
times higher than that of the control IgG complex (Fig. 4B).
Moreover, treatment of immunoprecipitates that included
JDP2 with sodium butyrate, an inhibitor of HDACs, abolished
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FIG. 4. JDP2 recruits an HDAC. (A) Treatment with TSA reverses
repression by JDP2. F9 cells were transfected with 0.2 pg of 3X
DRE/tk-CAT plus 0.5 pg of pRSV-LacZ in the presence or absence of
pECE-ATF-2 or pACT-p300 (2.0 pg each) and pcDNA-JDP2 (1.0 pg).
At 8 h after transfection, the cells were incubated without or with TSA
(100 ng/ml) for 16 h and assayed for CAT activity; the results were
normalized by reference to B-galactosidase activity (28). The results
shown are from one of three independent experiments that gave sim-
ilar results. (B) Recruitment by JDP2 of an HDAC. Proteins in extracts
of F9 cells were immunoprecipitated with antibodies against JDP2 and
assayed for HDAC activity in the presence or absence of sodium
butyrate, an inhibitor of HDAC. Immunoprecipitates obtained with
antibodies specific for mSin3 and mouse IgG were used as controls.
GST and GST-fused JDP2 were also examined for HDAC activity. The
values shown are the averages and standard deviations of the results
from three independent experiments.
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the HDAC activity (Fig. 4B). To exclude the possibility that
JDP2 itself might have HDAC activity, we produced GST-
fused JDP2 in Escherichia coli and examined its HDAC activ-
ity. As shown in Fig. 4B, neither GST alone nor GST-JDP2 had
any such activity. Thus, our results indicated that JDP2 might
function as a general repressor through the recruitment of an
HDAC.

JDP2 is physically and functionally associated with HDAC3.
To identify the HDAC that is associated with the repressor
activity of JDP2, we performed EMSAs by incubation of nu-
clear extracts from F9 cells and the DRE probe with a variety
of antibodies specific for different types of HDACs. As shown
in Fig. 5A, the formation of a DNA-protein complex (DRF)
generated two major bands, and both bands disappeared only
when antibodies specific for HDAC3 but not for HDACI,
HDAC2, HDAC4, HDACS, and HDAC6 were included. Thus,
it appeared that HDAC3 was part of the DRF complex that
became associated with JDP2. We next performed immuno-
precipitations and Western blotting analysis with nuclear ex-
tracts of F9 cells to determine whether JDP2 interacts with
HDACS3 in vivo. Western blotting analysis revealed the pres-
ence of HDAC3 but not of HDAC1 or HDAC?2 in immuno-
precipitates of extracts prepared with antibodies specific for
JDP2 (Fig. 5B). In a complementary experiment, JDP2 was
coprecipitated with HDAC3 from nuclear extracts by antibod-
ies against HDAC3 (Fig. 5B, lowest panel). These results sug-
gested that JDP2 might interact specifically with HDAC3 in
vivo. A very strong signal due to HDAC3 was detected in
immunoprecipitates obtained with the JDP2-specific antibod-
ies (Fig. 5B, uppermost panel), while relatively smaller
amounts of JDP2 were pulled down by the HDAC3-specific
antibodies (lowest panel). This difference might have been due
to the nature of the antibodies used in the immunoprecipita-
tion assay; the JDP2-specific antibodies were monoclonal, but
the HDAC3-specific antibodies were polyclonal. Thus, the
specifity and/or the affinity of the JDP2-specific antibodies
might have been greater than those of the HDAC3-specific
antibodies. Moreover, since the band of HDAC3 migrated in a
manner very similar to that of the band of the heavy (H) chain
of IgG, some of the signal due to the heavy chain might have
overlapped the signal due to HDAC3. We also cannot alto-
gether exclude the possibility that some other unidentified
bZIP factor(s), in addition to JDP2 in the DRF complex, might
interact with HDAC3.

To clarify whether the interaction between JDP2 and
HDACS is direct or indirect, we prepared various GST fusion
proteins (Fig. 5C, left panel) and used them in GST pull-down
assays (Fig. 5C, right panel). We incubated GST-JDP2 with
#S-labeled HDAC3 and immobilized the complex on glutathi-
one-Sepharose beads. After extensive washing, the bound pro-
teins were fractionated by SDS-PAGE. HDAC3 did not bind
to GST-JDP2 directly in vitro (Fig. 5C, right panel, lane 3).
The converse was also true (data not shown). Moreover,
HDACS3 also failed to interact directly with ATF-2 in vitro
(Fig. 5C, right panel, lanes 4 and 8). In contrast, in a control
experiment, we detected the direct association of *>S-labeled
ATEF-2 with GST-JDP2 (Fig. 5C, right panel, lane 7) but not
with GST alone (lane 6). Taken together, our results suggested
that JDP2 might indirectly recruit HDAC3 to DRE via some
factor(s) in the DRF complex other than ATF-2.
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To determine the contribution of HDAC3 to the JDP2-
induced repression of transcription, we cotransfected cells with
the DRE/tk-CAT reporter construct and a variety of combina-
tions of plasmids that encoded p300, ATF-2, JDP2, and
HDACS3 or the empty vector. The combination of ATF-2 and
p300 enhanced the transcription of the DRE/tk-CAT reporter
gene (Fig. 5D, lane 2), and JDP2 suppressed the resultant
reporter activity significantly (lane 3). Furthermore, the coex-
pression of HDAC3 with JDP2 increased the repressive activ-
ity of JDP2 in a dose-dependent manner as the level of
HDAC3 was increased (Fig. 5D, lanes 4 to 6). The activity of
the DRE/tk-CAT reporter gene was restored upon the addi-
tion of TSA (Fig. 5D, lane 7). Thus, it appeared that JDP2 was
functionally associated with HDAC3.

JDP2 inhibits the RA-induced differentiation of F9 cells. To
investigate the effects of JDP2 on RA-mediated differentia-
tion, we generated stable lines of F9 cells that expressed JDP2
or the empty vector alone as described above. The cells were
treated for different times with 1 wM RA to induce differen-
tiation, and morphological changes were monitored. Com-
pared with morphological changes in cells that had been stably
transfected with the empty vector, such changes in JDP2-ex-
pressing cells (clones 2 and 4) were significantly delayed or
absent (Fig. 6).

We next compared the levels of expression of a number of
RA-inducible genes and of genes whose expression is a marker
of differentiation after the exposure of cells to RA (1 wM); we
measured the levels of expression by real-time RT-PCR (Fig.
7A and B). The levels of the induced expression of genes for
collagen type 4al and laminin B1, two markers of endodermal
differentiation (36, 40), were fivefold lower in JDP2-expressing
cells than in control cells after 72 h of treatment with RA (Fig.
7C and D). Similarly, the induction of another RA-responsive
gene, the gene for Hoxa-1 (29), was 50% lower in JDP2-
expressing cells than in control cells (Fig. 7E). These results
indicated that the ectopic expression of JDP2 inhibited the
RA-induced differentiation of F9 cells.

Changes in the levels of JDP2 during the commitment of F9
cells to RA-dependent differentiation. We next addressed the
exact role of endogenous JDP2 in the regulation of the RA
signaling pathway. One possibility that we considered was that
JDP2 might be associated with the inhibition of the expression
of the c-jun gene in undifferentiated F9 cells via the recruit-
ment of HDAC3 to the promoter region and might thus main-
tain cells in an undifferentiated state. To investigate this hy-
pothesis, we examined the expression of JDP2 and its DNA-
binding and protein-protein interactions during the initiation
of differentiation. We also monitored the DNA-binding activ-
ity of other components of the DRF complex, as well as the
acetylation status of histones associated with DRE.

We first measured the levels of expression of JDP2 mRNA
and JDP2 itself by Northern blotting and Western blotting
analyses, respectively. Unexpectedly, the levels of both the
mRNA and the protein appeared not to change in F9 cells that
had been treated with 1 wM RA for 24 h, corresponding to the
time during which cells commit to differentiation in response
to RA (27) (data not shown). We next examined the DNA-
binding activity of JDP2 in vivo by using a ChIP assay. We used
antibodies specific for JDP2 to immunoprecipitate formade-
hyde-cross-linked, sonicated chromatin from F9 cells that had
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DNA-protein complexes (DRF) are indicated. Free, free DNA probe. (B) JDP2 specifically interacts with HDAC3 in vivo. Proteins in extracts of
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The molecular masses of marker proteins are shown on the left. (C) Interaction between JDP2 and HDACS3 in vitro. (Left panel) Purified GST
and GST fusion proteins (about 3.0 pg each) were analyzed by SDS-PAGE (10% polyacrylamide) and then stained with Coomassie brilliant blue.
(Right panel) *>S-labeled HDAC3, obtained by translation in vitro (IVT-HDAC3), or ATF-2 (IVT-ATF-2) was separately incubated with GST and
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reactions. (D) HDAC3 enhances the inhibitory activity of JDP2. F9 cells were cotransfected with 0.2 pg of 3X DRE/tk-CAT plus 0.5 pg of
pRSV-LacZ, together with various combinations of pECE-ATF-2 or pACT-p300 (1.0 g each) and pcDNA-JDP2 (0.1 ng) and increasing amounts
of pcDNA-Flag-HDACS3 (0.25 pg in lane 4, 0.5 pg in lane 5, and 1.0 pg in lanes 6 and 7). At 8 h after transfection, the cells were incubated without
(lanes 1 to 6) or with (lane 7) TSA for 16 h and assayed for CAT activity. The values shown are the averages and standard deviations of the results
from three independent experiments.
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Clone 2

Clone 4

FIG. 6. Overexpression of JDP2 suppresses RA-mediated morpho-
logical changes in F9 cells that are associated with differentiation. F9
cells that had been stably transfected with pcDNA4/LacZ (vector) or
pcDNA-JDP2 (clones 2 and 4) were incubated without or with 1 uM
RA. The cells were then photographed at the indicated times after
exposure to RA under a phase-contrast microscope (magnification,
X125).

been incubated with or without RA. We examined the pres-
ence of DRE in immunoprecipitates of JDP2 by PCR. As
shown in Fig. 8A, treatment of F9 cells with RA for 24 h
resulted in a marked decrease in the extent of binding of JDP2
to DRE. We obtained a similar result with antibodies specific
for HDACS3 (Fig. 8A). However, the DNA-binding activities of
ATF-2 and p300, other components of the DRF complex,
increased significantly after the incubation of cells with RA for
24 h. We next examined the interaction of JDP2 with HDAC3
in vivo in F9 cells that had been incubated with or without RA.
Cell lysates from F9 cells, after incubation with or without RA,
were immunoprecipitated with antibodies against JDP2 or con-
trol mouse IgG. HDAC3 was coimmunoprecipitated with an-
tibodies specific for JDP2 but not with control IgG (Fig. 8B).
However, the extent of binding of JDP2 to HDAC3 was sig-
nificantly reduced after the treatment of cells with RA for 24 h
(Fig. 8B). Similarly, the binding of JDP2 to ATF-2 diminished
after such treatment with RA (Fig. 8B).

The results described above suggested that alterations in
histone acetylation status might be involved in the JDP2-de-
pendent control of the transcription of the c-jun gene. To
examine this possibility, we immunoprecipitated isolated chro-
matin with antibodies specific for acetylated histone H4. Sub-
sequent changes in the products of PCR should reflect changes
in acetylated histone H4 bound to the DRE sequence. As
shown in Fig. 8C, no products of PCR associated with acety-
lated histone H4 were detected in untreated F9 cells. However,
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incubation of the cells with RA resulted in a remarkable in-
crease in the amount of acetylated histone H4 associated with
DRE at 24 h. These data strongly supported the hypothesis
that JDP2 is associated with the maintenance of the hypoacety-
lation of histones associated with the c-jun promoter through
the recruitment of HDAC3 to DRE in undifferentiated F9
cells, thereby inhibiting the transcription of the c-jun gene.
When F9 cells are treated with RA, the JDP2/HDAC3 com-
plex may be replaced by p300, with the resultant hyperacety-
lation of the histones associated with the c-jun promoter and,
as a consequence, the rapid initiation of transcription of the
cjun gene and triggering of the commitment of F9 cells to
RA-induced differentiation.

DISCUSSION

Possible role of JDP2 in the RA-dependent regulation of the
transcription of the c-jun gene. The c-Jun protein, a major
component of the AP-1 transcription factor, is expressed at a
very low level in undifferentiated F9 cells. Levels of endoge-
nous c-jun mRNA begin to rise dramatically within 18 to 24 h
of the start of exposure to RA and reach a steady state after 60
to 72 h (26). The mechanisms of transactivation of the c-jun
gene in stimulated F9 cells are relatively well understood, but
it is unclear how the expression of the gene can be inhibited in
nonstimulated F9 cells but can respond rapidly to RA. In this
study, we identified JDP2 as an inhibitory DNA-binding sub-
unit of DRF on the basis of the following observations. First,
JDP2 bound directly to DRE as a homodimer or as a het-
erodimer with ATF-2 (Fig. 1A). Second, in EMSAS, bands that
corresponded to DRF were shifted still further upon the ad-
dition of antibodies against JDP2 (Fig. 1B). Third, JDP2 in-
teracted directly with ATF-2 in vivo and in vitro, as well as in
a yeast two-hybrid system (20). Finally, the overexpression of
JDP2 not only repressed DRE-mediated transactivation by
ATEF-2 and p300 but also inhibited the RA-induced activation
of the promoter of c-jun and the transcription of the c-jun gene
(Fig. 1C, 2, and 3). It is possible that JDP2, acting as a repres-
sive component of DRF, may have properties consistent with a
role in inhibiting the expression of c-jun in nonstimulated F9
cells and in the rapid response to stimulation by RA during the
commitment of F9 cells to differentiation. This hypothesis is
also supported by the observation that, while the level of ex-
pression of JDP2 was apparently unchanged, the binding of
JDP2 to DRE and the association of JDP2 with HDAC3 and
with ATF-2 decreased markedly 24 h after the start of treat-
ment of F9 cells with RA (Fig. 8A and B). In contrast, the
binding to DRE of p300 and ATF-2 was significantly enhanced
after treatment of cells with RA for 24 h (Fig. 8B). Further-
more, the replacement of the ATF-2/JDP2/HDAC3 combina-
tion by the ATF-2/p300 combination in the DRF complex was
accompanied by a change in the acetylation status of histones
associated with DRE, from hypo- to hyperacetylation, during
the commitment of F9 cells to differentiation in response to
RA (Fig. 8C). TSA alone can induce the differentiation of F9
cells (data not shown), indicating that the deacetylation status
of histones is closely associated with the maintenance of the
undifferentiated state of F9 cells. The levels of recruitment of
the ATF-2/JDP2/HDAC3 complex and the ATF-2/p300 com-
plex may be critical for the determination of the choice be-
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FIG. 7. Stable expression of JDP2 inhibits RA-induced expression of marker genes for differentiation. (A and B) Generation of a calibration
curve. For quantification of levels of mRNA by real-time RT-PCR, a calibration curve was generated by analysis of serially diluted reference
samples. Amplification curves were generated first by plotting the normalized reporter signal (ARn) against the cycle number to illustrate the
changes in the level of the product of RT-PCR with increasing number of cycles. Then, the standard curve was generated by plotting the threshold
cycle (Ct) against the starting amount of sample with PRISM 7700 SDS software (PE Applied Biosystems). The linearity of the standard curve
confirmed that the starting quantity was inversely proportional to its Ct. (C to E) Quantification of levels of transcripts of RA-inducible genes and
of genes that are markers of cell differentiation. The relative levels of expression of genes for laminin B1 (C), collagen 4al (D), and Hoxa-1 (E) in
F9 cells that had been stably transfected with pcDNA4/LacZ (empty vector) or pcDNA-JDP2 (JDP2), without or with treatment with RA, were
obtained by determining Ct values from the standard curve. All experiments were performed in triplicate (results are means and standard
deviations), and negative controls without template RNA were always included in each experiment. Furthermore, the results were normalized by
reference to the values for glyceraldehyde-3-phosphate dehydrogenase mRNA.

tween the undifferentiated state and the commitment of cells
to differentiation in response to RA. It is possible, moreover,
that JDP2 is a key factor in the regulation of the transcription
of the cjun gene in F9 cells in response to RA.

JDP2 blocks the RA-induced differentiation of F9 cells. The
c-Jun protein plays an important role in the differentiation of
F9 cells. It is expressed in many organs during murine devel-
opment, as well as in the adult mouse (1, 43). Mouse embryos
with null mutations in the cjun gene die at midgestation, a
phenomenon that suggests an essential function for the prod-
uct of this gene in mouse development (19, 21). In F9 cells, RA
and E1A stimulate the activity of the c-jun promoter and rap-
idly increase the level of expression of c-jun (25, 46). More-

over, constitutive expression of c-jun results in the differenti-
ation of F9 cells, suggesting a significant role for c-jun in the
regulation of cell differentiation (44, 46). The observed inhibi-
tion of transcription of the c-jun gene by JDP2 led us to
investigate the role of JDP2 in the RA-induced differentiation
of F9 cells. As we expected, the overexpression of JDP2 re-
pressed RA-mediated differentiation, with both a delay in and
a decrease in the extent of morphological changes associated
with differentiation (Fig. 6), as well as repression of the tran-
scription of RA-inducible genes and genes for markers of dif-
ferentiation (Fig. 7C to E). The inhibitory effect of JDP2 on
differentiation may involve the regulation of the transcription
of c-jun, in view of the key role of c-jun in differentiation and
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FIG. 8. Levels of each component of DRF and of the acetylation of histone H4 during the commitment to differentiation. (A) Alterations in
binding to DNA of components of DRF complexes. Soluble chromatin was prepared from F9 cells that had been incubated without (0 h) or with
(24 h) RA and then was immunoprecipitated (IP) with various antibodies (Anti-). The same extracts were incubated with mouse IgG to determine
the nonspecific precipitation of chromatin. Precipitated genomic DNA was analyzed by PCR with primers that corresponded to the sequence that
spanned DRE. The uppermost panel shows the level of DRE that was amplified prior to immunoprecipitation, confirming that equivalent amounts
of DNA were present in the samples. (B) Interaction of JDP2 with HDAC3 or ATF-2. Proteins in extracts of F9 cells that had been incubated
without (0 h) or with (24 h) RA were immunoprecipitated with antibodies against JDP2. Immunoprecipitated proteins were subjected to Western
blotting analysis with antibodies specific for ATF-2, HDAC3, and B-actin. In input lanes, an aliquot of cell lysate (approximately 10%) was used
directly for Western blotting. Mouse IgG was used as a negative control. (C) Immunoprecipitation of chromatin with antibodies against acetylated
histone H4. The ChIP assay was performed as described for panel A, except that the antibodies were specific for acetylated histone H4
(Anti-AcH4). Input DNA obtained from an aliquot of soluble chromatin (20%) was purified in parallel with the immunoprecipitated samples.

the activity of JDP2 as a negative regulator of the expression of
this gene. It is also possible that JDP2 inhibits differentiation
not only by suppression of the transcription of c-jun but also by
direct repression of the expression of other RA-inducible
genes and/or genes for markers of differentiation.

The expression of c-jun is also involved in RA-induced ap-
optosis and the arrest of cell growth. Thus, JDP2, as a repres-
sor of c-Jun, may also be associated with these phenomena, in
addition to its role in the regulation of differentiation. These
issues remain to be investigated. Confirmation of a role for
JDP2 in the regulation of the differentiation of F9 cells would
provide novel insight both into RA signaling and into mecha-
nisms of differentiation.

Molecular mechanism of the repression of the expression of
csjun by JDP2. The mechanism of transcriptional repression by
JDP2 remains to be fully clarified. Aronheim et al. (2) pro-
posed that JDP2 may repress the transcriptional activity of
c-jun by forming a stable c-Jun/JDP2 heterodimer and that
JDP2 may compete with activators for binding to c-Jun. Alter-
natively, JDP2 may enhance the binding of c-Jun to the pro-
moter, thereby providing further inhibition via competition
with active heterodimers for binding to the same elements.
However, another mechanism seems plausible, as in the case of
the repression by JDP2 of ATF-2-mediated transactivation. In
this study, we demonstrated that the repression of the tran-
scription of the c-jun gene by JDP2 depended on an HDAC

with, most probably, recruitment of HDAC3 to DRE of the
c-jun promoter. Our conclusion is supported by the observa-
tion that the suppression by JDP2 of DRE-mediated transac-
tivation by ATF-2 and p300 was reversed when cells were
treated with TSA, an HDAC-specific inhibitor (Fig. 4A), and
by the observation that immunoprecipitates obtained with an-
tibodies specific for JDP2 had HDAC activity (Fig. 4B). In
addition, support for the association of JDP2 with HDAC3 was
provided by the demonstration of their specific interaction in
vivo (Fig. 5B) and by their coexistence in a DRF complex, as
determined by an EMSA (Fig. 5A) and the ChIP assay (Fig.
8B). Furthermore, augmentation of the repressive activity of
JDP2 by the enhanced expression of HDACS3 also suggested a
functional relationship between JDP2 and HDAC3 (Fig. 5D).
Unexpectedly, we failed to detect any direct interaction be-
tween JDP2 and HDAC3 (Fig. 5C) (data not shown). Our
results suggest that JDP2 may recruit HDAC3 indirectly via
some other unidentified component(s) of DRF. We have, in
fact, identified some other components of DRF by an EMSA
with a DRE probe, and these components include corepres-
sors, subunits of chromatin-remodeling factors, and other pro-
teins (data not shown). It is possible that JDP2 recruits
HDACS3 to DRE through binding to some of these factors in
DREF.

Involvement of HDACS3 in cell differentiation. The activities
of histone deacetylases have been linked to transcription, pro-
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gression of the cell cycle, gene silencing, cell differentiation,
regulation of the neuronal phenotype, DNA replication, and
the response to DNA damage (14, 32). Several proteins that
associate with HDAC3 were recently identified, including
some corepressors, such as N-CoR, SMRT, and KAP-1; a
component of the SWI/SNF complex; receptor-interacting pro-
tein 140; and transduction beta-like protein 1 (16, 17, 30, 37,
38, 41, 42). However, the biological functions of HDAC3, in-
cluding its role in cell differentiation, remain to be character-
ized. In the present study, we found that HDAC3 associated
with JDP2 to form a novel repressor complex and that JDP2
suppressed the RA-induced transcription of c-jun through the
recruitment of HDAC3 to the promoter region. We also ob-
tained evidence suggesting that the association of JDP2 with
HDAC3 may be involved in the maintenance of the hypoacety-
lation status of histones and may be a key phenomenon in
undifferentiated embryonal carcinoma cells. Our results sug-
gest a potential role for HDAC3 in the regulation of cell
differentiation. Among the class I HDACs, HDACI1 and
HDAC2 are more closely related to each other than to
HDAC3 (8, 12), suggesting a possible unique role of HDACS3.
Indeed, we detected only HDAC3 and not HDAC1 or HDAC2
in the DRF complex (Fig. SA), and we also found that HDAC3
and not HDACI or HDAC?2 specifically associated with JDP2
in vivo (Fig. 5B). The observation that HDAC1 or HDAC2 and
HDACS exist in different N-CoR complexes (37) and the ob-
servation that some mutations in retinoblastoma protein (Rb)
inhibit the binding of Rb to HDAC1 and HDAC?2 but have no
effect on the binding of Rb to HDACS3 (7), in conjunction with
our present results, support the hypothesis that it is HDAC3
and not HDACI1 or HDAC?2 that is likely to be important in
the regulation of the commitment of F9 cells to differentiation
in response to RA.
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