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Transcriptional activation of the c-jun gene is a critical event in the differentiation of F9 cells. In our previous
studies we characterized an element [differentiation response element (DRE)] in the c-jun promoter that is
both necessary and sufficient to confer the capacity for differentiation-dependent up-regulation. This element
binds the differentiation regulatory factor (DRF) complex, of which one component is the adenovirus
E1A-associated protein p300. We have now identified activation transcription factor-2 (ATF-2) as a
DNA-binding subunit of the DRF complex. p300 and ATF-2 interact with each other in vivo and in vitro. The
bromodomain and the C/H2 domain of p300 mediate the binding to ATF-2, which in turn requires a
proline-rich region between amino acids 112 and 350 for its interaction with p300. The phosphorylation of the
serine residue at position 121 of ATF-2 appears to be induced by protein kinase Ca (PKCa) after treatment of
cells with retinoic acid (RA) or induction with E1A. In cotransfection assays, wild-type ATF-2 enhanced the
transcription of an E2/tk–luciferase construct, in conjunction with p300–E2. However, a mutant form of
ATF-2 with a mutation at position 121 (pCMVATF–2Ser121–Ala) did not. These results suggest that ATF-2 and
p300 cooperate in the control of transcription by forming a protein complex that is responsive to
differentiation-inducing signals, such as RA or E1A, and moreover, that the phosphorylation of ATF-2 by
PKCa is probably a signaling event in the pathway that leads to the transactivation of the c-jun gene in F9
cells.
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Activating transcription factor-2 [ATF-2, also known as
CRE-BP-1] is a member of the ATF/CREB family of tran-
scription factors and has a basic region–leucine zipper
motif (bZip domain; Hai et al. 1989; Maekawa et al.
1989). This motif is necessary for the binding of het-
erodimers formed with other members of the ATF fam-
ily, as well as with members of the Jun/Fos family of
factors, in addition to the binding of homodimers, to the
cAMP response element (CRE). The CR3 of adenovirus
E1A protein interacts with the leucine zipper of ATF-2,
which is believed to induce a conformational change
that results in exposure of the amino-terminal activation

domains (Flint and Jones 1991; Chatton et al. 1993; Liu
and Green 1994; Li and Green 1996). Thus, the transac-
tivation domains of ATF-2 can be activated by CR3 of
E1A via a mechanism that is independent of the leucine
zipper region (Flint and Jones 1991). This type of activa-
tion involves the phosphorylation of two threonine resi-
dues in the amino-terminal region of ATF-2, namely
Thr-69 and Thr-71, by members of the family of stress-
activated protein kinases (SAPKs) in cases of serum in-
duction, UV irradiation, exposures to interleukin-1, and
genotoxic stress (Derijard et al. 1994; Gupta et al. 1995;
Livingston et al. 1995; van Dam et al. 1995). The SAPKs
(p46 and p54) that phosphorylate ATF-2 are closely re-
lated but not identical to the Jun kinases, JNKs [jun N
(amino)-terminal kinases], which also belong to the fam-
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ily of SAPKs and phosphorylate the c-Jun protein in re-
sponse to cellular stress (Hibi et al. 1993; Kyriakis et al.
1994; Livingston et al. 1995). The E1A product can also
activate transcription of the c-jun gene in a CR1-depen-
dent manner (Kitabayashi et al. 1991, 1995; van Dam et
al. 1990, 1993). This activation is mediated by two AP-
1/ATF-like elements, Jun 1–TRE and Jun 2–TRE, which
preferentially bind c-Jun–ATF-2 heterodimers (van Dam
et al. 1993, 1995). The CR1-dependent activation was
found not to depend strictly on the presence of Thr-69
and Thr-71 at the amino terminus of ATF-2 (Duyndam et
al. 1996). Thus, the mechanism of CR-1-dependent acti-
vation of the c-jun gene mediated by ATF-2 is still un-
clear. Recently, ATF-2-deficient mice were generated
and exhibited symptoms of chondrodysplasia and neuro-
logical abnormalities (Reimond et al. 1996).

p300 and the related CBP (CREB-binding protein;
Chrivia et al. 1993; Arany et al 1994, 1995; Eckner et al.
1994; Kwok et al. 1994), referred to below as p300/CBP,
are highly homologous proteins that were originally
identified as a consequence of the ability to interact with
adenovirus E1A proteins and with the transcription fac-
tor CREB, respectively. Both p300 and CBP are regulators
of transcription that interact with a variety of viral and
cellular proteins including components of the basal tran-
scription machinery (Abraham et al. 1993; Kwok et al.
1994; Janknecht and Hunter 1996; Shikawa et al. 1997).
In addition, p300/CBP possesses histone acetyltransfer-
ase activity that is due either to its intrinsic activity
and/or to an associated protein, P/CAF (Bannister et al.
1996; Ogryzko et al. 1996; Yang et al. 1996). The acety-
lation of histones is thought to be involved in the desta-
bilization and restructuring of nucleosomes, which is
probably a crucial event in the control of accessibility of
DNA templates to transcription factors.

p300 and CBP are also intimately involved in growth
control, progression of the cell cycle, and cell differen-
tiation, as is evident by their interaction with the tumor
suppressor p53 (Avantaggiati et al. 1997; Gu et al. 1997;
Lill et al. 1997; Somasundaran and El-Deiry 1997) and
the viral oncoproteins E1A (Moran 1993) and SV40 large
T antigen (Avantaggiati et al. 1996; Eckner et al. 1996).
We showed previously that phosphorylation of p300 is
associated with retinoic acid (RA)-mediated and E1A-
mediated differentiation of F9 cells and identified two
factors, designated DRF1 (differentiation regulatory fac-
tor 1) and DRF2, that bind specifically to a DRE (differ-
entiation response element), which is necessary and suf-
ficient for RA- and E1A-mediated up-regulation of c-jun
expression (Kitabayashi et al. 1992). More recently, we
identified p300 as a component of both DRF1 and DRF2
complexes (Kitabayashi et al. 1995). We demonstrate
here the molecular association of p300 with ATF-2 in
vitro and in vivo ATF-2 and p300 cooperate in the acti-
vation of transcription of the c-jun gene, which requires
protein kinase Ca (PKCa)-mediated phosphorylation of
Ser-121 of ATF-2 within its p300 interaction domain.
These findings provide further insight in the regulation
of c-jun expression in F9 cells in response to differentia-
tion-inducing signals.

Results

p300 interacts with ATF-2

We and others reported previously that the half-site of a
DRE inverted repeat sequence of the c-jun promoter
overlaps the sequence recognized by Jun 2–TRE, which is
sufficient for the activation of the c-jun gene in adeno-
virus E1-transformed cells (van Dam et al. 1993, 1995;
Kitabayashi et al. 1995). Therefore, we performed se-
quential immunoprecipitations to see the molecular as-
sociation between ATF-2 and p300 protein (Fig. 1A). The
upper band of the doublet or the slowest migrating band
of p300 was preferentially radiolabeled upon incubation
of undifferentiated F9 cells or RA-induced F9 cells, re-
spectively, with [32P]orthophosphate (Kitabayashi et al.
1995; Fig. 1A, lanes 1,2,5,6). The immunoprecipitates ob-

Figure 1. Selective interaction between p300 and ATF-2 pro-
tein species in vivo and the effects of phosphatase in the elec-
trophoretic mobilities of ATF-2. (A) Cell lysates from F9 cells
and RA-treated F9 cells were immunoprecipitated directly with
antibodies specific for p300 (a-p300; RW128) or were subjected
to sequential immunoprecipitations with antibodies against
ATF-2 (a-ATF-2; C-19) and antibodies against p300, as described
in Materials and Methods. The immunoprecipitated proteins
were resolved by SDS-PAGE (5% polyacrylamide). (Lanes
1,3,5,7) Extracts of F9 cells; (lanes 2,4,6,8) p300 from extracts of
differentiated F9 cells. (Lanes 1–4) [35S]Methionine-labeled
p300; (lanes 5–8) 32P-labeled p300. The positions of both bands
of p300 proteins are indicated by arrows. (B) Cell lysates from F9
cells (lane 1) and RA-treated F9 cells (lanes 2–4) were incubated
with 50 units of CIAP at 37°C for 30 min in 50 mM Tris-HCl (pH
8.0) in the presence (lane 4) or absence (lane 3) of phosphatase
inhibitors (10 mM sodium phosphate, 15 mM sodium pyrophos-
phate, 5 mM NaF, 0.1 mM Na3VO4). The immunoprecipitated
proteins were resolved by SDS-PAGE (10% polyacrylamide) and
immunoblotted with antibodies specific for ATF-2 (C-19). The
positions of bands of ATF-2 are indicated by arrows.
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tained with ATF-2-specific antibodies were boiled in
SDS-containing buffer and the released proteins were ex-
posed to p300-specific affinity-purified antibodies. The
results revealed the presence of the most slowly migrat-
ing p300 proteins, which had been phosphorylated with
[32P]orthophosphate, in both undifferentiated and differ-
entiated F9 cells (Fig. 1A, lanes 3,4,7,8). These data indi-
cate that ATF-2 preferentially binds the hyperphos-
phorylated forms of p300 in both undifferentiated and
differentiated F9 cells treated with RA.

Similar complementary experiments were performed
to determine which forms of ATF-2 protein interacted
with p300 protein. The most slowly migrating ATF-2
protein, which had been phosphorylated with [32P]ortho-
phosphate, was detected in the case of both undifferen-
tiated and differentiated F9 cells, on a gel upon the se-
quential immunoprecipitation of the immunoprecipitate
obtained with p300-specific antibodies, with ATF-2-spe-
cific monoclonal antibodies (data not shown). The re-
sults imply that the phosphorylation of the ATF-2 pro-
tein increases during the differentiation of F9 cells (van
Dam et al. 1995) and that the hyperphosphorylated form
of ATF-2 protein associates to a significant extent with
the hyperphosphorylated form of p300 in both undiffer-
entiated F9 cells, RA-induced and E1A-induced differen-
tiated F9 cells in vivo (data not shown). Comparative pep-
tide mapping of ATF-2 immunoprecipitates using Staph-
ylococcus aureus V8 protease suggested that the mol-
ecules associated with p300 in uninduced, RA-induced
F9 cells, and E1A-transformed F9 cells were the same or
biochemically related ATF-2 protein(s) (data not shown).

To determine whether the RA- or E1A-induced
changes in mobility of ATF-2 were due to phosphoryla-
tion, we prepared 35S-labeled immunoprecipitates of
ATF-2 from RA-treated F9 cells and treated them with
calf intestine alkaline phosphatase (CIAP). When ATF-2
was treated with CIAP, the slowly migrating form of
ATF-2 disappeared, whereas the faster migrating form of
ATF-2 was unaffected (Fig. 1B, lane 3). The effect of CIAP
was eliminated in the presence of phosphatase inhibitors
(lane 4). Upon infection of F9 cells with Ad5, similar
changes in ATF-2 protein were observed upon treatment
with CIAP in the presence or absence of CIAP inhibitors
(data not shown). We conclude from these data that the
changes in mobilities of ATF-2 that correlate with the
activation of c-jun transcription during the differentia-
tion of F9 cells (Kitabayashi et al. 1992; van Dam et al.
1995; Duyndam et al. 1996) are most likely due to phos-
phorylation(s).

p300 and ATF-2 are involved in the DRF complexes

To determine whether ATF-2 is directly associated with
DRFs, we performed band-shift assays with DRE as a
DNA probe and polyclonal antibodies against ATF-2
(Maekawa et al. 1989; Livingston et al. 1995). As shown
in Figure 2A, the retarded bands that corresponded to
DRF1 and DRF2 were shifted still further upon addition
of the polyclonal antibodies against ATF-2 (lanes 3,6).

The supershifting of DRF complexes disappeared after
the addition of polyclonal antibodies against ATF-2 that
had been absorbed with GST–ATF-2 protein (lane 4). An-
tibodies against ATF-1, ATF-3, YY-1, CREB, c-Jun, Jun B,
Jun D, and c-Myb did not affect the mobilities of the DRF
complexes (lanes 5,7,8,10–14). Polyclonal antibodies
against p300 did cause supershifting of the complexes of
DRF1 and DRF2, as reported previously (lane 9; Ki-
tabayashi et al. 1995). When we used nuclear extracts of
RA-treated F9 cells, the band corresponding to DRF1 was
shifted still further after the addition of polyclonal anti-
bodies against ATF-2 or p300 (Fig. 2B; lanes 3,7). Again,
adsorption of antibodies against ATF-2 with GST–ATF-2
eliminated the supershift (Fig. 2B; lane 4). Other antibod-
ies and control preimmune serum had no effect on the
mobilities of the DRF complexes (lanes 5,6, 8–14). The
extent of the supershift observed with the polyclonal an-
tibodies against ATF-2 was dose dependent (Fig. 2C;
lanes 2,3). A 25-fold molar excess of oligodeoxynucleo-
tides corresponding to the DRE did compete for the bind-
ing of DRF (lane 5). Similar results were obtained with
extracts of differentiated F9 cells after infection with
Ad–E1A but not with dl312 virus (data not shown).

Assignment of domains for the interaction between
p300 and ATF-2

We next performed a GST–affinity matrix-based assay to
determine whether or not the p300 protein interacts di-
rectly with ATF-2. Various p300 deletion proteins fused
to GST were incubated with in vitro-translated [35S]me-
thionine-labeled ATF-2 (Fig. 3). After extensive washing
of the matrix, the bound proteins were fractionated by
SDS-PAGE. As shown in Figure 3B, in vitro translated
[35S]methionine-labeled ATF-2 was captured by GST–
p300 (amino acids 963–1571; lanes 14–16) but not by
other GST–p300 fusion proteins or by GST alone (lanes
2–13, 17–22). The GST–p300 (amino acids 963–1571) fu-
sion protein contained both the bromodomain and the
C/H2 domain. The GST–p300 D(amino acids 963–1571)
fusion protein, which deleted both regions, did not bind
specifically to in vitro-translated ATF-2 protein (lanes
20–22). The GST–p300 fusion proteins, which included
each separate domain (amino acids 963–1149 and amino
acids 1149–1571), did not bind specifically to in vitro-
translated ATF-2 protein (Fig. 3B, lanes 8–13). Thus, as-
sociation with ATF-2 is required for both regions con-
taining the bromodomain and the C/H2 domain of p300.

Next we examined the interaction of the GST–p300
(amino acids 963–1571) fusion protein with various mu-
tant derivatives of ATF-2 (Fig. 4A). The GST–p300
(amino acids 963–1571) fusion protein was synthesized
in baculovirus-infected insect cells and immobilized on
glutathione–Sepharose beads. The beads were incubated
with extracts of insect cells that contained overex-
pressed ATF-2 protein (Patel et al. 1991). The bound pro-
teins were fractionated by SDS-PAGE after extensive
washing of the beads, and the presence of ATF-2 was
examined by Western blotting with antibodies specific
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for amino- or carboxy-terminal regions of ATF-2 (Living-
ston et al. 1995). As shown in Figure 4B, full-length
ATF-2 (ATF-2–FL), ATF-2 DN (deletion of 111 amino-
terminal amino acids), and ATF-2–D21 (deletion of 55
carboxy-terminal amino acids) bound to the beads with
immobilized GST–p300 (amino acids 963–1571) (lanes
1–9), whereas the derivative of ATF-2 consisting of resi-
dues 1–112 (ATF-2–D9) did not (lanes 10–12). These re-
sults suggest that the amino-terminal region of the
ATF-2 plays no significant role in the interaction of p300
and ATF-2. Moreover, ATF-2 with internal deletion of
residues 112–350 did not bind to p300 (lanes 13–15).
Taken together, the important residues of ATF-2 in-
volved in interactions with p300 represent the proline-
rich region between positions 112 and 350.

ATF-2 and p300 enhance the DRE-mediated activation
of the c-jun promoter

F9 cells that had been stably transformed with c-jun
CAT reporter constructs were transfected with either
pCMV–ATF-1, pCMV–ATF-2, and pCMV–ATF-3,
pACT–p300 expression plasmids, or their combinations.
To examine the effect of ATF family and p300 on c-jun
expression, only the combination of ATF-2 and pACT–
p300 plasmids resulted in a significant transactivation of
−730/+874 c-jun CAT in F9 cells in a dose-dependent
manner (Fig. 5, lanes 1–17). The mutated c-jun promoter-
CAT construct, −730/+874 c-jun CAT–mDRE did not
have such activity (lanes 18–24). These results suggest
that only ATF-2 among members of the ATF family co-

Figure 2. ATF-2 binds the DRE that re-
sponds to p300 in differentiated and undif-
ferentiated F9 cells. (A) Nuclear extracts
from F9 cells were incubated on ice for 30
min without (lanes 1,2) or with (lanes 3–
14) various antibodies and then analyzed
in a band-shift assay with DRE as the
probe. (Lane 1) Free DRE probe (F); (lane 2)
nuclear extract alone; (lane 3) antibodies
against ATF-2 (a-ATF-2; Maekawa et al.
1989); (lane 4) antibodies against ATF-2
that had been preabsorbed with 3 µg of
GST–ATF-2; (lane 6) antibodies against
ATF-2 (Livingston et al. 1995); (lanes 5,7–
14) various antibodies were added to the
reactions as indicated (a-n, antibodies
against protein n). The positions of bands
of DRF1 and DRF2 are indicated by ar-
rows. (B) Nuclear extracts of RA-treated F9
cells were incubated on ice without (lanes
1,2) or with (lane 5) 4 µg of rabbit IgG or
with various antibodies (lanes 3,4,6–14) for
30 min and analyzed in a band-shift assay
with DRE as the probe. (Lane 1) Free DRE
probe (F); (lane 2) nuclear extract alone;
(lane 3) antibodies against ATF-2
(Maekawa et al. 1989); (lane 4) antibodies
against ATF-2 that had been preabsorbed
with 3 µg of GST–ATF-2; (lanes 6–14) vari-
ous antibodies were added to the reactions
as indicated. The positions of bands of
DRF1 are indicated by arrows. (C) Nuclear
extracts from RA-treated F9 cells were in-
cubated on ice without (lane 1) or with
10−2 dilution (lane 2) or 10−1 dilution (lane
3) of antiserum against ATF-2 (Maekawa
et al. 1989; Livingston et al. 1995); with
10−1 dilution of antiserum against c-Jun
(lane 4); or with 25-fold molar excess of
DRE oligonucleotide as competitor (lane
5; Kitabayashi et al. 1995) for 30 min; then
proteins were analyzed in the band-shift
assay with DRE as the probe. The posi-
tions of bands of DRF1 are indicated by
arrows. (F) Free DRE DNA probe.
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operates with p300 in the DRE-mediated activation of
the c-jun promoter in F9 cells. In particular, the mutant
ATF-2 encoded by pCMV–ATF-2 D(amino acids
112–350), which lacked the putative p300-binding re-
gion, was less potent to activate c-jun transcription via
the DRE (lanes 25–27). In addition, the mutant of p300,
pACT–p300 D(amino acids 963–1571), which lacked the
region required for association with ATF-2, was unable
to activate transcription of the c-jun gene (lanes 28–30).
These results indicate that the interaction between p300
and ATF-2 is critical for activation of the transcription of
the c-jun gene. However, the CAT activity, a measure-
ment of the extent of the transactivation by ATF-2 and
p300 in F9 cells, was still two- or threefold lower than
the CAT activity due to the wild-type CAT reporter in

F9 cells in the presence of RA and E1A (cf. lanes 10–13
and lanes 33 and 34).

Association of ATF-2 and p300 is critical
for activation of DRE-mediated transcription

We examined whether the DRE by itself might be suffi-
cient to confer a response to ATF-2 and p300. We ob-
served a large increase of CAT activity of a DRE/tk CAT
construct only in the case of the cotransfection with
plasmids encoding ATF-2 and p300 (Fig. 6, lanes 1–14).
As shown in Figure 6, lanes 15–20, none of the combi-
nations that included either a deleted variant of ATF-2 or
a deleted variant of p300-stimulated transcription. The
results of treatment with the optimal dose of RA and

Figure 3. Interaction of in vitro-translated ATF-2 with deletion variants of GST–p300. (A) Schematic representation of the variants
of GST–p300. Shown are p300 and deletion derivatives fused to the GST protein. The patterned boxes represent the cysteine/histidine-
rich regions C/H1, C/H2, and C/H3, and are labeled; (Br) The bromodomain. The numbers at right indicate the amino acids of p300.
(FL p300) Full-length p300 protein; [p300D(amino acids 963–1571)], p300 protein lacking amino acids 963–1571; (GST) glutathione
S-transferase–truncated protein. (B) In vitro translated [35S]methionine-labeled ATF-2 was incubated with the GST–p300 variants that
consisted of the amino-terminal, carboxy-terminal, and central portions of the protein (lanes 5–19) or variants that lacked amino acids
963–1571 (lanes 20–22), or ATF-2 was incubated with GST alone (lanes 2–4). The bound ATF-2 is indicated by an arrow at left. (Lane
1) Input, namely, in vitro-translated [35S]methionine-labeled ATF-2. The input lane contained 1.5% (in terms of cpm) of the radiola-
beled protein used in the binding experiments.
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E1A, like those of Figure 5, yielded CAT activities two-
or threefold higher than those observed with the combi-
nation of expression vectors for ATF-2 and p300 (cf. lanes
9–11 and lanes 21 and 22). These results strongly suggest
an essential role for the DRE in the induction of c-jun by
RA and E1A and, moreover, that the activation is due, at
least, to the combined action of ATF-2 and p300.

PKCa-mediated phosphorylation of ATF-2

The proline-rich region of ATF-2 that is involved in the
interaction with p300 (see Fig. 4) contains putative phos-
phorylation sites by PKCa (Maekawa et al. 1989). A ki-
nase assay in vitro using recombinant ATF-2 and a mu-
tant protein demonstrated that Ser-121 of ATF-2 was
phosphorylated by PKC (Fig. 7A, lanes 1,2). The immu-
noprecipitation kinase assay showed that ATF-2 protein
was phosphorylated by PKCa but not by PKCb and that
the phosphorylated ATF-2 was detectable 18 hr after the
start of induction with RA, which is concominant with

an increase in PKCa (Fig. 7B,C, lanes 1–4). Thus, RA-
induced activation of PKCa might be a key event that
leads to the phosphorylation of ATF-2 protein. Similar
phosphorylation of Ser-121 of the ATF-2 protein was ob-
served after 1–3 hr of exposure to E1A in F9 cells (data
not shown).

ATF-2 and p300 cooperate in the activation
of transcription

To determine whether p300-mediated transcription can
be modulated by ATF-2 via the action of PKCa, expres-
sion plasmids that encoded wild-type pCMV–ATF-2, the
mutant pCMV–ATF-2Ser121–Ala with a mutation at posi-
tion 121 (Ser → Ala) and p300–E2 were transfected either
alone or in combination into RA-treated or E1A-treated
F9 cells that had been stably transformed with an E2/
tk–luc reporter construct. F9 cells stably transfected
with tk–luc served as a control. As shown in Figure 7D,
p300–E2 itself activated the transcription of the E2/tk–

Figure 4. Interaction of GST–p300 with deletion variants of ATF-2. (A) Schematic representation of the ATF-2 fusion proteins
synthesized in insect cells. (B) Extracts of infected insect cells containing wild-type or mutant ATF-2 proteins were incubated with
immobilized GST–p300 fusion protein for 2 hr at 4°C. The beads were washed extensively and bound protein was analyzed by Western
blotting analysis with antibodies specific for the amino- or carboxy-terminal-specific region of ATF-2 (lanes 3,6,9,12,15). Beads with
bound GST protein (lanes 2,5,8,11,14) were used as a control. Lanes 1,4,7,10, and 13 (Load) were loaded with 0.5% (in terms of cpm)
of the input recombinant ATF-2 or the variant proteins used in the binding experiments. The positions of ATF-2–FL, ATF-2–DN,
ATF-2–D21, ATF-2–D9 and ATF-2-D(amino acids 112–350) are indicated by arrows.
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luc reporter gene to a certain extent after treatment of
cells with RA (about sevenfold), as reported previously
(Kitabayashi et al. 1995). The introduction of plasmid
pCMV–ATF-2 resulted in a significant increase in lucif-
erase activity, in conjunction with p300–E2 (2.5-fold), in
the presence of RA (more than sevenfold). The Ser → Ala
mutant, pCMV–ATF-2Ser121–Ala, was not associated with
any enhancement of luciferase activity but, rather, de-
creased reporter gene activities. Similar results were ob-
tained in the case of introduction of E1A (Fig. 7D). Taken
together, these observations indicate that in F9 cells RA-
induced activation of PKCa leads to the phosphorylation
of ATF-2, which probably results in the enhancement of
transcription of genes, including c-jun by increasing the
interaction with p300.

Discussion

ATF-2 and p300 are components of DRF complexes

In the present study, we found that the DRF1 and DRF2
complexes contain the transcription factor ATF-2, which
is physically associated with p300 in undifferentiated
and RA- or E1A-induced differentiated F9 cells. We char-
acterized this association by examining protein–protein
interactions both in vitro and in vivo (Figs. 1–4) and
found that the region that contained the bromodomain
and the C/H2 region of p300 was required for the inter-
action with ATF-2 in vitro (Fig. 3). Further deletion
analysis of this region, separating each domain, demon-
strated that the bromo- and the C/H2 domains by them-
selves were unable to participate in the molecular inter-

Figure 5. ATF-2 and p300 cooperate to transactivate the c-jun promoter in F9 cells. F9 cells that had been stably transfected with 5
µg of −730/+874 c-Jun CAT (wild type; lanes 1–17,25–30,33,34) and 5 µg of −730/+874 c-Jun CAT–m182/175 (mDRE; lanes 18–
24,31,32) were cotransfected with 4 µg of pCMV–ATF-1 (lanes 6–9), pCMV–ATF-2 (lanes 10–13), pCMV–ATF-2 D(amino acids 112–350)
(lanes 25–27) or pCMV–ATF-3 (lanes 14–17) in the presence of the pACT–p300 expression plasmid (lanes 6–17,21–27) or pACT–p300
D(amino acids 963–1571) (lanes 28–30), or pCMV-E1A (lanes 32,34) plus 2 µg of pRSVLacZ (lanes 1–34), as indicated. The cells were
incubated for 72 hr and CAT assays were performed with extracts in which the amount of protein had been normalized by the activity
of b-galactosidase. In some cases, F9 cells were incubated with 3 × 10−7 M RA (lanes 31,33). The percent conversion of CAT to its
acetylated form is indicated. (Lane 1) Wild type only; (lanes 2–4,18–20) 4 µg of pCMV–ATF-1, pCMV–ATF-2, or pCMV–ATF-3; (lane
5) 4 µg of pACT–p300; (lanes 6–9,10–13,14–17,25–30) 1.0, 4.0, and 8.0 µg of pCMV–ATF-1, pCMV–ATF-2, pCMV–ATF-2 D(amino acids
112–350) or pCMV–ATF-3 plasmid, respectively, in the presence of 4 µg of pACT–p300 (lanes 6–17,25–27) or of pACT–p300 D(amino
acids 965–1571) (lanes 28–30), respectively.
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action with ATF-2. Thus, both domains of p300 seem to
be required for the interaction of p300 with ATF-2 (Fig.
3). ATF-2 is the first protein shown to interact with the
bromodomain of p300.

Phosphorylated p300 might be involved in a complex
formation with ATF-2 in vivo

Studies in vivo with sequential immunoprecipitations
and the results of the immunoprecipitation and Western
blotting indicated that the species of p300 protein asso-
ciated with ATF-2 correponded to be the more slowly
migrating species of p300, which is the phosphorylated
form (Fig. 1). However, binding studies using GST fusion
constructs and deletion mutants demonstrated that p300
protein that had been produced in Escherichia coli was
able to bind ATF-2 in vitro, suggesting that the unmodi-
fied p300 protein might also have the ability to associate
with the ATF-2 protein in vivo (Fig. 3). To fully under-
stand the biological significance of the phosphorylation

of p300, the characterization of additional phosphoryla-
tion sites within p300 during the differentiation of F9
cells is required.

One also cannot rule out the possibility that the mol-
ecule(s) associated with ATF-2 in vivo might be CBP and
not the underphosphorylated form of p300. In an earlier
study, p300 protein of undifferentiated F9 cells was rep-
resented by the more rapidly migrating band of the dou-
blet on gels and, in contrast, the CBP protein was the
more slowly migrating protein (Kitabayashi et al. 1995).
An immunodepletion experiment using p300-specific
monoclonal antibodies, but not one with antibodies
against CBP, led to the disappearance of DRF1 and DRF2
complexes in 293 cells (Kitabayashi et al. 1995). In the
present study, the immunoprecipitation with antibodies
against ATF-2 recovered CBP preferentially, at least in
the case of undifferentiated F9 cells. In differentiated F9
cells, the p300 and CBP proteins comigrated, so that a
distinction is not possible. The discrepancy between pre-
sent and earlier results might be due to the use of differ-

Figure 6. ATF-2 and p300 cooperate to transactivate DRE-mediated transcription in F9 cells. F9 cells that had been stably transfected
with 5 µg of 3× DRE/tk–CAT (lanes 1–4,9–11,15–22) or tk–CAT (lanes 5–8,12–14) were cotransfected with various amounts of
pCMV–ATF-2 (lanes 2–4,6–8), pCMV–ATF-2 D(amino acids 112–350) (lanes 18–20), pACT–p300 (lanes 9–11,12–14), or pACT–p300
D(amino acids 963–1571) (lanes 15–17) and 5 µg (lanes 9–11,15–17), 8 µg (lanes 12–14) of pCMV–ATF-2, or 2 µg of pRSV–LacZ (lanes
1–22). The cells were incubated for 72 hr and CAT assays were performed with extracts in which the amount of protein had been
normalized by the activity of b-galactosidase. The percent conversion of CAT to its acetylated forms is indicated. (Lane 1) DRE/tk–
CAT only; (lanes 2–4,6–8,18–20) 1.0, 4.0, and 8.0 µg of pCMV–ATF-2 or pCMV–ATF-2 D(amino acids 112–350), respectively; (lane 5)
tk–CAT only; (lanes 9–17) 1.0, 4.0, and 8.0 µg of pACT–p300 or pACT–p300 D(amino acids 963–1571), respectively. (Lane 21) treatment
with 3 × 10−7 M RA; (lane 22) transfection with pCMV–E1A (4 µg).
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ent cell types such as 293 and F9 cells. Thus, the com-
ponents, such as p300 or CBP or both, that are coupled to
ATF-2 in undifferentiated F9 cells remain to be deter-
mined and the changes in their modes of association dur-
ing the differentiation of F9 cells remain to be clarified.
Studies to address this issue using the null mutant mice
of either p300 or CBP are now being undertaken.

PKCa phosphorylates Ser-121 of ATF-2 during
the differentiation of F9 cells

Adenivirus-transformed cells contain the hyperphos-
phorylated form of c-Jun, which results from enhanced
phosphorylation of Ser-63 and Ser-73 (Hagmeijer et al.
1993), which are also required for CBP-induced stimula-
tion of c-jun gene (Bannister et al. 1995). However, c-Jun

is not expressed in F9 cells, which do, however, contain
ATF-2. The CR-1- and CR-3-dependent effects of E1A on
ATF-2 can occur independently of each other and might
even be synergistic. In F9 cells, the 12SE1A protein en-
hances the transcriptional activity of the amino termi-
nus of ATF-2 fused to GAL4 or GHF 1, whereas the tran-
scriptional activity of the amino terminus of c-Jun fused
to GAL4 is not significantly enhanced by this protein
(Duyndam et al. 1996). Thus, ATF-2 and not c-Jun ap-
pears to be the primary target of 12S E1A in F9 cells.
Recently, it was shown that CR3-dependent activation
of the amino terminus of ATF-2 required the presence of
two threonine residues, Thr-69 and Thr-71, which are
potential targets for phosphorylation by SAPKs or JNKs
(Gupta et al. 1995; Livingston et al. 1995). However,
E1A-dependent activation via CR1 was still significant

Figure 7. ATF-2 is phosphorylated by PKC
and activates a p300–E2 fusion protein. (A)
Five micrograms of ATF-2 and mutant ATF-
2Ser121–Ala proteins were purified from E. coli
and incubated with 25 ng of a mixture of re-
combinant PKCa, PKCb, and PKCg mixture in
the appropriate kinase buffer (see Materials
and Methods) for 10 min at 30°C. The result-
ant phosphorylated proteins were analyzed by
SDS-PAGE (10% polyacrylamide). (Lane 1)
ATF-2; (lane 2) ATF-2Ser121–Ala mutant protein.
(B,C) F9 cells were incubated with 3 × 10−7 M

RA for the indicated periods of time. Nuclei
were isolated and nuclear lysates were sub-
jected to immunoprecipitation with poly-
clonal antibodies specific for PKCa (B) and
PKCb (C), respectively, and protein A–Sepha-
rose for 2 hr at 4°C. The immune complexes
were incubated with 5 µCi of [g-32P]ATP in
kinase buffer for 30 min at 30°C. The resultant
phosphorylated protein complexes were sub-
jected to SDS-PAGE (10% polyacrylamide).
(Lane 1) F9 cell extract; (lanes 2–4) F9 cells
lysate that had been incubated with RA for 9,
18, and 72 hr, respectively. The immunopre-
cipitates with antibodies specific for PKCa or
PKCb were immunoblotted with the antibod-
ies against the respective PKC (bottom panels).
(D) F9 cells that had been stably transfected
with 5 µg of tk–luc or 5× E2/tk–luc were co-
transfected with 3 µg of pCMV–p300–E2 with
or without 4 µg of pCMV–ATF-2 or 4 µg of
pCMV–ATF-2Ser121–Ala plus 2 µg of pRSV-
LacZ, as indicated. The cells were incubated
for 72 hr in the absence or presence of 3 × 10−7

M RA or 2.5 µg of pCMV–E1A. The results are
expressed as the extent of induction (x-fold) as
compared to the results with the control plas-
mid (pcDNA3). The results are the means from
three independent experiments.
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after these amino acids had been mutated (Duyndam et
al. 1996). Moreover, we showed here that the amino-
terminal region of ATF-2, including Thr-69 and Thr-71,
was not required for interaction with p300 (Fig. 4).
Therefore, we can speculate that a different mechanism
is involved in the E1A-dependent activation of ATF-2.
These observations indicate that a different kinase or
inhibition of a phosphatase might be responsible for the
hyperphosphorylation of ATF-2, as well as p300, in F9
cells.

Maekawa et al. (1989) reported earlier that a putative
site of phosphorylation by PKC exists in the central re-
gion (at Ser-121) of ATF-2. The present study indicates
that treatment with RA or the introduction of E1A re-
sulted in the specific induction and the increase of the
enzymatic activities of PKCa protein in F9 cells (Fig. 7)
but not PKCb and PKCg (data not shown). These results
are consistent with reports by Kindregan et al. (1994) and
Khuri et al. (1996). We suggest the RA- or E1A-induced
changes in PKCa might be critical as a trigger in the
transactivation of the c-jun gene and the differentiation
of F9 cells to endoderm-like cells.

Phosphorylation of ATF-2 at Ser-121 is essential
for the RA- and E1A-mediated transcription of c-jun
in F9 cells

We examined whether members of the ATF-2 family
could enhance the DRE-mediated transcription of the
c-jun gene via p300. We used a c-jun promoter–CAT con-
struct that included a DRE. Only the combination of
expression plasmids for ATF-2 and p300 enhanced the
promoter activity of the c-jun gene in undifferentiated F9
cells in the absence of RA and E1A (Fig. 5). However, the
observed CAT activity was two- or threefold lower than
the CAT activity because of the reporter construct upon
stimulation with E1A or treatment with RA (Fig. 5). We
confirmed these results by cotransfection and CAT as-
says with the DRE/tk–CAT construct (Fig. 6). Hagmeijer
et al. (1996) reported that the expression of ATF-3 is in-
duced in Ad–E1A-transformed cells, as well as a direct
effect of the expression of E1A on the formation of c-Jun/
ATF-3. However, we did not find any evidence in sup-
port of their results (Figs. 2, 5, and 6).

Ser-121 of the ATF-2 protein was phosphorylated by
PKCa during RA- or E1A-induced differentiation of F9
cells (data not shown). Furthermore, the ATF-2 with Ala-
121 did not increase transcription of the E2/tk–luc re-
porter construct in conjunction with p300 after treat-
ment of F9 cells with RA (Fig. 7). We do not know the
exact role of the phosphorylation of Ser-121 in ATF-2
during RA- or E1A-induced differentiation. One possible
hypothesis is that ATF-2 phosphorylated by PKCa,
might increase the histone acetyltransferase (HAT) ac-
tivity of p300 with a subsequent change in the confor-
mation of the chromatin or that it might stimulate the
formation of the DNA-binding complex with p300, to
allow transcriptional activation of the c-jun gene.

The RA- or E1A-induced differentiation of F9 cells is a
multistage process that involves sequential changes in

gene expression (Strickland 1981; Hogan et al. 1983). The
commitment to differentiation seems to occur within 18
hr after the start of treatment with RA or 1–3 hr after
introduction of E1A into F9 cells (Kitabayashi et al.
1995). We also reported that RA can induce the commit-
ment of F9 cells to irreversible differentiation without
protein synthesis de novo (Kitabayashi et al. 1994). In
contrast, the transcriptional activation of genes for pro-
teins that are markers of parietal endoderm, such as lam-
inin and type IV collagen—by RA alone or together with
dibutyryl cAMP—requires protein synthesis de novo.
The expression of these genes is also regulated by PKCa
and PKCb (Kindregan et al. 1994; Khuri et al. 1996).
Thus, it is important to determine whether the PKCa
gene is directly activated by RA receptors or responds to
other intermediates.

It appears that ATF-2 and p300 are, at least, prerequi-
sites for the activation of the c-jun promoter in F9 cells
in the absence of any participation of RA or E1A. How-
ever, the level of transactivation of the c-jun promoter by
p300 and ATF-2 was found to be consistently lower as
compared to stimulation by RA- or E1A-dependent c-jun
activation (Figs. 5 and 6). UV cross-linking studies with
a DRE probe demonstrated that proteins of ∼300, 75–80,
and 40–42 kD were present in DRF complexes derived
from undifferentiated and differentiated F9 cells (data
not shown). The 300- and 75- to-80 kD proteins are most
likely p300 and ATF-2, respectively. Thus, another mol-
ecule, such as the 40- to 42-kD molecule, identified by
UV cross-linking, might represent key regulators that are
required for the full activation of the c-jun transcription.
This factor is possibly regulated by some unidentified
protein kinase(s) or phosphatase(s). The molecular clon-
ing of this 42- to 40-kD protein is now in progress. A
precise map of the sites of phosphorylation of p300 com-
bined with further insights into the mechanisms of the
PKCa-mediated phosphorylation of ATF-2 as well as
phosphorylation or dephoshorylation of other proteins,
might ultimately lead to the understanding of the regu-
lation of expression of the c-jun gene and the commit-
ment to differentiation of F9 cells upon exposure to RA
or E1A.

Materials and methods

Plasmids

Deletion mutants of the pGST–p300 fusion gene were generated
by ligating the respective DNA fragments SpeI–SpeI (amino ac-
ids 140–957), EcoRI–SmaI (amino acids 963–1571), SmaI–Hin-
dIII (amino acids 1571–2414), PCR-amplified DNA fragments
(amino acids 963–1149 and 1149–1571), in-frame, to pGEX2T
and its derivatives (Pharmacia Biotech., Uppsala, Sweden). The
deletion mutant pGST–p300 D(amino acids 963–1571) was gen-
erated by ligating the NotI–EcoRI DNA fragment (amino acids
1–957) with the SmaI–HindIII DNA fragment (amino acids
1571–2414) via the pNotI linker. The −730/+874 c-Jun CAT
(wild-type), −730/+874 c-Jun CAT–mDRE (mDRE), 3× DRE/tk–
CAT, p300–E2, pCMV–VP16–E2, and 5× E2/tk–CAT reporter
genes are described elsewhere (Kitabayashi et al. 1992; Eckner et
al. 1994). Expression plasmids pCMV–ATF-1 (Liu and Green
1990, 1994), pCMV–ATF-2 (Chatton et al. 1993), and pCMV–
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ATF-3 (Hai et al. 1989) were generated by ligation of the PCR-
amplified DNA fragments of the respective coding sequences
in-frame to pcDNA3 (Invitrogene). pGST–ATF-2 was generated
by ligating the PCR-amplified DNA fragment that encompassed
the coding sequence (amino acids 1–350) for ATF-2 to pGEX2T.
pCMV–ATF-2Ser121–Ala, was constructed by ligation of a PCR-
amplified DNA fragment, generated with a primer in which the
Ala-121-encoding triplet had been substituted for the Ser-121-
encoding triplet and an XbaI–ApaI linker. This fragment was
subcloned into pcDNA3 or pGEX2T. pCMV–ATF-2 D(112–350)
was constructed by ligation in-frame of the DNA fragment
(amino acids 1–112) with the DNA fragment (amino acids 350–
505) via pNotI linker. E2/tk–luc and tk–luc were generated by
ligation of a PCR-amplified fragment of luciferase cDNA (Ka-
wasaki et al. 1996) that had a BglII–XhoI linker. pACT–p300,
pBLCAT2, pCMV–E1A, and pRSV-lacZ are described elsewhere
(Kitabayashi et al. 1995).

Cell culture, transfection, and CAT assay

F9 cells (Bernstine et al. 1973) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% FCS.
Stable transfection of F9 cells and CAT assays were performed
as described elsewhere (Kitabayashi et al. 1992, 1995), with the
exception that the concentration of acetyl-CoA was reduced
from 3 to 0.5 mM. The ratio of the activity of CAT to that of
b-galactosidase was used for normalization of results.

Assay of luciferase activity

F9 cells were transiently transfected by use of lipofectin (GIBCO
BRL, Gaithersburg, MD) in accordance with the manufacturer’s
instruction. After incubation for 72 hr, cells were harvested,
lysed, and assayed for luciferase activity as described (Kawasaki
et al. 1996). Transfection efficiencies were normalized by activ-
ity due to cotransfected b-galactosidase-encoding plasmid.

Immunoprecipitation, Western blotting,
and immunodepletion

Radiolabeling of F9 cells with [35S]methionine or [32P]ortho-
phosphate, the preparation of cell lysates and the immunopre-
cipitation with the E1A-specific monoclonal antibody M73
(Harlow et al. 1986), p300-specific polyclonal antibodies (Ki-
tabayashi et al. 1995), p300-specific monoclonal antibodies
RW102 or RW128 (Eckner et al. 1994), and CBP-specific mono-
clonal antibodies AC238 or AC26 (Arany et al. 1995; Eckner et
al. 1996) were described elsewhere (Kitabayashi et al. 1992,
1995; Eckner et al. 1994, 1996). After SDS-PAGE, proteins were
transferred to filters (Hybond-C Extra; Amersham, Japan) by
electroblotting and probed with p300-specific polyclonal anti-
body (Kitabayashi et al. 1995), ATF-2-specific monoclonal anti-
body (F2BR-1), polyclonal antibody (C-19; Santa Cruz Biotech-
nology, Santa Cruz, CA), or ATF-2-specific polyclonal antibod-
ies (Maekawa et al. 1989; Livingston et al. 1995), using the ECL
detection system (Amersham Japan) and autoradiography. The
complementary immunoprecipitation and Western blotting ex-
periments were carried out by essentially the same procedure.
The immunodepletion experiments were performed as de-
scribed elsewhere (Lassar et al. 1991; Kitabayashi et al. 1995).

Gel mobility shift assays

Preparation of nuclear extracts from F9 cells, the gel mobility
shift, and its competition assays was performed as described
previously (Kitabayashi et al. 1995). The sequence of DRE is

described elsewhere (−190 to −170 of c-jun promoter; Kitabaya-
shi et al. 1995). Antibodies against the following proteins were
used: ATF-1 (C41-5.1 and 25G10G; Santa Cruz and UBI, Lake
Placid, NY), ATF-2 (UBI), CREB (UBI), c-Jun (UBI), ATF-3 (C-19;
Santa Cruz), CREM (Santa Cruz), JunB (210; Santa Cruz), and
JunD (329-G; Santa Cruz). Polyclonal affinity-purified antibod-
ies against c-Myb and ATF-2 were kindly provide by T.
Maekawa and S. Ishii (RIKEN). Preimmune rabbit serum was
used as a control. In some cases, the ATF-2-specific antibodies
were absorbed with GST–ATF-2 protein and used for the com-
petition experiment.

Analysis of interactions of ATF-2 and p300 using GST fusion
proteins

Synthesis and purification of GST–p300 fusion wild-type pro-
tein and mutant derivatives are described elsewhere (Eckner et
al. 1994). Lysates of F9 cells that expressed ATF-2 were prepared
in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40, 1
µg/ml each of aprotinin, pepstatin, and leupeptin, 1 mM PMSF,
5 mM NaF, and 10 mM Na2-b-glycerophosphate. ATF-2 was
translated in vitro in the presence of [35S]methionine using a
TNT kit (Promega, Madison, WI). In vitro-translated products
were mixed with 5 µg of protein in a lysate of F9 cells and
incubated with glutathione–Sepharose beads (Pharmacia Bio-
tech.) that had been loaded with either GST–p300 or GST in the
above-described buffer for 2 hr at 4°C. The beads were then
washed extensively with the same buffer, and protein com-
plexes were eluted with sample buffer for SDS-PAGE.

Binding assays with p300

Recombinant baculoviruses encoding ATF-2–FL, ATF-2–D21,
ATF-2–D9, ATF-2–DN, and ATF-2–D(amino acids 112–350) were
constructed in the baculovirus expression system, and lysates of
infected cells were prepared as described previously (Patel et al.
1992). GST–p300 (amino acids 963–1571) was amplified by PCR
as a KpnI–NotI fragment for baculovirus expression. The result-
ing fragment was subcloned into a baculovirus transfer vector
having the FLAG–tag sequence (Yang et al. 1996). The recom-
binant viruses were isolated with the BaculoGold system
(Pharmingen) according to the manufacturer’s protocol and used
for infection of Sf9 cells to express FLAG–GST–p300 (amino
acids 963–1571). Recombinant proteins were affinity purified
with M2 anti-FLAG antibody–immobilized agarose (Kodak–IBI)
according to the manufacturer’s protocol. The binding of GST
fusion protein to wild-type ATF-2 and mutant derivatives has
been described elsewhere (Livingston et al. 1995). Extracts con-
taining various recombinant ATF-2 proteins were incubated
with glutathione–Sepharose beads for 2 hr at 4°C after which
time beads were washed extensively with washing buffer (100
mM KCl, 10 mM HEPES at pH 7.9, 5 mM MgCl2, 0.1 mM ZnCl2,
0.1 mM EDTA, 0.1% NP-40, 2 mM DTT). The proteins retained
on the beads were eluted and separated by SDS-PAGE. Western
blotting analysis was performed using ECL (Amersham Japan)
and specific antibodies directed against the amino terminus
(amino acids 85–96) and carboxyl terminus (amino acids 490–
505) of ATF-2 (Patel et al. 1992). Lysates of cells infected with
viruses encoding wild-type and mutant ATF-2 were prepared in
the presence of phosphatase inhibitors (10 mM sodium phos-
phate, 15 mM sodium pyrophosphate, 5 mM NaF, 0.1 mM

Na3VO4).

Assay of protein kinase activity in vitro

Assays of PKC activity were carried out with recombinant
ATF-2 protein from E. coli as the substrate and mixtures of

Interaction of ATF-2 and p300 in the DRF complex

GENES & DEVELOPMENT 243



recombinant PKCa, PKCb, and PKCg (Seikagaku Kogyo, Inc.,
Tokyo, Japan). Phosphorylation was allowed to proceed in the
reaction mixture [50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.1
mM CaCl2, 1 mM DTT, 0.03% Triton X-100, 0.31 mg/ml of
L-phosphatidyl-L-serine, 10–25 ng of PKC, 5 µg of ATF-2] for 10
min at 30°C, and results were analyzed by SDS-PAGE (10%
polyacrylamide) and autoradiography.

Immunoprecipitation kinase assay

Nuclear lysates of RA-treated F9 cells (3 × 10−7 M RA) were pre-
pared as described elsewhere (Kitabayashi et al. 1995). The ly-
sates were incubated with polyclonal antibodies raised against
PKCa or PKCb for 2 hr at 4°C. The resultant immunocomplexes
were analyzed by assays of their kinase activities in a reaction
mixture (50 mM Tris-HCl at pH 7.5, 10 mM MgCl2, 1 mM DTT)
that contained 5 µg of ATF-2 in the presence of 2–5 mCi of
[g-32P]ATP (Amersham, Japan) for 30 min at 30°C. The reaction
mixtures were then subjected to SDS-PAGE (10% polyacryl-
amide) and autoradiography.
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