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Previously we showed that the E1A binding proteins p300 and CBP negatively regulate c-Myc in quiescent
cells and that binding of E1A to p300 results in the induction of c-Myc and thereby induction of S phase. We
demonstrated that p300 and HDAC3 cooperate with the transcription factor YY1 at an upstream YY1 binding
site and repress the Myc promoter. Here we show that the small E1A protein induces c-Myc by interfering with
the protein-protein interaction between p300, YY1, and HDAC3. Wild-type E1A but not the E1A mutants that
do not bind to p300 interfered in recruitment of YY1, p300, and HDAC3 to the YY1 binding site. As E1A started
to accumulate after infection, it transiently associated with promoter-bound p300. Subsequently, YY1, p300,
and HDAC3 began to dissociate from the promoter. Later in infection, E1A dissociated from the promoter as
well as p300, YY1, and HDAC3. Removal of HDAC3 from the promoter correlated with increased acetylation
of Myc chromatin and induction. In vivo E1A stably associated with p300 and dissociated YY1 and HDAC3
from the trimolecular complex. In vitro protein-protein interaction studies indicated that E1A initially binds
to the p300-YY1-HDAC3 complex, briefly associates with it, and then dissociates the complex, recapitulating
somewhat the in vivo situation. Thus, E1A binding to the C-terminal region of p300 disrupts the important
corepressor function provided by p300 in repressing c-Myc. Our results reveal a novel mechanism by which a
viral oncoprotein activates c-Myc in quiescent cells and raise the possibility that the oncoproteins encoded by
the small-DNA tumor viruses may use this mechanism to induce c-Myc, which may be critical for cell
transformation.

Cell transformation and induction of DNA synthesis in qui-
escent cells by the adenovirus (Ad) transforming protein E1A
are dependent on its binding to and modifying the activities of
several host proteins, including p400, p300/CBP, and the
pocket family proteins pRb, p107, and p130 (3, 9, 10, 25, 30).
Several of these proteins associate with cellular repressor com-
plexes and inhibit transcription factors involved in the induc-
tion of cell cycle S phase (22, 23, 30). The E1A binding proteins
p300 and CBP are two nuclear phosphoproteins that coactivate
a large number of transcription factors to stimulate transcrip-
tion. They also contain intrinsic histone acetyltransferase ac-
tivity that acetylates chromatin and thereby decondenses it to
facilitate transcription (13).

In quiescent cells, binding of E1A to p300 is essential for the
induction of DNA synthesis and cell transformation (25, 27,
33). For the past several years, we have been investigating the
role of p300/CBP in quiescent cells and the cell cycle G1/S
transition and the consequences of binding of E1A to p300 in
the induction of S phase. We showed that both p300 and CBP
negatively regulate the transition of cells from G0/G1 to S
phase by keeping c-Myc in a repressed state and that normal

amounts of both of these coactivators are essential for repress-
ing c-Myc (1, 18, 29). Further, we showed that wild-type (WT)
E1A, but not the E1A mutants that do not bind to p300,
induces S phase by inducing c-Myc (2, 18). In a more recent
report, we showed that the C-terminal region of p300 provides
a corepressor function in repressing c-Myc (30). The transcrip-
tion factor YY1 binds to an upstream YY1 binding site of the
Myc promoter and recruits p300 and HDAC3. HDAC3 thus
recruited to the YY1-p300 complex deacetylates Myc chroma-
tin and represses transcription. The repressive activity of p300
is independent of the intrinsic histone acetyltransferase (HAT)
activity of p300 (1). Sumoylation of p300 also is not necessary
for the repression, since p300 in which the two sumoylation
sites were mutated was found to be as efficient as WT p300 in
repressing c-Myc (30). Furthermore, we recently showed that
simian virus 40 (SV40) large T also has a capacity to relieve the
repression of c-Myc by p300 (31), raising the possibility that
deregulation of Myc by the DNA tumor virus T antigens may
be an essential prerequisite for cell transformation.

c-Myc plays a pivotal role in a number of pathways that
control cell growth and differentiation, and deregulation of
c-Myc is associated with several forms of human cancers (5, 6).
In this work, we studied the mechanism by which E1A relieves
the repression of c-Myc by p300 in quiescent cells. We showed
that the transforming E1A protein interferes with the recruit-
ment of YY1, p300, and HDAC3 to the upstream YY1 binding
site of the Myc promoter and also disrupts the interaction
between these three proteins. E1A interferes with the protein-
protein interactions among these transcriptional effectors both
in vivo and in vitro. E1A interference with p300 function is
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dependent on E1A binding to p300 through its third cysteine-
histidine-rich (CH3) region. Early after infection, E1A tran-
siently associated with p300 bound to the chromatin, resulting
in the dissociation of p300, YY1, and HDAC3 from the pro-
moter. At later times, neither E1A nor other transcriptional
effectors referred to above associated with chromatin. Our
results suggest that E1A initially binds to p300 at the chroma-
tin level and causes the dissociation of p300, YY1, and
HDAC3 from the chromatin, leading to the relief of repres-
sion. E1A is also dissociated from chromatin in this process.
These results provide new insights into the mechanism by
which a virus-encoded oncoprotein induces c-Myc.

MATERIALS AND METHODS

Cells, viruses, and plasmids. MCF10A cells are immortalized but nontrans-
formed human breast epithelial cells (32). SaOS2 cells are osteosarcoma cells,
and rat12 cells are a derivative of rat1 cells and have similar growth properties.
Further details and growth conditions of these cell lines can be obtained from
our previous reports (1, 18). Adb-gal is an Ad vector expressing the beta-
galactosidase gene from the E1A region (18). Adp300AT2 is an Ad vector
expressing a FLAG-tagged HAT-defective p300 mutant that contains six amino
acid substitutions in its HAT domain (p300AT2) (19). The Ad mutant expressing
only the 243-amino-acid (aa) transforming E1A protein (dl1500) (24) was used
as the WT virus in these studies. The mutant dl2-36 contains a deletion of 36 aa
from residue 2 to 36, and the mutant RG2 has an arginine-to-glycine change in
the second codon (34). The plasmid del6 is a truncated human c-Myc promoter-
reporter plasmid derived from a larger Myc promoter-luciferase reporter plasmid
(15) and contains 640 bp of the upstream promoter sequence (1). Plasmids
expressing hemagglutinin-tagged p300 and p300delE1A were gifts of D. Living-
ston (Harvard University). The plasmid p300delE1A contains a 132-aa deletion
(aa 1739 to 1871) encompassing the E1A binding region (7).

Promoter-reporter assays. Rat12 cells (4 � 105 to 6 � 105 per well) were
seeded in six-well plates overnight and then transfected with the Myc promoter-
reporter plasmid del6 along with various expression plasmids, as indicated in
figure legends, using Lipofectamine 2000 (Invitrogen). The total amount of DNA
for each transfection was kept constant by adding empty vectors as appropriate.
Transfected cells were maintained overnight in growth medium and then serum
starved for 36 h, harvested, and lysed in a lysis buffer (Promega). The luciferase
activity in the lysates was quantified using equal quantities of protein as described
previously (29). Renilla luciferase was used for transfection efficiency (Promega).
In our assay, E1A did not affect Renilla luciferase activity by sequestering p300.

In vivo and in vitro protein-protein interaction studies. For in vivo protein-
protein interaction studies, serum-starved MCF10A cells were infected with Ad
variants expressing WT E1A, RG2, or dl2-36 as appropriate. At 16 h following
infection, cells were collected, lysed in a lysis buffer consisting of 50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% NP-40, and protease inhibitors on ice for 20 min.
The cell lysates were passed through a 21-gauge hypodermic needle and clarified
by centrifugation at 12,000 rpm in a Sorvall RC5B centrifuge for 30 min at 4°C.
Cell lysates equivalent to 2 mg protein were immunoprecipitated with antibodies
as appropriate, and the immunoprecipitated proteins were identified by Western
immunoblotting using the appropriate antibodies (indicated in legends to fig-
ures). For in vitro glutathione S-transferase (GST) pull-down assays, GST fusion
proteins containing YY1, HDAC3, p300CT (aa 1572 to 2370), WTE1A, and the
E1A mutants dl2-36 and RG2 were prepared in Escherichia coli using standard
procedures (30). Protein binding assays were carried out on ice for the indicated
periods using HEPES buffer (20 mM, pH 7.9) containing KCl (150 mM), EDTA
(0.2 mM), and complete protease inhibitor cocktail. The reaction was terminated
by diluting the sample 10-fold with the lysis buffer described above. Following
incubation, the proteins were immunoprecipitated and the bound proteins were
analyzed by Western immunoblotting using the appropriate antibodies.

Electrophoretic mobility shift assays (EMSAs). Nuclear extracts prepared
from quiescent MCF10A cells infected with Ad variants were incubated with a
5�-end-labeled double-stranded oligonucleotide containing the YY1 binding site
of the Myc promoter (5-AGCAAAAGAAAATGGTAGGCGCGCGT-3�; upper
strand, �419 to �394 from the P2 cap site) as described previously (30). The
reaction mixtures were subjected to 5% nondenaturing polyacrylamide gel elec-
trophoresis at 200 V for 2 h at 4°C, and then the gels were dried and autora-
diographed.

Chromatin immunoprecipitaion. Serum-starved MCF10A cells were treated
with 1% formaldehyde at room temperature for 10 to 15 min, and the reaction
was stopped by the addition of glycine to a final concentration of 125 mM. Cells
were washed twice with ice-cold phosphate-buffered saline, scraped, and sus-
pended in a lysis buffer (50 mM HEPES-KOH [pH 7.9], 10 mM EDTA [pH 8.0],
1% sodium dodecyl sulfate) containing protease inhibitor cocktail (Roche), and
then the chromatin was sheared by sonication to an average DNA fragment
length of 0.5 to 1 kb. After centrifugation, the soluble cross-linked chromatin was
diluted 1:10 in immunoprecipitation buffer (10 mM HEPES-KOH [pH 7.9], 1%
Triton X-100, 150 mM NaCl, and protease inhibitors). Chromatin was precleared
by incubation with salmon sperm DNA coupled with protein A- or protein
G-agarose (50 �l 50% slurry/ml) (Upstate) for 2 h at 4°C. The beads were
removed by centrifugation; the precleared chromatin was incubated with anti-
bodies overnight at 4°C, and the DNA-protein complexes were collected using
protein A/G agarose. The pellets were washed three times with immunoprecipi-
tation buffer, followed by a wash buffer (10 mM Tris-HCl [pH 8.0], 0.25 mM LiCl,
0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA [pH 8.0]) and Tris-EDTA
(pH 8.0). Washed pellets were digested with 50 �g-ml RNase (DNase free;
Roche) in Tris-EDTA for 30 min at 37°C. Sodium dodecyl sulfate was added to
0.25% (wt/vol), immunoprecipitated DNA was released by treatment with 250
�g/ml proteinase K for 6 h at 37°C, and formaldehyde cross-links were reversed
by heating the samples at 65°C for 6 h. The DNA was extracted with phenol:
cholorform:isoamyl alcohol (25:24:1), precipitated with ethanol, and analyzed
with primer pairs encompassing the promoter and coding regions of the Myc
gene as described in our earlier report (30). The amplified PCR products were
resolved by 2% agarose gel electrophoresis and visualized by staining with
ethidium bromide. Typically, 4% of the immunoprecipitated sample was used for
PCR analysis. The PCR-generated products were between 150 and 300 bp in size.
In the case of chromatin histone acetylation experiments, the PCR-generated
products were quantified by quantitative real-time PCR using the Applied Bio-
systems 1200HT system.

RESULTS

E1A interferes in the recruitment of YY1, p300, and HDAC3
to the c-Myc promoter and coding regions in a p300-binding-
dependent manner. In previous studies, we showed that in
quiescent cells, transcription factor YY1 binds to the upstream
YY1 binding site of the human c-Myc promoter and recruits
p300 and HDAC3 to repress c-Myc transcription (30). Recruit-
ment of HDAC3 to the YY1 binding site results in chromatin
deacetylation, leading to the repression of c-Myc transcription.
The C-terminal half of p300 was found to be sufficient for this
activity. Additional studies have demonstrated that YY1, p300,
and HDAC3 interact with each other and are present in qui-
escent cells as a ternary complex. This suggests that the C-
terminal region of p300 plays an essential role as an adapter or
a corepressor in bridging YY1 and HDAC3. E1A binding to
p300 is necessary to induce c-Myc expression in cells arrested
by serum starvation. We therefore sought to investigate how
E1A affected the binding of the transcription factors to the
c-Myc promoter. We showed earlier that WT E1A, but not the
E1A mutants RG2 and dl2-36 (see Materials and Methods for
the details of mutations), which fail to bind to p300, induces
c-Myc transcription (2). These results provided a framework
for the studies described below.

To determine what effect E1A has on the occupancy of the
YY1-p300-HDAC3 complex on the YY1 binding site in the
Myc promoter, we infected quiescent MCF10A cells (an im-
mortalized nontransformed human breast epithelial cell line)
(32) with Ad variants expressing the 243-aa E1A protein (re-
ferred to as WT in this article), the E1A RG2 or dl2-36 mutant,
or Adb-gal (control). In MCF10A cells, both the RG2 and
dl2-36 viruses express the E1A protein at abundant levels at
16 h postinfection (Fig. 1B) (2). Transcription of c-Myc in
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E1A-expressing cells was confirmed by analyzing Myc RNA
using real-time PCR assays as described previously (2). At 16 h
after infection, we observed a sixfold increase in c-Myc RNA
levels in WT-infected cells over those of cells infected with
Adb-gal (control). In contrast, the RG2 mutant showed only a
twofold increase (Fig. 1C). At the same time point, cells were

harvested and subjected to chromatin immunoprecipitation
(ChIP) assays using select primer pairs that encompass the Myc
promoter and the coding sequences (Fig. 1A) (30). These
primer pairs were chosen based on our previous study which
showed that p300 occupies the YY1 binding site and with
sequences at the site of the transcriptional initiation and cod-
ing regions but not any other upstream promoter regions (30).
As shown in Fig. 1D, the presence of p300 at the promoter
could be detected at similar levels in mock-infected cells and in
cells expressing beta-galactosidase, RG2, and dl2-36. Binding
was also observed on the YY1 binding site (region II), the
transcriptional initiation region (region V), and the down-
stream coding regions (regions VII and VIII). Consistent with
our previous results, p300 binding was not detected in region
III (30). The pattern of HDAC3 occupancy was identical to
that of p300, while the YY1 protein could be detected only on
the YY1 binding site. In striking contrast, in cells expressing
WT E1A, occupancy of all three proteins, YY1, p300, and
HDAC3, was abolished on the YY1 binding site. Furthermore,
p300 and HDAC3 occupancy was also abolished on the TATA
box and the coding regions. Under these experimental condi-
tions, E1A had no effect on the steady-state levels of YY1,
p300, and HDAC3 (see Fig. 5). To determine whether E1A
occupies these regions of chromatin, we performed ChIP as-
says using region-specific primer pairs shown in Fig. 1A with a
monoclonal or polyclonal antibody directed against E1A. Nei-
ther the monoclonal nor the polyclonal antibody coimmuno-
precipitated DNA from region II or any other regions shown
above, indicating that E1A does not appear to be associated
with chromatin at 16 h postinfection (Fig. 1E). The absence of
the YY1 protein on the YY1 binding site of the promoter is
surprising and suggests either that E1A interferes in YY1
binding to the YY1 binding site or that YY1 binding to the
YY1 binding site is dependent on p300 (see Discussion).

Since we chose the 16-h time point to look at the effects of
E1A on changes in the chromatin-bound p300 complex, it
remained possible that E1A could associate with the p300
complex on the chromatin at early times. For example, E1A
could bind to the p300 complex as soon as E1A accumulates in
the cell and then dissociate the complex. In studies described
below, we discovered that E1A initially binds to the ternary
complex, stays with the complex briefly, and then dissociates all
of the proteins in the complex. Therefore, we examined the
effects of E1A on the p300 complex associated with chromatin
at early time points. In MCF10A cells, the earliest time point
at which we could detect bound E1A was about 8 h. At 6 h, WT
E1A was detected at very low levels but mutant proteins were
not detectable (Fig. 1F). We also examined the promoter oc-
cupancy of YY1, p300, HDAC3, and E1A using chromatin
prepared from cells infected for 8 h with primer pairs covering
the YY1 binding site, transcription start site, and one of the
coding regions, as indicated in Fig. 1G. Data shown in Fig. 1G
indicate that at 8 h, as E1A begins to accumulate at low levels,
YY1, p300, and HDAC3 occupancy was reduced but not abol-
ished. In the case of E1A, we had to expose the gel for a longer
period to detect the E1A band. However, the E1A-related
band was clearly detectable when a twofold-increased quantity
of chromatin was used for immunoprecipitations. Nonetheless,
these results suggest that as E1A accumulates in cells, it binds
to chromatin-associated p300, causing the dissociation of YY1,

FIG. 1. E1A interferes in the recruitment of YY1, p300, and
HDAC3 to the Myc promoter and the coding regions. (A) Location of
the upstream YY1 binding site on the human c-Myc promoter in
relation to the major P2 promoter transcriptional start site and the
primer pairs used for ChIP assays. P1 and P2 are the minor and major
transcriptional initiation sites, respectively. (B) Expression of the WT
and mutant E1A proteins in virus-infected cells. MCF10A cells were
serum starved for 32 h and then infected with Ad variants for 16 h, and
the cell lysates were subjected to Western immunoblotting using anti-
E1A monoclonal antibody (M73; a gift of E. Moran). (C) Analysis of
Myc RNA in cells infected with control and E1A viruses. Myc RNA
was quantified using a real-time PCR assay as described previously (2).
(D) Occupancy of p300, YY1, and HDAC3 on the promoter and
coding regions of c-Myc in E1A-expressing quiescent cells. Virus-
infected MCF10A cells as above were harvested, and the chromatin
was subjected to ChIP assays as described under Materials and Meth-
ods. Images of the agarose gels showing the PCR-amplified DNA are
shown. The antibodies used are anti-p300 (�-p300) (N15), anti-
HDAC3 (�-HDAC3) (B-12), anti-YY1 (�-YY1) (H414), and anti-
E1A (�-E1A) (13 S-5 and M73) (all antibodies were from Santa Cruz).
The experiment was repeated twice with identical results. (E) Lack of
association of E1A on the promoter and coding regions of the Myc
chromatin in E1A-expressing cells. Experimental details are as for
panel D. Anti-E1A monoclonal antibody M73 (gift of E. Moran) and
the anti-E1A polyclonal antibody (Sc-430; Santa Cruz) were used to
immunoprecipitate the chromatin. (F) Western blot showing expres-
sion of WT and mutant E1A proteins at 6 and 8 h after infection of
quiescent MCF10A cells with indicated viruses. Details are as for panel
B. (G) Association of E1A with chromatin-bound p300 and dissocia-
tion of the p300 complex at 8 h postinfection. Chromatin prepared
from virus-infected cells was subjected to ChIP assays with antibodies
and primer pairs as shown. The asterisk indicates that the gel image in
this panel was obtained with double the exposure time used for other
panels. The E1A band in the bottom panel could be detected after
taking twice the amount of chromatin used for the other panels.
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p300, and HDAC3. It is unclear, however, how long it takes to
dissociate all of p300, YY1, and HDAC3 from the promoter.
Nonetheless, these experiments demonstrate that E1A-in-
duced effects are at the chromatin level. In addition, the chro-
matin-bound p300 complex on the Myc promoter is very sen-
sitive to E1A binding, which induces the dissociation of all of
the proteins present in the complex. In this process, E1A also
dissociates from the chromatin.

Dissociation of the YY1-p300-HDAC3 complex from the YY1
site of the c-Myc promoter correlates with chromatin acetyla-
tion. In our previous report, we showed that one consequence
of HDAC3 recruitment to the Myc promoter is the deacetyla-
tion of chromatin, leading to the transcriptional repression of
c-Myc (30). Similarly, in p300-depleted cells, Myc chromatin
acetylation is enhanced. Since E1A abolishes the occupancy of
HDAC3 on Myc chromatin and transcriptionally activates c-
Myc, we sought to determine the acetylation status of chroma-
tin at the Myc promoter. Chromatin prepared from virus-
infected cells was immunoprecipitated as described above with
anti-acetyl histone H3 and anti-acetyl histone H4 antibodies,
and the coimmunoprecipitated DNA was quantified by real-
time PCR using primer pairs spanning four different regions of
the promoter and the coding regions shown in Fig. 2. As shown
in Fig. 2, both anti-acetyl histone H3 and anti-acetyl histone
H4 antibodies immunoprecipitated at least twice as much chro-
matin from WT Ad-infected cells as from Adb-gal-, RG2-, or

dl2-36-infected cells. Thus, failure to recruit HDAC3 to the
promoter in WT E1A-expressing cells results in increased acet-
ylation of the chromatin. It was reported recently that in E1A-
expressing cells, total histone H3 lysine 18 acetylation is de-
creased by threefold (17). Because the antibodies we used do
not recognize H3 lysine 18 acetylation, we do not know at
present whether H3 lysine 18 of Myc chromatin is hypoacety-
lated (see the legend to Fig. 2 for the details of acetylated
residues). Together, these results indicate that expression of
WT E1A but not that of the p300-binding-defective E1A mu-
tants results in abrogation of YY1, p300, and HDAC3 recruit-
ment to the YY1 binding site. E1A also prevents the recruit-
ment of p300 and HDAC3 to the initiation and coding regions.
As a consequence, Myc chromatin is acetylated, resulting in the
transcriptional induction of c-Myc.

E1A binding region in p300 is essential for relief of repres-
sion by E1A. We showed earlier that in virus-infected cells, the
WT, but not the E1A variants containing mutations at their
N-terminal region, induces c-Myc, implying that binding of
E1A to p300 through its N-terminal region is essential for
relieving repression (2, 18). To determine whether the inter-
action of E1A with the CH3 region of p300 is critical for the
relief of repression, we performed transient-transfection assays
using WT p300 and a p300 mutant in which the E1A binding
region is deleted (p300delE1A) (7). Rat12 cells were trans-
fected with a truncated c-Myc promoter-luciferase reporter

FIG. 2. Enhanced acetylation of histones H3 and H4 of Myc chromatin in E1A-expressing cells. Chromatin prepared for ChIP assays as
described in Materials and Methods was immunoprecipitated using anti-acetyl H3 (�-Ac-H3) and anti-acetyl H4 (�-Ac-H4) antibodies (catalog no.
06-599 and 06-866, respectively; Upstate). The immunoprecipitated DNA was quantified using real-time PCR with the primer pairs shown in Fig.
1A. The relative increase in real-time PCR values over those for the control samples (cells infected with Adb-gal) is shown. Each value shown is
the average for two independent experiments with mean � standard deviation). The commercial antibodies used in these studies were raised using
acetylated peptides. The peptides included amino acids corresponding to 1 to 20 of H3, in which lysines 9 and 14 are acetylated, and 2 to 19 of
H4, in which lysine 5, 8, 12, and 16 are acetylated.
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plasmid containing a p300-responsive minimal promoter frag-
ment (del6) (30), along with plasmids expressing WT p300 or
p300delE1A and WT E1A or the E1A mutant RG2 or dl2-36.
Transfected cells were maintained in serum-free medium for
36 h and then harvested, and the luciferase activity in the cell
lysates was determined. For these studies, the transient assays
to measure Myc promoter activity were carried out in quiescent
cells to avoid the influence of growth factors on Myc activation.
Since transactivation of the Myc promoter is very low in qui-
escent cells, changes in Myc activities in the presence of dif-
ferent transcriptional effectors were not dramatic. However,
they were highly reproducible in multiple independent exper-
iments, and each experiment was carried out in triplicate. Fig-
ure 3 shows that in the presence of both WT p300 (bar 2) and
p300delE1A (bar 8), Myc reporter activity dropped to less than
40% of that of the control sample. WT E1A reversed the
repression caused by WT p300 in a dose-dependent manner
(bars 3 to 5), and at the highest concentration of E1A, the
reporter activity increased to about 110% of that of the control
(compare bar 5 with bar 2). In contrast, the two E1A mutants
could not reverse the p300-mediated repression (compare bars
6 and 7 with bar 2), and WT E1A failed to reverse the
p300delE1A-mediated repression (compare bar 9 with bar 8).
These data suggest that binding of E1A to p300 at the C-
terminal region is critical for relieving the repression. Similarly,
the N-terminal p300 binding region of E1A is also critical for
the relief of repression.

E1A reverses cooperative effects between p300 and HDAC3
or between p300 and YY1 on Myc promoter repression. Exog-
enously added YY1 and HDAC3 cooperate with p300 in re-
pressing the Myc promoter. This is based on the observation
that p300 in the presence of YY1 or HDAC3 is more efficient
in repressing the Myc promoter in transient assays than p300
alone (30). To determine whether E1A could reverse the re-
pressive effects of exogenously added YY1 and HDAC3 in the
presence of p300, transient assays were performed using care-
fully titrated amounts of p300, HDAC3, and YY1, as described
earlier (30). The data shown in Fig. 4A suggest that E1A was
able to alleviate the cooperative effect of p300 and HDAC3 on
the Myc promoter. For example, the basal activity of the Myc
promoter was reduced to about 35% of that of the control in
the presence of p300 (bar 2), which was reversed by E1A
(compare bar 4 with bar 2). In the presence of HDAC3 alone,
Myc repression was moderate (bar 5). However, when p300
and HDAC3 were expressed together, repression of the Myc
promoter was more efficient than that with p300 alone (com-
pare bar 6 with bar 2; reporter activity is reduced to about 15%
in bar 6). The addition of E1A reversed the repression caused
by the combination of p300 and HDAC3 and restored the
promoter activity to about 115% (compare bar 8 with bar 6).
However, neither dl2-36 nor RG2 was able to reverse the
repression caused by the p300 and HDAC3 combined (com-
pare bars 10 and 12 with bar 8).

E1A also reversed the repression caused by the combined
presence of p300 and YY1 in a manner similar to that just
described for p300 and HDAC3. For example, Fig. 4B shows
that the expression of p300 alone dropped the reporter activity
to about 30% of that of the control (compare bar 2 with bar 1).
In the presence of YY1 and p300, the promoter activity
dropped to about 15% of the control level (compare bar 6 with
2), while YY1 alone did not have a significant effect on re-
porter activity (bar 5). The cotransfection of WT E1A but not
of mutants dl2-36 and RG2 alleviated the repression caused by
the combined presence of p300 and YY1 (compare bar 8 with
bar 6 for WT E1A and bars 10 and 12 with bar 6 for effects of
dl2-36 and RG2). In summary, E1A reverses the inhibition of
Myc caused by the cooperative effects of p300 and HDAC3 or
p300 and YY1 in a manner that is dependent on binding of
E1A to p300.

E1A interferes in protein-protein interaction between YY1,
p300, and HDAC3 in vivo. p300 forms a stable trimolecular
complex with HDAC3 and YY1 in vivo and in vitro by a
three-way interaction (30). Our failure to detect E1A on the
chromatin at 16 h when E1A alleviates p300 repression of
c-Myc and also the lack of YY1 occupancy on the YY1 binding
site in the presence of E1A suggest that E1A may not be stably
associating with promoter-bound YY1 or the promoter-bound
YY1-p300-HDAC3 complex to displace the complex from the
chromatin. Therefore, we sought to determine whether bind-
ing of E1A to p300 interferes in the formation of the trimo-
lecular complex in vivo using coimmunoprecipitation assays.
MCF10A cells were made quiescent by serum starvation, in-
fected with Ad viruses for 16 h, and then harvested, and the
cell extracts were immunoprecipitated with an anti-p300 anti-
body. The coimmunoprecipitated proteins were identified by
Western immunoblotting. As shown in Fig. 5B, in extracts from
cells infected with Adb-gal and dl2-36, the anti-p300 antibody

FIG. 3. Reversal of p300 repression of Myc by E1A is dependent on
E1A binding to p300. Rat12 cells were transfected with a Myc promoter-
reporter construct containing upstream 640-bp promoter sequences
linked to a luciferase promoter-reporter construct (del6), as described
in Materials and Methods, along with p300 and E1A expression plas-
mids as shown. The vector DNA was included wherever appropriate to
maintain a constant DNA concentration. After overnight incubation
with normal medium, cells were serum starved for 36 h and harvested
and the luciferase (Luc) activities quantified. Luciferase units are
shown for 5 �g of protein after normalization with Renilla luciferase
activity. Samples represented by bars 3, 4, and 5 contained 0.25, 0.5,
and 1.0 �g E1A plasmids, respectively. The experiment was repeated
at least three times. Each experiment was carried out in triplicate, and
the mean values � standard deviations are shown.
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coimmunoprecipitated both YY1 and HDAC3 at similar lev-
els. In contrast, from WT Ad-infected cells, negligible amounts
of YY1 and HDAC3 were coimmunoprecipitated with p300.
As expected, significant quantities of WT E1A were still coim-
munoprecipitated with p300. The results using the RG2 mu-
tant were similar to those shown for dl2-36 (data not shown).
A reverse immunoprecipitation experiment using anti-YY1 an-
tibody followed by Western blotting using anti-p300, anti-

HDAC3, and anti-E1A confirmed these results (Fig. 5A).
These results suggest that binding of E1A to p300 most likely
interferes in the formation or the stability of the ternary com-
plex consisting of p300, YY1, and HDAC3 in vivo. In turn, this
would account for the finding that YY1 does not occupy the
YY1 binding site of the c-Myc promoter in Ad-infected cells.

To test this idea, we used EMSA experiments to determine
whether the YY1 protein in cell extracts prepared following
virus infection could bind to the YY1 binding site of the Myc
promoter in vitro. Nuclear extracts prepared from virus-in-
fected cells were incubated in vitro with a double-stranded
oligonucleotide containing the YY1 binding site of the Myc
promoter, and the DNA-protein complexes were resolved on
nondenaturing polyacrylamide gels using the standard EMSA
conditions (see Materials and Methods). As shown in Fig. 5C,
a DNA-protein complex was observed in cell extracts prepared
from cells infected with Adb-gal or E1A2-36 and mock-in-
fected cells. Addition of an anti-YY1 antibody supershifted the
DNA-protein complex, confirming that the complex contained
the YY1 protein. In contrast, YY1 present in cell extracts
prepared from WT virus-infected cells bound to the YY1 site
probe very weakly. We next attempted to determine whether
GST-E1A would block binding of the YY1 protein to the YY1
binding site in EMSA. Nuclear extracts prepared from unin-
fected cells were incubated with the probe in the presence of
affinity-purified GST-E1A. The E. coli-based E1A protein did
not efficiently interfere with YY1-DNA complex formation in
vitro (data not shown). We conclude that in virus-infected
cells, E1A prevents the occupancy of the YY1-p300-HDAC3
complex on the YY1 binding site, which is responsible for
repression of c-Myc. E1A also interferes in the association of
p300 and HDAC3 to the initiation and coding regions of Myc
chromatin.

We previously showed that repression of c-Myc by p300 is
not related to its intrinsic HAT activity. It was still possible that
in E1A-infected cells, the dissociation of the ternary complex
by E1A could be dependent on the HAT activity of p300. To
determine if this is the case, we repeated the coimmunopre-
cipitation experiments using an exogenously expressed HAT-
defective mutant. In this experiment, we used an Ad vector
expressing a FLAG epitope-tagged p300 mutant containing
mutations in the HAT domain and thus lacking HAT activity
(35). When cell extracts were immunoprecipitated with anti-
FLAG antibody, only FLAG-p300-bound proteins should
be coimmunoprecipitated. Coimmunoprecipitation with anti-
FLAG antibody followed by Western blotting with relevant
antibodies showed that E1A bound to both WT and p300AT2
efficiently and dissociated both HDAC3 and YY1 from the
complex (Fig. 5D). p300AT2 bound to YY1 and HDAC3 as
efficiently as the WT p300. This suggests that dissociation of
the complex by E1A is not dependent on p300 HAT activity.
However, we cannot rule out the possibility that endogenous
p300 HAT activity might have contributed to the dissociation
of the complex in trans.

E1A interferes in stable complex formation between p300,
YY1, and HDAC3 in vitro. To gain further insight into the
mechanism by which E1A interferes in the protein-protein
interactions, we used GST fusion proteins in in vitro assays to
investigate whether or not E1A would interfere in the forma-
tion of a complex containing p300, YY1, and HDAC3. The

FIG. 4. E1A reverses the cooperative effects between p300 and
HDAC3 (A) or p300 and YY1 (B) in repressing the Myc promoter in
a p300-binding-dependent manner. (A) Reversal of repression of the
Myc promoter by E1A in the presence of exogenously added p300 and
HDAC3. Rat12 cells were transfected with the del6 promoter con-
struct (0.1 �g) along with p300 and HDAC3 plasmid (1 �g each) and
the WT or an E1A mutant (1 �g each). The cells were starved for 36 h,
and then the luciferase (Luc) activity was measured. The values are the
averages of three independent sets with means � standard deviations.
Conditions for transfection and luciferase assays were as described in
Materials and Methods. (B) Reversal of repression of the Myc pro-
moter by E1A in the presence of exogenously added p300 and YY1.
Assay conditions are as described for panel A.
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three GST fusion proteins were mixed and incubated together
on ice for 2 h in the presence of WT E1A or one of the two
E1A mutants that do not bind to p300 (all are GST fusion
proteins). Following incubation, the samples were diluted in
the lysis buffer as described in Materials and Methods and
immunoprecipitated with the antibodies as appropriate, and
the coimmunoprecipitated proteins were identified by Western
immunoblotting. For p300, we used the C-terminal aa 1572-
to-2370 region of p300 since our previous studies showed this
portion of p300 is sufficient for the interaction of YY1 and
HDAC3 (30). This fragment of p300 also contains the E1A
binding region (7). GST was used as a control in all in vitro
binding assays. As shown in Fig. 6A, immunoprecipitations
using anti-p300 antibodies showed that the C-terminal region
of p300 formed a complex with both YY1 and HDAC3 in the
control incubations, indicating the formation of a stable trimo-
lecular complex in vitro (control lane), a result that is consis-
tent with our previous results (30). Anti-p300 antibody also
brought down YY1 and HDAC3 in the presence of RG2 and
dl2-36 but not in the presence of WT E1A. When WT E1A was

present in the incubation mixture, anti-p300 antibody brought
down only the E1A protein. These results suggest that E1A
binding to p300 through its N-terminal sequences interferes
with binding of YY1 and HDAC3 to p300. These results were
further confirmed using antibodies directed against YY1 and
HDAC3 to immunoprecipitate complexes formed in vitro.
YY1- and HDAC3-specific antibodies were able to coimmu-
noprecipitate complexes containing p300 and HDAC3 and
p300 and YY1, respectively, from the control sample and the
samples containing the two E1A mutants (Fig. 6B and C).
When WT E1A was present in the incubation mixture,
HDAC3 did not coimmunoprecipitate with antibodies to YY1
(Fig. 6B) and YY1 did not coimmunoprecipitate with antibod-
ies to HDAC3 (Fig. 6C), since these proteins were dissociated
from the complex by 2 h. The E1A antibody could coimmu-
noprecipitate p300 only from cells expressing WT E1A (Fig.
6D) but not from cells expressing the two E1A mutants. To-
gether, these results indicate that E1A prevents the formation
of stable complexes containing p300, YY1, and HDAC3.

Since the effect of E1A on the ternary complex was deter-

FIG. 5. Binding of E1A to p300 interferes in ternary complex formation between p300, YY1, and HDAC3 in vivo, and dissociation of the p300
complex by E1A is not dependent on p300 HAT activity. Serum-starved MCF10A cells were infected with viruses expressing WT E1A or the
mutant RG2 or dl2-36 protein for 16 h and harvested, and then the cell lysates were immunoprecipitated using antibodies as shown. The
immunoprecipitated (IP) proteins were identified by Western immunoblotting using antibodies as indicated. �-p300, anti-p300; �-HDAC3,
anti-HDAC3; �-E1A, anti-E1A; �-YY1, anti-YY1; �-gal, beta-galactosidase. (A) Cell extracts equivalent to 2 mg of protein were immunopre-
cipitated with anti-YY1 (H414) antibody, followed by Western immunoblotting (WB) with the anti-YY1 (H-10), anti-HDAC3 (B-12), anti-E1A
(M73), and anti p300 (RW128) antibodies. For input lanes, 1/20 of the protein used for immunoprecipitation was loaded directly. (B) Immuno-
precipitation using anti-p300 (N15) antibody. Other details are the same as for panel A. (C) EMSA showing the effect of E1A on YY1 binding
to the YY1 binding site of the Myc promoter. Nuclear extracts were prepared from serum-starved MCF10A cells infected with Ad variants as shown
and incubated with the Myc promoter YY1 binding site in vitro. The DNA-YY1 protein complexes (shown by an arrow) were resolved on a 5%
nondenaturing polyacrylamide gel as described in Materials and Methods. For the supershift assay, a reaction mixture was incubated in the
presence of an anti-YY1 antibody. The open arrow indicates the supershifted band. (D) Cell extracts prepared from cells coinfected with
Adp300AT2 (see Materials and Methods) and E1A variants were immunoprecipitated with anti-FLAG antibody (catalog no. F7425; Sigma) and
Western immunoblotted using antibodies as indicated. �-FLAG, anti-FLAG antibody.
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mined after 2 h of incubation in the above experiment, it was
possible that E1A might transiently associate with the trimo-
lecular complex, resulting in subsequent dissociation of the
other proteins. In this case, one should be able detect a com-
plex containing E1A and the other three proteins early in a
time course experiment. To address this possibility, an exper-
iment was carried out in which GST derivatives of p300,
HDAC3, YY1, and E1A were incubated together on ice for
various lengths of time before immunoprecipitation. When
anti-YY1 antibody was used, control experiments showed that
the three proteins formed a complex by 30 min of incubation
and that the complex was stable even after 2 h (Fig. 7A). In
contrast, in the presence of GST-E1A, a significant amount of
E1A was associated with the p300-YY1-HDAC3 complex but
only at the 30-min and 1-h time points (Fig. 7B). The complex
began to dissociate by 1 h, and none of the associated proteins
could be detected at the 2-h time point.

To further define the effect of E1A on these protein-protein
interactions, we used incubations with only two of the cellular
proteins at a time. The incubations included YY1 and p300
(Fig. 7C to F), HDAC3 and p300 (Fig. 7G to J), and HDAC3
and YY1 (Fig. 7K) in the presence and absence of E1A. All
immunoprecipitations with the exception of results shown in
Fig. 7K were carried out in a reciprocal manner using antibod-
ies specific for either protein. In the absence of E1A, p300 and
YY1 formed a stable complex by 30 min which remained intact
even after 2 h (Fig. 7C and E), whereas in the presence of E1A,
the association of p300 and YY1 could be detected at only the
30-min and 1-h time points (Fig. 7D and F). E1A bound to the
YY1-p300 complex by 30 min (Fig. 7D and F) and remained
associated with p300 even after 2 h (Fig. 7D). YY1 began to
dissociate from the complex by 1 h, and by 2 h, the YY1-p300
complex could not be detected (Fig. 7D and F) and YY1 was

not bound to E1A (Fig. 7F). Similarly, by 30 min of incubation,
a complex containing p300-HDAC3-E1A could be detected
(Fig. 7H and J). HDAC3 began to dissociate from the complex
by 1 h, and by 2 h of incubation, HDAC3 dissociation was
complete whereas E1A continued to be bound to p300 (Fig.
7H and J).

To determine whether the YY1-HDAC3 complex would be
affected by the presence of E1A, we incubated YY1 and
HDAC3 in the presence of GST or E1A variants in vitro for
2 h, and then the complex formation was tested as described
above. Data presented in Fig. 7K suggest that YY1-HDAC3
complex formation was not affected by E1A. Because the bind-
ing of YY1 to E1A is very weak (21), we observed the YY1-
E1A interaction only when high concentrations of GST-E1A
were used (5 �g; data not shown). Even at these high concen-
trations, the YY1-HDAC3 association was still observed. In
contrast, an E1A-HDAC3 interaction could not be detected
even at high concentrations of E1A (data not shown). Thus,
binding of E1A to p300 is primarily responsible for the disrup-
tion of the trimolecular complex.

We also determined whether the preformed p300-E1A com-
plex would prevent other proteins from binding to the com-
plex. p300 and E1A were mixed and incubated for 2 h on ice
before the addition of YY1 and HDAC3. Results shown in Fig.
8A to D suggest that both YY1 and HDAC3 bind to the
p300-E1A complex initially, although binding appears to be
somewhat weaker than that observed when all of the proteins
were mixed simultaneously (results shown in Fig. 7). E1A con-
tinued to be bound to p300 even after 2 h of incubation (a total
of 4 h of incubation), while YY1 and HDAC3 bound to the
p300-E1A complex briefly and then dissociated from the com-
plex (Fig. 8B and D).

In summary, the in vitro experiments using GST fusion pro-

FIG. 6. E1A interferes in complex formation between p300, YY1, and HDAC3 in vitro. GST fusion proteins containing YY1, HDAC3, and the
C-terminal region of p300 (0.5 �g each) and E1A (1.0 �g) were mixed, incubated in vitro on ice for 2 h, and immunoprecipitated, followed by
Western immunoblotting using antibodies as shown. Sources of antibodies are as indicated in legends to Fig. 1D and 5A; antibody abbreviations
are as in the legend to Fig. 5. For input lanes, proteins at 1/20 of the amounts used for the assays were loaded directly.
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FIG. 7. Binding of E1A to p300 in the p300 protein complexes leads to the dissociation of YY1 and HDAC3 from the complex in vitro.
(A and B) Association of E1A with the trimolecular complex at early time points during incubation and dissociation of the complex as a
function of time. p300, YY1, HDAC3, and E1A (B) or GST (A) were mixed and incubated on ice. At the indicated time points, proteins
were immunoprecipitated with an anti-YY1 antibody, and the coimmunoprecipitated proteins were identified by Western blotting with
antibodies as indicated. �-p300CT, anti-p300CT antibody; �-HDAC3, anti-HDAC3 antibody; �-YY1, anti-YY1 antibody. (C to F) Effect of
E1A on YY1-p300 complex formation. YY1, p300, and GST (C and E) or E1A (D and F) were mixed, incubated on ice, and coimmuno-
precipitated with anti-p300 (C and D) or anti-YY1 (E and F) antibodies at the indicated time points, followed by Western immunoblotting
with antibodies as shown. (G to J) Effect of E1A on HDAC3-p300 complex formation. HDAC3, p300, and GST (G and I) or E1A (H and
J) were incubated on ice and coimmunoprecipitated with antibodies, followed by Western immunoblotting with antibodies as shown.
(K) HDAC3-YY1 complex formation is not affected by E1A. GST fusion proteins containing YY1 and HDAC3 (0.5 �g each) were mixed
with GST (control), WT E1A, or dl2-36 (1 �g each), incubated for 2 h on ice, and then immunoprecipitated with anti-YY1 antibody and
Western immunoblotted with anti-HDAC3 antibody.
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teins suggest that E1A can bind p300 at the level of the ternary
complex and then become stably associated with p300, even-
tually resulting in the dissociation of both YY1 and HDAC3
from the complex.

DISCUSSION

In a previous article, we showed that p300 represses c-Myc
expression through the upstream YY1 binding site of the c-
Myc promoter. p300 provides a corepressor function in that
the C-terminal half of p300 functions as an adaptor to bridge
YY1 and HDAC3 (30). In other studies, we have shown that
the 243-aa transforming E1A protein induces c-Myc in quies-
cent cells and that the E1A-induced DNA synthesis in quies-
cent cells is the result of c-Myc induction (2). E1A mutants
with mutations in their N-terminal region do not bind to p300,
and these mutants are also impaired in their capacity to induce
DNA synthesis and cell transformation (2). Activation of c-
Myc is critical for both DNA synthesis and cell transformation.
Thus, our previous studies provided a molecular explanation
for the failure of E1A mutants that do not bind p300 to induce
S phase and transform cells. The present studies were under-
taken with the aim of understanding the molecular mechanism
by which E1A induces c-Myc in quiescent cells.

In this article, we have shown that when the E1A protein is
expressed in quiescent human cells, significant levels can be
detected by about 8 h. As E1A begins to accumulate, it asso-
ciates with chromatin-bound p300, and at the same time, YY1,
p300, and HDAC3 begin to dissociate from the YY1 binding
site. p300 and HDAC3 also begin to dissociate from the tran-
scription initiation and coding regions. However, at 16 h after
infection, when E1A accumulates to abundant levels, all three
proteins of the ternary complex are dissociated from the pro-
moter, and in the process, E1A also dissociates from the com-
plex. Occupancy of the p300 complex on the YY1 binding site
and other regions of the Myc chromatin is normal in cells
expressing two E1A mutants that do not bind p300, suggesting

that binding of E1A to p300 through its N-terminal region
prevents recruitment of these proteins to the promoter. Tran-
sient-transfection studies using expression constructs also sup-
port this observation. For example, E1A reverses the repres-
sion of c-Myc mediated by WT p300 but not by a p300 mutant
in which the E1A binding site is deleted. Similarly, E1A mu-
tants that do not bind to p300 are unable to reverse the re-
pression of c-Myc by p300. Earlier we demonstrated that p300,
HDAC3, and YY1 are present as a ternary complex in vivo and
that the complex is formed by a three-way interaction (30). In
the present article, we have shown that in virus-infected cells,
WT E1A interferes in the formation of the ternary complex.
E1A is the only protein that associated stably with p300 in
E1A-expressing cells (Fig. 5). We also ruled out the possibility
that in E1A-infected cells, p300 HAT activity plays a role in the
E1A-mediated dissociation of the complex, because the prop-
erties of a HAT-defective p300 mutant were identical to those
of WT p300 in the dissociation of the complex.

The changes we observed in p300, YY1, and HDAC3 occu-
pancy on the Myc promoter were not due to forced entry of
E1A-expressing cells into S phase, since these changes were
also detected in the presence of a Myc inhibitor which blocks
Myc DNA binding activity (34a) and hence S-phase entry of
E1A-expressing cells (data not shown). This Myc inhibitor
does not inhibit Myc transcription significantly (34a).

These results did not address whether binding of E1A to
p300 prevents the interaction of YY1 and HDAC3 with p300.
In order to gain further insight into the effect of E1A on the
formation of the p300-YY1-HDAC3 complex, we employed in
vitro assays using GST fusion proteins in various combinations.
Interestingly, a time course study revealed that E1A binds to
the trimolecular complex initially since E1A binding to the
complex can be observed in 30- and 60-min incubations (Fig.
7). At later times, the only protein that remains bound to p300
is E1A. This is also true when two-protein interactions (p300
and YY1 or p300 and HDAC3) are tested in the presence of

FIG. 8. Preformed p300-E1A complex still allows transient association of YY1 or HDAC3 with the complex. (A to D) p300 and E1A were
preincubated on ice for 2 h to form a complex, and then either GST (A and C) or YY1 (B) and HDAC3 (D) were added. At the indicated time
points, the proteins were immunoprecipitated (IP) using anti-p300 antibodies and Western immunoblotted (WB) with antibodies as shown. For
antibody abbreviations, see the legend to Fig. 5.
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E1A (Fig. 7). In each case, E1A continues to be associated with
p300 while HDAC3 or YY1 is dissociated from the complex by
2 h. These results agree with the ChIP results shown in Fig. 1G.
At an early time point when E1A can be detected in virus-
infected cells, E1A bound to chromatin-associated p300. Along
with the association of E1A on chromatin, we also observed
reduced occupancy of YY1, p300, and HDAC3 on the YY1
binding site and also reduced association of p300 and HDAC3
on other regions of Myc chromatin. A previous study showed
only weak binding of E1A to YY1 (21), and we have confirmed
this result. At the concentration of E1A used for binding assays
(1 �g), we could not detect significant interaction of E1A with
YY1. We were also unable to detect E1A binding to HDAC3
at this E1A concentration. At a fivefold-higher concentration,
we could detect an interaction between YY1 and E1A but not
between HDAC3 and E1A. Since all of our in vitro binding
assays were carried out with 1 �g of E1A, YY1-E1A interac-
tions may not be relevant for our observations. Thus, the as-
sociation of E1A with the ternary complex must occur through
the E1A binding site on p300. Binding of E1A to p300 could
result in the displacement of YY1 and HDAC3 from the com-
plex. Importantly, it appears that E1A can dissociate other
proteins from the p300 complex both at the chromatin level
and in vitro.

The observation that E1A can associate with the trimolecu-
lar complex at the chromatin level and in the time course
experiment (Fig. 7) in vitro suggests that the E1A binding
region of p300 in the complex is available for E1A to interact
with p300. This is consistent with the observation that the p300
mutant in which the E1A binding region is deleted is still active
in the repression assays (Fig. 3). Currently we do not know
what molecular alterations take place in p300 when E1A binds
to p300 such that YY1 and HDAC3 cannot associate with the
complex after some time. It is conceivable that binding of E1A
to the p300-YY1-HDAC3 complex through the E1A binding
region of p300 may destabilizes the complex such that other
proteins can no longer associate with p300.

The absence of YY1 on the YY1 binding site in E1A-ex-
pressing cells shown here is noteworthy. We previously showed
that in p300-depleted cells, occupancy of YY1 on the YY1
binding site is much reduced. Thus, YY1 occupancy on the
YY1 binding site, at least in the case of the c-Myc promoter,
may be dependent on association of YY1 with p300. Others
have suggested that YY1 may be present in cells as a complex
with p300 (20). Thus, in E1A-expressing cells, when interaction
of YY1 with p300 is disrupted, YY1 is unable to bind stably to
the YY1 binding site. Similarly, a lack of p300 on the tran-
scription initiation and coding regions may also be related to
E1A binding to p300 and disrupting the interaction of p300
with chromatin factors (14). However, we note that this may
not be a common property of E1A. There are examples in
which transcription factors bind to cognate sites in E1A-ex-
pressing cells. Others have shown that transcription factors are
capable of binding their cognate sites in vivo. For example,
E2F1, -2, and -3 bind to promoters of cell cycle-related genes
in E1A-expressing cells (11). Similarly, the corepressor CtBP2
binds to E-cad and c-Fos promoters in E1A-expressing cells
(36). In E1A-expressing cells, general transcription factors,
such as TBP and RNA polymerase II, must bind to DNA to
activate transcription.

The mechanism by which E1A relieves repression of c-Myc
by p300 resembles that of the relief of Rb-mediated repression
of E2F by E1A. In quiescent cells, E2F is kept repressed by the
chromatin complexes containing Rb family proteins and
HDAC1. E1A binds to the Rb family proteins through its
pocket domain, dissociates the complex, and releases E2F (23).
ChIP analysis of the cell cycle-related promoters has shown
that E1A associates with p130 and replaces E2F4 with other
E2F family members (11). In a similar manner, the small E1A
protein binds to p300 through its CH3 domain and dissociates
the YY1 from the promoter. In both cases, E1A binds to
coregulators at the level of chromatin.

Another important question is whether c-Myc induction is
essential for other virus-encoded oncogenes to induce S phase.
Simian virus 40 large T antigen is known to induce S phase in
quiescent cells, and similarities have been reported in the
mechanisms by which SV40 large T and E1A induce S phase
(16). SV40 large T also interacts with p300, although this
interaction is indirect in that large T and p300 are bridged by
p53 (4). We recently showed that the indirect interaction of
large T with p300 results in the induction of c-Myc (31). Thus,
it will be interesting to determine whether large-T-mediated
induction of c-Myc involves the YY1 transcription factor and
whether large T has a capacity to dissociate the p300-YY1-
HDAC3 ternary complex discussed here.

Recent studies suggest that c-Myc targets a large number of
cellular genes to activate transcription (5). c-Myc plays a piv-
otal role in a number of pathways, including those involved in
differentiation, cell proliferation, and development (6). Since
deregulation of c-Myc is associated with a number of human
cancers, stringent regulation of c-Myc in normal cells is critical,
and the chromatin repressor complexes may play an important
role in this regulation. Thus, in addition to the p300-containing
complexes described by us, there may be other chromatin com-
plexes present in the cell to negatively regulate c-Myc. For
example, a recent study reported negative regulation of c-Myc
by distinct SWI/SNF chromatin remodeling complexes during
differentiation-associated cell cycle arrest (28). It remains to be
determined whether E1A would use the mechanism similar to
that described here to relieve the repression of c-Myc by the
complexes described above.

A recent analysis of the effects of E1A on cellular gene
expression on a global scale showed that in E1A-expressing
cells, at late times, p300 remains associated with the promoters
of the proliferation-related genes to acetylate chromatin (8,
17). In the case of c-Myc, we showed that at 16 h postinfection,
p300 is dissociated from the chromatin. Perhaps other proteins
in the cell acetylate chromatin at the Myc promoter in the
absence of p300. Since their studies also showed a threefold
reduction of total of histone H3 lysine 18 acetylation (17), we
do not know whether H3 lysine 18 of Myc chromatin is hy-
poacetylated at present. Our results of c-Myc regulation in
E1A-expressing cells are consistent with our previous observa-
tions about c-Myc upregulation in p300 knockdown cells. In
p300-depleted cells, YY1 and HDAC3 are dissociated from
the promoter when c-Myc is upregulated.

At present we do not know whether there are other cellular
genes involved in the induction of S phase that are repressed by
p300 in quiescent cells and whether E1A uses the mechanism
described here to induce those genes. These studies are in
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progress. c-Fos is one of the early genes whose activation is
critical for the induction of S phase in quiescent cells, and
studies have shown that its promoter contains functional YY1
binding sites (26). However, we showed earlier that p300 over-
expression leads to repression of c-Myc but not c-Fos, indicat-
ing that the role of p300 in YY1-mediated repression of gene
expression may not be universal (1).
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