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The adenovirus E1A243 protein can activate transcription of the mouse c-fos gene in a manner that depends
on treatment of cells with inducers or analogs of cyclic AMP (cAMP). Activation requires conserved region 1
and the N-terminal domain of E1A243 and is mediated by a 22-bp E1A response element containing a cAMP
response element (CRE) at 267 and a binding site for transcription factor YY1 at 254. In the absence of
E1A243, YY1 represses CRE-dependent transcription of c-fos by physically interacting with ATF/CREB proteins
bound to the 267 CRE. Here we present evidence that expression of E1A243 leads to relief of YY1-mediated
repression by a disruption of the ATF/CREB-YY1 complex. Addition of E1A243 to in vitro binding assays
prevented binding of ATF-2 to glutathione S-transferase–YY1. Similarly, expression of E1A243 in HeLa cells
prevented the association of a YY1-VP16 fusion protein with endogenous ATF/CREB proteins bound to the267
CRE of a transfected c-fosCAT reporter plasmid. In each case, the N-terminal domain of E1A243, which
mediates a direct interaction with YY1, was responsible for disruption of the ATF/CREB-YY1 complex. On the
basis of these and previously published results, we present a model for the synergistic transcriptional activa-
tion of the c-fos gene by E1A243 and cAMP.

The adenovirus E1A243 protein can cooperate with an acti-
vated Ha-Ras oncoprotein (44) or the adenovirus E1B proteins
(4, 10) to induce cellular transformation. Three domains of
E1A243, termed conserved region 1 (CR1), CR2, and the N-
terminal domain, are required for induction of transformation
(23, 54). Much is known about the function of CR2, which in
conjunction with CR1 mediates the association of E1A243 with
the tumor suppressor retinoblastoma protein (Rb) and the
related proteins p107 and p130 (12). Binding of E1A243 to Rb
or p107 abolishes the interaction between each of these pro-
teins and transcription factor E2F, thereby altering the effects
of E2F on normal cell cycle regulation (22, 26, 39).
Considerably less is known about the role of the N-terminal

domain in transformation. Together with CR1, the N-terminal
domain binds to the cellular protein p300 (13, 55). E1A243 has
been shown to block transcriptional activation by p300, as well
as the related CREB-binding protein (CBP), with which it can
also associate (2, 34). This finding strongly suggests that p300
and CBP are functional targets for E1A243 in transformation.
In addition, the N-terminal domain binds to the cellular pro-
tein p400 and to Dr1, an inhibitor of TATA box-binding pro-
tein (TBP) (7, 25).
The N-terminal domain has also been found to mediate the

association of E1A243 with transcription factor YY1 (30). YY1
functions in various promoter contexts as either a transcrip-
tional activator, a transcriptional repressor, or an initiator pro-
tein (5, 6, 8, 11, 17–19, 29, 32, 33, 35–38, 40, 41, 43, 45–53, 58).
The ability of E1A243 to bind YY1 suggests that YY1 also plays
an important role in the regulation of cell growth. This idea is
strengthened by the fact that the N-terminal domain of E1A243
is required both for binding to YY1 (30) and for triggering
cellular transformation. Furthermore, two of the genes known
to be controlled by YY1 are the proto-oncogenes c-myc (43,
51) and c-fos (17, 19, 38).

We have reported previously that the mouse c-fos gene can
be transcriptionally activated by E1A243 in a manner that de-
pends on treatment of cells with analogs or inducers of cyclic
AMP (cAMP) (14, 15, 17). Domains of E1A243 required for
activation of the c-fos promoter include the N-terminal domain
and CR1 (15, 17). Analysis of the c-fos promoter revealed that
activation by E1A243 is mediated by a 22-bp E1A response
element (ERE), consisting of a cAMP-response element (CRE)
located at 267 and a neighboring binding site for YY1 at 254
(17). Cellular proteins that directly recognize the c-fos ERE
include YY1, which represses c-fos transcription (17, 38), and
members of the ATF/CREB family, which bind to the CRE
and activate transcription (9, 28). Recently we demonstrated
that ATF/CREB proteins can physically interact with YY1
both in vitro and in cells (57). We have proposed that this
interaction can account for the ability of YY1 to repress tran-
scription from the c-fos promoter, since we and others have
shown that such repression depends on a functional CRE (17,
38).
The observed interaction between ATF/CREB and YY1

suggested that the ATF/CREB-YY1 complex might be a mo-
lecular target of E1A243 in activation of the c-fos gene. This
seemed an attractive possibility because binding sites for these
two factors function together in constituting the c-fos ERE
(17). Here we present the results of in vitro and in vivo exper-
iments which demonstrate that E1A243 functions to prevent
the interaction between YY1 and ATF/CREB. In vitro, ATF-2
showed strongly reduced ability to bind to immobilized gluta-
thione S-transferase (GST)–YY1 in the presence of E1A243. In
vivo, E1A243 was able to specifically block ATF/CREB-depen-
dent tethering of a YY1-VP16 fusion protein to the c-fos pro-
moter in transfected HeLa cells. The in vitro and in vivo effects
of E1A243 required residues 2 to 36 of the protein, which
overlap significantly with a domain required for activation of
the c-fos promoter (15, 17) and which are important in the
interaction between E1A243 and YY1 (reference 30 and this
work). These data support a model in which E1A243 activates
c-fos transcription by dissociating the ATF/CREB-YY1 com-
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plex, thereby reversing YY1-mediated transcriptional repres-
sion.

MATERIALS AND METHODS

Cell culture. Monolayer HeLa cells were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% newborn calf serum, penicillin, and strep-
tomycin at 378C in a 10% CO2 incubator. All media, sera, and antibiotics were
from GIBCO/BRL.
Plasmids. pm27fosCAT, pm28fosCAT, pm27.28fosCAT, and Gal4-VP16 have

been described previously (57). pCMVYY1/VP16 (27) was provided by Yang
Shi. In vitro transcription/translation plasmids encoding wild-type E1A243, dl2-
36, dl38-67, and dl73-120 (42) were provided by Joe Nevins. Expression of
E1A243 in HeLa cells was from pCMVE1A12S (provided by Joe Nevins) or from
plasmid pCMVE1A243. These plasmids gave identical results. pCMVE1A243 was
constructed by PCR amplification of a 12S E1A cDNA, using oligonucleotide
primer ESP2 (59-CCACACACGCAATCACAGGT-39), which contains an arti-
ficial HindIII site, and primer SH3 (59-GTCAAGCTTATGAGACATATTAT
CTGC-39), which contains an artificial SmaI site. The amplified fragments were
digested with HindIII and SmaI, isolated by agarose gel electrophoresis, and
ligated to HindIII- and SmaI-digested pCMV5 vector (1). pCMVdl2-36, pCMV
dl38-67, pCMVdl73-120, and pCMVpm928/961 were created by subcloning the
appropriate BamHI-HindIII fragment from GSTE1A-dl2-36, GSTE1A-dl38-67,
GSTE1A-dl73-120, and GSTE1A-pm928/961 (25) (provided by Joe Nevins) into
the BglII-HindIII site of pCMV4 (1). Plasmid pm928/961 was created by sub-
cloning the appropriate BamHI-EcoRI fragment from GSTE1Apm928/961 into
BamHI- and EcoRI-digested Bluescript KS2 (Stratagene). pCMVE1A243-VP16
was constructed by subcloning the appropriate XbaI fragment from plasmid
E1A13SVP16 (provided by Michael Green) into the XbaI site of pCMVE1A243.
pfos/Gal4CAT was constructed by mutagenesis of pm27fosCAT, using the Al-
tered Sites mutagenesis system (Promega) according to the manufacturer’s pro-
tocol. A GAL4 DNA-binding site, 59-CGGAAGACTCTCCTCCG-39, was in-
serted at position 247. The oligonucleotide used for the mutagenesis was 59-AT
AGAAGCGCTGTGACGGAGGAGAGTCTTCCGTTTTTTTTTACTTC
CT-39. The mutant was confirmed by sequencing.
Production of GST fusion proteins and in vitro binding and competition

reactions. Production of purified GST fusion proteins has been described pre-
viously (57). The amount of purified GST protein was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
staining with Coomassie blue and comparison with protein standards. 35S-labeled
proteins were produced by using 1 mg of circular DNA for in vitro transcription
and translation, using the Promega TNT Coupled Reticulocyte Lysate System
according to the manufacturer’s protocol. Binding reactions were performed as
described previously (57).
Pelleted beads corresponding to 0.5 to 1.0 mg of GST fusion protein were

incubated with 300 ml of incubation buffer (50 mM KCl, 40 mM N-2-hydroxy-
ethylpiperazine-N9-2-ethanesulfonic acid [HEPES; pH 7.5], 5 mM 2-mercapto-
ethanol, 0.1% Tween 20, 0.5% nonfat dry milk, 0.2 mM ZnCl2) and 2 ml of in
vitro translation product for 1 h at 48C. The beads were then pelleted and washed
twice with 1 ml of wash buffer (100 mM KCl, 40 mM HEPES [pH 7.5], 5 mM
2-mercaptoethanol, 0.1% Tween 20, 0.5% nonfat dry milk). Bound proteins were
then subjected to SDS-PAGE and fluorography. Competition reactions were
performed in an identical manner, but with addition of in vitro-translated com-
petitor protein as indicated in the figures.
Transfections and CAT assays. Monolayer HeLa cells in 10-cm-diameter

dishes were transiently transfected by the calcium phosphate method exactly as
described previously (3). The microgram amounts of DNA for each experiment
are indicated in the figure legends. For all transfections, salmon sperm DNA was
used to supplement the DNA up to a total of 25 mg per plate. Expression
plasmids for YY1-VP16, Gal4-VP16, E1A243, and E1A243-VP16 (described
above) were under the control of the cytomegalovirus (CMV) enhancer/pro-
moter. Cells were harvested 48 h after transfection, and chloramphenicol acetyl-
transferase (CAT) assays were performed as described previously (57). Each
experiment was performed a minimum of three times, and values are expressed
as average counts per minute 6 standard deviation. In addition, all transfections
were performed in duplicate to confirm reproducibility within the experiment.
Immunoprecipitation and Western blot (immunoblot) analysis. Immunopre-

cipitations were performed essentially as described previously (21). HeLa cells
were transfected with the wild-type or mutant E1A expression plasmids as indi-
cated in the figures. Forty-eight hours after transfection, the cells were harvested,
washed twice with ice-cold phosphate-buffered saline, and lysed in 0.5 ml of
ice-cold lysis buffer (50 mM HEPES, 250 mM NaCl, 0.1% Nonidet P-40, 0.5 mM
phenylmethylsulfonyl fluoride, 5 mM dithiothreitol, and 5 mM EDTA). Lysates
(400 ml) were transferred to a tube containing 100 ml of M73 (20) and incubated
at 48C for 1 h with rocking. Seventy-five microliters of a 10% slurry of protein
A-Sepharose beads was then added, and the lysate was rocked for an additional
hour. The beads were pelleted by centrifugation and washed three times with 1
ml of ice-cold lysis buffer. Western blot analysis of the bound proteins was
performed essentially as described previously (21), with modifications. Proteins
were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with
M73. Filters were incubated with horseradish peroxidase-conjugated goat anti-

mouse immunoglobulin G (Boehringer Mannheim). Bands were visualized with
an enhanced chemiluminescence kit (Amersham).

RESULTS

Effect of E1A243 on the in vitro association between YY1 and
ATF-2. The hypothesis that the ATF/CREB-YY1 complex can
be a direct target of E1A243 was first tested in an in vitro
binding assay. Previously we demonstrated specific binding of
several ATF/CREB proteins (including ATF-2) to immobi-
lized GST-YY1 (57). To test the effect of E1A243 on the ability
of ATF-2 and GST-YY1 to interact, beads containing im-
mobilized GST-YY1 were incubated with in vitro-translated,
35S-labeled ATF-2 in the presence or absence of increasing
amounts of in vitro-translated, 35S-labeled E1A243. After the
beads were washed to remove nonspecifically bound protein,
the products of the binding reactions were subjected to SDS-
PAGE. In preliminary experiments, the amount of 35S-ATF-2
required to saturate the GST-YY1 beads was determined (data
not shown). The binding reactions including 35S-E1A243 were
carried out under these conditions, allowing us to determine if
the binding of E1A243 and ATF-2 to the GST-YY1 beads was
mutually exclusive. As shown in Fig. 1A, addition of increasing
amounts of 35S-E1A243 to the binding reactions resulted in
retention of 35S-E1A243 on the beads and a corresponding
decrease in binding of 35S-ATF-2. In contrast, addition of
increasing amounts of 35S-CAT protein had no effect on the
interaction between ATF-2 and YY1 and did not result in
retention of 35S-CAT on the GST-YY1 beads (the input trans-
lated 35S-E1A243 and

35S-CAT proteins are shown in Fig. 1B,
lanes 1 and 3, respectively). Since binding of E1A243 was in-
versely related to binding of ATF-2, these data strongly suggest
that E1A243 and ATF-2 competed for a limiting amount of
YY1.
We considered the possibility that the effect of E1A243 on

retention of ATF-2 might be due to a direct interaction be-
tween E1A243 and ATF-2. E1A243 has been shown previously
to be unable to interact with ATF-2 in vitro (31). As shown in
Fig. 1B, 35S-E1A243 did not interact with immobilized GST–
ATF-2 under reaction conditions identical to those used in the
competition experiments (lane 4). Therefore the effect of
E1A243 on retention of ATF-2 to the GST-YY1 beads was
clearly not due to an interaction between E1A243 and ATF-2.
As a positive control for this experiment, 35S-E1A289, which
has been demonstrated to interact with ATF-2 (31), bound
efficiently to the GST–ATF-2 beads (lane 5). Furthermore,
binding of E1A243 to GST-YY1 could take place in the absence
of ATF-2 (lane 7), demonstrating that retention of 35S-E1A243
to the beads did not depend on the presence of ATF-2. Taken
together, these data demonstrate that E1A243 can effectively
compete with ATF-2 for binding to a limiting amount of YY1,
leading to a decrease in ATF-2 binding to GST-YY1.
E1A243 reverses tethering of YY1 to the c-fos promoter in

cells. One implication of our in vitro experiments is that ex-
pression of E1A243 in cells might lead to decreased association
between ATF/CREB proteins and YY1 at the c-fos promoter
by a similar competition mechanism. Since YY1 normally func-
tions as a repressor of c-fos transcription, and since E1A243
binds directly to YY1 and also activates transcription of the
c-fos gene, a reasonable hypothesis is that E1A243 acts to dis-
rupt the ATF/CREB-YY1 interaction, thus relieving transcrip-
tional repression of the c-fos gene by YY1.
We therefore tested the effect of E1A243 on the interaction

between YY1 and the c-fos promoter in living cells. This was
accomplished by way of a promoter tethering assay, used pre-
viously to demonstrate the in vivo interaction between YY1

VOL. 69, 1995 E1A243 DISRUPTS THE ATF/CREB-YY1 COMPLEX 7403



and the c-fos promoter (57). Previous studies demonstrated
that YY1 interacts with the c-fos promoter in two ways. First,
YY1 can bind directly to two overlapping YY1 DNA-binding
sites located at 254 and 250 (38, 57). Second, YY1 can asso-
ciate with the promoter by a direct interaction with ATF/
CREB proteins that are bound to the promoter at the nearby
267 CRE (57). In the promoter tethering assay, HeLa cells are
transiently transfected with two plasmids. One is a CAT re-
porter plasmid (pfosCAT) containing the 276 to 110 region
of the murine c-fos gene and carrying the closely spaced CRE
and YY1 DNA-binding sites, the TATA element, and the
transcription initiation site at 11. The other is an expression
plasmid encoding full-length YY1 fused to the transcriptional
activation domain of the herpes simplex virus VP16 protein. In
this system, transcriptional activation mediated by the VP16
activation domain occurs when YY1-VP16 is tethered to the
promoter by protein-protein and/or protein-DNA interactions.
In the absence of such tethering, activation by the VP16 acti-
vation domain does not occur.
HeLa cells were transfected with pfosCAT and pCMVYY1-

VP16, in the presence or absence of a plasmid expressing
full-length E1A243. Results of CAT assays of extracts from the
transfected cells are shown in Fig. 2A. Consistent with our
previous results, expression of YY1-VP16 gave a 44-fold acti-
vation of the reporter plasmid, a clear demonstration of teth-
ering to the promoter. We have previously shown that a Gal4-
VP16 fusion protein does not activate transcription of pfos
CAT, indicating that activation by YY1-VP16 specifically de-
pends on the YY1 portion on the protein and that mere ex-
pression of an irrelevant VP16 fusion protein does not result in
activation of the promoter (57). YY1 itself normally represses
c-fos transcription through the 254 YY1 site (17, 38). There-
fore, activation of pfosCAT by YY1-VP16 in this assay re-
quired both the YY1 and the VP16 portions of the fusion
protein, and the function of the VP16 activation domain was
epistatic to repression by YY1. Additionally, we have reported
that maximal activation of the c-fos promoter by YY1-VP16
requires both the YY1-DNA binding site and the neighboring
CRE, which is bound directly by ATF/CREB proteins (57).

Importantly, expression of E1A243 in cells transfected with
the pfosCAT and YY1-VP16 expression plasmids resulted in a
sharp decrease in activation by YY1-VP16 (7.9-fold compared
with 44-fold), indicating that E1A243 could effectively prevent
the association between ATF/CREB and YY1-VP16 at the
promoter. Transfection of the pCMV4 parental plasmid lack-
ing E1A243 coding sequences had no effect on activation by
YY1-VP16, indicating that this effect was indeed due to ex-
pression of E1A243.
It was important to determine if the decrease in transcrip-

tion caused by E1A243 was due to an effect on the YY1 portion
of the fusion protein, or if perhaps E1A243 was acting on the
VP16 activation domain itself. To distinguish between these
possibilities, we constructed a variant of pfosCAT that lacked
the natural binding sites for YY1 but contained an artificial
binding site for the yeast GAL4 protein. This construct was
transfected into HeLa cells along with a plasmid encoding the
DNA-binding domain of GAL4 fused to the VP16 activation
domain (Gal4-VP16). Figure 2B shows that, as expected, ex-
pression of Gal4-VP16 resulted in a large transcriptional acti-
vation of the pfos/Gal4CAT reporter plasmid. When E1A243
was coexpressed along with Gal4-VP16, little or no effect on
activation by Gal4-VP16 was observed. We conclude from
these experiments that E1A243 could effectively decrease the
association between YY1-VP16 and the wild-type c-fos pro-
moter and that this action was due to a specific effect on the
YY1 portion of the fusion protein. The specificity of E1A243
for YY1 makes good sense, given the known ability of E1A243
to interact directly with YY1 (30).
E1A243 reverses tethering of YY1-VP16 to cellular ATF/

CREB. YY1 interacts with the c-fos promoter through protein-
protein and protein-DNA interactions (57). To investigate the
molecular basis for the effect of E1A243 on the association of
YY1 with the promoter, we analyzed each of these interactions
in isolation. Reporter plasmid pm27fosCAT contains an eight-
nucleotide substitution in the 254 to 247 region which abol-
ishes DNA-binding to YY1 (57). The 267 CRE in pm27fos
CAT is intact, however. Previously we have shown that this
reporter is strongly activated by YY1-VP16 in HeLa cells, in a

FIG. 1. E1A243 competes with ATF-2 for binding to GST-YY1. (A) Immobilized GST-YY1 was incubated with 2 ml of 35S-ATF-2 in the absence or presence of
the indicated amounts of either 35S-CAT or 35S-E1A243. The reaction products were washed and then analyzed by SDS-PAGE. (B) Immobilized GST–ATF-2 or
GST-YY1 was incubated with either 35S-E1A243 (2 ml), 35S-E1A289 (1 ml), or 35S-CAT (2 ml). The reaction products were washed and then analyzed by SDS-PAGE.
transl., in vitro translation products of the indicated proteins, in half the amount added to the binding reactions.
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manner that strictly depends on the presence of the 267 CRE.
Since YY1 can associate specifically with ATF/CREB proteins
in vitro but cannot bind directly to the 267 CRE (38, 57), we
concluded that in vivo activation of pm27fosCAT by YY1-
VP16 is mediated by protein-protein interactions with pro-
moter-bound ATF/CREB (57). Figure 3 depicts the ability of
YY1-VP16 to activate pm27fosCAT in either the presence or
absence of E1A243. Consistent with our previous results, YY1-
VP16 activated pm27fosCAT almost 17-fold (there was little or
no activation by the parental CMV expression plasmid lacking
YY1-VP16 sequences or by a plasmid encoding Gal4-VP16
[reference 57 and data not shown]).
As was the case for the wild-type reporter plasmid, expres-

sion of E1A243 resulted in a significant decrease in activation of
the pm27fosCAT reporter by YY1-VP16, down to only five-
fold. These data indicate that E1A243 can bind to YY1-VP16 in
the cell and prevent its interaction with endogenous ATF/
CREB proteins located at the c-fos promoter. They are con-
sistent with the in vitro competition data presented in Fig. 1.
Lack of effect of E1A243 on YY1-VP16 bound to DNA. We

also investigated the effect of E1A243 on DNA-bound YY1-
VP16 in the context of the c-fos promoter in vivo. To do this,
cells were transfected with the YY1-VP16 expression plasmid
and the reporter plasmid pm28fosCAT, which contains both
YY1 sites intact but lacks a functional CRE as a result of a
C-to-G mutation at position 264 that completely abolishes
ATF/CREB binding in vitro (16). Consistent with our earlier
report, YY1-VP16 activated pm28fosCAT 5.4-fold (Fig. 4).
We have demonstrated that this activation is due solely to the
presence of the YY1 DNA-binding sites, since mutating the
YY1 sites in this reporter results in a failure to respond to

YY1-VP16 (57). Again, there was no activation by the parental
expression plasmid lacking YY1-VP16 sequences and no acti-
vation by Gal4-VP16 (reference 57 and data not shown). In
contrast to the results with the wild-type and pm27fosCAT
reporters, expression of E1A243 had little or no effect on acti-
vation of pm28fosCAT. Therefore, E1A243 was unable to dis-
place DNA-bound YY1-VP16 from this promoter, despite its
strong ability to displace YY1-VP16 bound to the promoter
through protein-protein interactions.
Despite its inability to block direct binding of YY1-VP16 to

the DNA, we found that E1A243 was still capable of interacting
with DNA-bound YY1 to form a stable complex. We expressed
an E1A243-VP16 fusion protein in HeLa cells along with the
pm28fosCAT reporter, which contains binding sites for YY1
but not for ATF/CREB. As shown in Fig. 4B, expression of
E1A243-VP16 was able to activate the reporter strictly in a YY1
site-dependent manner: strong activation was observed from
pm28fosCAT, but no activation was recorded from pm27.28fos
CAT, which is identical to pm28fosCAT except that it lacks
binding sites for YY1. Furthermore, only E1A243-VP16, but
not Gal4-VP16 or E1A243 alone, was able to activate pm28fos
CAT. These data demonstrate that E1A243, as expected, can
interact with DNA-bound YY1 at the c-fos promoter and that
it can form a stable complex. Our data clearly indicate, how-
ever, that E1A243 does not disrupt the YY1-DNA complex in
the context of the c-fos promoter in living cells.
The N-terminal domain of E1A243 is responsible for disrup-

tion of the ATF/CREB-YY1 complex in vitro and in vivo. Pre-
viously we reported that the ability of E1A243 to activate tran-
scription of the c-fos promoter depends in part on amino acid
residues within the N terminus of the protein (15, 17). We have

FIG. 2. E1A243 reverses tethering of YY1-VP16 to the wild-type c-fos promoter. HeLa cells were cotransfected with 5 mg of the pfosCAT (A) or pfos/Gal4CAT
(B) reporter, along with expression plasmids for YY1-VP16 (2.5 mg), Gal4-VP16 (2.5 mg), E1A243 (5 mg), and/or the CMV parental expression plasmid (5 mg), as
indicated. After 48 h, cells were harvested and assayed by the liquid scintillation CAT assay. Fold activation was calculated as CAT activity (in counts per minute) from
cells expressing YY1-VP16 (A) or Gal4-VP16 (B) divided by CAT activity from cells transfected only with the indicated reporter and carrier DNA. Schematic
representations of pfosCAT (A) and pfos/Gal4CAT (B), and associated proteins, are shown at the top.
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also shown that function of the ERE in the c-fos promoter
requires a YY1 DNA-binding site along with the 267 CRE
(17). These findings fit well with the recent report that physical
interaction between E1A243 and YY1 also depends on an N-
terminal domain of E1A243 (30). Together, they prompted us
to examine whether disruption of the ATF/CREB-YY1 com-
plex in vitro and in vivo also involves the N-terminal domain of
E1A243.
First, a series of deletion mutants (kindly provided by Joe

Nevins) was used to identify the domain of E1A243 required for
competing with ATF-2 for binding to immobilized GST-YY1
in vitro. These competition experiments were carried out ex-
actly as those described above, this time using wild-type or
mutant 35S-labeled E1A243 and

35S-labeled ATF-2. As shown
in Fig. 5, all of the mutant proteins except mutant dl2-36 were
capable of binding to GST-YY1 and competing with ATF-2.
This mutant could neither bind to GST-YY1 (lane 7) nor
prevent ATF-2 binding (lane 14). All of the other mutants and
the wild type bound efficiently to GST-YY1 in either the pres-
ence (lanes 13 and 15 to 17) or absence (lanes 6 and 8 to 10)
of ATF-2. Therefore, the domain of E1A243 required for bind-
ing in vitro to YY1 is identical to or significantly overlaps that
required for competition with ATF-2.
To identify the domain of E1A243 required to disrupt teth-

ering of YY1-VP16 in transfected cells, a similar set of re-
agents was constructed by placing each of the deletion mutants
shown in Fig. 5 into the eukaryotic expression vector pCMV4
(1). As presented earlier, expression of wild-type E1A243 in
HeLa cells had a strong effect on ATF/CREB-bound YY1-
VP16 but not on DNA-bound YY1-VP16 (Fig. 3). Therefore,
we used the pm27fosCAT reporter (lacking binding sites for
YY1 but carrying the267 CRE) to map the functional domain
of E1A243 responsible for disruption of tethering. As shown in

FIG. 3. E1A243 reverses tethering of YY1-VP16 to the pm27fosCAT reporter.
HeLa cells were cotransfected with 5 mg of the pm27fosCAT reporter, along with
expression plasmids for YY1-VP16 (2.5 mg), E1A243 (5 mg), and/or the CMV
parental expression plasmid (5mg), as indicated. After 48 h, cells were harvested and
assayed by the liquid scintillation CAT assay. Fold activation was calculated as CAT
activity (in counts per minute) from cells expressing YY1-VP16 divided by CAT
activity from cells transfected only with pm27fosCAT and carrier DNA. A schematic
representation of pm27fosCAT, and associated proteins, is shown at the top.

FIG. 4. E1A243 does not reverse tethering of YY1-VP16 bound to the pm28fosCAT reporter but does interact with DNA-bound YY1. HeLa cells were
cotransfected with 5 mg of either the pm28fosCAT (A and B) or pm27.28fosCAT reporter (B), along with expression plasmids for YY1-VP16 (2.5 mg), Gal4-VP16 (2.5
mg), E1A243 (5 mg), and/or the CMV parental expression plasmid (5 mg), as indicated. After 48 h, cells were harvested and assayed by the liquid scintillation CAT assay.
Fold activation was calculated as CAT activity (in counts per minute) from cells expressing YY1-VP16 (A), E1A-VP16 (B), or Gal4-VP16 (B) divided by CAT activity
from cells transfected only with the appropriate reporter and carrier DNA. Schematic representations of pm28fosCAT, and associated proteins, are shown at the top.
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Fig. 6A, only mutant dl2-36 was unable to prevent activation of
the pm27fosCAT promoter by YY1-VP16, a result perfectly in
line with the in vitro competition data presented in Fig. 5. For
this experiment, expression of each of the E1A243 derivatives
was checked by Western blot analysis using the anti-E1A
monoclonal antibody M73 (20). The level of each of the mu-
tant proteins, including dl2-36, was comparable to that of wild-
type E1A243 (Fig. 6B). We conclude that the N-terminal 2–36
domain of E1A243 prevents the interaction between YY1 and
ATF/CREB at the c-fos promoter. Since the N-terminal do-
main is also required for activation of c-fos transcription (15,
17), we conclude that activation of c-fos transcription by
E1A243 involves a disruption of the ATF/CREB-YY1 interac-
tion.

DISCUSSION

The ability of E1A243 to prevent the ATF/CREB-YY1 in-
teraction was found to depend on the same (or a significantly
overlapping) N-terminal domain of E1A243 that mediates di-
rect binding to YY1. This finding, in conjunction with the fact
that E1A243 does not associate with ATF-2 in vitro (reference
31 and Fig. 1), leads us to conclude that prevention of ATF/
CREB binding to YY1 is the result of a simple competition
between E1A243 and ATF/CREB for a limiting number of
overlapping binding sites on YY1.
Two domains of YY1, spanning residues 54 to 260 and 331

to 414, are involved in binding to E1A243 (30). We have shown
previously that residues 331 to 414 of YY1 are sufficient for
binding to ATFa2 in vitro (57), suggesting that this domain is

the focal point for the competition between E1A243 and ATF/
CREB. Our previous studies also revealed that the bZIP do-
main of ATFa2 was sufficient for binding to YY1 in vitro (57).
It remains to be determined if the bZIP domains of various
ATF/CREB proteins share any structural features with the
N-terminal domain of E1A243 that might explain the ability of
each protein to recognize the 331–414 region of YY1. Alter-
natively, ATF/CREB and E1A243 may interact with overlap-
ping, structurally distinct surfaces within the 331–414 domain
of YY1.
The neighboring 282–330 region of YY1 is also capable of

binding to ATFa2 in vitro, independently of the 331–414 do-
main (57). It is not known if this binding is blocked when
E1A243 is bound to the nearby 331–414 domain. Although we
found substantially reduced binding of ATF-2 to GST-YY1 in
the presence of E1A243, we did not observe complete elimina-
tion of ATF-2 binding (Fig. 1 and 5 and data not shown).
Assuming that the bZIP domains of ATF-2 and ATFa2 inter-
act with YY1 in similar ways, this residual binding may be due
to an interaction between ATF-2 and the 282–330 domain of
YY1.
We have observed no evidence of trimolecular interactions

among these proteins: if E1A243, ATF-2, and YY1 formed a
stable ternary complex, a decrease in ATF-2 association with
the GST-YY1 beads would not be expected upon binding of
35S-labeled E1A243. Also, the presence of ATF-2 in the binding
reactions was not required for E1A243 binding to GST-YY1
(Fig. 1 and 5). This finding demonstrates that the ability of
E1A243 to enter into the complex with YY1 does not depend
on an ATF/CREB protein and is consistent with an earlier
report (30).
We also examined the effect of E1A243 on the ATF/CREB-

YY1 complex by the use of a promoter tethering assay, which
we have used previously to demonstrate the interaction be-
tween YY1-VP16 and the c-fos promoter in living cells (57).
The results with this assay were in striking agreement with

FIG. 5. The N-terminal domain of E1A243 is required for binding to YY1
and for preventing binding of ATF-2 to YY1. Lanes: 1 to 5, 1 ml of wild-type and
mutant 35S-E1A243 in vitro translation products (transl.); 6 to 10, binding of
wild-type and mutant 35S-E1A243 (2 ml per reaction) to GST-YY1; 11, 2 ml of
35S-ATF-2 in vitro translation products; 12 to 17, binding of 35S-ATF-2 (2 ml per
reaction) to GST-YY1 in the absence or presence of wild-type or mutant 35S-
E1A243 (6 ml per reaction). The binding reaction products were washed and
analyzed by SDS-PAGE. Schematic representations of wild-type and mutant
E1A243 proteins are shown at the top. Asterisks represent locations of the 928
and 961 point mutations that disrupt Rb and p107 binding.

FIG. 6. The N-terminal domain of E1A243 is required to reverse tethering of
YY1-VP16 to the pm27fosCAT reporter. (A) HeLa cells were cotransfected with
the pm27fosCAT reporter (5 mg), the YY1-VP16 expression plasmid (2.5 mg),
and the indicated E1A243 expression plasmids (5 mg) as described in Materials
and Methods. After 48 h, cells were harvested and analyzed by the liquid scin-
tillation CAT assay. Activation of pm27fosCAT by YY1-VP16 in the absence of
E1A243 is set at 100%. (B) Immunoprecipitation followed by Western blot
analysis of wild-type and mutant E1A243 proteins from extracts of transfected
cells, using monoclonal antibody M73, was performed as described in Materials
and Methods. Ig, immunoglobulin.
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those from our in vitro experiments. YY1-VP16 that was
bound to the promoter through the CRE (i.e., through an
interaction with endogenous ATF/CREB) was displaced from
the promoter by expression of E1A243 (Fig. 2 and 3). As with
the in vitro results, this effect depended exclusively on the
N-terminal domain of E1A243 (Fig. 6). Interestingly, DNA-
bound YY1-VP16 was unaffected by expression of E1A243
(Fig. 4A), despite the fact that an E1A243-VP16 fusion protein
could be shown to associate stably with DNA-bound YY1 (Fig.
4B). This finding strongly suggests that the large effect of
E1A243 on tethering of YY1-VP16 to the wild-type promoter,
containing both the CRE and YY1 sites, was due solely to
destabilization of the interaction between ATF/CREB and
YY1-VP16 (Fig. 2A). The residual activation seen in this ex-
periment (7.9-fold) was probably due to YY1-VP16 bound
directly to the YY1 site, which is not affected by E1A243. This
interpretation is consistent with the fact that YY1-VP16 acti-
vates only weakly in the absence of the CRE (5.4-fold; Fig.
4A). This level of activation is similar to that seen with the
wild-type promoter in the presence of E1A243 (7.9-fold).
Together, these results allow us to propose a model for the

role of the ATF/CREB-YY1 complex in E1A243-dependent
transcriptional activation of the c-fos gene. In the absence of
E1A243, YY1 represses transcription of the c-fos promoter in a
manner that depends on an intact 267 CRE and the YY1 site
at 254 (17, 38). Repression is effected, at least in part, by a
specific interaction between YY1 and ATF/CREB (57). Bind-
ing of E1A243 to YY1 leads to a stable association between
these two proteins at the promoter and prevents the normal
physical interaction between YY1 and ATF/CREB. This re-
sults in a relief of YY1-mediated transcriptional repression. It
will be interesting to determine exactly which ATF/CREB fam-
ily members in HeLa cells are capable of binding to the c-fos
CRE in vitro and whether E1A243 expression leads to an al-
tered pattern of ATF/CREB and YY1 binding to the pro-
moter. These issues are currently under investigation.
According to the model, disruption of the ATF/CREB-YY1

interaction is not sufficient to stimulate transcription, however.
Activation also requires independent stimulation of the CRE-
dependent pathway by cAMP. In support of this view, it is
known that the 254 YY1 site acts as a negative transcriptional
element only when the 267 CRE is intact (17, 38). In other
words, removal of the 254 YY1 site does not result in relief of
repression unless CRE-dependent transcription can also take
place. This is consistent with our results regarding synergy
between E1A243 and cAMP in activation of the c-fos promoter
in S49 cells (14, 15, 17) and in HeLa cells (56), in which E1A243
has little or no effect on transcription of c-fos in the absence of
cAMP signaling. Under this view, disruption of the ATF/
CREB-YY1 complex by E1A243 and stimulation of CRE-de-
pendent transcription are distinct, independent events, and
transcriptional activation can take place only if both events
occur (i.e., there is synergy). This conclusion is also supported
by the fact that E1A243 is able to block tethering of YY1-VP16
to the c-fos promoter equally well in the absence or the pres-
ence of forskolin, an inducer of cAMP (56). If disruption of the
ATF/CREB-YY1 complex and transcriptional activation were
necessarily coupled, the ability of E1A243 to disrupt the ATF/
CREB-YY1 interaction might have been expected to depend
on cAMP.
Results presented in Fig. 4B demonstrate that an E1A243-

VP16 fusion protein can associate with the pm28fosCAT re-
porter (functional YY1 site but no267 CRE) in a manner that
strictly depends on the YY1 DNA-binding site. The simplest
interpretation of this experiment is that E1A243-VP16 (and
therefore native E1A243) can form a stable complex with YY1

at this promoter. This raises the question of whether E1A243,
when bound to pm28fosCAT through an interaction with YY1,
can alter transcription simply by virtue of its presence at the
promoter. We demonstrated previously that in the absence of
the 267 CRE, the 254 YY1 site is not sufficient to mediate a
response to E1A243, either in the presence or in the absence of
cAMP (17). This finding suggests that whereas E1A243 can
form a stable complex with YY1 at this promoter, this is not
sufficient to trigger transcriptional activation in the absence of
the 267 CRE and associated factors.
There are additional aspects to the mechanism of activation

of the c-fos gene by E1A243. First, the N-terminal domain alone
is not sufficient for triggering activation. Activation also re-
quires amino acid residues within CR1, which together with
the N-terminal domain are known to constitute a binding site
for the cellular protein p300. Therefore, whereas disruption of
the ATF/CREB-YY1 complex by the N-terminal domain is
clearly involved in activation by E1A243, it probably does not
represent the entire story. Additionally, the fact that activation
of the c-fos promoter by E1A243 requires the 267 CRE (17)
suggests a role for p300 and/or the related protein CBP, since
both can function as coactivators of CREB-dependent tran-
scription and both can bind to E1A (2, 34). Interestingly,
whereas E1A243 has been shown in some experiments to re-
press p300- and CBP-dependent transcription, E1A243 acti-
vates transcription of the c-fos promoter in a CRE-dependent
manner. Therefore, if p300 or CBP plays an important role in
E1A243-dependent activation of c-fos, it probably does so
through a novel mechanism.
With this report, there are now three types of transcriptional

repressor-activator complexes that are disrupted by the ade-
novirus E1A243 protein. In addition to the ATF/CREB-YY1
complex described here, E1A243 is known to disrupt the Rb
(p107, p130)-E2F complex (12) and also the Dr1-TBP complex
(24). Interestingly, the Dr1-TBP complex is also targeted by
the N-terminal domain of E1A243 (24). Thus, a common theme
emerges in the mechanism of action of E1A243, involving ac-
tivation of transcription through disruption of activator-repres-
sor complexes. It will be important to investigate further the
role of the ATF/CREB-YY1 complex in cellular transforma-
tion by E1A243 and in normal cellular regulation.

ACKNOWLEDGMENTS

We thank Mitch Smith for many helpful discussions and for critically
reading the manuscript.
This work was supported by the Office of the Vice Provost for

Research at the University of Virginia and a grant from the National
Cancer Institute (CA60675) to D.A.E.

REFERENCES
1. Andersson, S., D. L. Davis, H. Dahlback, H. Jornvall, and D. W. Russell.
1989. Cloning, structure, and expression of the mitochondrial cytochrome
P-450 sterol 26-hydroxylase, a bile acid biosynthetic enzyme. J. Biol. Chem.
264:8222–8229.

2. Arany, Z., D. Newsome, E. Oldread, D. M. Livingston, and R. Eckner. 1995.
A family of transcriptional adaptor proteins targeted by the E1A oncopro-
tein. Nature (London) 374:81–84.

3. Ausubel, F., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1989. Current protocols in molecular biology.
John Wiley & Sons, Inc., New York.

4. Barker, D. D., and A. J. Berk. 1987. Adenovirus proteins from both E1B
reading frames are required for transformation of rodent cells by viral
infection and DNA transfection. Virology 156:107–121.

5. Bauknecht, T., P. Angel, H. D. Royer, and H. zur Hausen. 1992. Identifica-
tion of a negative regulatory domain in the human papillomavirus type 18
promoter: interaction with the transcriptional repressor YY1. EMBO J.
11:4607–4617.

6. Bauknecht, T., F. Jundt, I. Herr, T. Oehler, H. Delius, Y. Shi, P. Angel, and
H. zur Hausen. 1995. A switch region determines the cell type-specific
positive or negative action of YY1 on the activity of the human papilloma-

7408 ZHOU AND ENGEL J. VIROL.



virus type 18 promoter. J. Virol. 69:1–12.
7. Bayley, S. T., and J. S. Mymryk. 1994. Adenovirus E1A proteins and trans-
formation. Int. J. Oncol. 5:425–444.

8. Becker, K. G., P. Jedlicka, N. S. Templeton, L. Liotta, and K. Ozato. 1994.
Characterization of hUCRBP (YY1, NF-E1, delta): a transcription factor
that binds the regulatory regions of many viral and cellular genes. Gene 150:
259–266.

9. Berkowitz, L. A., K. T. Riabowol, and M. Z. Gilman. 1989. Multiple sequence
elements of a single functional class are required for cyclic AMP respon-
siveness of the mouse c-fos promoter. Mol. Cell. Biol. 9:4272–4281.

10. Bernards, R., M. G. de Leeuw, A. Houweling, and A. J. van der Eb. 1986.
Role of the adenovirus early region 1B tumor antigens in transformation and
lytic infection. Virology 150:126–139.

11. Dong, X. P., F. Stubenrauch, E. Beyer-Finkler, and H. Pfister. 1994. Preva-
lence of deletions of YY1-binding sites in episomal HPV 16 DNA from
cervical cancers. Int. J. Cancer 58:803–808.

12. Dyson, N., and E. Harlow. 1992. Adenovirus E1A targets key regulators of
cell proliferation. Cancer Surv. 12:161–195.

13. Egan, C., T. N. Jelsma, J. A. Howe, S. T. Bayley, B. Ferguson, and P. E.
Branton. 1988. Mapping of cellular protein-binding sites on the products of
early-region 1A of human adenovirus type 5. Mol. Cell. Biol. 8:3955–3959.

14. Engel, D. A., U. Muller, R. W. Gedrich, J. S. Eubanks, and T. Shenk. 1991.
Induction of c-fos mRNA and AP-1 DNA-binding activity by cAMP in
cooperation with either the adenovirus 243- or the adenovirus 289-amino
acid E1A protein. Proc. Natl. Acad. Sci. USA 88:3957–3961.

15. Gedrich, R. W., S. T. Bayley, and D. A. Engel. 1992. Induction of AP-1
DNA-binding activity and c-fos mRNA by the adenovirus 243R E1A protein
and cyclic AMP requires domains necessary for transformation. J. Virol.
66:5849–5859.

16. Gedrich, R. W., and D. A. Engel. Unpublished results.
17. Gedrich, R. W., and D. A. Engel. 1995. Identification of a novel E1A re-

sponse element in the mouse c-fos promoter. J. Virol. 69:2333–2340.
18. Groner, B., S. Altiok, and V. Meier. 1994. Hormonal regulation of transcrip-

tion factor activity in mammary epithelial cells. Mol. Cell. Endocrinol. 100:
109–114.

19. Gualberto, A., D. LePage, G. Pons, S. L. Mader, K. Park, M. L. Atchison,
and K. Walsh. 1992. Functional antagonism between YY1 and the serum
response factor. Mol. Cell. Biol. 12:4209–4214.

20. Harlow, E., B. Franza, Jr., and C. Schley. 1985. Monoclonal antibodies
specific for adenovirus early region 1A proteins: extensive heterogeneity in
early region 1A products. J. Virol. 55:533–546.

21. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory manual. Cold Spring
Harbor, Cold Spring Harbor Laboratory, N.Y.

22. Ikeda, M. A., and J. R. Nevins. 1993. Identification of distinct roles for
separate E1A domains in disruption of E2F complexes. Mol. Cell. Biol.
13:7029–7035.

23. Jelsma, T. N., J. A. Howe, J. S. Mymryk, C. M. Evelegh, N. F. Cunniff, and
S. T. Bayley. 1989. Sequences in E1A proteins of human adenovirus 5
required for cell transformation, repression of a transcriptional enhancer,
and induction of proliferating cell nuclear antigen. Virology 171:120–130.

24. Kraus, V. B., J. A. Inostroza, K. Yeung, D. Reinberg, and J. R. Nevins. 1994.
Interaction of the Dr1 inhibitory factor with the TATA binding protein is
disrupted by adenovirus E1A. Proc. Natl. Acad. Sci. USA 91:6279–6282.

25. Kraus, V. B., E. Moran, and J. R. Nevins. 1992. Promoter-specific trans
activation by the adenovirus E1A12S product involves separate E1A do-
mains. Mol. Cell. Biol. 12:4391–4399.

26. La Thangue, N. B. 1994. DP and E2F proteins: components of a het-
erodimeric transcription factor implicated in cell cycle control. Curr. Opin.
Cell Biol. 6:443–450.

27. Lee, J. S., K. M. Galvin, and Y. Shi. 1993. Evidence for physical interaction
between the zinc-finger transcription factors YY1 and Sp1. Proc. Natl. Acad.
Sci. USA 90:6145–6149.

28. Lee, K. A., and N. Masson. 1993. Transcriptional regulation by CREB and its
relatives. Biochim. Biophys. Acta 1174:221–233.

29. Lee, Y. M., and S. C. Lee. 1994. Transcriptional activation of the alpha-1 acid
glycoprotein gene by YY1 is mediated by its functional interaction with a
negative transcription factor. DNA Cell Biol. 13:1029–1036.

30. Lewis, B. A., G. Tullis, E. Seto, N. Horikoshi, R. Weinmann, and T. Shenk.
1995. Adenovirus E1A proteins interact with the cellular YY1 transcription
factor. J. Virol. 69:1628–1636.

31. Liu, F., and M. R. Green. 1994. Promoter targeting by adenovirus E1a
through interaction with different cellular DNA-binding domains. Nature
(London) 368:520–525.

32. Liu, R., J. Baillie, J. G. Sissons, and J. H. Sinclair. 1994. The transcription
factor YY1 binds to negative regulatory elements in the human cytomega-
lovirus major immediate early enhancer/promoter and mediates repression
in non-permissive cells. Nucleic Acids Res. 22:2453–2459.

33. Lu, S. Y., M. Rodriguez, and W. S. Liao. 1994. YY1 represses rat serum
amyloid A1 gene transcription and is antagonized by NF-kB during acute-
phase response. Mol. Cell. Biol. 14:6253–6263.

34. Lundblad, J. R., R. P. S. Kwok, M. E. Laurance, M. L. Harter, and R. H.
Goodman. 1995. Adenoviral E1A-associated protein p300 as a functional
homologue of the transcriptional co-activator CBP. Nature (London) 374:
85–88.

35. Margolis, D. M., M. Somasundaran, and M. R. Green. 1994. Human tran-
scription factor YY1 represses human immunodeficiency virus type 1 tran-
scription and virion production. J. Virol. 68:905–910.

36. May, M., X. P. Dong, E. Beyer-Finkler, F. Stubenrauch, P. G. Fuchs, and H.
Pfister. 1994. The E6/E7 promoter of extrachromosomal HPV16 DNA in
cervical cancers escapes from cellular repression by mutation of target se-
quences for YY1. EMBO J. 13:1460–1466.

37. Momoeda, M., M. Kawase, S. M. Jane, K. Miyamura, N. S. Young, and S.
Kajigaya. 1994. The transcriptional regulator YY1 binds to the 59-terminal
region of B19 parvovirus and regulates P6 promoter activity. J. Virol. 68:
7159–7168.

38. Natesan, S., and M. Z. Gilman. 1993. DNA bending and orientation-depen-
dent function of YY1 in the c-fos promoter. Genes Dev. 7:2497–2509.

39. Nevins, J. R. 1992. E2F: a link between the Rb tumor suppressor protein and
viral oncoproteins. Science 258:424–429.

40. Pisaneschi, G., S. Ceccotti, M. L. Falchetti, S. Fiumicino, F. Carnevali, and
E. Beccari. 1994. Characterization of FIII/YY1, a Xenopus laevis conserved
zinc-finger protein binding to the first exon of L1 and L14 ribosomal protein
genes. Biochem. Biophys. Res. Commun. 205:1236–1242.

41. Raught, B., B. Khursheed, A. Kazansky, and J. Rosen. 1994. YY1 represses
b-casein gene expression by preventing the formation of a lactation-associ-
ated complex. Mol. Cell. Biol. 14:1752–1763.

42. Raychaudhuri, P., S. Bagchi, S. H. Devoto, V. B. Kraus, E. Moran, and J. R.
Nevins. 1991. Domains of the adenovirus E1A protein required for onco-
genic activity are also required for dissociation of E2F transcription factor
complexes. Genes Dev. 5:1200–1211.

43. Riggs, K. J., S. Saleque, K. K. Wong, K. T. Merrell, J. S. Lee, Y. Shi, and K.
Calame. 1993. Yin-yang 1 activates the c-myc promoter. Mol. Cell. Biol. 13:
7487–7495.

44. Ruley, H. E. 1983. Adenovirus early region 1A enables viral and cellular
transforming genes to transform primary cells in culture. Nature (London)
304:602–606.

45. Safrany, G., and R. P. Perry. 1993. Characterization of the mouse gene that
encodes the delta/YY1/NF-E1/UCRBP transcription factor. Proc. Natl.
Acad. Sci. USA 90:5559–5563.

46. Satyamoorthy, K., K. Park, M. L. Atchison, and C. C. Howe. 1993. The
intracisternal A-particle upstream element interacts with transcription factor
YY1 to activate transcription: pleiotropic effects of YY1 on distinct DNA
promoter elements. Mol. Cell. Biol. 13:6621–6628.

47. Schneider, M. D., L. A. Kirshenbaum, T. Brand, and W. R. MacLellan. 1994.
Control of cardiac gene transcription by fibroblast growth factors. Mol.
Reprod. Dev. 39:112–117.

48. Seto, E., B. Lewis, and T. Shenk. 1993. Interaction between transcription
factors Sp1 and YY1. Nature (London) 365:462–464.

49. Seto, E., Y. Shi, and T. Shenk. 1991. YY1 is an initiator sequence-binding
protein that directs and activates transcription in vitro. Nature (London)
354:241–245.

50. Shi, Y., E. Seto, L. S. Chang, and T. Shenk. 1991. Transcriptional repression
by YY1, a human GLI-Kruppel-related protein, and relief of repression by
adenovirus E1A protein. Cell 67:377–388.

51. Shrivastava, A., S. Saleque, G. V. Kalpana, S. Artandi, S. P. Goff, and K.
Calame. 1993. Inhibition of transcriptional regulator Yin-Yang-1 by associ-
ation with c-Myc. Science 262:1889–1892.

52. Singer, M. F., V. Krek, J. P. McMillan, G. D. Swergold, and R. E. Thayer.
1993. LINE-1: a human transposable element. Gene 135:183–188.

53. Usheva, A., and T. Shenk. 1994. TATA-binding protein-independent initia-
tion: YY1, TFIIB, and RNA polymerase II direct basal transcription on
supercoiled template DNA. Cell 76:1115–1121.

54. Whyte, P., H. E. Ruley, and E. Harlow. 1988. Two regions of the adenovirus
early region 1A proteins are required for transformation. J. Virol. 62:257–
265.

55. Whyte, P., N. M. Williamson, and E. Harlow. 1989. Cellular targets for
transformation by the adenovirus E1A proteins. Cell 56:67–75.

56. Zhou, Q., and D. A. Engel. Unpublished results.
57. Zhou, Q., R. W. Gedrich, and D. A. Engel. 1995. Transcriptional repression

of the c-fos gene by YY1 is mediated by a direct interaction with ATF/
CREB. J. Virol. 69:4323–4330.

58. Zock, C., A. Iselt, and W. Doerfler. 1993. A unique mitigator sequence
determines the species specificity of the major late promoter in adenovirus
type 12 DNA. J. Virol. 67:682–693.

VOL. 69, 1995 E1A243 DISRUPTS THE ATF/CREB-YY1 COMPLEX 7409


