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ABSTRACT The proliferating cell nuclear antigen
(PCNA), a crucial component of eukaryotic cell cycle and DNA
replication complexes, is induced by the adenovirus E1A 243R
oncoprotein through a cis-acting element termed the PERE
(PCNA-E1A responsive element). The PERE contains a se-
quence homologous to an activating transcription factor
(ATF) motif, and ATF-1 is a major component of PERE-
protein complexes. We have identified a second PERE-binding
protein, the cAMP response element binding protein (CREB)
transcription factor, which forms heterodimers with ATF-1 at
this site. CREB, but not ATF-1, is able to mediate transacti-
vation of a minimal PCNA-chloramphenicol acetyltransferase
reporter by E1A 243R. Further analysis revealed that the
transcriptional coactivator, the CREB-binding protein
(CBP), associates with PERE-related complexes, and that
CBP is able to mediate a strong transactivation response to
E1A 243R at the PCNA promoter. Experiments conducted
with mutants in the E1A or CREB components support a
model whereby E1A 243R transactivates the PCNA promoter
via a CBP-CREB-PERE pathway. These findings delineate a
paradigm by which E1A 243R can target and transactivate
specific DNA promoter sequences.

The proliferating cell nuclear antigen (PCNA) is a highly
conserved protein and a requisite component of cellular
complexes essential for eukaryotic DNA replication and re-
pair. PCNA is involved in both leading- and lagging-strand
DNA synthesis during DNA replication (1, 2) as an auxiliary
factor of DNA polymerase d (3, 4). It is trimeric in structure
(5, 6) and is postulated to function in a manner akin to a sliding
clamp to increase the processivity of DNA synthesis (7).
Consistent with its role in DNA replication, PCNA is induced
in response to serum (8) and mitogenic growth factors (9–11)
and is required for growth and cell cycle progression in both
yeast (12) and mammalian cells (11, 13). It is found in
quaternary complexes containing cyclins, cyclin-dependent
kinases (CDK), and the CDK-inhibitor p21 (14–17). The
function of PCNA in DNA replication can be inhibited by
direct interaction with p21 (18). PCNA also is required for
DNA repair (19–22) and is coinduced with cellular p53 levels
in cells exposed to UV radiation (23). Compatible with the
roles of both proteins in DNA damage repair function, p53 can
transactivate the human PCNA promoter through a p53-
binding site in a concentration-dependent manner (24).

Stimulation of the DNA replication machinery is a key
feature in the process of neoplastic cellular transformation.
From this aspect, the regulation of PCNA expression by the
adenovirus E1A oncogene products represents an instructive
model system for study of the molecular mechanisms under-
lying transformation. The adenovirus E1A oncoproteins pos-
sess both transcriptional and transforming properties that
allow them to perturb normal host-cell growth control through
interactions with a number of cellular targets. The major
adenovirus E1A gene products, E1A 243R and E1A 289R, are
identical in composition with the exception of conserved
region three (CR3), a promiscuous and potent transactivation
domain (25–28) unique to the latter species. Although the
smaller E1A 243R protein lacks CR3, it is able to induce PCNA
expression in both viral infection and transient expression
assays conducted in HeLa cells (29, 30).
E1A induces PCNA expression through an increase in

promoter activity (31), and mutational analysis has defined a
novel cis-acting PCNA E1A-responsive element, termed the
PERE (32). The PERE resides between nucleotides 259 and
245 relative to the transcription start site in the PCNA
promoter and contains a sequence from 252 to 245 which is
homologous to an activating transcription factor (ATF) motif
(32). Both basal and E1A 243R-induced PCNA expression
require this element in transient expression assays (32) and
moreover, the PERE can confer E1A-responsiveness to a
heterologous promoter (33).
TounderstandhowE1A243R transactivates PCNAexpression

we have sought to identify cellular factors that bind to the PERE.
Previously, data indicated that the transcription factor ATF-1 is
a major component of PERE-binding protein complexes (34). In
this report, we demonstrate that the cAMP response element
binding protein (CREB) transcription factor also binds to the
PERE and heterodimerizes with ATF-1 at this site. Results of
transfection experiments show that CREB is able to mediate a
response to E1A 243R in vivo, whereas ATF-1 does not. Fur-
thermore, the transcriptional coactivator, the CREB-binding
protein (CBP), appears to associate with PERE-protein com-
plexes and like CREB, can mediate induction of the PCNA
promoter by E1A 243R. Taken together, our data support a
model by which the E1A 243R oncoprotein targets and transac-
tivates the PCNA promoter via CBP and the sequence-specific
CREB transcription factor.
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MATERIALS AND METHODS
Plasmids. ATF-1 and CREB cDNA sequences were inserted

in-frame into the unique 59 XbaI and 39 BamHI sites of the
cytomegalovirus (CMV) promoter-driven GAL4 DNA-binding
domain (DBD) expression construct pCGGAL4 (1 to 94) vector
(35) by conventional subcloning techniques and PCR. The
pGAL4-CBP effector construct was created by subcloning the
XbaI and BamHI CBP cDNA inserts from pGAL4CBP 8.0 (36)
into the unique 59 XbaI–39 BamHI sites of pCGGAL4 (35).
Reporter plasmids G5PCNA-CAT, PCNA-87 CAT, and ATF-
BAM CAT have been described previously (30, 33). Vectors
expressing the E1A 243R oncoprotein (pCMV 12S), a truncated
E1A 12S product (pCMV12S.FS), E1A mutants: pCMV D 2–36,
pCMV D 30–85, pCMV D 2–85, pCMV D 86–120, pCMV D
120–140, the E1B 19-kDa protein (pCMV19K), and pON260, a
plasmid expressing the b-galactosidase gene under the control of
the CMV promoter have been described previously (30, 37–39).
Rous sarcoma virus-ATF-1 (40) was provided by S. Wagner
(University of Massachusetts Medical Center), and Rous sar-
coma virus-CREB (41) and mutant GAL4-CREB plasmid
(GAL4-CREB pm) were provided by M. Gilman (Ariad Phar-
maceuticals).
Cell Culture. Monolayer cultures of HeLa cells (ATCC

CCL2) were grown under 5% CO2 in DMEM supplemented
with 10% fetal calf serum and 100 mg each of penicillin and
streptomycin per ml. Monolayer cultures of human 293 cells
were grown in the same medium containing 10% calf serum
instead of 10% fetal calf serum.
Transfections. Transient expression assays were performed by

calcium phosphate precipitation as previously described (31).
HeLa cells at 50% confluence in 60-mm plates were transfected
with 5 mg of reporter construct, 5 mg of effector construct, 1 mg
pCMVbGAL (pON260), 0.5 mg of pCMV19K, 0.5 mg of E1A
expression plasmid (pCMV12S.FS, pCMV12S, or pCMV E1A
mutants), and salmon spermDNA to 20 mg total DNA per plate.
Human 293 cells were transfected with 5 mg of G5PCNA-CAT
reporter construct, 5 mg of effector construct, 1 mg of
pCMVbGAL (pON260), and salmon spermDNA to a total of 20
mg per 60-mmplate. Cells werewashed twicewith PBS 16 hr after
transfection, and fresh medium was added to the plates. Cells
were harvested 45–48 hr after transfection.
Enzyme Assays. Extracts from cells were prepared by freez-

ing and thawing cells in 0.25 M TriszHCl (pH 8.0). Assays for
chloramphenicol acetyltransferase (CAT) activity were per-
formed to yield values within the linear range of this assay and
were quantified with a Betascan System (AMBIS). CAT
activity was expressed as a percentage of chloramphenicol
acetylated by 50 ml of extract incubated at 378C for 1 hr.
b-Galactosidase activity was expressed as the optical density at
420 nm obtained with 20 ml of extract incubated at 378C. CAT
activity results were normalized to b-galactosidase activity to
adjust for transfection efficiency and expressed relative to the
level of CAT activity obtained by cotransfection of reporter
plasmid with pCMV12S.FS.
Electrophoretic Mobility Shift Assays (EMSA). Double-

stranded oligonucleotide probes in EMSAs were end-labeled
with [a-32P]dATP (3,000 Ciymmol) using DNA polymerase I
(Klenow fragment) and purified by PAGE. DNA binding
assays were performed essentially as described in ref. 34. In
brief, HeLa cell nuclear extracts (5mg) were incubated with 13
EMSA buffer (12 mM Hepes, pH 7.6, 50 mM NaCl, 1 mM
DTT, and 5% (volyvol) glycerol, 2 mg poly(dI-dC)zpoly(dI-
dC), and oligonucleotide probes (20,000 cpm) in a final volume
of 20ml. DNA binding reactionmixtures were resolved on a 5%
polyacrylamide (29:1 Bis)-0.53 89 mM Trisy89 mM boric
acidy2 mM EDTA, pH 8.0 gel, after a 15-min incubation at
378C. In EMSA experiments with in vitro translated proteins,
5 mg of BSA (Boehringer Manheim) was included in the DNA

binding mixtures. Gels were subject to electrophoresis at 48C
(10 Vycm), and dried for autoradiography.
In Vitro Transcription and Translation. Plasmids pT7CREB

(42) and pGEM-ATF-1 (40) were used to synthesize full-length
CREB and ATF-1 proteins, respectively, using the ProMega
TNT Kit or homemade T7 RNA polymerase and rabbit
reticulocyte lysate. EMSAs were performed with unlabeled
proteins, and [35S]methionine-labeled proteins were synthe-
sized in parallel reactions. Translation products were analyzed
in SDSy12% PAGE.

RESULTS
CREB-PERE Complexes. The transcription factor ATF-1

binds to the PERE (34), yet ATF-1 is reportedly unresponsive to
E1A (42, 43). ATF-1 binds to DNA as either a homodimer or a
heterodimer with the CREB transcription factor (40, 44, 45).
Previous antibody-interference assays did not reveal any CREB
binding at the PERE (34), although protein purification and
UV-crosslinking studies demonstrated that a protein of'45 kDa,
similar to the molecular mass of CREB (41), associates with the
PERE (data not shown). To test directly whether CREB can bind
to the PERE, we performed EMSAs with CREB protein syn-
thesized in a cell-free translation system (IVT). With the radio-
labeled PEREprobe IVTCREB formed a specific complex (Fig.
1A, lane 2), not observed with unprogrammed reticulocyte lysate
(lane 1). The addition of excess unlabeled wild-type PERE
competitor oligonucleotide abrogated the CREB complex (lane
3), whereas complex formation was unaffected by the addition of
excess cold BAM oligonucleotide (lane 4), which contains a 4-bp
mutation within the core of the ATF-consensus binding site.
Moreover, IVT CREB failed to form a complex when the BAM
oligonucleotide was used as a probe (lane 7). Finally, anti-CREB
antibody (Ab244) was able to inhibit formation of the IVTCREB
complex with a faint indication of a supershifted band (lane 5)
and CREB antibody (24H4B) could supershift the IVT CREB
complex bound to the DNA probe (lane 6), confirming CREB
binding to the PERE site.
As shown previously (34), the PERE gives a single band with

cell-free synthesized ATF-1 (Fig. 1B, lane 1). This band has a
greater mobility than the band formed with IVT CREB (lane
3). Significantly, when IVT CREB and IVT ATF-1 were
incubated together, three complexes were formed (lane 4).
Their specificity for the PERE was demonstrated by compe-
tition experiments in which all three bands were abrogated by
excess unlabeled PERE oligonucleotide but unaffected by the
unlabeled BAM oligonucleotide (lanes 6 and 7). No complexes
were formed with the BAM oligonucleotide probe (lane 8).
The two faster-migrating bands comigrated with P2 and P3
(compare lanes 4 and 5), two PERE-related complexes that
form with HeLa cell nuclear extracts and correlate with PCNA
promoter activity in vivo (34). The middle band, which comi-
grates with complex P2, appeared only when both CREB and
ATF-1 were present together, implying that it is a heterodimer
of CREB and ATF-1. Complex P3 presumably contains a
homodimer of ATF-1 because it comigrates with the band
derived from IVT ATF-1 (compare lanes 1 and 5). We deduce
that the stoichiometric ratios of CREB and ATF-1 in the HeLa
cell nuclear extract are such that the majority of CREB is
heterodimerized with ATF-1 and the CREB homodimer is
undetectable in the conditions used in our PERE EMSAs.
E1A Transactivation via CREB. To determine whether

ATF-1 or CREB can mediate a response to E1A 243R at the
PCNA promoter, we tested each of these proteins in transient
expression assays conducted in HeLa cells. As diagrammed in
Fig. 2A, GAL4-fusion constructs encoding either ATF-1 or
CREB were cotransfected with the G5PCNA-CAT reporter,
in which the PERE and PCNA gene sequences upstream of it
are replaced by five tandem GAL4 DNA-binding sites (33).
When brought to the GAL4 DNA-binding site, GAL4-CREB
increased basal transcription levels from the G5PCNA-CAT
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reporter (Fig. 2B, lane 5; Fig. 2C). Moreover, GAL4-CREB
was able to mediate a response to E1A 243R when cotrans-
fected with the wild-type E1A 12S expression plasmid ('5- to
6-fold over basal levels, obtained with the 12S.FS control;
compare lanes 5 and 6). The ability of E1A 243R to transac-
tivate the minimal PCNA promoter via CREB was a specific
effect in that E1A 243R was unable to transactivate the
promoter when either GAL4-ATF-1 (lane 4) or the GAL4
DBD alone (lane 2) was bound to the promoter. We carried

out similar transfections in adenovirus-transformed 293 cells,
which express endogenous E1A protein. Again, the GAL4-
CREB effector plasmid increased G5PCNA-CAT expression
whereas neither GAL4-ATF-1 or the GAL4 DBD alone had
any detectable effect on CAT activity (Fig. 2D).
We then examined the effects of CREB and ATF-1 overex-

pression in the context of the wild-type PCNA-87 CAT and
mutant ATF-BAM CAT reporter constructs (Fig. 3A). Consis-
tent with the results obtained with the G5PCNA-CAT reporter,
transient expression assays indicated that ATF-1 overexpression
had no effect upon PCNA-CAT basal or E1A 243R-induced
transcription, whereas cotransfection of a CREB expression
plasmid increased both basal and E1A 243R-induced transcrip-
tion from PCNA-87 CAT (Fig. 3B). The increase brought about
by CREB overexpression was dose-dependent (data not shown)
and dependent upon the PERE site. CREB’s effect was elimi-
nated by the ATF-BAMmutation (Fig. 3B), which also abrogates
PCNA transactivation by E1A 243R (30) and abolishes CREB
and ATF-1 binding to the PERE in vitro (Fig. 1 A and B; ref. 34).
Taken together, these data point to CREB as a limiting factor for
PCNA transcription, and to its role in regulation by theE1A243R
oncoprotein.
Involvement of CBP. The discovery of CREB binding at the

PERE prompted us to examine the possible involvement of the
CBP andyor its functional homologue p300 in mediating PCNA’s
response to E1A. Although CBP is distinct from p300, the two
proteins share many structural and functional features as tran-
scriptional coactivators that bind to similar regions of the E1A
oncoprotein (46–48). Furthermore, previousmutational analyses
of theE1A 243Rprotein suggested that those regions of E1A that
bind to CBPyp300 are required for optimal PCNA induction by
E1A 243R (39). In mobility shift experiments, an antibody
specific for CBP (A-22) gave rise to a supershifted PERE-
associated complex and concomitantly diminished the intensity of
complexes P2 and P3 (Fig. 4A; lane 4). A second anti-CBP
antibody (C-20) also reduced the intensity of the P2 and P3
complexes, but no supershifted complex was observed (lane 6).
Although these effects were not drastic, they were reproducible,
and several observations argue for their significance. Preincuba-
tion of the anti-CBP antibodies with their respective antigenic
peptides blocked the supershift andyor diminution of P2 and P3
complexes, demonstrating specificity of the effects by these
antibodies (lanes 5 and 7). Furthermore, these anti-CBP anti-
bodies had no effect on IVT ATF-1 or CREB in EMSAs (data
not shown). In contrast, antibodies directed against the cellular
factor p300 had no detectable effect on complexes P2 and P3
(lanes 2 and 3). While these data are inconclusive with respect to
p300, they implicated CBP in PERE-bound complexes.
We therefore examinedwhetherCBP, likeCREB, canmediate

a response to E1A 243Rwhen bound to theGAL4DNA-binding
sites of the G5PCNA-CAT reporter. Previous reports indicated
that E1A 243R is able to repress CREB-mediated and p300y
CBP-mediated transcription at certain promoters (47, 48). As
expected, when cotransfected with this reporter plasmid, GAL4-
CBP increased basal transcription activity (Fig. 4B, lanes 5 and 6;
Fig. 4C). In marked contrast to what has previously been ob-
served at other promoters (47, 48), but consistent with E1A 243R
transactivation of the PCNA promoter, cotransfection of E1A
12S dramatically transactivated GAL4-CBP when bound to the
G5PCNA-CAT reporter (Fig. 4B, lanes 7 and 8; Fig. 4C).
To determine if the p300yCBP binding domain of E1A 243R

was necessary to transactivate both CBP and CREB, we used
a panel of E1A mutants that differ in their ability to interact
with p300yCBP. Similar to results shown in Figs. 2 and 4,
wild-type E1A 243R (E1A 12S) transactivated GAL4-CREB
and GAL4-CBP '6- and '8-fold, respectively, in transient
expression experiments with the G5PCNA-CAT reporter (Fig.
5A). However, E1A proteins harboring deletions of amino
acids from 2–36 (E1A D2–36), 30–85 (E1A D30–85), or 2–85
(E1AD2–85), which are unable to interact with p300yCBP (49,

FIG. 1. CREB transcription factor binds to the PERE. (A) Full-
length CREBwas synthesized in vitro and incubated with a-32P-labeled
PERE or BAM probe. IVT-CREB formed a specific complex (C) on
the PERE probe not present with the mutant BAM probe. PERE
probe was also incubated with unprogrammed reticulocyte lysate
(RRL) as a control. Supershifted CREB complexes produced by
anti-CREB antibodies are denoted by arrowheads. (B) CREB forms
a heterodimer with ATF-1 on the PERE and forms complexes
comigrating with complexes P2 and P3. Full-length ATF-1 and CREB
were synthesized in vitro and bound to the PERE probe individually
or mixed together in DNA binding reactions. The positions of P1–3,
DNA-protein complexes formed from HeLa cell nuclear extract (5
mg), are indicated. The PERE oligonucleotide (59-CAGCGTGGT-
GACGTCGCAACG-39) contains sequences from260 to240 relative
to the transcription start site of the human PCNA promoter. The BAM
oligonucleotide (59-CAGCGTGGTGGATCCGCAACG-39) harbors a
4-bp mutation within the ATF consensus binding site that abrogates
PCNA promoter transactivation by E1A in vivo (30, 32). Anti-CREB
antibodies (Ab244, M. Montminy, Harvard Medical School; 24HB4,
Santa Cruz Biotechnology) were preincubated in the DNA binding
mixture for at least 1 hr at 48C before the addition of radiolabeled
probe.
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50), are impaired for activation of G5PCNA-CAT through
GAL4-CREB or GAL4-CBP (Fig. 5A). In contrast, deletions
of E1A that do not affect p300yCBP binding did not adversely
affect E1A’s ability to transactivate the G5PCNA-CAT re-
porter via GAL4-CREB or GAL4-CBP (Fig. 5A), E1A D86–
120, and E1A D120–140). The pattern of stimulation by the
various E1A mutants was similar when either GAL4-CREB
and GAL4-CBP was used.
As a further test of CBP’s involvement, we used a mutant

GAL4-CREB fusion protein deficient in its ability to interact
with CBP and assessed its ability tomediate transactivation of the
G5PCNA-CAT reporter by E1A 243R. CBP has been shown to
bind specifically to CREB protein phosphorylated at a conserved
serine residue via a direct mechanism (36, 51). Mutation of this
serine residue abolishes the cAMP-dependent transactivation of
CREB and its ability to bind to CBP (36). Consistent with our
hypothesis that E1A 243R is transactivating CREB via CBP, a
mutant GAL4-CREB plasmid containing a serine to alanine
substitution at residue 133 (GAL4-CREBpm) could notmediate
transactivation of the G5PCNA-CAT reporter by E1A 243R as
compared with wild-type GAL4-CREB protein (Fig. 5B). Taken
together, the observations presented in Fig. 5 indicate that
transactivation of PCNAexpression byE1Aoccurs throughdirect
interactions between CREB, CBP, and E1A 243R.

DISCUSSION
The E1A 243R protein generally represses transcription by
inhibiting enhancer function (50, 52), a property that correlates

FIG. 2. CREBmediates transactivation by E1A 243R of the PCNA
promoter. (A) Experimental design and schematic diagram of the
G5PCNA-CAT reporter plasmid andGAL4-fusion protein constructs.
G5PCNA-CAT (33) has five tandemGAL4DNA-binding sites located
upstream of the PCNA basal promoter (sequences from 247 to 162)
linked to a CAT reporter. GAL4-ATF-1, GAL4-CREB, or GAL4-
DBD were cotransfected into HeLa cells with either pCMV12S.FS or
pCMV12S. A representative experiment shown in B and C displays an
average of three independent transfections performed in duplicate,
with SD indicated. Transient expression assays with human 293 cells
were carried out with GAL4-ATF-1, GAL4-CREB, or GAL4-DBD

FIG. 3. CREB enhances both basal and E1A-transactivated tran-
scription from the wild-type PCNA promoter. (A) Schematic diagram
of wild-type PCNA-87 CAT and ATF-BAMCAT reporters (30). Both
constructs contain PCNA promoter sequences from 287 to 162
linked to the CAT reporter. The X marked within the PERE box of
the ATF-BAM CAT construct denotes a 4-bp mutation that abolishes
E1A 243R transactivation of the PCNA promoter in vivo and CREB
and ATF-1 binding in vitro. (B) Rous sarcoma virus-ATF-1 (40) (5 mg)
or 5 mg of Rous sarcoma virus-CREB (41) were cotransfected into
HeLa cells with 5 mg of PCNA-87 CAT or ATF-BAM CAT and 0.5
mg or pCMV12S.FS or pCMV12S as indicated. Results represent three
independent experiments performed in duplicate with SD indicated.

and the G5PCNA-CAT reporter. (D) An average of two independent
experiments carried out in duplicate, with SD noted.
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with its ability to bind to p300yCBP (49, 53). In spite of this effect,
E1A 243R is capable of transactivating a number of viral and
cellular promoters (29, 31, 54–57). E2F-dependent transactiva-
tion and the relief ofYY1 transcriptional repression byE1A243R
are two mechanisms by which this oncoprotein has been shown
to transactivate promoters (54, 58–60). However, the human
PCNA promoter lacks a clearly defined E2F-binding site (31),
and although we have demonstrated the binding of YY1 to the
initiator sequence of the promoter (34), no functional significance
has been attributed toYY1-binding at the PCNApromoter in the
context of E1A transactivation (32).
Because E1A is not a sequence-specific DNA binding protein

(61, 62) its ability to transactivate DNA sequences presumably
involves protein-protein interactions. Our data suggest amodel in
which E1A 243R is targeted to the PCNApromoter at the PERE
site via a CREB-CBP-DNA pathway and may provide an exam-FIG. 4. CBP is a component of PERE-associated complexes. (A)

Effects of antibodies to CBP or p300 in EMSAs. HeLa cell nuclear
extract (5 mg) was preincubated for 1 hr at 48C with antibody (1 mg)
to p300 (lanes 2 and 3) or CBP (lanes 4–7) before incubation with
radiolabeled PERE probe for 15 min at 378C. Antibodies were as
follows: 1, anti-p300 (C-20; Santa Cruz Biotechnology); 2, anti-p300
(Upstate Biotechnology, Lake Placid, NY; catalog no. 05-222); 3,
anti-CBP (A-22; Santa Cruz Biotechnology); 4, anti-CBP (C-20; Santa
Cruz Biotechnology). For lanes 6 and 8, the antibody was first
preincubated with its antigenic peptide (A-22 P or C-20 P; Santa Cruz
Biotechnology) for 2 hr at 48C before mixing with nuclear extract. No

FIG. 5. (A) Transactivation of PCNA through CREB and CBP by
E1A requires p300yCBP binding regions of E1A 243R. The G5PCNA-
CAT reporter plasmid was cotransfected into HeLa cells with either
GAL4-CREB or GAL4-CBP and wild-type, or pCMV12S.FS, or
mutant E1A expression plasmids (pCMVD2–36, pCMVD30–85,
pCMVD2–85, pCMVD86–120, and pCMVD120–140) as indicated.
CAT activity values represent an average of three independent ex-
periments performed in duplicate with SD noted. (B) Transactivation
of CREB by E1A requires CBP. HeLa cells were transiently trans-
fected with the G5PCNA-CAT reporter plasmid and either GAL4-
CREB or GAL4-CREB pm and wild-type pCMV12S or the control
pCMV12S.FS plasmid. Relative CAT activity values represent an
average of two independent experiments performed in duplicate with
SD indicated.

antibodies were added in lanes 1 and 8. Complexes P1–3 are noted, and
the complex supershifted by anti-CBP antibody in lane 4 is marked by
an open arrowhead. (B and C) CBP mediates transactivation by E1A
243R when bound to the PCNA promoter. Five micrograms of
pGAL4-CBP or GAL4 DBD alone was cotransfected into HeLa cells
with 5 mg of G5PCNA-CAT reporter and 0.5 mg of either
pCMV12S.FS or pCMV12S where indicated. A representative exper-
iment is shown in B, and an average of three independent experiments
performed in duplicate is shown in C with SD indicated.
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ple of an alternative mechanism by which E1A 243R can activate
transcription at certain promoters in a sequence-specific fashion.
Once localized at the PCNA promoter, how does E1A 243R
up-regulate gene transcription? The presence of CBP at the
PERE provides a physical bridge between E1A and the general
transcription machinery, as CBP has been demonstrated to
interact with TFIIB (63). One can envisage that E1A 243R alters
interactions between CBP and general transcription factors,
thereby promoting the assembly of initiation complexes on the
PCNA basal promoter and increasing transcription. Alterna-
tively, because those regions of E1A 243R that bind to the
retinoblastoma-related p107 protein also are required for optimal
transactivation byE1A (39), additional interactions betweenE1A
243R and p107 may be required to induce PCNA expression. It
is possible that E1A mediates the relief of transcriptional inhi-
bition of cellular factors, including p107, which associate with the
PCNA promoter.
The binding of CBPyp300 to E1A is well established as an

important interaction for the transforming and growth-inducing
abilities of this viral oncoprotein. As PCNA is tightly associated
with cellular growth activities, its transactivation by E1A may
represent one link between the processes of transcription and
neoplastic transformation. Furthermore, the association of
CREB and CBP with the PCNA promoter has implications for
growth control in normal cells. The involvement of CREB and
CBP in the regulation of PCNA gene expression provides new
insights into additional mechanisms by which the cell cycle and
normal cellular growth may be influenced via these two proteins.
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