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The steroid hormone progesterone acts via high-affinity nuclear receptors that interact with specific DNA
sequences located near the promoter of the hormone-responsive gene. Recent studies suggested that the
hormone-occupied progesterone receptor (PR) mediates gene activation by recruiting a cellular coregulatory
factor, termed coactivator, to the target promoter. The identity and mechanism of action of the coactivator(s)
that regulates transcriptional activity of PR are currently under investigation. Here we provide evidence that
the hormone-occupied PR forms a multisubunit receptor-coactivator complex containing two previously de-
scribed coactivators, CREB-binding protein (CBP) and steroid receptor coactivator 1 (SRC-1, a member of the
p160 family of coactivators), in nuclear extracts of human breast tumor T47D cells. The association of CBP and
SRC-1/p160 with the receptor complex is entirely hormone dependent. Both CBP and SRC-1/p160 possess
intrinsic histone acetyltransferase (HAT) activity, and it has been recently proposed that these coactivators
function by modulating chromatin structure at the promoter of the target gene. Interestingly, addition of
purified CBP to the nuclear extracts of T47D cells markedly stimulated progesterone- and PR-dependent
transcription from a nucleosome-free, progesterone response element (PRE)-linked reporter DNA template.
Furthermore, depletion of SRC-1/p160 by immunoprecipitation from these transcriptional extracts also sig-
nificantly impaired PR-mediated RNA synthesis from a naked PRE-linked DNA template. These results
strongly implied that CBP and SRC-1/p160 facilitate receptor-mediated transcription in these cell extracts
through mechanisms other than chromatin remodeling. We also observed that the adenoviral oncoprotein E1A,
which interacts directly with CBP, repressed PR-mediated transactivation when added to the nuclear extracts
of T47D cells. Supplementation with purified CBP overcame this inhibition, indicating that the inhibitory effect
of E1A is indeed due to a blockade of CBP function. Most importantly, we noted that binding of E1A to CBP
prevented the assembly of a coactivation complex containing PR, CBP, and SRC-1/p160, presumably by
disrupting the interaction between CBP and SRC-1/p160. These results strongly suggested that E1A repressed
receptor-mediated transcription by blocking the formation or recruitment of coactivation complexes. Collec-
tively, our results support the hypothesis that the assembly of a multisubunit coactivation complex containing
PR, CBP, and SRC-1/p160 is a critical regulatory step during hormone-dependent gene activation by PR and
that the fully assembled complex has the ability to control transcription through mechanisms that are

independent of the histone-modifying activities of its component coactivators.

The steroid hormone progesterone profoundly influences
the development and function of tissues such as the uterus,
ovary, mammary gland, and brain (6, 13, 35, 49). In the human,
the physiological effects of progesterone are mediated through
high-affinity progesterone receptor isoforms PR-A and PR-B
that are located in the nuclei of target cells (23). PRs belong to
the steroid-thyroid receptor superfamily and, like other mem-
bers of this family, regulate the transcription of specific cellular
genes in a hormone-dependent manner (7, 54). Their tran-
scriptional activity, however, is strongly influenced by cell and
promoter contexts (16, 55). Whereas PR-B functions as an
efficient transactivator of progesterone-responsive genes in all
cells tested, the transcriptional activity of PR-A varies widely
depending on the cell and promoter types (56). The initial step
in the gene regulatory pathway of PR appears to be the inter-
action of the hormone-occupied receptor with specific DNA
sequences located near the target promoter (3). Previous stud-
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ies using crude transcriptional extracts indicated that PR stim-
ulates mRNA synthesis by facilitating the assembly of a tran-
scription initiation complex containing RNA polymerase II
and the basal transcription machinery (4, 27). Recent studies
from several laboratories indicated that the DNA-bound, hor-
mone-occupied PR mediates gene activation by recruiting a
cellular coregulator, termed coactivator, to the target pro-
moter (see reference 20 and 24 for reviews; 44, 58, 63). The
polypeptide components of the coactivator and its mechanism
of action in PR-mediated transactivation, however, remain un-
clear.

During the past 4 years, using yeast two-hybrid assay, far-
Western cloning, and biochemical methods based on affinity
chromatography, several groups have reported the isolation of
novel nuclear receptor-interacting proteins that may serve as
coactivators during hormone-induced transactivation (12, 19,
20, 22, 24, 33, 44, 45, 52, 58). A hallmark of these putative
coactivators is that they interact with the nuclear receptors in
a ligand-dependent manner. Onate et al. initially reported the
cloning of steroid receptor coactivator 1 (SRC-1), which func-
tions as a coactivator of the transactivation pathways of several
nuclear hormone receptors including PR (44). Additional re-
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ceptor-interacting proteins, TIF2/GRIP1 and pCIP/ACTR/
RAC3/AIB1, which show striking structural similarity to
SRC-1, were isolated by other laboratories (1, 12, 22, 33, 44,
52, 58). The pairwise similarities were estimated to be 64%
between SRC-1 and TIF-2/GRIP1, 60% between SRC-1 and
pCIP/ACTR/RAC3/AIB1, and 65% between TIF-2/GRIP1
and pCIP/ACTR/RAC3/AIBL1 (33). The remarkable structural
similarity among these proteins, all of which exhibit an approx-
imate molecular size of 160 kDa, indicates the existence of a
p160 family of nuclear receptor coactivators. All members of
the p160 family are found to interact with the ligand-binding
domain (LBD) of PR in an agonist-dependent manner in vitro
and significantly enhance progesterone-dependent transactiva-
tion of a responsive promoter in transient transfection exper-
iments (33, 44, 58).

In addition to the p160 family of proteins, other potential
coactivators have been described (20, 24). Prominent among
these is the transcriptional coactivator CREB-binding protein
(CBP) (32). It has been reported that CBP and its homologue
p300 interact with several nuclear receptors in a hormone-
dependent fashion and augment their transcriptional activity
(10, 26). Interestingly, CBP/p300 also interacts with p160 pro-
teins, and these two classes of coactivators act together in a
synergistic fashion to enhance ligand-dependent transactiva-
tion mediated by PR or the estrogen receptor (ER) (47). All
p160 proteins as well as CBP/p300 possess intrinsic histone
acetyltransferase (HAT) activity and are potential modulators
of chromatin structure at the target promoter (5, 12, 43, 48).
Microinjection of an anti-SRC-1 or anti-CBP antibody into
cultured cells partially blocked ligand-dependent gene activa-
tion by PR, ER, other nuclear receptors (10, 52). Most impor-
tantly, gene knockout studies show that loss of SRC-1 function
partially impaired physiological actions of ER and PR (60).
These results indicate that the p160 family of proteins, CBP/
p300, and possibly additional cofactors act in unison with the
activated nuclear receptors and the basal transcription appa-
ratus to effect steroid-dependent gene activation.

In this study, we investigated the functional contribution of
CBP and SRC-1 in PR-mediated gene activation in nuclear
extracts of human breast carcinoma T47D cells. Our studies
revealed the formation of a multisubunit coactivation complex
containing hormone-occupied PR, CBP, and SRC-1/p160. In-
terestingly, both CBP and SRC-1/p160 are found to be essen-
tial for efficient PR-mediated transactivation of nucleosome-
free target genes in T47D nuclear extracts. These results
suggested that the PR-coactivator complex facilitates tran-
scription of a target gene through alternative mechanisms that
are independent of the HAT activities of the coactivators. We
also observed that the viral oncoprotein E1A, which binds to
CBP, severely impaired PR-mediated transactivation. Our
studies indicated that E1A binding to CBP results in the dis-
ruption of the PR-CBP-SRC-1/p160 complex. The assembly of
the functional coactivation complex therefore emerges as a
novel control point for regulation of gene activation by the
nuclear receptors.

MATERIALS AND METHODS

Materials. Affinity matrix containing an immobilized monoclonal antibody
that recognizes the influenza virus hemagglutinin (HA) epitope, YPYDVPDYA,
was purchased from Covance, Denver, Pa. The free HA peptide was also ob-
tained from the same source. Protein A-Sepharose and glutathione-Sepharose
resins were purchased from Amersham-Pharmacia Biotech, Piscataway, N.J.

Antibodies. A truncated human SRC-1 ¢cDNA encoding amino acids 379 to
1440 was incorporated in a pET15b vector (Novagen, Madison, Wis.) and ex-
pressed in Escherichia coli according to previously published procedures (51).
Several hexahistidine-tagged proteolytic fragments of SRC-1 were isolated by Ni
affinity chromatography, and a mixture of these peptides was used as an antigen
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to raise a polyclonal antibody in the rabbit. Rabbit polyclonal antibodies against
CBP and the polyhistidine domain were purchased from Santa Cruz Biotech-
nology, Santa Cruz, Calif.

Culture of T47D cells and preparation of transcriptional extracts. T47D
human breast cancer cells were cultured in a growth medium containing 5%
charcoal-stripped fetal calf serum, and nuclear extracts were prepared from these
cells as described previously (3, 63).

Cell-free transcription assay. The conditions for progesterone-dependent,
cell-free transcription in T47D nuclear extracts and isolation of *?P-labeled
transcripts have been described previously (3, 63).

Baculovirus expression and purification of PR-B and CBP. Sf9 insect cells
were grown in spinner vessels in Grace’s insect medium/TNM-FH (Invitrogen,
Carlsbad, Calif.) supplemented with 10% fetal bovine serum (HyClone Labora-
tories, Logan, Utah). An N-terminal HA-tagged recombinant CBP (a gift of P.
Lieberman) was expressed in Sf9 cells. Cells were infected with the recombinant
virus at a multiplicity of infection of 5 for 40 h at 27°C. Cells were harvested, and
nuclear extracts were prepared by Dounce homogenization in buffer C contain-
ing 20 mM HEPES, 20% glycerol, 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride 1 pg of leupeptin per ml, 1 pg of aprotinin per ml,
and 400 mM KCI. Nuclear extracts were then incubated with resin linked to a
monoclonal antibody against HA (Covance) for 2 h at 4°C with end-over-end
rotation. The resin was washed three times with buffer D (20 mM HEPES [pH
7.9], 20% glycerol, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 pg of
leupeptin per ml, 1 pg of aprotinin per ml, 100 mM KCI). The bound proteins
were eluted at 30°C with buffer D containing 1 mg of HA peptide per ml. After
elution, dithiothreitol was added to each fraction to a final concentration of 1
mM. Protein expression was confirmed by Western blotting using a CBP anti-
body. The purified HA-tagged CBP was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining and was
typically 70 to 80% pure.

Baculovirus containing recombinant hexahistidine-tagged hPR-B (hPRO) and
its mutants hPRACore and hPRABC were constructed as described previously
(28). These proteins were expressed in Sf9 cells as described above. The cells
were harvested 48 h postinfection. Nuclear extracts were prepared by Dounce
homogenization in buffer C containing 350 mM NaCl; 100 pl of a 1:1 suspension
of Ni-nitrilotriacetic acid (NTA)-agarose (Qiagen, Valencia, Calif.) was added to
each nuclear extract, and the mixtures were incubated at 4°C for 1 h with
constant end-over-end rotation. The resin was washed three times with buffer C
containing 15 mM imidazole and a mixture of protease inhibitors. The resin-
bound PR and its mutants were then used in in vitro protein interaction exper-
iments.

Isolation of PR-coactivator complexes. Immobilized hexahistidine-tagged
PR-B and its mutants were treated with or without progesterone (1 uM) at room
temperature for 15 min and then incubated with approximately 1 mg of T47D
nuclear extracts for an additional 2 h at 4°C with mild agitation. The protein-
bound resin was washed three times with phosphate buffered saline. For purifi-
cation of the PR-CBP-SRC-1 complex, buffer C containing 160 mM imidazole
was used as the elution buffer. For other experiments, the bound proteins were
eluted by boiling with SDS-gel sample buffer and then subjected to Western
blotting using antibodies against hexahistidine tag (PR-B), CBP, and SRC-1.

Expression and purification of E1A. A full-length cDNA encoding the 13S
form of E1A with 5’ Ndel and 3’ BamHI ends was introduced between Ndel and
BamHI sites of the bacterial expression vector pET15b (Novagen). The expres-
sion of E1A as a hexahistidine (linked to the amino terminus of the protein)
fusion protein in E. coli and its purification by nickel affinity chromatography
were carried out as described previously (51). The Ni affinity-purified E1A
preparations were typically greater than 90% pure as estimated by SDS-PAGE.
To generate glutathione S-transferase (GST)-tagged E1A, we incorporated E1A
with 5" Ndel and 3" BamHI ends between Ndel and BamHI sites of the bacterial
expression vector GSTpET15b. Crude bacterial lysates containing GST-tagged
E1A were prepared following a previously published procedure (51); the fusion
protein was immobilized on glutathione-Sepharose and used in certain reactions.

Immunodepletion of SRC-1 from T47D nuclear extracts. Anti-SRC-1 poly-
clonal antibody or control immunoglobulin G (10 ug) was immobilized on pro-
tein A-agarose (25 pl) by incubation at 4°C for 2 h. The resin-bound antibody
was then incubated with T47D nuclear extracts (100 to 200 wg) at 4°C for 2 h with
mild agitation. The resin was separated from the extract by brief centrifugation.
The pellet and the supernatant were collected and tested for the presence of
SRC-1 by Western blotting. The supernatant was then assayed for its ability to
support progesterone-induced transactivation as described in Results.

RESULTS

Hormone-dependent interactions of PR-B with CBP and
SRC-1/p160. Our previous studies showed that PR mediates
progesterone-induced transactivation in nuclear extracts of
T47D cells (3, 63). We also demonstrated that depletion of
putative coactivator(s) from these extracts by a competing li-
gand-bound nuclear receptor impairs PR-dependent transac-
tivation (63). The coactivator(s) that plays a role in the tran-
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FIG. 1. Ligand-dependent interaction of PR with CBP and SRC-1. Nuclear
extracts (1 mg) of Sf9 cells containing baculovirus-expressed hexahistidine-
tagged PR-B were incubated with 50 pl of Ni-NTA-agarose in the presence or
absence of progesterone (1 wM). The resin-bound PR was washed extensively
and then incubated with T47D nuclear extracts (1 mg) for an additional 2 h at
4°C. The column was washed three times with phosphate-buffered saline and the
bound proteins were eluted by SDS-gel sample buffer. The eluted proteins were
subjected to Western blotting using antibodies against the hexahistidine tag
(lanes 1 and 2), CBP (lanes 3 and 4), and SRC-1 (lanes 5 and 6). The arrows
indicate the full-length polypeptides.

scriptional response of PR, however, remains unknown.
Recent studies indicated that SRC-1 and CBP are potential
coactivators of PR and other nuclear receptors (10, 26, 44, 47).
We therefore investigated whether PR interacts with endoge-
nous CBP and SRC-1 in T47D nuclear extracts in a hormone-
dependent fashion.

For this purpose, we incubated nuclear extracts of T47D
cells, which were grown in charcoal-stripped serum, with puri-
fied hexahistidine-tagged PR-B immobilized on Ni affinity
resin in the presence or in the absence of progesterone. Fol-
lowing extensive washing of the resin-bound receptor, the
bound proteins were eluted and analyzed by Western blotting
using antibodies against SRC-1, CBP, and the hexahistidine
moiety of PR (Fig. 1). As expected, both hormone-free and
hormone-bound PR-B were equally retained on the Ni affinity
column (lanes 1 and 2). No SRC-1 or CBP signal was observed
in the protein fraction containing hormone-free PR-B (lanes 3
and 5). In contrast, SRC-1 and CBP were present in the pro-
tein fraction containing hormone-occupied PR-B only (lanes 4
and 6). These results showed that SRC-1/p160 and CBP asso-
ciate with PR in a progesterone-dependent manner. Both of
these proteins therefore fulfill a major criterion to serve as the
coactivator of PR in T47D nuclear extracts. It is important to
mention here that although we used a polyclonal antibody that
was raised against SRC-1, we cannot rule out the possibility
that the antibody cross-reacts with other members of the p160
family and the observed signal may include contributions from
these proteins. We therefore refer to the SRC-1 signal as
SRC-1/p160 throughout the text.

Evidence for the generation of a hormone-dependent PR-
CBP-SRC-1/p160 complex. The hormone-dependent binding
of SRC-1/p160 and CBP to PR-B raised the possibility that
these coactivators are components of a multiprotein receptor-
coactivator complex. Alternatively, SRC-1/p160 and CBP
could exist in distinct receptor-coactivator complexes. To dis-
tinguish between these possibilities and to further analyze the
nature of the association of SRC-1/p160 and CBP with ligand-
bound PR-B, we performed the experiment described in Fig. 2.
We initially incubated nuclear extracts of T47D cells with im-
mobilized hexahistidine-tagged PR-B in the presence or in the
absence of progesterone as described in the legend to Fig. 1.
We expected that under these conditions, all possible receptor-
coactivator complexes such as PR-SRC-1/p160, PR-CBP, and
PR-CBP-SRC-1/p160, will be retained by the affinity resin. The
proteins that bound to hormone-free or hormone-bound PR-B
were eluted under native conditions and then subjected to
immunoprecipitation with an anti-CBP antibody. One would
expect that of all the possible populations of PR-coactivator
complexes, only those containing CBP, such as PR-CBP and
PR-CBP-SRC-1/p160, will be immunoprecipitated by the CBP
antibody. For the sake of convenience, we will refer to the
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FIG. 2. Isolation of a hormone-dependent PR-CBP-SRC-1/p160-complex.
Baculovirus-expressed hexahistidine-tagged PR-B was immobilized on Ni-NTA-
agarose and incubated with T47D nuclear extracts in the presence or in the
absence of progesterone (1 uM) as described in the legend to Fig. 1. The bound
proteins were eluted with buffer containing 160 mM imidazole. The eluted
proteins were incubated for 2 h at 4°C with a CBP antibody immobilized on
protein A-agarose. The protein A beads were washed extensively, and the bound
proteins were eluted by SDS-gel sample buffer. The eluted proteins were sub-
jected to Western blotting using antibodies against the hexahistidine tag (lanes 1
and 2), CBP (lanes 3 and 4), and SRC-1 (lanes 5 and 6). Arrows indicate the
full-length polypeptides.
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immunoprecipitates obtained from the proteins eluted from
hormone-free and hormone-occupied PR-B as minus-hor-
mone IP and plus-hormone IP, respectively. Western analyses
of both types of IP were performed using antibodies against
PR, CBP, and SRC-1.

As shown in Fig. 2, PR-B was detected only in the plus-
hormone IP (lanes 1 and 2). Whereas only a trace amount of
CBP was detected in the minus-hormone IP (lane 3), a robust
CBP signal was observed in the plus-hormone IP (lane 4).
These results are entirely consistent with the results of Fig. 1,
indicating that PR interacts with CBP in a hormone-dependent
manner. As expected, no SRC-1/p160 signal was detected in
the minus-hormone IP (lane 5). Surprisingly, an intense signal
was detected in the plus-hormone IP upon Western blotting
with the SRC-1 antibody. The most likely explanation for the
appearance of the SRC-1/p160 signal in plus-hormone IP is the
generation of a hormone-dependent multisubunit receptor-
coactivator complex containing that PR, CBP, and SRC-1/p160
in the T47D cell extracts.

PR LBD is required for the formation of a coactivation
complex. PR-B harbors two major transactivation functions,
AF-1 and AF-2 (9, 38). The core of the AF-1 activity is located
within the amino acids 457 to 538 (38). The AF-2 function, on
the other hand, is located within the carboxy-terminal amino
acids 642 to 933 containing the LBD of PR (14). A third
transactivation function, AF-3, is located within the N-terminal
164 amino acids of PR-B, and this appears to function only in
restricted cell and promoter contexts (46). Previous studies
indicated that SRC-1 and CBP could individually interact with
the LBD of PR and other nuclear receptors (10, 26, 44). Re-
cent reports, however, suggested that the N-terminal region
containing AF-1 of certain nuclear receptors can also interact
with SRC-1 (53, 59). We therefore investigated the region of
PR-B that is involved in interactions with the coactivator com-
plex. For this purpose, we tested two PR mutants for interac-
tion with the coactivator complex: (i) hPRACore, lacking the
AF1 core function, and (ii) hPRABC, lacking the LBD and the
AF-2 function. These PR mutants, as well as the full-length
PR-B, were immobilized on an affinity resin and incubated with
T47D nuclear extracts treated with or without progesterone.
The receptor-bound proteins were analyzed for the presence of
CBP and SRC-1/p160. We found that, like the wild-type PR,
hPRACore bound to SRC-1/p160 and CBP in a hormone-
dependent manner (Fig. 3, lanes 5 and 8). In contrast,
hPRABC did not exhibit any significant binding to either SRC-
1/p160 or CBP irrespective of hormone (Fig. 3, lanes 6 and 9).
Our results clearly indicated that the LBD of PR is critical for
binding to the CBP-SRC-1/p160 coactivator complex.

CBP enhances PR-mediated transactivation of a nucleo-
some-free PRE-linked DNA template. Previous studies indi-
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FIG. 3. PR LBD is necessary for interaction with the coactivator complex.
Nuclear extracts (1 mg) of Sf9 cells containing baculovirus-expressed hexahisti-
dine-tagged wild-type PR (hPRO) and its mutants hPRACore and hPRABC
were incubated with 50 pl of Ni-NTA-agarose in the presence of progesterone (1
wM). The resin-bound wild-type and mutant PRs were washed extensively and
incubated with T47D nuclear extracts as described in the legends to Fig. 1 and 2.
The column-bound proteins were eluted by SDS-gel sample buffer and subjected
to Western blotting using antibodies against the hexahistidine tag (lanes 1 to 3),
CBP (lanes 4 to 6), and SRC-1 (lanes 7 to 9).

cated that overexpression of a coactivator often leads to en-
hanced transcriptional activity of a nuclear receptor (10, 12, 26,
44, 47). Since CBP is a component of the hormone-dependent
PR-coactivator complex in T47D extracts, we sought to exam-
ine whether addition of this cofactor influences the hormone-
dependent transcriptional activity of the receptor. For this
purpose, we used a previously described cell-free transcription
system in which progesterone induced RNA synthesis from a
progesterone response element (PRE)-driven promoter in nu-
clear extracts of T47D cells (3). The transcriptional activation
was triggered by the hormone-induced binding of endogenous
PRs to PREs. Correct initiation of transcription from the PRE-
containing test template resulted in the synthesis of a 360-
nucleotide transcript (Fig. 4B, solid arrowhead). A slightly
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FIG. 4. CBP stimulates PR-dependent transcription from a chromatin-free
DNA template. (A) SDS-PAGE analysis of purified baculovirus-produced CBP.
An N-terminal HA-tagged recombinant CBP was expressed in Sf9 cells and
purified by HA immunoaffinity chromatography as described in Materials and
Methods. An aliquot of the purified CBP preparation was analyzed by SDS-
PAGE, and its polypeptide components were visualized by silver staining (lane
1). Bovine serum albumin (BSA) was added in the elution buffer as a carrier
protein. Lane 2 indicates the molecular weight markers. (B) T47D nuclear
extracts were preincubated at 25°C with or without 1 uM progesterone for 15
min. The nuclear extracts were assayed in cell-free transcription reactions con-
taining the test DNA template PRE,TATA and control DNA template
PAdML200. Purified HA-tagged CBP (10 pmol) was added as indicated to
transcription reactions. The transcription reactions (volume, 30 pl each) were
carried out, and the transcripts were analyzed as described previously (3, 63).
The solid and open arrowheads indicate the correctly initiated transcripts gen-
erated from the PRE-linked promoter and the internal control AAML promoter,
respectively. The CBP preparation was typically greater than 80% pure. The
concentration of CBP was determined by Coomassie staining followed by com-
parison of the intensity of the CBP band with that of BSA of known concentra-
tion.
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longer transcript for the test template represents basal tran-
scripts initiated randomly on the template upstream of the
G-free region and processed by T, RNase present in the tran-
scription reaction to generate a full-length G-free cassette
product. As shown in Fig. 4B, lane 1, in the absence of pro-
gesterone, only basal transcription was observed from the test
template. In the presence of progesterone, activated PR bound
to the PREs and directed significant (about 10-fold) induction
in the synthesis of accurately initiated transcripts from the test
promoter (Fig. 4B, lane 2, solid arrowhead).

Recombinant HA epitope-tagged CBP was produced in bac-
ulovirus-infected insect cells and was purified by anti-HA im-
munoaffinity chromatography (Fig. 4A). Addition of highly
purified CBP to nuclear extracts of T47D cells did not signif-
icantly affect transcription from a control adenovirus major
late (AdML) promoter (Fig. 4B). The addition of CBP, how-
ever, led to a marked stimulation of progesterone- and PR-
dependent transactivation from a PRE-linked reporter tem-
plate (compare lane 3 with lane 2). By our estimation, the
magnitude of this stimulation was at least four- to fivefold
greater than that induced by hormone-bound PR in these
extracts. Previous studies reported that CBP harbors a HAT
activity, which is thought to regulate chromatin structure (5,
43). However, in the cell-free transcription system, the DNA
templates are mostly devoid of functional nucleosomes. Our
results therefore suggested that CBP, which is recruited in a
PR-coactivator complex in a hormone-dependent manner, is a
rate-limiting coactivator capable of significantly enhancing re-
ceptor-induced RNA synthesis even from a chromatinless tar-
get DNA template.

SRC-1/p160 is essential for PR-mediated transactivation.
Since SRC-1 is a component of the multiprotein complex con-
taining hormone-bound PR and CBP, we next investigated
whether it also functions as a coactivator of PR in T47D nu-
clear extracts. To test this possibility, our approach was to
remove endogenous SRC-1 from these extracts by immuno-
precipitation and analyze the effects of its depletion on PR-
mediated transactivation. Incubation of T47D nuclear extracts
with an immobilized SRC-1 antibody led to a significant
(>80%) depletion of this protein from these extracts (Fig. 5A,
lanes 3 and 4). We then assessed the hormone-dependent
transcriptional activity of PR in these depleted extracts by
using a naked DNA template containing PREs. As shown in
Fig. 5B, immunodepletion of SRC-1 markedly inhibited pro-
gesterone-induced transactivation by PR (compare lanes 2 and
4). By our estimate, the PR-dependent transactivation was
inhibited 65 to 70% upon removal of the SRC-1 protein. As
mentioned above, we cannot rule out the possibility that the
SRC-1 antibody may cross-react with and deplete other mem-
bers of the p160 family from these extracts. Nevertheless, our
results demonstrated that SRC-1, and perhaps other members
of the p160 family, play an essential role in PR-dependent
transcription in T47D nuclear extracts. Most importantly, the
results of Fig. 4 and 5 strongly indicated that the coactivator
functions of SRC-1/p160 and CBP are not limited to chromatin
templates. It is therefore reasonable to conclude that these
cofactors enhance PR-mediated transactivation via mecha-
nisms that are independent of their HAT activities. Recently a
similar conclusion about the role of SRC-1 in receptor-depen-
dent transcription was reached by Liu et al. (34).

Oncoprotein  E1A blocks PR-mediated transactivation.
Since CBP appears to play a crucial role in PR-mediated trans-
activation, we reasoned that inhibition of its function would
also impair this process. It has been observed previously that
the oncoprotein E1A physically interacts with CBP and inhibits
its HAT activity and transactivation function (11, 61). Indeed,
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FIG. 5. Immunodepletion of SRC-1 impairs PR-dependent transcription.
Aliquots (50 pl each) of nuclear extracts (protein concentration, 5 mg/ml) of
hormone-free T47D cells were preincubated with SRC-1 antibody or control
antibody immobilized on protein A-linked agarose as described in Materials and
Methods. (A) The immunoprecipitate and supernatant were analyzed by SDS-
PAGE followed by Western blotting with SRC-1 antibody. (B) Aliquots (15 .l
each) of control (lanes 1 and 2) and SRC-1-depleted (lanes 3 and 4) nuclear
extracts were assayed for progesterone-induced RNA synthesis in cell-free tran-
scription reactions as described previously (3, 63). The solid and open arrow-
heads indicate the correctly initiated transcripts generated from the PRE-linked
promoter and the internal control ADML promoter, respectively. Six indepen-
dent sets of the same experiment were performed, and the results of a repre-
sentative experiment are shown. (C) Intensities of the RNA transcripts (360
nucleotides) generated from the test template were quantified by densitometry
and normalized with respect to the AAML transcripts. The value of the proges-
terone-dependent transcription supported by 15 ul of control nuclear extract was
adjusted to 100% (lane 1). The standard error of the mean value of the SRC-
1-depleted extract is shown (lane 2).

we observed that E1A strongly interacts with endogenous CBP
in T47D nuclear extracts. In the experiment described in Fig.
6A, we incubated GST-E1A or GST (control) immobilized on
glutathione resin with T47D nuclear extracts. Analysis of the
resin-bound polypeptides by Western blotting revealed that
GST-E1A, but not GST, efficiently retained CBP present in the
nuclear extracts (compare lane 1 with lane 2 or 3).

We next analyzed the functional effects of the binding of
E1A to CBP on PR-dependent transactivation in T47D nu-
clear extracts. For this purpose, we added increasing amounts
of purified recombinant E1A to such extracts and monitored
the effects on PR-induced RNA synthesis. As shown in Fig. 6B,
addition of up to 30 pmol of E1A did not have any significant
effect on transcription from a control AML promoter. E1A
addition, on the other hand, progressively inhibited PR-medi-
ated transactivation. These results strongly implied that bind-
ing of E1A to CBP impaired its function as a coactivator in
PR-mediated gene activation.
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FIG. 6. Repression of PR-dependent transcription by E1A. (A) EI1A inter-
acts with CBP in nuclear extracts of T47D cells. Bacterially expressed GST-E1A
or GST was immobilized on glutathione-linked Sepharose as described in Ma-
terials and Methods. The resin was then incubated with T47D nuclear extracts
for 2 h at 4°C with gentle agitation. The bound proteins were eluted by SDS-gel
sample buffer and subjected to Western blotting using an antibody against CBP.
Lane 1, 1 pg of GST; lanes 2 and 3, 1 and 2 pg of GST-E1A, respectively. (B)
Transcriptional inhibition by E1A. Increasing amounts of purified bacterially
expressed recombinant E1A (7, 15, 22, and 30 pmol) were added to the cell-free
transcription reactions containing progesterone-treated T47D nuclear extracts.
The E1A protein was preincubated with T47D nuclear extracts for 15 min on ice
before transcription reaction was performed as described previously (3, 63). The
solid and open arrowheads indicate the correctly initiated transcripts generated
from the PRE-linked promoter and the internal control AAML promoter, re-
spectively. The concentration of E1A was determined by comparing the intensity
of the stained E1A band with that of BSA in SDS-PAGE. Two independent sets
of the same experiment were performed, and the results of one representative
experiment are shown.

Supplementation of CBP reverses E1A-mediated repression
of PR-dependent transcription. By definition, if E1A represses
hormone-dependent transactivation by PR by directly interact-
ing with and inhibiting the function of endogenous CBP in
T47D nuclear extracts, one would expect that this repression
would be relieved by adding back excess CBP to these extracts.
To test this hypothesis, we performed the experiment de-
scribed in Fig. 7. As observed above, addition of E1A specifi-
cally inhibited progesterone-induced transactivation by PR
(compare lanes 2 and 3). This E1A-mediated repression was
efficiently reversed upon addition of purified recombinant CBP
to these extracts (lane 4). These results are therefore consis-
tent with our view that CBP, an essential coactivator of PR, is
a major target of E1A in T47D nuclear extracts, and a func-
tional consequence of this interaction is the inhibition of re-
ceptor-mediated transactivation.

Binding of E1A to CBP inhibits assembly of the coactivation
complex. It has been reported that E1A inhibits the HAT
activity of CBP/p300 (11). However, it is unlikely that such a
mechanism is operative during the E1A-mediated repression
of PR-dependent transcription from a nucleosome-free tem-
plate in our in vitro system. To address the mechanism of
E1A-induced inhibition, we therefore considered the possibil-
ity that the binding of E1A to CBP alters the molecular inter-
actions within the receptor-coactivator complex. To investigate
this, we initially incubated hexahistidine-tagged PR-B with
hormone-treated T47D nuclear extracts in the presence or in
the absence of E1A. The resulting receptor-coactivator com-
plexes were isolated by binding to nickel affinity resin and
elution by imidazole. The eluted proteins, a mixture of all
potential receptor coactivator complexes, were then immuno-
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FIG. 7. Supplementation of CBP alleviates E1A-mediated repression of PR-
dependent transcription. E1A (30 pmol) was preincubated with or without pu-
rified CBP (30 pmol) for 30 min on ice before addition to the cell-free transcrip-
tion reactions containing progesterone-treated T47D nuclear extracts. The
transcription reactions (volume, 30 pl each) were carried out, and the transcripts
were analyzed as described previously (3, 63). The solid and open arrowheads
indicate the correctly initiated transcripts generated from the PRE-linked pro-
moter and the internal control AJML promoter, respectively. Lane 3, E1A
without CBP; lane 4, E1A with CBP.

precipitated with an anti-CBP antibody. The immunoprecipi-
tate, which would include complexes containing CBP, was an-
alyzed by Western blotting to check for the presence PR-B,
CBP, SRC-1, and E1A. As described before, in the absence of
E1A, immunoprecipitation of CBP coprecipitated PR-B and
SRC-1/p160, indicating the formation of a PR-CBP-SRC-1/
p160 complex (Fig. 8, lanes 1, 7, and 10). Addition of increas-
ing amounts of E1A led to an increased binding of this protein
to the immunoprecipitated complex (lanes 5 and 6). Binding of
E1A to CBP resulted in a partial reduction in the PR-B signal
associated with CBP (compare lane 7 with lanes 8 and 9).
Strikingly, E1A binding to CBP led to a complete disappear-
ance of the SRC-1/p160 signal in the CBP immunoprecipitate
(compare lane 10 with lanes 11 and 12). These results strongly
suggested that binding of E1A to CBP alters the interactions
between the components of the PR-CBP-SRC-1/p160 complex
in such a way that it prevents the recruitment of a key com-
ponent, SRC-1/p160, to the coactivation complex. We propose
that this disruption of the assembly of a functional coactivation
complex contributes to the E1A-mediated repression of PR-
induced transactivation as seen in Fig. 6.

DISCUSSION

Recent studies from many laboratories indicated that most
members of the steroid-thyroid-retinoid receptor superfamily
require coactivators in addition to RNA polymerase II tran-
scription machinery to activate target gene transcription. The
coactivators are thought to be dispensable for basal transcrip-
tion but are essential to mediate the transcriptional response
by the activated hormone receptors (20, 23). A coactivator for
a nuclear receptor is expected to interact with the receptor in
a ligand-dependent manner. Furthermore, receptor-mediated
transactivation but not the basal transcription should be en-
hanced upon addition of the coactivator protein to a receptor-
regulated gene expression system. In the present study, we
observed that SRC-1/p160 and CBP interact with PR in a
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FIG. 8. E1A binding to CBP inhibits the assembly of a coactivation complex.
Progesterone-treated hexahistidine-tagged PR-B was immobilized on Ni-NTA-
agarose and incubated with T47D nuclear extracts as described in the legend to
Fig. 1. Purified hexahistidine-tagged E1A (none, 1 pg, and 2 pg) was added
during the incubation as indicated. The bound proteins were eluted with buffer
containing 160 mM imidazole. The eluted proteins were immunoprecipitated
with a CBP antibody immobilized on protein A-agarose. The protein A beads
were washed extensively, and the bound proteins were eluted by SDS-gel sample
buffer. The eluted proteins were subjected to Western blotting using antibodies
against the hexahistidine tag, CBP, and SRC-1. The arrows indicate the full-
length CBP (lanes 1 to 3), E1A (lanes 4 to 6), PR-B (lanes 7 to 9), and
SRC-1/p160 (lanes 10 to 12).

ligand-dependent manner. Addition of purified CBP signifi-
cantly enhanced PR-mediated transactivation in a cell-free
transcription system. Moreover, immunodepletion of SRC-1/
p160 markedly repressed PR-mediated transactivation in such
a system. Therefore, according to the criteria described above,
both CBP and SRC-1/p160 qualified as coactivators of PR in
human T47D breast carcinoma cells.

Previous studies by Kamei et al. indicated that a receptor-
coactivator complex may contain both SRC-1/p160 and CBP
(26). These workers used recombinant thyroid hormone recep-
tor bound to an amino-terminal (positions 1 to 450) fragment
of CBP to pull down SRC-1 from whole cell extracts of CV1
cells. The formation of a ternary complex between SRC-1/
p160, CBP, and a liganded nuclear receptor was not surprising,
as binary interactions between each pair of these components
had been shown to occur (10, 26). Later McKenna et al. per-
formed fractionation on a gel filtration column in an attempt to
isolate coactivator complexes bound to liganded PR in T47D
nuclear extracts (37). Although they were successful in isolat-
ing complexes containing PR and members of p160 family of
proteins, they failed to isolate any receptor complex containing
CBP. These studies indicated that a binary PR-CBP or a ter-
nary PR-CBP-SRC-1/p160 complex, if it exists, is less stable
than the PR-SRC-1/p160 complexes under the fractionation
conditions employed by McKenna et al. (37). Using a combi-
nation of affinity chromatography and immunoprecipitation,
we now demonstrate that a stable coactivation complex con-
taining PR, CBP, and SRC-1/p160 can indeed be isolated. In
this complex SRC-1/p160 and CBP simultaneously participate
in a multiprotein receptor-coactivator complex that is formed
on the LBD of the hormone-bound PR. The functional re-
quirements for both CBP and SRC-1/p160 in PR-dependent
transactivation is consistent with the presence of these cofac-
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tors in the coactivation complex. Although we focused on only
these two classes of coactivators in this study, it is conceivable
that the coactivation complex contains an additional cofac-
tor(s). A possible candidate is PCAF, a protein that was pre-
viously reported to interact with CBP/p300 as well as members
of p160 family and function as a coactivator for nuclear recep-
tors and other transcription factors (8, 12, 29, 42, 48).

The details of the molecular interactions between PR, CBP,
and SRC-1/p160 within the receptor-coactivator complex re-
main to be worked out. A number of plausible scenarios should
be considered. Each member of the p160 family contains sev-
eral hydrophobic LXXLL signature motifs that are thought to
be involved in receptor-coactivator interactions (21, 52). Crys-
tal structure analysis suggested that certain of these motifs fit
into a shallow hydrophobic groove created by the folding of
helices within the LBD of hormone-occupied nuclear recep-
tors (15, 36). In one possible scenario, SRC-1 or another p160
family member is in direct contact with the receptor, and CBP/
p300 is recruited to this complex primarily via its interactions
with the p160 protein. In support of this model, it has been
reported that a C-terminal region of CBP/p300 binds to SRC-1
in a receptor-independent manner (26, 62). In another sce-
nario, CBP/p300 may interact directly with the nuclear recep-
tor LBD and SRC-1/p160 is recruited through interaction with
the C terminus of CBP. This concept is consistent with the
observation that the N-terminal domain (1 to 450) of CBP/
p300 directly interacts with several nuclear receptors, including
retinoic acid, thyroid, retinoid X, and glucocorticoid receptors,
in a ligand-dependent manner (10, 26). This domain of CBP/
p300 contains two LXXLL motifs, either one or both of which
may potentially interact with the receptor (52). Finally, simul-
taneous contacts of SRC-1/p160 and CBP/p300 with the recep-
tor LBD should also be considered. It is interesting that the
LBD of PR appears to be sufficient for the assembly of a
coactivation complex. In our experiments, the N-terminal re-
gion of PR containing the AF-1 and AF-3 functions displayed
no detectable interaction with SRC-1 and only very weak in-
teraction with CBP (Fig. 3). These findings, however, do not
rule out the possibility that this domain may interact with the
coactivators in response to agents that induce chemical mod-
ifications such as phosphorylation (53).

Recent studies in a number of laboratories indicated that a
coactivator might function by regulating chromatin structure at
the target promoter via histone acetylation (50). While hy-
poacetylation of histones is thought to create a repressive chro-
matin conformation leading to gene repression, hyperacetyla-
tion may destabilize nucleosomes on a chromatin DNA. This,
in turn, is likely to allow the binding of a RNA polymerase II
transcription initiation complex at the core promoter, leading
to gene activation. It is therefore postulated that a promoter-
bound transcription factor such as a steroid hormone receptor
may facilitate transcriptional activation by recruiting one or
more HATSs to the target promoter (12, 29, 48). Consistent
with this hypothesis, many of the candidate nuclear receptor
coactivators such as CBP, PCAF, and SRC-1/p160 are known
to possess intrinsic HAT activity (5, 12, 43, 48). Interestingly,
recent reports suggested that CBP/p300 or SRC-1 enhanced
steroid receptor-dependent transactivation from a chromati-
nized hormone-responsive template (30, 34). Although it is
possible that this effect may involve modulation of chromatin,
it has not been determined whether HAT activity of CBP/p300
or SRC-1 plays any role in this process.

A growing body of evidence, however, suggests that chro-
matin remodeling may not be the only mechanism by which a
coactivator mediates its transcriptional response. It was ob-
served that the loss or inhibition of histone deacetylase func-
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tion in yeast, Drosophila, or mammalian cells does not always
correlate with enhanced transcription but produces rather
complex, mixed effects involving defects in both repression as
well as activation (57). Moreover, several nuclear receptors
function as activators or repressors in cell-free transcription
experiments where the majority of the reporter DNA tem-
plates are not packaged into chromatin (3, 4, 19, 51). Our
present studies showed that addition of exogenous CBP to
T47D nuclear extracts stimulated PR-dependent transcription
from a reporter DNA template that is devoid of any functional
nucleosomal structure. These results suggest that beyond its
possible involvement in chromatin structure modulation, a co-
activator(s) may activate transcription by an alternative or ad-
ditional mechanism that may not involve acetylation of core
histones. One of the possible mechanisms of PR-mediated
activation may involve the coactivator(s) providing a functional
link between the hormone-bound receptor and the basal tran-
scription machinery. In support of such a scenario, it has been
demonstrated that CBP/p300 can interact with certain compo-
nents of the RNA polymerase II initiation complex (32, 40, 41).
While such interactions may promote gene activation by sta-
bilizing the transcription initiation complex through protein-
protein interactions, recent studies compel us to also consider
the possible involvement of targeted acetylation of certain
basal initiation factors (25).

Our studies with the adenoviral E1A oncoprotein also sup-
port the concept that the coactivators may regulate nuclear
receptor function by mechanisms independent of any chroma-
tin modulatory activity. E1A is known to inhibit cellular dif-
ferentiation by repressing a number of cellular enhancers and
promoters (2, 17, 39). Such inhibitory effects of E1A correlate
well with its ability to interact directly with CBP/p300 and
retinoblastoma proteins (18, 61). E1A binding to CBP/p300
was reported to disrupt its interaction with other coactivators
such as PCAF and p/CIP (31, 61). Another important conse-
quence of E1A binding to CBP/p300 is the repression of the
HAT activity of this coactivator (11). In this study, we observed
that E1A repressed PR-dependent transactivation in cell-free
transcriptional extracts (Fig. 6). We clearly showed that CBP is
the target of E1A-mediated repression since this inhibition is
alleviated by addition of excess CBP. However, as our in vitro
transcription system contained only chromatin-free DNA tem-
plates, it is highly unlikely that the observed repression by E1A
is due to an inhibition of HAT activity of CBP/p300 or PCAF.
We therefore turned our attention to test whether E1A had
any effect on the stability of the receptor-coactivator complex.
We found that addition of E1A inhibited the assembly of a
PR-CBP-SRC-1/p160 complex. Based on these results, we fa-
vor the hypothesis that E1A inhibits the PR-dependent tran-
scription by disrupting the assembly of a coactivation complex
rather than inhibiting the chromatin modulatory function of a
component coactivator(s).

It is conceivable that one or more of the potential receptor-
coactivator complexes, such as PR-CBP, PR-SRC-1/p160, and
PR-CBP-SRC-1/p160, may contribute to the PR-mediated
transactivation observed in our cell-free transcription system.
CBP, which markedly enhanced PR-mediated transcription, is
likely to act by boosting the levels of rate-limiting amounts of
PR-CBP or PR-CBP-SRC-1/p160. Since E1A targets CBP to
exert its repressive effects, it is reasonable to assume that it
inhibits the function of either PR-CBP or PR-CBP-SRC-1/
p160. While E1A binding to CBP completely abolished its
interaction with SRC-1/p160, the level of CBP-associated PR
decreased only marginally even in the presence of excess E1A
(Fig. 8). We will therefore argue that the inhibition of assembly
of a PR-CBP-SRC-1/p160 coactivation complex is a major con-
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tributory factor in the strong repression displayed by E1A. We
speculate that the CBP-SRC-1/p160 interaction is crucial to
hold together the functional coactivation complex. E1A bind-
ing to CBP may sterically block the recruitment of SRC-1/p160
to the complex. Alternatively, E1A binding may induce a con-
formational change in CBP that triggers the dissociation of
SRC-1/p160 from the coactivation complex. Finally, one
should also consider the possibility that E1A binding to CBP
also leads to the dissociation of additional cofactors such as
PCAF, that might contribute to the stability and function of
such a complex.

The pathway of assembly of a multisubunit coactivator com-
plex is currently unknown. Multiple interactions between co-
activators of nuclear receptors are known to generate a variety
of subcomplexes. It has been documented that binary com-
plexes form in vitro between SRC-1 and CBP/p300, SRC-1 and
TIF2, CBP/p300 and PCAF, and SRC-1 and PCAF in a recep-
tor-independent manner (26, 37, 48, 52). These findings raise
the intriguing possibility that such smaller subcomplexes may
exist in the cell and the generation of a fully functional higher-
order coactivation complex would require sequential assembly
of these subcomplexes. The specific subcomplex(es) recruited
by a promoter-bound nuclear receptor may be dependent on
the relative abundance and stability of this complex in the cell
as well as its affinity for that particular receptor. In this way,
combinatorial diversity in the nature and function of the fully
assembled coactivation complex may be achieved. It is there-
fore conceivable that transcriptional response of the receptor
will be regulated by factors that affect the formation and
steady-state levels of these subcomplexes. This concept is
strengthened by our observation that binding of E1A to CBP
disrupts its interaction with SRC-1/p160. A decline in the
steady-state level of CBP-SRC-1/p160 may inhibit efficient as-
sembly of the coactivation complex. Further studies are clearly
necessary to gain insights into the precise composition of the
coactivation complex and the mechanisms by which its assem-
bly is regulated in the cell.
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