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ras oncogene-transformed PA-1 human teratocarcinoma cells have abundant AP-2 mRNA but, paradoxically,
little AP-2 transcriptional activity. We have previously shown that overexpression of AP-2 in nontumorigenic
variants of PA-1 cells results in inhibition of AP-2 activity and induction of tumorigenicity similar to that
caused by ras transformation of PA-1 cells. Evidence indicated the existence of a novel mechanism of inhibition
of AP-2 activity involving sequestering of transcriptional coactivators. In this study, we found that PC4 is a
positive coactivator of AP-2 and can restore AP-2 activity in ras-transformed PA-1 cells. Relative to vector-
transfected ras cell lines, ras cell lines stably transfected with and expressing the PC4 cDNA have a diminished
growth rate and exhibit a loss of anchorage-independent growth, and they are unable to induce the formation
of tumors in nude mice. These data suggest that a transcriptional coactivator, like a tumor suppressor, can
have a growth-suppressive effect on cells. Our experiments are the first to show that ras oncogenes and
oncogenic transcription factors can induce transformation through effects on the transcription machinery
rather than through specific programs of gene expression.

Signals elicited by oncogenes, growth factors, hormones, and
other agents converge on various transcription factors that
modulate the expression of target genes. Transcription factors
play a fundamental role in genetic control of cell survival,
growth, and differentiation. The overexpression of one or more
of these factors can affect the cellular transcriptional profile
and lead to inhibition of the activities of other transcription
factors (10, 24). For example, a transcriptional interference
phenomenon has been observed during the overexpression of
the viral activator VP16, which inhibited its own activity and
the activity of GCN4 (7). Transcriptional activation by both of
these transcription factors required a common mediator
present in a partially purified yeast fraction, suggesting that
overexpression of GAL4-VP16 might sequester this mediator,
causing inhibition of the activity of GCN4. High levels of se-
rum response factor inhibit its own activity and the activity of
GAL4-VP16 (23). The RAP74 subunit of transcription factor
TFIIF relieves the transcriptional interference mediated by
serum response factor in vitro (34). A transcriptional interfer-
ence phenomenon has been observed during the overexpres-
sion of many transcription factors; however, the physiological
relevance of this phenomenon remains unclear because most
of the transcriptional interference studies have been carried
out in vitro. The few in vivo studies that have been done
involved artificially induced overexpression of transcription
factors. The estrogen hormone receptor was shown to inhibit
the transcriptional activation mediated by the progesterone
and glucocorticoid receptors (21). Reciprocally, the progester-
one and glucocorticoid receptors inhibit the activity of the
estrogen receptor. The possible therapeutic importance of this
transcriptional interplay became evident in two breast cancer
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cell lines that express steroid hormone receptors. Estrogen-
dependent transcription was found to be blocked by the addi-
tion of agonistic ligands of the progesterone and glucocorticoid
receptors. This repression was alleviated by the addition of the
antiprogesterone and antiglucocorticoid ligand RU486. These
studies also indicated that these steroid receptors have a com-
mon coactivator. High levels of progesterone and glucocorti-
coid receptors might sequester this coactivator, which is essen-
tial for estrogen-dependent transcription.

It is curious that deregulation of any one of the oncogenic
transcription factors, each of which is but a small part of a
growth signal transduction pathway, can oncogenically trans-
form cells. Transcriptional interference is thought to result
through effects on elements of the general transcriptional ma-
chinery which could thereby have a pleiotropic effect resulting
in cellular transformation. One such protein, the transcription
factor AP-2, is developmentally regulated and is associated
with programmed gene expression in the neural crest cell lin-
eage during mouse embryogenesis (22). The activity of AP-2 is
regulated by at least three different signal transduction path-
ways. Retinoic acid (RA), a developmental morphogen, was
found to transiently increase AP-2 mRNA transcription and
transcriptional activity in the human teratocarcinoma cell line
N Tera 2 (18). Similar effects of RA were observed in PA-1
cells (3), another human teratocarcinoma cell line (27, 28, 33).
The cyclic AMP-inducible protein kinase A pathway and the
phorbol ester-inducible protein kinase C pathway have been
shown to increase AP-2 activity in HeLa cells (5, 12, 13). AP-2
is the major regulator of the c-erbB-2 promoter in cells that
overexpress it and as such has been implicated in the causation
of human mammary carcinoma (2). Recently, the ERF-1 tran-
scription factor that is involved in the regulation of estrogen
receptor gene transcription in hormonally responsive breast
and endometrial carcinomas was identified as AP-2y, a mem-
ber of the AP-2 family (20).

Transcriptional interference, in which overexpression of a
transcription factor results in inhibition of itself or other tran-
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scription factors, occurs physiologically in ras-transformed cells
(15). We previously found that an activated ras oncogene in-
creased the expression of AP-2 in the human teratocarcinoma
cell line PA-1 and that abundant AP-2 resulted in transcription
self-interference in these cells. Our studies indicated a pro-
found physiological role for AP-2 transcriptional self-interfer-
ence. PA-1 cells that overexpressed AP-2 exhibited transformed
properties due to AP-2 transcriptional self-interference. Al-
though AP-2 has been shown to be an activator of gene ex-
pression (2, 12, 31, 32), PA-1 cell lines that stably overexpress
AP-2 exhibit reduced AP-2 activity. Like ras-transformed cells,
the AP-2-overexpressing cell lines form colonies in soft agar
(15) and are tumorigenic when injected subcutaneously into
nude mice (this report). Therefore, our experiments suggest
that a ras oncogene may use the mechanism of AP-2 transcrip-
tional self-interference to transform PA-1 cells. A GAL4-AP-2
fusion protein containing the activation domain of AP-2 linked
to a heterologous GAL4 DNA-binding domain retained the
transcriptional self-interference activity and transformed PA-1
clone 1 cells to be tumorigenic in nude mice (this report).
Thus, it appeared that the activation domain of AP-2 was
sufficient for it transforming activity. Overexpression of AP-2
inhibited the activity of the GAL4-AP-2 fusion protein, and
vice versa, even though they bind to two different target se-
quences. Overexpression of AP-2 also inhibited the activity of
GAL4-VP16 (this report). These studies indicated that
through its activation domain, AP-2 protein sequestered one
or more coactivators needed for the function of these tran-
scription factors. It is possible that elevation of the level of the
coactivator(s) relieves AP-2 transcriptional interference and
restores AP-2 activity, and such coactivators might thereby
abolish ras oncogene-induced tumorigenicity. To test this hy-
pothesis, we sought to identify AP-2-interacting proteins and
then determine whether these proteins are coactivators of AP-
2-dependent transcription. We report here that AP-2 physi-
cally interacts with the positive coactivator PC4, which relieves
AP-2 transcriptional self-interference in transient transfection
experiments using chloramphenicol acetyltransferase (CAT)
reporter constructs. These results identified PC4 as one of the
limiting cofactors of AP-2-mediated transcriptional activation.
Stable expression of PC4 in ras-transformed PA-1 cells pro-
foundly elevated the level of AP-2 activity in the resulting cell
lines. The PC4-expressing ras cell lines had a diminished
growth rate and exhibited a loss of anchorage-independent
growth and tumorigenicity. Our observations demonstrate that
a transcriptional coactivator can have a growth-suppressive
effect on cells that is indicative of tumor suppressor properties
and identify a signal transduction mechanism by which ras
oncogenes, through a transcription mechanism, can induce
transformation mediated by its effects on general coactivators
rather than through specific gene targets.

MATERIALS AND METHODS

Cell culture and assays of growth rate and tumorigenicity. PA-1 human
teratocarcinoma cells were derived from a female ovarian germ cell tumor (33);
the origin and properties of non-ras-, ras-, and AP-2B-transformed PA-1 sublines
were described previously (3, 28). The cells were grown in modified Eagle’s
medium with Earl’s salts (GIBCO Laboratories, Gaithersburg, Md.), supple-
mented with 5% fetal bovine serum (Hazelton Biologics, Lenexa, Kans.) and
antibiotics, at 37°C in 5% CO,-95% air. The PC4 ¢cDNA was cloned into the
EcoRI site of the zeomycin resistance vector. PA-1 9113 cells containing an
endogenous activated N-ras oncogene (4 X 10° per 100-mm-diameter culture
dish) were transfected by the calcium phosphate precipitation method. After 3
weeks of selection in medium containing zeomycin, the colonies were counted
and picked by using glass cloning cylinders. The cells were expanded and tested
for tumorigenicity in athymic nude mice by injecting 3 X 10° cells subcutaneously
(one site per mouse). For transfection of clones expressing AP-2 or GAL4-AP-2
fusion proteins, the G418-resistant cells were pooled and tested for tumorige-
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nicity in athymic nude mice by injecting 3 X 10° cells subcutaneously. In some
cases, individual colonies were picked, expanded into cells lines, and tested.
Growth rates and anchorage-independent growth in 0.35% agarose were deter-
mined as previously described (3).

Analysis of GST-AP-2-associated proteins. The glutathione S-transferase
(GST)-AP-2 fusion construct was made by cloning the 1.9-kb AP-2 cDNA into
the EcoRI site of pGEX-3B (26). The GST-AP-2 fusion protein was purified
from bacterial extracts as described by Smith and Concoran (26). Nuclear ex-
tracts were prepared essentially as described by Dignam et al. (6). Trichloroace-
tic acid-precipitable counts of nuclear extracts (8 X 10° cpm) were mixed with 20
png of GST-AP-2 protein bound to glutathione-Sepharose beads in 1 ml of
Tris-buffered saline, pH 7.4, containing 0.05% Tween 20 (TBST) and rocked for
2 h at 4°C. The mixture was washed and cleaved with blood coagulation factor
Xa, as described by Smith and Cocoran (26), to release AP-2-associated proteins.
The proteins were resolved on a 10% polyacrylamide gel (16). The gel was dried
and exposed to Kodak X-OMAT X-ray film. When cold PA-1 nuclear extracts
were used in the studies, the glutathione-Sepharose beads with bound GST-
AP-2 and proteins were transferred to a Hybond-ECL nitrocellulose membrane
(Amersham Corp., Arlington Heights, Ill.) and probed with a 1:4,000 dilution of
antiserum raised against PC4. The signals were detected by using horseradish
peroxidase-conjugated anti-rabbit antibody and enhanced chemiluminescence
(ECL; Amersham Corp.) according to the manufacturer’s instructions.

Immunoprecipitation. Four milligrams of nuclear extract in 1 ml of TBST was
used in the assay. Two microliters of AP-2 (C-18), a rabbit polyclonal antibody
made against a synthetic peptide corresponding to AP-2 C-terminal amino acids
420 to 437 (Santa Cruz Biotechnology, Santa Cruz, Calif.) and 2 pl of a rabbit
polyclonal antibody made against a synthetic peptide corresponding to amino
acids 153 to 168 of AP-2 were used for immunoprecipitation. The immunopre-
cipitated complex was washed four times in TBST and resolved on a sodium
dodecyl sulfate 20% polyacrylamide gel. The proteins were transferred to a
Hybond-ECL nitrocellulose membrane (Amersham Corp.) and probed with an
antiserum raised against PC4.

An AP-2 cDNA of approximately 1.9 kb isolated from 6928 PA-1 cells (3) was
cloned in the proper orientation into the EcoRI site of plasmid pSGS5 (Strat-
agene, La Jolla, Calif.) to generate pSAP2. A 1.6-kb cDNA of AP-2B isolated
from the same cell line was cloned similarly in pSGS5 to generate pSAP-2B. A
HindIlI-Sacl DNA fragment from pGAP-2/11-226 encoding fusion protein
GALA4-AP-2/11-226 was blunted with the Klenow fragment of DNA polymerase
and subcloned in the proper orientation into EcoRI-cut and filled-in pSGS5 to
generate pSGAP-2/11-226. Plasmid pSGS5 contains a simian virus 40 (SV40) early
promoter and B-globin intron sequences that enable efficient expression of
cloned genes. The presence of the T7 promoter in pSGS5 enables in vitro tran-
scription and translation of AP-2, AP-2B, GAL4-AP-2, and PC4. In vitro syn-
thesis of proteins was performed, using the TNT in vitro transcription-translation
system (Promega Corp., Madison, Wis.) according to the manufacturer’s instruc-
tions, with 1 pg of plasmid DNA and 40 p.Ci of L-[**S]methionine in a 50-pl
reaction volume. Proteins were mixed in 1 ml of TBST, nuclear extract (con-
taining about 100 pg of protein) was added, and the mixture was precleaned for
4 h at 4°C with 20 pl of protein A adsorbed to agarose beads. Immunoprecipi-
tation with 1 pl of PC4-specific antiserum or 1 ul of AP-2 N-terminus-specific
antibody made against a synthetic peptide corresponding to amino acids 2 to 14
of AP-2 was carried out as described above.

Transient transfections of PA-1 cells and CAT assays. AP-2 response element
sequences from the distal basal-level element of human metallothionein gene
ITIA corresponding to nucleotides (nt) —188 to —161 were oligomerized, and a
reporter construct, 3X AP-2RE, \;-tk CAT (3X AP-2-CAT), was made by clon-
ing three response elements adjacent to the herpes simplex virus tk gene pro-
moter in the vector pBLCAT2 (17). Transient transfection of non-ras-trans-
formed, differentiation-competent PA-1 9117 cells was performed by the calcium
phosphate precipitation method. GAL4-VP16 expression plasmid pSGVP and
GALA reporter plasmid GSEIbCAT were generous gifts of M. Ptashne (24).
Plasmid pCH110 (Pharmacia Biotech, Piscataway, N.J.), which contains the lacZ
gene under the control of an SV40 promoter, and RSV-LTRCAT (a gift of Eric
Olson) were used to test the effect of PC4 on SV40 promoter- and Rous sarcoma
virus (RSV) long terminal repeat (LTR)-driven transcription, respectively.

In vitro transcription. Plasmid pcmyc-PC is a derivative of pC2AT (25a),
which contains nt —44 to +4 of the human c-myc P2 promoter and a 398-bp
G-free transcription cassette. Three AP-2 sites, found in the human metallothio-
nein gene ITA basal-level promoter from nt —188 to —159, were cloned upstream
of the c-myc P2 promoter to create pcmyc-AP-2. In vitro transcription reactions
were performed with 50 ng of plasmid DNA and 10 wCi of [a-*PJUTP, using the
HeLa Cell Extract Transcription System (Promega Corp.) essentially as de-
scribed by the manufacturer. In certain experiments, AP-2 protein was removed
from HeLa cell nuclear extracts by using an AP-2 C-terminus-specific antibody
C-18 that had been attached to protein A-agarose beads. After incubation on ice
for 15 min, the beads with the bound antibody were removed by centrifugation,
and the AP-2-depleted nuclear extract was used in the assays. The transcription
products were separated on a 5% polyacrylamide gel containing 7 M urea, dried,
and exposed to Kodak Biomax MR film at —70°C. Plasmid p052 was used as a
control plasmid in the in vitro transcription reactions. This control plasmid
contains an unrelated hsp70 promoter, a 298-bp G-free transcription cassette,
and a weaker, mutated form of the adenovirus major late initiator (29).
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TABLE 1. Tumorigenic properties of PA-1 cells

. Growth in Latent period

Cell line nude mice (sz)
Clone 1-neo 0/3¢ >24
Clone 1-AP-2 2/52 22, 26
Clone 1-AP-2 5/6% 16
Clone 1-GAL4-AP-2 5/7¢ 8-20
Clone 1-GAL4-VP16 2/5% 4,6
9113 4/4 6
9113-zeo-PC4° 0/2¢ >32

“ Number of cell lines developed from independently picked G418" colonies
that formed tumors in nude mice/total number of cell lines tested. G418" colony-
derived cell lines were shown to express the transgenes by reverse transcription-
PCR.

b Pool of transfected G418" colonies: number of mice bearing tumors/number
of mice injected with cells.

¢ Cell lines 9113-zeo-PC4-1 and 9113-zeo-PC4-2. Note that neither of these
9113-ze0-PC4 clones expressing the PC4 cDNA could form tumors in nude mice.

Expression plasmids. AP-2 1-165 was constructed from pSAP-2 by deleting
the C-terminal AP-2 sequences from the Smal site at amino acid 165. AP-2/AI
121-165 was made by deleting the sequence in between the BamHI and Smal
sites. AP-2/AI 13-165 was made by deleting the sequence in between the Banl
and Smal sites. The constructs AP-2/AI 166-278 and AP-2/AI 166-398 were
made by deleting the amino acids between the Smal site and one of the two PstI
sites. The reading frame of AP-2 in the construct AP-2/AT 166-278 was altered
during the genetic manipulation and was later restored by inserting one A
nucleotide at the junction sequence. The PC4 expression vector pSPC4 was
constructed by inserting an EcoRI fragment of about 400 bp, isolated from
pGEX-PC415, into the EcoRlI site of pSGS in the proper orientation. The GAL4
DNA-binding domain- and AP-2 activation domain-containing fusion construct
pGALA4-AP2/11-226 was made by inserting amino acids 11 to 226 of AP-2 into
EcoRI-cut and mung bean nuclease-blunted pSG424 (25). The nucleotide se-
quences and reading frames of all of these constructs were verified by double-
stranded DNA sequence analysis.

RESULTS

Physical interaction of AP-2 and PC4. We have shown that
AP-2 is overexpressed in N-ras-transformed variants of the
human teratocarcinoma cell line PA-1 and that abundant AP-2
protein results in transcriptional self-interference in these cells
(15). In addition, non-ras-transformed cell lines forced to sta-
bly overexpress AP-2 form colonies in soft agar, just as ras-
transformed cells do, and these AP-2-overexpressing cells are
tumorigenic when injected into nude mice (Table 1). There-
fore, our experiments suggested that a ras oncogene can use
the mechanism of AP-2 transcriptional self-interference to
transform PA-1 cells. Western blot analysis indicated the exis-
tence of high levels of AP-2 protein in ras-transformed cells,
suggesting that mechanisms other than defective translation of
AP-2 mRNA contribute to inhibition of AP-2 activity. AP-2
protein produced in ras oncogene-transformed cells could bind
to AP-2 target sequences in electrophoretic mobility shift as-
says, indicating that the reduced AP-2 activity was not due to a
defect in DNA binding.

Since a GAL4-AP-2 fusion protein, containing the activa-
tion domain of AP-2 linked to a heterologous GAL4 DNA-
binding domain, retained the transcriptional self-interference
activity (15), we tested whether transfected PA-1 clone 1 cells,
which are nontumorigenic in nude mice, could be transformed
by the activation domain found in the GAL4-AP-2 fusion
protein. When cell lines derived from G418-resistant colonies
of PA-1 clone 1 cells expressing the GAL4-AP-2 fusion pro-
tein were injected into nude mice, five of seven resulted in the
development of tumors after a latent period of 8 to 20 weeks
(Table 1). This tumor latency was similar to that observed for
AP-2-transfected clone 1 cells, which formed tumors in five of
six mice within 16 weeks of injection. Therefore, the construct
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consisting of the activation domain of AP-2 fused to a heter-
ologous DNA-binding domain, just as the whole AP-2 protein,
is capable of transforming clone 1 PA-1 cells.

Overexpression of AP-2 inhibits the activity of the GAL4-
AP-2 fusion protein and vice versa, although they bind to two
different target sequences. Overexpression of AP-2 also inhib-
its the activity of GAL4-VP16. Likewise, when this strong ac-
tivation domain in GAL4-VP16 was transfected into clone 1
cells and a pool of G418-resistant colonies was tested in nude
mice, two of five mice receiving these cells formed tumors with
a latent period of 4 or 6 weeks (Table 1), which is quite fast for
PA-1 cells. Therefore, when a strong activation domain like
that in AP-2, GAL4-AP-2, or GAL4-VP16 is overexpressed in
PA-1 clone 1 cells, cellular transformation ensues.

One possible explanation for these observations is that
through its activation domain, AP-2 protein, at high levels,
sequesters one or more coactivators needed for the function of
these transcription factors. Elevation of the level of the coac-
tivator(s) might relieve AP-2 transcriptional interference and
restore AP-2 activity. It is also possible that the coactivators, if
upregulated, suppress AP-2- and ras oncogene-induced tumor-
igenicity.

To test this hypothesis, we sought to identify AP-2-interact-
ing proteins and then analyze whether these proteins are co-
activators of AP-2-dependent transcription. Immobilized
GST-AP-2 fusion protein was allowed to interact with nuclear
proteins from PA-1 cells metabolically labeled with *°S. The
GST-AP-2 fusion protein contains a cleavage site for blood
coagulation factor Xa between the amino acid sequences of
GST and AP-2. AP-2 and its associated proteins were specif-
ically released by using blood coagulation factor Xa and re-
solved on a polyacrylamide gel. At least three polypeptides, of
about 19, 74, and 110 kDa, were observed among the released
proteins, indicating that these three polypeptides specifically
associate with AP-2 (Fig. 1A). This interaction of AP-2 with
the three polypeptides was observed in both PA-1 clone 1
sublines and the activated N-ras oncogene-transfected subline
6928. These three were the only proteins that reproducibly
demonstrated an interaction with AP-2. The 74-kDa protein
was identified as the RAP74 subunit of transcription factor
TFIIF, and the 110-kDa protein was identified as the enzyme
poly(ADP-ribose) polymerase (15a). Two polypeptides, both
of about 60 kDa, also appeared to be interacting with AP-2;
however, this interaction was not observed in every experi-
ment. The association of the three polypeptides was not seen
when GST alone was used in these assays.

Ge and Roeder (8) identified a positive coactivator, the
19-kDa protein PC4, in the upstream stimulatory activity frac-
tion (4) in mammalian cells. The coactivator PC4 has been
shown to stimulate transcriptional activation during TFIIA-
TFIID-promoter complex formation (14). Natural and recom-
binant PC4 proteins markedly stimulated the activity of various
activation domains, including the acidic activation domain
VP16, the proline-rich activation domain CTF, and the glu-
tamine-rich activation domain SP-1 (8). The activation domain
of AP-2 is rich in proline and glutamine (32). Overexpression
of AP-2 inhibits the activity of VP16 (see below), suggesting
that these transcriptional activators have a common cofactor.
The coactivator PC4 has been shown to physically associate
with immobilized GAL4-VP16 (8). The amino acid sequence
of PC4 predicts a molecular mass of 14.4 kDa; however, it
migrates as a 17- to 19-kDa protein during electrophoresis.
Because the coactivator PC4 has a molecular mass similar to
that of one of the AP-2-associated proteins (19 kDa), we tested
whether PC4 could physically associate with the immobilized
GST-AP-2 fusion protein. Nuclear extracts of PA-1 cells were
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FIG. 1. Physical interaction between AP-2 and PC4. (A) Physical interaction
between GST-AP-2 and proteins from PA-1 cell nuclear extracts. The GST-
AP-2 fusion protein binding assays were performed as described in Materials and
Methods. Nuclear extracts prepared from metabolically 3°S-labeled PA-1 cells
contain at least three polypeptides that specifically interact with AP-2. The
polypeptides (110, 74, and 19 kDa) are marked at the right. The mobilities of the
molecular markers are indicated on the left (in kilodaltons). Clone 1, a subline
of PA-1; 6928, a ras oncogene-transfected clone 1 line. (B) Physical interaction
between GST-AP-2 and PC4. Four-milligram quantities of unlabeled PA-1 nu-
clear extracts were used in these assays, and the GST-AP-2-bound proteins were
electrophoresed and transferred to a nitrocellulose membrane. The membrane
was probed with an antiserum raised against PC4. The mobilities of the molec-
ular markers are indicated at the left (in kilodaltons). The 19-kDa PC4 protein
is marked on the right. I.V.T. PC4, in vitro-translated PC4 protein. (C) Physical
interaction of AP-2 and PC4 in PA-1 cells. Four-milligram quantities of PA-1 cell
nuclear extracts were treated with AP-2-specific antibodies and analyzed for
coimmunoprecipitation of PC4 as described in Materials and Methods. The
molecular markers are shown on the left and on the right (in kilodaltons). The
smear in lanes 4 and 5 occurred because of the immunoglobulin molecules used
for immunoprecipitation. Lanes: 1, PA-1 cell nuclear extract (NE), 50 pg; 2, in
vitro-translated (ivt) PC4 protein; 3, NE, 50 pg; 4, preimmune serum; 5, anti-
AP-2 antibodies (Abs).

mixed with immobilized GST-AP-2, and the bound proteins
were transferred to nitrocellulose membranes. Antiserum
against PC4 recognized a 19-kDa protein among the GST-AP-
2-bound proteins that comigrated with in vitro-translated PC4
protein (Fig. 1B). Nuclear proteins bound by GST alone did
not show association with PC4.

Coimmunoprecipitation studies were carried out to test
whether the interaction of the AP-2 and the PC4 proteins
occurred in cells. Nuclear extracts of PA-1 cells were immu-
noprecipitated with AP-2-specific antibodies. Two anti-AP-2
antibodies, one specific for the C terminus and the other spe-
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cific for the middle region of the protein, were used to ensure
the precipitation of AP-2. The presence of PC4 in the AP-2-
immunoprecipitated complex was determined by separating
the complex by SDS-polyacrylamide gel electrophoresis, per-
forming Western blot analysis, and probing the blot with a
PC4-specific antiserum. As shown in Fig. 1C, the PC4 anti-
serum recognized a prominent single band in the nuclear
extracts of PA-1 cells (lane 1) that comigrated with the in
vitro-synthesized PC4 protein (lane 2). The complex immuno-
precipitated from the PA-1 cell nuclear extract with AP-2-
specific antibodies also contained a band recognized by the
PC4 antiserum (lane 5), and this band comigrated with the PC4
band of nuclear extracts (lane 3). When preimmune serum was
used in the experiment, the immunoprecipitated complex did
not contain PC4 (lane 4). These experiments demonstrated
that AP-2 and PC4 proteins are physically associated in PA-1
cells.

PC4 interaction requires the N-terminal region of AP-2. The
self-interference function of AP-2 resides in the N-terminal
region of the protein, between amino acids 11 and 121 (Fig. 2)
(15). The activation domain of AP-2 is found between amino
acids 50 and 121 (15, 32). The C-terminal two-thirds of the
AP-2 molecule, from amino acid 203, is necessary for se-
quence-specific DNA binding. The dimerization domain of
AP-2, situated between amino acids 278 and 409, is an integral
part of the DNA-binding domain. Coimmunoprecipitation of
AP-2 and PC4 provided a means of determining the region of
the AP-2 molecule that interacts with PC4. PC4 and various
deletion mutants of AP-2 were translated in vitro with [>>S]me-
thionine labeling (Fig. 2B) and mixed with PA-1 cell nuclear
extracts that were depleted of endogenous AP-2. Addition of
PA-1 cell nuclear extracts enhanced their coimmunoprecipita-
tion. Antiserum against PC4 was used for coimmunoprecipita-
tion. As shown in Fig. 2C, the immunoprecipitated complex
contained in vitro-translated AP-2 protein along with PC4.
Coimmunoprecipitation with in vitro-translated PC4 was ob-
served with two other AP-2 proteins, from which were deleted
the internal amino acids from positions 121 to 165 (AP-2/Al
121-165) and from positions 166 to 278 (AP-2/AI 166-278).
These deletion constructs of AP-2 contained the N-terminal
activation and self-interference regions and the C-terminal
dimerization region. The DNA-binding motif that is present in
the former construct was destroyed in the latter. Internal de-
letion beyond amino acid 278, which destroys the dimerization
motif of AP-2, as in the mutant AP-2/AI 166-398, eliminated
the interaction of AP-2 with PC4. Interestingly, the AP-2
polypeptide containing N-terminal amino acid 1 to 165 did not
coimmunoprecipitate with PC4. An AP-2 polypeptide in which
these N-terminal activation and self-interference domains
were deleted (encoded by the construct AP-2/AI 13-165) also
did not coimmunoprecipitate with PC4. These results indicated
that both N-terminal amino acid 11 to 121 and C-terminal
amino acids from position 279 on were necessary for interac-
tion with PC4. These regions contain the activation/self-inter-
ference and dimerization functions of AP-2, respectively.
These results suggested either that the N terminus of AP-2
interacted with PC4 as a dimer or that a conformation of the
AP-2 protein consisting of both the N and C termini was
necessary for the interaction with PC4.

To test these possibilities, we fused the N-terminal domain
of AP-2 from amino acids 11 to 226 to the heterologous DNA-
binding domain GAL4. The GAL4-AP-2 fusion protein was
synthesized in vitro and mixed with in vitro-synthesized PC4
protein. Antiserum raised against PC4 coimmunoprecipitated
GAL4-AP-2, indicating that the PC4 and GAL4-AP-2 pro-
teins interacted with each other (Fig. 2D). PC4 did not coim-
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FIG. 2. Activation domain of AP-2 interacts with PC4. AP-2, GAL4-AP-2, AP-2B, and PC4 proteins were synthesized by using a TNT T7 polymerase kit as
described in Materials and Methods. (A) Deletion mutants of AP-2 used for coimmunoprecipitation with PC4. Functional regions on the AP-2 protein that have been
characterized are shown on the full-length AP-2 molecule. (B) In vitro-translated AP-2 proteins. AP-2 proteins were synthesized in vitro and separated on an SDS-10%
polyacrylamide gel. The panel with the wild-type AP-2 protein contains one-fifth of the amount of input protein that was used for coimmunoprecipitation. The mobilities
of molecular markers are indicated at the left (in kilodaltons). (C) Coimmunoprecipitation of PC4 and various deletion mutants of AP-2. Coimmunoprecipitation
studies were carried out with PC4 antiserum as described in Materials and Methods. The immunoprecipitated proteins were separated on an SDS-15% polyacrylamide
gel. The molecular markers are shown on the left, and the PC4 protein is indicated on the right. (D and E) Physical interaction of PC4 and the GAL4-AP-2 fusion
protein (D) or AP-2B (E). The experiments were carried out as described in Materials and Methods. For in vitro-translated (ivt) PC4, ivt GAL4-AP-2, and ivt-AP-2;
one-fifth of the amounts of their respective proteins that were used in immunoprecipitation assays were employed. The molecular markers are shown at the left, and

the GAL4-AP-2, AP-2B, and PC4 proteins are indicated on the right.

munoprecipitate the DNA-binding domain of GAL4 protein
alone (data not shown), indicating that PC4 interacted with the
N-terminal region of AP-2. These results confirmed that the
activation domain in the N-terminal region of AP-2 was
needed for the interaction of PC4.

We reported earlier the identification of an alternatively
spliced form of AP-2, AP-2B, that has the same N-terminal
region of AP-2 containing the activation domain but, due to
alternate splicing, different C-terminal amino acids, which

eliminates the dimerization and DNA-binding domains of
AP-2 (3). AP-2B retains the tumorigenic properties of AP-2 in
that both can transform clone 1 PA-1 cells. We tested whether
the in vitro-synthesized PC4 and AP-2B proteins could inter-
act. A PC4-specific antiserum coimmunoprecipitated AP-2B
with PC4 (Fig. 2E), and an N-terminus-specific AP-2 antibody
coimmunoprecipitated PC4 with AP-2B. These results confirm
that the N-terminal 293 amino acids that are conserved in AP-2
and AP-2B are necessary for the interaction with PC4. These
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data strengthen the observation that the GAL4-AP-2 fusion
protein N-terminal amino acids 11 to 226 are sufficient for
interaction with PC4 in the presence of a heterologous DNA-
binding domain (see above). It is intriguing that the protein
containing amino acids 1 to 165 of AP-2 did not exhibit inter-
action with PC4 as shown above. Perhaps the region containing
the dimerization and DNA-binding domains of AP-2 or GAL4
or the C-terminal amino acids of AP-2B are necessary for AP-2
to be in a conformation that makes the activation domain
accessible for efficient interaction with PC4. Moreover, the
efficient interaction of PC4 with GAL4-AP-2 or AP-2B did not
require the presence of PA-1 cell nuclear extract, indicating
that their interaction was direct and did not require additional
factors. As we mentioned above, the interaction of PC4 and
AP-2 occurred in the absence of the nuclear extracts; however,
the interaction was more efficient in the presence of PA-1 cell
nuclear extract. The proteins present in the nuclear extract
may have modified AP-2 and induced additional conforma-
tional changes in AP-2 that are necessary for efficient interac-
tion with PC4.

PC4 relieves AP-2 transcriptional self-interference. Tran-
scriptional interference phenomena have been observed with
many transcription factors (10, 24, 34). Earlier studies had
indicated that sequestration of a common coactivator is the
cause of transcriptional interference (7, 24). If PC4 were the
coactivator that was sequestered by AP-2, then excess amounts
of PC4 would relieve AP-2 transcriptional self-interference.
This possibility was tested as follows. A sufficient amount of
AP-2 expression plasmid was transfected into non-ras-trans-
formed 9117 PA-1 cells to induce inhibition of endogenous
AP-2 activity. A PC4 expression plasmid under the control of
an SV40 promoter was cotransfected into these cells to test for
relief of self-interference by measuring the AP-2 transactiva-
tion activity, using AP-2 target sequences linked to a CAT
reporter. Using the amount of transfected AP-2 expression
plasmid (10 wg) that causes a 90% inhibition of the endoge-
nous AP-2 activity (Fig. 3A), cotransfection of the PC4 expres-
sion plasmid restored AP-2 transactivation activity in a dose-
dependent manner. The AP-2 transactivation activity was
maximally relieved with 20 pg of the PC4 expression plasmid,
and this level of activity was comparable to the endogenous
level of AP-2 activity. PC4 did not significantly alter CAT gene
expression from the parental reporter plasmid pBLCAT2,
which does not have AP-2 binding sites (data not shown).
Transfection of the parental expression vector pSGS5, in which
PC4 was cloned, did not restore AP-2 activity (Fig. 3A). PC4
did not affect expression from the SV40 promoter, which con-
trols the AP-2 gene in plasmid pSAP-2 (data not shown).

To demonstrate that the effect of PC4 on transcription rates
is specific, plasmid pCH110, which contains a lacZ gene en-
coding beta-galactosidase under the control of an SV40 pro-
moter, was cotransfected with the PC4 expression plasmid.
Beta-galactosidase enzyme activity was analyzed in the pres-
ence and in the absence of PC4, and no significant alteration
was apparent (data not shown). In addition, in cotransfection
experiments with an RSV LTR-driven CAT gene (4 ng), PC4
(20 pg) increased the CAT activity by about 20%. Therefore,
PC4 does not appear to alter transcription nonspecifically, and
the restoration of AP-2 activity observed in the experiments
described above was due to the relief of AP-2 transcriptional
self-interference.

These observations indicate that PC4 is a positive coactiva-
tor of AP-2-mediated transcriptional activation and that PC4 is
capable of relieving AP-2 transcriptional self-interference. In
the absence of exogenously added AP-2 (i.e., an AP-2 expres-
sion plasmid), PC4 doubled the endogenous AP-2 activity in

MoL. CELL. BIOL.

the same PA-1 subline, 9117 (data not shown). This doubling
of AP-2 activity is significant considering that AP-2 was in a
functional excess relative to PC4. Indirect evidence suggested
that AP-2 was in a functional excess; small amounts of exoge-
nous AP-2 caused inhibition rather than induction of its activ-
ity (15). A dramatic effect on endogenous AP-2 activity was
seen when PC4 was transfected into AP-2-overexpressing cell
lines. PA-1/AP-2a and PA-1/AP-2k are PA-1 cell line deriva-
tives of a nontumorigenic variant, clone 1, that stably overex-
press AP-2 and have tumorigenic properties (15) (Table 1).
These cell lines exhibit AP-2 transcriptional self-interference
and have low levels of AP-2 transactivation activity (Fig. 3B).
The PC4 expression plasmid restored AP-2 transactivation ac-
tivity in both AP-2-transformed cell lines. When 20 wg of the
PC4 expression plasmid was cotransfected, AP-2 transactiva-
tion activity in both cell lines increased more than 25-fold
relative to cells that were not cotransfected with PC4. pSGS,
the parental expression vector of PC4, did not induce AP-2
activity but rather inhibited the activity slightly.

The PA-1/AP-2BD cell line stably overexpresses AP-2B and
has low levels of AP-2 activity with tumorigenic properties in
nude mice, similar to AP-2-expressing cell lines. If PC4 inter-
acts with the N-terminal regions of AP-2 and AP-2B, then PC4
should restore AP-2 activity in the PA-1/AP-2Bb cell line.
When 25 ng of the PC4 expression plasmid was cotransfected,
AP-2 transactivation activity increased more than fivefold in
this cell line (Fig. 3C). The PC4 expression plasmid was also
cotransfected with the GAL4-AP-2 fusion constructs GAL4—
AP-2/11-121 and GAL4-AP-2/11-226, and the transactivation
activity was measured using a 5X GAL4-CAT reporter con-
struct. PC4 significantly restored GAL4 transactivation activ-
ity. This is consistent with our observation that the N-terminal
region of AP-2 interacted with PC4 when fused to the GAL4
DNA-binding domain (Fig. 2D). Figure 3D shows the relief of
self-interference for one of the fusion constructs, GAL4-AP-
2/11-121. The GALA4-AP-2 transcriptional self-interference
resulted in an approximately threefold reduction in CAT ac-
tivity, and cotransfection of PC4 relieved this inhibition. These
results also suggest that the N-terminal region of AP-2 is the
main interaction domain for PC4. The assay for direct binding
of PC4 and AP-2 (Fig. 2C) indicated that the region between
amino acids 11 and 121 is necessary but not sufficient for this
interaction. This is consistent with the assay results showing
that this region in GAL4-AP-2/11-121 inhibits AP-2 activity
and that this inhibition can be relieved by PC4. The fact that
the region in the C-terminus is necessary for the interaction of
the in vitro-synthesized proteins indicates that there exist in-
herent differences in these assays. One involves the use of
transcription to measure the minimal region that can interact
with PC4, and the other relies on immunoprecipitation to
identify regions necessary for a stable interaction.

PC4 has been shown to be a coactivator of VP16 activity (8).
Overexpression of AP-2 can cross-interfere with the activator
VP16 and inhibit its activity (Fig. 3E). If PC4 were the coac-
tivator that was sequestered by AP-2, then high levels of PC4
should reduce their cross-interference and restore VP16 activ-
ity. We cotransfected the PC4 expression plasmid with cross-
interfering amounts of AP-2. VP16 activity was measured using
a GAL4-VP16 fusion plasmid and GAL4 reporter sequences.
As shown in Fig. 3E, PC4 significantly restored GAL4-VP16
transactivation activity. These experiments confirmed that se-
questration of the coactivator PC4 occurred in these cells and
that limiting amounts of PC4 could result in AP-2-induced
tumorigenicity of PA-1 cells.

PC4 relieves AP-2 transcriptional self-interference in vitro.
Transient transfection of the PC4 expression plasmid relieved
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AP-2 transcriptional self-interference in PA-1 cells. We per-
formed AP-2 in vitro transcription experiments to test whether
PC4 could restore AP-2 transcriptional self-interference in
vitro as well. The effect of purified PC4 protein on AP-2-
mediated transcription was examined using HeLa cell nuclear
extracts. Two AP-2-binding sites were cloned upstream of a
c-myc minimal promoter linked to a 398-bp DNA sequence
that lacks G residues. The absence of G residues enabled the
use of RNase T1 to degrade nonspecific transcripts encoded by
the vector sequence (25a). As an internal control in these in
vitro transcription experiments, we used a plasmid, p052, which
contains an unrelated hsp70 heat shock promoter and a 298-bp
DNA sequence with no G residues. Figure 4A shows the tran-
scription products of the two plasmids.
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FIG. 3. PC4 relieves AP-2 transcriptional self-interference in PA-1 cells.
Transient transfections and CAT assays were performed as described in Mate-
rials and Methods to determine the effect of PC4 on AP-2 activity. The amounts
of the PC4, AP-2, GAL4-AP-2, and GAL4-VP16 expression plasmids and the
reporter plasmids for AP-2 (3X AP-2-CAT) and GAL4 (GSE1bCAT) trans-
fected in each assay are shown at the bottom. The fold activity shown on each
panel was calculated by measuring the percent conversion of acetylated forms of
[**C]chloramphenicol, assuming the endogenous activity to be 1. (A) Transfec-
tion of an expression plasmid of PC4 relieves AP-2 transcriptional self-
interference in the 9117 PA-1 subline. (B) PC4 relieves AP-2 transcriptional
self-interference in PA-1 cells stably overexpressing AP-2, PA-1/AP-2a, or PA-
1/AP-2k. (C) PC4 relieves AP-2 transcriptional interference in PA-1/AP-2Bb
cells, PA-1 cells stably overexpressing AP-2B (see reference 3). (D) PC4 relieves
GALA4-AP-2 transcriptional self-interference. Note that PA-1 cells do not have
endogenous GAL4 activity, and hence the GAL4 activity determined at low-level
transfection of the GAL-AP-2 expression plasmid (1 p.g) was taken as 1. (E) PC4
relieves AP-2 transcriptional cross-interference and restores VP16 activity.

The presence of AP-2 target sequences in the plasmid pc-
myc-AP-2 enhanced transcription more than threefold com-
pared to that with the parental plasmid, pcmyc-PC (Fig. 4A,
compare lanes 1 and 2), indicating the existence of endogenous
AP-2 activity in HeLa cell nuclear extracts. Small quantities of
AP-2 protein purified from bacteria enhanced the transcription
to a level slightly higher than that with the pcmyc-AP-2 plas-
mid. The addition of more than 50 ng of AP-2 protein inhibited
transcription from the pcmyc-AP-2 plasmid (lanes 6 and 7).
Maximal inhibition was observed at 200 ng of AP-2 protein,
and the transcription level was 30% higher than that of the
parent plasmid, pcmyc-PC. These results indicate that AP-2
transcriptional self-interference occurs in vitro as well.

When recombinant PC4 protein was added with 200 ng of
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FIG. 4. PC4 relieves AP-2 transcriptional self-interference in vitro. In vitro transcription reactions using HeLa cell nuclear extracts were performed as described
in Materials and Methods. The template plasmids used in each assay are indicated at the top. The amount of recombinant AP-2 protein or recombinant PC4 protein
added to each in vitro transcription reaction is shown. A 398-nt transcription product from pcmyc-PC or pcmyc-AP-2 and a 298-nt transcription product from the control
plasmid, p052, are shown on the right. End-labeled nucleotide markers (M) are marked on the left. The fold activity was calculated by scanning the autoradiographic
image of the 398-nt transcripts with a DU70 spectrophotometer (Beckman Instruments Inc., Fullerton, Calif.), assuming the transcriptional activity of the parental
plasmid pcmyc-PC to be 1. The values shown on each lane are adjusted for the 298-nt transcript of the internal control. (A) PC4 restores AP-2 transcription. (B) PC4
does not affect the expression of plasmid pcmyc-AP-2 in the absence of AP-2 protein and the expression of the parental plasmid pcmyc-PC. +AP-2, HeLa cell nuclear
extract containing endogenous levels of AP-2 was used in the in vitro transcription assay; —AP-2, AP-2-depleted HeLa cell nuclear extract was used in the assays.

AP-2 protein, transcription from pcmyc-AP-2 was restored in a
dose-dependent manner (Fig. 4A, lanes 8 to 11). The transcrip-
tional activity of pcmyc-AP-2 was 4.6-fold higher than that of
the parental plasmid, pcmyc-PC, when 200 ng of recombinant
PC4 protein was used in the assay. Transcription from the
control plasmid, p052, was not significantly altered in these
experiments. PC4 protein did not affect transcription from the
pemyc-PC plasmid (Fig. 4B, lanes 1 to 3), indicating that the
AP-2 sites in pcmyc-AP-2 are necessary for PC4-mediated res-
toration of transcription. AP-2 protein was depleted from the
HeLa cell nuclear extracts with an AP-2 antibody, and these
extracts were used in transcription assays. Transcription from
the pcmyc-AP-2 plasmid was reduced significantly (compare
lanes 4 and 5), as expected. This confirms that AP-2 protein is
needed for activated transcription from pcmyc-AP-2. PC4 pro-
tein was not capable of enhancing the activity from pcmyc-
AP-2 in the absence of AP-2 protein (lanes 6 and 7). These

experiments indicate that the AP-2 protein is necessary for the
PC4-mediated restoration of transcription from pcmyc-AP-2.
The in vitro transcription experiments show that AP-2 tran-
scriptional self-interference can be relieved by recombinant
PC4 protein and confirm that PC4 is a positive coactivator of
AP-2-mediated transcription.

PC4 suppresses ras oncogene-induced transformation. We
next tested whether PC4 could restore AP-2 activity in ras-
transformed cells that express high levels of AP-2 but have low
AP-2 activity. ras-transformed 9113 PA-1 cells were stably
transfected with the pZeoSV-PC4 expression vector, and zeo-
mycin-resistant colonies were isolated. The transfection effi-
ciency with plasmid PC4 (23 colonies on three plates) was not
significantly different from that obtained with the pZeoSV
vector containing no PC4 ¢cDNA insert (31 colonies on three
plates). All of the vector control-transfected colonies survived
and could be established into cell lines. In stark contrast to the
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TABLE 2. Growth properties of PC4-transfected 9113 ras-
Transformed PA-1 cells®

Cell line Cell % Anchorage-independent
count? growth®
9113-zeo-1 12 x 10° 8.5
9113-zeo-2 15 x 10° 11
9113-zeo-PC4-1 1.5 X 10° 0.1
9113-zeo-PC4-2 1.5 x 10° 0.06
9113-zeo-PC4-4 0.9 x 10° 0.13

¢ Comparison of the growth properties of PA-1 9113 ras-transformed cells
stably transfected with the vector control (zeo-1 or zeo-2) or the PC4 expression
vector (PC4-1, PC4-2, or PC4-4).

b Averages of counts from duplicate dishes. Cells (10°) were seeded in dupli-
cate in 60-mm-diameter culture dishes, trypsinized after 8 days of growth, and
counted with the aid of a hemocytometer.

¢ Cells (10*) were seeded in 0.35% agarose in complete medium (modified
Eagle’s medium with 10% fetal bovine serum) and overlaid on a bed of 0.7%
agarose in complete medium. The numbers of colonies were determined after 14
days.

vector controls, only three PC4 colonies were picked and sur-
vived establishment in culture, resulting in cell lines 9113-zeo-
PC4-1, -2, and -4. Those three PC4-transfected 9113 colonies
that grew did so very slowly (Table 2). The cell lines expressed
PC4 (Fig. 5A) and were found to form significantly fewer
anchorage-independent colonies—on average, 100-fold fewer
colonies than were observed for the vector-transfected cells
(Table 2). One PC4-expressing 9113 cell line, 9113-zeo-PC4-4,
which exhibited the most pronounced morphological change,
flattening, grew for five passages but then rapidly reverted to
the ras-transformed phenotype. RA-induced differentiation is
inhibited by ras transformation (27). During this initial period,
we found that 9113-zeo-PC4-4 could differentiate in medium
containing RA and that its growth was inhibited 90% by this
treatment, compared to the 90% resistance to treatment de-
termined for 9113-zeo control cells (data not shown). The
PC4-expressing ras cell lines 9113-zeo-PC4-1 and -2 were
highly growth suppressed and failed to form tumors in nude
mice (Table 1).

If PC4 is a limiting cofactor critical to the transcriptional
mechanism of self-interference by which AP-2 and ras transform
cells, then restoration of high levels of AP-2 transcriptional
activity should accompany the loss of anchorage-independent
growth and tumorigenicity observed in PC4-expressing 9113
cells. When AP-2-CAT reporter assays were performed on the
PC4-expressing ras-transformed 9113 PA-1 cells, we found that
PC4 restored AP-2 activity to a high level (Fig. 5B). Western
blot analysis indicated that the PC4-expressing cell lines had
the same level of AP-2 as the parental cell lines and pZeoSV
vector-transfected cell lines, indicating that PC4 is not exerting
its effects by altering the level of AP-2 protein (data not
shown). The PC4-transfected 9113 colonies had a differenti-
ated morphology which was further enhanced in the presence
of 107> M RA (Fig. 5C), a further indication of a reversion of
ras transformation. In summary, based on the poor efficiency of
obtaining colonies of PC4-expressing 9113 cells, the slow
growth and differentiated morphology of such cells, and their
lack of tumorigenicity, we concluded that the growth-enhanc-
ing and tumorigenic effects of the ras oncogene were abrogated
by PC4.

DISCUSSION

Our previous studies indicated that the ras oncogene induces
high levels of AP-2 mRNA. Overexpression of AP-2 causes
transcriptional self-interference, and this process leads to tu-
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FIG. 5. The ras oncogene-transformed PA-1 cell lines constitutively express-
ing PC4 have a nontumorigenic phenotype and are sensitive to RA-induced
differentiation. PC4 cDNA was cloned into an SV40-driven pZeoSV vector that
carries a gene encoding resistance to zeomycin for selection in human cells. 9113,
ras-transformed PA-1 cells; 9113 Zeo #1 and #2, control transfections of 9113
cells with pZeoSV vector; 9113 PC4 #1 and #2, PC4-transfected 9113 cells. (A)
PC4-transfected ras-transformed PA-1 cells have high levels of PC4. Nuclear
extracts were prepared from the cells, subjected to Western blotting, and probed
with a PC4-specific antiserum. The mobilities of molecular markers are shown on
the left. (B) PC4-transfected ras-transformed PA-1 cells have a high endogenous
level of AP-2 activity. Four micrograms of 3X AP-2-CAT was transfected into
the cells, and the CAT activity was determined. The low-level endogenous AP-2
activity of 9113 cells was set to 1 to calculate the fold inductions, which are shown
at the bottom. (C) The ras-transformed PA-1 cells constitutively expressing PC4
grow slowly, with a flattened morphology, and are sensitive to RA.

morigenicity in the human teratocarcinoma cell line PA-1. We
identified three proteins (of 19, 74, and 110 kDa) that specif-
ically interacted with the GST-AP-2 fusion protein and char-
acterized their role in AP-2 transcriptional activation. The
74-kDa protein was identified as the RAP74 subunit of tran-
scription factor TFIIF, and the 110-kDa protein was identified
as the enzyme poly(ADP-ribose) polymerase (15a). The role of
these other proteins in AP-2 transcriptional activation is cur-
rently under investigation. AP-2 and VP16 have a common
coactivator, PC4. In this report we have shown that this coac-
tivator specifically binds AP-2 and positively regulates AP-2
transcriptional activity. Ge et al. (8, 9) found that PC4 interacts
specifically with the activation domains of a number of activa-
tors, including VP16, CTF, and SP-1. Their recent model sug-
gests that several PC4 molecules are involved in stabilizing the
interaction among multiple proteins of the preinitiation com-
plex via several pairwise interactions (19). Our data indicate
that PC4 is titrated away during AP-2 overexpression. Presum-
ably both free and target DNA-bound AP-2 molecules com-
pete for interaction with PC4. When the PC4 level is elevated,
this protein becomes readily available for the target DNA-
bound AP-2 molecules, thus restoring normal AP-2 transcrip-
tional activity. While coactivator relief of transcriptional inter-
ference in vitro has been reported (24), the present work is the
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first example of a study in which a transcriptional cofactor was
able to relieve transcriptional interference in vivo and was
associated with a physiological process, reversal of tumorigenic
transformation.

We have identified PC4 as a target protein, involved in AP-2
self-interference, that can reverse ras transformation. This
work demonstrates that an oncogenic transcription factor,
AP-2, transforms cells through its effects on a general tran-
scriptional coactivator rather than by regulating the subset of
cellular genes normally controlled by the transcription factor.
Alteration of the level of this coactivator, PC4, results in re-
version of the oncogenic signal. Aside from its implications as
to the mechanism of transformation by ras and oncogenic
transcription factors, these findings may provide a more gen-
eral mechanism to exploit in reversing cellular transformation
by manipulating transcriptional cofactors. Since PC4 can cause
reversion of the transformed phenotype of ras-transformed
cells, our data provide a new perspective of this signal trans-
duction pathway. The cascade of phosphorylation events lead-
ing to changes in the levels of AP-2 mRNA and protein results
in a transcriptional imbalance of this key coactivator, PC4. This
balance of the coactivator PC4 is so critical to the mechanism
of ras transformation that manipulating the level of PC4 can
revert ras-transformed cells strictly by a transcriptional mech-
anism. The growth-inhibiting activity of PC4 can be mediated
through AP-2 or any other transcription factor that requires
PC4 as a coactivator.

Since PC4 maps to human chromosome 5pl13, a location
frequently associated with loss of heterozygosity in lung and
bladder tumors (1, 30), which often contain mutations in ras
protooncogenes, PC4 may play a role as a tumor suppressor in
the natural occurrence of these cancers. A potential applica-
tion for this approach may be in breast cancer where Her2/
neu-overexpressing cells also express high levels of AP-2 and as
part of a possible regulatory loop, AP-2 regulates the Her2/neu
promoter in those breast cancer cells (2, 11).
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