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E-cadherin plays a pivotal role in the biogenesis of the first epithelium during development, and its
down-regulation is associated with metastasis of carcinomas. We recently reported that inactivation of RB
family proteins by simian virus 40 large T antigen (LT) in MDCK epithelial cells results in a mesenchymal
conversion associated with invasiveness and a down-regulation of c-Myc. Reexpression of RB or c-Myc in such
cells allows the reexpression of epithelial markers including E-cadherin. Here we show that both RB and c-Myc
specifically activate transcription of the E-cadherin promoter in epithelial cells but not in NIH 3T3 mesen-
chymal cells. This transcriptional activity is mediated in both cases by the transcription factor AP-2. In vitro
AP-2 and RB interaction involves the N-terminal domain of AP-2 and the oncoprotein binding domain and
C-terminal domain of RB. In vivo physical interaction between RB and AP-2 was demonstrated in MDCK and
HaCat cells. In LT-transformed MDCK cells, LT, RB, and AP-2 were all coimmunoprecipitated by each of the
corresponding antibodies, and a mutation of the RB binding domain of the oncoprotein inhibited its binding
to both RB and AP-2. Taken together, our results suggest that there is a tripartite complex between LT, RB,
and AP-2 and that the physical and functional interactions between LT and AP-2 are mediated by RB.
Moreover, they define RB and c-Myc as coactivators of AP-2 in epithelial cells and shed new light on the
significance of the LT-RB complex, linking it to the dedifferentiation processes occurring during tumor
progression. These data confirm the important role for RB and c-Myc in the maintenance of the epithelial
phenotype and reveal a novel mechanism of gene activation by c-Myc.

The retinoblastoma gene product (RB) was first identified as
a suppressor of tumor formation because it was absent or
mutated in many human tumors (54). RB is thought to func-
tion as a tumor suppressor by controlling the cell cycle pro-
gression at the G1/S boundary by inactivating the E2F tran-
scription factor (55). Indeed, RB regulates the activity of
several transcription factors in either a negative manner (for
E2F and Elf-1) or a positive manner (for SP1, SP3, ATF-1,
ATF-2, MyoD, TAF-II 250, NF-IL6, and C/EBPs) (reviewed in
reference 53; 10, 11). Therefore, several genes including those
encoding c-Fos, c-Myc, transforming growth factors b1 and b2,
insulin-like growth factor II, interleukin-6, c-Jun, and Her2/
Neu, in addition to differentiation-inducing genes, have been
shown to be regulated negatively and/or positively by RB (53).
Besides these observations, several studies of transgenic and
null mice have demonstrated a role for RB in the proper
timing and execution of cellular differentiation during devel-
opment, more specifically during neuronal and hematopoietic
differentiation. In these cases, when RB function is inactivated,
apoptosis occurred with aberrant terminal differentiation (see
reference 53 for a review). Developmental studies of RB have
correlated its expression with the more differentiated epithelial
tissues (49). More recently, RB has also been described as the
product of a survival gene (15, 19, 31), and in one case this

property was linked to its role in maintaining epithelial differ-
entiation (32).

The c-myc proto-oncogene, which encodes two amino-ter-
minally distinct Myc proteins (17), acts as a transcription factor
(22). Its expression results in the activation and the repression
of several genes involved in growth regulation and differenti-
ation (22). However, the Myc target genes do not form a
homogeneous group related only to cell proliferation. Myc also
alters the expression of genes involved in cytoskeleton organi-
zation (39), extracellular matrix structure and stability (41, 58),
and cell adhesion (6, 25, 52) and was also shown to reverse a
transformed phenotype (48). Each Myc protein dimerizes with
the Max protein, and the Myc-Max heterodimer binds to the
E-box sequence, CACGTG (22). Myc also interacts with sev-
eral transcription factors (reviewed in reference 22). The non-
AUG-initiated form of Myc, Myc1, strongly and specifically
activates transcription through a noncanonical DNA-binding
site (16). Therefore, the molecular mechanisms by which Myc
regulates transcriptional activity appear to be quite complex
and are not yet fully elucidated.

The cell adhesion molecule E-cadherin, specifically ex-
pressed in epithelial tissues, belongs to a large family of trans-
membrane glycoproteins. E-cadherin is essential for the main-
tenance and function of epithelial cell layers and also plays a
pivotal role very early in development, during the compaction
process of the preimplantation embryo, i.e., in the biogenesis
of epithelium (29, 43). E-cadherin expression is down-regu-
lated in tumor progression (5). In carcinomas, this down-reg-
ulation is associated with invasiveness and with dedifferentia-
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tion and metastasis of carcinoma cells in vivo. The reexpression
of E-cadherin in these cells decreases their invasiveness. E-
cadherin is therefore considered a tumor suppressor (7). The
molecular mechanism responsible for E-cadherin down-regu-
lation in dedifferentiated carcinoma cells is not yet understood.
Knowledge about the regulation of E-cadherin should provide
further insight into the processes occurring during develop-
mental morphogenesis and tumor invasion.

We have recently shown that RB inactivation by simian virus
40 (SV40) large T antigen (LT) specifically induces in differ-
entiated epithelial MDCK cells a massive apoptosis and a
mesenchyme-like conversion, i.e., a loss of expression of epi-
thelial markers including E-cadherin and cytokeratin and si-
multaneously an important invasiveness of the cells and a
strong down-regulation of c-myc (31, 32). The reexpression of
RB and Myc allow a partial reexpression of epithelial markers
such as E-cadherin, cytokeratin, and desmoplakin (32).

These results raised the possibility that E-cadherin, consid-
ered a master gene of the epithelial phenotype, might be di-
rectly regulated by RB and Myc.

These data prompted us to test whether RB and Myc di-
rectly regulate the transcription of E-cadherin. We report here
that RB and Myc transcriptionally activate the expression of
the E-cadherin promoter in epithelial MDCK cells through
interaction with the AP-2 transcription factor. When RB fam-
ily proteins are inactivated by SV40 LT, this property is lost. In
fibroblasts, RB and Myc are unable to activate the E-cadherin
promoter, showing that these interactions are likely to be par-
ticularly important and specific in epithelial lineages.

MATERIALS AND METHODS

Cell culture and transfection. NIH 3T3 and HepG2 cell lines were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
(FCS); MDCK, LT-transformed MDCK [MDCK(LT)], and HaCat cells were
grown in 5% serum. MDCK(1-6) and MDCK(2a5) (31) are clonal derivatives of
MDCK which were transformed either with wild-type SV40 LT or with the
pAT-D2H LT mutant having a deletion between positions 101 and 118 and
unable to bind RB (40). Transfection assays were performed as previously de-
scribed (2). The amount of transfected DNA was kept constant by adding pUC18
plasmid DNA. As internal control, 1 mg of the b-actin–b-galactosidase construct
pHbALacZ was cotransfected with the other plasmids in each sample. Chlor-
amphenicol acetyltransferase (CAT) activity was calculated as the percentage of
chloramphenicol converted to acetylated forms. The basal level of the reporter
plasmid without cotransfection of an expression plasmid was set at unity. Each
transfection was performed in duplicate and was reproduced at least three times
with different plasmid preparations; the histograms shown in the figures are
representative of these experiments. Each cotransfection experiment was also
independently performed with a plasmid control containing only the promoter
region of the expression plasmid pSV2D promoter. When necessary, the final
CAT activity was corrected, depending on these controls. In addition, b-actin and
SV40 promoters linked to the CAT gene were used in some experiments (Fig. 2)
as promoter controls.

Plasmid constructs. The E-cadherin promoter CAT constructs (2178, 258,
and 221 E-cadherin CAT), (E-Pal)4 SV CAT, and constructs having point
mutations in E-Pal (palindromic element), CCAAT box, GC1 box, and GC2 box
were previously described (4, 20, 21). The human genomic pHc-myc1-2-3 (Hc-
myc), Hc-mycD, and pSV Hc-myc1-2-3 (SV Hc-myc) constructs were also de-
scribed previously (28, 39). The human RB (SV RB) and RBD22 (SV RBD22)
cDNA expression plasmids were gifts of B. Weinberg and P. Hinds (50). SV RBD
was derived from SV RB by removing the EcoRI fragment carrying the RB
cDNA nucleotides 900 to 4600. The SV N-myc expression vector contains the
murine genomic N-myc under the control of the SV40 promoter and was pro-
vided by G. Fourel. The reporter plasmid endoA CAT was previously described
(39). TK CAT is the pBLCAT2 plasmid containing the herpesvirus thymidine
kinase (TK) promoter (2109 to 155) fused to the CAT gene and was provided
by G. Schütz. AP-2 cona CAT, a kind gift of A. Israël, contains three copies of
the metallothionein AP-2 binding site linked to the conab2-microglobulin pro-
moter and to the CAT gene. pPADH-AP2, which is a human cDNA under
alcohol dehydrogenase promoter control (a gift of T. Williams) (57), was used in
transfection assays. AP-2 DTA, the dominant-negative mutant, results from a
deletion (amino acids [aa] 51 to 138) of the N-terminal domain of AP-2 (21). The
vectors used for in vitro translation of AP-2 and AP-2D2 (deletion of aa 1 to 163)
were previously described (36, 37), as were the reporters HTLV-1 63ABC and
HTLV-1 63NBC. The latter contain six copies of either the wild-type 21-bp

repeat (63ABC) or a mutation in the A motif (AP-2 binding site) of the 21-bp
repeat (63NBC) upstream of the human T-cell leukemia virus type 1 (HTLV-1)
TATA element and fused to the CAT gene (37). The glutathione S-transferase
(GST)–RB(379-928), -(379-928; 706C-to-F mutation), -(379-792), and -(763-928)
fusions were previously described (26). A GST-HP1 construct (a gift of J.-S.
Seelers), in which HP1 is a chromatin protein, was used as a negative control in
the in vitro binding assays.

In vitro binding assay with GST-RB. GST-RB fusion proteins were expressed
in Escherichia coli BL21(DE3)(pLysS) and purified as described by Smith and
Johnson (46) by adsorption onto glutathione-agarose (Sigma). Equal amounts of
immobilized proteins were used in the protein-protein interaction studies. For in
vitro translation, AP-2 and AP-2D (37) were labeled with [35S]methionine and
generated in a coupled in vitro transcription-translation rabbit reticulocyte lysate
system (Promega). Glutathione-agarose beads bearing the GST fusion proteins
were rocked for 1 h at 4°C with 10% FCS and 1 ml of in vitro-synthesized AP-2
or AP-2D in a final volume of 200 ml in 50 mM TNENI (50 mM NaCl, 0.5%
Nonidet P-40 [NP-40], 50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride [PMSF]). The glutathione-agarose beads were
then washed four times in 10 ml of TKENI buffer (300 mM KCl), and bound
proteins were eluted with 25 ml of elution buffer (8 M urea, 0.1 M NaH2PO4, 10
mM Tris-HCl [pH 8.0]) and resolved on sodium dodecyl sulfate (SDS)-contain-
ing 9% and, for AP-2D, 12% polyacrylamide gels. The gel was first stained by
Coomassie blue to ensure that similar amounts of fusion proteins were recovered
in each sample and then dried and autoradiographed. Nonsaturating autoradio-
graphs were quantified by densitometry scanning, and the percentage of bound
proteins was calculated.

Cells lysates, immunoprecipitation, and Western blotting. Cells were washed
three times with cold phosphate-buffered saline and disrupted as described
previously (11) in lysis 250 buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 0.1%
NP-40, 5 mM EDTA, 1 mM PMSF, and 10 mg each of leupeptin, aprotinin, and
pepstatin per ml) by subjecting them to five freeze-thaw cycles (liquid nitrogen,
37°C) and clearing by centrifugation (14,000 rpm, 10 min at 4°C). The superna-
tant was then used for coimmunoprecipitation. Two human RB antibodies
(aRB) were used: mouse monoclonal antibody PMG3-245 (Pharmingen), raised
against a peptide corresponding to aa 300 to 380; and polyclonal rabbit antibody
C-15, generated against aa 914 to 928 (Santa Cruz Biotechnology Inc.). Three
distinct anti-AP-2 antibodies (aAP-2) were used: polyclonal rabbit antibody
C-18, made against a peptide corresponding to amino acids 420 to 437 of the
C-terminal part of the human AP-2 protein (Santa Cruz Biotechnology); mouse
polyclonal antiserum OB2-1, directed against human AP-2 protein (9); and
affinity-purified rabbit polyclonal antiserum HCH16, against the N-terminal pep-
tide of AP-2 (9). The mouse monoclonal anti-LT antibody (aLT) 419 was used
for LT. All antibodies except OB2-1 and HCH16 were coupled to protein
A/G-agarose beads as described previously (18). For immunoprecipitation ex-
periments, 500 ml of cell extract (107 cells) and 25 ml of coupled protein A/G-
agarose beads were incubated for 4 h at 4°C. Competition to test the specificity
of the aAP-2 (C-18) was done by preincubation of the antibody reagents with the
appropriate cognate peptide (threefold excess) for 1 h at 26°C prior to addition
of the cell lysate. For OB2-1 and HCH16 immunoprecipitations, cell extracts
were incubated with 5 ml of OB2-1 or 30 ml of HCH16 for 3 h at 4°C, then 20 ml
of protein A/G-agarose beads was added, and the mixture was incubated for 1 h
at 4°C. Immune complexes with protein A/G-agarose beads were then washed
five times with lysis 125 buffer (containing 125 mM NaCl). Beads were then
boiled in SDS loading buffer, and the proteins were separated by SDS-polyacryl-
amide gel electrophoresis and blotted onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad). Western blots and SDS whole-cell extracts were pre-
pared as described previously (33). Immunoprecipitations of radiolabeled
MDCK(1-6) cells were done as follows. Cells (7 3 107) plated into 100-diameter
dishes were starved in methionine-free medium supplemented with 2% FCS for
1 h and labeled for 4 h with 0.5 mCi of [35S]methionine in 3 ml of methionine-
free medium. The cells were washed four times with cold phosphate-buffered
saline, lysed in lysis 250 buffer, and subjected to precipitation with rabbit pre-
immune serum, C-15 aRB, or C-18 aAP-2. aRB immunoprecipitates were
washed five times in lysis 125 buffer. The nonimmunoreactive component of the
complex was dissociated with 250 ml of 1% SDS-containing radioimmunopre-
cipitation (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA,
0.5% deoxycholate, 0.5% NP-40, 1 mM PMSF, 10 mg each of leupeptin, apro-
tinin, and pepstatin per ml) and incubated for 30 min at room temperature. The
agarose bead solution was centrifuged, and the supernatant was transferred into
a new tube. An equal volume of RIPA buffer without SDS was added, and
proteins were reimmunoprecipitated with C-18 aAP-2 for 2 h at 4°C. Then the
immune complexes were washed five times with 0.1% SDS-containing RIPA
buffer. The proteins were resuspended in Laemmli SDS loading buffer. Samples
were electrophoresed on SDS-polyacrylamide gels, fluorographed, dried, and
autoradiographed.

RESULTS

RB and Myc transactivate the E-cadherin promoter in epi-
thelial cells. To determine whether E-cadherin is a target for
RB and Myc regulation, we examined the ability of human RB
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and Myc expression vectors to transactivate a murine E-cad-
herin CAT gene fusion construct in transient cotransfection
assays. Previous analysis of the E-cadherin promoter showed
that a region of 178 bp upstream from the start site is necessary
and sufficient to confer epithelial cell type specificity (4, 44).
Therefore, the 2178 E-cadherin CAT construct was cotrans-
fected into MDCK epithelial cells with increasing amounts of
RB expression plasmid or SV Hc-myc (Fig. 1A). SV Hc-myc is
a human c-myc genomic clone derived from normal cells and
containing all three exons and is thus able to synthesize the two
Myc proteins Myc1 and Myc2 (28). Figure 1A shows that the
E-cadherin CAT construct was strongly activated by both RB
and Myc in a concentration-dependent fashion. E-cadherin
CAT was also cotransfected with increasing amounts of control
vectors to exclude the possibility that the increasing CAT ac-
tivity was due to competition of a negative trans-acting fac-
tor(s) with the SV40 early promoter. To confirm the specificity
of Myc activation, we used a second c-myc genomic clone,
Hc-myc, also derived from normal cells and isolated by another
group (14). The pHc-myc vector, like the previous construct,
stimulates the expression of the E-cadherin promoter six- to
sevenfold (Fig. 1B). Large deletions in the coding sequences of
Myc and RB resulted in loss of their transactivating capacity,
attesting to the need for functional proteins and to the absence
of quenching (Fig. 1B, Hc-mycD and SV RBD). However, RB
mutant RBD22, having a deletion of exon 22 inside the B
region of the pocket, transactivated the E-cadherin promoter
as efficiently as RB (Fig. 1B). RBD22 also displayed defective
binding to oncoproteins (53). The specificity of RB and Myc
activation was also demonstrated by the fact that another nu-
clear oncogene, c-fos, had no effect on E-cadherin promoter
expression, in contrast to N-myc, which was found to also
transactivate the E-cadherin promoter about fourfold (Fig.

1B). Cotransfection of both RB and Myc showed that their
transactivating effect was not additive (Fig. 1B). The increase
in CAT activity was similar to that observed with RB or Myc
alone. These results (Fig. 1) indicate that RB and Myc can
transactivate the E-cadherin promoter in MDCK epithelial
cells to similar extents.

We previously demonstrated that c-myc positively regulates
the murine cytokeratin endoA and endoB genes (39). Since
RB and Myc had similar effects on the E-cadherin promoter,
we therefore tested whether RB also could transactivate the
endoA promoter. We found that RB and Myc stimulated en-
doA CAT activity 4.6- and 5.5-fold, respectively (data not
shown).

RB and Myc transactivation of the E-cadherin promoter is
cell type specific. To determine whether the positive regulation
of E-cadherin expression by RB and Myc was specific to epi-
thelial cells, we studied the expression of the 2178 E-cadherin
promoter and its regulation by RB and Myc in mesenchymal
NIH 3T3 cells. Figure 2 shows that in fibroblasts, basal expres-
sion of the E-cadherin promoter, compared to that of two
other control promoters, b-actin and SV40, was about 12 to 15
times lower than in MDCK cells, in agreement with previous
results (4). Furthermore RB and Myc failed to significantly
transactivate this promoter in fibroblasts. We also analyzed
ectopic E-cadherin regulation in MDCK cells transformed by
SV40 large T antigen. In these MDCK(1-6) fibroblast-like
cells, RB is inactivated, c-myc is repressed, and endogenous
E-cadherin is down-regulated (31, 32). Figure 2 shows that in
MDCK(1-6) cells, basal expression of the E-cadherin promoter
was greatly reduced and the RB- and Myc-mediated activation
was abolished, thus mimicking the results for NIH 3T3 fibro-
blasts.

To confirm the involvement of the RB protein family, we

FIG. 1. Activation of the murine E-cadherin promoter by RB and Myc in MDCK epithelial cells. (A) Dose-dependent effects of SV RB and SV Hc-myc on
transcriptional activity of the 2178 E-cadherin promoter. Three micrograms of 2178 E-cadherin CAT was cotransfected with pUC DNA (baseline value) or with
increasing amounts of SV RB and SV Hc-myc expression vectors. Total DNA was always kept constant by adding pUC DNA. As a control, 2178 E-cadherin CAT was
cotransfected with an expression plasmid without insert, pSV2D (cont). The values indicated are averages expressed as fold activation of CAT activity relative to the
baseline value obtained by cotransfecting 2178 E-cadherin promoter CAT with pUC DNA. Each value is expressed after normalization for transfection efficiency, using
pHbALacZ as an internal control. The results are from at least three experiments performed in duplicate, and standard deviation bars are shown. (B) Activation of
E-cadherin transcriptional activity by different nuclear regulators. Three micrograms of 2178 E-cadherin CAT was cotransfected into MDCK cells with 7 mg of the
indicated vectors.
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repeated these experiments with MDCK cells transformed by
an LT mutant, pATD-2H, having a deletion between positions
101 and 118 and unable to bind to RB but still inactivating p53
(40). This clone, called MDCK(2a5), has an epithelial pheno-
type and expresses high levels of Myc and E-cadherin, like the
MDCK parental cells (31, 32). In these cells, the 2178 E-
cadherin promoter behaved as in MDCK cells: its basal ex-
pression was high, and it could be similarly activated by the two
nuclear regulators RB and Myc (Fig. 2). All of these results
indicate that RB and c-Myc transactivation of E-cadherin ex-
pression is specific to epithelial cells and requires an active RB
protein family.

Characterization of RB- and Myc-responsive elements. Sev-
eral important elements (Fig. 2) on the E-cadherin promoter
have been previously characterized; these include a palin-
dromic element called E-Pal (298 to 278), which is highly
homologous to KER elements found in keratin genes (4).
E-Pal is responsible for the cell type specificity of the pro-
moter, acting positively in epithelial cells and negatively in
mesenchymal cells (21). Basal expression is conferred by a
CCAAT box (269 to 258) and a GC region (258 to 225) (4).
The AP-2 transcription factor and/or AP-2-related protein has
been shown by several complementary experimental ap-
proaches, including in vivo footprinting, gel retardation, point
mutations, and transient transfection assay, to be crucial for
the activities of both E-Pal and the GC-rich region (4, 20, 21).

Figure 2 shows that after deletion of E-Pal and the CCAAT
box, basal expression of 258 E-cadherin in MDCK cells de-
creased by 50%, in agreement with previous results (4). Nev-
ertheless, the GC region was still sufficient to be specifically
activated by RB and Myc. RB activation was 7.5-fold, and Myc
activation was 6-fold (Fig. 2). When the GC boxes were de-
leted, basal expression of 221 E-cadherin dropped an addi-
tional twofold and could no longer be significantly activated by
RB and Myc (Fig. 2). Since the E-Pal element plays a crucial
role in specific E-cadherin expression in epithelial cells (4, 21),
we tested whether a chimeric reporter containing four E-Pal
elements linked to the SV40 promoter would be activated by
RB and Myc. This construct, (E-Pal)4 SV, was activated to a
similar high extent (more than 10-fold) by RB and Myc in
MDCK epithelial cells (Fig. 2). All of these results show that
the E-Pal element and the GC region are similarly activated by
both RB and Myc.

In MDCK(1-6) cells, neither the 2178 E-cadherin, 258 E-
cadherin, nor (E-Pal)4 SV reporter construct could be trans-
activated by RB or Myc. Likewise, in NIH 3T3 cells, the three
reporter constructs could not be activated by Myc, and the
RB-mediated activation of 2178 E-cadherin and (E-Pal)4 SV
expression was 66% lower than in MDCK cells. However, in
these cells, the 258 cadherin construct was stimulated by RB
six- to sevenfold (Fig. 2).

RB and c-Myc transcriptional activation is mediated by the
transcription factor AP-2. The cell-type-specific expression of
the E-cadherin promoter is mediated by the E-Pal element and
AP-2-related proteins (4, 20, 21). To determine if RB- and
Myc-mediated activation required the AP-2 transcription fac-
tor, we used several specific point mutations within each of the

AP-2 binding sites of the E-cadherin promoter: E-Pal, GC1,
and GC2 elements (20). The loss of the functionality of these
AP-2 sites resulted in 60 to 100% inhibition of RB- and Myc-
mediated activation (Fig. 3). The use of a dominant-negative
mutant of AP-2, AP-2 DTA, which lacks the transactivation
domain (21), inhibited in a dose-dependent manner RB- and
Myc-mediated activation of the three reporters, 2178 E-cad-
herin, 258 E-cadherin, and E-Pal (Table 1). Two controls were
performed to ensure that the effect of the dominant-negative
mutant of AP-2 was specific and not due to a general effect on
cells. We used the 221 E-cadherin promoter, which does not
contain any AP-2 binding site, and TK CAT. In both cases, the
cotransfection of these constructs with AP-2 DTA mutant did
not affect their basal level (Table 1). We next performed co-
transfection assays with an AP-2 expression vector, pPADH-
AP2. To exclude self-interference phenomena which occur be-
tween endogenous and exogenous transfected AP-2 (27), we
performed these assays in HepG2 cells that lack endogenous
AP-2 activity (24). Whereas RB and Myc alone showed very
modest stimulation of E-cadherin promoter activity, they sig-
nificantly enhanced its transcriptional activity eight- to nine-
fold when cotransfected with the pPADH-AP2 expression vec-
tor (Table 2).

To confirm these results in other systems and to ensure that
the functional interaction of RB and Myc with AP-2 activity is
a general mechanism, we used two chimeric reporter con-
structs, one containing three AP-2 binding sites from the me-
tallothionein (MTIIA) promoter (AP-2 CAT) and the other
including part of the HTLV-1 long terminal repeat (LTR)
21-bp repeats (HTLV-1 63ABC) known to be transcription-
ally activated by AP-2 protein (37). Figure 4 shows that these
constructs are transactivated 12-fold by RB and 7-fold by Myc.
When the AP-2 binding site was functionally inactivated by
point mutation (HTLV-1 63NBC) (37), RB and Myc lost their
capacity to induce transcriptional activity. Interestingly, in
MDCK cells the basal level of the mutated HTLV-1 63NBC
reporter was reduced by 50% compared to the wild-type
HTLV-1 63ABC, in contrast to the situation in NIH 3T3 cells,
where it had a comparable low level (data not shown). This
finding indicates that endogenous AP-2 activity is greatly re-
duced in NIH 3T3 mesenchymal cells. Similarly, endogenous
AP-2 activity, as monitored by transfecting the chimeric AP-2
CAT construct into the different cell lines and by relating its
basal level expression to the two control promoter activities,
SV40 and b-actin, perfectly reflects the differential expression
of the E-cadherin promoter and E-Pal (Fig. 2). Thus, AP-2
CAT activity was high in MDCK and MDCK(2a5) cells and
low in MDCK(1-6) and NIH 3T3 cells (Fig. 2). These results
show that endogenous AP-2 activity is linked in MDCK cells to
the functionality of RB. When RB is inactivated by LT as in
MDCK(1-6) cells, AP-2 activity is down-regulated; when RB is
still active, even in the presence of inactive p53 as in
MDCK(2a5) cells, AP-2 activity is preserved. AP-2 activity is
also greatly reduced in NIH 3T3 mesenchymal cells. These
findings, together with those of previous studies (4, 20, 21),
indicate that RB- and Myc-mediated activation of the cadherin
gene requires the AP-2 transcription factor.

FIG. 2. Cell-type-specific activation of E-cadherin promoter by RB and Myc. The reporters used in this study are depicted at the top. For graphs of basal level, the
2178, 258, and 221 E-cadherin CAT, (E-Pal)4 SV CAT, and AP-2 CAT constructs (3 mg of each) were transfected into MDCK, NIH 3T3, MDCK(1-6), and
MDCK(2a5) cells. Basal CAT activities are expressed after normalization with the b-actin promoter and SV40 promoter/enhancer activities and are presented, except
for AP-2 CAT, relative to the 2178 E-cadherin promoter in MDCK(1-6) cells, which is set at 1. AP-2 CAT activities are presented relative to its activity in MDCK(1-6)
cells, which is set at 1. For graphs related to cell type specificity, 2 mg [1 mg for (E-Pal)4 SV CAT] of each E-cadherin promoter construct was cotransfected with 7 mg
[or 10 mg for (E-Pal)4 SV CAT] of RB, RBD22, and Myc expression vectors or the control pSV2D (cont) in the indicated cell lines. The values indicated are averages
expressed as fold activation of CAT activity relative to the baseline value obtained by cotransfecting each E-cadherin CAT construct with pUC DNA.
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RB and AP-2 interact in vitro. To address how RB activates
AP-2-mediated transcription, their in vitro interaction was ex-
amined. The cDNAs encoding RB(379-928) and various RB
deletion mutations, RB(379-928; 706C-to-F mutation), RB(379-

792), and RB(763-928), inserted into a GST expression plas-
mid were expressed as GST fusion proteins in E. coli. The AP-2
expression vector was used to synthesize 35S-radiolabeled AP-2
protein in a reticulocyte lysate. Unlike GST alone or a GST-
HP1 chromatin protein (unrelated to RB), GST-RB(379-928)
bound specifically to 9 to 10% of the input AP-2 protein (Fig.
5A, lane 2). The GST-RB fusion protein mutated in the B
region of the small pocket (C706F), abolishing its interaction
with the oncoproteins, still binds to the AP-2 protein with as
much affinity as the wild-type form of RB (Fig. 5A, lane 3).
This is consistent with our earlier result with the RBD22 mu-
tant, also affected in the B region, which transactivated the
E-cadherin promoter as efficiently as wild-type RB (Fig. 1B).

FIG. 3. Specific point mutations of the AP-2 binding sites of the E-cadherin promoter result in the loss of RB- and Myc-mediated activation. (A) Diagrams of
mutant constructs of the 2178 E-cadherin promoter. Point mutations abolishing AP-2-like and AP-2 binding within the E-Pal and GC boxes are indicated by crosses
(21). (B) The E-cadherin constructs (2 mg of each) were cotransfected with 7 mg of RB and Myc expression vectors (SV RB and SV Hc-myc, respectively) or the control
pSV2D (cont) in MDCK epithelial cells. The values are averages expressed as fold activation of CAT activities relative to the baseline obtained by cotransfecting each
E-cadherin CAT construct with 7 mg of pUC DNA.

TABLE 1. Dominant-negative AP-2 suppresses the RB or c-Myc-
mediated activation of the E-cadherin promotera

Activation by:
Amt of dominant-

negative AP-2
(mg)

Promoter activity (%)

2178 258 E-Pal 221 TK
CAT

SV Hc-myc 100 100 100
1 11 20 16
4 2 3 11

SV RB 100 100 100
1 15 6 2
4 0.7 1.3 0.6

Basal levelb 100 100
1 98 96
4 99 92

a Three micrograms of 2178 or 258 E-cadherin CAT and 1 mg of (E-Pal)4 SV
CAT were transfected into MDCK cells either with 5 mg of pUC DNA or with
RB and Myc expression vectors as indicated, plus increasing amounts of domi-
nant-negative AP-2 in which the N-terminal region has been deleted. Activities
of the 2178 and 258 E-cadherin CAT and (E-Pal)4 SV CAT reporters in the
presence of control vector without the AP-2 sequence were set at 100%.

b Two negative controls, 221 E-cadherin CAT, which does not contain AP-2
binding sites, and TK CAT, were used; their basal levels were determined in a
cotransfection assay with increasing amounts of dominant-negative AP-2.

TABLE 2. Transcriptional activation of the E-cadherin promoter in
HepG2 cellsa

Vector addition
Fold activation

2pPADH-AP-2 1pPADH-AP-2

Control 1.0 2.3
SV RB 1.5 8.5
SV Hc-myc 3.5 9.3

a One microgram of 2178 E-cadherin CAT was transfected into HepG2 cells
with 4 mg of AP-2 expression vector (pPADH-AP2; gift of T. Williams) and 6 mg
of pSV2D (control), pSV Hc-myc, or SV RB. The values are averages expressed
as fold activation of CAT activities relative to the baseline obtained by cotrans-
fecting the 2178 E-cadherin CAT construct with 10 mg of pUC DNA.
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In contrast, RB(379-792), which lacks the C-terminal domain,
shows binding to AP-2 reduced by 50% (Fig. 5A, lane 4).
However the C-terminal domain alone did not bind signifi-
cantly to the transcription factor, with only 1 to 2% of input
protein retained (Fig. 5A, lane 5). These results indicate that
two regions of RB are required for interaction with AP-2, the
carboxy-terminal domain and part of the oncoprotein binding
domain. To determine the region of AP-2 required for binding
to RB, an AP-2 N-terminal deletion protein lacking aa 1 to 165
was assayed for in vitro binding (37). The results show that the
N-terminal region of AP-2 is required for interaction with RB
(Fig. 5C). It is interesting that deletion of the same N-terminal
region of AP-2 also suppresses RB- and Myc-mediated activa-
tion (Table 1), strongly suggesting that the physical interaction
with AP-2 is required for transcriptional activation in vivo.

Interactions between RB and AP-2 in vivo. Having estab-
lished an interaction between RB and AP-2 in vitro, we next
explored the interaction in vivo. Evidence of RB–AP-2 com-
plexes was detected in untransfected, asynchronous MDCK
cell lysates by coimmunoprecipitation with each of three
aAP-2, and the presence of RB in each immunoprecipitate was
revealed by Western blotting using the C-15 and PMG3-245
aRB (Fig. 6A). The aAP-2 used were (i) a rabbit polyclonal
antibody (C-18) raised against the C-terminal part of the pro-
tein, (ii) a rabbit polyclonal antiserum (HCH16) against the
N-terminal peptide of AP-2 (9), and (iii) a mouse polyclonal
antiserum (OB2-1) raised against purified human AP-2 protein
(9). These results, with three distinct aAP-2, clearly demon-
strate that RB and AP-2 form stable complexes in vivo. To

establish that the interaction between the two proteins was a
general phenomenon in epithelial cells, and to more easily
detect AP-2 in the reverse coimmunoprecipitation with human
aRB, we also used human immortalized HaCat keratinocytes.
As shown in Fig. 6B and C, both RB and AP-2 were detected
in the immunoprecipitations with aAP-2 and aRB. Therefore,
RB and AP-2 form stable complexes in HaCat cells as well.

RB mediates an interaction between LT and AP-2 in epithe-
lial cells in vivo. We have shown that LT is able to disrupt the
activation of AP-2 by RB. In an effort to understand how this
may be achieved and to further examine RB–AP-2 interac-
tions, we went on to look for in vivo molecular complexes
between LT, RB, and AP-2 proteins. In these experiments, we
took advantage of our different MDCK cell lines transformed
by wild-type and mutant LT. It seemed likely that the interac-
tion between LT and AP-2 is dependent on the RB-binding site
of the oncoprotein, since endogenous AP-2 activity is greatly
inhibited in MDCK(1-6) cells and preserved in MDCK(2a5)
cells, which express a non-RB-binding form of LT (Fig. 2).
Consequently, immunoprecipitation of wild-type LT in
MDCK(1-6) cells should coimmunoprecipitate RB and AP-2,
whereas in MDCK(2a5) cells, an LT antibody should be unable
to coprecipitate either RB or AP-2. Figure 7A shows that
indeed aLT coprecipitated hypophosphorylated RB plus AP-2
only in MDCK(1-6) cells. Neither of these proteins was immu-
noprecipitated in MDCK(2a5) or nontransformed MDCK
cells. The inability of aLT to detect AP-2 protein in MDCK
(2a5) cells could not be attributed to the absence of LT and/or
AP-2 proteins since both proteins could be detected in these

FIG. 4. RB and Myc activate expression of the HTLV-1 LTR through AP-2. (A) MDCK cells were cotransfected with 3 mg of AP-2 cona CAT (AP-2 CAT) reporter
containing three metallothionein AP-2 binding sites linked to the conab2 promoter and either 5 mg of RB and Myc expression vectors or pSV2D (cont). Controls with
only the conab2 promoter were also performed (not shown). (B) MDCK cells were cotransfected with 3 mg of either HTLV-1 63ABC or HTLV-1 63NBC (see
Materials and Methods) and with 5 mg of RB and Myc expression vectors or pSV2D (cont). The panel on the left shows the basal level of the wild-type and mutated
HTLV-1 reporters. All values indicated are averages expressed as fold activation of CAT activity relative to the baseline value obtained by cotransfecting each
E-cadherin CAT construct with pUC DNA.
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cells with the appropriate antibodies (Fig. 7B). The specificity
of aLT was also demonstrated by the use of a preimmune
serum. AP-2 protein was detected with the C-18 rabbit poly-
clonal antibody, and we could also show that incubation of
aAP-2 with the cognate peptide resulted in a loss of the de-
tection of the 52-kDa protein on the Western blot (Fig. 7A,
lane 5). To confirm the identity of this protein, further coim-
munoprecipitations with aLT were performed and the West-
ern blots were probed with the two additional aAP-2, HCH16
and OB2-1 (9). Both antisera specifically recognized the 52-
kDa protein coprecipitating with aLT from MDCK(1-6) cells
but not from MDCK(2a5) cells (Fig. 7C). Taken together,
these results again demonstrate that the 52-kDa protein coim-
munoprecipitating with RB is indeed AP-2. Furthermore, im-
munoprecipitation of AP-2 from MDCK(1-6) cells with either
the C-18, HCH16, or OB2-1 antibody coimmunoprecipitated
both RB (Fig. 7D) and LT (Fig. 7E). The reverse coimmuno-
precipitation by aRB also led to detection of AP-2 (Fig. 7F)

FIG. 5. AP-2 and RB proteins interact in vitro. (A and B) Both the RB small
pocket and the C-terminal domain are required for interaction with AP-2. GST,
GST-RB(379-928), GST-RB(379-928; 706C-to-F mutation) [GST(C706F)],
GST-RB(379-792), GST-RB(763-928), and GST-HP1 fusion proteins immobi-
lized on glutathione-agarose beads were used to bind radiolabeled AP-2 protein.
Lane 1 shows 10% of the input of in vitro-translated [35S]AP-2. In lanes 2 to 7,
the same amounts of [35S]AP-2 were incubated with glutathione-agarose beads
containing similar amounts of the various GST fusion proteins. GST-HP1, a
chromatin protein unrelated to RB, was used as negative control. Nine to 10%
of AP-2 bound to GST-RB(379-928) and to GST-RB(C706F), 4.5 to 5% bound
to GST-RB(379-792), and 1 to 2% bound to GST-RB(763-928). (B) Before
drying and autoradiography, the gel was stained with Coomassie blue to ensure
that all fusion proteins were correctly recovered. (C) N-terminally deleted AP-2
protein does not bind to RB. A 35S-labeled N-terminal deletion AP-2 protein
(AP-2D) was incubated with various GST fusion proteins (lanes 2 to 4). Similar
amounts of radiolabeled AP-2 and AP-2D were used in panels A and C, and gels
were exposed for the same length of time.

FIG. 6. RB and AP-2 interact in vivo. (A) RB–AP-2 complexes in MDCK
cells. Lysates of MDCK cells were immunoprecipitated (IP) with the three
aAP-2, C-18, HCH16, and OB2-1, aRB (C-15) as a positive control, or rabbit
preimmune serum (Pre) and aLT as negative controls. Immune complexes were
separated on a 7.5% polyacrylamide gel and transferred to a PVDF membrane,
which was then probed with aRB (C-15 and PMG3-245). (B) Stable RB–AP-2
complexes in HaCat cells. Coimmunoprecipitations similar to those described for
panel A were performed with HaCat cells with aAP-2 (C-18 and OB2-1). (C)
HaCat lysates were also subjected to the reverse immunoprecipitation with aRB
(PMG3-245) or aAP-2 (C-18) as a positive control. As negative controls, mouse
preimmune serum (Pre) and aLT were used. After transfer, the PVDF mem-
brane was probed with aAP-2 (C-18). A short exposure of the positive control is
also shown.
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FIG. 7. In vivo interaction between LT, RB, and AP-2. (A) aLT coimmunoprecipitates RB and AP-2 in LT-transformed MDCK cells when the RB oncoprotein
binding domain is not mutated. Total lysates of MDCK(1-6), MDCK(2a5), and MDCK cells were immunoprecipitated (IP) with mouse preimmune serum (Pre) or the
mouse monoclonal 419 aLT coupled to protein A/G-agarose beads. Immune complexes were separated on an SDS–7.5% polyacrylamide gel, and proteins were
transferred onto a PVDF membrane. After transfer, the membrane was cut into two pieces. The upper part was successively probed with the monoclonal PMG3-245
aRB and then aLT. In lanes 1 and 2, 30-mg aliquots of 1% SDS whole-cell HaCat extract (SDS WCE) of exponential (E) and confluent (C) cells were loaded on the
gel as positive controls for hyper- and hypophosphorylated RB. Lane 5 was isolated from the lower part; then lanes 1 to 4, 6, and 7 were probed with the rabbit polyclonal
aAP-2 (C-18) raised against the C-terminal peptide of AP-2 (Santa Cruz). Lane 5 alone was incubated with aAP-2 and a 10-fold excess of the cognate peptide. (B)
The 52-kDa AP-2 protein is expressed in all cells tested. Aliquots (30 mg) of 1% SDS whole-cell extracts (SDS WCE) of HaCat, MDCK(1-6), MDCK(2a5), and MDCK
cells were separated on a 7.5% polyacrylamide gel, transferred to a PVDF membrane, and probed with the polyclonal aAP-2 (C-18). (C) The LT-immunoprecipitated
52-kDa protein is recognized by three different aAP-2. Total lysates of MDCK(1-6) and MDCK(2a5) cells were immunoprecipitated with aLT as described for panel
A, and the different Western blots were probed with the rabbit polyclonal C-18, the rabbit polyclonal antiserum HCH16 against the N-terminal peptide of AP-2 (9),
and the mouse polyclonal OB2-1 antiserum directed against the whole human AP-2 protein (9). (D) RB is coimmunoprecipitated by several distinct aAP-2 in
MDCK(1-6) cells. Total lysates of MDCK(1-6) cells were immunoprecipitated with aAP-2 (C-18, HCH16, and OB2-1), aRB (C-15) as positive control, or rabbit
preimmune serum (Pre) as a negative control. After separation on a 7.5% polyacrylamide gel and transfer, the PVDF membrane was probed with aRB (C-15 and
PMG3-245). (E) LT is coimmunoprecipitated with aAP-2 only in MDCK(1-6) and not in MDCK(2a5) cells. Total lysates of MDCK(1-6) and MDCK(2a5) cells were
subjected to precipitation with rabbit preimmune serum (Pre), aRB (C-15), or aAP-2 (C-18) as indicated. After separation on 7.5% polyacrylamide gels and transfer,
the PVDF membrane was probed with aLT. (F) AP-2 is coimmunoprecipitated by aRB in MDCK(1-6) cells. To allow easier detection of AP-2, cell lysates of
MDCK(1-6) cells (7 3 107) labeled with [35S]methionine were subjected to precipitation with rabbit preimmune serum (Pre), aRB (C-15), or aAP-2 (C-18) as a positive
control. The washed RB immunoprecipitate was then dissociated with 1% SDS and reprecipitated with aAP-2 (C-18). Immune complexes were separated on a 10%
polyacrylamide gel. The gel was fluorographed and dried, and proteins were detected by autoradiography. (G) RB coprecipitates with aAP-2 in MDCK(2a5) cells.
Lysates of MDCK(2a5) cells were immunoprecipitated with aAP-2 (C-18) in the absence or in the presence of the cognate peptide (pep) in threefold excess, aRB (C-15)
as a positive control, or aLT as a negative control. Immunoprecipitates were analyzed on a 7.5% polyacrylamide gel; proteins were transferred onto a PVDF membrane
and probed with aRB (C-15).
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and LT (Fig. 7E). In addition, in MDCK(2a5) cells an immu-
noprecipitation using aAP-2 coimmunoprecipitated RB only
in the absence of the cognate peptide (Fig. 7G), not LT (Fig.
7E). Table 3 summarizes the coimmunoprecipitation results.

Overall, these results demonstrate that in MDCK(LT) cells
there is a protein complex between LT, RB, and AP-2 and that
a mutation in LT, leading to inhibition of its interaction with
RB, simultaneously inhibits its interaction with AP-2, whereas
RB and AP-2 still interact stably (Fig. 7G). Consequently, the
interaction between LT and AP-2 is indeed mediated by RB.
Consistent with these findings, as mentioned earlier, both of
the RB mutants with defective oncoprotein binding, RBC706F
and RBD22, still showed wild-type levels of binding to AP-2
(Fig. 5A, lane 3) and wild-type effects on E-cadherin activation
(Fig. 1B). To confirm further that LT requires RB to interact
with AP-2, we cotransfected RBD22 with the E-cadherin pro-
moter in MDCK(1-6) cells. Whereas wild-type RB was unable
to activate the E-cadherin promoter in these cells (Fig. 2),
RBD22, which is not inactivated by LT, strongly activated the
E-cadherin promoter (Fig. 2). Thus, AP-2 inactivation by LT is
mediated by RB.

DISCUSSION

We demonstrate here that both RB and Myc are specific
transactivators of the E-cadherin promoter in epithelial cells.
The use of different 59 deletions of this promoter showed that
several target sequences are similarly and significantly acti-
vated by both RB and Myc. These sequence elements are E-Pal
and the GC boxes, which were previously shown to play a
crucial role in vivo in cell-type-specific and basal expression,
respectively, with both elements absolutely requiring AP-2 or
an AP-2-like transcription factor to be functional (4, 20, 21).
Here we definitively show, using reporter constructs with point
mutations within the AP-2 binding sites (Fig. 3), that transcrip-
tional stimulation of the E-cadherin promoter by RB and Myc
is mediated by AP-2 proteins. Furthermore, the RB and Myc
AP-2-mediated transcriptional activation is not restricted to
the E-cadherin promoter but is also observed with the HTLV-1
LTR, also previously shown to be stimulated by AP-2 (37). The
implication therefore is that interaction with AP-2 is a general
mechanism by which RB and Myc can function. We also dem-

onstrate that at least part of the mechanism behind this inter-
action is a stable complex that can form between AP-2 and RB
proteins both in vitro (Fig. 5) and in vivo (Fig. 6 and 7). The in
vitro interaction requires the N-terminal region of AP-2 and
both the small pocket and the C-terminal domain of RB. The
intracellular interaction between RB and AP-2 could be shown
in epithelial MDCK cells as well as in immortalized keratino-
cyte HaCat cells.

Our studies of MDCK(1-6) cells transformed by a wild-type
LT and MDCK(2a5) cells transformed by an LT mutant inac-
tivating only p53 and leaving RB active indicate that the inac-
tivation of AP-2 activity by LT is linked to the integrity of its
RB binding site. Moreover, aLT coimmunoprecipitated RB
and AP-2 only when the RB binding site was intact (Fig. 7A),
and aAP-2 coimmunoprecipitated both RB and LT in MD-
CK(LT) (Fig. 7D and E) and only RB in MDCK(2a5) cells
(Fig. 7G). Mutations of the B domain of the RB pocket
(RBD22 and RBC706F), which result in a loss of interaction
with the oncoproteins, did not affect the transcriptional stim-
ulation of E-cadherin (Fig. 1) or the in vitro binding to AP-2
(Fig. 5). In addition, RBD22, in contrast to RB, transactivated
the E-cadherin promoter in MDCK(LT) cells. These results
strongly suggest that there is a complex between LT, RB, and
AP-2 in MDCK(LT) cells and that the physical and functional
interaction between LT and AP-2 is mediated by RB. As RB
appears to stimulate AP-2 activity, as has been shown for
several other transcription factors (10, 11, 53), by binding to
RB, LT would inhibit this activation possibly by preventing
AP-2 from binding to DNA as previously suggested (35).

Overall, our observations are compatible with the hypothesis
that RB functions as a molecular matchmaker assembling dif-
ferent protein complexes in different cell types (53, 56). The
binding of AP-2 is distinct from all previously known RB bind-
ing mechanisms. As also shown for E2F (23, 42), AP-2 binding
requires the small pocket and the C-terminal domain, but in
contrast to E2F, the B region does not seem to be involved,
which leads us to suggest that the A region is required, unless
other sequences within the B region are involved. This differ-
ence between E2F and AP-2 binding might be relevant to the
functioning of RB, as it acts in one case as an inhibitor and in
the other as an activator.

AP-2 can also be activated by Myc. Classically, promoter
activation by Myc has been associated with direct binding to an
E box (22), but the E-cadherin promoter contains only a non-
canonical E box, within the E-Pal element (21). However,
Myc-mediated activation observed here involves AP-2 sites
without E-box sequences (258 E-cadherin [Fig. 2]; AP-2 CAT
and HTLV LTR [Fig. 4]) which have been shown to bind AP-2
in vivo (20). Moreover, we have also shown that point muta-
tions within these sites that destroy AP-2 binding strongly
inhibited Myc-mediated activation (Fig. 3 and 4). However,
AP-2 and Myc have previously been shown to form a complex
in vivo via their C-terminal domains (13). This finding, to-
gether with our results, implies that a novel Myc interaction
with promoter region DNA at the level of AP-2 binding sites
can also lead to Myc activation of a promoter. Work is in
progress to detect such complexes in vivo.

The protein interaction between Myc and AP-2 reported by
Gaubatz et al. (13) used HeLa cells, which synthesize large
amounts of AP-2 protein (24, 35). They examined the regula-
tion by exogenous AP-2 and Myc of a chimeric reporter con-
struct, containing adjacent E-box and AP-2 binding sites iso-
lated from an enhancer in the first intron of the a-prothymosin
gene. Endogenous AP-2 has been reported to cause self-inter-
ference in cotransfection studies using certain cell lines trans-
fected by exogenous AP-2 (27). The reporter construct used in

TABLE 3. Summary of in vivo interactions between RB, AP-2,
and LT

IPa Protein detected in
coimmunoprecipitates

Coimmunoprecipitation result in:

Immortalized
epithelial cells

LT-transformed
cells

MDCK HaCat MDCK
(LT)b

MDCK
(LTm)c

RB AP-2 NDd 1 1 ND
LT 1 2

AP-2 RB 1 1 1 1
LT 1 2

LT RB 1 2
AP-2 1 2

a All aAP-2 immunoprecipitations (IP) were done with two or three distinct
aAP-2 except with MDCK(LTm) lysates. Three different aAP-2 were used to
identify AP-2 in the LT immunoprecipitations. Two aRB were always used to
reveal RB except for the MDCK(LTm) cells.

b MDCK(1-6) cells transformed by wild-type LT.
c MDCK(2a5) cells transformed by an LT mutant unable to bind RB.
d ND, not determined.
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the study of Gaubatz et al. (13) was not stimulated by exoge-
nous AP-2 alone but, in contrast, was repressed. However,
mutation of the AP-2 binding site decreased Myc-mediated
transactivation by 50%, and a further decrease was observed
when the mutation was more proximal to the E box (13). Thus,
reexamination of these results also highlights the importance
of the AP-2 binding site in Myc-mediated activation. The con-
clusion by Gaubatz et al. (13) that AP-2 is a negative regulator
of Myc function may be due to the self-interference phenom-
ena previously described (27) or may be peculiar to the E-box
and AP-2 binding sites used. Certainly in several experiments
presented here, on both natural and chimeric promoters it is
clear that Myc acts as an activator at AP-2 sites.

To date no in vivo interaction between RB and Myc has
been demonstrated, although RB has been shown to stimulate
Gal4-Myc-mediated transcription through protein-protein in-
teractions (1). Both RB and Myc interact with several tran-
scription factors involved in the basal transcription machinery
(22, 53). It is therefore possible that they both participate in a
large transcription complex involving many other proteins.
However, the precise molecular mechanisms by which RB,
Myc, and AP-2 cooperate to effect transcriptional activation of
E-cadherin requires further study. Interestingly, the positive
effects of RB and c-Myc were not additive (Fig. 1). This might
imply that there are opposing effects which are counterbal-
anced or that they function on the same target.

What we have shown is that the transactivation of the E-
cadherin promoter by RB and Myc occurs specifically in epi-
thelial cells. In mesenchymal cells (NIH 3T3 fibroblasts), RB
and Myc were totally inefficient in stimulating the E-cadherin
promoter (Fig. 2). Several possibilities could explain these
results. First, very low levels of AP-2 proteins (data not shown)
and activity were detected in these cells (Fig. 2). Additional
factors might also intervene. A cofactor and/or posttransla-
tional modification may be missing in fibroblasts, or alterna-
tively an inhibitor may be present. Max protein levels are
probably a determining factor in Myc transcriptional activity.
Max overexpression was found to repress Myc-mediated acti-
vation of the 2178 E-cadherin promoter, as well as 258 E-
cadherin and (E-Pal)4 SV constructs, whereas transfected
alone it had no effect (unpublished results). In the present
case, Max might compete with AP-2 for Myc binding as has
been suggested previously (13). Work is in progress to test this
possibility.

In tumor cells, the loss of E-cadherin expression parallels
tumor progression toward a malignant invasive state and is
correlated with a loss of the epithelial phenotype and acquisi-
tion of mesenchyme properties (5, 7). The positive regulation
of E-cadherin by RB and Myc reported in the present study is
perfectly consistent with our previous data (31, 32) and con-
firms that RB and Myc play an important role in the mainte-
nance of the epithelial phenotype (32) by ensuring high ex-
pression of the E-cadherin gene, which is considered a master
gene of the epithelial phenotype (7). Moreover, RB and Myc
can transcriptionally activate other specific epithelial markers,
such as cytokeratins endoA and endoB (39). We infer that
similar mechanisms and transcription factors mediate endoA
and endoB activation by RB and Myc.

Down-regulation of E-cadherin not only is observed during
tumor progression but also is an important regulatory process
in development, especially during gastrulation (51). Remark-
ably, Myc, like E-cadherin, is selectively down-regulated in the
most highly proliferative tissue of the embryo, the primitive
ectoderm, during gastrulation (47), which suggests that during
embryogenesis as well, down-regulation of Myc activity con-
tributes to invasiveness (12). Interestingly, RB and AP-2 also

exhibit highly specific expression patterns during embryogen-
esis (49). For example, RB expression is high in the nervous
system and in various epithelial cells, such as kidney collecting
tubules and skin, where it is confined in the more differentiated
layer; these are also the tissues where AP-2 expression is high
(34). Moreover, Myc expression is also found during tubulo-
genesis in kidney (38, 45). Thus, all three proteins may coop-
erate during the developmental differentiation of particular
epithelial tissues.

In summary, therefore, our results show that Myc and RB
act as activators of AP-2 specifically in epithelial cells and
indicate a novel mechanism of gene activation by Myc in ad-
dition to the activation through the E box (22). These results
open new pathways for identifying RB and Myc target genes
and exploring RB and Myc function. The inhibition by LT of
RB-mediated activation of AP-2 activity might constitute an
important mechanism through which the oncoprotein estab-
lishes its oncogenic property. Indeed, the AP-2 transcription
factor is specially involved in epithelial gene expression (21, 30,
34), and the small DNA tumor viruses producing these onco-
protein all show various degrees of epithelial tropism. More-
over, epithelial cells are at the origin of 90% of all human
tumors. Therefore, we hypothesize that the LT-RB complex
inactivating AP-2 may play an important role during the de-
differentiation processes occurring during tumor progression.
Furthermore, our results suggest that the overall transcription
of genes containing an AP-2 sequence may be regulated by RB
and Myc. One candidate is the AP-2 gene itself, which is
positively autoregulated by its own product (3). In addition,
since AP-2 is also involved in Myc expression (24), it may play
a role in Myc autoregulation. Our present and previous results
(32, 39) raise the possibilities that one of the primary biological
effects of RB and Myc is to positively regulate cellular genes
involved in epithelial differentiation and that inactivation of
this function plays a major role in tumor progression.
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