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The Retinoblastoma Protein Binds the Promoter of the Survival Gene
bcl-2 and Regulates Its Transcription in Epithelial Cells through
Transcription Factor AP-2
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The retinoblastoma (RB) gene product has been shown to restrict cell proliferation, promote cell differentiation, and inhibit apoptosis. Loss of RB function can induce both p53-dependent apoptosis and p53independent apoptosis; little is known about the mechanisms of RB-regulated p53-independent apoptosis. Here
we show that RB specifically activates transcription of the survival gene bcl-2 in epithelial cells but not in NIH
3T3 mesenchymal cells. This transcriptional activity is mediated by the transcription factor AP-2. By monitoring protein-DNA interactions in living cells using formaldehyde cross-linking and chromatin immunoprecipitation, we show that endogenous RB and AP-2 both bind to the same bcl-2 promoter sequence. In addition,
we demonstrate that RB and AP-2 also bind to the E-cadherin gene promoter in vivo, consistent with regulation
of this promoter by both AP-2 and RB in epithelial cells. This study provides evidence that RB activates bcl-2
and E-cadherin by binding directly to the respective promoter sequences and not indirectly by repressing an
inhibitor. This recruitment is mediated by a transcription factor, in this case AP-2. For the first time, our
results suggest a direct molecular mechanism by which RB might inhibit apoptosis independently of p53. The
results are discussed in a context where RB and Bcl-2 contribute under nonpathological conditions to the
maintenance of cell viability in association with a differentiated phenotype, contributing to the tumor suppressor function of RB and playing important roles in normal development.
known whether it acts positively or negatively on transcription
in this context, nor are the relevant target genes known.
We have previously shown that RB plays a major role in the
maintenance of the epithelial phenotype. In this regard, RB
activates the master gene of epithelial differentiation, the Ecadherin gene, by directly binding to the transcription factor
AP-2 in vivo and acting synergistically with it (1). In MDCK
kidney epithelial cells, the inactivation of RB family proteins
by simian virus 40 (SV40) large T antigen (LT) induces massive
apoptosis and mesenchyme conversion, i.e., a loss of expression of all epithelial markers (30, 31). The stable reexpression
of RB or of the antiapoptotic protein Bcl-2 allows a partial
rescue of epithelial markers, including E-cadherin, and also
restores cell viability, attesting that these two functions are
linked and raising the possibility that bcl-2 might be directly
regulated by RB.
The bcl-2 gene was originally identified by its involvement in
the t(14:18) translocation that is associated with human follicular lymphoma. Its role in the pathogenesis of follicular lymphoma was attributed primarily to failure of programmed cell
death rather than to rapid cell division (for a review, see
reference 24).
In the adult, Bcl-2 is expressed by immature cell populations
(bone marrow progenitors of cell lineages, epithelial progenitors in intestine and epidermis). Its expression is also especially
prominent in the nervous system and during kidney development (52). Bcl-2⫺/⫺ mice develop renal failure as a result of
severe polycystic kidney decease (PKD). Interestingly, Bcl-2
expression levels do not mirror patterns of cell death in all
tissues; and changes in its expression match cell differentiation

The harmonious development of any organism requires a
fine equilibrium between the processes of cell proliferation,
differentiation, and apoptosis. These different functions are
highly regulated and interdependent. Many of the genes involved in the regulation of these functions function as oncogenes or tumor suppressor genes.
The retinoblastoma (RB) gene is an important tumor suppressor, and its protein product has been shown to restrict cell
proliferation, promote cell differentiation, and inhibit apoptosis (for reviews, see references 15, 28, and 53).
RB can act as either a negative or a positive regulator of
transcription. In the context of cell proliferation, it acts as a
negative regulator. The most widely accepted hypothesis proposes that RB represses transcription through the E2F family
of transcription factors, partly through masking their activation
domains and partly by recruiting a histone deacetylase to promoters that are repressed during the G1 phase of the cell cycle
(for a review, see reference 37). It has also been suggested that
repression and activation of E2F-responsive genes may occur
through distinct E2F heterodimers (46). In contrast to cell
proliferation, when RB promotes differentiation, it regulates
the activity of several transcription factors in a positive manner
(for a review, see reference 35). However, the precise molecular mechanism for this activity of RB has not yet been elucidated. Similarly, RB also inhibits apoptosis, but it is not yet
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MATERIALS AND METHODS
Cell culture and transfection. MDCK cell lines were grown in Dulbecco’s
modified Eagle’s medium supplemented with 5% fetal calf serum. NIH 3T3,
HepG2, HaCat, MCF7, and C33 cell lines were grown in Dulbecco’s modified
Eagle’s medium–10% fetal calf serum.
Dishes (diameter, 60 mm) containing 30 to 40% confluent cells fed with fresh
medium 2 to 4 h earlier were transfected using the standard calcium phosphate
precipitation technique. The amount of transfected DNA was normalized by
adding pUC18 plasmid DNA. As an internal control for transfection efficiency,
1 g of the pH␤ALacZ plasmid (Escherichia coli lacZ gene under the control of
the ␤-actin promoter) was cotransfected with the other plasmids. CAT activity
was measured by the method of Sleigh (43) and quantitated by liquid scintillation
counting.
Plasmid constructs. The Bcl-2P1P2CAT (MYH453-21), Bcl-2P1CAT
(⫺4600) (TM438-2), and Bcl-2P1P2(⌬-755/-350)CAT (MYH453-17) constructs
were previously described (34). The Bcl-2 CAT ⫺1150, ⫺1093, ⫺946, ⫺744,
⫺670, ⫺656, ⫺648, ⫺447, ⫺231 and ⫺134 constructs were constructed from

Bcl-2P1P2CAT by unidirectional exonuclease III digestion of the bcl-2 promoter
with the Erase-a-Base kit (Promega). Bcl-2(⌬ ⫺665/⫺640)CAT was constructed
from Bcl-2(⫺744)CAT by site-directed deletion using the Quick-change sitedirected mutagenesis kit (Stratagene). All plasmid sequences were confirmed by
sequencing. The pSV-RB expression vector containing the human RB cDNA
under SV40 promoter control was previously described (48). pSV-RB⌬ was
derived from pSV-RB by removing the EcoRI fragment carrying the RB cDNA
nucleotides 900 to 4600 (1). The pPADH-AP2 expression vector containing the
human AP-2 cDNA under alcohol dehydrogenase promoter control was previously described (56). Dominant-negative AP-2 ⌬ TA was obtained by deletion of
the N-terminal domain of AP-2 (amino acids 51 to 138) (17).
Immunofluorescence. MDCK cells were grown on coverslips. Fixation was
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7) for 15 min at 4°C.
Fixed cells were incubated with the following antibodies: (i) the monoclonal
antibody Bcl-2/B46620 (Transduction Laboratories), (ii) the polyclonal antibody
RB/C15 (Santa Cruz), (iii) the fluorescein isothiocyanate-conjugated goat antimouse IgG, and (iv) the Texas Red dye-conjugated F(ab⬘)2 fragment of goat
anti-rabbit IgG (Jackson Immunoresearch). All antibodies were diluted in blocking buffer (phosphate-buffered saline, 0.5% Triton X-100, 0.1% bovine serum
albumin).
Electrophoretic mobility shift assay. Nuclear extracts from subconfluent HaCat cells were prepared as previously described (9). HaCat nuclear extract (2
g/reaction) or 1 l of in vitro-transcribed and -translated hAP-2␣ from pGEMhAP-2␣ (TnT T7/SP6; Promega) was incubated with 0.5 ng (70,000 to 80,000
cpm) of 32P-labeled probe and 1 g of poly(dI-dC) in a 20-l reaction volume
(containing 20 mM HEPES [pH 7.9], 90 mM NaCl, 0.2 mM EDTA, 0.5 mM
phenylmethylsulfonyl difluoride, 20% glycerol, and the competing oligonucleotides) for 30 min at 4°C. Supershift assays were performed by adding 5 l of the
polyclonal OB2 antibody or the monoclonal A6 antibody to the binding reaction
for 2 h at 4°C. OB2 antibody is directed against AP-2␣, AP-2␤, and AP-2␥, and
A6 antibody is directed against AP-2␣ and AP-2␤ (4). Samples were loaded onto
0.5⫻ Tris-borate-EDTA–5% acrylamide gels and electrophoresed at 4°C.
The following oligonucleotides and their complements were synthesized, annealed, and purified on polyacrylamide gels: Bcl2wt, 5⬘-CTAATTTTTACTCCC
TCTCCCCCCGACTCCTGA; SV40-AP2wt, 5⬘-GATCCAAAGTCCCCAGGC
TCCCCAG; and SV40-AP2m, 5⬘-GATCCAAAGTCTCCGAATTCTCGAG.
Double-stranded probes were end labeled by the T4 polynucleotide kinase process using [␥-32P]ATP.
Chromatin immunoprecipitation. Chromatin immunoprecipitations were performed as described previously (12). Subconfluent MCF7 or C33 cells were
treated with formaldehyde at a final concentration of 1% for 7 min at room
temperature. Chemical cross-linking was terminated by addition of glycine to a
final concentration of 0.125 M, followed by additional incubation for 5 min. After
a wash with cold phosphate-buffered saline, cells were suspended in lysis buffer
[5 mM piperazine N,N⬘-bis(2-ethanesulfonic acid) (pH 8.0), 85 mM KCl, 0.5%
NP-40] and disrupted using a Dounce homogenizer. Nuclei were then pelleted
and suspended in nuclear lysis buffer (50 mM Tris-HCl [pH 8.1], 10 mM EDTA,
1% sodium dodecyl sulfate [SDS]). Chromatin was sonicated with 16 10-s pulses
(50 W; amplitude, 80%; Bioblock Vibra Cell 72434). After centrifugation, the
supernatant was diluted 10-fold with TNE buffer (16.7 mM Tris-HCl [pH 8.1],
167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA). Diluted chromatin was precleared with protein A/G agarose beads (Santa Cruz) saturated
with bovine serum albumin and salmon sperm DNA and then incubated overnight at 4°C using anti-RB C-15, anti-AP-2 C-18, anti-acetylated H4 antibodies
(Upstate Biotechnologies), or anti-mouse IgG (Santa Cruz) and immunoprecipitated with protein A/G agarose beads. The beads were extensively washed, and
then chromatin was eluted from beads by incubation during vortexing in elution
buffer (50 mM NaHCO3, 1% SDS). Cross-links were then reversed by overnight
incubation at 65°C in elution buffer containing in addition 300 mM NaCl and 30
g of RNase A/ml. An equivalent amount of diluted chromatin was similarly
processed without immunoprecipitation and noted as “input” afterwards. DNA
samples were then purified by phenol-chloroform extraction, ethanol precipitated, and further analyzed by real-time quantitative PCR (LightCycler; Roche
Diagnostics) with monitoring of the accumulation of the amplified sequence in
real time, using the FastStart DNA Master SYBR green I kit (Roche). Numbers
of amplified copies of PCR product were estimated by reference to a linear
standard curve obtained from PCRs run in parallel using known concentrations
of a plasmid harboring the target sequence. Three dilutions of each sample were
analyzed. Standardization of the chromatin inputs for immunoprecipitation was
assessed in each experiment. The primers used were the following: Bcl-2 sequence, 5⬘-CGGTTGGGATTCCTGCGGATT and 5⬘-AATTGCATAAGGCA
ACGATCCC, E-cadherin sequence, 5⬘-TAGAGGGTCACCGCGTCTATG and
5⬘-GGGTGCGTGGCTGCAGCCAGG; glyceraldehyde-3-phosphate dehydro-
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more closely than patterns of death. In fact, developmental
patterns of Bcl-2 expression suggest that Bcl-2 has a role beyond the regulation of cell death. Subsequent studies have
confirmed this observation. Bcl-2 has been shown to have a
role in hemopoietic differentiation (11), neuronal differentiation (5, 59) and epithelial differentiation (29; our unpublished
results).
Whereas bcl-2 is regulated in both a tissue-specific and temporally specific manner, relatively little is known about the
regulatory mechanism governing its transcription. Two promoter regions, P1 and P2, have been identified in the 5⬘regulatory region. The major promoter, P1, located 1,386 to
1,423 bp upstream of the translation start site, is a TATA-less,
GC-rich promoter containing multiple transcription initiation
sites. The second promoter, P2, is located approximately 1.3 kb
downstream of P1 and contains a canonical TATA element, an
octamer element, and a CAAT box (36). This P2 promoter is
responsible for a small percentage of the bcl-2 transcripts in
most cell types (50).
The bcl-2 promoter was shown to be positively and negatively regulated, depending upon the transcription factor and
the cell type. For example, bcl-2 was found to be negatively
regulated by p53 in epithelial cells (34, 58) and positively regulated during B-cell activation through a cAMP-responsive
element (57), by c-myb during hemopoiesis (47), by v-myb
during differentiation of myoloblasts into macrophages (14),
and by Brn-3a Pou during neuronal differentiation (44). WT1
was found to negatively regulate bcl-2 in HeLa cells and in
t(14:18)-containing lymphoma cells (16, 18) while upregulating
bcl-2 in rhabdoid tumor cells (32). However, still relatively
little is understood about the mode of bcl-2 regulation in epithelial cells, where it is highly expressed both during embryogenesis and in the adult (52).
In this study, we demonstrate that RB participates in the
positive regulation of the bcl-2 gene in epithelial cells. Interestingly, we found that this activation also requires interaction
with the AP-2 transcription factor, as we previously demonstrated for the activation of the E-cadherin gene by RB in these
same cells (1). Importantly, RB and AP-2 bind to both bcl-2
and E-cadherin gene promoters in epithelial cells, demonstrating that RB-mediated activation is direct.
Our findings also provide for the first time a direct putative
mechanism by which RB affects cell survival, namely, by controlling expression of bcl-2.
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genase (GAPDH) sequence, 5⬘-GGACCTGACCTGCCGTCTAGAA and 5⬘-G
GTGTCGCTGTTGAAGTCAGAG.

RESULTS
Endogenous Bcl-2 expression is activated by RB. RB inactivation by SV40 LT specifically induces a mesenchyme-like
conversion, i.e., a loss of expression of epithelial markers and
induction of massive apoptosis, in epithelial MDCK cells (30,
31). Furthermore, the stable reexpression of RB or Bcl-2 in
MDCK(LT) cells allows a partial restoration of the epithelial
phenotype and a recovery of cell viability. We therefore sought
to determine whether bcl-2 gene expression is regulated by RB.
We overexpressed human RB in MDCK cells by transient
transfection and determined the level of endogenous Bcl-2
expression in RB-transfected cells by immunofluorescence. We
found that approximately half of RB-positive cells (Fig. 1A,
panels a, d, and g) overexpressed Bcl-2 (Fig. 1A, panels b, e,
and h; see Fig. 1B for quantification), indicating that RB can
induce Bcl-2 expression. Cells transfected with pUC DNA or a
control vector, pSVRB⌬ (a vector containing a large deletion
in the coding sequence), did not overexpress Bcl-2. The
amount of RB expressed in transfected cells is variable, and
this might explain why only about half of RB-transfected cells
become Bcl-2 immunopositive. The cells were still growing and
not confluent when they were fixed (36 h after transfection).

Thus, this positive correlation between RB and Bcl-2 could not
be due to growth arrest.
To confirm this result, MDCK cells were cotransfected with
RB and an interleukin 2 (IL-2) receptor-expressing plasmid.
The transfected cells were selected with magnetic beads bearing an anti-IL-2 receptor antibody. Then, the amount of endogenous Bcl-2 in these cells was analyzed by immunoblotting.
As shown in Fig. 1C, an increase of Bcl-2 protein levels was
observed when cells were transfected with RB, whereas tubulin
expression did not change, serving as a control.
RB transactivates the bcl-2 promoter in a cell-type-specific
manner. Having established a correlation between RB and
Bcl-2 expression, we next explored whether RB can regulate
bcl-2 transcription. To this end, we performed transient transfection assays and examined the ability of human RB to transactivate reporter plasmids containing the bcl-2 promoter (Fig.
2). MDCK epithelial cells were cotransfected with the Bcl-2
P1P2CAT construct, containing 1,644 bp upstream of the
translation start site, including the two promoters P1 and P2,
along with the pSVRB expression plasmid or the control vector
pSVRB⌬ and a vector containing only the SV40 early promoter (data not shown). Figure 2A shows that the Bcl-2
P1P2CAT construct was strongly activated by pSVRB, up to
13-fold. In contrast, the Bcl-2 P1CAT construct (⫺4644), lacking the P2 promoter, was very weakly transactivated by
pSVRB, revealing that the region located between ⫺1644 and
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FIG. 1. Endogenous Bcl-2 expression is activated by RB. (A) MDCK cells were transfected by an RB expression vector (a, d, and g) and tested
36 h after transfection for endogenous Bcl-2 (b, e, and h) expression. RB and Bcl-2 expression was detected by immunofluorescence using specific
antibodies against RB and Bcl-2. Cells were also stained with Hoechst as a control (c, f, and i). (B) Quantification of panel A showing the
percentage of RB-transfected cells overexpressing Bcl-2. (C) MDCK cells were transfected with both RB and IL-2 receptor-expressing vectors.
Transfected cells were selected as described in the text. Total protein samples were extracted, and Bcl-2, tubulin, and RB protein expression was
analyzed by immunoblotting on SDS–15% polyacrylamide gels.
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the transcription initiation site ⫹1 was important for RB transactivation. However, we cannot formally exclude the possibility
that a sequence located between ⫺4600 and ⫺1644 might also
play a role in the RB-mediated effect. Nevertheless, we decided to first analyze the region located between ⫺1644 and
⫹1. The specificity of RB activation was demonstrated by the
observation that RB activated the bcl-2 promoter in a concentration-dependent fashion (Fig. 2B). Moreover, RB had no
effect on the Bax promoter, another Bcl-2 protein family member (data not shown). Cotransfection experiments in mesenchymal NIH 3T3 cells of Bcl2 P1P2CAT using increasing
amounts of pSVRB did not result in significant activation of
the bcl-2 promoter. We also analyzed ectopic Bcl-2 regulation
in MDCK cells transformed by either wild-type SV40 LT, i.e.,
MDCK(1-6) cells, or by a K1 LT mutant, unable to bind RB
family proteins but still capable of inactivating p53, i.e.,
MDCK(2a5) cells (1). The MDCK(1-6) cells have lost the
expression of all epithelial markers and are fibroblast-like cells,

whereas the MDCK(2a5) cells retain an epithelial phenotype.
In addition, cotransfection experiments were performed with
another epithelial cell line, MCF7 cells. Figure 2C shows that
the RB-mediated activation of the bcl-2 promoter was similar
in epithelial MDCK, MDCK(2a5), and MCF7 cells, whereas it
was abolished in fibroblast-like MDCK(1-6) cells, thus mimicking the results obtained with NIH 3T3 fibroblasts. Taken
together, these results indicate that RB transactivates the bcl-2
promoter in a cell-type-specific manner, i.e., in MDCK and
MCF7 epithelial cells but not in fibroblasts. Several possibilities could explain these results. Very low levels of AP-2 proteins and activity were detected in fibroblasts (data not shown).
A cofactor and/or posttranslational modification may be missing in fibroblasts, or alternatively an inhibitor may be present.
Characterization of the RB-responsive element. To further
explore the molecular basis for this RB-mediated activation, a
series of regularly spaced processive 5⬘ deletions of the bcl-2
promoter were created. When the panel of deletion mutants
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FIG. 2. Cell-type-specific activation of bcl-2 promoter by RB. (A) Effects of RB on the activity of Bcl-2 P1P2 and Bcl-2 P1 promoters in MDCK
epithelial cells. One microgram of each Bcl-2 CAT construct was transfected with 5 g of pSV-RB expression vector (black bars) or the pSV-RB⌬
vector as a control (white bars). The results shown are averages of values obtained in three independent experiments expressed as fold activation
of CAT activity relative to the basal promoter activity, which is assigned a value of 1. Error bars indicate standard deviation. (B) Dose-dependent
effect of RB on transcriptional activity of the Bcl-2 P1P2 promoter in MDCK epithelial cells and in NIH 3T3 fibroblasts. One microgram of Bcl-2
P1P2 CAT construct was cotransfected with increasing amounts of pSV-RB expression vector (solid lines, filled circles) or the pSV-RB⌬ vector
as a control (stippled lines, triangles). Each value is expressed as fold activation of CAT activity relative to the baseline value obtained by
cotransfecting the Bcl-2 P1P2 CAT vector with the empty expression vector. The results shown are the averages of values obtained in three
independent experiments performed in duplicate. Error bars indicate standard deviations. (C) Effects of RB on the activity of Bcl-2 P2 (⫺1093)
promoter in MDCK epithelial cells, in two stably transformed cell lines: fibroblast-like MDCK(1-6) transformed by wild-type LT and epithelialcell-like MDCK(2a5) transformed by mutated LT(K1) and in MCF7 cells. Cells were transfected with 1 g of the Bcl-2 P2 (⫺1093) CAT construct
and 5 g of the pSV-RB expression vector (black bars) or the empty expression vector (white bars). The results are averages of values obtained
in three independent experiments performed in duplicate and are expressed as in panel A.
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was assayed, the region of the promoter responsible for transactivation by RB was found to be located between ⫺744 and
⫺648, in a 96-bp region upstream from the transcriptional
initiation site (Fig. 3A). Analysis of this region revealed putative binding sites for the transcription factors AP-1, C/EBP␤,
and AP-2. To more precisely define this region, further 5⬘
promoter deletion mutants were constructed and analyzed.
The results shown in Fig. 3B indicate that the sequence located
between ⫺656 and ⫺648 contains the target site for RB transactivation, which might be an AP-2 binding site based on its
DNA sequence.
To confirm that these sequences were required for RB transactivation, we also created internal deletions of two different
5⬘-end deletion mutants. Results obtained with these mutants
clearly demonstrate that the RB target sequences are located
between ⫺665 and ⫺640 bp upstream of the transcriptional
start site (Fig. 3A and B).
RB transcriptional activation is mediated by the transcription factor AP-2. It was previously shown that RB activates the
E-cadherin gene in epithelial cells through functional and
physical interactions with the transcription factor AP-2 (1).

Since a putative AP-2 binding site was identified in the RBresponsive sequence of the bcl-2 promoter, we first tested
whether the RB-mediated activation required AP-2. A dominant-negative mutant of AP-2 (AP-2 ⌬TA) (17) which lacks
the transactivation domain was used in a cotransfection experiment. AP-2 ⌬TA was found to inhibit RB-mediated activation
of the ⫺670 Bcl-2 reporter in a dose-dependent manner. Basal
expression levels of a reporter construct with a deletion of the
AP-2 binding site (⫺134 bcl-2 reporter) were not affected (Table 1). We next performed cotransfection assays with an AP-2
expression vector, pPADH-AP2. To avoid self-interference
phenomena which can occur between endogenous and exogenous AP-2 (23), we performed these assays with HepG2 cells,
which lack endogenous AP-2 activity (21). Whereas RB and
pPADH-AP2 alone did not stimulate bcl-2 promoter activity,
transcriptional activity was enhanced fourfold when both RB
and pPADH-AP2 were cotransfected (Fig. 4).
To determine whether the AP-2 protein interacts with the
sequences located in the ⫺665/⫺640 region, electrophoretic
mobility shift assays (EMSA) were performed using this sequence and nuclear extracts prepared from human epithelial
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FIG. 3. Identification of the region of the bcl-2 promoter that responds to RB protein in MDCK epithelial cells. (A) MDCK cells were
transfected with a series of bcl-2 promoter deletion constructs (1 g of each) and either 5 g of pSV-RB expression vector (black bars) or the empty
expression vector (white bars). The results are averages of values obtained in three independent experiments and are expressed as promoter activity
relative to the basal promoter activity, which is assigned a value of 1. Error bars indicate standard deviations. bcl-2 constructs are schematically
represented on the left. Numbering of the bcl-2 sequence is relative to the translation start site. (B) Fine mapping of the RB response element.
One microgram of each bcl-2 construct (with the 5⬘ extremity deleted as indicated) was transfected with 5 g of pSV-RB expression vector (black
bars) or the empty expression vector (white bars). Experiments were performed and results were expressed as in panel A. (C) MCF7 cells were
transfected as in panel A with three bcl-2 promoter constructs.
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TABLE 1. Suppression of RB-mediated activation of the bcl-2
promoter by dominant-negative AP-2
Amt of dominantnegative AP-2
(g)

⫺670 Bcl-2a

RB

0
1
2

100.0 ⫾ 0.5
20.8 ⫾ 2.8
6.4 ⫾ 3.6

Basal level

0
1
2

Activation by:

Promoter activity
⫺134 Bcl-2b

100.0 ⫾ 0.5
99.5 ⫾ 0.2
89.5 ⫾ 6.3

HaCat cells. Gel shift assays performed with these extracts and
32
P-end-labeled ⫺665/⫺640 Bcl-2 probe revealed two major
specific complexes of retarded mobility (Fig. 5A). This binding
could be competed away by an excess of unlabeled probe (Fig.
5A). Interestingly, these bands could also be competed away by
oligonucleotides containing the AP-2 binding site of the SV40
enhancer but not by oligonucleotides containing a mutated
SV40 AP-2 binding site. Importantly, use of the 32P-end-labeled wild-type SV40 AP-2 binding site resulted in detection of
the same two retarded bands, which were competed away by an
excess of either SV40 or Bcl-2 unlabeled, wild-type oligonucleotides (Fig. 5A). EMSA were next performed with HaCat
nuclear extracts and human recombinant AP-2 that was translated in vitro, using the Bcl-2 probe. The AP-2 recombinant

FIG. 4. Transcriptional activation of the bcl-2 promoter in HepG2
cells. Cells were transfected with 1 g of ⫺670 Bcl-2 CAT construct in
the presence of 4 g of the pSV-RB expression vector (cross-hatched
and black bars) or the empty expression vector (white and stippled
bars) and 4 g of the pPADH-AP2 expression vector (stippled and
black bars) or the corresponding empty expression vector (white and
cross-hatched bars). Values were obtained from two independent experiments, each analyzed in duplicate. The results are averages expressed as fold activation of CAT activity relative to the basal promoter activity, which is assigned a value of 1. Error bars indicate
standard deviations.
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a
One-half microgram of ⫺670 Bcl-2 CAT was transfected into MDCK cells
either with 2.5 g of pUC DNA or with pSV-RB expression vector, as indicated,
plus increasing amounts of dominant-negative AP-2 in which the N-terminal
region has been deleted. The activity of the ⫺670 Bcl-2 CAT reporter in the
presence of the control vector without the AP-2 sequence was set at 100%.
b
The negative control ⫺134 Bcl-2 CAT vector, which does not contain the
AP-2 binding site, was used. Its basal level was determined in a cotransfection
assay with increasing amounts of dominent-negative AP-2.

protein gave rise to the same retarded bands as the HaCat
nuclear extract, and these were competed away by an excess of
unlabeled Bcl-2 oligonucleotide (Fig. 5B). As a control, experiments were also performed with the SV40-AP-2 probe, and
similar results were obtained (data not shown). Finally, to
confirm the binding of the AP-2 protein to the RB target site
of the bcl-2 promoter, gel shift assays were performed in the
presence of two specific anti-AP-2 antibodies (4). These studies revealed that the two retarded bands can be supershifted
with the anti-AP-2 antibodies tested (Fig. 5C); the polyclonal
OB2 antibody supershifted the retarded bands more efficiently
than the monoclonal A6 antibody. The presence of RB was
also investigated by using two different RB antibodies, but we
did not observe supershifted bands (data not shown), as previously reported by other groups in similar cases (6, 8, 38, 49).
Together these results demonstrate that the RB-mediated activation of the bcl-2 promoter requires the binding of transcription factor AP-2 on the sequences located between ⫺665 and
⫺640 bp upstream of the transcriptional start site. Moreover,
they are consistent with results of the transfection assays, showing that when the AP-2 binding site is deleted, the bcl-2 promoter construct (⫺648) is no longer activated by RB (Fig. 3).
RB and AP2 specifically associate on bcl-2 and E-cadherin
gene promoters in vivo. The RB-mediated activation of Bcl-2
as well as of E-cadherin requires the binding of AP-2 on the
RB target sequences. Because endogenous RB and AP-2 interact in vivo in epithelial cells (1), we sought to determine
whether a complex containing these molecules exists on the
endogenous bcl-2 and E-cadherin gene promoter sequences.
We assessed the association of these proteins with DNA in vivo
by chromatin immunoprecipitation (ChIP) (13, 25) of endogenous RB and AP-2 from human MCF7 epithelial cells. We
chose these cells because they express a large amount of both
Bcl-2 and E-cadherin proteins. Moreover, we showed that RB
activates the bcl-2 promoter in these cells (Fig. 2C). The RB
target sequences of the bcl-2 promoter (⫺737/⫺566) and of the
E-cadherin gene promoter (⫺171/⫺6) both contain AP-2 binding sites. A sequence of the GAPDH gene, which is not regulated by either RB or AP-2, was used as control. None of these
sequences contain recognizable E2F-binding sites, excluding
indirect effects of RB due to its interaction with E2F family
transcription factors. Histone H4 acetylation was also followed
(Fig. 7). Representative quantitative PCR amplification experiments are shown in Fig. 6. Quantitative analyses of all results
are shown in Fig. 7 and 8.
A significant and similar fraction of the bcl-2 promoter sequence was found in association with the anti-RB and antiAP-2 immunoprecipitates in chromatin extracted from MCF7
cells, representing approximately 0.05% of the total input
chromatin (Fig. 7A). Consistently, the RB target sequences
were found to be highly acetylated (Fig. 7A). Irrelevant antimouse IgG antibody failed to immunoprecipitate significant
levels of any of the sequences tested, and neither RB nor AP-2
was significantly associated with the GAPDH sequence. Nevertheless, to confirm the specificity of our results, we performed another negative control, immunoprecipitating chromatin from C33 cells, which have nonfunctional RB and AP-2
proteins. No significant amounts of bcl-2 promoter were detected (Fig. 7B). In addition, the amount of the negative control, GAPDH sequence, is the same in both cell types and also
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FIG. 5. Binding of AP-2 to the bcl-2 promoter. (A) EMSA analysis of nuclear extracts from Hacat cells with probes representing the ⫺665/⫺640
sequence of the bcl-2 promoter (lanes a to j) and the AP-2 binding site of the SV40 enhancer (lanes k to r). Lanes a and k, absence of nuclear
proteins; lanes b to j and l to r, presence of nuclear proteins. Arrows indicate the specific complexes. Competitions were carried out with a 50- to
200-fold molar excess of the unlabeled oligonucleotides Bcl-2wt (lanes c to e and q to r), SV40-AP2wt (lanes f to h and m to o), and SV40-AP2m
(lanes i to j and lane p). SV40-AP2wt and SV40-AP2m correspond, respectively, to the wild-type or mutated AP-2 binding site of the SV40
enhancer. (B) Comparison of retarded bands obtained with Hacat nuclear extract (lanes a to d) and in vitro-transcribed and -translated AP-2
protein (lanes e to h), using the ⫺665/⫺640 sequence of the bcl-2 promoter as a probe. Competitions were carried out with a 50- to 200-fold molar
excess of the unlabeled Bcl-2wt oligonucleotide (lanes b to d and f to h). (C) EMSA was performed as for panel A with the Bcl-2wt oligonucleotide
as a probe in the presence of antibodies directed against known AP-2 family members: polyclonal OB2 (lane b) or monoclonal A6 (lane c)
antibodies. The arrows SS indicate the supershifted complexes.
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comparable to bcl-2 sequence immunoprecipitated in C33
cells. Interestingly, in C33 cells the bcl-2 RB target sequences
were not acetylated (Fig. 7B).
Figure 8 shows the results obtained with the E-cadherin
gene promoter. AP-2 and RB coprecipitated with significant
amounts of E-cadherin gene promoter. However, anti-RB immunoprecipitated less E-cadherin DNA than did anti-AP-2 but
still 16-fold more than the irrelevant antibody. This difference
between bcl-2 and E-cadherin gene promoters might be explained by the fact that the bcl-2 sequence contains only one
AP-2 binding site, whereas the E-cadherin gene promoter has

four AP-2 binding sites (2). The binding of RB in vivo might be
more specific for one of these sites or, alternatively, RB could
bind to any one of these sites but not to all of them simultaneously. We favor the first possibility, since it has been shown
that the E-Pal sequence (AP-2 binding site) is responsible for
the cell-type-specific expression of E-cadherin (2) and that
the effect of RB on E-cadherin is cell type specific (1).
Globally, the amounts of binding we detect are consistent
with results of a previous study using ChIP to examine the
binding of E2F family proteins and RB on E2F target genes
during the cell cycle (55). This study found for all the sam-
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FIG. 6. Quantification of chromatin immunoprecipitation by real-time PCR. Chromatin from cross-linked subconfluent MCF7 or C33 cells was
immunoprecipitated with antibodies specific for RB (C and D) and AP-2 (E and F). bcl-2 or GAPDH sequences were detected by PCR analysis
of eluted DNA using a LightCycler (Roche). A known amount of chromatin from each sample was removed before immunoprecipitation and PCR
amplified like the immunoprecipitates (input, panels A and B). The curves show the accumulation of PCR products plotted against the number
of cycles (bcl-2: panels A, C, and E; GAPDH: panels B, D, and F). The results are shown for only one dilution of the immunoprecipitates, but three
dilutions were analyzed for each sample. Copy numbers were estimated by reference to a plasmid DNA containing the bcl-2 or GAPDH sequence
using the second derivative maximum method. Curves obtained with reference plasmid DNA for bcl-2 (G) or GAPDH (H), using (from right to
left in each case) 1, 10, 100, and 1,000 fg of plasmid, are shown (standard).
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ples examined a maximum binding of 0.03% of the total chromatin input.
Together with our previous data (1), the results presented in
this study strongly indicate that RB is recruited to the native
bcl-2 and E-cadherin gene promoters by AP-2. More importantly, they show that the molecular mechanism used by RB,
when acting as a positive regulator, can involve direct activation of the target gene, rather than the down-regulation of a
repressor. In addition, the RB-mediated activation is correlated with increased acetylation of the activated gene.
DISCUSSION
In recent years, several in vivo and ex vivo studies of RB
function have clearly demonstrated a link between the main-

tenance of a differentiated state (i.e., induction of tissue-specific genes) and cell viability (27; see reference 28 for a review).
In RB knockout mice, aberrant differentiation of erythrocytes
and neurons occurs with apoptotic death (7, 22, 26, 27). Specific inactivation of RB by the viral oncoprotein E7 targeted to
the retina of transgenic mice prevented terminal differentiation, and these cells instead underwent apoptosis (19, 39). A
similar process occurs in mouse embryonic carcinoma cells, in
which the absence of functional RB during differentiation into
neuroectoderm results in apoptosis (42). In most of the abovementioned studies, ectopic mitotic figures are also visible.
Their presence is in keeping with the role of RB as a cell cycle
regulator. In addition, our previous studies showed a link between the maintenance of the epithelial state and cell viability
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FIG. 7. In vivo recruitment of RB and AP-2 proteins and histone acetylation on the bcl-2 promoter in MCF7 and C33 cells. Graphic
representation of results obtained by real-time PCR as described in the legend to Fig. 6. The values are expressed as a fraction of the total number
of copies (input) detected as antibody-bound material (percentage of input multiplied by 100). Averaged values were obtained from three
independent experiments, each analyzed in triplicate. Error bars indicate standard deviations of the means. Equal amounts of chromatin extracted
from MCF7 (A) and C33 (B) cells were subjected to immunoprecipitation using anti-RB (black bar), anti-AP-2 (grey bar), or anti-AcH4
(cross-hatched bar) antibodies. bcl-2 sequence (Bcl-2 gene) was detected by real-time quantitative PCR. A sample immunoprecipitated with an
anti-mouse IgG antibody (IgG) (white bars) was used as a negative control and revealed no significant association with the bcl-2 promoter. The
GAPDH sequence (GAPDH gene) was also used as a negative control.
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FIG. 8. In vivo recruitment of RB and AP-2 proteins on the Ecadherin promoter in MCF7 cells. Equal amounts of chromatin extracted from MCF7 cells were subjected to immunoprecipitation using
anti-RB (black bar), anti-AP-2 (grey bar), or anti-mouse IgG (white
bar) antibodies. E-cadherin sequence was detected by real-time quantitative PCR. The values are expressed as a fraction of the total number of copies (input) detected as antibody-bound material (percentage
of input multiplied by 100). Averaged values were obtained from three
independent experiments, each analyzed in triplicate. Error bars indicate standard deviations of the means.

(30, 31), with loss of the former resulting in loss of the latter.
In all these cases, the absence of a functional RB and/or RBrelated protein was shown to interfere with a differentiation
program and result in apoptosis. Thus, these two RB functions,
differentiation and promotion of cell survival, have been
clearly demonstrated to be linked. However, it is not yet known
how RB acts as a survival gene and what its target genes are.
Importantly, both during development and in adults, the
expression patterns of RB and Bcl-2 have several features in
common. Both are specifically and highly expressed in epithelial tissues, among others. Thus, developmental patterns of
Bcl-2 expression suggested that Bcl-2 might have a role beyond
the regulation of cell death (52). In fact, Bcl-2 was shown to
have an important function in several cellular models of differentiation: in neuronal, hematopoietic and epithelial cell
lines (5, 11, 29, 59), similar to RB. Moreover, Bcl-2 was also
shown to negatively regulate cell growth in certain cell lines
and even to inhibit tumor cell growth (3, 20, 33, 40, 51), a
property that further reinforces the similarity between Bcl-2
and RB activities.
We demonstrate here that RB participates in the positive
regulation of the bcl-2 gene in epithelial cells.
Interestingly, we found that regulation of bcl-2 by RB occurs
through the AP-2 transcription factor, which is specific for
epithelial marker genes, as previously shown for the E-cadherin gene (1), and is independent of p53. Importantly, ChIP
experiments showed that RB and AP-2, which we previously
found to be associated in vivo (1), in fact bound to the same
bcl-2 promoter sequence, strongly suggesting that a protein
complex containing these proteins forms on DNA in vivo. Most
importantly, we also show here, by ChIP, that RB and AP-2
bind in vivo to the same E-cadherin gene promoter sequence,

suggesting that a DNA-protein complex (RB/AP-2) can also
form on this gene involved in apoptosis regulation.
The RB-mediated activation of bcl-2 is independent of p53,
as is the apoptosis mediated by RB inactivation (30). The
RB-binding site on the bcl-2 promoter was found to differ from
the p53 target sequences. Furthermore, RB-mediated activation of bcl-2 occurred in MDCK(2a5) cells, in which only p53
is inactivated, but not in MDCK(1-6) cells, where both RB and
p53 were inactivated (see Fig. 2). In addition, in these MDCK
epithelial cells, the RB-mediated activation of bcl-2 and consequently its effect on cell survival is unlikely to be dependent
on E2F for at least two reasons. One is that no E2F-binding
site is found in the bcl-2 promoter. The second is that RB
mutants such RB⌬22 and RBC706F, which affect E2F-binding,
do not interfere with AP-2 (1).
Intriguingly, a correlation between AP-2␤, Bcl-2 expression,
apoptosis, and the maintenance of differentiated renal epithelia was previously described for AP-2␤ null mice (36). These
mice display massive apoptotic cell death during kidney development, with down-regulation of Bcl-2. Furthermore, they develop renal cysts resembling PKD. The resemblance to the
Bcl-2 null mouse phenotype is striking. Bcl-2 null mice also
develop PKD (52), with altered expression of epithelial markers (45). Thus, studies using knockout mice indicate that the
absence of AP-2␤ is associated with down-regulation of Bcl-2
expression and loss of epithelial differentiation, as expected
from our findings that AP-2 regulates Bcl-2 expression.
Taken together with our previous results, the study presented here demonstrates that RB directly activates Bcl-2 and
E-cadherin by being recruited to DNA by a transcription factor, in this case by AP-2, and not indirectly by repressing an
inhibitor. Furthermore, this mechanism may in fact be general,
since in another model, it has been shown by ChIP that during
osteogenic differentiation RB is recruited by CBFA1 to specific
differentiation-associated promoters (49).
Thus, we are faced with two different molecular mechanisms
for RB, depending on whether it acts as a negative transcriptional regulator, when inhibiting cell growth, versus as a positive transcriptional regulator, when promoting cell differentiation and cell survival. In the first case, it is accepted that RB
represses E2F family proteins and might recruit a histone
deacetylase (HDAC). In the second case, RB is recruited to
differentiation and survival gene promoters by specific tran-
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FIG. 9. Model for RB function.
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