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We demonstrate here that the E2F1 induced by DNA damage can bind to and promote the apoptotic function
of p53 via the cyclin A binding site of E2F1. This function of E2F1 does not require its DP-1 binding, DNA
binding, or transcriptional activity and is independent of mdm2. All the cyclin A binding E2F family members
can interact and cooperate with p53 to induce apoptosis. This suggests a novel role for E2F in regulating
apoptosis in response to DNA damage. Cyclin A, but not cyclin E, prevents E2F1 from interacting and
cooperating with p53 to induce apoptosis. However, in response to DNA damage, cyclin A levels decrease, with
a concomitant increase in E2F1-p53 complex formation. These results suggest that the binding of E2F1 to p53
can specifically stimulate the apoptotic function of p53 in response to DNA damage.

One of the most important functions of p53 in tumor sup-
pression is its ability to induce apoptosis in response to stress
signals (5, 25). In normal cells, the expression level of p53 is
low; this is largely due to the short half-life of the protein. In
response to stress signals such as DNA damage or hypoxia,
p53 accumulates due to an increase in p53 protein stability
(19). The induced p53 transactivates target genes such as
p21v@/eir! which causes cell cycle arrest by inhibiting the
phosphorylation of the retinoblastoma protein (Rb) (9). In
addition, p53 is also able to induce apoptosis (5, 25). Interest-
ingly, DNA damage induced p53 usually induces permanent
G, arrest or senescence in human primary fibroblast cells (23)
but induces apoptosis in tumor cells (19). It is clear that there
are many differences between a normal primary cell and a
tumor cell, and the identification of the key factors responsible
for the different cell fates would allow us to develop better
strategies to treat cancer. Existing studies have shown that
inactivation of both p53 and Rb tumor suppression pathways
occur in most human cancers. Thus, one of the fundamental
differences between normal and tumor cells is that in tumor
cells, either the p53 or Rb pathway or both have been inacti-
vated. Furthermore, there is growing evidence suggesting that
the integrity of the Rb pathway could influence the activity of
p53 and vice versa.

One of the best-known tumor suppression functions of Rb is
its ability to negatively regulate the transcription factor E2F.
To date, six different E2F-like proteins (E2F1, E2F2, E2F3,
E2F4, E2F5, and E2F6) and two DP proteins (DP1 and DP2)
have been isolated (8). E2F and DP proteins contain highly
conserved DNA binding domains and dimerization domains.
The C-terminal part of each of the E2F proteins (except E2F6)
contains a potent transactivation domain. Dimerization with
DP proteins enhances its DNA binding ability and increases
E2F-dependent transactivation (1, 13). Formation of a com-
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plex between the E2F/DP and the Rb family protein regulates
the ability of E2F to activate transcription. E2F1, E2F2, and
E2F3 contain cyclin A binding domains and bind preferentially
to Rb, whereas E2F4 and E2F5 interact mainly with p107 and
p130 (41). Since the transactivation domain of E2F is embed-
ded in the domain responsible for interaction with the RB
family of (pocket) proteins, this may explain why in many
different experimental systems, overexpressing Rb family pro-
teins will inhibit E2F-dependent transcription. However, the
phosphorylation status of Rb or Rb-related proteins plays an
important role in regulating the protein complexes formed
between E2F and Rb. It was found that only the hypophos-
phorylated species of the Rb protein family can interact with
E2F during the cell cycle. In addition to Rb, cyclin A/cdk2 can
bind to and phosphorylate E2F1, E2F2, and E2F3 and inhibit
their DNA binding and transactivation functions (20, 21).
The specific properties of individual E2F proteins are not
entirely clear, but it was suggested that different E2F/DP het-
erodimers can regulate different sets of E2F target genes (8).
Furthermore, it was also demonstrated recently that only E2F1
can induce apoptosis in vitro (7). Predisposition to tumor de-
velopment in E2F1-null mice but not in the knockout mice of
other members of the E2F family indicated that the tumor
suppression function is specific for E2F1 (10, 17, 24, 43). Stud-
ies carried out by us and others have demonstrated that over-
expression of E2F1 can induce apoptosis independent of p53
(16, 29, 33). This ability of E2F1 requires its DNA binding
function but not its transactivation function. There is also in-
creasing evidence that E2F1 can cooperate with p53 to induce
apoptosis (32, 35, 42), although less is known about the mech-
anisms through which this is achieved. One explanation is that
E2F1 transactivates p14*R¥ (2) and stabilizes p53 by prevent-
ing mdm2-mediated degradation (34, 39, 44). Based on this
hypothesis, the transactivation function of E2F1 would be es-
sential for its ability to cooperate with p53. On the other hand,
it is also possible that E2F1 could cooperate with p53 through
a direct interaction since there have been reports that p53 can
interact with E2F1/DP1 directly (11, 28, 30, 38). Furthermore,
it has also been recently reported that DNA-damaging agents
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can induce the expression level of E2F1 with similar kinetics to
those for p53 (3, 31). Nevertheless, nothing is known about the
biological function of the induced E2F1.

To address these issues, we investigated whether there is an
interaction between E2F1 and p53 in vivo since they both can
be induced with similar kinetics by DNA-damaging agents such
as UV. Here we show that the cyclin A interaction domain of
E2F1 is required for binding to p53. This ability to bind p53
correlated with the capacity of E2F1 to enhance apoptosis
induced by p53. Furthermore, cyclin A binding members of the
E2F family can also bind and cooperate with p53. The binding
of p53 and cyclin A to the same site on E2F1 hinted at possible
competitive binding to E2F1. This was shown to be the case,
since cyclin A inhibited E2F1 binding to p53 in vitro, and
abrogated the ability of E2F1 to cooperate with p53 to induce
apoptosis in vivo. Finally, we provide evidence that such an
interaction and cooperation occurs in vivo, especially after
DNA damage, and propose a model of how this might work.

MATERIALS AND METHODS

Cell culture, antibodies, and plasmids. H1299, Saos-2, MCF-7, U20S, and
RKO cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS) in 10% CO, unless otherwise stated.
Anti-p53 antibodies DO-1 and DO-13 are mouse monoclonal antibodies. CM-1,
CMS, and SK-79 are rabbit polyclonal antibodies specific to p53. The 9E10
epitope is recognized by the mouse monoclonal anti-Myc antibody, 9E10. The
mouse monoclonal antibody PC-10 is specific to the proliferating-cell nuclear
antigen (PCNA) protein. KH95, an anti-E2F1 monoclonal antibody used in the
immunoprecipitation assays, was purchased from Santa Cruz Biotechnology, Inc.
Anti-E2F1 (C-20), anti-E2F2 (C-20), anti-E2F3 (N-20), anti-E2F4 (C-108), anti-
cyclin A (H-432), anti-cyclin E (M-20), and anti-bax (N-20) are rabbit polyclonal
antibodies purchased from Santa Cruz Biotechnology, Inc. CD20Leu (Becton
Dickinson) is a fluorescein isothiocyanate-(FITC)-conjugated monoclonal anti-
body specific for the cell surface marker CD20. All the expression plasmids used
in this study were driven by the cytomegalovirus immediate-early promoter. The
mdm?2 binding-defective mutant p53, p5S3Al, was recloned into the pcDNA3
vector from the original plasmid provided by Karen Vousden. The E2F1 plas-
mids which are defective for cyclin A binding, E2F1(A79-103) and E2F1(A85-
91), were recloned into the pcDNA3 vector in frame with a 9E10 epitope tag
from the originals, referred to as A24 and A7, respectively in reference 20. These
were gifts from William Krek. All the other E2F1 mutants were generated by
PCR and cloned into the pcDNA-3 expression plasmid (Invitrogen) in frame
with a 9E10 epitope tag at the N-terminal end. pRc/CMYV cyclin A was a gift from
Roger Watson, while pRc/CMYV cyclin E was donated by Sybille Mittnacht. The
Sf9 lysate containing cyclin A and the control lysate were kindly donated by
Manuel Joaquin.

Immunoprecipitation and immunoblotting. Cells were washed with phos-
phate-buffered saline (PBS) and then lysed on ice for 30 min with NET buffer
containing 1% NP-40 (12) before being centrifuged at 20,800 X g at 4°C. The
lysates were precleared with protein G beads and then incubated with the
appropriate antibodies. The antibody complexes were isolated using protein G
beads (if not previously cross-linked), washed three times with 1% NP-40/NET
buffer and twice with NET buffer. The immunoprecipitate-protein G beads were
boiled in sodium dodecyl sulfate (SDS) sample buffer, and the supernatant was
loaded onto SDS-polyacrylamide gels.

For immunoblotting experiments, 20-pl portions of soluble cellular proteins (5
to 8 mg of total cellular protein per ml) were loaded on SDS-polyacrylamide gels
in SDS sample buffer. After electrophoresis, the proteins were blotted onto
nitrocellulose paper and then blocked with a 10% solution of reconstituted dried
milk powder. Primary antibody was added to the blot and incubated for 2to 3 h
at room temperature or 4°C overnight. Unless otherwise stated, E2F1 and mu-
tants were detected using a mouse monoclonal 9E10 antibody and PC-10 was
used to probe for PCNA, which is used as a loading control because it is a very
stable protein. Finally, a peroxidase-conjugated rabbit anti-mouse or goat anti-
rabbit immunoglobin was incubated with the blot and bound immunocomplexes
were detected by the enhanced chemiluminescence (ECL) method, as described
by the manufacturer (Amersham).
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In vitro translation and in vitro immunoprecipitation. E2F1 (and its mutants),
E2F2, E2F3, E2F4, and p53 were in vitro translated and labeled (when required)
with [**S]methionine using the TNT T7 Quick-Coupled transcription-translation
system (Promega). Samples (20 to 50 pl) of the lysates containing the appropri-
ate in vitro-translated protein products were mixed and allowed to interact in
PBS in a final volume of 200 wl at 30°C for 1 h and then at 4°C for a further 1 h
on a rotating wheel. For competition assays, 5 to 10 ug of protein (from bacu-
lovirus-infected Sf9 cells expressing cyclin A or control lysate) was added to the
reaction mixture together with the in vitro-translated protein products. The
appropriate antibody (9E10, DO-1, DO-13, or KH95) immobilized on protein
G-agarose beads was added to the binding-reaction mixtures and incubated with
mixing at 4°C for 1 h. The beads were then washed with PBS or NET. The bound
proteins were released in SDS gel sample buffer and analyzed by SDS-polyacryl-
amide gel electrophoresis (10% polyacrylomida). For detection, antibody from a
different species from the immunoprecipitating antibody was used.

Antibody purification and cross-linking of monoclonal antibodies to protein G
beads. Antibody 9E10 was purified from the supernatant using ammonium sul-
fate precipitation and protein G beads. Purified monoclonal antibodies were
cross-linked to protein G beads using a previously described method (12).

DNA transfection and flow cytometry. For fluorescence-activated cell sorter
(FACS) analysis, 10° Saos-2 cells in a 10-cm dish were transfected with 3 ug of
pS3 plasmid and 5 pg of plasmid expressing E2F1 or mutant E2F1 using the
calcium phosphate methods as described previously (30). For competition assays,
5 to 10 pg of cyclin A plasmid or 15 to 20 pg of cyclin E plasmid was cotrans-
fected. A plasmid expressing CD20 was used as a transfection marker. Sample
collection, gating, data acquisition, and analysis using flow cytometry (FACS) is
described elsewhere (15, 36).

In the figures, the cell cycle profiles are represented using histogram plots. The
control plasmid-transfected cells are labeled as vector. In all experiments, trans-
fected cells were gated based on the expression of CD20 (data not shown).
Apoptosis was measured by the accumulation of cells with a sub-G; DNA
content in the region labeled M1 in the histogram plots. This may also be
represented by a bar graph where the y axis corresponds to percentage of cells
with sub-G; DNA content, indicative of apoptosis (M1 in histogram plots).

UV irradiation. Cells were plated at the required density on the day before
irradiation. Prior to irradiation, the medium from the dishes was temporarily
removed and stored under sterile conditions. The dishes were UV irradiated
using 10 J m ™2, the medium was replaced, and the dishes were returned to the
incubator for the required length of time as indicated.

E2F peptide and its binding to p53. The peptides were synthesized, purified by
high-pressure liquid chromatography, and sequenced by the Advanced Biotech-
nology Centre (Imperial College School of Medicine, Charing Cross Hospital) by
previously described methods (4). The E2F peptide, previously referred to as
Tat-LDL, contains residues 86 to 93 of the cyclin A binding domain of E2F1
(PVKRRLDL). The control peptide, previously referred to as Tat-Umt, contains
an unrelated sequence (ETDHQYLAESS). Both peptides are N-terminally
linked to a sequence derived from human immunodeficiency virus Tat (YG
RKKRRQRRRG), which directs the efficient uptake of heterologous peptides
across cell membranes. A batch of fluorescein N-labeled peptides was also
synthesized and shown to be efficiently taken up by almost all cells (data not
shown).

35S-labeled p53 was in vitro translated as described above. This was incubated
with 5 and 10 pl of 10 mM FITC-labeled E2F1 or control peptide for 30 min at
30°C and a further 2 h at 4°C. Then 5 pl of biotin-conjugated anti-FITC antibody
was added to each binding-reaction mixture in an Eppendorf tube and allowed
to rotate at 4°C for 2 h. The reaction products were washed with PBS-1% NP-40
to remove the excess antibody before 15 ul of strepavidin-conjugated Fe beads
was added to each tube. The beads were then isolated using magnetic selection
as described by the manufacturer (Dynabeads), washed twice with cold PBS-1%
NP-40, and run on a 12% polyacrylamide gel.

p53-inducible cell line. A system where p53 could be induced was constructed
as specified by the manufacturer (Clontech Laboratories, Palo Alto, Calif.).
Wild-type p53 was recloned into a Tet-responsive promoter, which was stably
transfected in an inducible founder clone of H1299 cells (clone 7). The p53
protein was induced by 2 ng of doxycycline (an analogue of tetracycline) per ml,
and its expression was tested by Western blotting and cell staining (data not
shown). B225 is a clonal cell line that on treatment with doxycycline induces a
low level of p53 which is unable to cause apoptosis after 24 to 48 h.

E2F peptide treatment. H1299 B225 cells were split in six-well plates at a
concentration of 10° cells/well. At 24 h later, they were induced with 2 pg of
doxycycline per ml in RPMI 1640-10% FCS. The medium was removed 16 to
20 h later, the cells were irradiated with UV radiation at 10 J/m 2, and fresh
medium (DMEM + 5% FCS with or without 2 wg of doxycycline per ml) was
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FIG. 1. p53 binds to the cyclin A binding domain of the E2F1 protein. (A and C) Mapping was done using a series of E2F1 truncation mutants.
The numbers refer to the residues the peptides contain, while the prefix A denotes the residues that are deleted. The E2F1 mutants that bind p53
are denoted by (+), while nonbinding mutants are indicated by (—). (B) Both in vitro-translated [**S]methionine-labeled E2F1 and p53 were used.
The antibody 9E10 was used to immunoprecipitate 9E10-tagged E2F1 with the coimmunoprecipitation of radiolabeled p53. The presence of p53
and E2F1 mutants was detected by autoradiography. (D and E) Only in vitro-translated [**S]methionine-labeled E2F1 was used. The in
vitro-translated p53 was unlabeled, and its presence was detected by Western blotting using rabbit polyclonal antibody SK-79 (D) or CM-1 (E).
For panel E, an anti-p53 antibody (DO-13) was used to immunoprecipitate p53 and the corresponding binding of E2F1 was detected by

autoradiography.

added. At 24 h after UV irradiation, the cells were washed once with Optimem
(Gibco BRL) and treated with 100 wM respective peptide in Optimem. At 1 to
2 h later, the medium was supplemented with 5% FCS. Both floating and
adherent cells were harvested 6 to 8 h later, stained with trypan blue, and scored
for viability. For representation, data from a representative of two experiments,
each performed using a different batch of peptides, was shown. The fold increase
given is calculated by the following formula: fold increase of dead cells =
percentage of dead cells after various treatment/percentage of dead cells when
untreated/percentage of dead cells due to the respective treatments in Optimem
alone.

RESULTS

p53 binds to the same site of E2F1 as cyclin A does. To
better understand the biological implication of the physical
interaction between p53 and E2F1, we used a series of trun-
cation mutants of E2F1 which contained specific functional
domains of E2F1 (diagrams in Fig. 1) to map the site on E2F1
responsible for its interaction with p53. Six major functional
domains have been identified so far in E2F1; they are the

p455%”2 binding domain (1 to 41) (27), the cyclin A binding
domain (amino acids 68 to 108), the DNA binding domain (120
to 191), the DP-1 binding domain (206 to 263), the transacti-
vation domain (323 to 437) and the Rb binding domain (409 to
426). The first set of three mutants were truncated from the C
terminus, and the remaining amino acids retained in the mu-
tants are labeled E2F1(1-400), E2F1(1-191) and E2F1(1-
108). The second set of two E2F1 mutants were truncated from
the N terminus, and the remaining amino acids are labeled as
E2F1(110-437) and E2F1(199-437) (Fig. 1A). All the mutants
were tagged with a 9E10 antibody epitope at their N terminus
to facilitate detection. Wild-type p53, E2F1, and E2F1 mutants
were in vitro translated as indicated in Fig. 1B, and the lysates
were incubated to allow binding to occur. The 9E10 antibody
was used to capture tagged E2F1 and coprecipitate any bound
complexes. As shown in Fig. 1B, p53 binds to all the C-termi-
nally truncated E2F1 mutants, E2F1(1-400), E2F1(1-191),
and E2F1(1-108), indicating that the first 108 amino acids of



VoL. 22, 2002

E2F1 were sufficient to bind p53. To corroborate this, the two
N-terminally truncated E2F1 mutants, E2F1(110-437) and
E2F1(199-437), failed to complex with p53 under the same
conditions of this assay. Hence, p53 binds to the first 108
N-terminal amino acids of E2F1. Two functional domains have
been mapped to this region of E2F1. The first 41 amino acids
of E2F1 are involved in binding to p455%7? and regulating the
stability of E2F1 (27), while residues 68 to 108 bind cyclin A,
which is involved in the regulation of the DNA binding ability
of E2F1 (20).

To map the precise binding site of p53 on E2F1, more
mutants of E2F1 were employed (Fig. 1C): an N-terminal
truncation mutant of E2F1, E2F1(58-437), without its first 58
amino acids and hence defective in binding to p455%"% (27),
and three deletion mutants of E2F1, E2F1(1-120A85-91),
E2F1(A85-91), and E2F1(A79-103), which were shown to be
defective in binding to cyclin A (20). All the 9E10 epitope-
tagged E2F1 mutants were efficiently immunoprecipitated with
the 9E10 antibody (Fig. 1D, lower panel). However, p53 co-
immunoprecipitated only with the wild-type E2F1, E2F1(1-
108), and E2F1(58-437) but not with the two cyclin A binding-
defective mutants of E2F1, E2F1(A79-103) and E2F1(A85-91)
(Fig. 1D, upper panel). These results strongly suggest that p53
binds to the same site on E2F1 as cyclin A does. This was
further confirmed by the observation that the anti-p53 anti-
body DO-13 immunoprecipitated p53 (Fig. 1E, upper panel),
which specifically coimmunoprecipitated wild-type E2F1 but
not the cyclin A binding-defective mutants E2F1(A85-91) and
E2F1(110-437) (Fig. 1E, lower panel).

Binding to p53 is required for E2F1 to specifically enhance
p53-induced apoptosis. It has been shown previously that over-
expression of E2F1 can cooperate with p53 to induce apopto-
sis. Having determined the region of E2F1 responsible for the
interaction with p53, we tested whether this interaction be-
tween p53 and E2F1 would correlate with the ability of E2F1
to cooperate with p53 in the induction of apoptosis. Using
Saos-2 cells, which are null for p53 and lack functional Rb, we
titrated the expression of p53 or E2F1 alone to induce detect-
able but little apoptosis so that cooperation may be observed.
Coexpression of p53 and E2F1 cooperated to induce 60.8% =
7.1% of the transfected cells to die of apoptosis. This experi-
mental system thus allowed us to test the ability of various
E2F1 mutants to cooperate with p53 to induce apoptosis. We
used the smallest mutant of E2F1 which could interact with
p53 (the fragment containing only the first 108 amino acids
from the N terminus) as well as two deletion mutants of E2F1,
E2F1(A85-91) and E2F1(A79-103), which are specifically de-
fective in binding to cyclin A and p53 (as shown previously).

As shown in Fig. 2A and B, E2F1 and mutants, except
E2F1(1-108), were able to induce p53-independent apoptosis
in about 12% of transfected Saos-2 cells. E2F1(1-108), the
only E2F1 mutant in this assay to lack the DNA binding do-
main, did not induce apoptosis when expressed on its own
(6.7% = 0.9%) but cooperated with p53 to induce apoptosis
almost as effectively as did the full-length E2F1 (50.5% = 0.7%
and 56.8% = 7.1% respectively). However, the two cyclin A
and p53 binding-defective mutants of E2F1, E2F1(A85-91)
and E2F1(A79-103), failed to cooperate with p53 to induce
apoptosis (Fig. 2A and B) even though the mutants were ex-
pressed to similar levels to those of E2F1 (Fig. 2B, lower

E2F1 BINDS p53 AND STIMULATES p53-INDUCED APOPTOSIS 81

panel). The percentage of apoptosis detected in the cells when
these two p53 binding-defective E2F1 mutants were cotrans-
fected with p53 was higher (25 to 30%) than that detected with
either p53 (14.4% * 1.4%) or the E2F1 mutants (12 to 14%)
alone. This was simply the sum of the apoptosis caused by the
pS3 and E2F mutants alone without any cooperation. These
data show that an intact cyclin A binding domain of E2F1 and
hence p53 binding is required for its ability to cooperate with
p53 to induce apoptosis. This was further supported by the
observation that the p53 and cyclin A binding-defective E2F1
mutant E2F1(1-120A85-91) failed to bind and cooperate with
p53 to induce apoptosis (Fig. 2C). By testing all the mutants of
E2F1 shown in Fig. 1, we found that the ability to cooperate
with p53 to induce apoptosis perfectly correlated with their
ability to bind p53 (Fig. 2 and data not shown).

Binding of p53 does not have a significant effect on the
apoptotic function of E2F1. It has been shown previously that
E2F1 possesses an apoptotic function independent of p53.
Therefore, we investigated the influence of the binding of p53
on the apoptotic function of E2F1. We used two tumor-derived
p53 point mutations, 175pro and 175his, which are defective in
inducing apoptosis. Although the mutation at residue 175 sig-
nificantly alters the activity of p53, 175his, for example, still
retained its ability to interact with the cyclin A binding domain
of E2F1 as effectively as the wild-type p53 did (Fig. 2D). If the
binding of p53 to E2F1 can affect the apoptotic function of
E2F1, both mutants should alter the apoptotic function of
E2F1 as effectively as the wild-type p53 did. As a control, a p53
binding-defective mutant of E2F1, E2F1(A85-91), was used.
When expressed in Saos-2 cells, in agreement with the previous
report, the apoptotic function of 175pro was reduced com-
pared to that of the wild-type p53 (Fig. 2E) (36). Under the
same conditions, the expression of 175His failed to induce
significant apoptosis. The coexpression of E2F1 with 175pro or
175his failed to show the significant enhancement of apoptosis
seen with wild-type p53. In E2F1- and wild-type p53-expressing
cells, 50% of the cells die of apoptosis. This is significantly
different from the percentage seen in cells expressing E2F1
alone (12%) or together with mutant p53 (18% for each mu-
tant coexpressed with E2F1). As a control, we showed that the
apoptosis induced by non-p53 binding E2F1(A85-91) was not
significantly affected by the p53 mutants (Fig. 2E).

There was a small but detectable increase in apoptosis when
apoptosis-deficient p53 mutants were cotransfected with E2F1.
However, the increase was minimal in comparison to the effect
of wild-type p53 together with E2F1, suggesting that the major
effect of the E2F1-p53 complex is the enhancement of p53-
induced apoptosis. The failure to show a significant enhance-
ment of the apoptotic function of E2F1 was not due to the lack
of protein expression of the two p53 mutants (Fig. 2F).

E2F1 can specifically cooperate with p53 to induce apopto-
sis, and this is independent of mdm2. All the C-terminal trun-
cation mutants of E2F1 that lacked their transactivation do-
mains cooperated with p53 in these assays to induce apoptosis
if they bound p53. Furthermore, these mutants failed to acti-
vate transcription from a promoter containing 3 XE2F respon-
sive elements, 3xwt linked to a luciferase reporter (data not
shown), suggesting that the cooperation of E2F1 with p53 in
the induction of apoptosis is independent of the transcription
of E2F1. This is inconsistent with the proposal that E2F1
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histogram plots (A) or bar graphs (B and C) of transiently transfected Saos-2 cells in the absence or presence of p53 (3 pg/10-cm dish) with E2F1
and its mutants (5 pg/10-cm dish) as indicated. The lower portions of panels B and C show the expression level of p53, E2F1, and mutants. The
transfected p53 protein was detected with DO-1. (D) Results from a binding assay using E2F1 and E2F1(A85-91) and in vitro-translated p53 and
p53 mutant 175his. (E) Cells undergoing apoptosis when p53 (3 pg) or the p53 mutants 175his and 175pro (5 wg/dish) were transfected with E2F1
(3 ng) or E2F1(A85-91) (3 pg) in Saos-2 cells. (F) Expression of p53, E2F1, and mutant. PCNA was used as a loading control.

cooperated with p53 by up-regulating p14*%* (2), which can
then stabilize p53 by preventing mdm2-mediated protein deg-
radation of p53 (34, 44). In that hypothesis, the transactivation
function is essential for the ability of E2F1 to enhance p53-

induced apoptosis. The mechanism of cooperation between
pS3 and E2F1 observed here is independent of the transacti-
vation function of E2F1 and hence cannot occur via p14*#~F.
To provide direct evidence for our hypothesis, we studied
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E2F1 and the E2F1(1-108) mutant for their ability to enhance
the apoptotic function of Bax or a p53 mutant, p5S3AIl. Bax-
induced apoptosis was shown to be independent of p53 in
Saos-2 cells (6). pS3AL deleted in the conserved box I(13-19),
was shown to be active in transactivation assays and found to
suppress transformation as well as wild-type p53 did but was
unable to bind mdm2 (6).

As above, coexpression of E2F1 and E2F1(1-108) together
with p53 enhanced the apoptotic function of p53 significantly.

Interestingly, under these conditions, coexpression of E2F1 or
E2F1(1-108) also stimulated the apoptotic function of the p53
mutant pS3AIl, arguing that E2F1 can cooperate with p53 to
induce apoptosis independent of mdm?2 (Fig. 3A), since pS3AI
is defective in mdm?2 binding. This occurred even when all
proteins were expressed to comparable levels (Fig. 3B). In
contrast to p53, coexpression of E2F1 with Bax failed to result
in a significant stimulation of the apoptotic function of Bax
(Fig. 3C) like that observed with p53. Although the apoptosis
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FIG. 3. E2F1 can specifically cooperate with p53 to induce apoptosis independent of mdm2. (A) Cells undergoing apoptosis as determined by
FACS analysis of Saos-2 cells were transfected with 3 g of p53 or pS3AI or 5 wg of E2F1 or E2F1(1-108). The numbers at the top right of each
panel refer to the percentage in sub-G, (labeled M1; indicative of apoptosis). (C) Bar graph showing the amount of apoptosis as determined by
FACS analysis of Saos-2 cells transfected with 5 ug of E2F1 or E2F1(1-108) in the presence of 3 ng of p53 or 1 pg of Bax. (B and D)
Immunoblotting to show the expression level of p53, E2F1, and mutants, of pS3AI (B) and p53, and of E2F1 and Bax (D). The transfected p53
(and pS53AI in panel B) were detected with the anti-p53 antibody DO-13, and the Bax protein (D) was detected using N-20.

induced by Bax and E2F1 is greater than with each plasmid
alone, as argued above, it is only slightly greater than the sum
of the apoptosis induced by the two expressed proteins alone.
Hence, E2F1 cannot cooperate to enhance p53-independent
apoptosis induced by Bax. This inability was not due to lack of
E2F1 or Bax expression (Fig. 3D). These results indicate that
E2F1 specifically cooperates with p53 to induce apoptosis and
that this activity of E2F1 is independent of mdm?2.

All cyclin A binding E2F members can bind and cooperate
with p53 to induce apoptosis. The cyclin A binding domain is
conserved in E2F family members E2F1, E2F2, and E2F3 but
not E2F4. We studied the ability of p53 to bind to E2F2 and
E2F3. Since E2F4 does not contain the cyclin A binding re-
gion, we reasoned that if the cyclin A binding region was
mediating the interaction between p53 and E2F2 and E2F3,
pS3 would not be able to interact with E2F4. In vitro-translated
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FIG. 4. Only E2F members containing the cyclin A binding domain (E2F1, E2F2, and E2F3) bind to and activate p53 to induce apoptosis. (A)
In vitro binding assay showing the results of radiolabeled E2F1, E2F2, E2F3, and E2F4 and unlabeled p53 [referred to as p53 (cold)]
immunoprecipitated with anti-p53 mouse monoclonal antibody DO-1. The presence of [*>S]methionine-labeled E2Fs was detected by autora-
diography, while the unlabeled p53 protein was detected using rabbit polyclonal antibody SK-79. (B) Immunoprecipitation using radiolabeled E2F1
and E2F4 with unlabeled p53 and immunoprecipitated by a anti-p53 antibody (DO-13). Since the radioactive E2F4 signal is rather weak, a blot
showing that E2F4 is expressed but not immunoprecipitated under these conditions is included. (C) The percentage of apoptotic cells as
determined by FACS of Saos-2 cells transfected with E2F1-4 (5 pg each/10-cm dish) in the absence or presence of p53 (3 wg/10-dish). (D)
Immunoblotting showing the expression of the various E2F proteins using the respective antibodies (9E10 epitope-tagged E2F1 [9E10], E2F2
[C-20], E2F3 [N-20], and E2F4 [C-108]) and p53 using the antibody DO-1.

and [**S]methionine-labeled E2F1, E2F2, E2F3, and E2F4
were tested for coimmunoprecipitation with p53 by using the
anti-p53 antibody DO-1. As shown in Fig. 4A, E2F1, E2F2, and
E2F3 were specifically immunoprecipitated with p53. Under
the same conditions, E2F4, which lacks the cyclin A binding
domain, failed to coimmunoprecipitate with p53. The failure of
E2F4 to interact with p53 was further supported by the obser-
vation that another anti-p53 antibody, DO-13, was able to

immunoprecipitate E2F1 but not E2F4 with p53 under the
same condition (Fig. 4B). To show that E2F4 was indeed
expressed but that its radio signal was weak, we reloaded the
lysate on an SDS-polyacrylamide gel and blotted it using an
anti-E2F4 antibody to show that no E2F4 was immunoprecipi-
tated with p53. These results suggested that, like E2F1, the
expression of E2F2 and E2F3 might be able to influence the
activity of p53 via protein-protein interactions.
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FIG. 5. Cyclin A, but not cyclin E, competitively inhibits the cooperation of E2F1- and p53-induced apoptosis. (A) In vitro competition assay
using baculovirus-expressed cyclin A (2, 5, or 10 wg) to compete out the binding of E2F1 to pS3. Vector-infected baculovirus lysate was used as
a control. The polyclonal anti-p53 (DO-13) was used to immunoprecipitate radiolabeled p53. (B) Apoptosis induced in Saos-2 cells transfected with
E2F1 (5 png/10-cm dish), p53 (3 pg/10-cm dish), and increasing concentrations of cyclin A or cyclin E (0, 5, and 10 png/10-cm dish) as indicated.
(C) Immunoblotting was used to show the expression of cyclin A using rabbit polyclonal antibody (H-432), cyclin E using rabbit polyclonal antibody
(M-20), E2F1 using C-20 (anti-E2F1 polyclonal antibody), and p53 using DO-1. (D) Percentage of apoptotic cells as determined by FACS analysis
of Saos-2 cells transfected with E2F1 and mutants (5 pg/10-cm dish) and p53 (3 pg/10-cm dish) in the absence or presence of cyclin A (10 pg/10-cm dish).

To further test our hypothesis that binding to p53 is required
and sufficient for E2F1 to stimulate the apoptotic function of
pS3, we decided to investigate whether E2F2 and E2F3 could
also cooperate with p53 to induce apoptosis. E2F4 was used as
a control. If the binding were essential for the E2Fs to coop-
erate with p53, one would predict that E2F2 and E2F3 would
augment p53-induced apoptosis since these E2F proteins have
cyclin A binding domains which bind p53. Saos-2 cells were
cotransfected with E2F1, E2F2, E2F3, or E2F4 together with
pS3. As shown in Fig. 4C, consistent with the notion that
binding is required to activate p53 to induce apoptosis, coex-
pression of E2F1, E2F2, and E2F3 also produced a significant
enhancement of the apoptotic function of p53. In contrast,
coexpression of E2F4 failed to have such a significant effect on
the apoptotic function of p53. These results demonstrated a
functional difference between the E2F proteins containing a
cyclin A binding domain and the rest of the family members in
regulating the apoptotic function of p53. E2F1, E2F2, and
E2F3 bind and activate p53 to induce apoptosis; E2F4 does not
bind or cooperate with p53 to induce apoptosis. This was not
because of a lack of protein expression (Fig. 4D).

Cyclin A can prevent E2F1 from cooperating with p53 to
induce apoptosis. Our data show that p53 and cyclin A can
bind to a similar site on E2F1. Therefore, we wondered if the
binding of cyclin A and of p53 to E2F1 are mutually exclusive.
An in vitro competition assay was performed to test if cyclin A
could prevent E2F1 from binding to p53. As shown in Fig. 5A,
immunoprecipitation of p53 pulled down E2F1. Addition of
increasing concentrations of baculovirus-produced cyclin A re-
duced the amount of E2F1 immunoprecipitated with p53. In-
creasing concentrations of the same amount of baculovirus
lysate (Fig. SA, Coomassie stain of input) did not inhibit E2F1
binding to p53. This shows that cyclin A can inhibit E2F1
binding to p53 in a dose-dependent manner, suggesting that
the binding of p53 and of cyclin A to E2F1 are mutually
exclusive.

We then investigated the effect of the expression of cyclin A
and cyclin E on the ability of E2F1 and p53 to cooperate to
induce apoptosis. Expression of cyclin A or cyclin E alone with
p53 or E2F1 did not induce a significant change in the amount
of apoptosis over the respective levels in the transfected Saos-2
cells (Fig. 5B). Interestingly, coexpression of increasing con-
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centrations of cyclin A (0, 5, and 10 pg) with p5S3 and E2F1
together exhibited a dose-dependent inhibition of the ability of
E2F1 to augment p53 induced apoptosis (Fig. 5B, left graph,
last three lanes). In the same experiment, corresponding
amounts of cyclin E, which is known not to bind E2F1, did not
reduce apoptosis resulting from the cooperation between E2F1
and p53 (Fig. 5B, right graph, last three lanes). Such effects
were seen in the absence of perturbation of the protein levels
of p53 and E2F1 by cyclin A or cyclin E (Fig. 5C). The specific
effect of cyclin A in preventing E2F1 from stimulating the
apoptotic function of p53 was further substantiated by the
observation shown in Fig. 5D. The coexpression of cyclin A (10
pg) together with p53 and a cyclin A binding-defective mutant
of E2F1, E2F1(A85-91), did not show a significant effect on
p53-induced apoptosis. However, under the same conditions,
cyclin A was able to effectively inhibit E2F1 from enhancing
pS3-induced apoptosis. Our results show that cyclin A compet-
itively inhibited the binding of E2F1 to p53 in vitro. In vivo, this
correlated with a dose-dependent inhibition by cyclin A, but
not cyclin E, of the capacity of E2F1 to stimulate p53-induced
apoptosis.

DNA damage induced E2F1 can complex with p53 in vivo
and this correlates with decreased cyclin A levels. One of the
most important features of p53 is its accumulation in response
to DNA damage (18, 26). Previous studies have demonstrated
that almost all the p53-inducing agents can also induce E2F1
with similar kinetics (3, 31) and that the induced E2F1 is
transcriptionally inactive (31). These observations suggested
that p53 and E2F1 may cooperate in response to stress signals
such as DNA damage.

To determine whether an E2F1-pS3 complex occurs under
physiological conditions, two wild-type p53-expressing cell
lines, RKO and MCF-7, were irradiated with UV radiation to
cause DNA damage. As expected, an increase in the expres-
sion levels of p53 and E2F1 were detected (right panels of Fig.
6A and B). Using the anti-E2F1 antibody KH95, we found that
UV-induced E2F1 can coimmunoprecipitate p53 in RKO and
MCEF-7 cells (left panels of Fig. 6A and B). This interaction is
specific because a control antibody, 9E10, did not immunopre-
cipitate E2F1 or pull down p53 (Fig. 6A). This shows that E2F1
and p53 can interact in vivo and that this occurs under physi-
ological conditions, in response to DNA damage by UV.

We next examined the possibility that cyclin A regulates the
interaction between E2F1 and p53 in vivo. Interestingly, there
is a concomitant decrease in the levels of cyclin A after UV
irradiation in U20S cells (Fig. 6C, second panel from top). It is
particularly interesting that at the 24-h time point, when cyclin
A levels are lowest, complex formation between E2F1 and p53
appears to be at its highest (top panel). This reciprocal rela-
tionship between cyclin A levels and E2F1-p53 complex for-
mation is consistent with the model that cyclin A prevents
E2F1 from binding and cooperating with p53 to induce apo-
ptosis.

E2F1 can only stimulate p53-mediated apoptosis in re-
sponse to UV irradiation. So far, the results suggested that the
physiological role of the E2F1-p53 complex formed by DNA
damage-induced E2F1 and p53 is to promote the apoptotic
function of p53 in response to DNA damage such as UV. Thus,
the E2F1 peptide (4) containing 8 amino acids of the cyclin A
binding site [E2F1(86-93)] might activate the apoptotic func-
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tion of p53 in response to DNA damage. Consistent with this
hypothesis, it has been shown previously that only the E2F1
peptide but not the unrelated control peptide can induce apo-
ptosis in some of the wild-type p53-expressing cell lines such as
U20S (4). However, it is difficult to demonstrate whether the
cell killing induced by the E2F1 peptide was specific to p53
since the peptide also caused p53-independent cell death by
inhibiting the activity of cyclin A/cdk2 kinase.

To test whether the cyclin A binding-competent E2F1 pep-
tide can specifically promote the apoptotic function of p53
through direct binding, two peptides were synthesized as de-
scribed in Materials and Methods and in previous papers (4).
One batch was N labeled with FITC and used in the immuno-
precipitation assays. The [**S]methionine-labeled p53 was co-
incubated with the control (unrelated sequence [4]; control
peptide) or the cyclin A binding peptide of E2F1 (E2F1 pep-
tide). As shown in Fig. 7A, the anti-FITC antibody was able to
specifically coimmunoprecipitate p53 with the E2F1 peptide
but not with the control peptide (Fig. 7A, compare lanes 1 and
2 and lanes 3 and 4). The amount of p53 coimmunoprecipi-
tated by the anti-FITC antibody correlated with increasing
amounts of the E2F1 peptide but not of the control peptide.
This result clearly demonstrated that the 8 amino acids of the
cyclin A binding peptide of E2F1 are sufficient to interact with
p53 in vitro.

To further investigate the effect of the cyclin A binding
peptide of E2F1 on the apoptotic function of p53, we con-
structed a wild-type p53-inducible H1299 human lung carci-
noma cell line that is null for p53. The induced p53 is expressed
in more than 80% of the cells (data not shown), and the
expression level is lower than or comparable to the levels of
pS3 detected in two tumor cell lines, MCF-7 and U20S, ex-
pressing wild-type p53 (Fig. 7B). The expression of wild-type
p53 is under the control of the tetracycline repressor (Tet-on
system [Clontech]), and its expression can be induced in the
presence of doxycyclin. Cyclin A can prevent E2F1 from co-
operating with p53 to induce apoptosis, and the E2F1-p53
complex was detected mainly in DNA-damaged cells when the
cyclin A level was at its lowest. Hence, the ability of the E2F1
peptide to stimulate the apoptotic function of p53 may best be
observed in DNA-damaged cells. The p53-inducible cells were
exposed to UV irradiation and low mitogenic stimuli (i.e., low
serum [5% FCS]) to reduce the expression level of cyclin A.
The induced p53 did not induce cell death (assessed by trypan
blue uptake) in this cell line, even after UV irradiation (Fig.
7C). The presence of the E2F1 peptide induced cell death in
the p53-inducible H1299 cell line (Fig. 7C, lanes 5 to 8). In-
terestingly, in the normally growing cells, the cell killing in-
duced by the E2F1 peptide was independent of p53 since the
induction of p53 did not influence the number of dead cells
detected (lanes 5 and 7). These data are in agreement with
previously published data (4). In addition, the number of dead
cells detected in the H1299 cells in the absence of p53 was not
influenced by UV treatment (compares lanes 5 and 6). How-
ever, on induction of p53 and on treatment with UV, the E2F1
peptide was able to cause a significant killing of the cells (lane
8). The effect of the E2F1 peptide is specific because the
control peptide caused only a comparatively small degree of
cell death under the same conditions (lanes 9 to 12). Further-
more, in agreement with the results obtained so far, the bind-
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FIG. 6. UV-induced endogenous E2F1 and p53 can complex in vivo. (A and B) MCF-7 cells (A) and RKO cells (B) were UV irradiated with
10 J m~2 (+) or left untreated (—) and then incubated for 16 h. The left parts of each panel show the results of the immunoprecipitation using
the respective lysates with anti-E2F1 (KH95) and control antibody (9E10) (panel A only). The right parts of each panel show the corresponding
Western blot of the cell lysate. In both cases, the rabbit polyclonal antibodies used were C-20 (for E2F1) and SK-79 (for p53). (C) Time course
for U208 cells treated with UV. Immunoprecipitation using anti-E2F1 (KH95) and probed for p53 using the polyclonal antibody indicated is shown
in the top part. The lower four parts show the results of a Western blot analysis using the corresponding lysate with endogenous levels of E2F1
(detected by C-20), p53 (detected by DO-1), and cyclin A (detected by H-432) shown at the indicated times after UV. PCNA (detected by PC-10)

is used to show equal loading.

ing of E2F1 (mimicked by the E2F1 peptide in this case) to p53
(Fig. 6A) did not have a significant effect on the expression
levels of p53 as shown in Fig. 7D. These results provided strong
evidence that the binding of E2F1 to p53 was sufficient to
promote the apoptotic function of p53 in response to DNA-
damaging agents such as UV.

Finally, to show that binding to p53 is necessary and suffi-
cient for E2F1 to enhance the apoptotic function of endoge-

nous p53, we transfected p53 binding-competent and -defec-
tive E2F1 mutants in wild-type p53-expressing MCF-7 cells.
E2F1(1-108) binds to p53, but E2F1(1-120A85-91) which
lacks amino acids 85 to 91, like E2F1(A85-91), cannot bind
p53. The expression of E2F1 or E2F1(1-108) induced a six- to
sevenfold increase in apoptosis over vector control transfec-
tants. In contrast, the p53 binding-defective E2F1 mutants,
E2F1(A85-91), E2F1(A79-103), and E2F1(1-120A85-91), in-
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FIG. 7. E2F1 can cooperate with endogenous p53 to induce apoptosis. p53 binding peptide of E2F1 can specifically enhance the apoptotic
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increasing concentrations of FITC-labeled E2F1 peptide and FITC-labeled control peptide. The presence of [>*S]methionine-labeled p53 was
detected using autoradiography. (B) Comparison of the levels of endogenous p53 in MCF7 and U20S and the p53 in the H1299 B225 p53-inducible
cell line induced by 2 wg of doxycycline (Dox) per ml. The presence of p53 was detected using the mouse monoclonal antibody DO-1. (C) The
p53-inducible cell line H1299 B225 was incubated in the absence (—p53) or presence (+p53) of 2 pg of doxycycline per ml untreated (—UV) or
UV irradiated at 10 J m~? (+UV) in medium only (Optimem) or 100 wM E2F1 peptide or the control peptide in Optimem as detailed in Materials
and Methods. To take into account the p53-independent mechanism of cell killing exhibited by the peptide and the various effects of treatment,
the relative fold increase in the number of dead cells is calculated and presented as described in Materials and Methods. (D) The corresponding
Western blot where p53 was detected using DO-13 and the PC-10 supernatant used to detect PCNA. (E) Apoptosis was determined by FACS when
E2F1 and mutants (10 pg) were transfected in wild-type expressing MCF7 cells. (F) Expression levels of transfected E2F1 and mutants and
endogenous p53 detected using 9E10 and DO-1, respectively.
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duced only about a twofold increase in apoptosis over vector
control transfectants (Fig. 7E), even though all E2F1 and mu-
tants were expressed to similar levels (Fig. 7F). Hence, we
conclude that overexpression of E2F1 in these assays can co-
operate with endogenous p53 only if it binds p53.

DISCUSSION

The E2F1-p53 complex specifically stimulate the apoptotic
function of p53. We provide evidence that there is a perfect
correlation between the ability of E2F1 to bind p53 via its
cyclin A binding domain and its ability to cooperate with p53 to
induce apoptosis. Binding is absolutely required for E2F1 to
cooperate with p53 to induce apoptosis. This differs from the
ability of E2F1 to stabilize p53, since it did not correlate with
E2F1 binding (28). In agreement with previous reports, the two
cyclin A binding-defective mutants of E2F1, E2F1(A85-91)
and E2F1(A79-103), actively induced apoptosis on their own
(20). However, in comparison to E2F1, these two cyclin A and
p53 binding-defective mutants failed to cooperate with p53 to
induce apoptosis. Although we detected a modest increase in
the number of apoptotic cells coexpressing p5S3 and the two
cyclin A binding-defective mutants, they failed to stimulate the
apoptotic function of p53 in the dramatic manner seen with the
wild-type E2F1. These results are particularly important since
both E2F1 mutants are active transcriptionally (20), even for
the ARF promoter (28), yet they failed to promote the apo-
ptotic function of p53 in Saos-2 cells, a cell line in which the
overexpression of E2F1 was shown to induce p14'%F (2). In
addition, E2F1(1-108), which even lacks binding domains for
DNA and DP1, was able to bind p53 and cooperate with pS3 to
induce apoptosis. This is consistent with the hypothesis that the
DP1 binding and transactivation functions of E2F1 are not
essential for the ability of E2F1 to cooperate with p53.

To further corroborate this and rule out the ARF pathway,
a mutant p53, pS3AI, which is able to induce apoptosis and
growth suppression like the wild type but is unable to bind
mdm?2, still cooperates with E2F1 to induce apoptosis. This
provides further evidence that this cooperation is independent
of mdm?2. Such a finding is entirely in agreement with existing
literature showing that ARF expression does not respond to
DNA damage (39) and that ARF-null cells exhibit an intact
p53 response following UV irradiation (37). This would imply
that promotion of p53-mediated apoptosis by E2F1 could oc-
cur even in tumour cells with defective p14*%F,

Finally, the p53-E2F1 complex does not have a significant
effect on the apoptotic function of E2F1; p53 mutants such as
175his could not cooperate to significantly increase E2F1-in-
duced apoptosis (Fig. 2E). These observations provided a
mechanism by which E2F1 induced by DNA damage could be
very important in regulating the apoptotic function of p53.

Cyclin A is an important inhibitor of E2F1-induced apopto-
sis. Cyclin A binding-defective E2F1 mutants were shown to
induce apoptosis more effectively than did the wild-type E2F1
in NIH 3T3 cells in the presence of high serum levels (21). We
do not think the results contradict our model. It is important to
note that only in the presence of high serum levels or cotrans-
fection with cyclin A does E2F1A24 [E2F1(A79-103), in our
paper] show enhanced transcriptional or apoptotic activity with
respect to wild-type E2F1 (20, 21). Our model is consis-
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tent with the notion that cyclin A is an important inhibitor of
E2F1-mediated apoptosis. In the high-serum condition, cyclin
A can inhibit the DNA binding activity of E2F1. Consequently,
high levels of cyclin A (induced by high serum or exogenous
expression) inhibit E2F1-induced apoptosis through pathways
independent of p53 or dependent on ARF and p73 (Fig. 8B,
left half). Our data shown here provide an additional mecha-
nism through which cyclin A can inhibit the proapoptotic func-
tion of E2F1: augmentation of p53-induced apoptosis (Fig. 8B,
right half). The level of cyclin A determines whether E2F1 can
interact with p53 and cooperate with p53 to induce apoptosis in
response to DNA damage (Fig. 8A).

Novel function for the E2F proteins containing a cyclin A
binding domain. The ability to bind p53 via its cyclin A binding
domain enabled this group of E2F proteins (E2F1, E2F2, and
E2F3) to participate in regulation of the apoptotic function of
pS53. This is in agreement with a recent report that all cyclin A
binding E2F proteins can induce apoptosis in Rat-1 cells which
express wild-type p53 (40). The phenotypes of E2F1 and E2F3
knockout mice would argue that E2F3 is more involved in
mouse development than is E2F1 (10, 17, 43). Thus, it is
possible that different cyclin A binding E2F proteins may func-
tion in different tissues. It is also important to note that all the
cyclin A binding E2F proteins favor interaction with Rb rather
than with pocket proteins p107 or p130. In human tumors,
mutations were found mainly in the Rb gene but not in the
p107 or p130 genes (41). Therefore, it is reasonable to suppose
that in human tumor cells where there is a mutation or inac-
tivation of Rb, there would be an up-regulated expression of
E2F protein. This E2F can have either one of two possible
fates depending on the other signals (Fig. 8A). One of these
fates is that E2F proteins may complex with p53 to induce
apoptosis in response to DNA damage, when cyclin A levels
are reduced. This might explain partly why tumor cells are
more sensitive to pS3-induced apoptosis and to DNA damage
than are normal primary cells.

DNA damage-induced E2F1 and p53 cooperate to induce
apoptosis independent of the transactivation function of E2F1.
The studies done by us and by others demonstrate that many
p53-inducing agents can also induce E2F1 with similar kinetics
(3, 31). Even though the induced E2F1 was shown to bind
DNA in vitro (14), it is unable to transactivate a consensus
promoter (31); therefore it must function through some other
mechanism. Interestingly, it has been shown previously that
E2F1 can induce apoptosis independently of its transactivation
function (16, 33). Furthermore, it is also well established that
E2F1 can cooperate with p53 to induce apoptosis both in vitro
and in vivo (32, 35, 42).

What is the biological function of the transcriptionally inac-
tive E2F1 induced by DNA damage? The fact that the induc-
tion of E2F1 and of p53 expression by DNA damage have
similar kinetics and the two induced proteins can form a com-
plex in vivo (30) also requires an explanation. The observation
that the E2F1-p53 complex was best detected in UV-irradiated
cells, where cyclin A expression was the lowest (Fig. 6C), sup-
port the in vitro data that the interactions between E2F1-cyclin
A and E2F1-p53 are mutually exclusive. The timing of the
detection of the E2F1-p53 complex is particularly important
because it may suggest the molecular mechanisms behind the
timing at which p53 induces apoptosis in response to DNA
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FIG. 8. (A) Method by which cyclin A may influence the apoptotic function of p53 via E2F1. (B) Summary of the various mechanisms by which
E2F1 and p53 can cooperate to induce apoptosis under different conditions. The left half shows transactivation-dependent mechanisms, while the
right half depicts the transactivation-independent mechanism we propose here.

damage. It is well documented that UV irradiation can induce
the accumulation of E2F1 and p53 as early as 2 to 4 h and the
expression level of both proteins peaks at around 8 to 12 h
after the irradiation (3, 26, 31). However, even at 12 h after UV
irradiation, we did not detect any U20S cells dying of apoptosis
(data not shown). This would argue that initially, the DNA
damage-induced p53 is latent to induce apoptosis. Apoptotic
cells can be detected in UV-irradiated cells only 24 h or later
after irradiation, suggesting that later p53 might be activated to
induce apoptosis. Thus, the binding of E2F1 to p53 could be a
factor in determining the switch from a latent p53 into an
active form of p53. This interaction is determined by the levels
of cellular cyclin A.

Consistent with this, treating the p53-inducible cell line with

a p53 binding-competent peptide of E2F1 allowed us to demon-
strate that the binding of E2F1 can indeed specifically promote
the apoptotic function of p53 in response to DNA-damaging
agents such as UV irradiation. Addition of the 8-amino-acid
E2F1 peptide which bound p53 in vitro induces a seven- to
ninefold increase in apoptosis which is independent of p53
induction. This agrees with previously published data, since
this peptide also binds cyclin A. Significantly, the induction of
pS3 together with UV irradiation resulted in a 24-fold increase
in apoptosis (Fig. 7C). This is best explained by the fact that
the UV-induced p53 (mimicked by Dox-induced p53 in H1299
after UV irradiation) can complex with UV-induced E2F1
(mimicked in this case by the 8-amino-acid E2F1 peptide) in
vivo. The observation that a Dox-induced p53 (without UV
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treatment) and E2F1 peptide together still do not result in
such cooperation indicates that a DNA damage signal trig-
gered by UV irradiation on p53 is important for cooperation.
Such a signal is likely to involve posttranslational modifica-
tion(s) of p53. Hence, the results shown in Fig. 7 together
support a model in which DNA damage-induced E2F1 may
dramatically enhance the apoptotic function of p53 after UV
irradiation by forming an in vivo complex.

In normal cells, the activity of E2F is tightly regulated by the
tumor suppressor Rb. Therefore, p5S3 induced by DNA dam-
age cannot be activated to induce apoptosis by proteins like
E2F. This could explain why a p53-dependent G, arrest of
DNA damage occurs in primary cells (23). However, in most
tumor cells, inactivation of the Rb pathway results in deregu-
lated E2F activity (41). We propose that the deregulated E2F
could then complex with and promote p53 to induce apoptosis.
This may partly explain the sensitivity of tumor cells to p53-
dependent apoptosis after DNA damage (19). Cyclin A bind-
ing E2F would cooperate with p53 to induce apoptosis only in
cells where the expression level of cyclin A were sufficiently
low. Interestingly, reduced expression of cyclin A is often seen
in cells in response to stress signals that also induce p53 and
E2F1 (31). On the other hand, mitogen-induced E2F would
transactivate genes like cyclin A (22), which complexes (20)
and prevents E2F binding to p53, thereby keeping cells alive
(Fig. 8A). It is already known that cyclin A can abolish the
E2F1-dependent apoptosis by inhibition of the DNA binding
ability of E2F1, which is required for its apoptotic capacity
(Fig. 8A, left half). The results presented here illustrate a novel
role for cyclin A in protecting cells from dying of apoptosis in
response to DNA damage (Fig. 8A, right half).
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