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Abstract
Induction of apoptosis seems to be a key function in
maintaining normal cell growth by exerting negative controls
on cell proliferation and suppressing tumorigenesis. The
adenovirus E1A oncogene shows both cell cycle progression
and apoptotic functions. To understand the mechanism of
E1A-inducedapoptosis, the apoptotic functionof E1A13Swas
investigated in p53-null cells. We show here that E1A is
sufficient by itself to induce substantial apoptosis indepen-
dent of p53 andother adenoviral genes. The apoptotic function
of E1A is accompanied by processing of caspase-3 and
cleavage of poly(ADP-ribose)-polymerase. Cell death is
significantly blocked by the caspase inhibitor zVAD-fmk and
when coexpressed with E1B19K, Bcl-2 or the retinoblastoma
protein (RB). Analyses of E1A mutants indicated that the
apoptotic activity of E1A correlates closely with the ability to
bind the key regulators of E2F1-induced apoptosis, p300 and
RB. Finally, in vivo relevance of down-modulation of p53-
independent apoptosis for efficient transformation is demon-
strated. Cell Death and Differentiation (2000) 7, 177 ± 188.
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Introduction

Apoptosis plays an important role in sustaining normal tissue
homeostasis by balancing the effects of proliferation. The
process of apoptosis is controlled through the expression of a
large number of genes, many of which are conserved from
nematodes to mammals and viruses.1 Disruption of this
process is believed to result in uncontrolled cell growth, which
may contribute to tumorigenesis and neoplastic progression.2

Several of the best understood tumor suppressor
proteins such as the retinoblastoma protein (RB) and p53,
whose function is frequently lost in many human cancers,

have a key function in transducing a variety of growth
inhibitory signals to the cell cycle control machinery.3 One
indication of the pivotal roles played by these regulatory
products is the observation that they are each targeted by
the adenovirus E1A and E1B genes, respectively.4 By
interaction with cellular proteins, E1A pushes cells through
their cell cycle, thereby facilitating virus reproduction.
Probing cell growth control mechanisms with virus gene
products manipulated in vitro has helped to elucidate how
the biological functions and interactions of RB and p53
connect with the pathways of transcription control,
transformation and apoptosis. E1A studies have contrib-
uted to our current understanding that RB, one member of
the pocket protein family, together with associated cyclins
and cyclin-dependent kinases can modulate the activity of
the cellular transcription factor E2F1,5 which exerts dual
functions as a positive regulator of both cell proliferation
and apoptosis.6

The RB protein silences specific genes that are active in S-
phase of the cell cycle and which are regulated by members
of the E2F family7 by direct binding to E2F.8 RB, which is
recruited to target promoters by E2F, represses transcription
likely by masking the E2F transactivation domain9 and by
recruiting a histone deacetylase, HDAC1, via the RB pocket
domain.10,11 HDAC1 physically interacts and cooperates with
RB, thereby modulating the local chromatin structure. The
HDAC1-motif involved in RB interaction shows similarity to
that used by viral oncoproteins.11 In the currently accepted
model, E1A binds and inactivates RB by competing with
HDAC1 for RB interaction,12 which in turn leads to the release
of E2F and activation of E2F target genes. Finally, E1A may
accomplish E2F release in a two-step process: upon binding
the RB protein via conserved region 2 (CR2), it displaces RB
from E2F via conserved region 1 (CR1).13

However, there is evidence that the p300/CBP
coactivator family is also involved in the process of E1A-
induced activation of E2F1. Recently, the E1A protein was
shown to possess an activation domain at its N-terminus,
which spans CR114 and shows sequence similarity to the
E2F1 activation motif. Both activation domains contain
binding sites for RB and the p300/CBP coactivator
family.15 p300/CBP was shown to contact the E2F1
activation domain both in vitro and in vivo, resulting in
an increased activity of the E2F1/DP1 heterodimer.16,17

Mutation of the p300 binding site in E1A was shown to
reduce its ability to activate E2F-regulated promoters even
though this mutant still binds RB.15 Since both p300 and
CBP possess intrinsic nucleosomal histone acetyltransfer-
ase (HAT) activity,18 induction of HAT enzymatic activity
by direct binding to E1A19 might be a possible mechanism
for E2F stimulation.

Most studies have focused on the involvement of p53 in
regulating E1A-induced apoptosis. It is well known that E1A
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can increase p53 levels which correlates with the ability to
promote p53-dependent apoptosis in MEFs20,21 and tumor
suppression in murine melanoma cells.22 Previous studies
have shown that accumulation of p53 and induction of
apoptosis by the E1A 12S protein is prevented by deletions
within CR1 and the amino terminus, providing experimental
evidence that participation of complex formation with RB,
p300 or both, are involved in p53-dependent apoptosis.23,24

E1A signaling to p53 through a pathway involving RB
inactivation requires the tumor suppressor protein
p19ARF.25 As published recently, E2F1 activates expres-
sion of the human p19ARF homolog p14ARF,26 which in turn
blocks MDM2-induced p53-degradation by physical asso-

ciation with the MDM2-p53 complex.27,28 Consistently,
enforced expression of either E1A or E2F1 in MEFs
induced ARF gene expression leading to p53-dependent
apoptosis.25

Beside p53-dependent, p53-independent apoptosis is
likely a major mechanism for inducing cell suicide. Several
studies indicated a lack of correlation between p53 protein
level and sensitivity to DNA-damaging agents in E1A-
transfected cells, suggesting that E1A oncogene products
may induce apoptosis also by pathways unrelated to
p53.29,30 It has been shown that the E1A 13S protein
induces apoptosis in cell lines lacking p53 during
adenoviral infection.31 Important is that this p53-indepen-
dent process requires the expression of one or more
additional viral proteins.31 In detail, expression of the E4
gene products which are synthesized in response to
transactivation by the large E1A protein was shown to be
important.31,32 From the E4 proteins, E4orf4 is the only
product capable of independent cell killing.33 An adenovirus
vector lacking both E1 and E4 is unable to induce DNA
degradation and cell killing in an E1A-expressing cell line.32

However, p53-independent apoptosis induced by the E1A
13S product in the context of a virus that contains an intact
E4 region is associated with activation of procaspase-3,34

whereas E4orf4 expressed from a heterologous promoter
does not result in activation of caspase-335 common to
most apoptosis-inducing events. This suggests that E1A
13S contributes to more than one apoptosis signaling event
within the p53-null context.

In this study we show that Ad5 E1A by itself has p53-
independent apoptotic activities in human cells. Important is
that in contrast to the current opinion, this apoptotic
function does not require other adenoviral gene expres-
sion. We show that the same classes of proteins, RB and
p300, involved in E1A-mediated transformation are also
responsible for induction of apoptosis by E1A in a system
that lacks p53. Our data also demonstrate a direct
correlation between down-modulation of the p53-indepen-
dent apoptotic activity and transformation efficiency in
primary mouse cells.

Results

E1A by itself induces enhanced cytotoxicity in p53
negative cells

E1A expression has been shown previously to enhance in
vitro cytotoxicity to ionizing radiation and chemotherapeutic
agents,22,29 and this sensitization was regarded as p53-
dependent.20 However, high levels of p53 protein are not
always associated with sensitivity to DNA-damaging
agents,29 suggesting that E1A may affect other cellular
pathways involved in enhanced cytotoxicity. To directly
assess the cytotoxic effect of the E1A 13S protein without
interference from other viral gene products in the absence of
p53, we used SK-OV-3 cells previously shown to be negative
for p53-protein expression.36 To obtain highest transduction
efficiency, cells were transfected by electroporation with
plasmid DNA containing the coding sequence of E1A 13S.
Transfected cells were selected for puromycin resistance.

Figure 1 Analysis of cytotoxicity in p53-negative SK-OV-3 cells transiently
transfected with E1A 13S. (A) After selection for transfected cells with
puromycin, relative cell viability was measured by MTT assay in the presence
(10% FCS) and absence (0.1% FCS) of serum at 24 h-intervals over a period of
3 days relative to control plasmid (mock) transfected cells. Mock transfection
with and without serum was set as 100%. (B) Colony formation assay. The
number of colonies in E1A-, p53-, and E2F1-transfected cells following
puromycin-selection is shown compared to mock transfection. Colonies were
stained and counted under light microscopy
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Cytotoxicity was analyzed by quantitating viable cells in
presence and absence of serum using the MTT assay. As
shown in Figure 1A, E1A protein expression resulted in a
significant loss of cell viability by approximately 50% at day 3,
compared to control vector (mock) transfected cells which
were set as 100%. Serum starvation already had a certain
effect on the viability of mock-transfected cells. To evaluate
the effect of E1A compared to control vector in absence of
serum, mock-transfection was again set as 100%. Cell killing
induced by E1A alone was found to be greatly enhanced in
serum-deprived SK-OV-3 cells with a decrease in cell viability
by more than 90% after 2 days. The ability of E1A to mediate
p53-independent cytotoxicity was confirmed in comparison to
the apoptosis-inducing proteins p53 and E2F1 by colony
formation assay (Figure 1B). A significant reduction in the
number of colonies was seen in E1A 13S-transfected cells.
The colony number was lower than in cells transfected with
p53, suggesting that E1A, at least under cell culture
conditions, is more effective in inducing cell death. The
results, however, indicate that the number of colonies seen
with E1A was similar to or slightly higher than in E2F1-
transfected SK-OV-3 cells. In all colony formation assays,
transfection efficiency assessed by immunofluorescence was
comparable (data not shown).

E1A-mediated cell death is caused by apoptosis
independent of p53

To investigate whether the observed loss of viability in p53-
negative cells upon overexpression of E1A protein is due
to apoptosis, the transfected SK-OV-3 cell population was
further analyzed using FACS (Fluorescence Activated Cell
Sorter) analysis of propidium iodide (PI)-stained cells
(Figure 2A). Quantification of sub-G1 cells at 72 h post-
transfection using plasmid DNA encoding E1A 13S clearly
revealed an elevated apoptotic rate in E1A expressing,
GFP-positive SK-OV-3 cells with an eightfold increase in
apoptosis, compared to cells transfected with the control

vector (Figure 2B). The nuclear morphology of E1A-
transfected SK-OV-3 cells was analyzed by fluorescence
microscopy of cells sorted out by FACS from the sub-G1
fraction at 72 h following transfection. E1A expression in
these cells produced typical apoptotic features with striking
changes in the nuclear morphology, characterized by
intense staining of condensed chromatin and nuclear
fragmentation (I; Figure 2C). In contrast, nuclei of
transfected SK-OV-3 cells sorted out from the G1, S, G2/
M population showed a regular morphology (II; Figure 2C).

It has been shown previously that some apoptotic
processes are inhibited by serum factors and that serum-
starvation increased apoptosis in E1A-expressing cells in
the presence of p53.20 To establish the contribution of
serum-depletion on the apoptotic function of E1A in the
absence of p53, apoptosis was further analyzed in E1A-
transfected Saos-2 cells grown with and without serum. A
typical DNA laddering pattern consistent with apoptosis
was evident in serum-starved Saos-2 cells transfected with
the E1A 13S expression plasmid at day 3, comparable to
DNA fragmentation observed in the sample following
treatment with the apoptosis inducing DNA damaging
agent etoposide (Figure 3A). In contrast, cells introduced
with control plasmid in serum-free medium showed only a
band at a high molecular weight corresponding to intact
DNA. Compared to E1A-transfected Saos-2 cells in the
presence of serum, the population of sub-G1 cells
quantitated by flow cytometry significantly increased
following serum depletion at 48 and 72 h post-transfection
using calcium-phosphate (Figure 3B,C) which correlates
with E1A-induced cytotoxicity following serum starvation
shown in Figure 1A. At 72 h post-transfection more than
40% of growing Saos-2 cells introduced with E1A showed a
sub-G1 DNA content in FACS analysis. However, no
difference in the apoptotic rate was observed between
calcium-phosphate transfected cells or cells transfected by
electroporation (see Figure 4A). In the absence of serum,
E1A expression resulted in a moderate but significant

Figure 2 Ectopic expression of E1A 13S triggers apoptosis independent of p53. FACS analysis (A, B) and fluorescence microscopy (C) of E1A 13S and control
plasmid transfected SK-OV-3 cells (mock). For FACS analysis, transfected cells were gated based on GFP-expression (A ± C). Apoptosis was measured by the
accumulation of cells with a sub-G1 DNA content, indicated as M1, 72 h following transfection (B). GFP-positive cells were sorted out by FACS based on PI
fluorescence (DNA content). Apoptotic nuclei of cells representative for the sub-G1 fraction, indicated as I (A) are shown by fluorescence microscopy (C). Non-
apoptotic cells from the G1, S, G2/M population are labeled as II
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increase of cells in the S-phase (Figure 3B), indicating that
E1A-transfected cells were able to overcome a serum

starvation induced accumulation in G1. The fact that the
solitary delivery of E1A leads to an enhanced apoptotic

Figure 3 The apoptotic function of E1A in p53-negative cells is enhanced by serum depletion. DNA fragmentation (A) and FACS analysis (B, C) of Saos-2 cells
transiently transfected with plasmid DNA containing the coding sequence of E1A 13S or control vector (mock) by electroporation (A) or using the calcium
phosphate procedure shown in (B, C). Low molecular weight DNA of E1A-transfected cells, or cells treated with etoposide after serum depletion (0.1% FCS) was
analyzed by agarose gel electrophoresis at 72 h (A). Apoptosis was measured by the accumulation of cells with a sub-G1 DNA content, labeled as M1 (B). The
graph (C) represents the percentage of cells with sub-G1 DNA content (apoptotic cells) in transfected Saos-2 cells expressing E1A or mock in presence (10% FCS)
or absence (0.1% FCS) of serum measured on three consecutive days following transfection. The mean values were derived from two independent experiments
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response independent of p53 was confirmed in two
additional p53-null human tumor cell lines, H1299 and
K562, shown in Figure 4A.

In addition we analyzed the proapoptotic effect of E1A
expression in non-tumor cells. Primary baby mouse kidney
(BMK) cells were transfected with E1A and subsequently
subjected to FACS analysis. In p53-negative BMK cells
E1A led to a more than twofold increase in apoptosis
compared to an approximately threefold increase in p53-
wild-type BMK cells (Figure 4B). Increased apoptosis in
p53-wild-type cells is consistent with previous data,20

nevertheless our data underline the significant role of
p53-independent apoptosis in primary cells.

Apoptosis induced by E1A involves PARP
cleavage and can be inhibited by zVAD-fmk,
E1B19K and Bcl-2

To initially characterize the signaling pathway implicated in
E1A-mediated p53-independent apoptosis, we analyzed the
processing of procaspase-3 (pro-CPP32), a member of the
Ced-3/ICE protease family, into the active 17 kD and 12 kD
subunits. Caspase-3 (CPP32) cleaves poly(ADP-ribose)
polymerase (PARP) and plays a key role in mammalian
apoptosis.37 One problem with transient transfection experi-
ments is the difficulty to detect particularly short-lived proteins
in a relatively small number of transfected cells in front of the
untransfected background. Therefore, to determine the effect
of E1A-expression in SK-OV-3 cells, Western blot analysis
was performed using whole cell extract prepared from the
GFP-positive, transfected population sorted out by FACS. In
these cells, stimulation of apoptosis by E1A triggered
processing of procaspase-3, as revealed by the appear-
ance, albeit weakly, of a *17 kD product which corresponds
to the 17 kD subunit of activated caspase-3 (Figure 5A). As
shown in Figure 5A, induction of apoptosis by E1A was also
accompanied by cleavage of the 116 kD intact form of PARP

to the 85 kD fragment intimately linked to the induction of
apoptosis in other systems. Interestingly, the apoptotic activity
of E1A in p53-null SK-OV-3 cells, measured by flow cytometry
analysis at 72 h post-transfection, was significantly antag-
onized by the wide-spectrum caspase-inhibitor, zVAD-fmk,
resulting in a *50% reduction of apoptosis (Figure 5B). This
is different from recent observations about p53-independent
apoptosis triggered by the E4orf4 protein. Expression of
E4orf4 does neither involve caspase-3 and PARP activation
nor is apoptosis inhibited by zVAD-fmk,35 suggesting that
activation of CPP32 described for apoptosis by E1A 13S in
the viral context34 may be attributable to the apoptotic
potential of E1A alone.

Furthermore, we sought to establish whether the
apoptotic function of E1A alone is prevented by general
suppressors of apoptosis, as Bcl-2 and its functional
equivalent, the adenoviral E1B19K (19K), both of which
act downstream of p53 by suppressing both p53-dependent
and p53-independent apoptotic pathways.38 In contrast, the
E1B55K (55K) protein blocks p53-mediated cell death by
direct binding to p53 and thereby impairing its ability to
regulate expression of genes implicated in apoptosis.39

Therefore, the 55 kD protein should not affect apoptosis by
E1A in the absence of p53. As shown in Figure 5C, E1A
induced cell death is clearly suppressed by coexpression of
either 19K, E1B or Bcl-2, but not 55K. Compared to E1A,
none of the E1B proteins or Bcl-2 alone possessed
apoptotic activity (data not shown). However, failure to
show any effect of 55K on E1A-induced apoptosis was not
attributable to the lack of protein expression, as similar
levels of 19K, Bcl-2 (Figure 5D) and 55K (Figure 5E) were
detected in E1A-expressing SK-OV-3 cells cotransfected
with these plasmids.

p53-independent apoptotic activity of E1A requires
binding of both p300 and RB

In an attempt to understand the mechanism of E1A-mediated
p53-independent apoptosis, we tested the apoptotic function of
a number of previously characterized E1A mutants (Figure 6A,
left panel) carrying mutations that interfere with the binding of
p300/CBP, RB and related proteins known to mediate specific
E1A functions.15,21,40,41 Mutant 13S×DCR1 lacks essential
binding sites for p300 which results in the loss of p300 binding.
Despite its ability to associate with RB, it is defective in RB-E2F
dissociation13 as shown by immunoprecipitation of stable E1A-
RB-E2F1 complexes (Figure 6B, lane 4). Mutant 13S×DCR2
interacts with p300 normally but is deleted in the primary RB
binding site in CR2 and thus unable to form complexes with RB
and E2F1 (Figure 6B, lane 5), which is consistent with data
obtained by Querido et al 24 E1A 12S lacks CR3 but binds to
both p300 and the RB pocket protein. Mutants 12S×RG2 and
12S×D64 ± 68 contain modifications of amino-terminal and
CR1-located p300-binding sites, respectively. Thus, both are
defective in interaction with p300, whereas binding the RB-
related proteins is unimpaired.40 The ability of p300, RB and
E2F1 to bind to the various E1A mutant proteins is shown in
Figure 6B. All E1A-mutants except for 13S×DCR1 and
13S×DCR2, precipitated only a small amount of E2F1 (lanes
1, 3, 6 ± 8) which can be explained by unstable E1A-RB-E2F1

Figure 4 E1A 13S induces apoptosis in various p53-null cells. (A) p53-
negative human tumor cell lines were transiently transfected with E1A or
control plasmid (mock) and subjected to FACS analysis. Relative apoptosis in
the presence of serum 72 h following transfection is as indicated. The increase
of apoptosis (as determined by cells with a sub-G1 DNA content) was
calculated by subtraction of the percentage of apoptotic cells seen in the
population by electroporation alone. Apoptosis in mock transfected cells (4.7%
sub-G1 in SK-OV-3 cells, 4.7% in Saos-2, 5.4% in H1299 and 8.2% in K562)
was set as 1. The graph represents the mean of two independent experiments.
(B) Apoptosis in primary E1A-transfected BMK cells from p53-negative
compared to p53-wild-type mice was analyzed by FACS analysis as described
in (A)
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intermediates, described in Fattaey et al.13 This is consistent
with the function of E1A in RB-E2F complex dissociation.

The apoptotic function of E1A and the various mutants
was analyzed by flow cytometry in transiently transfected SK-
OV-3 cells. Based on FACS analysis shown in Figure 6A
(right panel), the 12S gene product of E1A that retained RB-
and p300 binding activities caused apoptosis to high levels
comparable with E1A 13S. Since the 12S protein lacks the
CR3 region of E1A, it appeared that CR3 is not involved in
p53-independent apoptosis by E1A alone, which is different
from the known p53-independent mechanism of E1A-
induced apoptosis in the context of a viral infection. In
contrast, the mutants 12S×RG2 and 12S×D64 ± 68 or
13S×DCR2 that had either lost their p300 binding activity

due to a deletion in one of the p300 binding domains, or the
ability to efficiently interact with RB, showed although still
active a comparable significant decrease in the proportion of
apoptotic cells compared to that seen in cells transfected with
E1A 13S/12S. This suggests that the apoptotic function of
E1A in the absence of p53 is likely associated with the ability
to bind both p300 and RB. This observation was confirmed by
overexpression of the mutant 13S×DCR1, defective for p300
binding and also unable to dissociate RB-E2F complexes,
which completely failed to induce apoptosis. Interestingly,
even though the E1A mutants that lost either p300 or RB
binding activity were able to induce apoptosis, full apoptotic
activity of E1A 13S could not be restored by cotransfection of
13S×DCR2 and 12S×RG2 where the E1A binding sites were

Figure 5 Characterization of the signaling pathway involved in E1A-induced apoptosis in p53-negative SK-OV-3 cells. Activation of Caspase-3 (CPP32) and
PARP cleavage in cells transiently transfected with E1A or control plasmid (mock) were analyzed by Western blot (A). Equal amounts of whole cell extracts from
GFP-positive cells sorted out by FACS were separated by SDS ± PAGE. Full-length caspase-3 and the cleaved 17 kD subunit as well as PARP (116 kD) and the
85 kD proteolytic cleavage product are indicated by arrows. FACS analysis (B, C) demonstrates that zVAD-fmk (50 mM) can specifically inhibit E1A 13S plasmid
induced apoptosis (B) and that the apoptotic function of E1A can be overcome by coexpressed E1B, E1B19K and Bcl-2 protein (C). Percentage of apoptotic cells as
determined by FACS analysis in the presence of serum is shown 72 h following transfection. The graph represents the mean of two to four independent
experiments. (D) Western blot analysis and (E) immunoprecipitation of cells shown in (C) demonstrating expression of E1A, E1B19K (D; upper panel), E1A, Bcl-2
(D; bottom panel) and E1B55K (E). The positions of 19K, 55K, Bcl-2 and E1A protein are labeled
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separated on different molecules. This suggests that full E1A-
induced apoptosis requires both p300 and RB binding sites
on the same molecule. Together, these data implicate that
the same classes of proteins, p300 and RB, involved in E1A-
mediated p53-dependent apoptosis (24) are also responsible
for induction of apoptosis in a system that lacks p53. As an
indication of the transfection efficiency, E1A expression of
the mutants was monitored by Western blot analysis (Figure
6C). Slightly lower E1A protein expression levels of E1A 13S
and E1A 12S correlated with their ability to efficiently induce
apoptosis and was not likely to be due to differences in E1A
production.

The apoptotic function of E1A is specifically
inhibited by RB

A considerable body of evidence argues that p53-
dependent and independent mechanisms contribute to-
wards E2F1-induced apoptosis through pathways in which
the apoptotic activity of E2F1 is governed by RB.6,42 Since

direct binding of RB to E2F1 is required to block apoptosis
induced by E2F1,42 and E1A inactivates RB by dissociating
RB-E2F1 complexes, E1A-induced apoptosis should be
inhibited by the coexpression of RB. To address this
question, wild-type RB was introduced together with E1A
13S into SK-OV-3 cells (Figure 7B) and Saos-2 cells
(Figure 7A) that express a carboxy-terminally truncated
form of RB which is defective for E2F binding.43 For
coexpression, we chose the same amount of RB plasmid
DNA which was sufficient to induce a G1-arrest in RB-
transfected cells (data not shown). As confirmed by FACS
analysis, E1A-induced apoptosis in both cell lines was
indeed specifically inhibited by the coexpression of RB to
levels seen in mock transfected cells. In support of our
suggestion, the mutant RBDex22, which lacks the region
required for E2F1 binding failed to suppress the apoptotic
activity of E1A (Figure 7, left panels). Failure of RBDex22
to inhibit E1A-induced apoptosis was not due to the lack of
expression (Figure 7, right panels). In RB-negative Saos-2
cells, the apoptotic rate seen in E1A-transfected cells is

Figure 6 Characterization of E1A mutants in SK-OV-3 cells. (A) Schematic diagram of E1A mutants used in this study (A, left panel). Positions of the conserved
regions CR1, CR2 and CR3 of E1A 13S are marked. Deletions in the E1A mutants are indicated by gaps, and point mutations by an `x'. 13S×DCR1, 13S×DCR2 and
12S×D64 ± 68 are deletions of amino acids 40 ± 80, 120 ± 140 and 64 ± 68, respectively. 12S×RG2 mutant has a substitution of a glycine for arginine at amino acid 2.
(A, right panel) Percentage of apoptotic cells in the presence of serum 72 h following transient transfection of E1A mutant plasmids analyzed by FACS. The graph
represents the mean of two to four independent experiments. The ability of p300, RB and E2F1 to bind to the E1A mutant proteins, immunoprecipitated with M73
antibody is as indicated (B). The positions of p300, RB and E2F1 are labeled. (C) Western blot analysis of the expression levels of E1A and its mutants shown in (A)
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most likely attributable to E1A-induced dissociation of E2F
complexes with the RB related proteins p107 and p130.

E1A-induced focus formation of p53 negative
primary rodent cells is enhanced by the
antiapoptotic activity of E1B and E1B19K

Since coexpression of E1A with antiapoptotic proteins like
E1B, Bcl-2 or H-ras, is necessary for efficient transformation
and can overcome p53-dependent E1A-induced apoptosis38

it is speculated that disruption of the p53-dependent fail-safe
mechanism that normally protects cells from oncogenic
signals, enables E1A to function as a pure growth promoter.
If p53 is required for induction of apoptosis by E1A, one would
expect to see efficient transformation by E1A alone in p53
(7/7) primary BMK cells. Thus, we analyzed to what extent
E1B expression affects E1A-induced focus formation in p53-
null cells (Figure 8). Consistent with previously published
results,44,45 transfection of the E1A plasmid into p53-null
primary BMK cells resulted in a relatively small but higher
number of foci than in p53 wild-type BMK cells (Figure 8),
consistent with the data from our FACS analysis (Figure 4B).
Cotransfection of E1A either with E1B or 19K significantly
increased the frequency of transformation to an equal extent,
implicating that in contrast to p53 wild-type cells 55K had as
expected no additional effect in p53-negative cells. These
results suggested that abrogation of E1A-induced apoptosis
by 19K enhances transformation of p53-negative rodent cells.
Together, the data support the idea that efficient transforma-

tion requires down-modulation of E1A-mediated p53-inde-
pendent apoptosis.

Discussion

Apoptosis is a cell suicide mechanism culminating in an
autocatalytic cellular degradation that can be triggered by a
wide variety of stimuli. Although most studies have focused on

Figure 7 E1A-induced apoptosis is specifically inhibited by RB. Saos-2 (A) and SK-OV-3 cells (B), transiently transfected with the E1A 13S plasmid, were
cotransfected either with RB or the RBDex22 mutant expression plasmid and analyzed by FACS. Percentage of apoptotic cells in the presence of serum 72 h
following transfection is indicated in the left panels. The graph represents the mean of two to four independent experiments. The expression levels of RB and RB
mutant in Saos-2 and SK-OV-3 cells transfected with E1A are shown in the right panels. The positions of E1A and RB are as indicated

Figure 8 Suppression of focus formation by E1A expression. p537/7 and
p53+/+ primary BMK cells were transfected with E1A 13S, E1A 13S+19K or
E1A 13S+E1B plasmid DNA. Focus formation was determined 6 ± 8 weeks
after transfection by microscopy. The number of colonies represents the
average+S.D. from three experiments
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the involvement of p53 in regulating apoptosis, it is clear from
several reports that p53-independent mechanisms of
apoptosis exist.46,47 In fact, many cell types are capable of
executing apoptosis during embryogenesis through a route
independent of p53, as p53-null mice develop normally and
are generally able to maintain normal tissue homeostasis.48

With regard to tumorigenesis, studies of animal models
revealed down-modulation of p53-independent apoptosis as
a step in cancer development which contributes to the
frequency of progression from the preneoplastic stage to
solid tumors.2 Thus, it is obvious that apoptosis in the absence
of p53 is likely to be a major component of most cells
repertoire for inducing cell death. Considering that p53
remains the most frequent target for genetic alterations
identified in human cancers, understanding the molecular
basis for p53-independent apoptosis is essential. Previous
reports indicated that E1A can induce both p53-dependent
and, in the context of viral infection, p53-independent
apoptosis.31,32 E1A, therefore, provides an interesting model
to study the various mechanisms implicated in activating the
cellular apoptotic machinery and the in vivo relevance of p53-
independent apoptosis for oncogenic transformation.

Here, we provide direct evidence that E1A 13S by itself
is capable of inducing a substantial cytocidal effect by a
mechanism that involves the classical hallmarks of
apoptosis, thus contributing to a further independent
apoptosis signaling event within the p53-null context. E1A
13S-induced apoptosis is considerably elevated in p53-
negative human tumor cells under the conditions of serum
depletion. As previously shown, normal rat kidney cells
underwent apoptosis when stimulated by E1A to proliferate
under conditions where proliferation was blocked.23 In
addition, elevated apoptosis was seen by transferring
E2F1 in serum-deprived p53-negative human Saos-2
tumor cells.6 In both cases, apoptosis has been discussed
as the result of conflicting signals generated by the
proliferative signal mediated by E1A or E2F1, respec-
tively, in the absence of exogenous growth factors. Our
experiments in growing Saos-2 cells indicated that
apoptosis induced by E1A in the absence of serum was
accompanied by a moderate acceleration of cells entering
S-phase, indicating that E1A-transfected cells were able to
overcome the serum starvation-induced G1-block. How-
ever, since we observed E1A-induced apoptosis also in the
absence of a proliferation block, it is likely that E1A 13S
induces apoptosis at least in part by a mechanism separate
from the induction by a proliferation block. Consistent with
this, the p53-negative apoptotic function of E2F1 in Saos-2
cells was shown to be not dependent on transcription
activation or the ability to accelerate entry into DNA
synthesis,6 supporting the idea that E1A-induced apopto-
sis independent of p53 occurs through a similar or identical
mechanism.

In the context of a virus, induction of p53-independent
apoptosis by E1A requires viral E4 gene products32 and
involves a mechanism that includes activation of cas-
pases.34 Although E4orf4 is the only E4 product capable of
independent cell killing, it does not require activation of
known zVAD-fmk-inhibitable caspases.35 Our results show
that the induction of apoptosis by the solitary delivery of

E1A 13S into p53-null human tumor cells can be linked to
the activation of caspase-3 (CPP32) and cleavage of
PARP. Moreover, the cell death inducing activity of E1A
alone is prevented by the commonly used caspase-inhibitor
zVAD-fmk. In light of these findings, we can interpret the
processing of CPP32 and PARP cleavage observed by
Boulakia et al.34 during adenoviral infection in p53-null cells
as a direct consequence of the E1A 13S function which
does not require cooperation with other viral proteins to
cause cell death.

Previous studies have shown that E1A-induced cell death
occurring via a p53-dependent mechanism requires regions of
E1A proteins associated with DNA synthesis and transforma-
tion.24,31 In primary MEFs21 and human tumor cells,24 p53
accumulation and apoptosis involves complex formation with
either RB and/or p300. E1A mutants unable to bind p300 or the
RB-family proteins were impaired in their ability to induce the
tumor suppressor p19ARF, the homolog of human p14ARF,
which modulates p53 activity in response to E1A25 as part of a
fail-safe mechanism to protect against aberrant, oncogene
mediated cell growth.26 In our attempt to determine the
functional domains of E1A responsible for apoptosis induc-
tion in the absence of p53, the results demonstrate that the
apoptotic activity of E1A is apparently reduced by deletions
encompassing the binding regions for p300 in the amino
terminus (12S×RG2) and CR1 (13S×D64 ± 68). In addition our
results show that the RB-binding defective mutant E1A×DCR2
induces approximately 50% less apoptosis than E1A×13S or
E1A×12S. RB has been shown recently to inhibit apoptosis
induced by various agents in different cell systems including
ionizing radiation, IFN-g, p53 or E2F1-induced apoptosis.42,49

Consistent with the apoptosis protecting function of RB we
were able to protect SK-OV-3 cells and functionally RB-
negative Saos-2 cells from E1A-induced apoptosis by ectopic
expression of RB. This implicates that the same classes of
proteins, p300 and RB, involved in E1A-mediated p53-
dependent apoptosis24 are also responsible for induction of
apoptosis in a system that lacks p53. In contrast to the mutants
mentioned above, the double defective mutant 13S×DCR1,
which is not only defective for p300 binding but also unable to
dissociate RB-E2F complexes, completely failed to induce
apoptosis. Since full apoptotic activity of E1A 13S could not be
restored by cotransfection of the E1A mutants 13S×DCR2 and
12S×RG2, association between p300 and RB in multimeric
complexes seems to be required.16 As published recently, the
interaction of p300 and RB with E2F1 has been shown to
regulate the apoptotic activity of E2F1 in p53-negative Saos-2
cells,6,17,42 suggesting that by an E1A-induced assembly of
p300, RB and E2F1, E1A switches E2F transcriptional activity
from repression to activation. Our results are somehow in
conflict with earlier data implicating that apoptosis induction by
the 12S E1A gene product in Saos-2 cells during adenovirus
infection might not require RB and p300 binding.50 Under
conditions of infection, however, expression of apoptosis-
modulating E4 gene products is induced by cellular proteins
that can functionally substitute for E1A CR3 as a transactivator
of the early genes in human tumor cells,51 possibly interfering
with regulation of E1A-induced apoptosis.

The E1A oncogene induces p53-dependent apoptosis
through a mechanism involving inactivation of RB and up-
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regulation of the ARF-gene product.25 Since ARF is
positively regulated by E2F1, deregulation of E2F1 activity
by E1A is supposed to induce p53-dependent cell death
upon ARF induction.26 Supposing that p53-independent
apoptosis induction by E1A is mediated by E2F1, activation
of ARF might be required. The role of ARF in p53-negative
cells is subject to further investigation.

As p53 is considered to be important in tumor
surveillance, we finally analyzed the effect of this p53-
independent pathway on the transforming ability of E1A.
Indeed, our data indicate that abrogation of E1A-
associated p53-independent apoptosis enhances immorta-
lization of primary p53(7/7) baby mouse kidney cells.
Netto tumor growth is determined by the balance of
cellular proliferation and elimination of cells by apoptosis.
One possible mechanism of shifting the balance towards
cellular proliferation is disruption of the ARF-p53 pathway
by loss of p53 function, but p53-independent mechan-
ism(s) certainly contribute. Down-modulation of p53-
independent apoptosis is essential in the multistep
process of cancer development, vice versa up-regulation
of apoptosis by delivery of oncogenes as E1A or E2F1
suppresses growth of p53-negative tumors.30,52 Consider-
ing the accumulating evidence for the central role of E2F1
in regulating apoptosis in response to oncogenic stimuli, it
will be interesting to further delineate the role of E2F1 in
this p53-independent apoptotic pathway.

Materials and Methods

Cell culture and plasmids

Saos-2 cells, SK-OV-3, H1299 and primary baby mouse kidney
(BMKs) cells were maintained in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS). K-562 cells
were grown in RPMI medium plus 10% FCS. All cell lines were
obtained from ATCC (Rockville, MD, USA). Primary p53(7/7) BMK
cells were prepared from 4-day-old 129/Sv-Trp53m1Tyj mice (Jackson
Laboratory, Bar Harbor, ME, USA) and the transformation assays were
carried out as previously described.53 Transfection of BMK cells was
performed by calcium phosphate-DNA precipitation. The Ad5 E1A
cDNAs were cloned into pCMVneoBam for expression from the
cytomegalovirus (CMV) promoter. The E1A deletion mutants
13S×DCR1 (del 40 ± 80), 13S×DCR2 (del 120 ± 140) and E1A 12S
(del 140 ± 185) were constructed by PCR using E1A 13S as template.
The mutant 12S×RG2 was PCR-amplified by using the E1A 12S as
template, the 12S×D64 ± 68 construct (kindly provided by T Kouzar-
ides) was described previously.15 The expression constructs for p53,
E2F1, RB and RBDex22 (kindly provided by K Helin and WG Kaelin)
have been described42,54,55 as have the E1B expression plasmids for
E1B, E1B19K and E1B55K (kindly provided by E White,56). For colony
formation assay the cDNAs for E1A 13S, p53 and E2F1 were HA-
tagged. The Bcl-2 cDNA (kindly provided by DW Andrews) was cloned
into pcDNA3. Plasmid DNA was prepared by the alkaline lysis method
and purified by CsCl-ethidium bromide density gradient centrifugation.

Immunoblotting

Cell lysates were prepared following transfection and protein levels
were analyzed by Western blot essentially as described.42 The
antibodies used were against E1A (Oncogene Science M73), RB
(Santa Cruz C15), p300 (Pharmingen NM11), E2F1 (Santa Cruz C20),

E1B19K (Calbiochem DP16), Bcl-2 (Santa Cruz 100), CPP32 17 kDa
subunit (Santa Cruz E-8) and PARP 85 kDa (Pharmingen 7D3-6).
CPP32 or PARP cleavage products were detected by using cell lysate
from GFP-positive, transfected cells sorted out by flow cytometry
analysis. Immune complexes were visualized by enhanced chemilu-
minescence (Amersham). To verify RB or p300 binding to the E1A
mutant proteins, E1A-transfected cells were lysed in E1A lysis buffer
(50 mM HEPES, pH 7.0, 250 mM NaCl, 0.1% NP40) and
immunoprecipitated with M73. Immunocomplexes were subjected to
Western blot analysis. E1B55K from transfected, 35S-methionine
labeled SK-OV-3 cells was immunoprecipitated as described
previously36 with Ad5E1B-55K antibody (Calbiochem DP08).

DNA transfection, MTT assay, colony formation
assay and DNA fragmentation assay

Unless otherwise stated, DNA was transfected into cells by the
electroporation method.57 The ability of viable cells to reduce 3-4,5-
dimethylthiazol-2,5-diphenyl tetrazolium bromide (MTT) was deter-
mined essentially as described.58 Seven6106 SK-OV-3 cells were
cotransfected with 10 mg of the E1A 13S expression plasmid and 1 mg
of the puromycin resistance gene containing plasmid. Twelve hours
after transfection cells were washed and grown in medium containing
1 mg/ml of puromycin to select for transfected cells. After 36 h of
selection, 26104 viable cells were plated out in 96-well microtiter
plates. Cell viability was determined in the presence and absence of
serum after 1, 2 and 3 days by the addition of 50 ml MTT (5 mg/ml).
Conversion of MTT to formazan was quantitated by measuring
absorbance at 540 nm. For colony formation assay, 10 mg of plasmid
DNA expressing E1A, p53 or E2F1 was transfected together with the
puromycin-N-acetyltransferase expressing plasmid into 16106 SK-
OV-3 cells in a 60 mm dish. Twenty-four hours after transfection, cells
were washed and grown in puromycin containing medium (1 mg/ml) to
select for resistant colonies. Resistant colonies were Giemsa stained
2 ± 3 weeks after selection and counted under light microscopy. For
the DNA fragmentation assay, Saos-2 cells were transfected with
10 mg of the E1A plasmid DNA by electroporation. Six hours after the
transfection cells were washed and grown in medium containing 0.1%
of serum. As a positive control cells were treated with 34 mM etoposide
for 48 h. Seventy-two hours after transfection both floating and
attached cells were harvested and used for low-molecular-weight DNA
extraction as described previously.59

Flow cytometry and ¯uorescence microscopy

Ten mg of plasmid DNA expressing E1A or E1A mutants and 2 mg E1A
plasmid plus 8 mg of RB, RBDEx22, E1B, 19K or 55K in cotransfection
experiments were transfected into 76106 cells. Where required, the
peptide caspase-inhibitor z-VAD-fmk (Calbiochem-Novabiochem) was
added simultaneously with the apoptotic triggering signal at a final
concentration of 50 mM. To measure the transfection efficiency 2 mg of
CMV-GFP reporter encoding the membrane-localized enhanced green
fluorescence protein was cotransfected to ensure optimal fluores-
cence intensity in combination with ethanol fixation.60 To quantitate
apoptosis by flow cytometry, floating and adherent cells were
harvested 72 h post transfection, fixed in ethanol and stained for
DNA content with propidium iodide. Cells were measured for green
fluorescence intensity (channel FL-1) and propidium iodide fluores-
cence (channel FL-3) in a FACS sorter (FACSVantage, Becton
Dickinson) using CELLquest software (Becton Dickinson). The cells
that did not express GFP were used to set the baseline to allow the
gating of the GFP-positive cells. The percentage of apoptotic cells
seen in the population by electroporation alone (typically 2 ± 4% with
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serum) was subtracted. For fluorescence microscopy ethanol fixed
GFP-positive cells from either the sub-G1 or the G1, S, G2/M fraction
were sorted by FACS into two populations based on their propidium
iodide (PI) fluorescence (DNA content) and visualized by fluorescence
microscopy.
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