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Abstract

The E2F transcription factors are critical regulators of genes required for appropriate progression
through the cell cycle, and in special circumstances they can also promote the expression of another
class of genes that function in the apoptotic program. Since E2Fs can initiate both cell proliferation
and cell death, it is not surprising that the pro-apoptotic capacity of these proteins is subject to
complex regulation. Recent study has expanded our knowledge both of the factors influencing E2F-
induced apoptosis, as well as downstream targets of E2F in this process.

Introduction

The E2F proteins regulate the cell cycle by controlling the coordinate transcription of a large
number of targets, including genes involved in DNA replication and cell cycle progression.
These genes are expressed at low levels during quiescence, and are induced as cells traverse
the G4/S transition and enter the cell cycle. Eight E2F genes encode nine major protein species,
which can be generally classified as either activators or repressors of transcription based on
their functional properties as well as structural features [1] (Figure 1). E2F1, E2F2, and E2F3a
are generally considered the “activating E2Fs”, based on their ability to potently activate
transcription when overexpressed, and localization to the promoters of E2F target genes
coincident with their transcriptional activation in G1/S phase. The “repressive E2Fs”, E2F4
and E2F5, bind their targets coincident with their repression in Go/G4, and only modestly
activate transcription when overexpressed, despite containing a transcriptional activation
domain homologous to the activating E2Fs. E2F3b is a second product of the E2f3 locus, which
is identical in sequence to E2F3a through most of the protein, yet lacks the N-terminal domain
characteristic of the activating E2Fs (Figure 1). Indeed, E2F3b protein is present throughout
the cell cycle, similar to E2F4 and E2F5; it is this property that led to the hypothesis that E2F3b
functions as a repressive E2F.

The transcriptional activity of E2Fs1-5 is regulated primarily via their interaction with the
“pocket protein” family, which includes the retinoblastoma protein (pRB), and its homologs
p107 and p130. Pocket protein binding to E2F inhibits its transcriptional activity in two ways:
by masking key residues required for transcriptional activation by E2F, and by recruiting co-
repressor complexes to E2F-responsive promoters. E2F6, E2F7, and E2F8 lack sequences
required for pocket protein-binding, yet are able to repress transcription via other mechanisms
(Figure 1). E2F6 participates in the repression of E2F target genes whose expression decreases
as cells exit S phase [2]. The silencing function of E2F6 appears to be due to its ability to
associate with members of the Polycomb group of transcriptional repressors [1]. E2F7 and
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E2F8 also behave as repressors, and may function in a manner analogous to E2F6 [3], yet the
biological functions of these proteins are just beginning to be understood. Interestingly, E2F7
and E2F8 are unique among E2Fs in their ability to bind DNA in the absence of interaction
with a DP subunit, the normal dimerization partner of E2Fs. Rather, E2F7 and E2F8 contain
a duplication of the DNA-binding domain in place of the dimerization domain present in other
E2Fs (Figure 1); this second DNA-binding domain is likely to substitute for the function of
the DP subunit in DNA binding.

Most classic E2F target genes are regulated by the cyclical repression or activation by different
E2F species, according to the cell cycle stage (Figure 2). It is well established that in Go/G;
phase, the repressive E2Fs, E2F4 and E2F5, in complex with the pocket proteins p107, p130,
and perhaps pRB, associate with the promoters of E2F-responsive genes and actively repress
their transcription [1]. At the same time, the activating E2Fs are bound by pRB, inhibiting their
potential to activate transcription. Whether complexes containing pRB and activating E2Fs are
involved in the repression of E2F target genes is still subject to debate [4]. As cells are
stimulated to enter the cell cycle, cyclin-CDK activity increases and targets the pocket proteins
for phosphorylation, causing a disruption of pocket protein-E2F complexes. Because they lack
nuclear localization signals, in the absence of pocket protein-binding E2F4 and E2F5 dissociate
from DNA and are exported from the nucleus. Activating E2Fs, relieved of their pRB-mediated
inhibition, bind the promoters of their targets and activate transcription [1]. The more limited
analysis of E2F6, 7 and 8 suggests that they can also contribute to the regulation of these genes,
but the precise timing of their action, versus E2Fs1-5, has yet to be fully established.

Thus, every cell cycle, there is essentially a coordinated switch from the repressive to the
activating E2Fs that enables the simultaneous activation of genes involved in DNA replication
and cell cycle progression. Notably, this wave of expression appears to be largely synonymous
with the restriction point, defined as the point where cells become committed to divide even
in the absence of mitogenic stimuli. Consistent with this model, the exogenous expression of
any individual activating E2F in cell culture is sufficient to stimulate DNA synthesis in the
absence of growth signals [5-7]. Remarkably, in addition to causing cell cycle entry, E2F
overexpression induces extensive apoptosis [7-9]. In most cases, this effect is associated with
activation of p53, a key regulator of the apoptotic response [7]; however, E2F can also induce
apoptosis in a p53-independent manner [10,11]. More recently, much research has been
devoted to elucidating the mechanisms by which E2F contributes to apoptotic signaling. The
ability of E2F to activate p53-dependent apoptosis was partially explained by the finding that
E2F1 activates transcription of the p53 regulator, p19A', which indirectly increases p53 protein
levels by inhibiting its degradation [12,13]. Since this discovery, further gene expression
analyses, including genome-wide microarray experiments, have found that E2F can activate
transcription of a large number of pro-apoptotic genes, including both upstream signaling
proteins and core members of the apoptotic machinery [14e], (reviewed in [15]).

Paradoxically, E2F activity can promote both cell proliferation and cell death. Interestingly,
most tumors display excess levels of both cell division and apoptosis. Since E2F activity is
implicated in regulation of both of these processes, it may be a key factor in the decision
between these two fates. An important element of this choice is likely to be the distinction
between pro-apoptotic and cell cycle-regulated gene activation by E2F. How does E2F avoid
activation of apoptosis when its activity increases during cell cycle entry, yet faithfully
contribute to cell death in response to cell stress? For the remainder of this article, we will
review recent progress in the study of E2F-mediated cell death, focusing on the intricacies of
E2F regulation in this pathway.
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Specificity of E2F induction of apoptosis

Since the discovery that E2F1 could trigger apoptosis, there have been conflicting reports as
to whether this is a specific property of E2F1, or if other E2Fs can contribute. Initial studies
indicated that overexpression of either E2F2 or E2F3a, unlike E2F1, was unable to induce
apoptosis [12,16]. However, subsequent studies performed in a similar manner found that
activation of E2F2 or E2F3a could also lead to cell death, although possibly not to the same
degree as E2F1 expression [8,9]. Since E2F2 and E2F3a can activate pro-apoptotic gene
transcription, at least when overexpressed [9,12,17¢], the unique tendency of E2F1 to potentiate
apoptosis in certain scenarios may depend on other specific properties of E2F1. Consistent
with this idea, many E2F1-interacting proteins that specifically regulate E2F1’s ability to
induce apoptosis fail to bind E2F2 and E2F3a (see below).

Overexpression of E2F can also lead to apoptosis in vivo. Targeted expression of an E2F1
transgene to the squamous epithelium led to p53-dependent apoptosis in this tissue, and E2F1-
dependent apoptosis also suppresses papilloma formation in a ras-driven skin carcinogenesis
model [18, Pierce, 1999 #779]. Similar to E2F1, overexpression of E2F3a causes
hyperproliferation in vivo, and leads to p53-independent apoptosis [19,20]. Intriguingly, E2F3a
was unable to cause apoptosis, either in vitro or in vivo, in the absence of E2f1 [21e]. This
result can be interpreted in several ways. At one extreme, it is possible that E2F1 is the sole
member of the E2F family that can directly stimulate apoptosis, and that E2F2 and E2F3a act
in an indirect manner by promoting the expression of E2F1, itself an E2F-responsive gene. At
the other extreme, the ability to initiate the apoptotic response may depend on the overall level
of activating E2F activity, rather than the level of any individual E2F. Lack of E2f1 would
cause an overall reduction in E2F levels, such that the expression of E2F3a was no longer
sufficient to overcome the threshold level of E2F activity necessary to initiate the apoptotic
cascade. Likely, the answer lies somewhere in between; E2F1 may play a particularly important
role in the apoptotic response but E2F2 and E2F3a also contribute. This also appears to be
context dependentand, as we will describe below, differs considerably in response to oncogenic
stress versus DNA damage.

Results from several different mutant mouse models also support a physiological role of E2F
in regulation of apoptosis. E2f1~~ mice display hypercellularity of the thymus, due to a defect
in the ability of E2f1~/~ thymocytes to undergo apoptosis during negative selection [22—24].
This may be due to the inability of the mutant cells to induce Arf and p53 during this process
[23]. Also, the appearance of diverse tumor types in aging E2f1~/~ mice hints at a requirement
of E2F1-induced apoptosis in the suppression of endogenous tumorigenesis in vivo [25].

E2F is also required for apoptosis caused by loss of Rb in mice. Mutation of either E2f1 or
E2f3 suppresses both the increased proliferation and apoptosis in the lens and nervous system
of Rb™~ embryos, suggesting that both E2F1 and E2F3 are required for induction of apoptosis
due to loss of pRb [26,27]. Intriguingly, a portion of Rb~—;E2f3*/~ embryos exhibited
suppression of the increased apoptosis, but not the ectopic proliferation in the peripheral
nervous system (PNS) [27]. This suggests that E2F3 has a primary role in induction of apoptosis
due to pRb-loss, rather than simply contributing to abnormal proliferation and resultant
apoptosis of Rb-mutant cells. More recently, it has been determined that many of the defects
in the Rb~/~ embryos are indirectly due to an essential role of Rb in placental development;
however, the defects in the lens and PNS appear to be cell-autonomous, suggesting that E2F
may indeed play a direct role in regulation of proliferation and apoptosis in these tissues [28].

The requirement for any individual E2F in induction of apoptosis could also depend on the
specific stress involved. It has been reported that E2f1-loss has no effect on apoptosis due to
overexpression of c-Myc, either in vivo or in vitro [29]. This result could indicate either that
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E2F1 is not involved in apoptotic signaling downstream of Myc activation, or that other E2Fs
can compensate for this function in the absence of E2F1. Surprisingly, a similar study did find
a specific requirement of E2F1, but not E2F2 or E2F3, in mediating Myc-induced apoptosis
in vitro [30]. This discrepancy is difficult to reconcile, but an important difference in the
experiments may be illustrative. Two different targeted E2f1 alleles were used in these studies,
which have also been shown to differentially modify the effects of a p53 mutation in the mouse
[31,32]. Therefore, it is possible that one or both of these E2f1 alleles produces a protein product
that may have a biologically relevant role in modulating the apoptotic response.

In general, genetic experiments attempting to define a requirement for any individual E2F in
apoptosis are complicated by the extensive compensation occurring in E2F-mutant cells.
Similarly, the overexpression of these proteins likely leads to neomorphic functions
unrepresentative of their normal biological role. At the very least, since E2F1, 2 and 3a are all
themselves E2F-responsive targets, it is difficult to unequivocally establish the separate
biological properties of the individual E2Fs using an over-expression approach. In vivo, the
crosstalk between the activating E2Fs likely provides an amplification mechanism that is
critical in yielding a coordinated and robust biological response, both in normal cell cycle
progression and also programmed cell death. At the experimental level, it makes the puzzle
hard to unravel. More sensitive examination of the functions of the endogenous E2Fs in the
response to apoptotic signaling may be crucial to understanding the normal role of these
proteins.

Pro-apoptotic E2F target genes

Since the discovery that E2F could induce the transcription of Arf and p73, many additional
pro-apoptotic targets have been identified (reviewed in [15]). Of these targets, most striking is
the large number of Bcl-2 homology region 3 (BH3)-only proteins induced by E2F. In fact, at
this time nearly all BH3-only proteins have been shown to be transcriptionally up-regulated
by ectopically expressed E2F [15,33]. In addition to pro-apoptotic signaling pathways, much
of the core apoptotic machinery is regulated by E2F, including both initiator (caspase-8 and
-9) and effector caspases (caspase-3 and -7) [17¢]. Notably, the genes encoding these caspases
and several BH3-only proteins are regulated by endogenous E2F proteins, and accordingly
display growth-regulated expression as cells enter the cell cycle [17+,33].

In addition to causing elevated p53 levels due to its induction of p19A™, E2F can contribute to
p53-dependent apoptosis in the absence of Arf. First, E2F is able to induce the expression of
ASPP1 and ASPP2 [34,35]; ASPPs (apoptosis-stimulating proteins of p53) are co-factors that
enhance p53 transcriptional activity, along with increasing its selectivity for pro-apoptotic
targets [36]. E2F also cooperates with p53 in the transcriptional induction of many pro-
apoptotic target genes, such as PERP [37], SIVA [38], Apafl [39], and the BH3-only proteins
PUMA and NOXA [33]. Finally, E2F activates transcription of the p53-homolog p73, leading
to an induction of p53 target genes in a p53-independent manner [40,41]. This concerted action
of the E2F1 and p53 apoptotic response may provide a mechanism to ensure full activation of
programmed cell death in the presence of apoptotic stimuli.

The induction of apoptosis involves sensing of cellular or environmental cues, leading to the
activation of intracellular signaling pathways. Importantly, while E2F causes an elevation of
the level of many proteins involved in the apoptotic response, it does not necessarily cause
their activation. Caspases, especially, require post-translational activation to become
catalytically active and mediate cell death. Therefore, it is likely that transcriptional activation
of the apoptotic machinery by E2F merely sensitizes the cell to other pro-apoptotic signals.
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E2F1 and the DNA damage response

The first clue that E2F1 could contribute to the cellular response to DNA damage came from
the observation that E2F1, and not other E2Fs, accumulates at the protein level in response to
multiple DNA damaging insults [42-44]. E2F1 is also phosphorylated after DNA damage, and
this modification has been attributed to the DNA damage-response kinases ATM/ATR and
Chk1/Chk2 [24,40,45] (Figure 3). ATM/ATR phosphorylation appears to occur in the N-
terminal domain of E2F1, which is involved in targeting it for degradation by the ubiquitin-
ligase complex SCFSKP2, and therefore this phosphorylation may abrogate E2F1 degradation.
Chk1 and Chk2, on the other hand, phosphorylate serine 364 in the C-terminus [45], so it is
unclear whether this modification directly contributes to E2F1 stabilization, or affects E2F1
activity in another manner. Phosphorylation of E2F1 is presumed to modulate its transcriptional
activity, although exactly how this occurs is still unknown.

In addition to phosphorylation, DNA damage-induced acetylation of E2F1 dramatically affects
its transcriptional activity. E2F1 is targeted by either p300/CBP or P/CAF acetylases,
depending on the DNA-damaging agent [46—48]. Acetylation leads to stabilization of E2F1,
as well as stimulation of its transcriptional activity. Intriguingly, DNA damage-induced
acetylation of E2F1 by P/CAF also affects the target gene specificity of E2F1, increasing
E2F1’s selectivity for pro-apoptotic targets such as p73 and APAF1 [49e¢]. The observation
that E2F1 is acetylated during normal cell cycle progression supports the idea that DNA
damage-response signals are present even during proper DNA replication [47].

E2F1 contributes to the apoptotic response to DNA damage by indirectly inducing the
activation of the p53. E2F1 overexpression leads to phosphorylation and stabilization of p53;
importantly, this effect is independent of the ability of E2F1 to induce Arf [50]. Rather, it may
be due to the ability of E2F1 to transcriptionally activate the genes encoding the p53-kinases
ATM and/or Chk2 [51] (Figure 3). E2F1-induced p53 phosphorylation is sensitive to inhibition
of ATM and related kinases by caffeine, suggesting a primary role for these kinases in p53
activation by E2F1 [50]. Again, although E2F activity is clearly able to induce the protein
levels of p53-kinases, how these enzymes become catalytically active is unclear. It is possible
that E2F1 overexpression itself contributes to DNA damage by inducing unscheduled DNA
replication. This is consistent with the hypothesis that oncogene-induced proliferation causes
DNA damage and can lead to cellular senescence (reviewed in [52]).

Whether regulation of the DNA damage-response pathway by endogenous E2F proteins is
important during the normal cell cycle has not been thoroughly investigated. However,
genome-wide location analysis has confirmed that E2F1 and/or E2F4 bind the promoters of
many genes with checkpoint or DNA repair function during the normal cell cycle [53]. This
may reflect a role of E2F in preparing the cell for endogenous DNA damage, such as the
replication stress encountered during normal proliferation.

Regulation of pro-apoptotic functions of E2F by interacting proteins

While some pro-apoptotic target genes appear to be induced by E2F during each cell cycle,
other target genes, such as Arf, are activated only in the presence of additional apoptotic stimuli.
Since there are no obvious differences in the E2F-binding sites or other cis-acting sequences
in the promoters of pro-apoptotic versus cell cycle-regulated E2F target genes, it is likely that
E2F-interacting proteins provide additional regulation of the pro-apoptotic function of E2F.
Driven by this hypothesis, Hallstrom and Nevins [54¢] sought to identify E2F-interacting
proteins that bound the “marked box” domain of E2F, a region postulated to confer target gene
specificity [55]. They identified a factor, Jab1, which interacts predominantly with E2F1, and
whose expression augments the ability of E2F1 to induce cell death and Arf/p53 activation
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[54¢]. Depletion of Jabl impairs E2F1-induced activation of p53 and apoptosis. Since Jabl
does not enhance E2F1-mediated cell cycle entry or transcription of the cell cycle-associated
transcript PCNA, it appears that only pro-apoptotic functions of E2F1 are affected by Jab1l. It
remains unclear whether Jab1l directly affects E2F1 target gene specificity as a transcriptional
cofactor, or merely favors E2F1 modification or the formation of a complex affecting E2F1
activity.

The pro-apoptotic functions of E2F1 are also affected by its primary regulator during the normal
cell cycle, pRB. E2F1 is regulated by a C-terminal domain of pRB that does not bind to other
E2F proteins, and binding of pRB via this interaction domain is able to suppress the pro-
apoptotic activity of E2F1 [56¢¢]. This pRB-E2F1 interaction may be partially dependent on
post-translational modification of pRB, which is acetylated within this domain in response to
DNA damaging agents [57]. These two reports suggest that DNA damage causes a disruption
of the pRB-E2F1 interaction, perhaps due to acetylation of pRB, allowing transcriptionally
active E2F1 to drive the apoptotic response. In contrast, another study found that
phosphorylation of pRB by Chk2 increased its affinity for E2F1 after DNA damage, leading
to inhibition of its pro-apoptotic activity [58]. In fact, all these signals may converge to enable
sensitive control over the pro-apoptotic activity of E2F1. Low doses, or certain types of DNA
damaging agents may favor inhibition of E2F1 activity, suppressing both cell cycle progression
and apoptosis, and permitting DNA repair. Greater levels of DNA damage could promote
apoptosis by inducing pRB acetylation and subsequent activation of E2F1 and thereby pro-
apoptotic targets.

Other protein-protein interactions may contribute to regulation of E2F1 in response to DNA
damage (Figure 3). The N-terminus of E2F1, when phosphorylated by ATM, provides abinding
site for the BRCT domains of TopBP1 [59]. TopBP1-mediated inhibition of E2F1
transcriptional activity, including its ability to induce cell death, occurs both by recruitment of
a repressive complex containing E2F1, TopBP1 and Brg/Brm to E2F-responsive promoters,
as well as sequestration of E2F1 in BRCAZ1-containing foci in the nucleus [59,60]. DNA
damage also induces E2F1-mediated activation of the NAD-dependent deacetylase SirT1,
which in turn binds to and inhibits the activity of E2F1, in an apparent negative-feedback
mechanism [61¢]. This effect may be dependent on the ability of SirT1 to cause deacetylation
of E2F1. Finally, the ETS-related transcription factor GABP 1 also binds E2F1, specifically
inhibiting its ability to activate pro-apoptotic gene transcription without affecting the general
transactivation ability of E2F1 [62]. Interaction of E2F1 with these factors may be important
for inactivating the pro-apoptotic activity of E2F1 after initiation of the apoptotic response.

Other regulators of E2F-induced apoptosis may act downstream of E2F-activated transcription.
Dyson and colleagues identified the anti-apoptotic protein Api5 in a screen for suppressors of
E2F-mediated apoptosis in Drosophila [63]. Api5 specifically affects E2F-driven apoptosis
both in flies and human cells, having no effect on other inducers of cell death. Unlike the E2F1-
binding proteins mentioned above, Api5 does not affect E2F1-mediated transcription, either
of cell cycle-related or pro-apoptotic targets. The mechanism of Api5-mediated suppression
of apoptosis remains elusive, yet the ability of this protein to inhibit E2F-driven apoptosis in
multiple situations, and both in flies and in mammalian cells, suggests that the downstream
apoptotic mechanisms activated by E2F must be remarkably well-conserved.

Conclusion and perspective

Major regulators of cell proliferation, the E2F transcription factors now have an increasingly-
appreciated role as components of various cell death pathways. Although much has been
learned about the function of E2F in programmed cell death—including upstream regulators
of E2F’s pro-apoptotic role, as well as downstream mediators of its effects—some basic
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questions remain unanswered. Most notably, it is unclear what allows the distinction between
E2F-mediated regulation of proliferation- versus apoptosis-inducing genes. The analysis of
E2F1 regulation in response to DNA damage suggests that the convergence of many different
post-translational modifications and interacting proteins can greatly affect the functions of
E2F1, including its target gene specificity. However, many targets of E2F in the cell death and
DNA damage response pathways are regulated by E2F even during the normal cell cycle
[17+,33,53], suggesting that induction of apoptosis by overexpressed E2F1 may be merely over-
stimulation of an already-present mechanism. In this case, elevated E2F activity, such as that
present during oncogene-induced proliferation, could lead to an E2F-dependent increase in the
levels of pro-apoptotic proteins, resulting in sensitization to programmed cell death.

Despite the fact that many pro-apoptotic E2F targets are also regulated in a cell cycle-dependent
manner by E2F proteins, some E2F target genes, notably Arf and p73, are induced by E2F only
in response to cellular stresses. It is currently unclear what distinguishes these pro-apoptotic
genes from cell cycle-regulated E2F targets. Unlike most E2F target genes, Arf is regulated
only by E2F3, and not other E2F proteins, in unstressed cells [64]. It is possible that this binding
specificity may contribute to defining Arf as a pro-apoptotic gene. Indeed, we have found that
several pro-apoptotic targets of E2F are regulated similarly to Arf; these genes are repressed
specifically by E2F3 in normal cells, and induced by activating E2F proteins only in response
to oncogenic stress (PJ laquinta and JA Lees, unpublished).

Still, it is not clear what signals allow E2F to mediate the activation of these genes in response
to stress. A simple model would predict that a general increase in total E2F levels causes hyper-
activation of pro-apoptotic genes that are normally targeted by E2F, and/or induction of genes
not normally activated by E2F, such as Arf. Alternatively, particular post-translational
modifications or E2F-binding proteins may influence its target gene specificity in response to
DNA damage or oncogenic stress. The difference in target gene regulation is likely at the heart
of the distinction between the pro-apoptotic and pro-proliferation affects of E2F activity.
Indeed, understanding the dichotomy between these two functions of E2F may be the key to
explaining the apparent paradox of the roles of E2Fs as both tumor suppressor genes and
oncogenes, and lead to a greater appreciation of the affect of E2F activity on tumorigenesis.
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Figure 1. The E2F Family of Transcription Factors
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The E2F family is divided into three groups based on their structure and function. All E2Fs
contain a homologous DNA-binding domain (red). The “activating E2Fs” E2F1, E2F2, and
E2F3a each contain both a nuclear localization signal (NLS, blue) and a transactivation/pocket
protein-binding domain (purple). The “repressive E2Fs” lack the N-terminal domain present
in the activating E2Fs, and E2F4 and E2F5 accordingly lack NLS sequences. E2F6, E2F7, and
E2F8 lack sequences required for transactivation and pocket protein-binding, and therefore are

pocket protein-independent repressors of transcription.
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Figure 2. Regulation of cell cycle-dependent transcription by the pRB-E2F pathway

E2F target genes are regulated by repression of transcription in Go/G4 phase, followed by
activation in G1/S phase. Repressive complexes containing primarily E2F4 and p107/p130
occupy promoters in Go/G4 phase, and association with chromatin remodeling enzymes such
as histone deacetylases (HDAC) contributes to transcriptional repression. pRB binds to and
inhibits the transcriptional activity of the activating E2Fs 1-3. Upon cell cycle entry, cyclin-
CDK complexes such as cyclin D-CDK4 overcome inhibition by CDK inhibitors such as
p16!NK4a and phosphorylate the pocket proteins. This phosphorylation leads to disruption of
the pocket protein-E2F complexes, causing E2F4 to be exported from the nucleus, and
activating E2Fs to bind the promoters of cell cycle-regulated target genes and activate their

transcription.
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Figure 3. Complex regulation of E2F and p53 in the apoptotic response pathway

Many proteins regulate the activity of E2F and p53 in the apoptotic response. In turn, E2F and
p53 transcriptionally activate a large number of pro-apoptotic genes. Transcriptional targets
of E2F are shown in red; targets of p53 are shown in blue; targets of both E2F and p53 are
indicated in purple.
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