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ABSTRACT

Proper regulation of cellular proliferation is critical for normal development and cancer
prevention. Most, if not all, cancer cells contain mutations in the Rb/E2F pathway, which
controls cellular proliferation. Inactivation of the retinoblastoma (Rb) family of proteins
can occur through Rb loss, mutation, or inactivation by cellular or viral oncoproteins
leading to unrestrained proliferation and, often times, results in apoptosis. The loss of
growth control occurs primarily by derepression and activation of the E2F transcription
factors. E2F1 in particular, serves as the primary link between loss of Rb function and
activation of p53-dependent apoptosis. E2F1 function is crucial for responding to loss of
proper Rb-mediated growth control to activate p53 and the apoptotic program. Recently,
we described the requirement for the DNA damage response proteins Atm, Nbs1, and
Chk2 in the E2F1 apoptosis pathway. These findings suggest that there may be a more
intimate relationship between the apoptosis pathways resulting from loss of proper Rb-
mediated growth control and apoptosis resulting from the accumulation of DNA damage.

The role of the E2F transcription factor family in promoting cell cycle entry has been
well documented. Most cellular genes associated with the entry into S phase are regulated
by the E2F family, including genes involved in controlling cell cycle regulation, DNA
synthesis, and DNA replication.! The importance of the activator E2F family members in
promoting entry into the cell cycle is demonstrated by the severe proliferative defects in
mice and cells lacking e2f1, e2f2, and €2f3.2 This ability of activator E2F family members
to promote transition into S phase is normally kept in check by the retinoblastoma protein
(Rb). The importance of Rb regulating the G, to S phase transition is apparent in the
observation that loss of Rb-mediated growth control occurs in the vast majority of human
tumors.

Deregulation of Rb/E2F mediated growth control can result in activation of an apop-
totic pathway that eliminates cells from the body that harbor defects in the proliferation
pathway. Inactivation of Rb by cellular or viral oncoproteins, or loss of Rb, will stimulate
cells to bypass G,/G, checkpoints and enter into S phase, and this unscheduled entry into
S phase can trigger apoptosis. Ectopic expression of viral oncogenes, such as the high risk
HPV-16 E7 protein, can also lead to the induction of apoptosis. The studies with high risk
HPV and other small DNA tumor viruses suggested a link between Rb/E2F cell cycle
control and p53-mediated apoptosis.> Our group and others have demonstrated that
E2F1 serves as a link between perturbations in Rb-mediated growth control and
p53-dependent apoptosis.#® We have recently shown that inactivation of Rb by the
HPV-16 E7 protein results in apoptosis that depends specifically on activation of an E2F1-
induced apoptosis pathway.’ These studies suggest that E2F1 is responsible for generating
the apoptosis signal associated with Rb inactivation.

It had been hypothesized that the link between loss of proper Rb/E2F cell growth
control and p53-dependent apoptosis was through activation of the p19ARF/Mdm2
pathway. However, after testing this hypothesis, our group and others have demonstrated
that inactivation of Rb or overexpression of E2F1 results in apoptosis that is independent
of p194RE7-11 Recently, we described a role for the DNA damage response proteins Atm,
Nbs1, and Chk2 as critical signaling molecules in the E2F1 apoptosis pathway.5 Similar
results have been obtained by others.!? Surprisingly, we found that activation of Atm was
not unique to E2F1, since expression of the related E2F family member, E2F2, also resulted
in activation of Atm. However, we determined that the induction of Chk2 expression was
unique to E2F1, and correlated with an increase in the phospho-serine 20 form of p53 and
with the induction of apoptosis. These observations demonstrate that E2F1 is signaling
through a specific subset of the DNA damage response factors to activate p53 and kill
cells.
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Figure 1. Proposed feedback loop linking loss of proliferation control, DNA
damage signaling, and apoptosis. Inactivation of Rb leads to increased
E2F1 activity, activation of Atm and Chk2, and subsequent phosphorylation
of p53. Similarly, DNA damaging agents can lead to activation of Atm and
Chk2, and subsequent phosphorylation of p53. E2F1 can also act downstream
of Atm and Chk2 in the DNA damage response, leading to amplification of
the apoptotic signals.

The observation that aberrant E2F1 activity results in activation
of Atm and induction of Chk2 expression suggests that E2F1 may
function to sensitize cells to undergo apoptosis in response to other
types of stimuli. Although we have demonstrated a central role for
E2F1 in apoptosis signaling following Rb inactivation, these find-
ings, when viewed together with the work of others, suggest that the
contribution of E2F1 to the DNA damage response may be under-
appreciated. It has been known for some time that E2F1 protein levels
increase following DNA damage.!? This protein accumulation has
been shown to be mediated, in large part, by an Atm-dependent
phosphorylation of E2F1.14 These observations suggest that activa-
tion of E2F1 and the E2F1-associated apoptosis pathway can be a
component of the DNA damage response. In support of this
hypothesis, there is a defect in apoptosis in response to DNA dam-
aging agents in thymocytes lacking E2F1.'4 E2F1 is further linked
to the DNA damage response through Chk2. We have shown that
expression of E2F1 leads to an increase in Chk2 mRNA and an accu-
mulation of Chk2 protein. Others have found that Chk2 phospho-
rylates E2F1, altering the DNA binding specificity of E2F1 from S
phase genes to the pro-apoptotic, p73 gene.'

These observations suggest that there are common features in the
apoptosis signaling pathways that respond to both loss of cellular
proliferation control (inactivation of Rb) and generation of DNA
damage. In response to Rb inactivation, E2F1 signals to p53
through activation of Atm and induction of Chk2 expression, lead-
ing to phosphorylation of p53 and apoptosis. In response to DNA
damage, activation of Atm leads to phosphorylation and activation
of Chk2, leading to p53 modification and apoptosis. Additionally,
certain forms of DNA damage lead to the stabilization and activa-
tion of E2F1 by covalent modifications mediated by Atm and Chk2.
These results suggest a feedback loop involving integration of the
DNA damage signaling molecules Atm and Chk2 with a cell cycle
regulator, E2F1 (Fig. 1).

Determining both the mechanism of E2F1-induced apoptosis
and the contribution of E2F1 to DNA damage-induced apoptosis is
essential to our understanding of basic cell cycle biology and the
molecular events that often precede tumorigenesis. The roles of
E2F1 in responding to both loss of cellular proliferation control and
DNA damage suggests that E2F1 may be an attractive target for
either loss or amplification in tumors. However, while mutations in
both the Rb and p53 regulatory pathways are common in human
tumors, E2F1 mutations are rarely found. It is unclear why E2F1 is
not often mutated in human tumors. Perhaps loss or amplification
of E2F1 would be detrimental to tumor success due to the dual
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functions of E2F1 in promoting cell cycle progression and apoptosis.
Given the role of E2F1 in apoptosis signaling that results from Rb
inactivation and DNA damage, it is possible that compounds that
enhance endogenous E2F1 activity in conjunction with genotoxic
drugs, may be useful as anti-tumor agents.
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