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It's All in the Timing: Too Much E2F Is a Bad Thing
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E2F is one of the best-known cell cycle—
dependent transcription factors. The fam-
ily of E2F proteins have been highly
conserved during evolution and function
as both transcriptional activators and
repressors. In most animals, E2F-mediated
activation is a key driver of cell prolifer-
ation, and deregulation of E2F is found in
most types of cancers. In addition to its
proliferation-promoting properties, elevat-
ed E2F also makes cells sensitive to
apoptosis and tumor cells acquire addi-
tional mutations, such as mutations in the
pd3 pathway, to suppress this deleterious
activity. Part of the explanation for this
aspect of E2F biology is that E2F proteins
bind directly to the promoters of several
pro-apoptotic genes, and E2F-mediated
activation is thought to help to enhance
levels of apoptosis, particularly in response
to DNA-damaging agents [1,2].

The best-characterized mechanism of
E2F regulation is the reversible ability of
the retinoblastoma tumor suppressor pro-
tein (pRB) to bind to activator E2Fs and
inhibit their activity. However, organisms
have evolved additional mechanisms to
limit E2F activity. In Drosophila, the level of
the lone activator E2F protein (dE2F1)
oscillates dramatically in a developmental-
ly regulated manner [3,4]. In previous
studies, Duronio and colleagues discov-
ered that this regulation is due to a pre-
cisely controlled pattern of dE2F1 deg-
radation that is mediated via a PCNA-
interacting protein motif in dE2FI,
termed a “PIP-degron” [5]. The PIP-
degron promotes the proteolysis of dE2F1
in S-phase cells through an interaction
with DNA-loaded PCNA, coupled with
the recruitment of the CRL4%? E3 ubi-
quitin ligase. The importance of this
regulation was revealed by experiments
showing that expression of a mutant
dE2F1 protein that lacked this motif,
and that is stable into S-phase (dE2F1-
Stabley leads to expedited cell cycle pro-
gression, apoptosis, and developmental
defects.

In the present study [6], Davidson and
Duronio have carried out a meticulous
analysis of a panel of dE2F]1 transgenic
lines and have identified the functional
domains that enable dE2F1 to promote
apoptosis when it persists in S-phase cells.
That stabilized dE2F1 causes apoptosis

PLOS Genetics | www.plosgenetics.org

was not unexpected, but the authors re-
port the surprising finding that this pro-
perty of dE2F1 does not require its DNA-
binding activity but instead requires C-
terminal sequences that contain the
RBF1-binding domain. A key result in
this set of experiments is the observation
that expression of a mutant dE2F1
protein with lesions in both the PIP-
degron and the DNA-binding domain
(dE2F1PPP/5101) jh duces apoptosis when
expressed in eye or wing imaginal discs,
even though this protein lacks the ability
to activate E2F-dependent gene expres-
sion or to drive cell proliferation. Col-
lectively, the results from the panel of
mutants suggest that the presence of
dE2F1 in S-phase can promote apoptosis
via a mechanism that is distinct from
dE2F1’s traditional role as a transcrip-
tional activator (Figure 1).

These observations raise the question of
how dE2F1PPP/SI triggers apoptosis in
S-phase cells. One potential explanation
might be that dEQF1PBP/Sble a0 by
sequestering RBF1, a Drosophila homolog
of pRB. Indeed, it seems likely that some
of the properties of stabilized dE2F1 are
mediated via RBF1 since a mutant form of
dE2F1 with an impaired ability to bind to
RBF1 (dE2F15=Pe/REmuy gives reduced
levels of apoptosis, and a truncation mu-
tant that completely eliminates the RBF1—
binding domain (dE2F1%#P¢/Trne) g -
able to induce apoptosis. Moreover, ap-
optosis induced by both dE2F15P and
dE2F1PBP/519P¢ i dependent on the gene
dosage of fud, a previously characterized
dE2F1 target gene that is also important
for apoptosis resulting from the inactiva-
tion of #bf1 [7,8]. However, Davidson
and Duronio show that another deletion
mutant of dE2F1, which lacks the DNA-

binding domain but maintains binding
affinity for RBF1 (dEQF]306-805/Stable)
fails to induce apoptosis. This indicates
that the ability of stabilized dE2F1
fragments to bind to RBF1 is not, by
itself, sufficient for apoptosis. These
results suggest that there is an as yet to
be characterized property of dE2F1 that
promotes apoptosis in S-phase cells, that
this mechanism does not require the
DNA-binding domain of dE2F1, and
although it likely involves dE2F1/RBF1
complexes, it is not a simple sequestra-
tion of RBFI.

What is the physiological significance of
these observations? High levels of dE2F1
are not normally seen in S-phase cells;
Davidson and Duronio propose that
the pro-apoptotic activity of stable dE2F1
reveals a homeostatic mechanism that cells
use to sense the inappropriate presence of
elevated dE2F1 and to eliminate cells
that might be dangerous. This is a very
attractive idea given the importance of
deregulated E2F in cancer cells and the
potential utility of a mechanism that can
trigger apoptosis in cells with elevated E2F
activity.

In the future, additional studies are
clearly warranted to better understand this
property of dE2F1. Immunostaining ex-
periments show that dE2F1 levels fall
abruptly as cells enter S-phase in imaginal
discs, and it is evident that persistence of
dE2F1 into S-phase is a very rare event in
wild-type larvae. Moving forward, it will
be important to identify a physiologic
context in which this homeostatic mecha-
nism is utilized; and it will be important to
demonstrate that it can be activated by the
endogenous dE2F1 protein, rather than by
transgenes driving the ectopic expression
of mutant fragments of dE2F1. A major
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question will be whether a similar mech-
anism is operative in mammalian cells.
Although the PIP-degron is not conserved
in E2F proteins in other species, other
interactions have been described that lead
to the turnover of mammalian E2Fs after
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Figure 1. Stabilized dE2F1 can induce apoptosis through transcriptional and non-transcriptional mechanisms. (1) During S-phase, a
dE2F1 protein without a PIP-degron but with an intact DNA-binding domain will promote apoptosis through transcriptional activation of pro-
apoptotic genes, such as hid. (2) A dE2F1 protein without a PIP-degron and lacking an intact DNA-binding domain can promote apoptosis through an
unknown mechanism that requires a physical interaction with the RBF1 protein; this unknown mechanism is also dependent upon hid.

the GI1/S transition [9,10]. It will be
extremely exciting if a conserved mecha-
nism of E2F action exists that occurs
independently of E2I7s ability to bind to
DNA and that enables deregulated E2F to
trigger cell death.
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