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Previous work has established a role for p53 in triggering apoptosis in response to DNA damage; p53 also
induces apoptosis in response to deregulation of the Rb cell cycle pathway. The latter event is consistent with
a role for the Rb-regulated E2F1 protein as a specific inducer of apoptosis and p53 accumulation. We now
show that DNA damage leads to a specific induction of E2F1 accumulation, dependent on ATM kinase
activity and that the specificity of E2F1 induction reflects a specificity in the phosphorylation of E2F1 by
ATM as well as the related kinase ATR. We identify a site for ATM/ATR phosphorylation in the amino
terminus of E2F1 and we show that this site is required for ATM-mediated stabilization of E2F1. Finally, we
also show that E2F1 is required for DNA damaged induced apoptosis in mouse thymocytes. We conclude that
the cellular response to DNA damage makes use of signals from the Rb/E2F cell cycle pathway.
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The role of E2F transcription activity in the regulation of
cell cycle progression, particularly the G1/S transition, is
now well established (Dyson 1998; Nevins 1998). Over-
expression of E2F, in the absence of other growth signals,
is sufficient to induce quiescent cells to enter S phase
(Johnson et al. 1993). The growth suppression activity of
the Rb tumor suppressor protein is dependent on its abil-
ity to bind and repress E2F activity, although associa-
tions with other proteins are likely also important for
other pRb function.
The tumorigenesis resulting from loss of pRb function

is in part mediated through the action of E2F1 as a loss of
E2F1 reduces the oncogenic potential of Rb (+/−) mice
(Yamasaki et al. 1998). A variety of experiments have
suggested distinct roles for individual members of the
E2F family in the control of cell growth including dis-
tinct roles for E2F proteins in transcription activation
and transcription repression (Dyson 1998; Nevins 1998).
This includes an apparent unique ability of E2F1 to in-
duce apoptosis in addition to an ability to trigger S phase
entry (Qin et al. 1994; Shan and Lee 1994; Wu and Levine
1994; Kowalik et al. 1995, 1998). Although overexpres-
sion of each E2F protein, except for E2F5, is able to in-
duce S phase entry, only E2F1 overexpression induces
apoptosis in serum-starved quiescent fibroblasts (DeGre-
gori et al. 1997). A physiological role for the E2F1-in-

duced death is indicated by the observation that E2F1−/−

mice develop thymic hyperplasia attributable to a defect
in thymocyte apoptosis (Field et al. 1996). In addition,
homozygous Rb mutations lead to embryonic lethality
in mice attributable to abnormalities in CNS and hema-
topoietic development (Jacks et al. 1992; Lee et al. 1992).
Excessive apoptosis was observed in the developing neu-
rons, lens, and myocytes of these embryos, which
strongly argues for a specific role of Rb in preventing
apoptosis. At least part of the Rb−/− phenotype is attrib-
utable to E2F1 deregulation (Pan et al. 1998; Tsai et al.
1998; Yamasaki et al. 1998), but it is also true that other
studies have provided evidence for a role for E2F3 in the
Rb-dependent apoptosis pathway (Ziebold et al. 2001).
Moreover, overexpression of E2F2 and E2F3 were also
reported to induce apoptosis in another experimental
setting (Vigo et al. 1999) although it is not clear from
these studies whether the observed E2F2 or E2F3-in-
duced apoptosis is dependent on E2F1. In any event, it
seems clear from these studies that E2F1 plays a signifi-
cant role in apoptosis signaling and that additional E2Fs,
particularly E2F3, also contribute to the induction of
apoptosis.
Various studies have demonstrated that E2F1-induced

apoptosis can be both dependent (Wu and Levine 1994)
and independent of p53 (Phillips et al. 1997). The p53
dependence coincides with our previous work that has
demonstrated an induction of p53 protein accumulation
following expression of E2F1 (Kowalik et al. 1998). As
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with the induction of apoptosis, the stimulation of p53
accumulation is an event unique to E2F1. A mechanism
by which E2F1 could induce p53 accumulation has now
been revealed by studies of the role of the p19ARF protein
in controlling Mdm2 function. Mdm2 has been shown to
control p53 protein levels by targeting p53 for ubiquitin
mediated degradation (Honda et al. 1997). ARF interacts
with Mdm2 and blocks the ability of Mdm2 to target p53
for destruction (Weber et al. 1999). The link with E2F1 is
now seen from the observation that E2F induces p19ARF

expression, likely a direct transcription activation via
E2F sites in the ARF promoter, and with an apparent
specificity for E2F1 (DeGregori et al. 1997; Bates et al.
1998).
DNA damaging agents, such as � irradiation or che-

motherapeutic drugs, can cause cell cycle arrest as well
as apoptosis, largely dependent on p53. Several recent
reports have described an increase in E2F1 protein, re-
sulting from stabilization of the E2F1 protein, following
the treatment of a variety of tumor cells with DNA dam-
aging agents (Huang et al. 1997; Blattner et al. 1999; Hof-
ferer et al. 1999; Meng et al. 1999). We have now further
examined the response of E2F1 to treatment of cells with
various chemotherapeutic agents. We find that the in-
duction is specific to E2F1 and is not observed for the
other E2F family proteins. We also show that this induc-
tion is dependent on ATM/ATR, a kinase known to ac-
tivate p53 in response to DNA damage, and that speci-
ficity in E2F1 induction reflects a specificity of phos-
phorylation by ATM/ATR. Finally, we show that the
induction of E2F1 is functionally important for DNA
damage-induced apoptosis in thymocytes, establishing a
role for E2F1 in the response to DNA damage.

Results

Induction of E2F1 accumulation in tumor cells
following DNA damage

We examined the accumulation of E2F1 protein follow-
ing treatment of a panel of tumor cell lines with a variety
of chemotherapeutic drugs. These cell lines were derived
from lung cancer (H460, H358, H125, H520, H596) or
hepatoma (Hep3B, HepG2) and reflect a variation in the
genetic status of p53 and Rb. Although the kinetics of
induction varies depending on the type of cell lines and
the drugs being used, E2F1 is induced in each of these
cells following treatment with the drugs (Fig. 1A). The
magnitude of the induction of E2F1 protein is correlated
roughly to the sensitivity of the particular cell line to a
particular drug, as assayed by propidium iodide for the
percentage of apoptosis induced by the drug (data not
shown). This result is thus consistent with several re-
cent reports describing the induction of E2F1 in various
other types of cancer cell lines in response to a variety of
forms of DNA damage including �-irradiation, UV-irra-
diation, and chemotherapeutic drugs (Huang et al. 1997;
Blattner et al. 1999; Hofferer et al. 1999; Meng et al.
1999). As such, it would appear that the induction of
E2F1 protein may be a general response to DNA damage.
In addition, the induction is independent of p53 status as
seen by the analysis of E2F1 following treatment of ei-
ther wild-type or p53 null mouse embryo fibroblasts
with cisplatin (Fig. 1B).
Consistent with recent work, it is apparent that the

induced accumulation of E2F1 protein does not result
from an activation of E2F1 transcription. Although there
is a marked increase in the level of E2F1 protein in H460

Figure 1. Induction of E2F1 accumula-
tion following DNA damage. (A) Western
blot analysis of E2F1 among a panel of hu-
man cell lines after 24 h treatment of
adriamycin (adr), cisplatin (cisp), or etopo-
side (eto) shows induction of E2F1 protein
regardless of their p53 or Rb status. The
concentration of cisplatin was from 5 to 50
µM, adriamycin 50 to 500 nM, and etopo-
side 5 to 50 µM. H460, H358, H125, H520,
and H596 are derived from lung cancer.
Hep3B and HepG2 are hepatoma cell lines.
HFF is a nontransformed human foreskin
fibroblast cell line. H460 carries wild-type
p53. H358 and Hep3B are p53-null. H125,
H520, and H596 carry mutated p53. H596
and Hep3B have no Rb protein expression,
whereas H460, H358, H125, and HepG2
carry normal Rb. Equal protein loading of
each lane was confirmed by Ponceau-S
staining. (B) Mouse embryo fibroblasts
prepared from p53−/− embryos or wild-type
littermates were treated with cisplatin (20
µM) for the indicated time. E2F1 in the
lysates was detected by immunoblotting.
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tumor cells treated with DNA damaging drugs, there
was little or no change in the level of E2F1 mRNA (Fig.
2A). It was also clear from this experiment that the levels
of E2F3 transcripts were not altered in response to DNA
damage.

Specific induction of E2F1 accumulation
following DNA damage

Given the fact that the accumulation of E2F1 is tightly
regulated during the cell cycle, including the control of
E2F1 protein levels, the DNA damage-induced accumu-
lation could simply reflect an indirect consequence of a
cell cycle inhibition, with some fraction of the cells ac-
cumulating at G1/S, the time at which E2F1 normally
accumulates. Previous work has shown that the E2F1,
E2F2, and E2F3 family members are commonly regulated
with respect to the cell cycle. Each gene is induced in
response to growth stimulation with peak accumulation
at G1/S. The activities then continue to oscillate in the
cell cycle, again peaking at G1/S (Leone et al. 1998). In
contrast, the E2F4 and E2F5 gene products are constitu-
tively expressed, with little or no fluctuation as a func-
tion of cell cycle progression. Thus, if the accumulation
of E2F1 in response to DNA damage was the result of cell
cycle arrest, we would expect to see an accumulation of
E2F2 and E2F3 as well. However, as shown by the data in
Figure 2, it is apparent that the induction of E2F1 protein
accumulation is specific for E2F1. H460 cells that are
undergoing apoptosis in response to DNA-damaging
drugs detach from the tissue culture plate whereas the
remaining, adherent cells are enriched for cell cycle-ar-
rested cells, as confirmed by propidium iodide staining.
The lysates from the two H460 cell populations were
analyzed by Western blot with antibodies specific for
E2F1, E2F2, E2F3, E2F4, and Rb. As seen in previous
assays, there was an induction of E2F1 protein following
treatment with cisplatin. We also confirm the specificity
of E2F1 induction in mouse embryonic fibroblast (Fig.
2C), in which we observed rapid induction of E2F1
within 4 h of cisplatin treatment, but no change in E2F3
protein. This data also clearly shows that the response
was specific for E2F1 with no increase seen in the levels
of the other E2F proteins; indeed, there was a substantial
decline in the E2F4 protein. It was also evident from this
experiment that the Rb protein is dephosphorylated dur-
ing DNA damage. The specific induction of E2F1, but
not the E2F2 or E2F3 proteins, strongly suggests that the
induction is not a consequence of enrichment for G1/S
population by DNA damage-induced G1/S arrest. Rather,
this result suggests a distinct regulatory mechanism con-
trolling E2F1 accumulation.

Induction of E2F1 accumulation in response
to DNA damage requires ATM

Other work has demonstrated a role for the ATM/ATR
class of protein kinases in the DNA damage response.
For instance, the role of these kinases in the phosphory-

lation of p53 following DNA damage, both directly (Ba-
nin et al. 1998; Canman et al. 1998) and indirectly (Che-
hab et al. 2000; Shieh et al. 2000) is now well established.
We thus considered the possibility that the induction of
E2F1 accumulation following DNA damage might in-
volve the same pathways.
We made use of various cell lines deficient in ATM

Figure 2. Specificity in posttranscriptional induction of E2F1
accumulation. (A) Measurements of E2F protein accumulation
(immunoblot) and RNA accumulation (Northern blot) follow-
ing treatment of H460 cells with cisplatin (50 µM). Two species
of E2F3 protein are detected (E2F3a and E2F3b) that derive from
alternate transcription initiation sites within the E2F3 locus
(Leone et al. 2000). The two E2F3 transcripts are not resolved in
this Northern analysis. (B) Western blot analysis of E2F and Rb
proteins in the H460 human lung cancer cell line following
treatment with cisplatin (50 µM). Rb protein is seen to be de-
graded to a truncated product that lacks the carboxyl terminus
in the cells undergoing apoptosis, likely a result of caspase ac-
tion (Tan and Wang 1998). (C) Western blot analysis of E2F in
primary mouse embryonic fibroblasts (MEF). Primary MEF cul-
tures were prepared from embryos with the indicated genotypes
and then treated with cisplatin (20 µM).
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gene function to explore the role of the kinase in the
induction of E2F1. We examine the induction of E2F1
and p53 in the lymphoblastoid cell lines established
from AT patients or normal subjects. As shown in Figure
3A, adriamycin treatment induces a rapid accumulation
of E2F1 protein in the cells with wild-type ATM
(GM2184) as well as in cells that are heterozygous for the
ATM mutation (GM3382). Similar results are seen for
the induction of p53 protein in these cell lines. In con-
trast, E2F1 is not induced in the cell lines bearing ATM
homozygous mutation (GM1526, GM3332, and GM719).
In addition, the induction is not limited to adriamycin
because E2F1 is also induced in cells with either a wild-
type or heterozygousATM genotype following treatment
with etoposide but was not induced in the ATM null
cells by etoposide (Fig. 3B). Based on this result, we con-
clude that the induction of E2F1 in response to DNA
damaging agents involves ATM.

Selective phosphorylation of E2F1 by ATM/ATR

To further explore the mechanism for the involvement
of ATM in E2F1 stabilization, we examined the possibil-
ity that E2F1 might be a direct substrate for ATM/ATR
kinase activity. We used ATM or ATR kinase immuno-
precipitated from 293T cell extracts following transfec-

tion with either ATM- or ATR-expressing plasmids as
well as plasmids encoding kinase inactive versions of
each. The immunoprecipitated kinase was then used to
phosphorylate GST–E2F purified from bacterial lysate.
As shown by the data in Figure 4, the active ATM and
ATR kinases can phosphorylate E2F1 whereas the ki-
nase-inactive ATM or ATR fails to do so. Thus, by this in
vitro phosphorylation assay, E2F1 appears to be a sub-
strate for the action of ATM and ATR.
We also assayed the ability of ATM or ATR to phos-

phorylate the E2F2 or E2F3 proteins. As shown by the
date in Figure 4, neither ATM nor ATR kinase was able
to phosphorylate E2F2 or E2F3 in vitro. This result thus
provides good evidence for specificity in the phosphory-
lation of E2Fs by ATM or ATR and as such, provides a
potential explanation for the specificity in induction of
E2F1 protein following DNA damage. Taken together
with the observation that E2F1 induction requires ATM
activity, as seen in the assays using the AT cell lines
result described above, this result strongly suggests that
ATM/ATR is responsible for the specific induction of
E2F1 during DNA damage.

A basis for selective phosphorylation and stabilization
of E2F1

Previous work has detailed the recognition properties of
ATM and ATR as requiring a serine or threonine adja-
cent to a glutamine (Kim et al. 1999; O’Neill et al. 2000).
Additional amino acids neighboring these residues, and
in particular the presence of hydrophobic residues at the

Figure 3. Role of ATM in the induction of E2F1 following
DNA damage. (A) Various human lymphoblastoid cell lines
with the indicated ATM genotypes were treated with adriamy-
cin (1 µM). E2F1 protein accumulation was assayed by Western
blot analysis. For comparison, p53 protein accumulation was
measured in the same samples. (B) Induction of E2F1 by etopo-
side. The lymphoblastoid cell lines were treated with etoposide
(50 µM) for the indicated time and E2F1 was detected by im-
munoblotting.

Figure 4. Specific phosphorylation of E2F1 by ATM/ATR. (A)
Wild-type ATM or catalytically inactive ATM (ATMki) was im-
munoprecipitated from transfected cells 293T cells and used to
phosphorylate GST–p53 (aa 1–70), or GST–E2F1, GST–E2F2,
and GST–E2F3 proteins in in vitro reactions. The upper panel
depicts the 32P autoradiograph and the lower panel shows an
immunoblot with GST antibody. (B) Similar assays as described
in A were performed with wild-type ATR or catalytically inac-
tive ATR (ATRki).
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N-1 and N-3 positions, also contribute to specificity, but
it is the strict requirement of an SQ or TQ that defines
specificity for ATM or ATR. An examination of the
amino acid sequence of the three E2F proteins with re-
spect to the presence of ATM/ATR consensus sequence
reveals a number of potential sites in the three proteins.
As summarized in Figure 5A, there are seven potential
sites in E2F1, one site in E2F2, and three sites in E2F3.
Interestingly, one of the sites in E2F1, a serine residue at
position 31, lies within the amino-terminal domain that
has been shown to be required for degradation of the

E2F1 protein (Marti et al. 1999). This site also contains a
hydrophobic residue at the N-3 position. In contrast,
there are no potential ATM/ATR sites in the amino-
terminal domain of either E2F2 or E2F3.
The in vitro phosphorylation of E2F1 by ATM/ATR

occurred mainly at serine according to phosphoamino
acid analysis, and likely localizes to a single AspN di-
gested peptide (data not shown). Furthermore, immuno-
blotting of phosphorylated E2F1 proteolytic fragments
shows that the site of phosphorylation by ATM/ATR lies
in the amino terminus of E2F1 (data not shown). To ex-
plore the possible role of the serine 31 residue in E2F1 as
a ATM/ATR phosphorylation site, we created a mutant
protein in which this residue was changed to alanine.
The protein was produced and purified from bacterial
lysate and assayed as a substrate for ATM/ATR phos-
phorylation. As shown by the data in Figure 5B, both
ATM and ATR readily phosphorylated the wild-type pro-
tein but the phosphorylation was largely abolished in the
mutant protein. These results thus suggest that this ser-
ine 31 residue is indeed an ATM/ATR phosphorylation
site and in fact is the major site for ATM/ATR-mediated
phosphorylation within E2F1.
We have also assayed the role of the Ser 31 site in the

phosphorylation of E2F1 in vivo, in response to DNA
damage. Treatment of cells with the DNA damaging
agent neocarzinostatin (NCS) leads to double strand
DNA breaks and induction of ATM kinase activity (Ba-
nin et al 1998). Indeed, many experiments suggest that
this agent is a selective inducer of ATM. We thus trans-
fected cells with plasmids encoding either wild-type
E2F1 or the Ser 31 mutant of E2F1 and then treated the
cells with NCS. The cells were then labeled with 32P
orthophosphate, extracts prepared, and E2F1 proteins
were isolated by immunoprecipitation and then ana-
lyzed in an SDS acrylamide gel. As depicted in Figure 6A,
the wild-type E2F1 protein was strongly phosphorylated
in response to NCS (>12-fold increase in 32P signal by
PhosphorImager quantitation). In sharp contrast, the Ser
31 E2F1 mutant protein was not phosphorylated despite
the equivalent level of production of the two proteins.
Based on these results, we conclude that E2F1 is indeed
phosphorylated in vivo in response to DNA damage and
that this involves a specific phosphorylation of Ser 31.
To explore the role of ATM in the in vivo phosphory-

lation of E2F1 in response to DNA damage, we have
taken advantage of the ability of the kinase dead mutant
of ATM (ATMki) to act as a dominant-negative inhibitor
of ATM activity (Lim et al. 2000). Cells were transfected
with the E2F1 expression vector either alone or together
with wild-type ATM or the ATMki mutant. Cells were
treated with NCS and labeled with 32P. Once again,
DNA damage induced the phosphorylation of E2F1
which was enhanced by coexpression of wild-type ATM
(Fig. 6B). The basal level of E2F1 phosphorylation in un-
treated cells after cotransfection with wild-type ATM
was slightly higher than that seen with vector controls.
This is consistent with a partial activation of overex-
pressed ATM as reported (Lim et al. 2000). In contrast,
coexpression of the ATMki mutant abolished the phos-

Figure 5. A basis for the specific phosphorylation of E2F1 by
ATM and ATR. (A) Schematic depiction of the E2F family with
potential sites for ATM/ATR phosphorylation. ATM/ATR con-
sensus sites (S/T-Q) found within the E2F1–3 subfamily are in-
dicated by the dots. The amino acid sequence containing the
unique amino-terminal site in E2F1 is indicated at the bottom.
(B) In vitro phosphorylation of E2F1 at serine 31. Wild-type E2F1
protein or the E2F1S31A mutant was prepared as described in
Materials and Methods and used as a substrate for ATM/ATR
kinase assays in vitro. The upper panel depicts the 32P autora-
diograph after the kinase reaction whereas the lower panel de-
picts staining of the input proteins.
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phorylation of E2F1. Based on these results, together
with the in vitro phosphorylation data, we conclude that
E2F1 is indeed a substrate for ATM and that the DNA
damage induced phosphorylation is mediated by ATM.
To investigate the relationship between ATM-depen-

dent phosphorylation of E2F1 at Ser 31 and the DNA
damage-induced accumulation of E2F1 protein, we have
assayed the induction of either wild-type E2F1 or the Ser
31 mutant in response to DNA damage. Our approach
was to employ transient transfection of plasmids encod-
ing either the wild-type protein or the Ser 31 mutant and
then treatment of the transfected cells with a DNA dam-
aging drug. Following treatment, cells are harvested and
assayed for the tagged E2F1 protein by Western blot. As
shown by the data in Figure 7A, treatment of cells trans-
fected with wild-type E2F1 with NCS led to an induction
of E2F1 protein equivalent to that seen for the endog-
enous protein in other assays. In contrast, there was no
effect on the accumulation of wild-type E2F3 protein
used as a control like wild-type E2F1. Similar to the
wild-type E2F1 protein, the Ser 31 mutant is also de-
graded by the proteasome as seen by the ability of the
proteasome inhibitor MG-132 to promote an increase in

E2F1 (Fig. 7B). In contrast, an amino-terminal deletion of
E2F1 was already stable and not affected by treatment
with MG-132, consistent with previous work demon-
strating a requirement for these amino-terminal se-
quences for targeted degradation. A comparison of the

Figure 6. DNA damage induced phosphorylation of E2F1. (A)
293T cells were transfected with HA-E2F1 or HA-E2F1S31A and
labeled with 32P orthophosphate in the absence or presence of
neocarzinostatin (NCS) at 300 ng/ml. E2F1 protein was then
immunoprecipitated with HA beads and phosphorylation was
detected by autoradiography (top). Also shown is the protein
level as seen by immunoblotting (bottom). (B) A role for ATM in
DNA damage induced phosphorylation of E2F1. 293T cells were
transfected with HA-E2F1 along with vector, HA-ATMwt, or
HA-ATMki. The cells were then labeled with 32P orthophos-
phate in the absence or presence of NCS and E2F1 protein was
immunoprecipitated and detected as in A. Expression of trans-
fected HA-ATM was confirmed by immunoblotting the HA
bead precipitate with ATM antibody (Ab-3).

Figure 7. The ATM phosphorylation site in E2F1 is required
for DNA damaged induction. (A) 293T cells were transfected
with HA-E2F1 or HA-E2F3 and then treated with neocarzi-
nostatin (NCS) for the indicated time. HA-tagged E2F proteins
were detected by immunoblotting with an HA-specific anti-
body. (B) Degradation of E2F1 by the proteasome. 293T cells
were transfected with HA-E2F1, HA-E2F1S31A, or HA-E2F1�N85

and then treated with MG-132 at 20 µM for 5 h. Proteins were
detected by immunoblotting with an HA specific antibody. (C)
293T cells were transfected with HA-E2F1, HA-E2F1S31A, or
HA-E2F1�N85 and then treated with NCS for the indicated time.
Proteins were detected by immunoblotting with an HA specific
antibody. (D) Induction of E2F1 in response to DNA damage
requires ATM. 293T cells were transfected with HA-E2F1 along
with HA-ATMKi or vector. The cells were then treated with
NCS for the indicated time. Transfected E2F1 was detected with
an HA-specific antibody (top). Expression of transfected ATMki

protein was confirmed by immunoprecipitation with HA beads
followed by immunoblotting with ATM antibody (Ab-3) (bottom).

Lin et al.

1838 GENES & DEVELOPMENT



wild-type E2F1 protein versus the Ser 31 mutant for a
response to NCS is shown in Figure 7C. The wild-type
protein was again induced by DNA damage but in con-
trast, the Ser 31 was not affected. As a further control,
the amino-terminal deletion was also not affected by
treatment with NCS.
To explore the role of ATM in the DNA damage-me-

diated induction of E2F1, we again made use of the AT-
Mki mutant to block ATM activity. Cells were trans-
fected with the E2F1-expressing plasmid alone or to-
gether with the ATMki mutant, treated with NCS, and
then assayed for E2F1 protein accumulation. As shown
in Figure 7D, NCS again induced E2F1 protein accumu-
lation, which was blocked by the ATMki mutant. Based
on these results, we conclude that the induction of E2F1
protein accumulation that follows a DNA damage event
is dependent on ATM and involves the specific phos-
phorylation of E2F1 at a unique amino-terminal site.

A role for E2F1 in the DNA damage response
in mouse thymocytes

The specific induction of E2F1 protein following DNA
damage, together with the past work that has established
a role for E2F1 as a signal for p53-dependent apoptosis,
suggests the possibility of a functional role for E2F1 in
the DNA damage response. We have thus investigated
whether there is a role for E2F1 in cell cycle repression or
apoptosis following DNA damage using mice in which
the E2F1 gene has been disrupted by homologous recom-
bination.
Previous work has shown that DNA damage-induced

apoptosis in thymocytes is p53-dependent (Clarke et al.
1993; Lowe et al. 1993). Moreover, other work has shown
a role for E2F1 in thymocyte cell death associated with
negative selection (Field et al. 1996). As such, we have
examined the role of E2F1 in thymocyte apoptosis fol-
lowing treatment with DNA damaging drugs. Consis-
tent with the results seen in the tumor cells and mouse
fibroblasts, E2F1 protein accumulation was induced by
treatment with etoposide (Fig. 8A). We have not detected
an induction of either E2F2 or E2F3 protein under these
conditions (data not shown) although we also cannot de-
tect basal levels of these proteins to confirm that the
induction is indeed specific. Although there was no ap-
parent effect of E2F1 status on the G1/S arrest as mea-
sured by 3H-thymidine incorporation (data not shown),
we did find that the thymocytes from E2F1−/− mice were
more resistant to etoposide-induced cell death as com-
pared with thymocytes from their wild-type siblings (Fig.
8B). The sensitivity of the E2F1+/− heterozygotes fell be-
tween wild-type and E2F1−/− counterparts. In our short-
term overnight culture, the viability of thymocytes
without etoposide treatment is around 80% (E2F1+/+,
84.5 ± 8%; E2F1+/−, 81.9 ± 5%; E2F1−/−, 86.6% ± 5%).
The viability of thymocytes after etoposide treatment is
normalized to untreated for each animal. The assay was
carried out in five or six 4- to 8-week-old animals from
each genotype and they are siblings from several differ-
ent pairs of parents. When the experiment was carried

out in six-month-old mice, we also observe an attenua-
tion of etoposide-induced apoptosis in thymocytes from
E2F1−/− mice (Fig. 8C). A similar difference in drug sen-
sitivity was observed when cisplatin or adriamycin was
used (data not shown).
One possible explanation for the differential sensitiv-

ity of wild-type and E2F1−/− thymocytes could be an al-
teration in the thymocyte population, and in particular
an increase in the proportion of single positive cells
(CD4+CD8− or CD4−CD8+) because these single positive
cells have been shown to be more resistant to apoptosis
as compared with the double positive thymocytes (Lowe
et al. 1993). To address this possibility, we have analyzed
the population of thymocytes, by CD4 and CD8 immu-
nostaining, from the wild-type and E2F1−/− mice. As seen
by the analysis in Figure 8D, the proportion of each
population is quite similar between E2F1+/+ and E2F1−/−

mice either in age of 4- to 8-weeks or six months. To
further examine the population of thymocytes, cells
were stained with an antibody to CD3�, a component of
the T cell receptor expressed at high levels in mature
cells. The percent of CD3�hi thymocytes was essentially
the same between E2F1+/+ and E2F1−/− mice, either at
4–8 weeks of age (E2F1+/+ 24.4 ± 3.7; E2F1−/− 22.7 ± 6.0)
or at six months of age (E2F1+/+ 27.7 ± 5.3; E2F1−/−

28.3 ± 10). Thus, based on these results, we conclude
that it is the absence of E2F1 activity in thymocytes
derived from E2F1−/− mice, rather than a shift in the
thymocyte population, that attenuates the DNA dam-
age-induced apoptosis response. This finding, together
with the observations that demonstrate an induction of
E2F1 accumulation following DNA damage, strongly
suggests a role for the E2F1 pathway in the DNA damage
response.

Discussion

An understanding of the mechanisms involved in the
DNA damage response has developed rapidly over the
past several years, placing control of p53 accumulation
at a critical juncture in the decision to arrest cell growth
or initiate programmed cell death. These studies have
led to the realization that part of the DNA damage re-
sponse involves the activation of protein kinases of the
PI3-K family, including ATM and ATR, that can specifi-
cally target p53 for phosphorylation, either directly or
indirectly through the chk2 kinase (Hirao et al. 2000). In
part, these phosphorylation events are believed to block
the ability of Mdm2 to inhibit p53 transcriptional activ-
ity as well as to target p53 for degradation. As such, the
level of active p53 protein rises, leading to enhanced ex-
pression of key p53 target genes that function as cell
cycle inhibitors as well as inducers of apoptosis.
Likewise, an understanding of the role of p53 as a cell

cycle checkpoint, responding to alterations in either the
Rb pathway or the Myc protein, has also rapidly ad-
vanced. In particular, the role of Mdm2 as a p53-specific
ubiquitin ligase, the role of the recently identified
p19ARF protein in the control of Mdm2 activity, and the
role of the E2F1 protein as a signal for apoptosis and
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Figure 8. A role for E2F1 in DNA damage-induced thymocyte death. (A) Western blot analysis of E2F1 protein induction in thymo-
cytes analyzed 22 h following treatment with etoposide (2 µM). (B) Viability assays. Thymocytes were prepared from 4–8-week-old
mice and cell viability was analyzed 20 h following treatment with etoposide at concentrations ranging from 2 to 500 µM. (C) Viability
assays. Thymocytes were prepared from six month-old mice and cell viability was analyzed 20 h following treatment with etoposide
at concentrations ranging from 2 to 200 µM. (D) Flow cytometry profiles following CD4 and CD8 immunostaining of thymocytes from
E2F1+/+ or E2F1−/− mice at either eight wk of age or six mo of age.
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inducer of ARF expression, now defines a pathway that
leads from the Rb/E2F cell cycle pathway to p53 accu-
mulation. Moreover, recent data has also shown that at
least part of the action of Myc as an inducer of apoptosis
and p53 accumulation is dependent on E2F1 (Leone et al.
2001). The results presented here now suggest a role for
E2F1 in signaling apoptosis not only as a consequence of
deregulation of the Rb cell cycle pathway or in response
to Myc, but also in response to DNA damage, involving
the same ATM/ATR pathway that controls p53 accumu-
lation.

E2F1 protein is specifically induced by DNA damage

Consistent with reports by others (Huang et al. 1997;
Blattner et al. 1999; Hofferer et al. 1999; Meng et al.
1999), we observe an induction of E2F1 by several DNA-
damaging chemotherapeutic drugs in a variety of tumor
cell lines independent of p53 or Rb status. The data we
present here now demonstrates a similar induction of
E2F1 in normal fibroblasts and thymocytes, indicating
that DNA damage-induced E2F1 is a general phenom-
enon. This induction is rapid (within 4 h of drug treat-
ment) and is mediated through a posttranscriptional
mechanism that likely involves protein stabilization
(Blattner et al. 1999). More importantly, we also show
that E2F1, unique among the E2F family, is specifically
induced, which makes it unlikely that its induction is
simply a secondary phenomenon caused by an enrich-
ment of G1/S arrested population. Taken together, these
observations demonstrate a specific response of E2F1 fol-
lowing a DNA damage event.
The mechanisms that control the accumulation of

E2F1 activity in normally growing cells are complex and
involve transcriptional control of the E2F1 promoter
(Hsiao et al. 1994; Johnson et al. 1994; Sellers et al. 1995),
control of E2F1 DNA-binding activity through the action
of cyclin A/cdk2 (Krek et al. 1994), and control of E2F1
protein stability through ubiquitin-mediated degrada-
tion by the proteasome (Hateboer et al. 1996). Two ac-
tivities have been implicated in the control of E2F1 deg-
radation—the binding of Rb to the carboxyl terminus of
E2F1 (Hateboer et al. 1996; Hofmann et al. 1996) and the
binding of p45Skp2 to the amino-terminal sequences of
the protein (Marti et al. 1999). The binding of unphos-
phorylated Rb to the carboxyl terminus of E2F1 may be
important for the stability of Rb–E2F1-repressor com-
plexes during an exit from cell cycle progression to qui-
escence but likely cannot account for the specific induc-
tion of E2F1 in response to DNA damage because cell
lines lacking Rb expression still maintain the inducibil-
ity of E2F1 protein.
A more likely mechanism controlling E2F1 stability in

response to DNA damage would be the role of the ubiq-
uitin-protein ligase SCFSkp2 and E2F1 (Marti et al. 1999).
p45Skp2 is a member of a rapidly expanding family of F
box protein components of SKP1-CDC53 (cullin)-F-box
(SCF) complexes that function as E3 ligases (Winston et
al. 1999). E3 ubiquitin-protein ligases mediate a critical
step in substrate recognition and are essential for ubiq-

uitination reaction. The SCF complexes utilize different
F-box proteins as a substrate specific receptor and target
a specific protein to degradation. Recently, p45Skp2 was
reported to be the F-box protein that can bind to the
amino terminus of E2F1 and target E2F1 for degradation
in S/G2 phase (Marti et al. 1999). We can only speculate
as to how ATM-mediated phosphorylation might alter
the degradation of E2F1 but we do note that the site of
phosphorylation (serine 31) lies within the domain rec-
ognized by Skp2. Thus, it is possible that the ATM/ATR-
mediated phosphorylation inhibits the binding and func-
tion of Skp2 and thus prevents the normal degradation of
E2F1 (Fig. 9).

A specific role of E2F1 induction following DNA
damage

Our finding that a DNA damage response is attenuated
in thymocytes lacking E2F1 provides evidence that the
induction of E2F1 protein is in fact important. Although
there was little or no evidence for any significant differ-
ence in the response of primary mouse embryonic fibro-
blasts (MEFs) with different E2F1 genotypes to various
chemotherapeutic drugs, as measured by the extent and
kinetics of G1/S arrest or apoptosis (data not shown), and
there was no significant difference of G1/S arrest in thy-
mocytes from these mice, we found that the DNA dam-
age-induced apoptosis is significantly attenuated in thy-
mocytes from E2F1−/− mice. This tissue-dependent dif-
ferential function for one gene is not without precedent.
Although p53 induction is important for DNA damage-
induced apoptosis in thymocytes (Clarke et al. 1993;
Lowe et al. 1993), the role for p53 in fibroblasts is mainly
for G1/S arrest (Kastan et al. 1992). Although the etopo-
side-induced apoptosis is attenuated but not completely
abrogated in E2F1−/− thymocytes (Fig. 8), the etoposide-
induced apoptosis in p53−/− thymocytes was shown to be
decreased rather than completely abolished (Clarke et al.
1993). As shown by our analysis of thymocyte popula-
tions (Fig. 8D), the attenuation of apoptosis in E2F1−/−

thymocytes is attributable to a lack of E2F1 induction
rather than a secondary phenomenon from a shift in thy-
mocyte differentiation because there is no significant
difference in the subpopulation (defined by CD3�, CD4,
and CD8 surface marker expression) among the mice we
used. The reason that we failed to observe a similar dif-
ference on thymocyte subpopulation in E2F1−/− mice as
reported previously (Field et al. 1996) may be related to a
different genetic background as we have bred the mice to
C57/BL6 background for at least eight generations.
Our finding that E2F1 is induced in response to DNA

damage, dependent on ATM/ATR kinase activity, and
the fact that ATM/ATR can specifically phosphorylate
E2F1, now expands the events involving p53 that re-
spond to DNA damage. The consequence of this E2F1
induction could be twofold (Fig. 9). Given the role of
E2F1 in inducing p53 accumulation through an activa-
tion of p19ARF, the effect of ATM/ATR on E2F1 could be
to simply amplify the accumulation of p53. That is,
ATM/ATR induces p53 both by preventingMdm2 action
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and by reducing Mdm2 levels. Alternatively, E2F1 may
activate additional genes such as p73 (Irwin et al. 2000;
Lissy et al. 2000; Stiewe and Putzer 2000), in addition to
p19ARF, that further contribute to the apoptosis response.

Materials and methods

Cells

H460, H358, H125, H596, H520 cell lines were gifts from
Gerold Bepler (Roswell Park Memorial Institute) and were

maintained in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS). HepG2 and Hep3B were purchased fromATCC and
HFF (human foreskin fibroblast) were obtained from Clonetics.
Primary cultured MEFs of different E2F1 genotypes were pre-
pared from 12.5- to 14.5-day-old embryos as described previ-
ously (Kamijo et al. 1997). p53−/− and wild-type littermate MEFs
have been described previously (Kowalik et al. 1995). MEF,
Hep3B, HepG2, and HFF cultures were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% heat inactivated FBS. GM2184, 3382, 1526, 3332, and 719
were purchased from Coriell Cell Repositories and were main-
tained in RPMI 1640 supplemented with 15% heat inactivated
FBS. To obtain thymocytes, thymuses from mice with different
E2F1 genotypes were crushed between two glass slides. Con-
nective tissue was removed by passage through nylon mesh, and
thymocytes were purified over a Ficoll-Paque gradient and cul-
tured at a density of 1 × 106 cells/mL in RPMI 1640 supple-
mented with 15% heat inactivated FBS and 50 µM 2-mercapto
ethanol. Cells were obtained in pups derived from E2F1+/−

× E2F1+/− parents, and the E2F1−/− cells were compared with the
cells derived from their sibling littermates. 293T cells were a
gift from Dr. Robert Abraham.

Mice

The E2F1−/− mice have been described previously (Field et al.
1996) and were kindly provided by Dr. M. Greenberg (Harvard
Medical School). The mice were bred to C57BL6.

Immunoblotting

Cell lysates (100 µg of protein) were fractionated by SDS-PAGE
and electrotransferred to Imobilon-P membrane. Equal protein
loading was confirmed with Ponceau-S staining. E2F1 antibody
(C-20 and KH-95), E2F2 antibody (C-20), E2F3 antibodies (C-18
and N-20), E2F4 antibody (C-20), and Rb-carboxy-terminal-spe-
cific antibody (C-15) were purchased from Santa Cruz, and the
immunoblot was performed with enhanced chemilumines-
cence assay (Amersham) according to the manufacturer’s in-
structions. Rb antibody (G3-245), which recognizes an epitope
between amino acid 300 and 380 of human Rb, and p53 antibody
(Pab 240) were purchased from Pharmingen. GST antibody (B-
14) and HA antibody (Y-11) were purchased from Santa Cruz.
ATM antibody (Ab-3) was purchased from Oncogene Research
Products.

RNA analysis

The isolation of mRNA and Northern blot with E2F1-specific
and E2F3-specific probes were performed as described previ-
ously (Leone et al. 1998).

Drug sensitivity assay

Cisplatin, etoposide, and adriamycin were obtained from Sigma.
Cells were treated with drugs as indicated and cell viability was
assayed by trypan blue exclusion. Drug-induced apoptosis was
also confirmed with annexin V-FITC/propidium iodide staining
(Pharmingen) and propidium iodide DNA staining followed by
flow cytometry (Kowalik et al. 1995).

ATM/ATR kinase assays

293T cells were transiently transfected with either pBJ-HA-
ATM, pBJ-HA-ATMki, pcDNA3-Flag-ATR, or pcDNA3-Flag-
ATRki by the Fugene6 method (Roche). The ATM and ATR

Figure 9. Role of E2F1 in the DNA damage response. (A) A link
between the Rb/E2F pathway and the DNA damage response. In
addition to the role of ATM and ATR in inducing p53 accumu-
lation, the results presented here identify E2F1 as a target for
ATM and ATR in response to DNA damage. The consequence
of the E2F1 induction could be seen as a further augmentation
of p53 accumulation through an activation of p19ARF. In addi-
tion, given the ability of E2F1 to induce the p73 gene, the action
through E2F1 could lead to a p53-independent effect on apop-
tosis. (B) Potential mechanism for ATM/ATR-mediated stabili-
zation of E2F1. Previous work has documented the role of an
SCF complex in targeting an amino-terminal domain of E2F1,
leading to ubiquitin-dependent proteasome degradation. The site
for ATM/ATR phosphorylation lies within this domain; as such,
we speculate that the phosphorylation might prevent the interac-
tion of the SCF complex with E2F1 and thus prevent degradation.
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kinases were prepared as described previously (Tibbetts et al.
1999) with 12CA5 antibody (Boehringer-Mannheim) for HA-
ATM and M2 antibody (Sigma) for Flag-ATR. GST–p53 (aa
1–70), GST–E2F1, GST–E2F2, and GST–E2F3 were produced
and purified from Escherichia coli.

Plasmid constructs and transfections

ATR and ATM expression vectors were kind gifts from Dr. Rob-
ert Abraham (Tibbetts et al. 1999). E2F1 mutant S31A was gen-
erated using GeneEditor in vitro site-directed Mutagenesis Sys-
tem (Promega) with primer 5�-CGGCTGCTCGACTCTGCGC
AGATCGTCATC-3�. �N85 deletional mutant was generated
by PCR with primers: 5�-CTCGGATCCGCCAGCGCCCC
GCCGGTGAAG-3� and 5�-CCGAGTGGCTCAGCAGCTC
CAGGAAGCG-3�. The PCR product was then digested with
BamHI and BlpI and cloned into BamHI–BlpI fragment of
pcDNA3HAE2F1 (a gift from Dr. Wilhelm Krek, Friedrich
Miescher Institute, Basel, Switzerland). The mutation and dele-
tion were verified by sequencing. For transfection, 293T cells
were transiently transfected with plasmids by the Fugene6
method. To ensure equal transfection efficiency, one trans-
fected master plate was then split equally to generate plates for
individual samples.

In vivo labeling

Two days after transfection, 293T cells were starved for 30 min
in 2 mL of phosphate-free DMEM and 32P-orthophosphate (2
mCi) was added for additional 2.5 h. Cells were washed and
lysed in RIPA buffer supplemented with protease inhibitors and
phosphatase inhibitors. Lysates were clarified by centrifugation
and HA-E2F1 was immunoprecipitated with HA.11 affinity ma-
trix (BAbCO).

Thymocyte surface marker staining

Thymocytes were suspended in PBS with 2% FBS and incubated
with anti-mouse CD16/CD32 (FC�III/II receptor) for 5 min. The
cells were then stained with allophycocyanin (APC)-conjugated
anti-CD3� (clone 145–2C11), fluorescein isothiocyanate (FITC)-
conjugated anti-CD4 (clone H129.19), and R-phycoerythrin
(PE)-conjugated anti-CD8 (clone 53–6.7) (all obtained from
Pharmingen) for 15 min. The cells were then washed with PBS/
2% FBS twice and fixed in fresh 1% paraformaldehyde for flow
cytometry.
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