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DNA Damage Signals through Differentially Modified E2F1 Molecules
To Induce Apoptosis

Jasmyne Carnevale,a,c Oliva Palander,a,c Laurie A. Seifried,a,c and Frederick A. Dicka,b,c

London Regional Cancer Program,a Children’s Health Research Institute,b and Department of Biochemistry, University of Western Ontario,c London, Ontario, Canada

E2F transcription can lead to cell proliferation or apoptosis, indicating that E2Fs control opposing functions. In a similar man-
ner, DNA double-strand breaks can signal to induce cell cycle arrest or apoptosis. Specifically, pRB is activated following DNA
damage, allowing it to bind to E2Fs and block transcription at cell cycle promoters; however, E2F1 is simultaneously activated,
leading to transcription at proapoptotic promoters. We examined this paradoxical control of E2F transcription by studying how
E2F1’s interaction with pRB is regulated following DNA damage. Our work reveals that DNA damage signals create multiple
forms of E2F1 that contain mutually exclusive posttranslational modifications. Specifically, E2F1 phospho-serine 364 is found
only in complex with pRB, while E2F1 phosphorylation at serine 31 and acetylation function to create a pRB-free form of E2F1.
Both pRB-bound and pRB-free modifications on E2F1 are essential for the activation of TA-p73 and the maximal induction of
apoptosis. Chromatin immunoprecipitation demonstrated that E2F1 phosphorylated on serine 364 is also present at proapop-
totic gene promoters during the induction of apoptosis. This indicates that distinct populations of E2F1 are organized in re-
sponse to DNA damage signaling. Surprisingly, these complexes act in parallel to activate transcription of proapoptotic genes.
Our data suggest that DNA damage signals alter pRB and E2F1 to engage them in functions leading to apoptotic induction that
are distinct from pRB-E2F regulation in cell cycle control.

The mammalian cell division cycle is intricately regulated by the
retinoblastoma protein (pRB) and its associated E2F tran-

scription factors. In the G1 phase, pRB interacts with E2F1 to -4
and negatively regulates transcription of cell cycle gene promoters
that contain E2F binding sites (6). When cells are stimulated to
proliferate, pRB is phosphorylated and E2Fs are released, activat-
ing expression of E2F target genes and stimulating the advance-
ment of the cell cycle. While this simple model of cell cycle control
has dominated our view of pRB and E2F function, more special-
ized aspects of their function are also beginning to emerge.

One function that has been suggested to set E2F1 apart from
other E2F family proteins is its ability to induce apoptosis (13). In
ectopic expression studies, E2F1 is the most potent E2F for induc-
ing apoptosis (10). It has also been suggested that ectopic E2F1
may not induce cell cycle entry in primary cells unless accompa-
nied by mutations that disrupt pRB or p53-p21 signaling (32).
Furthermore, E2F1 may be required for apoptotic induction by
other E2F family proteins (28). Gain-of-function studies have re-
vealed a role for E2F1 in apoptosis, where it begins by escaping
pRB transcriptional regulation (17, 26). E2F1’s best known pro-
apoptotic targets are the TA-p73 promoter and the INK4A pro-
moter, which is specific for the ARF gene product (3, 20, 26). As a
member of the p53 family, TA-p73 is capable of inducing expres-
sion of many proapoptotic genes to induce cell death (41). Simi-
larly, increased expression of ARF blocks MDM2 from degrading
p53 and also leads to cell death (13). In this way E2F1 can induce
both p53-dependent and -independent pathways to apoptosis.
E2F1’s unique ability to activate transcription from these proapop-
totic promoters relies on the specificity of recognition for the pro-
moter, and it also has been shown that E2F1 can utilize the inter-
actions through its marked box with specialized adapter proteins
such as Jab1 to induce transcription of proapoptotic targets (14,
26, 40). These experiments have provided important insight into
E2F1’s mechanism of apoptotic induction; however, since they
rely on overexpression, it is unclear how E2F1 can escape pRB

regulation at endogenous levels. It is also unclear from this work
what physiological circumstances activate E2F1 to use its proapop-
totic activities.

A physiological stimulus that activates E2F1 independently of
cell cycle control is DNA damage. DNA damage leads to the sta-
bilization of E2F1 expression similarly to p53 (4, 16). This implies
that DNA damage can activate E2F1 to participate in an apoptotic
signaling pathway. In response to double-strand DNA breaks,
E2F1 is phosphorylated on serine residues 31 and 364, acetylated
on lysines 117, 120, and 125, and demethylated at lysine 185 (27,
29, 40, 43). Cells deficient for E2F1 are resistant to DNA damage-
induced apoptosis, revealing that it has an essential role in this cell
death pathway, although its importance may be greater in p53
mutant cells (21, 29, 33, 40, 47). A complicating factor in the
interpretation of E2F1’s role in DNA damage responsiveness is
pRB. While DNA damage can induce cell death, it also leads to a
pRB-dependent cell cycle arrest (5, 15). The RB protein is capable
of responding to DNA damage and blocking the cell cycle in both
G1 and S phases (2, 5, 15, 24, 25). This arrest includes the dephos-
phorylation of cyclin/cyclin-dependent kinase (CDK) sites on
pRB, followed by the formation of repressive pRB-E2F complexes
that block transcription of cell cycle-regulated genes (2, 5, 25).
Intriguingly, pRB is also subject to posttranslational modifica-
tions in response to double-strand DNA breaks, as it is acetylated
at lysine 874, methylated on lysines 810, 860, and 873, and phos-
phorylated at serine 612 (7, 19, 35, 38, 42). Thus, pRB and E2F1 are
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highly regulated as part of the cellular response to DNA damage,
but it is difficult to understand how their opposing functions in
cell cycle control and apoptosis can be managed simultaneously.

Studies that have evaluated posttranslational modifications on
pRB and E2F1 in response to DNA breaks have drawn little con-
sensus. It has been suggested that acetylation of pRB releases E2F1
to induce cell death, leaving in question how pRB interacts with
other E2Fs under these circumstances (35). Conversely, it has
been reported that phosphorylation of pRB at serine 612 induces
complex formation with E2F1 to maintain cell viability (19).
Lastly, it has also been proposed that pRB and E2F1 form a com-
plex in response to DNA damage to activate transcription of pro-
apoptotic target genes (18). Independent of its response to DNA
damage, pRB is also capable of forming two distinct types of in-
teraction with E2F1, one that is disrupted by cyclin-dependent
kinase phosphorylation and one that is not, indicating that regu-
lation of their interaction is likely more complex than for other
E2Fs (8, 9, 11, 23). Taking these findings together, there are many
possibilities for how pRB and E2F1 can interact and function in
the DNA damage response, but a cohesive mechanism has yet to
emerge.

We have studied pRB-E2F1 interactions following DNA dam-
age and determined that distinct pRB-“free” E2F1 and pRB-E2F1
complexes form in response to DNA double-strand breaks. Using
a combination of mutational analysis to block addition of post-
translational modifications to E2F1, as well as modification spe-
cific antibodies, we have determined that serine 31 phosphoryla-
tion and lysine 117, 120, and 125 acetylation on E2F1 contribute to
the formation of a “free” form of E2F1 that does not bind pRB.
Furthermore, we demonstrate that serine 364 phosphorylation of
E2F1 is a component of a unique complex of hyperphosphory-
lated pRB and E2F1 in response to DNA damage. Reconstitution
of E2f1�/� 3T3 cells with human E2F1 mutants reveals that post-
translational modifications that characterize separate populations
of E2F1 are necessary for maximal activation of transcription at
proapoptotic target genes and for the induction of apoptosis in
response to DNA damage. Despite its critical role in DNA
damage-dependent apoptosis, serine 364 on E2F1 is found only in
primates, indicating that this aspect of E2F1 function is unique to
their DNA damage response.

MATERIALS AND METHODS
Cell culture. Human U2OS cells and primary IMR90 fibroblasts were
obtained from the American Type Culture Collection. Phoenix-Eco cells
were obtained from the National Gene Vector Laboratory Biorepository
(Stanford University Medical Center). E2f1�/� 3T3 cells were generated
using standard methods (46). Briefly, E2f1�/� fibroblasts were plated at a
density of 1 � 106 cells per 10-cm dish and subcultured at the same density
every 3 days. Immortal E2f1�/� 3T3 cells were used between passages 20
and 25. All cells were cultured in growth medium that contained Dulbecco
modified Eagle medium (DMEM) supplemented with L-glutamine, strep-
tomycin, penicillin, and 10% fetal bovine serum. Cells were maintained in
a humidified chamber at 37°C with 5% CO2. Cells were treated with eto-
poside at the concentrations and times described in the figure legends. All
untreated controls received dimethyl sulfoxide (DMSO) vehicle only, for
the same time period.

Plasmid constructs. CMV-HA-E2F1, CMV-HA-DP1, and CMV-�-
Gal have been described previously (11). CMV-HA-E2F1 constructs with
K117R, K120R, K125R (KR), and S31A substitutions and the -DM com-
bination were gifts of A. Gulino and M. Levrero (University of Rome)
(40).

The E2F1 S364A allele was constructed by PCR mutagenesis using

previously described methods (12). Inserting the BglII-NotI S364A mu-
tant fragment into the same sites of CMV-HA-E2F1-DM created the
E2F1-TM mutant. pBABE-HA-E2F1 and corresponding mutants were
constructed by transferring the respective HA-E2F1 cDNAs into the
pBABE-puro vector. The pMOV-� plasmid carrying the Gag, Pol, and
Env genes was described by Mann et al. and was a gift from M. Golding
(Texas A&M) (34).

Recombinant proteins. Previously reported glutathione S-transferase
(GST)-tagged wild-type and mutant pRB large-pocket (RBLP) fragments
were inserted into the pSCodon1 plasmid, and proteins were expressed
using the Staby Codon T7 system (Delphi Genetics, Belgium) (23). LB-
Amp cultures were grown at room temperature and induced, and proteins
were purified from extracts using standard procedures. All proteins were
eluted with glutathione and dialyzed overnight against a 1,000� excess of
buffer, and the final protein was subjected to SDS-PAGE to determine
quantity and purity.

Transfections and infections. U2OS cells were plated at 1 million to 2
million cells per 10-cm dish at 24 h prior to transfection and refed fresh
growth medium at 3 h prior to transfection by calcium phosphate precip-
itation. Cells were transfected with 1 �g of CMV-HA-E2F1, 1 �g of CMV-
HA-DP1, and 20 �g of CMV-�-Gal plasmid for 16 h. The following day,
cells were refed with fresh medium and collected at 48 h posttransfection.

E2f1�/� 3T3 cells were retrovirally transduced at passage 21. Briefly,
Phoenix-Eco retroviral packaging cells were plated at a density of 11 mil-
lion cells per 15-cm dish in 20 ml of medium 1 day before transfection. At
4 h pretransfection, cells were refed with 20 ml of fresh medium. Phoenix-
Eco cells were transfected with 45 �g of pBABE-puro vectors along with
30 �g of pMOV-�. At 12 h posttransfection cells were refed with fresh
medium, and viral supernatants were collected at 48 and 60 h posttrans-
fection. Viral supernatants were filtered, supplemented with Polybrene,
and added to E2f1�/� 3T3 cells. Each infection was allowed to take place
for 12 h. After two rounds of viral infection, fresh medium containing 4
�g/ml puromycin was added and left for 4 days to select infected cells.
Cells were then passaged once, after which they were plated and used for
functional assays.

Protein binding assays. For GST pulldown assays, either transiently
transfected or untransfected cells were harvested and nuclear extracts
were prepared (8). Extracts were diluted in low-salt GSE buffer (20 mM
Tris [pH 7.5], 200 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM
dithiothreitol [DTT], and 0.1% NP-40) and incubated with GST or GST-
RBLP proteins. Protein complexes were collected with 20 �l of bead slurry
for 1 h and eluted in 1� Laemmli buffer.

Quantitative immunoprecipitation (IP) experiments were performed
on 5 mg of U2OS nuclear extract in 1.5 ml. Extracts were precleared with
50 �l of protein G Dynabeads prebound to 4 �g of nonspecific rabbit IgG.
The cleared supernatant was incubated with 200 �l of protein G Dyna-
beads prebound to 1 mg/ml of purified anti-pRB (C15) rabbit polyclonal
antibody overnight at 4°C. The next morning the supernatant was re-
moved and reincubated with 80 �l of protein G Dynabeads prebound to 1
mg/ml of purified anti-pRB (C15) rabbit polyclonal antibody for 2 h at
4°C, and the initial 200 �l of antibody-bead complexes was collected and
stored on ice. After the second depletion of pRB complexes, the superna-
tant was removed and incubated with 200 �l of protein G Dynabeads
prebound to 1 mg/ml of anti-E2F1 (C20) rabbit polyclonal antibody
(Santa Cruz) for 8 h at 4°C. Finally, all antibody-bead complexes were
collected, washed in low-salt GSE buffer, and eluted in 1� Laemmli buf-
fer. Supernatant fractions were mixed with 5� Laemmli buffer so that
equivalent total volumes could be analyzed side by side using SDS-PAGE
and Western blotting.

Nonquantitative immunoprecipitations were performed as described
above but with the following modifications: 2 mg of nuclear extract was
used, 2 �g of antibody was prebound to 50 �l of protein G Dynabeads,
immunoprecipitations were performed overnight at 4°C, and elution was
in 50 �l of sample buffer. A nonspecific rabbit IgG immunoprecipitation
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was used in parallel in equal quantities as a negative control for all immu-
noprecipitation experiments.

Protein detection. Western blotting was carried out using standard
methods. All antibodies were used at a dilution of 1/1,000 of the stock in
blocking buffer (1% nonfat milk or 5% bovine serum albumin [BSA] in
the case of anti-acetyl-lysine and anti-E2F1 pSer364) for Western blots.
The antibodies used for immunoprecipitations were rabbit anti-pRB
(C15) produced and purified against a C-terminal 15-amino-acid peptide
from human pRB, rabbit anti-E2F1 pSer364 (Rockland 18434), and rabbit
anti-E2F1 (C20). Antibodies used for Western blots were mouse anti-
E2F1 KH20 (Santa Cruz), high-affinity rat antihemagglutinin (anti-HA)
(Roche 11867423001), mouse anti-pRB G3-245 (BD Pharmingen), rabbit
anti-p53 pSer15 (Cell Signaling 9284), rabbit anti-E2F1 pSer364 (Rockland
18434), mouse anti-acetyl-lysine (Millipore 05515), mouse anti-pRB
pSer612 clone 4E4 (CY-M1012; Cyclex), mouse anti-p53 monoclonal an-
tibody (MAb) (Ab1; Oncogene Research Products), mouse anti-TopBP1
(BD Transduction Laboratories 611874), rabbit anti-�-actin (Sigma
A2066), and mouse anti-lamin A/C (Chemicon International 3211).

Chromatin immunoprecipitation (ChIP) and real-time PCR. For
expression analysis, cells were harvested following treatment, and RNA
was extracted using TRIzol reagent as per the manufacturer’s recom-
mended protocol (Invitrogen). Quantitative real-time PCR was per-
formed using the QuantiFast SYBR green reverse transcription-PCR (RT-
PCR) kit as per the manufacturer’s instructions (Qiagen). Relative
expression was normalized to a �-actin control and is the average from
three independent experiments. RNA was amplified by PCR using prim-
ers specific to the mRNA sequences of mouse cyclin A2 (GAGAATGTCA
ACCCCGAAAA and GCAGTGACATGCTCATCGTT), cyclin E1 (CCTC
CAAAGTTGCACCAGTT and CACCCGTGTCGTTGACATAG), TA-
p73 (CTTCGAGCACCTGTGGAGTT and TGCTGAGCAAATTGAACT
GG), caspase-7 (TTTGCTTACTCCACGGTTCC and GAGCATGGACA
CCATACACG), and �-actin (CTGTCGAGTCGCGTCCACCC and ACA
TGCCGGAGCCGTTGTCG).

ChIP assays were performed as described previously (1, 44), using
rabbit anti-E2F1 pSer364 and rabbit anti-E2F1 (C20) antibodies and 3 �
107 cells per immunoprecipitation. DNA from precipitated complexes
was amplified by quantitative PCR (qPCR) using iQ SYBR green master
mix (Bio-Rad) and primers specific to the promoter regions of human
TA-p73 (TGAGCCATGAAGATGTGCGAG and GCTGCTTATGGTCT
GATGCTTATG) (49) and human GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) (GATGGTGATGGGATTTCC and TCTGGTAAAGTG
GATATTGTT) (45).

Cell cycle, growth, and cell viability assays. Bromodeoxyuridine
(BrdU) incorporation and cell cycle analysis were performed using stan-
dard techniques. Briefly, cells were pulse-labeled with BrdU, fixed, and
stained for BrdU incorporation and with propidium iodide (PI). The
proportion of cells in each phase of the cell cycle was determined by flow
cytometry on a Beckman-Coulter Epics XL-MCL instrument (22). For
growth curves, cells were plated in triplicate at a density of 5 � 104 cells per
well in 6-well tissue culture dishes. Every 24 h the cells were trypsinized,
resuspended in 1� phosphate-buffered saline (PBS), and counted using a
hemocytometer. Cell viability was quantitatively measured using the ala-
marBlue cell viability reagent as per the manufacturer’s instructions (In-
vitrogen). Cells were plated at a density of 5,000 cells in 100 �l medium
per well of a 96-well dish. One day later, cells were treated with DMSO or
etoposide. At 20 h posttreatment, alamarBlue was added to each well, and
after a 6-h incubation, fluorescence was measured at 570 nm using a
Wallac Victor2 1420 Multilabel counter. Cell viability measurements were
in comparison to an untreated control and were represented as the aver-
age from three independent experiments. Apoptosis was quantitatively
measured using the Apo-ONE homogeneous caspase-3/7 assay (Pro-
mega). Cells were plated and treated as described above. At 24 h posttreat-
ment, cells were lysed using the 2� Apo-ONE caspase-3/7 reagent and
agitated on a shaker for 1 h. Supernatants were transferred to a white
96-well plate, and the cleavage of the profluorescent caspase-3/7 substrate

Z-DEVD-R110 was quantitated using an excitation wavelength of 499 nm
and measuring emittance at 521 nm using a fluorescent plate reader
(Biotek Synergy H4 hybrid reader). Fluorescence of the caspase-3/7 sub-
strate was represented as the average from three independent experi-
ments.

RESULTS
Distinct E2F1 and pRB-E2F1 complexes form following DNA
double-strand breaks. The complexity of possible interactions
and functions for pRB and E2F1 following DNA double-strand
breaks motivated us to investigate their interactions in re-
sponse to this stimulus. For these experiments we utilized the
U2OS cell line, which is p53 positive and is known to induce
higher levels of E2F1 in response to DNA double-strand breaks.
We chose a topoisomerase II inhibitor, etoposide, to induce
double-strand DNA breaks in our experiments, and we con-
firmed its effects by Western blotting for the appearance of p53
phosphoserine 15 (pSer15). Figure 1A shows expression levels
of E2F1 and pRB in control and etoposide-treated cultures,
demonstrating elevated expression of E2F1. We next per-
formed immunoprecipitations to fractionate pRB-E2F1 com-
plexes from unbound E2F1 following DNA damage. In this
experiment, pRB was quantitatively precipitated from nuclear
extracts and E2F1 was in turn quantitatively precipitated from
the supernatant (Fig. 1B). Pellets were resuspended in an equal
volume of buffer as the supernatant, allowing equivalent
amounts of all fractions to be analyzed by Western blotting for
E2F1 and pRB levels (Fig. 1C). This experiment indicates that
in response to DNA double-strand breaks, the abundance of
E2F1 in pRB-bound complexes increases (Fig. 1C, compare
E2F1 in lanes 3 and 6), but a free form of E2F1 also remains
(Fig. 1C, lane 7). Importantly, we have accounted for all pRB
and E2F1 in these fractions because a control nuclear protein,
p53 pSer15, is readily detected in the supernatant when pRB and
E2F1 are not (Fig. 1C, lane 8). Using GST-E2F1 as a standard,
we estimated that the abundance of pRB-bound E2F1 following
DNA damage was approximately 5 times that of free E2F1 (Fig.
1D, compare E2F1 in lanes 2 and 3). To rule out “free” E2F1 as
an artifact of purification, we also utilized it in binding assays
with GST-RB large pocket (GST-RBLP). Figure 1E reveals that
“free” E2F1 in control extracts is capable of binding pRB,
whereas the “free” form following DNA damage is resistant to
this interaction (Fig. 1E, compare lanes 4 and 6). Taken to-
gether, these experiments indicate that pRB-E2F1 complexes
become more abundant in response to DNA damage and a
separate population of E2F1 becomes resistant to pRB binding.
Thus, distinct populations of E2F1 are created following DNA
damage. We refer to them as pRB-E2F1 complexes and pRB-
free E2F1 throughout this report.

We also investigated the organization of pRB and E2F1 inter-
actions following etoposide-induced DNA damage in IMR90
cells. We observed a similar increase in E2F1 expression (Fig. 2A)
and utilized a similar quantitative immunoprecipitation experi-
ment to assess pRB-E2F1 interactions following DNA damage
(Fig. 2B). As before, the abundance of E2F1 found in complex
with pRB increases following DNA damage (Fig. 2C, compare
E2F1 in lanes 4 and 9), but a population of pRB-free E2F1 is also
evident in IMR90 nuclear extract (Fig. 2C, lane 10). These analyses
of pRB-E2F1 complexes following DNA damage from different
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cell lines suggest that multiple forms of E2F1 organize in response
to double-strand DNA breaks.

Serine 31 phosphorylation and lysine acetylation are re-
quired to form a pRB-free fraction of E2F1. The data in Fig. 1E
indicate that a portion of E2F1 is modified by DNA damage sig-
naling to be resistant to pRB binding. To understand the molecu-
lar basis for this change, we developed an assay for E2F1 binding
following DNA damage (Fig. 3). GST-RBLP was used to precipi-

tate endogenous E2F1 from whole-cell lysates derived from DNA-
damaged cells or untreated controls. These experiments revealed
that elevated E2F1, expressed in response to DNA damage (Fig.
3A, lane 6), was largely unable to bind to GST-RBLP, but a basal
level of E2F1 binding to GST-RBLP was evident (Fig. 3A, lanes 8
and 9). In this regard it recapitulated the endogenous behavior of
pRB and E2F1 following DNA damage, in which some E2F1 binds
pRB while a portion becomes resistant. Similarly, normalizing the

FIG 1 DNA damage signaling generates two distinct populations of E2F1. (A) U2OS cells were treated with 100 �M etoposide or DMSO for 8 h. Relative
expression levels of pRB, E2F1, p53 pSer15, and lamin A/C in U2OS nuclear extracts were determined by Western blotting. (B) Schematic diagram of quantitative
immunoprecipitation (qIP) method. All pRB-containing complexes are first removed from nuclear extracts by immunoprecipitation, followed by all unbound
E2F1, and lastly depleted supernatant is retained as a control for the quantitative nature of the IP. (C) Nuclear extracts were successively precipitated with
antibodies against pRB and E2F1 as shown in panel B. Fractions were assayed for pRB, E2F1, and p53 pSer15 levels by Western blotting. (D) Quantitative
immunoprecipitation fractions from the DNA-damaged nuclear extracts in panel C were analyzed by SDS-PAGE alongside a range of recombinant GST-E2F1
protein standards. E2F1 Western blot analysis was used to compare pRB-free E2F1 and pRB-E2F1 protein quantities. The asterisk indicates a nonspecific band.
(E) pRB was quantitatively immunoprecipitated from untreated and etoposide-treated extracts. Fractions were Western blotted for pRB levels to ensure its
depletion. Untreated and treated supernatants were normalized for pRB-free E2F1 levels and used in GST pulldown experiments. Input levels of E2F1, as well as
E2F1 from GST-RBLP and GST-only pulldowns, were detected by Western blotting.
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levels of input E2F1 between untreated and etoposide-treated ex-
tracts (Fig. 3B, lanes 1 and 2) allowed for a simpler comparison of
GST-RBLP binding by E2F1 in this assay (Fig. 3B, compare lanes
4, 5, and 7 with lanes 9, 10, and 12). Furthermore, since pRB is
capable of interacting with E2F1 through either of two distinct
configurations, called the “general” and “specific” interactions, in
our experiments we used mutant GST-RBLP proteins that would
allow us to distinguish whether E2F1’s affinity was altered toward
either interaction (23). In this way, not only can we detect if E2F1
can bind wild-type pRB following DNA damage (Fig. 3B, compare
lanes 7 and 12), but we can also determine if there is an effect on
the general interaction (Fig. 3B, compare lanes 5 and 10) or the
specific interaction (Fig. 3B, compare lanes 4 and 9) in isolation.

We used this assay to investigate the effects of known modifica-
tions that are added to E2F1 in response to double-strand breaks.
Figure 4A shows a schematic diagram of the mutant E2F1 constructs
used in this study that eliminate sites of modification individually or
in groups. To investigate their effects on DNA damage signaling and
pRB-E2F1 interactions, U2OS cells were cotransfected with expres-
sion vectors for HA-E2F1 and HA-DP1 or for HA-E2F1-TM and
HA-DP1. Subsequently, transfected cell cultures were equally divided
and either treated with etoposide as before or processed in parallel as
an untreated control. Whole-cell extracts were prepared and analyzed
by SDS-PAGE and Western blotting (Fig. 4B). Samples were analyzed
for both exogenous HA-tagged E2Fs and total E2F1 expression levels.
Blots probed with E2F1 antibodies reveal that the exogenously intro-
duced HA-E2F1 proteins provide a modest increase in total E2F1
levels (Fig. 4B, compare E2F1 in lanes 1 and 3). Because exogenously
introduced wild-type HA-E2F1 is stabilized by DNA damage (Fig. 4B,
compare HA-E2F1 in lanes 3 and 4), this suggests that this transfec-
tion system allows us to modify exogenous HA-E2F1 proteins ex-
pressed at this level or lower levels and study their effects on pRB
interaction.

Figure 4C shows a GST pulldown experiment using U2OS cell
extracts that were normalized for HA-E2F1 levels from control
and etoposide-treated cells (Fig. 4C, lanes 1 and 2). This revealed
loss of interaction between wild-type HA-E2F1 and the different
GST-RB constructs in response to DNA damage, as E2F1 that is
capable of binding GST-RBLP is not visible at this level of film
exposure. In contrast all HA-E2F1-TM remained capable of bind-
ing pRB following DNA damage. This implicates known post-

FIG 2 pRB-E2F1 interactions in IMR90 cells following DNA damage. (A)
IMR90 cells were treated with 100 �M etoposide for 8 h, and nuclear extracts
were prepared. Western blots display the levels of E2F1 and pRB in response to
DNA damage. Blots of p53 pSer15 and lamin A/C control for DNA damage
treatment and loading, respectively. (B) Schematic diagram of quantitative
immunoprecipitation (qIP) method. All pRB-containing complexes are first
removed from nuclear extracts by immunoprecipitation, and depleted super-
natant is retained as a control for the quantitative nature of the IP. The immu-
noprecipitated fraction is resuspended in an volume equivalent to that of the
supernatant and used in Western blot analysis. (C) Anti-pRB and anti-E2F1
Western blots demonstrate their respective levels in each fraction from quan-
titative immunoprecipitations of untreated and etoposide-treated cells.

FIG 3 Development of GST-RBLP binding assays to investigate pRB-free
E2F1 following DNA damage. (A) U2OS cells were treated with 100 �M eto-
poside for 8 h, and whole-cell extracts were prepared. Equal quantities of
extract were mixed with the indicated GST-RBLP fusion proteins before they
were precipitated on beads and analyzed by SDS-PAGE and Western blotting.
Input levels of the various GST proteins are shown by SDS-PAGE and Coo-
massie blue staining. (B) Extracts were prepared as described above, but this
time the input amount used in GST pulldown experiments was normalized to
E2F1. For simplicity, this type of experiment was used for Fig. 4.
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translational modifications on E2F1 in regulating its ability to
contact pRB at either the “general” or “specific” binding sites in
response to double-strand DNA breaks.

To identify individual sites of modification on E2F1 responsi-
ble for blocking pRB-E2F1 interactions, we repeated this assay
using HA-E2F1 mutants that individually eliminate posttransla-
tional modifications. Figure 4D demonstrates the expression lev-
els of each mutant relative to the wild type in the input extracts and
reveals that they were lower than that of the induced wild-type
control (Fig. 4D, compare HA-E2F1 in lane 2 with lanes 3 to 10).

GST-RBLP pulldown experiments using these extracts showed
that mutation of either S31 or K117, 120, and 125 allowed E2F1 to
bind to GST-RBLP following DNA damage (Fig. 4E). Conversely,
HA-E2F1-S364A showed loss of interaction with pRB following
DNA damage like the wild type, suggesting that phosphorylation
at serine 364 is not involved in disrupting E2F1-pRB interactions.
In addition, probing blots of E2F1 precipitated from etoposide-
treated cells indicates that E2F1 phosphoserine 364 is actually en-
riched in the low levels of E2F1 that bind GST-RBLP following
DNA damage (Fig. 4F).

FIG 4 Serine 31 phosphorylation and lysine acetylation of E2F1 are necessary to form a pRB-free fraction of E2F1. (A) Schematic diagram of HA-E2F1 expression
vectors used in this study. Substitutions of serine to alanine and/or lysine to arginine found in each construct are shown. The corresponding name for each mutant
is also shown to the left. (B) U2OS cells were cotransfected with expression vectors for HA-E2F1 and HA-DP1 or for HA-E2F1-TM and HA-DP1. Cultures were
equally divided, and one was treated with 100 �M etoposide for 8 h and the other with DMSO as a control. Relative levels of exogenous HA-E2F1, HA-DP1, total
E2F1, p53 pSer15, and �-actin were determined by Western blotting. (C) Whole-cell extracts from treated and untreated controls were normalized for E2F1 levels.
Normalized extracts were mixed with the indicated GST fusion proteins, coprecipitated on beads, and detected by Western blotting for the HA epitope on
exogenous HA-E2F1 and HA-E2F1-TM. (D) U2OS cells were transfected with HA-E2F1, HA-E2F1-TM, HA-E2F1-KR, HA-E2F1-S31A, or HA-E2F1-S364A
expression vectors along with HA-DP1. Cultures were split and each half treated with DMSO or 100 �M etoposide for 8 h. Relative expression levels of HA-E2F1
proteins, p53 pSer15, and �-actin from whole-cell lysates were determined by Western blotting. (E) Whole-cell extracts from panel D were normalized for E2F1
levels, mixed with the indicated GST fusion proteins, and coprecipitated on beads, and E2F1 was detected by Western blotting for HA. (F) Etoposide-treated
extracts and GST-RBLP-bound E2F1 were Western blotted to detect total levels of E2F1 and E2F1 pSer364.
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Taken together, these experiments suggested that no individ-
ual modification on E2F1 affects “general” or “specific” pRB-E2F1
interactions in isolation. Instead, S31 and K117, 120, and 125 are
involved in modifications that contribute to creating a pRB-free
form of E2F1. A mechanism by which these modifications release
a portion of the E2F1 population from pRB control is proposed in
Discussion.

Serine 364 phosphorylation is associated exclusively with
pRB-E2F1 complexes. In order to better understand the role of
posttranslational modifications on pRB and E2F1 in regulating
their interactions, we also performed IP and Western blot analysis
to detect phosphoserine 364 on E2F1 (henceforth referred to as
E2F1 pSer364) and other posttranslational modifications on pRB
and E2F1. For Fig. 5A we investigated the abundance of E2F1
pSer364 in response to DNA damage. We normalized E2F1 levels in
nuclear extracts from untreated and etoposide-treated cells, pre-
cipitated E2F1 pSer364, and Western blotted for E2F1 (Fig. 5A).
This experiment confirmed that this modification is induced by
DNA double-strand breaks, as previously reported (43). We then
normalized pRB-E2F1 and pRB-free E2F1 fractions for E2F1 lev-
els and blotted for E2F1 pSer364. Strikingly, this modification is
found exclusively with pRB-E2F1 complexes following DNA
damage (Fig. 5B). This is consistent with experiments shown in
Fig. 4F, as low levels of E2F1 bound to GST-RBLP following DNA
damage were also highly enriched for E2F1 pSer364.

To better determine the abundance of complexes containing
E2F1 pSer364 and pRB, we selectively immunoprecipitated E2F1
pSer364 and total E2F1 and compared the levels of pRB found in
each (Fig. 5C). This reveals that the most prevalent form of pRB-
E2F1 complex that is assembled in response to DNA damage con-
tains E2F1 pSer364. When considered together with the abundance
of pRB-E2F1 versus pRB-free E2F1 determined in Fig. 1D, this
indicates that pRB-E2F1 complexes containing E2F1 pSer364 ac-
count for a substantial proportion of E2F1 following DNA dam-
age. This modification is added to E2F1 by Chk2, and it is also
known that pRB is phosphorylated by Chk2 in response to DNA
damage (19). For this reason, we sought to investigate if these
Chk2 phosphorylation sites are coincidentally modified and if this
could explain the exclusivity of E2F1 pSer364 with pRB. Compar-
ison of phosphoserine 612 on pRB (henceforth called pRB
pSer612) in anti-E2F1 and anti-E2F1 pSer364 immunoprecipitates
demonstrates that pRB pSer612 is largely excluded from interac-
tions with E2F1 pSer364 but is readily detected in immunoprecipi-
tates of total E2F1 (Fig. 5D, compare lanes 2 and 3). Similarly,
immunoprecipitation of pRB pSer612 does not yield E2F1 pSer364

by Western blotting (Fig. 5D, compare lanes 3 and 4). This is
highly suggestive that phosphorylated serine 364 is an important
component of pRB-E2F1 complexes following DNA damage and
that its abundance and exclusive nature are unlikely to be a coin-
cidence.

We further compared equal quantities of total E2F1 and E2F1
pSer364 obtained from immunoprecipitation (Fig. 5E). Western
blot analysis of these fractions revealed that hyperphosphorylated
pRB predominates in E2F1 pSer364-containing complexes (Fig.
5E, pRB blot, lane 2). This is striking because pRB in total E2F1 IPs
was largely dephosphorylated at this stage following DNA damage
(Fig. 5E, pRB blot, lane 3). This suggests that hyperphosphory-
lated pRB-E2F1 pSer364 complexes exist through the specific in-
teraction configuration, as this is the only way for E2F1 to bind to
hyperphosphorylated pRB (8). These experiments also revealed

that acetylation on pRB is excluded from E2F1 pSer364-containing
complexes, further emphasizing the distinct nature of pRB-free
and pRB-E2F1 complexes following DNA damage. Lastly, acety-
lated E2F1 is also excluded from pRB-E2F1 pSer364, and this also
highlights the unique properties of this complex (Fig. 5E, compare
AcK blots for lanes 2 and 3).

FIG 5 Mutually exclusive posttranslational modifications on E2F1 complexes
following DNA damage. (A) U2OS cells were treated with 100 �M etoposide
for 8 h, after which nuclear extracts were prepared and normalized to E2F1
levels (shown in the upper panel). E2F1 was immunoprecipitated with anti-
E2F1 pSer364 antibodies and detected by Western blotting. (B) Nuclear extracts
from etoposide-treated cells were quantitatively immunoprecipitated to pro-
duce pRB-E2F1 and pRB-free E2F1 fractions. IP samples were normalized with
respect to E2F1 levels and Western blotted for pRB, E2F1 pSer364, and total
E2F1. (C) Nuclear extracts from etoposide-treated cells were immunoprecipi-
tated with the indicated antibodies, and samples were normalized with respect
to E2F1 levels. Western blots for pRB, E2F1 pSer364, and total E2F1 are shown.
(D) Nuclear extracts from etoposide-treated cells were immunoprecipitated
with the indicated antibodies and Western blotted using an anti-pRB pSer612-
specific antibody and an anti-E2F1 pSer364 antibody. (E) Nuclear extracts from
etoposide-treated cells were immunoprecipitated with the indicated antibod-
ies, and IP samples were normalized with respect to total E2F1. Western blots
for pRB, acetylated lysine, E2F1 pSer364, and total E2F1 were used to assay the
posttranslational modifications present on both pRB and E2F1 in response to
DNA damage. ppRB represents hyperphosphorylated pRB, and pRB repre-
sents hypophosphorylated pRB; they were determined by relative migration in
SDS-PAGE. (F) Extracts from etoposide-treated cells were quantitatively pre-
cipitated with anti-pRB antibodies, and the precipitate and supernatant were
blotted for TopBP1, pRB, and E2F1 to determine their presence in these frac-
tions. (G) Model summarizing posttranslational modifications implicated in
the distinct pRB-E2F1 complex characterized in this figure.
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Given the similar role for Ser31 phosphorylation and lysine
acetylation in creating a pRB-free population of E2F1, we were
also curious to see if Ser31 phosphorylation of E2F1 is excluded
from pRB-E2F1 complexes. Phosphorylation-specific antibodies
to this site are unavailable, so we used a surrogate marker for its
presence on E2F1. TopBP1 has been shown to bind to E2F1 in a
Ser31 phosphorylation-dependent manner (30); consequently,
we blotted for it in fractions of pRB-E2F1 and pRB-free E2F1. This
analysis revealed that TopBP1 is found exclusively in the pRB-free
fraction (Fig. 5F, compare TopBP1 blots for lanes 2 and 3), sug-
gesting that Ser31 phosphorylation of E2F1 is also largely separate
from Ser364 phosphorylation in populations of E2F1 following
DNA damage.

These experiments demonstrate a remarkable contrast be-
tween pRB-E2F1 complexes and pRB-free E2F1 that are estab-
lished in response to DNA damage. Figure 5G shows a diagram
summarizing the posttranslational modifications that character-
ize and are excluded from the pRB-E2F1 pSer364 complex. Based
on our experiments studying posttranslational modifications and
associated proteins, DNA damage induces the formation of at
least two distinct molecular species containing E2F1 that either
contain pRB or exclude it.

DNA damage-induced posttranslational modifications on
E2F1 are dispensable for the induction of proliferation. In order
to determine the roles played by each species of E2F1 following
DNA damage, we generated an E2f1�/� 3T3 cell line. These cells
are deficient for p53 function, as determined by the inability of
DNA damage signaling to stabilize and elevate its expression or to
induce subsequent p21 expression (Fig. 6A). We used retroviral
expression of HA-E2F1 or mutants that are defective for DNA
damage-dependent posttranslational modifications to reconsti-
tute E2F1 expression. Western blots revealed uniform expression
of all HA-E2F1 proteins in asynchronous cultures (Fig. 6B) and
modest elevation of wild-type HA-E2F1 in response to DNA dam-
age (Fig. 6B, E2F1 blot, lane 4). Importantly, DNA damage signal-
ing led to phosphorylation of HA-E2F1 at serine 364 as shown by
IP-Western blot experiments using anti-E2F1 pSer364 antibodies
(Fig. 6C).

E2f1�/� 3T3 cells proliferated slowly compared to wild-type
3T3 cells. We investigated whether reexpression of HA-E2F1 in
these cells could complement this slow-growth phenotype. Each
mutant restored proliferation to the same level as for wild-type
HA-E2F1 in a 6-day growth curve experiment (Fig. 6D). Likewise,
the distributions of cells in each phase of the cell cycle were similar
among HA-E2F1 mutant-expressing cultures, and these were col-
lectively distinct from that of vector-only controls that contained
elevated levels of G1, consistent with slower proliferation (Fig. 6E).
Lastly, two key E2F target genes that induce proliferation, cyclin
A2 and cyclin E1, were assayed using real time RT-PCR and found
to be elevated in response to reexpression of wild-type and mutant
HA-E2F1 proteins (Fig. 6F).

These analyses establish a number of key baseline parameters
of our cell culture system that are critical to studying DNA damage
signaling through E2F1. First, this system allows us to investigate
apoptotic signaling in the absence of cell cycle control because the
p53-p21 cell cycle arrest axis is deficient. Defective cell cycle reg-
ulation also reduces the effect of arrest-dependent DNA repair
pathways on our analysis. In addition, expression of the different
mutants has relatively uniform effects on proliferation and E2F
transcription of cell cycle genes. Lastly, exogenously introduced

E2F1 proteins can be modified in response to double-strand DNA
breaks. Taken together, these factors ensure that the comparisons
of DNA damage responsiveness in apoptosis described below are
unlikely to be affected by differences in cell cycle regulation.

Both pRB-E2F1 and pRB-free E2F1 complexes are required
for maximal induction of apoptotic target gene expression and
cell death. As shown in our previous experiments, phosphoryla-
tion of serine 31 and acetylation of lysine residues 117, 120, and
125 are essential to the formation of the pRB-free form of E2F1.
Conversely, phosphorylation of serine 364 by Chk2 is a compo-
nent of a distinct pRB-E2F1 pSer364 complex following DNA dam-
age. For this reason we compared a double mutant, HA-E2F1
(which contains S31A and K117, 120, and 125R substitutions),
and an S364A mutant (which blocks the defining feature of pRB-
E2F1 complexes following DNA damage) in DNA damage-
dependent apoptosis assays. In addition, we utilized wild-type
HA-E2F1 and a triple mutant missing all three sites of posttrans-
lational modification as a further comparison in these experi-
ments.

Figure 7A shows real-time RT-PCR analyses of TA-p73 and
caspase-7 expression in response to DNA damage in E2f1�/�

3T3 cells expressing our mutant forms of HA-E2F1. This re-
vealed that wild-type HA-E2F1 induced the highest levels of
expression in response to DNA damage. Furthermore, each
mutant was defective for activation. This suggests that elimi-
nating modifications on E2F1 that are key to forming either the
pRB-free E2F1 population or pRB-E2F1 complexes is disrup-
tive to the activation of transcription. Importantly, none of
these mutants has a meaningful effect on transcription of cyclin
A2 or cyclin E1, as their expression either dropped slightly or
remained constant following DNA damage (Fig. 7B). We inves-
tigated the effects of diminished transcriptional activation of
proapoptotic target genes by two different means. First, using
alamarBlue viability dye, we demonstrated that both E2F1-DM
and -S364A mutants had intermediate effects on cell viability
following etoposide treatment (Fig. 7C). As expected, wild-
type E2F1 reduced viability the most and HA-E2F1-TM the
least in response to DNA damage. Second, using an assay to
measure caspase-3 and -7 catalytic activity directly, we demon-
strated that both HA-E2F1-DM and -S364A reduced caspase
activation relative to that with wild-type HA-E2F1 (Fig. 7D).
The presence of E2F1 pSer364 exclusively with pRB following
DNA double-strand breaks suggests that this modification may
mediate this interaction. We investigated this further using our
reconstituted cell lines by immunoprecipitating HA-E2F1 and
Western blotting for pRB. As shown in Fig. 7E, binding be-
tween pRB and HA-E2F1-S364A was indistinguishable from
that of the wild-type control either before or after DNA dam-
age. The implications for how Ser364 phosphorylation affects
E2F1 function in transcriptional activation and apoptosis will
be further explored in Discussion.

These experiments reveal that DNA damage signaling path-
ways liberate a portion of E2F1 from pRB regulation. These same
signals also organize a distinct pRB-E2F1 complex containing
E2F1 pSer364. Surprisingly, both forms of E2F1 are required for
transcriptional activation of the same target genes and, ultimately,
the induction of apoptosis.

E2F1 pSer364 is present at the TA-p73 promoter following
DNA double-strand breaks. Previous analysis of the TA-p73
promoter has suggested that multiple E2F transcription factor
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binding sites at the TA-p73 transcriptional start site are induc-
ibly occupied by E2F1 in an S31 phosphorylation- and lysine
acetylation-dependent manner (40). In order to determine
how directly the pRB-E2F1 pSer364 complex affects transcrip-
tional control, we sought to identify it at the same region of this
promoter by ChIP analysis. Using a modification-independent
antibody to E2F1, we detected an increase in its occupancy of
the TA-p73 promoter that is similar to that described in previ-
ous reports (Fig. 8). We also precipitated E2F1 pSer364 using
modification-specific antibodies. This revealed that E2F1
pSer364 is detectable in the same region of TA-p73 following
DNA damage (Fig. 8). This analysis, coupled with previously
published work on Ser31 phosphorylation and lysine acetyla-

tion, suggests that differentially modified forms of E2F1 im-
pinge on TA-p73 transcriptional regulation at a small region of
its promoter that contains multiple E2F binding sites.

DISCUSSION

This paper examines how signaling from DNA double-strand
breaks impinges on the interactions of pRB and E2F1, two pro-
teins that are known to interact but are capable of inducing differ-
ent cellular outcomes in response to this stimulus. Our data indi-
cate that serine 31 phosphorylation and lysine 117, 120, and 125
acetylation modifications on E2F1 are essential to create a pRB-
free form of E2F1. Furthermore, a distinct pRB-E2F1 complex
containing E2F1 pSer364 is also organized in response to

FIG 6 E2F1 mutants complement cell cycle and transcription defects in E2f1�/� cells. (A) Wild-type mouse embryonic fibroblasts (wt MEF) and E2f1�/� 3T3
cells were treated with DMSO or 100 �M etoposide for 8 h, after which extracts were analyzed by Western blotting. Relative expression levels of p53 and p21 are
shown. �-Actin serves as a loading control. (B) The indicated empty vector or E2F1-reconstituted (-WT, -TM, -DM, or -S364A) E2f1�/� 3T3 cells were treated
as for panel A, after which whole-cell extracts were analyzed by Western blotting for E2F1 and �-actin. (C) The indicated E2F1-reconstituted E2f1�/� 3T3 cells
were treated with 100 �M etoposide for 8 h. Nuclear extracts were prepared and immunoprecipitated with the indicated antibodies. Immunoprecipitated E2F1
was detected by Western blot analysis. (D) Growth curves for the indicated E2F1-reconstituted 3T3 lines. The total cell number was counted every 24 h following
plating for 6 days. Error bars indicate one standard deviation from the mean (n � 3). (E) Asynchronously growing cultures of the indicated E2F1-reconstituted
E2f1�/� 3T3 cells were pulse-labeled with BrdU for 1 h, processed for BrdU and PI staining, and analyzed by flow cytometry. Results are graphed as the percentage
of total cells in G0/G1, S, or G2/M. Error bars indicate one standard deviation from the mean (n � 3). (F) RNA was extracted from reconstituted E2f1�/� 3T3 cells,
and cyclin A2 and cyclin E1 expression was assayed by real-time RT-PCR. Results are normalized to the expression of �-actin and shown relative to the levels
observed in empty-vector-transduced cells (set to 1). Error bars indicate one standard deviation from the mean (n � 3).
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etoposide-induced DNA damage. Strikingly, both forms of E2F1
are essential for maximal induction of transcription of E2F1 pro-
apoptotic target genes and to induce apoptosis. Thus, our work
reveals previously unappreciated mechanisms that govern pRB-
E2F1 interactions that allow a distinct E2F1 transcriptional pro-

gram to activate transcription under circumstances where pRB is
normally dephosphorylated to repress E2F transcription in cell
cycle control.

The dual requirement for serine 31 phosphorylation and acet-
ylation of lysine 117, 120, and 125 in the creation of pRB-free E2F1

FIG 7 Multiple E2F1 complexes are required for transcription of proapoptotic genes and induction of apoptosis. (A) Reconstituted E2f1�/� 3T3 cells were
treated with 100 �M etoposide or DMSO for 6 h. RNA was extracted, and TA-p73 and caspase-7 induction was assayed by real-time RT-PCR. Results are
normalized to the expression of �-actin and shown relative to the levels observed in untreated cells (set to 1). Error bars indicate one standard deviation from the
mean (n � 3). Means were compared by the t test, and the resulting P values are indicated. (B) Cyclin A2 and cyclin E1 induction was assayed by real-time RT-PCR
as for panel A. Fold induction is shown relative to the levels observed in untreated cells (set to 1). (C) Reconstituted E2f1�/� 3T3 cells were treated with 10 �M
etoposide for 24 h. Cell viability was determined by using the alamarBlue cell viability reagent and measuring fluorescence at 570 nm. Percent viability is
represented as relative to the levels observed in empty-vector-transduced cells. Error bars indicate one standard deviation from the mean (n � 3). Means were
compared by the t test, and the resulting P values are indicated. (D) E2f1�/� 3T3 cells were treated with DMSO or 10 �M or 25 �M etoposide for 24 h. Apoptosis
was quantitated by fluorescence emission created by cleavage of a rhodamine-linked caspase-3/7 substrate. Error bars indicate one standard deviation from the
mean (n � 3). Means were compared by the t test, and the resulting P values are indicated. (E) HA-E2F1 was immunoprecipitated from extracts of untreated and
treated 3T3 cells containing empty vector, HA-E2F1, or HA-E2F1-S364A. The levels of precipitated HA-E2F1 and pRB were determined by Western blotting.
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raises the question of how these modifications control this
interaction and affect apoptotic signaling. Since there are no
modification-specific antibodies available to either, we and others
who have studied this question have relied on loss-of-function
genetic analysis to guide the investigation of these modifications.
Until reagents that allow us to positively identify E2F1 containing
either serine 31 phosphorylation or acetylation of lysine 117, 120,
and 125 become available, we think that the following model of-
fers the most appropriate interpretation of the available data on
the effect of these modification sites. Our experiments indicate
that neither modification alone can affect either of the “specific”
or “general” interaction configurations between E2F1 and pRB,
and this suggests that these modifications contribute to a greater
change in E2F1 that prevents its interaction with pRB. One expla-
nation is that these modifications participate in the recruitment of
new partners for binding to E2F1, such as 14-3-3� or TopBP1,
which have been shown to require S31 on E2F1 for DNA damage-
induced interactions (30, 48). Furthermore, P/CAF, MCPH1/
BRIT1, and SirT1 are reported to bind to E2F1 following DNA
damage, suggesting that other proteins may be part of the pRB-
free E2F1 complex described in this report (39, 40, 49). In this way
E2F1’s interacting partners would provide steric interference and
prevent binding to pRB. Alternatively, the modifications could
alter the conformation of E2F1 so that it is unable to interact with
pRB. This type of change is consistent with the observation that
acetylation of E2F1’s DNA binding domain increases its affinity
for DNA (36, 37), and K117, 120, and 125 as well as S31 are re-
quired for recruitment of E2F1 to the TA-p73 promoter in re-
sponse to DNA damage (40). It is also possible that pRB-free E2F1
is unable to bind to pRB because of a combination of these two
scenarios. We expect that phosphorylated serine 31 and acetylated
lysines are found together on E2F1, because mutation of either site
alone has similar effects on pRB binding following DNA damage
(as shown here), as well as on recruitment to the TA-p73 promoter
(40); however, we cannot rule out individual roles for them. We
propose that pRB-free E2F1 contains these modifications and ad-

ditional cofactors and localizes directly to promoters of apoptotic
transcriptional targets (Fig. 9A).

A number of recent reports have suggested ways that DNA
damage signaling can modify pRB-E2F1 interactions to either in-
duce cell death or preserve viability. Markham et al. have sug-
gested that acetylation of pRB at lysine 873 and 874 will release
E2F1 because these amino acids have previously been shown to
form part of the “general” E2F interaction site on pRB (35). They
demonstrate that a C-terminal fragment of pRB is unable to bind
to E2F1 when these amino acids are changed to glutamine to
mimic lysine acetylation, and since DNA damage induces acetyla-
tion of pRB, this likely causes E2F1 to be released. This observation
is seemingly contradicted by two other reports that indicate that

FIG 8 E2F1 localization to the TA-p73 promoter in response to DNA damage.
A graph of real-time PCR data from E2F1 and E2F1 pSer364 ChIP experiments
is shown. A region proximal to the TA-p73 start site that is surrounded by
multiple E2F binding sites was amplified along with a region of the GAPDH
promoter as a negative control. Error bars indicate one standard deviation
from the mean (n � 3). Means were compared by the t test, and the resulting
P values are indicated.

FIG 9 DNA damage induces the proapoptotic activity of E2F1 through mul-
tiple signaling pathways. (A) DNA damage leads to the formation of a hyper-
phosphorylated pRB-E2F1 complex. This complex requires phosphorylation
of serine 364 of E2F1 to support maximal activation of proapoptotic target
genes such as that for TA-p73, and it is physically present at the TA-p73 pro-
moter. In addition, a pRB-free fraction of E2F1 is generated through phos-
phorylation of serine 31 and acetylation of lysine residues. Phosphorylation of
S31 is known to recruit 14-3-3� or TopBP1, and other factors may also partic-
ipate in this complex. Serine 31 phosphorylation and lysine acetylation of E2F1
are also required for the maximal induction of TA-p73 and caspase-7 tran-
scription, and these modifications have been shown to recruit E2F1 to the
TA-p73 promoter. Therefore, multiple distinct molecular complexes contain-
ing E2F1 are utilized in the DNA damage response to induce transcription and
apoptosis. (B) Conservation of amino acid identity in mammalian E2F1 pro-
teins surrounding the pSer364 site. Sequences from human, chimpanzee, rhe-
sus monkey, cow, mouse, and rat are shown. The consensus Chk2 phosphor-
ylation site is shown at the bottom.
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DNA damage induces formation of a complex between pRB and
E2F1. In particular, Inoue et al. described an ATM- and Chk2-
dependent phosphorylation event on pRB at serine 612 that is
enriched in pRB-E2F1 complexes following DNA damage (19).
Given the complexity of pRB-E2F1 interactions described in this
report, these seemingly contradictory results can be accommo-
dated by the fact they likely describe different populations of pRB-
E2F1 complexes. For example, pRB pSer612 bound to E2F1 is
clearly distinct from the pRB-E2F1 species containing E2F1
pSer364 described here. Furthermore, acetylation of pRB (at K873
and K874) is excluded from pRB when in complex with E2F1
pSer364, suggesting that the apparently contradictory results can
be reconciled by the fact that they likely describe events that take
place in different populations of pRB and E2F1 that are created in
response to DNA damage. This raises the question of how many
distinct forms of E2F1 exist in response to DNA damage. We are
able to describe two separate signaling pathways that involve dif-
ferentially modified E2F1 in transcriptional activation and apop-
totic induction. Previous work on pRB pSer612 bound to E2F1 and
E2F1 interactions with TopBP1 suggests that transcriptionally in-
active complexes also exist and contribute to viability and repair
functions, suggesting that there are more (19, 31). Future work to
fully understand E2F1 in the DNA damage response will need to
encompass many different forms of pRB and E2F1 beyond those
examined in this study.

It has also been reported that pRB-E2F1 complexes activate
transcription at proapoptotic promoters such as TA-p73 in re-
sponse to DNA damage and that this leads to apoptosis (18). In
agreement with the report by Ianari et al. (18) where they describe
CDK-phosphorylated pRB in complex with E2F1, we find hyper-
phosphorylated pRB in complex with E2F1 pSer364. Our observa-
tion that E2F1 pSer364 is required for maximal transcriptional ac-
tivation of proapoptotic promoters is consistent with this model.
However, in our work we are unable to rule out the possibility that
phosphorylation of serine 364 on E2F1 serves to inactivate a re-
pressor function, and thus we are less confident that pRB-E2F1 is
truly a transcriptional activator. We think it is unlikely that phos-
phoserine 364 on E2F1 alters its affinity for pRB, and instead we
propose that a unique complex of hyperphosphorylated pRB and
E2F1 pSer364 localizes directly to proapoptotic target genes of
E2F1 and has a net positive impact on transcription (Fig. 9A). In
this way, two distinct signaling pathways, both of which include
E2F1, participate in transcriptional activation of proapoptotic tar-
get genes such as that for TA-p73.

Perhaps the most intriguing aspect of E2F1 pSer364 in DNA
damage signaling is that this modification site appears to be re-
stricted to primate E2F1 proteins (Fig. 9B). For this reason, the
distinct pRB-E2F1 complex that contains E2F1 pSer364 is truly a
primate-specific mechanism in the DNA damage response. The
fact that we can detect a role for E2F1 pSer364 in mouse cells sug-
gests that phosphorylation of this site creates a change in pRB-
E2F1 structure or function that is intrinsic to the complex. It is not
clear what new function exists for this modification, but our work
offers a brief glimpse into the creation of a truly distinct signaling
mechanism. The exclusion of other known DNA damage-
dependent modifications on E2F1 emphasizes that phosphoserine
364 offers a new function beyond what is available in nonpri-
mates.
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