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The E2F1 transcription factor activates S-phase-promoting
genes, mediates apoptosis, and stimulates DNA repair through
incompletely understood mechanisms. XRCC1 (x-ray repair
cross-complementing group 1) protein is important for efficient
single strand break/base excision repair. Although both damage
and proliferative signals increase XRCC1 levels, the mecha-
nisms regulatingXRCC1 transcription remain unclear. To study
these upstream mechanisms, the XRCC1 promoter was cloned
into a luciferase reporter. Ectopic expression of wild-type E2F1,
but not an inactive mutant E2F1(132E), activated the XRCC1
promoter-luciferase reporter, and deletion of predicted E2F1
binding sites in the promoter attenuated E2F1-induced activa-
tion. Endogenous XRCC1 expression increased in cells condi-
tionally expressing wild-type, but not mutant E2F1, and methyl
methanesulfonate-induced DNA damage stimulated XRCC1
expression in E2F1�/� but not E2F1�/� mouse embryo fibro-
blasts (MEFs). Additionally, E2F1�/� MEFs displayed attenu-
ated DNA repair after methyl methanesulfonate-induced dam-
age compared with E2F1�/� MEFs. Moreover, Chinese hamster
ovary cells with mutant XRCC1 (EM9) were more sensitive to
E2F1-induced apoptosis compared with Chinese hamster ovary
cells with wild-type XRCC1 (AA8). These results provide new
mechanistic insight into the role of the E2F pathway in main-
taining genomic stability.

The E2F family of transcription factors plays an important
role in promoting both cellular proliferation and cell death. The
“activating” E2Fs (E2F1 to 3) are important for regulating
S-phase specific genes as well as promoting apoptosis, particu-
larly in the case of E2F1 (1–8). Mounting evidence implicates
E2F1 as an important component of theDNAdamage response
as E2F1 protein is phosphorylated and stabilized viaATM/ATR

and Chk2-dependent pathways (9–12). Additionally, genes
that are important in DNA repair, such as homologous recom-
bination and mismatch repair, are bona fide E2F targets (13–
17).Many repair genes have also been identified as putative E2F
targets during genome-wide screens (15, 18–21). Moreover, it
has also been suggested that E2F1 protein may be a component
of repair complexes (22, 23). Importantly, E2F1 has a functional
in vivo role in promoting DNA repair and suppressing apopto-
sis after UVB (24). Together, these studies implicate E2F1 in
DNA repair, although the actual mechanisms and specific
repair pathways remain obscure.
DNA SSBs4 are one of the most common DNA lesions and

pose a major threat to genetic stability and survival through
accumulation of mutations or through conversion to double-
stranded breaks (25). SSBs can arise by direct damage to DNA
bases or sugarmoieties or indirectly as intermediates during the
process of BER (26). SSBR/BER requires highly coordinated
overlapping enzymatic steps dependent on the nature and ori-
gin of the SSB lesion (25–27).
XRCC1 is a scaffolding protein that promotes efficient repair

by interacting with many of the proteins that catalyze SSBR/
BER (26, 28–30). Although XRCC1 null mice are not viable
(31), mouse and Chinese hamster ovary cells with mutant or
attenuated XRCC1 demonstrate decreased SSBR and hyper-
sensitivity to many different types of DNA damage (26, 32–37).
In human cells, XRCC1 is necessary for efficient SSBR, genomic
stability, and survival (38–40). Furthermore, XRCC1 polymor-
phisms are associated with variable cancer risk, which suggests
a possible role in cancer development (41). XRCC1-mediated
repair includes an S-phase SSBR pathway that operates at rep-
lication forks and a rapid cell cycle independent SSBR/BER
pathway (42–45). Posttranslational mechanisms, such as phos-
phorylation, also modulate XRCC1 function and promote
genetic stability (46, 47). Additional mechanisms may also reg-
ulate XRCC1, since mRNA and protein levels increase after
DNA damage in part through a mitogen-activated protein
kinase signaling pathway (48, 49). However, although both cell
cycle-specific and DNA damage signals are upstream of
XRCC1, themechanisms regulating XRCC1 expression remain
incompletely characterized.
In this report, we demonstrate that XRCC1 is a direct E2F

target gene and that E2F1 enhances SSBR/BER. These results
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provide new mechanistic insight into the role of E2F1 in the
maintenance of genomic stability and cell survival.

EXPERIMENTAL PROCEDURES

XRCC1 Promoter and Plasmids—The 5�-region from �881
to �158, relative to the transcription start site (GI:21624595)
(50), was cloned by PCR of genomic DNA (forward primer, 5�-
ggacgcagaacccttctcttttgg-3�; reverse primer, 5�-accgagtcctggc-
tgctgcaggac-3�). The PCR product was cloned into the pGL3-
Basic luciferase vector (Promega) using standard techniques.
Deletions of the XRCC1 promoter region were similarly engi-
neered. All constructs were sequence-verified. The E2F expres-
sion constructs, DP1 and pRSV�-galactosidase expression vec-
tors were gifts from Drs. William Kaelin (Dana Farber Cancer
Institute, Boston, MA), W. C. Lin (University of Alabama, Bir-
mingham, AL), and Rosalie Sears (Oregon Health and Science
University, Portland, OR).
Luciferase Reporter Assays—Cells at 60% confluence in

6-well plates were transfected with the specified XRCC1 lucif-
erase reporter plasmid, together with indicated amounts of
specified E2F expression vector, pRSV �-galactosidase expres-
sion vector (0.1 �g), and an appropriate amount of empty plas-
mid vector, for a total of 1.0 �g of plasmid DNA per transfec-
tion. Luciferase assays were performed 36 h post-transfection
with an AutoLumatB95 luminometer and relative luciferase
light units were normalized to �-galactosidase activity as
described previously (51).
Western Blotting—Total cellular lysates were prepared,

quantitated, resolved on 10% SDS-PAGE, immunoblotted with
the specified primary and horseradish peroxidase-conjugated
secondary antibodies, and visualized with chemiluminescence
(Pierce SuperSignal) as previously described (51). Anti-XRCC1
mouse monoclonal antibody was from NeoMarkers, anti-E2F1
antibody was from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA), anti-tubulin antibody was from Sigma, and horseradish
peroxidase-conjugated secondary antibodies were from Jack-
son Immunological.
Northern Blotting—Total RNA was prepared using the Total

RNA preparation kit (Promega, Madison, MI) according to the
manufacturer’s instructions. Twenty �g total RNA was
resolved by electrophoresis on a 1.0% formaldehyde-agarose
gel, transferred, and UV-cross-linked to a Zeta-Probe�GT
membrane (Bio-Rad), hybridized to a randomly primed 32P-
labeled XRCC1 cDNA probe, and visualized with autoradiog-
raphy using standard techniques.
Reverse Transcription-PCR—XRCC1 and glyceraldehyde-3-

phosphate dehydrogenase mRNA levels were determined by
semiquantitative reverse transcription-PCR using standard
techniques. Briefly, equivalent amounts of total RNAwere pre-
pared from the indicated cells at the specified conditions
described, and oligo(dT)-primed first strand cDNA synthesis
was performed with Superscript III reverse transcriptase
(Invitrogen). PCR was performed on equivalent amounts of
reverse transcription product with TaqDNA polymerase for 30
cycles (95 °C for 15 s, 65 °C for 20 s, 72 °C for 40 s) (XRCC1
forward primer, 5�-gtatgcaggctccacggatgagaa-3�; XRCC1
reverse primer, 5�-aggcttgcggcaccaccccatagagc-3�; glyceralde-
hyde-3-phosphate dehydrogenase forward primer, 5�-acggccg-

catcttcttgtgc-3�; glyceraldehyde-3-phosphate dehydrogenase
reverse primer, 5�-gtgcaggatgcattgctgac-3�).
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation analysis on Saos2 cells was performed as described
(51) with minor modifications. Briefly, cells were cross-linked
with 1% formaldehyde/phosphate-buffered saline, stopped
with 0.125 M glycine, lysed (150 mM NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 5 mM EDTA
plus fresh protease inhibitors), and sonicated to yield 600–1000
nucleotide chromatin fragments. Extracts were centrifuged at
13,000 � g for 10 min and precleared with protein A-Sepha-
rose/salmon sperm DNA slurry (1:1) for 30 min at 4 °C. 2 �g of
anti-E2F1 antibody (SantaCruz Biotechnology) or control anti-
body (normal rabbit IgG) added and incubated overnight at
4 °C, followed by protein A/G-agarose for 2 h. Beads were
washed twice with ice-cold radioimmune precipitation buffer,
four times with ice-cold IP wash buffer (100 mM Tris, pH 8.0,
500mMLiCl, 1%Nonidet P-40, 1% deoxycholic acid), and twice
more with ice-cold radioimmune precipitation buffer. IP elu-
tion buffer (50 mM NaHCO3, 1% SDS freshly made) was added
for 15 min at room temperature, beads were spun out, and
supernatantwas collected. Thiswas repeated, and supernatants
were combined. Cross-links were reversed, and then DNA was
purified by phenol/chloroform extraction and ethanol precipi-
tation. PCR of XRCC1 promoter sequence was performed with
25 cycles (94 °C for 15 s, 65 °C for 45 s) and analyzed on a 2%
TAE-agarose gel. XRCC1-specific primers were as follows:
forward, 5�-ggacgcagaacccttctcttttgg-3�; reverse, 5�-ggctcaggc-
ggctgcactcttctc-3�. XRCC1 control primers were 5�-ctgggga-
gtaggacgtcagtgctg-3� (forward) and 5�-ggcttgcggcaccacccca-
tagagc-3� (reverse).
Cell Culture—Cells were grown in Dulbecco’s modified

Eagle’s medium or McCoy’s medium supplemented with 10%
heat-treated fetal bovine serum and 290 �g of L-glutamine, 100
units of penicillin, and 100�g of streptomycin perml at 37 °C in
5% CO2. Saos2 cells stably transfected with various tetracy-
cline-regulated E2F1 expression vectors (a gift from Dr. Karen
Vousden, Beatson Institute, UK) were maintained in tetracy-
cline-free fetal bovine serum (Clontech). E2F1�/� andE2F1�/�

mouse embryonic fibroblasts (MEFs)were gifts fromDr. Joseph
Nevins (Duke University, Durham, NC). Chinese hamster
ovary cell linesAA8 andEM9were obtained from theAmerican
Type Culture Collection.
Comet Assay—Single cell agarose alkaline gel electrophoresis

was performed per standard methods with minor modifica-
tions (52). Equivalent numbers of cells (1 � 105) were collected
at the indicated time points, mixed with low melt temperature
agarose (Sigma), and then layered onto agarose-coated glass
slides. Slides were maintained at 4 °C to solidify and for all sub-
sequent steps. Slides were submerged in lysis buffer (2.5 M

NaCl, 0.1 M EDTA, 10 mM Tris-Cl (pH 7.0), 1% Triton X-100,
1% DMSO) for 1 h, washed with nanopure H2O, and incubated
for 45 min in alkaline electrophoresis buffer (50 mM NaOH, 1
mM EDTA, 1%DMSO, pH 12.8). After electrophoresis (25min,
25 V), air-dried and neutralized slides were stained with 2
�g/ml propidium iodide. Average comet tail moment was
scored for duplicate slides (50 cells/slide) in randomly selected
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fields, and automated calculations were performed using
Comet Assay II software (Perceptive Instruments, Suffolk, UK).
In Situ DNA Strand Break Detection—A DNA polymerase

I-mediated labeling assay was performed as described previ-
ously with minor modifications (53). Briefly, cells grown on
coverslips were fixed in 10% formalin for 10 min. Cells were
rinsed in phosphate-buffered saline, permeabilized with 1%
Triton X-100 for 20 min, and then incubated in a moist air
chamber at 37 °C for 90min in a labelingmixture containing 10
�M each dGTP, dATP, and dCTP and 7 �M dTTP, 3 �M FITC-
dUTP, 20 units/ml Escherichia coli DNA polymerase I (Sigma)
in reaction buffer containing 5 mMMgCl2, 10 mM 2-mercapto-
ethanol, and 20�g/ml bovine serum albumin. The reactionwas
terminated by washing the slides twice in phosphate-buffered
saline. Nonspecific labeling was determined by incubation in
the reaction buffer without the enzyme.
Apoptosis Assay—Equivalent numbers of indicated cells were

plated and allowed to settle for 24 h at 50% confluence. Adeno-
virus infections were performed at a multiplicity of infection of
1 � 1010 (Stratagene AdEasy system). E2F1-expressing and
green fluorescent protein (GFP)-expressing adenoviruses were
a gift from Dr. Rosalie Sears (Oregon Health and Science Uni-
versity). Forty-eight h after infection, cells were harvested and
subjected to Annexin V and flow cytometry as previously
described (54). Briefly, attached and floating cells were col-
lected and resuspended in Annexin V binding buffer (BD Bio-
sciences) at a concentration of 1 � 106 cells/ml. Allophycocya-
nin-conjugated Annexin V was immediately added, incubated
for 15 min at room temperature, and then analyzed on a BD
Biosciences FACScan. The percentage of apoptotic cells was
determined by the increase in Annexin V-allophycocyanin sig-
nal on stained cells over the base-line signal (defined on
unstained cells) per standard flow cytometry convention.

RESULTS

E2F1 Expression Stimulates Endogenous XRCC1 Expression—
Despite the important role thatXRCC1plays in SSBR/BER (26),
little is known about the upstream pathways that regulate its
expression. Because DNA damage signals and proliferative sig-
nals stimulate XRCC1 expression (26, 48, 49), we wondered if
E2F1 could stimulate endogenous XRCC1 expression (Fig. 1).
To test this, we utilized a Saos2 stable cell line containing an
E2F1 cDNA expression vector under control of a tetracycline-
regulated promoter (55). We found that tetracycline-induced
E2F1 expression stimulated an increase in XRCC1 protein (Fig.
1A, lanes 1 and 2) and mRNA levels (Fig. 1B, lanes 1 and 2). To
demonstrate that E2F1 transcription function was required to
induce endogenousXRCC1 expression,we additionally utilized
a tetracycline-regulated Saos2 stable cell line containing aDNA
binding-incompetent mutant E2F1(132E) (55). Conditional
expression of mutant E2F1(132E) could not stimulate endoge-
nous XRCC1 protein (Fig. 1A, lanes 3 and 4) or mRNA (Fig. 1B,
lanes 3 and 4). These results suggest that E2F1 stimulates
endogenous XRCC1 expression by a transcription-mediated
mechanism.
XRCC1 Promoter Has Features Suggestive of an E2F Target

Gene—Since transcription-competent wild-type E2F1 was
capable of stimulating XRCC1 mRNA and protein levels (Fig.

1), we examined the genomic sequence encompassing the
XRCC1 promoter (Fig. 2A). Sequence analysis from �881 to
�158 relative to the putative transcription start site (green
sequence) (50) revealed a CpG island (boxed sequence) as well as
putative E2F binding sites from �819 to �803 (red sequence).
To verify that an active promoter was present in this region, we
cloned this genomic fragment into the pGL3-Basic luciferase
reporter vector. After transfection into Saos2 cells, we found
that this genomic region stimulated the luciferase reporter
nearly 6-fold relative to empty vector (Fig. 2B). Sequential dele-
tions from the 5�-end attenuated luciferase activation relative
to empty vector. This finding suggests that a functionalXRCC1
promoter is containedwithin this region, although the possibil-
ity of other control elements outside of this region cannot be
excluded.
The XRCC1 Promoter-Luciferase Reporter Is Stimulated by

E2F1—Since the XRCC1 promoter sequence was typical for an
E2F target gene (Fig. 2), we reasoned that theXRCC1 promoter-
luciferase reporter would be stimulated by E2F. Co-transfec-
tion of increasing amounts of E2F1 expression vector with the
XRCC1 promoter-luciferase reporter caused a dose-dependent
increase in luciferase activation (Fig. 3A). In contrast, DNA
binding-incompetent E2F1(132E) could not activate the
XRCC1 promoter-luciferase reporter (Fig. 3A). We also found

FIGURE 1. E2F1 expression stimulates endogenous XRCC1. Shown are
Western blots (A) and ethidium bromide-stained agarose gel (B) of semiquan-
titative reverse transcription-PCR, on Saos2 cell lines conditionally expressing
wild-type E2F1 (lanes 1 and 2) or DNA binding-incompetent mutant
E2F1(132E) (lanes 3 and 4). Prior to induction, cell lines were maintained in
0.5% fetal bovine serum-containing medium for 30 h, induced with 2.0 �g/ml
doxycycline, and then harvested 24 h later.
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                              -881 TAGGACGCAGAACCCTTCTC
-861 TTTTGGCCTCAGGCATAAGGCTGAAAGAGATCTGCTAATTTT
-811 G CGCGTATGTATGTATATGTGCGTGTGTGTGTGTGTGGCAAG
-761 GGGACAGAGAGAAGAGTGCAGCCGCCTGAGCCATTTGAAGAGATCCTGTT
-711 GCGTAGAATCCAGGTTCCCTACGAAACTACGAAAATTCACTCAGATTTGC
-661 TGTCCTAGCCCAGCGCAGTCGCTCACGCCTGTAGTTCCAGCACTTTGAGA
-611 GGCCGAGGCAGGTGGATCGCTTGAGCTGAGGAGTTCGAGACCAGTCTGGG
-561 CAACATGGCAAGACCCGCCGCCCTCTCACCCCATGTCTCCACAAAAAATA
-511 CAAAAATTAGCCGAATGTGGTGGCGCGTGCGTGTAATCCCAGCTACTTAG
-461 GAGGCTGAAGTGGGAGGATCCCTTGGCCCCAGGAGACAGGGGTTGCAGAA
-411 AGCCGAGATCGTGCCACTGCACTCCATCCTGGGTGAGAGAGCAAGACCCT
-361 GTCTCAACAAAAAATTTTTAAAAAATAAAATAAATAATAATACAGCAAAA
-311 AGATTTGCTTTCTCGGCTTCAGTGTGGGCGGTAACTCCATCGTGCAATGA
-261 GAAAGGCGAATTTCTTCCAGACACCAATCCCGGAGGTCGCTTCTGTTGCT
-211 AGGCTCCCAGAAAGCAGGGTTCGGACGTATTGGGAGGCGAGGCTAGAGC
-161 GGGGTTGTGTGTGGCGGAGGGAGGCGGGGCTGGAGGAAACGCTCGTTGCT
-111 AAGGAACGCAGCGCTCTTCCCGCTCTGGAGAGGCGCGACTGGGCTTGCGC
-61  AGTGTCGACGCCGGCGCCGGCGCGCCGGGGTTTGAAAGGCCCGAGCCTCG
-11  CGCGCTTGCGCA
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that E2F1 more efficiently stimulated the XRCC1 promoter-
reporter relative to other family members (E2F2, E2F3, and
E2F4) (Fig. 3B). To determine the contribution of the predicted
E2F binding sites for their ability to influenceXRCC1 promoter
activation, we co-transfected E2F1 expression vector with an
XRCC1 promoter-luciferase reporter, which lacked the E2F
binding sites (�E2F1-XRCC1), as shown in Fig. 3C. We found
that in response to E2F1 co-transfection, stimulation of the
XRCC1 promoter-luciferase reporter containing the E2F bind-
ing sites was over 15-fold higher than the �E2F1-XRCC1 pro-
moter-reporter (Fig. 3C, left). As a further control for specific-
ity, mutant E2F1(132E) did not stimulate either promoter (Fig.
3C, right). Together, these results suggest that the XRCC1 pro-
moter is stimulated by E2F.
Endogenous XRCC1 Promoter Binds Endogenous E2F1—

SinceXRCC1 transcription is stimulated by E2F overexpression
(Figs. 1 and 3), we wanted to demonstrate that endogenous
E2F1 could bind the endogenousXRCC1 promoter in its native
chromatin context. To examine this, we performed a chromatin
immunoprecipitation assay on the proximal XRCC1 promoter
region (Fig. 4). XRCC1 promoter-specific PCR primers ampli-
fied this region after chromatin IP with an anti-E2F1-specific
antibody but not nonimmune IgG (Fig. 4, lanes 1–3). To further
demonstrate that this was a specific interaction, XRCC1-spe-
cific primers that amplify a region that does not contain E2F-
binding sites (control primers) could not generate a PCR prod-
uct after chromatin IPwith anti-E2F-1-specific antibody (Fig. 4,
lanes 4–6). These findings demonstrate that the XRCC1 pro-
moter, in its native chromatin context, can specifically bind
E2F1 protein and that XRCC1 is a bona fide E2F target gene.

Endogenous E2F1 Stimulates the XRCC1Promoter after DNA
Damage—Since XRCC1 is an E2F target gene (Figs. 1–4) and
E2F1 is a DNA damage-inducible protein (9–12), we wondered
whetherMMS, which causes heat-labile DNA damage repaired
by an XRCC1-mediated BER pathway (56), could stimulate
XRCC1 transcription in anE2F1-dependentmanner (Fig. 5). To
investigate this, we transfected E2F1�/� and E2F1�/� MEFs
with the XRCC1 promoter-luciferase reporter and then treated

FIGURE 2. XRCC1 promoter fragment sequence and luciferase reporter assay define an active promoter region. A, genomic sequence from �881 to �158
relative to the predicted transcription start site/cDNA 5�-end indicated as �1. Exon 1 is indicated in green type, and the translation-initiation codon is shown in
blue type. The open box indicates a CpG island. Underlined sequences in red denote putative E2F-binding sites. B (left), schematic representation of a series of
promoter deletion mutants in pGL3-Basic-luciferase reporter. The red boxes denote putative E2F-binding sites. The black box represents exon 1. An open box
with [luc] denotes luciferase reporter. Right, luciferase readout of the indicated promoter-reporters after transfection into Saos2 cells. Light units normalized to
a �-galactosidase signal. In all, 1.0 �g of the indicated promoter-reporter and pRSV �-galactosidase plasmids was used for all transfections. S.D. of triplicate
experiments is shown.

FIGURE 3. E2F stimulates the XRCC1 promoter-luciferase reporter. A, relative light units, normalized to a �-galactosidase signal, of pGL3-XRCC1-(�881 to
�158) (0.1 �g) co-transfected with increasing amounts of wild-type E2F1 or mutant E2F1(132E) expression plasmids (50 –250 ng) into Saos2 cells. B, relative
light units, normalized to a �-galactosidase signal, of pGL3-XRCC1-(�881 to �158) (0.1 �g) co-transfected with increasing amounts of the indicated E2F
expression vectors (50 –250 ng) into Saos2 cells. C, relative light units, normalized to a �-galactosidase signal, of the relative -fold change of the XRCC1-(�881
to �158) promoter-reporter versus an E2F binding site-deleted XRCC1 promoter-reporter (�E2F1-XRCC1), in response to increasing amounts of co-transfected
wild-type E2F1 or mutant E2F1(132E) expression plasmids (50 –250 ng). S.D. of triplicate experiments is shown.

FIGURE 4. Chromatin immunoprecipitation of E2F1 at the XRCC1 pro-
moter. Shown is an ethidium bromide-stained agarose gel of PCR products
performed after chromatin immunoprecipitation using anti-E2F1 antibody
(lanes 1 and 4) or nonimmune control IgG (lanes 2 and 5). Shown is input
chromatin (lanes 3 and 6) at a 1:1000 dilution of PCR products from IP reac-
tions performed with XRCC1-specific primers (lanes 1–3) or control primers
(lanes 4 – 6).
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them with MMS. Compared with no treatment, we found that
the XRCC1 promoter-luciferase reporter was stimulated by
MMS in E2F1�/� but not E2F1�/� cells (Fig. 5A). Consistent
with transcriptional activation, an increase in XRCC1 mRNA
and protein levels (Fig. 5B, left and right, respectively) was
observed after MMS treatment in E2F1�/� but not E2F1�/�

cells. These results demonstrate thatMMS-inducedDNAdam-
age stimulates XRCC1 transcription at least in part through an
E2F1-dependent pathway.
E2F1 Enhances DNA Repair after MMS-induced Damage—

Since XRCC1 is a bona fide E2F1 target gene (Figs. 1–5), we
wished to determine if loss of E2F1 would result in attenuated
DNA repair after MMS-induced DNA damage (Fig. 6). To
investigate this, we treated E2F1�/� and E2F1�/� MEFs with
MMSand thenmeasured strand break repair by single cell alka-

line agarose gel electrophoresis (comet assay) (52) as shown in
Fig. 6A. The average tail moment was similar in undamaged
cells (left-hand bars, control). As expected after incubation in
MMS, the average tail moment increased equivalently in both
E2F1�/� and E2F1�/� MEFs (middle bars, 0 h). However, if
cells were allowed to recover inMMS-freemedium (right-hand
bars, R), E2F1�/� MEFs had a statistically significant longer
average tail moment compared with E2F1�/� MEFs (33% ver-
sus 22%, respectively; p � 0.013, unpaired two-tailed t test). To
further confirm that E2F1�/� MEFs had decreased DNA repair
capacity, we utilized an in situ DNA polymerase I-mediated
FITC-dUTP labeling assay (53) to detect persistentDNA strand
breaks after recovery from MMS treatment (Fig. 6B). As
expected, immunofluorescence staining demonstrated reduced
XRCC1 staining in E2F1�/� MEFs compared with E2F1�/�

MEFs (top panels). Without damage, no DNA polymerase
I-mediated FITC-dUTP labeling was detected (middle panels,
C). After MMS exposure, FITC-dUTP labeling was detected in
both E2F1�/� and E2F1�/� MEFs (middle panels, 0 h). How-
ever, if MMS exposure was followed by recovery with incuba-
tion in MMS-free medium, less FITC-dUTP labeling was
detectable in E2F1�/� MEFs compared with E2F1�/� MEFs
(middle panels, R).

If XRCC1 was downstream of E2F1 and could mediate E2F1
function, we reasoned that loss of XRCC1 would result in
increased E2F1-induced apoptosis due to diminished DNA
repair. To examine this, we utilizedChinese hamster ovary cells
containing wild-type XRCC1 (AA8 cell line) and a cell line
derived from AA8 cells that is mutant for XRCC1 (EM9 cell
line) (26, 32). We infected cells with an adenovirus expressing
wild-type E2F1 or a control adenovirus expressing GFP and
quantified the level of E2F1-induced apoptosis at 48 h using
Annexin V staining and flow cytometry (Fig. 6C). Under these
conditions, AA8 cells did not have a significant increase in apo-
ptosis after infection with E2F1-expressing adenovirus com-
pared with control GFP-expressing adenovirus (left-hand
graph). In contrast, EM9 cells demonstrated a statistically sig-
nificant 1.8-fold increase in apoptosis after infectionwith E2F1-
expressing adenovirus compared with control GFP-expressing
adenovirus (right-hand graph) (p � 0.04, unpaired two-tailed t
test). Together, these results suggest amechanism bywhich the
E2F1-XRCC1 pathway can stimulate DNA repair and promote
genomic stability and cell viability. However, the existence of
other E2F1-mediated pathways that stimulate BER independ-
ent of XRCC1 remains likely.

DISCUSSION

The E2F1 pathway is centrally involved in the highly complex
networks coupling cellular proliferation and apoptosis (1, 5, 7,
8, 12, 57). We have shown that XRCC1, which plays a critical
role in SSBR/BER (26), is a direct E2F1 target gene. Because
E2F1 is a damage-inducible protein (9–12), our data provide
novel insight into an important DNA repair function of the E2F
pathway and open new avenues for investigation.
Our finding that E2F1 is upstream of XRCC1 significantly

expands on prior observations that E2F plays a role in other
repair pathways, such as MMR and NER (13–17, 19–21, 24).
Our data are consistent with the report that the BER protein

FIGURE 5. Endogenous E2F1 stimulates the XRCC1 promoter after DNA
damage. A, relative light units, normalized to a �-galactosidase signal, of
pGL3-XRCC1-(�881 to �158) (0.1 �g) luciferase reporter plasmid transfected
into E2F1�/� or E2F1�/� MEFs, followed by incubation with 10 �g/ml MMS
(columns 2 and 4) or 0 �g/ml MMS (columns 1 and 3) for 12 h prior to assay. S.D.
of triplicate experiments is shown. B, Northern blot (left) and Western blot
(right) on equivalent amounts of lysates prepared from E2F1�/� or E2F1�/�

MEFs after incubation with 10 �g/ml MMS (lanes 2 and 4) or 0 �g/ml MMS
(lanes 1 and 3).
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FIGURE 6. Loss of E2F1 attenuates DNA repair. A, comet assay expressed as average tail moment on E2F1�/� and E2F1�/� MEFs untreated (left-hand
graph, control), after incubation for 1 h in medium containing 50 �g/ml MMS (middle graph, 0 h), and after incubation for 1 h in medium containing 50
�g/ml MMS followed by recovery with incubation in fresh drug-free medium for 2 h (right-hand graph, R). Experiments were performed in duplicate, and
measurement of mean tail moment was from 50 cells/slide from 15–20 randomly selected fields representing the whole area of each slide. Statistical
analysis was performed using unpaired two-tailed t test on comet tail moments that were determined using Comet Assay II software (Perceptive
Instruments; Suffolk, UK). Error bars, S.D. from separate experiments. B, indirect immunofluorescence microscopy on XRCC1 immunostaining (top), DNA
polymerase I-mediated FITC-dUTP labeling assay (middle), and 4�,6-diamidino-2-phenylindole (DAPI) staining (bottom) performed on E2F1�/� and
E2F1�/� MEFs untreated (C), after incubation for 1 h in medium containing 50 �g/ml MMS (0 h panels), and after incubation for 1 h in medium containing
50 �g/ml MMS followed by recovery with incubation in fresh drug-free medium for 6 h (R panels). C, percentage of apoptosis as determined by Annexin
V staining and flow cytometry 48 h after infection of the indicated cells with adenovirus expressing wild-type E2F1 (Adeno-E2F1) or adenovirus
expressing GFP (Adeno-control). Error bars, S.D. of triplicate experiments and statistical analysis performed using Student’s unpaired two-tailed t
test.
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uracil-DNA glycosylase is also E2F-regulated (58). Intriguingly,
although E2F1 is best characterized as a transcription factor,
E2F1 proteinmay have a direct role inDNA repair, as suggested
by its localization to repair complexes (22, 23). Thus, it is likely
that multiple E2F-regulated mechanisms function in parallel
with XRCC1 to stimulate repair.
We found that enforced E2F expression stimulated XRCC1

levels (Figs. 1 and 3) and that MMS, which induces predomi-
nantly heat-labile DNA damage repaired by an XRCC1-medi-
ated BER pathway (56), causes an E2F1-dependent increase in
XRCC1 expression (Fig. 5). This is consistent with prior reports
demonstrating that cellular stress (such as from �-irradiation)
increases endogenous XRCC1 levels (48, 49, 59), although this
may be cell type-specific (60). How MMS-induced stress acti-
vates the E2F1-XRCC1 axis remains unknown. Cellular sensi-
tivity to MMS may involve an ATR-dependent pathway, and
genetic evidence suggests thatMMS-induced damage activates
the yeast Rad53 (Chk2 human homologue) pathway (61, 62).
Given that the ATM/ATR and Chk2 pathways phosphorylate
and activate E2F1 protein (9–12), it is possible that these
kinases stimulate XRCC1 expression through E2F1 activation,
although this remains to be demonstrated. Interestingly, Chk2-
mediated stabilization of the FoxM1 transcription factor stim-
ulates expression of DNA repair genes, including XRCC1 (63).
Given that XRCC1 function is complex, it is likely that its con-
trol involves multiple levels. Indeed, posttranslational mecha-
nismsmodulate XRCC1 function, as evidenced by the ability of
DNA-dependent protein kinase to phosphorylate XRCC1 (46)
as well as the requirement of protein kinase CK2 to phospho-
rylate XRCC1 and enhance SSBR and genetic stability (47).
Consistent with the complex control of XRCC1, we found that
serum starvation followed by refeeding stimulated XRCC1
expression (data not shown). This is consistent with cell condi-
tions of high E2F activity but also suggests that serum/mito-
genic factors may be important too. This could be a cell type-
specific phenomenon, since density arrest and release does not
alter XRCC1 levels in human T24 cells (64). Nevertheless, our
discovery of an E2F1-XRCC1 pathway provides a previously
undescribed mechanism for regulating XRCC1 function.
The biological importance of E2F1 regulation of XRCC1 is

suggested by the attenuated in vivo DNA repair in E2F1�/�

versus E2F1�/� MEFs (Fig. 6, A and B). Two different methods
demonstrated reduced DNA repair after MMS-induced DNA
damage, which correlates with the decreased XRCC1 levels
observed in E2F1�/� cells. The repair of MMS-damaged DNA
still occurs in E2F1�/� cells, suggesting that the E2F1-XRCC1
axis is not an absolute requirement in these systems. This is not
surprising, given the complex and overlapping repair pathways
involved. However, the significance of even amodestly reduced
XRCC1-mediated repair functionmay have important implica-
tions for maintaining genomic stability and cell viability. Con-
sistentwith this notion ofXRCC1mediating E2F1 activity is the
observation that loss of XRCC1 function resulted in an
enhanced E2F1-induced apoptotic response in EM9 cells com-
pared with AA8 cells (Fig. 6C).
Although E2F1 is a damage response protein, it also plays an

important role in promoting the expression of a large number
of genes required for replication and proliferation (15, 19–21).

Given the intimate relationship between proliferation and rep-
lication/repair, the control of XRCC1 by E2F in undamaged
cells further integrates SSBR with cell cycle progression as
might be expected if enhanced SSBR were necessary to repair
SSBs at replication forks (26, 42–45, 65). Whether and in what
context the other E2F family members play a role, as well as
what specific SSBR pathways are utilized (e.g. long patch BER),
remains to be explored.
The p53-E2F network controls and integrates critical func-

tions, such as proliferation, cell cycle checkpoints, apoptosis,
andDNA repair (7, 8, 12, 66, 67). In particular, p53 can promote
BER (68–72), and our discovery that E2F1 may also promote
BER expands our understanding of the p53-E2F1 network in
regulating DNA repair. Disruption of these cooperative path-
ways has profound implications for tumorigenesis, as evi-
denced by enhanced tumor formation in knock-out mouse
models for both p53 and E2F1, although intriguingly, both
oncogenic and tumor suppressor functions for E2F1 are sug-
gested in compound p53�/�;E2F1�/� mice (12, 73–75). Our
finding that E2F1 regulates XRCC1 implies that an intact E2F1
pathwaymay be important formaintaining genomic stability in
response to highly dangerous SSBs. This observation opens
new avenues for investigation that may ultimately allow us to
develop novel preventive and therapeutic strategies for cancer
patients.
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