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E2F1 facilitates DNA break repair by localizing to
break sites and enhancing the expression of
homologous recombination factors
Eui-Hwan Choi1 and Keun Pil Kim1

Abstract
The human genome is constantly exposed to both endogenous and exogenous stresses, which can lead to errors in
DNA replication and the accumulation of DNA mutations, thereby increasing the risk of cancer development. The
transcription factor E2F1 is a key regulator of DNA repair. E2F1 also has defined roles in the replication of many cell
cycle-related genes and is highly expressed in cancer cells, and its abundance is strongly associated with poor
prognosis in cancers. Studies on colon cancer have demonstrated that the depletion of E2F1 leads to reduced levels of
homologous recombination (HR), resulting in interrupted DNA replication and the subsequent accumulation of DNA
lesions. Our results demonstrate that the depletion of E2F1 also causes reduced RAD51-mediated DNA repair and
diminished cell viability resulting from DNA damage. Furthermore, the extent of RAD51 and RPA colocalization is
reduced in response to DNA damage; however, RPA single-stranded DNA (ssDNA) nucleofilament formation is not
affected following the depletion of E2F1, implying that ssDNA gaps accumulate when RAD51-mediated DNA gap
filling or repair is diminished. Surprisingly, we also demonstrate that E2F1 forms foci with RAD51 or RPA at DNA break
sites on damaged DNA. These findings provide evidence of a molecular mechanism underlying the E2F1-mediated
regulation of HR activity and predict a fundamental shift in the function of E2F1 from regulating cell division to
accelerating tumor development.

Introduction
The proliferation of tumor cells is specifically associated

with genomic instability, the subsequent increased
mutation rate and the acceleration of tumorigenesis1.
Deregulation of DNA replication, which is generally
described as replication stress, accounts for a portion of
this cellular disorder. In addition, responses to DNA
damage, which are often regulated by robust cellular
mechanisms, are capable of both inducing checkpoint
arrest and stimulating DNA repair, thus maintaining
general genomic integrity. In cancer cells, however, owing
to aberrant DNA repair responses and constitutive growth
signaling, “replication stress”, a unique phenomenon in
cancer cells that prevents error-free DNA replication and

delays DNA synthesis, may occur1–6. Furthermore,
oncogenes induced by inappropriate cellular replication
drive genomic instability and contribute to the dis-
continuous process of the replication fork, replication-
transcription discord, and defects in nucleotide metabo-
lism2,3. Incomplete DNA replication can also lead to the
accumulation of gene mutations or DNA gaps, which can
cause the breakage, missegregation, and rearrangement of
chromosomes7–11. Thus, multiple conditions, including
those resulting in DNA damage, may act to inhibit DNA
replication and interrupt cellular progression, thereby
causing genome instability2,12,13.
The E2F family of proteins is a group of transcription

factors that regulate the activation of gene expression
significant for DNA replication, DNA repair, and the
control of cell cycling14–18. E2F1 has been described as
responsive to specific cell cycle phases and DNA
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damage18–21. Furthermore, E2F1 is reported to be over-
expressed in specific cancer cells compared with its
expression in normal cells, and the upregulation of E2F1
has been associated with poor prognosis16,22–24. Recently,
several studies have provided an evidence suggesting a
role for the E2F proteins as biomarkers in cancers24,25. In
addition, in a study that included 165 lymph node-
negative breast carcinomas, patients with E2F1-positive
tumors demonstrated reduced overall survival as well as
reduced disease-free survival rates compared with those in
patients with E2F1-negative tumors26. Although these
results suggest that E2F1 is a dependable marker for
multiple cancer types, its expression level within these
cancers, specific biological function and molecular
mechanism of action remain mostly unknown.
Another group of proteins, the Rad proteins, are also

involved in DNA repair. Specifically, RAD51, RAD52, and
RAD54 have been designated as the key proteins in
homologous recombination (HR). These proteins play a
central role in strand exchange between an undamaged
homolog and a double-strand break (DSB) end, resulting
in repair of the damaged regions. Furthermore, Rad pro-
tein levels are significantly elevated (by ~2–7-fold) in
primary tumors and various cancer cell lines27,28. The
advantage of the elevated expression of RAD51 for tumor
cells has yet to be sufficiently explained; however, it has
been suggested that overexpression of RAD51 is related to
tumor progression caused by genomic disruption27,29. An
alternate explanation is that elevated levels of RAD51 may
provide cells with an advantage during DNA replication
within rapid cell division30,31.
In this study, we show that E2F1 regulates gene

expression for HR factors and DNA replication. We also
demonstrate an essential role for the HR pathway in colon
cancer progression. This pathway plays a role in the
maintenance of genomic integrity and overcoming repli-
cation stress and thus acts to maintain genomic integrity
during DNA replication and cell proliferation within
colon cancer cells.
We first described the expression patterns of genes

involved in DNA synapsis and synthesis through qPCR
analysis. The expression of genes involved in the search
for DNA homologs, DNA strand exchange, DNA repli-
cation and chromatin remodeling were altered following
the depletion of E2F1. Second, we examined whether
E2F1-mediated HR activity is essential to maintain the
efficacy and fidelity of cellular progression. We found that
HR factors were constitutively expressed in colon cancer
cells. Therefore, these factors may enable the more rapid
progression of replication forks and prevent accumulation
of DNA breaks, including single-strand DNA (ssDNA)
gaps in S-phase, by postreplication repair (PRR). In
addition, cancer cells may utilize the HR pathway to
maintain cellular proliferation and genomic integrity.

Third, we demonstrated that the depletion of E2F1 leads
to the reduced expression of HR factors, causing cell cycle
arrest and cell death. Thus, the loss of these cellular
processes due to functional defects in HR factors is an
important event leading to genomic instability. Finally, we
investigated the intracellular localization of E2F1, RAD51,
and replication protein A (RPA) in colon cancer cells
exposed to methyl methanesulfonate (MMS), which
induces DNA double-strand breaks (DSBs). In cells
experiencing DNA damage, the number of RAD51 and
RPA foci increased, suggesting that 3′-single-stranded
DNAs were exposed. Surprisingly, E2F1 proteins were
localized at sites of DNA breakage along with γH2AX,
RAD51, and RPA. These findings suggest that E2F1 is
involved in a DNA repair mechanism with other DNA
repair proteins and that these proteins form foci at broken
DNA or ssDNA gaps. Furthermore, E2F1 depletion
reduced the formation of RAD51 foci, but not the for-
mation of RPA and γH2AX foci, and the accumulation of
ssDNA gaps, indicating that colon cancer cells are able to
undergo typical replication processes in the presence of
unrepaired ssDNA gaps. This finding supports the pos-
sibility that unrepaired ssDNA gaps induce cell cycle
arrest at the S/G2 phase. Based on these findings, we
suggest a novel mechanism for the involvement of geno-
mic instability in tumorigenesis that is regulated by E2F1-
induced activation of the HR pathway and potential novel
target genes for the inhibition of tumorigenesis.

Materials and methods
Cell culture
The HCT116 and HT29 human colon cancer cell lines,

which were a kind gift from Hwang D.S., Ph.D., were
cultured in Dulbecco’s modified Eagle medium (DMEM;
Cat. No. 11995-073; Gibco) with heat-inactivated 10%
fetal bovine serum (FBS; Cat. No. 16000-044; Gibco) and
100 U/ml penicillin/streptomycin (Cat. No. 15140-122;
Gibco). The cells were maintained in an incubator at 37 °C
and 5% CO2.

Immunoprecipitation and immunoblot analysis
Cell lysates from HCT116 and HT29 human cell lines

were prepared as described previously32. Whole-cell
lysates (800 μg) were prepared for immunoprecipitation
with protein A/G-agarose beads (Cat. No. P9203; Gen-
DEPOT) according to the manufacturer’s instructions.
Samples were incubated with primary antibodies at 4 °C.
Following incubation, the samples were incubated with
protein A/G-agarose beads for 3 h at 4 °C. The samples
were then boiled and subjected to polyacrylamide gel
electrophoresis for immunoblotting. The protein levels on
the PVDF membrane were observed using a ChemiDocTM

MP imaging system (Bio-Rad, Hercules, CA, USA).
Antibodies specific for RAD54 (Cat. No. sc-374598,
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1:1000), RAD51 (Cat. No. sc-8349, 1:3000), E2F1 (Cat. No.
sc-251, 1:2000) and PCNA (Cat. No. sc-56, 1:2000) were
purchased from Santa Cruz Biotechnology (USA). Anti-
body specific for Flag (Cat. No. F3165, 1:2000) was pur-
chased from Sigma-Aldrich (USA), antibody specific for
RPA2 (Cat. No. #2208, 1:3000) was purchased from Cell
Signaling Technology (USA) and antibody specific for
GAPDH (Cat. No. ab8245, 1:10,000), which was used as a
housekeeping gene, was purchased from Abcam (UK).

Quantitative PCR
Total RNA was isolated using the RNeasy Mini Kit (Cat.

No. 74104; Qiagen), according to the manufacturer’s
instructions. One microgram of total RNA from HCT116
and HT29 cells was reverse transcribed using a Micro-
RNA Reverse Transcription Kit (Cat. No. 4366596;
Applied Biosystems). Quantification of cDNA by quanti-
tative (q)PCR was performed using SYBR Green (Cat. No.
K-6251; Bioneer) and a Bio-Rad Real-Time (RT)-PCR
system. Oligo information is listed in Supplementary
Table S1.

BrdU incorporation assay
To analyze DNA replication, bromodeoxyuridine

(BrdU) (Cat. No. B5002; Sigma Corp.) was added to the
cell growth medium at a final concentration of 10 μM for
15min. BrdU-labeled cells were washed with PBS, har-
vested, and fixed with 70% cold ethanol for 1 h at 4 °C.
The fixed cells were treated with buffer (0.5% Triton X-
100 and 2M HCl in PBS) for 25 min. Cells were then
washed with PBS and treated with neutralization buffer
(0.1 M Na2B4O7–H10O2, pH 8.5) for recovery followed by
incubation with anti-BrdU antibody (Cat. No. ab6326;
Abcam, UK) for 1 h at 25 °C. Cells were then stained with
a FITC-conjugated secondary antibody and propidium
iodide (PI). Finally, the cell cycle was analyzed using flow
cytometry (BD FACSCalibur).

Comet assay
Human colon cancer cells were harvested and sus-

pended in 300 μl of 1% low-melting temperature agar-
ose gel (42 °C) (Cat. No. 50101; TaKaRa) at a cell
density of 2 × 104 cells/ml. The agarose gel was pipetted
onto glass slides. Slides were incubated in lysis buffer
(0.5 M Na2-EDTA, 0.5 mg/ml proteinase K (pH 8.0), 2%
sodium lauroyl sarcosinate) overnight at 37 °C. The
slides were then washed in rinse buffer (90 mM Tris,
90 mM boric acid, 2 mM Na2EDTA (pH 8.5)) for
30 min. Electrophoresis was also conducted in rinse
buffer for 20 min at 20 V/19 cm. The slides were
immersed in rinse buffer for 10 min, stained with PI
staining solution for 10 min and observed using fluor-
escence microscopy. Comets were quantified using
CASP software (1.2.3beta2).

Measurement of apoptosis
To analyze cell apoptosis, human colon cancer cells

were harvested and incubated in Annexin V-FITC binding
buffer (10 mM HEPES (pH 7.4), 150mM NaCl, 2.5 mM
CaCl2). Annexin V-FITC (Cat. No. LS-02-100; BioBud)
was then added to the suspended cells at a final con-
centration of 1.5 μg/ml and incubated for 15min. Labeled
cells were washed with cold 1 × PBS to remove excess
Annexin V. The cells were stained with PI at a final
concentration of 20 μg/ml and analyzed using flow cyto-
metry (BD FACSCalibur). Quantification of FACS data
was performed using FlowJo software.

Immunofluorescence staining
Cells were attached to coverslips coated with 1 × poly-

L-lysine and fixed with cold 4% paraformaldehyde. Briefly,
the cells were treated with Triton X-100 (0.2%) for 5 min
and blocked with blocking buffer (0.02% Tween-20 and
1% BSA in PBS) for 30min. The preparations were
incubated for 1 h with the following primary antibodies:
anti-RAD51, anti-RPA, and anti-γH2AX. Following three
washes with PBS-T (0.02% Tween-20 in PBS), the pre-
parations were incubated for 50min with the following
secondary fluorescent antibodies: anti-Alexa 488 and anti-
Cy3. After three washes with PBS-T, the preparations
were mounted with mounting solution containing 2 μg/ml
4′,6-diamidino-2-phenylindole (DAPI). Images were
obtained using a Nikon Eclipse Ti-E fluorescence micro-
scope with a ×100 lens (NA= 1.49) and ×100 oil objective
(ND= 1.515; Cat. No. 107590; Nikon).

RNA interference
Commercially available AccuTargetTM small interfering

RNA (siRNA) specific for the E2F1 gene (siE2F1) was
used to knockdown any endogenous E2F1 expression in
human colon cancer cells. The siRNA pool included
single targeting oligonucleotides with the following
sequence: 5′-GCUAUGAGACCUCACUGAA(dTdT)-3′.
The oligonucleotides were transfected using Dharma-
FECT (Cat. No. T-2001; Dharmacon) according to the
manufacturer’s instructions. A nontargeting siRNA
(siControl) was used as a negative control (Cat. No. D-
001810-10-05; Dharmacon). The cells were treated with
the siRNAs in DMEM medium for 48 h and harvested.

Results
Depletion of E2F1 suppresses the expression of genes
involved in HR and DNA replication
E2F1 contains several conserved domains, including a

cyclin A-binding domain, a heptad repeat, a DNA-binding
domain and a transactivation domain with a retino-
blastoma protein (pRB)-binding region33,34 (Fig. 1a). To
identify the specific roles of E2F1 in the transcriptional
regulation of human colon cancer cells, we examined the
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Fig. 1 E2F1 regulates the expression of multiple factors involved in DNA repair, replication, and recombination. a Conserved domains of
E2F1. E2F1 contains a cyclin A-binding domain including nuclear localization signals, a heptad repeat, marked box and a transactivation domain
including pRB-binding regions34. The coordinates for the E2F1 protein structures described in this study have been deposited in the Protein Data
Bank under ID codes 1H24E and 2AZE33. b Immunoblot analysis of whole-cell lysate extracts prepared from HCT116 and HT29 cells. The cells were
transfected with siRNA against E2F1 (siE2F1) or nontargeting siRNA (siControl) for 48 h. GAPDH was used as a housekeeping gene. c The expression
levels of proteins in (a) were quantified, and the ratio relative to 18 s ribosomal RNA expression was determined for each condition. Each sample was
normalized to the siControl condition. Three independent experiments were performed. Error bars denote the mean ± SD (n= 3). d Quantitative PCR
analysis of changes in the expression of multiple genes in response to E2F1 knockdown. The expression of synapsis- and synthesis-related genes, but
not ssDNA annealing-related genes, was substantially reduced in cells transfected with siE2F1. Three independent qPCR experiments were performed.
Error bars denote the mean ± SD (n= 3). The fold-change value for each sample was normalized to the siControl condition. e Comparison of changes
in the expression of specific HR factors following E2F1 knockdown, as assessed by immunoblot analysis and qPCR
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expression levels of HR factors following the knockdown
of E2F1. In colon cancer cells, E2F1 and specific HR
proteins had accumulated at higher levels (increased by
8.9/5.7-fold for E2F1, 8.7/7.6-fold for RAD51, 11.4/10.8-
fold for RAD54, and 5.9/5.1-fold for RPA in HCT116/
HT29 cells, respectively) than those in normal colon cells.
These results support the possibility that colon cancers
require abundant HR proteins to enhance HR-regulated
DNA repair, which is essential for the maintenance of
genomic integrity (Supplementary Fig. S1). To char-
acterize the cellular dynamics of E2F1, we analyzed the
expression level of multiple genes involved in DNA
replication and the HR pathway in the presence or
absence of E2F1. Interestingly, in cells treated with siE2F1,
the expression of RAD51 and RAD54 was downregulated.
However, the absence of E2F1 did not significantly impact
the expression of RPA and PCNA compared with that in
normal control cells (Fig. 1b). These results suggest that
E2F1 activity is related to the regulation of HR gene
expression in colon cancer cells and that low levels of
E2F1 may thus lead to the suppression of the HR pathway
(Fig. 1b, c). To investigate E2F1-mediated regulation of
HR gene expression in colon cancers, we analyzed mRNA
expression levels in colon cancer cells in the presence or
absence of siE2F1 via qPCR. Genes involved in the reg-
ulation of HR progression were classified into four groups:
ssDNA annealing, synapsis, synthesis, and DSB processing
genes (Fig. 1d). The levels of transcripts involved in the
HR pathway were significantly decreased in cells following
E2F1 knockdown compared with their expression in
normal control cells; however, the expression of ssDNA
annealing genes was not impacted by E2F1 knockdown
(Fig. 1d, e).

Depletion of E2F1 induces cell death in colon cancer cells
To determine whether the E2F1-dependent expression

of HR factors affects cell viability and proliferation
through HR progression, we knocked down the E2F1 gene
for 48 h with small interfering RNA (siRNA), and the cells
were stained with PI and FITC-Annexin-V antibody.
Apoptotic and necrotic cells were then identified via flow
cytometric analysis. Within HCT116 and HT29 cells in
the presence or absence of E2F1, we classified cell death
processes observed by flow cytometry into four groups:
necrotic (quadrant 1), late apoptotic (quadrant 2), early
apoptotic (quadrant 3), and live (quadrant 4) processes
(Fig. 2a). The proportion of apoptotic cells was increased
in cells lacking E2F1 (6.60% of HCT116 cells were in the
late apoptotic stage and 25.76% were in the early apop-
totic stage; 18.18% of HT29 cells were in the late apop-
totic stage, and 2.53% were in the early apoptotic stage)
compared with that in normal control cells. E2F1
knockdown, therefore, increases apoptosis in colon
cancer cells compared with that in normal control cells

(Fig. 2a, b). These results suggest that low levels of HR
factors caused by the depletion of E2F1 can result in the
accumulation of various types of DNA breaks and lesions
in colon cancer cells resulting from an incomplete HR
pathway.
To investigate whether E2F1 expression is required to

enhance DNA break repair, we performed comet assays
with HCT116 and HT29 cells (Fig. 2c). Notably, the
knockdown of E2F1 increased the number of cells exhi-
biting DNA tail moments. In addition, the DNA tails in
HCT116 and HT29 cells were longer than that those in
normal control cells by approximately 7.4- and 6.5-fold,
respectively, indicating that the absence of E2F1 during
cell progression delays DSB repair and leads to DNA
fragmentation following cell death (Fig. 2c). In addition,
cell growth rates after E2F1 knockdown gradually
decreased over a period of 3 days, and the percentage of
surviving cells was reduced to 30.4% in HCT116 cells and
25.3% in HT29 cells compared with that of normal con-
trol cells (Supplementary Fig. S2). We have also provided
evidence that downregulation of HR proteins by E2F1
knockdown may cause serious defects in DNA repair and
cell cycle progression within HCT116 and HT29 cells.
Thus, our results suggest that colon cancer cells con-
tinually maintain an abundant level of HR factors and that
these HR factors quickly respond to DSBs, thereby pro-
moting cell cycle progression, cellular proliferation, and
cell viability.

E2F1 is required for cell progression and G2-to-M
transition
To determine whether E2F1 is involved in DNA repli-

cation in colon cancer cells, we conducted the BrdU cell
proliferation assay following the transfection of cells with
siE2F1 (Supplementary Fig. S3a, b). E2F1 knockdown in
cancer cells caused cell cycle arrest at the S/G2 phase,
leading to DNA gaps and subsequently inhibiting cellular
proliferation (Fig. 2d, e; Supplementary Fig. S3a, b). Fur-
thermore, the proportion of cells in S/G2 phase increased
by ~2.40-fold in siE2F1-transfected HCT116 cells and by
2.92-fold in siE2F1-transfected HT29 cells when com-
pared with that in siControl-transfected cells, as deter-
mined by flow cytometry (Fig. 2d, e). Thus, aberrant
replication caused by the absence of E2F1 leads to an
increase in the number of DNA gaps, which results in
activation of the G2/M checkpoint35.

Colon cancer cells require E2F1 to promote RAD51 foci
formation
To determine whether colon cancer cells require E2F1

to promote HR activity to induce DNA gap processing
and complete DNA replication, we examined the forma-
tion of RAD51 foci and RPA foci following the treatment
of colon cancer cells with siE2F1. RAD51 and RPA foci
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were observed in siControl-treated cells, with an average
of 3.00 RAD51 and 6.35 RPA foci per HCT116 cell
nucleus. Within HT29 cells, an average of 3.29 RAD51
and 6.54 RPA foci were observed. In addition, similar
numbers of foci were observed following E2F1 knock-
down; specifically, the average numbers of RAD51 and

RPA foci per HCT116 cell nucleus were 2.02 and 6.72,
respectively, and the average numbers of RAD51 and RPA
foci per HT29 cell nucleus were 2.2 and 6.45, respectively
(Fig. 3a–d).
To further investigate the role of E2F1 in response to

DNA breakage, we induced DNA damage with MMS,

Fig. 2 E2F1 knockdown induces cell death in human colon cancer cells. a Apoptosis analysis of HCT116 and HT29 cells via flow cytometry. Colon
cancer cells were incubated with siRNA in serum-free medium. The proportion of apoptotic cells was quantified using FITC-conjugated annexin V
(1.5 μg/ml) and PI (20 μg/ml). Scatter plots illustrate the distribution of FITC-annexin V and PI staining for siControl- and siE2F1-transfected cells. The
cells are classified as “live-cell” (bottom left), “early apoptotic-cell” (bottom right), “late apoptotic-cell” (top right) and “necrotic-cell” (top left). b
Quantitative analysis of apoptotic cells in response to E2F1 knockdown. The bar graph shows the total percentages of early and late apoptotic cells
determined by flow cytometry. FACS data was quantified using FlowJo software. Error bars denote the mean ± SD (n= 3). c The degree of DNA
damage was measured via comet assay using Nikon Ti-E fluorescence microscopy. The lengths of fifty independent cell comet tails per sample were
analyzed with Casp software (1.2.3beta2) (bottom). Three independent experiments were performed, and tail moments were measured (tail length ×
% of DNA in the tail). Error bars denote the mean ± SD (n= 3). ***P < 0.001 (Student’s t-test) indicates significance compared with siControl-treated
cells. d Cell cycle profiles of human colon cancer cells treated with siE2F1 as characterized by flow cytometry. e Analysis of cell cycle progression by
flow cytometry after siE2F1 transfection. The percentages of siControl-transfected and E2F1-deficient cells in S-phase were quantified with FlowJo
software. Three independent experiments were performed. Error bars denote the mean ± SD (n= 3)
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Fig. 3 Recruitment of HR factors to DNA lesions in human colon cancer cells. a, c Representative images of RAD51 and RPA foci in HCT116 and
HT29 cells under the indicated conditions. The cells were imaged after transfection with siControl or siE2F1 for 48 h. The cells under each condition
were treated with MMS (2 mM) and immunostained with anti-RPA and anti-RAD51 antibodies. Scale bars, 2.5 μm. b, d Quantitative analysis of foci
formed in response to E2F1 knockdown. The numbers of foci in each condition were quantified. The scatter plots illustrate the number of RAD51 and
RPA foci per individual cell (mean ± SD), and a minimum of 30 nuclei were counted for each experiment. The number of foci per nucleus was
analyzed using Prism5 software
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which causes DSBs by inducing replication blocks and
base mispairing. We first optimized the concentration of
MMS required to induce DSBs with minimal cytotoxicity
within human cancer cell cultures. We examined the
effects of MMS at the following concentrations: 1, 2, 3,
and 6mM (Supplementary Fig. S4a) and determined that
2 mM was the optimal concentration of MMS that
induced DSBs without causing significant cytotoxicity
(Supplementary Fig. S4). Furthermore, in response to
DNA damage, the average numbers of RAD51 and RPA
foci per nucleus increased to 21.72 and 25.00, respectively,
in HCT116 cells and 20.08 and 22.86, respectively, in
HT29 cells in the presence of E2F1. Interestingly, when
E2F1 was depleted, the number of RPA foci did not
change significantly compared with that observed when
E2F1 was present in HCT116 and HT29 cells. However,
the depletion of E2F1 caused the number of RAD51 foci
to dramatically decrease by 62.6% and 54.7% in HCT116
and HT29 cells, respectively (Fig. 3a–d). These results
suggest that E2F1 plays a role in the recruitment of DNA
repair factors to DNA breaks. Moreover, E2F1 defi-
ciency may impair the formation of RAD51 foci at
ssDNA or sites of DNA damage by inhibiting the
binding between RAD51 and ssDNA, thereby preventing
the expression of RAD51 and interrupting RAD51-
regulated strand exchange through inhibiting RAD51-
ssDNA nucleofilament formation. For these reasons,
ssDNA produced by DSBs or stalled replication forks
were not repaired, and RPA foci then accumulated on
the unrepaired ssDNA species. Thus, E2F1 may direct
the HR-mediated DNA repair pathway, which is
important for maintaining genome stability in human
colon cancer cells.

E2F1 localizes to DNA damage sites
E2F1 interacts with MRE11 and localizes near DNA

replication origins36. To determine whether E2F1 loca-
lizes to sites of DNA damage, we investigated the colo-
calization of endogenous E2F1 and γH2AX, which is used
to detect DNA DSBs, in human colon cancer cells by
immunofluorescence imaging. Following the treatment of
colon cancer cells with agents that induce DNA breaks,
E2F1 and γH2AX foci partially colocalized (Fig. 4a–d). In
support of this finding, we observed the formation of foci
containing E2F1, RAD51, and RPA bound to exposed
ssDNA gaps or at DNA break sites. Interestingly, within
both HCT116 and HT29 cells, 83% of the observed foci
consisted of E2F1 colocalized with RAD51 and RPA (Fig.
4e, f). Furthermore, immunoprecipitation revealed that
E2F1 physically interacts with RAD51 and RPA (Supple-
mentary Fig. S5). Taken together, these findings imply
that E2F1 forms foci at DNA break sites following DNA
damage and is thus associated with DNA repair. More-
over, E2F1 appears to collaborate with DNA repair

proteins at DNA break sites to mediate DNA repair and
complete DNA replication.

The depletion of E2F1 promotes the accumulation of DNA
breaks
Immunofluorescence staining of γH2AX was employed

to estimate the number of DSBs in cells treated with
siControl and siE2F1. When the H2AX histone is phos-
phorylated at its serine 139 residue, it is designated
γH2AX and used to detect DSBs37. Among HCT116 cells,
the number of γH2AX foci per cell was 6.82, while among
E2F1 knockdown cells, the number of γH2AX foci per cell
increased by 2.9-fold when compared with that for
siControl-treated cells (Fig. 5a, b). In addition, control
HT29 cells contained ~7.25 γH2AX foci per cell, whereas
the γH2AX foci per E2F1 knockdown cell was increased
by 3.45-fold compared with that per siControl-treated cell
(Fig. 5a, b). Western blot analysis revealed that HCT116
E2F1 knockdown cells were unable to efficiently repair
DNA and that γH2AX accumulated at higher levels than
siControl-treated HCT116 cells following DNA damage
(Supplementary Fig. S6). Furthermore, following MMS
treatment, γH2AX was induced in both siControl-treated
and E2F1 knockdown cells, although the expression levels
of γH2AX in E2F1 knockdown cells were dramatically
increased (Supplementary Fig. S6). Moreover, while E2F1
knockdown following 1 h of siE2F1 treatment reduced
RAD51 levels, RAD51 expression persisted for up to 6 h
within siControl-treated cells. Consistent with the results
above, E2F1 knockdown cells accumulated remarkably
more DSBs prior to treatment with MMS than normal
cells (Supplementary Fig. S6). These results thus reveal
that the absence of E2F1 leads to the accumulation of
DSBs and ssDNA gaps by impairing repair systems.

Discussion
The transcription factor E2F1 is involved in DNA

replication and repair in many types of human cancers38.
Previous studies have reported that E2F1 is expressed at
high levels in most human cancers, including colon can-
cer and breast cancer and that E2F1 expression in an
individual cell facilitates the efficient repair of DSBs and
stalled replication forks35,39. However, the reason for
high-level E2F1 expression in human cancer cells and the
specific role of E2F1 in maintaining genomic integrity in
cancerous cells are not clearly understood. Here, we
reveal a mechanism for the regulatory function of E2F1 in
the DNA repair system that involves genomic instability
and programmed cell death. Dynlacht and colleagues
suggested the possible functions of E2F1 in gene regula-
tion through ChIP experiments40. They also suggested
that E2F1 targets diverse groups of genes related to DNA
repair, replication, cell cycle regulation, and G2/M tran-
sition and physically interacts with promoters associated
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with HR and replication-related genes37. Furthermore, it
has been reported that E2F1 localizes to DSB sites, where
it physically interacts with NBS1 under conditions of

DNA damage-induced stress41, implying that E2F1 is
involved in DSB repair via the formation of a DNA repair
complex with HR-related proteins.

Fig. 4 E2F1 localizes to DSB sites. a, c Representative images illustrating E2F1, RAD51, RPA, and γH2AX foci in HCT116 and HT29 cells in the
presence or absence of MMS (2 mM). The cells were immunostained with anti-E2F1, anti-RAD51, anti-RPA, and anti-γH2AX antibodies. Scale bar,
2.5 μm. b, d Quantification of foci per nucleus in response to MMS. The scatter plots show the numbers of foci containing each protein per individual
cell (mean ± SD). A minimum of 40 nuclei were counted for each experiment. The number of foci per nucleus was analyzed using Prism5 software. e
Magnified image corresponding to the white dotted line of colocalized foci. f Quantification of the numbers of foci containing proteins colocalized
with E2F1 following treatment with MMS. Error bars denote the mean ± SD
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HR is a conserved process that takes place in many
different species, including mammals, plants, and yeast.
This process plays an essential role in genome stabi-
lity42,43. Specifically, HR promotes the progression of
replication forks and the repair of DSBs and ssDNA gaps.
Replication fork progression encounters interference from
various endogenous and exogenous stresses, ultimately
causing replication forks to stall, break, or collapse,
thereby inducing a response to DNA damage44,45. DNA
replication failure is thus responsible for the generation of

genomic instability and the accumulation of mutations.
Furthermore, in many organisms, delayed DNA replica-
tion is related to chromosome fragmentation, which is
induced by DSBs or ssDNA gaps46,47. Moreover, impaired
fork progression may interrupt the completion of DNA
replication, which then leads to irregular chromosome
segregation and the accumulation of mutations within the
genome that can induce tumorigenesis48. Thus, genomic
instability is a hallmark of tumor cells. The progression
of abnormal HR pathways has been reported in

Fig. 5 Depletion of E2F1 induces DSBs and ssDNA gaps. a Representative microscopic images of cells showing γH2AX foci in response to E2F1
knockdown. The nuclear perimeter was stained with DAPI (4′,6-diamidino-2-phenylindole). b Quantitative analysis of foci formed in response to E2F1
knockdown. The scatter plots illustrate the number of γH2AX foci per individual cell (mean ± SD), and a minimum of 150 nuclei were counted for
each experiment. The number of foci per nucleus was analyzed using Prism5 software. ***P < 0.001 (Student’s t-test) indicates significance compared
with siControl-treated cells. c Electron microscopic images showing replication forks isolated from Xenopus laevis (modified from Kolinjivadi et al.
(2017)51). Following BRCA2 or RAD51 depletion, ~500 nucleotide-long ssDNA gaps are observed, but these gaps are not observed in control cells. d
The proposed model by which E2F1-mediated HR factors maintain genomic integrity. When E2F1 activates HR factors by binding at their promoters,
HR responds efficiently to induce DNA replication and DNA repair. E2F1 effectively localizes to DNA break sites, where it interacts with regulatory
proteins involved in the HR pathway. However, E2F1 deficiency can cause replication fork collapse or the accumulation of DSBs or ssDNA gaps at S/
G2 transition, inducing cell cycle arrest in G2/M phase or cell death
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cancer-causing conditions or during tumor development,
which leads to an increased risk of genetic instability.
More precisely, regulation of the recombinases RAD51,
RAD52, and RAD54 has been shown to affect genomic
integrity and regulation of the cell cycle. Our results
demonstrated that cells lacking RAD51 experienced cell
cycle arrest in the G2/M phase and the accumulation of
DNA breaks, apoptosis, and unrepaired ssDNA, implying
that the HR factor-dependent pathway is likely essential
for the maintenance of genomic integrity35.
Recent studies have suggested the function of E2F1 at

DNA damage sites and asserted that E2F1 promotes the
recruitment of DNA repair proteins to DSB sites34,41.
However, the mechanism by which E2F1 recruits these
proteins and promotes DNA repair is not clearly
understood. Therefore, we hypothesized that E2F1
forms foci with DNA repair factors at break sites.
Interestingly, we found that E2F1 rapidly accumulates at
break sites following the induction of DNA damage with
MMS and that a large portion of these E2F1 foci contain
DNA repair proteins, specifically RAD51 and RPA.
These findings suggest that E2F1 regulates the locali-
zation of DNA repair proteins to damaged sites. Alter-
natively, E2F1 may direct DNA repair signaling via
ATM/ATR at break sites49. Furthermore, our results
show that E2F1 depletion affects the expression of
RAD51, a core factor in the HR pathway, at the tran-
scriptional level. RAD51 plays a crucial role in DNA
break repair, and RAD54 stabilizes RAD51-ssDNA fila-
ments in the synapsis phase and stimulates DNA strand
exchange50. Moreover, cells that contain inactive HR
proteins attempt to mediate a general homology search
of homologous chromatids, leading to serious defects in
DNA repair and the cell cycle. In addition to of its role
in regulating the expression of genes associated with
DNA repair, E2F1 may also play a central role in DSB
repair by promoting the direct recruitment of HR pro-
teins or activating HR proteins at sites of DNA breaks41.
To determine which of these mechanisms is employed

by E2F1, we investigated RAD51 and RPA foci formation
following treatment of the cells with MMS. In response to
DNA damage, the proportion of foci containing RPA was
dramatically increased, indicating that the presence of
numerous ssDNAs generated through DNA end proces-
sing is required for both microhomology-mediated end
joining and HR and that these ssDNAs are stabilized by
the binding of RPA at DSB sites. In contrast, E2F1
depletion reduced RAD51 focus formation as well as the
proportion of foci in which RAD51 and RPA were colo-
calized (Fig. 3; Supplementary Fig. S7). These results
suggest that a reduction in the number of foci containing
RAD51 bound to ssDNA during cell progression may
cause irregular strand pairing and sequence homology
searching, which regulates the invasion of DNA strands by

RAD51-ssDNA nucleofilaments that repair DSBs and
results in the accumulation of ssDNA gaps (Fig. 5c).
Furthermore, E2F1 depletion may have suppressed the
HR pathway by interfering with RAD51-mediated DNA
recombination and the accumulation of ssDNA gaps,
impairing DNA damage repair mechanisms in colon
cancer cells (Fig. 5d). Further experimental studies will
examine the functional role of E2F1 in RAD51-dependent
DSB repair pathways at break sites and determine the
roles of E2F1 in DNA damage independent of gene reg-
ulation, including its roles in cell cycle arrest, apoptosis,
and cellular senescence.
In addition to E2F1, elevated levels of HR proteins in

colon cancer cells may facilitate HR, fork reversal, and
PRR, which is the most efficient pathway for ssDNA gap
repair during DNA replication and simultaneously pro-
motes the repair of damaged DNA via a sister template
after DNA replication. Alternatively, HR proteins may
cooperative to prevent additional resection of DNA
breaks that would yield ssDNA gaps in colon cancer cells.
These mechanisms preserve efficient cell cycle progres-
sion and genomic integrity in colon cancer cells by using
high-fidelity HR pathways to repair DSBs and ssDNA gaps
to overcome the replication stress-induced delay of cell
proliferation. In human colorectal cancer cells, defective
HR factors seriously impair cellular progression and cell
death (Fig. 5d). Therefore, our data suggest a regulatory
system for HR mediated by E2F1. In addition, E2F1 may
independently serve as a biomarker or novel gene target
for cancer therapy.
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