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E2F1 Localizes to Sites of UV-induced DNA Damage to
Enhance Nucleotide Excision Repair*□S
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Smithville, Texas 78957 and the §University of Texas Graduate School of Biomedical Sciences at Houston, Houston, Texas 77030

The E2F1 transcription factor is a well known regulator of cell
proliferation and apoptosis, but its role in the DNA damage
response is less clear.Using a localUV irradiation technique and
immunofluorescence staining, E2F1 is shown to accumulate at
sites of DNA damage. Localization of E2F1 to UV-damaged
DNA requires the ATM and Rad3-related (ATR) kinase and
serine 31 of E2F1 but not an intact DNA binding domain. E2F1
deficiency does not appear to affect the expression of nucleotide
excision repair (NER) factors, such as XPC and XPA. However,
E2F1 depletion does impair the recruitment of NER factors to
sites of damage and reduces the efficiency of DNA repair. E2F1
mutants unable to bindDNAor activate transcription retain the
ability to stimulate NER. These findings demonstrate that E2F1
has a direct, non-transcriptional role in DNA repair involving
increased recruitment of NER factors to sites of damage.

UV radiation causes several forms of DNA damage, the most
prominent of these being the cyclobutane pyrimidine dimer
(CPD)2 and 6–4 pyrimidine-pyrimidone photoproduct ((6–
4)PP). This damage is repaired by the NER pathway, which
can be further partitioned into global genome NER (GG-NER)
and transcription-coupled repair. Transcription-coupled NER
repairs damage in actively transcribed DNA strands, whereas
GG-NER is used to repair the majority of damage throughout
the genome (1). The importance of NER is illustrated by the
hereditary syndrome xeroderma pigmentosum (XP), which is
caused by mutations in one of several NER genes and charac-
terized by hypersensitivity to sunlight and a strong predisposi-
tion to skin cancer.

The ATR kinase plays a major role in the DNA damage
response initiated by UV radiation. Recent studies have shown
that single-stranded DNA, which occurs at stalled replication
or transcription forks or during the process of NER, constitutes
the signal for ATR activation (2–4). ATR is recruited to sites of
single-stranded DNA through its association with ATR-inter-
acting protein, which in turn binds to the single-stranded DNA-
binding protein replication protein A (4). ATR is then activated
through a physical interaction with topoisomerase II-binding
protein 1 (TopBP1), which is independently recruited to sites of
damage through an interaction with the Rad9-Rad1-Hus1 (9-1-1)
complex (5, 6). Once active, ATR phosphorylates substrates such
as Claspin, Chk1, and p53 to promote repair, establish cell cycle
checkpoints, or induce apoptosis.
ATR and the related ataxia telangiectasia-mutated (ATM)

kinase also phosphorylate the E2F1 transcription factor on ser-
ine 31, a site not conserved in other E2F family members (7).
E2Fs regulate the expression of numerous genes involved in cell
cycle progression and apoptosis and are key determinants of cell
fate (8). Phosphorylation of E2F1 on serine 31 stimulates binding
to 14-3-3�, which leads to E2F1 stabilization followingDNAdam-
age (9). Serine 31 phosphorylation also creates a binding site for
one of the eight BRCA1 C-terminal domains of TopBP1 (10).
TopBP1 binding to E2F1 inhibits the transcriptional activity of
E2F1 independent of the retinoblastoma tumor suppressor. In
addition, TopBP1 binding results in the accumulation of E2F1 at
sites of DNA double-strand breaks (DSBs) (10).
In response to agents that cause DSBs, E2F1 stabilization

contributes to the induction of apoptosis by transcriptionally
activating p73 and perhaps other pro-apoptotic target genes
(11, 12). In response to UV, however, E2F1 does not transcrip-
tionally activate p73 or promote apoptosis (12). In fact, we have
previously shown that E2F1 has an anti-apoptotic function in
response toUV radiation (13, 14).Mice lacking E2F1hadhigher
levels of apoptosis in their epidermis following UV irradiation
compared with wild-type mice while transgenic mice overex-
pressing E2F1 had reduced levels of UV-induced apoptosis.
E2F1-mediated survival in response to UV correlated with an
effect on DNA repair, which was impaired in the absence of
E2F1 and stimulated by E2F1 overexpression (13). Herewe pro-
vide evidence that E2F1 enhances GG-NER through a novel
mechanism that is independent of its function as a transcrip-
tional regulator.

EXPERIMENTAL PROCEDURES

Cells—Primary dermal normal human fibroblasts (NHF,
GM08399), SV40-transformed dermal fibroblasts (GM00637),
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and primary fibroblasts from ataxia-telangiectasia (AT,
GM02052) and Seckel syndrome (ATR-deficient, GM18366)
patients were obtained from Coriell Institute. HeLa and
HCT116 cells were obtained from ATCC. All cells were main-
tained in Dulbecco’s modified Eagle’s medium (HyClone) sup-
plemented with 10% fetal bovine serum (Atlanta) except
HCT116 cells, which were maintained inMcCoy’s 5AMedium
(Invitrogen) with 10% fetal bovine serum.
UV Treatment—For general UV treatment, UVB was deliv-

ered byWestinghouse FS20 sunlamps filtered through cellulose
acetate (Kodacel fromKodak, St. Louis,MO)with a wavelength
cutoff of 290 nm. Dosimetry was determined with a IL1400
photometer coupled to a SCS 280 probe (International Light,
Newburyport, MA). Because filters absorb �90% of the UV
radiation (15), it was necessary to use UVC for the co-localiza-
tion assays, because UVC is more efficient at inducing DNA
damage compared with the more physiological relevant UVB
radiation. UVCwas delivered by Phillips SterilampG8T5 bulbs
emitting predominantly 254 nm. The dose was measured using
an IL-1400A Photometer coupled to SEL 240 detector.
Western Blot and Co-immunoprecipitation—Cells were

mock treated or treated with 500 J/m2 of UVB, and whole cell
lysates were obtained using 1� lysis buffer (Cell signaling).

E2F1 antibody-conjugated Protein
A/G-agarose (Santa Cruz Biotech-
nology, Santa Cruz, CA) was used
for immunoprecipitation, and the
precipitate was analyzed by West-
ern blot using E2F1 or TopBP1 anti-
bodies. Antibodies/antisera were
obtained from the following sourc-
es: E2F1 (C-20 and KH95), �-tubu-
lin, E2F2, E2F3, and p62, Santa Cruz
Biotechnology; CPD and (6–4)PP,
MBL; XPA polyclonal, Santa Cruz
Biotechnology; XPA monoclonal
(12F5), Lab Vision; and TopBP1,
Bethyl Laboratories. Rabbit poly-
clonal antisera to the CPD and
(6–4)PP photoproducts were de-
veloped by Dr. David Mitchell.
Filtered UV Irradiation/Immu-

nofluorescence Assay—Co-localiza-
tion of proteins with UV-induced
DNAdamagewas performed as pre-
viously described (15–17). Briefly,
cells grown on chamber slides
(Nunc) were rinsed in phosphate-
buffered saline leaving a thin layer of
buffer on top. Sterile isopore poly-
carbonate membrane filter (Mili-
pore) containing pores of either 3 or
8 �m in diameter were placed on
top of the cells, and the slides were
irradiated from above with UVC.
The filter was then removed, and
cells were incubated for designated
time points before a cytoskeleton

extraction procedure. After washing, cells were fixed in phos-
phate-buffered saline containing 2% formaldehyde and 0.2%
Triton X-100. For immunofluorescent staining, fixed cells were
incubated with 3% bovine serum albumin, washed, and treated
with 2 M HCl for 5 min at 37 °C to denature the DNA. Washed
cells were then incubated with appropriate primary antibodies
(e.g. specific for CPD and E2F1) followed by incubation with
appropriate fluorescent secondary antibodies (Alexa 488 or
Alexa 594, Invitrogen). Cells were then stained with DAPI and
sealed in mounting media (Vector Laboratory) with coverslips.
The images were captured, digitally recorded, and analyzed
using a Nikon eclipse 80i microscope equipped with an X-cite
120 fluorescence illumination system and Metamorph image
analysis software. Percent co-localization was determined by
scoring 100 randomly selected cells for each experimental
group as previously described (15, 17).
Chromatin Immunoprecipitation-coupled UV-induced DNA

Damage Detection Assay—This assay was performed as previ-
ously reported (18)withminormodifications. Briefly, cells were
mock treated or treated with 500 J/m2 of UVB, then fixed with
1% formaldehyde for 15 min at room temperature. Fixed cells
were harvested by standard cell lysis buffer and sonicated to
shear the DNA. Immunoprecipitations were performed with

FIGURE 1. E2F1 accumulates at sites of UV-induced DNA damage. A, primary NHFs were irradiated with 500
J/m2 of UVB or mock treated (lane 1) and harvested at the indicated times post-irradiation. Western blot
analysis was performed on whole cell extracts using antibodies specific for E2F1, E2F3, or �-tubulin. B, NHFs
were untreated or locally irradiated with 50 or 100 J/m2 of UVC through polycarbonate filters with pores of 3 or
8 �m as indicated. 2 min, 30 min, or 3 h post-irradiation, cells were fixed and stained for CPD (red) and E2F1
(green) by indirect immunofluorescence. Cells were counterstained with DAPI to show nuclei and images were
digitally recorded. C, NHFs were untreated or locally irradiated with 50 J/m2 of UVC and stained for CPD and
E2F2 or E2F3 as described above.
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antibodies against E2F1 or E2F2, and the precipitatedDNAwas
reverse cross-linked and purified. After quantification of the
DNA, the amount ofUV-inducedDNAdamage pulled down by
the binding proteins was detected by a slot-blot assay. As a
control, the same DNA samples were also amplified by PCR for
the proliferating cell nuclear antigen promoter, which is both
an E2F1 and E2F2 transcriptional target.
Slot-blot DNARepair Assay—UV-inducedDNAdamage was

detected as described (19) with minor modifications. Briefly,
cells were treated with 500 J/m2 of UVB and incubated for the
designated time periods before isolating genomic DNA using
the GenElute kit (Sigma). DNA was quantified, and 0.5 �g of
DNA was spotted onto nitrocellulose membranes (Genemate)
using a slot-blot transfer apparatus (Bio-Rad). TheUV-induced
DNA damage was detected by an immunoblot procedure
using antibodies against (6–4)PP (1:1000) and CPD
(1:2000). The membrane was re-probed with antibody
against single-stranded DNA (Chemicon, MAB3034) for
loading control. The densities of the bands were quantified
by using ImageJ, and the graphs were plotted accordingly
after normalization with the loading control.
Plasmids and Small Interference RNA—The cDNAs of

human E2F1, including the wild-type, serine S31A mutant,
DNA binding domain mutant (E138), DP dimerization domain
deletion mutant (�206–220), Marked box domain deletion
mutant (�283–358), and C terminus deletion mutant (�375–
437), were inserted into a p3XFLAGCMVvector (Sigma) at the
HindIII/XbaI sites. The cDNAs of wild-type E2F1 and S31A
mutant were also inserted into a pEGFP-C1 vector (Clontech)
to generate the green fluorescence protein fused to E2F1. Small
interference RNAs (siRNAs) against the human E2F1 coding
region (E2F-1 siRNA sc29297: strand 5169, CACCUGAU-
GAAUAUCUGUA; strand 5170, CCUGAUGAAUAUCU-
GUACU; and strand 5171, GAGUCUGUGUGGUGUGUAU)
and 3�-untranslated region (E2F1 siRNA sc29297 strand 5171
GAGUCUGUGUGGUGUGUAU and E2F1 siRNA sc44258
strand 16661 GCUUUAAUGGAGCGUUAUU) were pur-
chased from Santa Cruz Biotechnology. Transfections were
performed with either Oligofectamine (for primary normal
human fibroblasts) or Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer’s recommended protocol. Because
of differences in the steady-state expression levels of the various
FLAG-E2F1 mutant proteins, the amounts of each plasmid
transfected into cells for the rescue experiments were adjusted
as follows: wild type, 2 �g; S31A, 8 �g; E138, 0.5 �g;�206–220,
2 �g; �283–358, 1 �g; and �375–437, 0.5 �g.

RESULTS

E2F1 Accumulates at Sites of UV-induced DNA Damage—
Among the E2F family, E2F1 is specifically stabilized in
response to several types of DNAdamage (20–22), andwe con-
firmed this finding in NHFs following UVB irradiation (Fig.
1A). In some settings, E2F1 stabilization in response to DNA
damage contributes to the induction of apoptosis (7, 23). How-
ever, we found that mice lacking E2F1 are hypersensitive to
UV-induced apoptosis, whereas transgenic expression of E2F1
can suppress apoptosis in response to UV (13, 14). We also
found that the inactivation of E2f1 in mice impairs GG-NER

and suggested the anti-apoptotic and pro-survival function of
E2F1 following UV treatment might be related to this ability to
enhance DNA repair (13).
Given that E2F1 is recruited to sites of DSBs (10), we exam-

ined whether E2F1 might also localize to sites of UV-induced
DNA damage using the filtered UV irradiation-coupled immu-
nofluorescence method (15–17). In this assay, cells are irradi-
ated with UV through a filter and subnuclear regions contain-
ing DNA damage are identified using an antibody specific for
theCPDDNAphotoproduct. Because the filter absorbsmost of
the radiation, it was necessary to use UVC for these co-localiza-
tion experiments, because UVC is more efficient than UVB at
inducing DNA damage. E2F1 was found to rapidly accumulate
at sites of UV-induced DNA damage, before significant E2F1
stabilization, and to remain co-localized with CPD at least 3 h
post-irradiation (Fig. 1B). In contrast, the E2F2 and E2F3 pro-
teins did not co-localize with sites of DNA damage after the
same filtered UV treatment (Fig. 1C). An E2F1 construct fused
to green fluorescence protein (GFP) was also found to co-local-
ize with NER factors XPC and p62 after UV irradiation (Fig.
2A). To further confirm our finding that E2F1 associates with
damaged DNA, we employed a chromatin immunoprecipita-
tion assay and found that E2F1 could specifically pull down
DNA fragments containing UV-induced damage (Fig. 2B). In
contrast, E2F2 did not associate with damaged DNA but did
associate with an E2F transcriptional target, the PCNA pro-
moter, as efficiently as E2F1.
ATR and E2F1 Serine 31 Are Important for the Accumulation

of E2F1 at Sites of UV Damage—E2F1 is phosphorylated at ser-
ine 31 by the ATM and ATR kinases in response to DNA dam-

FIGURE 2. E2F1 co-localizes with NER factors and associates with dam-
aged DNA. A, HeLa cells were transfected with plasmids expressing wild-type
E2F1 fused to enhanced GFP. 24 h post-transfection, cells were exposed to 50
J/m2 of UVC through an 8-�m pore filter and stained 30 min later for XPC or
p62 (red). Slides were counterstained with DAPI, and images were digitally
recorded as previously described. B, NHFs were mock treated or exposed to
500 J/m2 of UVB and fixed with 1% formaldehyde for 15 min. Cells were lysed
in the standard lysis buffer and chromatin immunoprecipitation was per-
formed using antibody to either E2F1 or E2F2. The DNA in the precipitates
was purified and analyzed by slot blotting for CPD photoproducts (top) or by
PCR for the PCNA promoter region (bottom).
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age (7). This phosphorylation event is involved in E2F1 stabili-
zation and its localization to sites of DSBs (9, 10). To determine
the role of theATMandATRkinases in regulating the response
of E2F1 to UV, we examined the co-localization of E2F1 with
CPD in NHFs, ATM-deficient human fibroblasts (AT cells), or
ATR-deficient Seckel Syndrome fibroblasts. We observed that
the localization of E2F1 was significantly decreased by 4-fold in

ATR-deficient cells, but not affected
in the ATM-deficient cells when
compared withNHFs (Figs. 3,A and
B). To determine the role of serine
31 in E2F1 localization, plasmids
expressingGFP fused to either wild-
type or serine 31 (S31A) mutated
E2F1 were transfected into HeLa
cells followed by filtered UV treat-
ment and immunostaining. Com-
pared with wild-type E2F1, the
S31Amutant showed a significantly
reduced ability to accumulate at
sites of UV damage as indicated by
decreased co-localization with the
NER protein XPA (Fig. 3, C and D).
Taken together, these findings indi-
cate that the ATR-mediated phos-
phorylation of E2F1 at serine 31 is
important for the efficient localiza-
tion of E2F1 to sites of UV damage.
Phosphorylation of E2F1 at serine

31 creates a binding site for one of
the BRCA1 C-terminal domains of
TopBP1, and this interaction results
in the recruitment of E2F1 to sites of
DSBs (10). To determine if UV radi-
ation would also induce an interac-
tion between E2F1 and TopBP1,
a co-immunoprecipitation experi-
ment was performed on endoge-
nous E2F1 and TopBP1 proteins.
Although a low level of association
was observed in untreated cells, UV
treatment resulted in an obvious
increase in the ability of E2F1 to co-
immunoprecipitation TopBP1 (Fig.
3E). This suggests that, as with
DSBs, binding to TopBP1 may be
the mechanism by which E2F1
accumulates at sites of UV-induced
DNA damage.
E2F1 Deficiency Impairs the

Recruitment of NER Factors to Sites
of UV Damage—To determine if
E2F1 status affected the recruit-
ment of NER factors to sites of DNA
damage, NHFs were transfected
with siRNA directed to E2F1 and
used in the local UV assay. Deple-
tion of E2F1 did not appreciably

affect the expression levels of several NER factors, including
DDB1, DDB2/XPE, XPC, p62 (a component of TFIIH), XPF,
XPA, and RPA2 (Fig. 4A). However, E2F1 depletion signifi-
cantly reduced co-localization of XPC, XPA, and p62 with UV
damage (Fig. 4, B–E). It was previously shown that XPC is
required for the recruitment of all other NER factors to sites of
UV damage (17). Thus, these findings suggest that E2F1 acts

FIGURE 3. ATR and E2F1 serine 31 are required for the accumulation of E2F1 at sites of UV damage.
A, primary NHFs, ATR-deficient human fibroblasts from a Seckel Syndrome patient (Seckel cells), and
ATM-deficient human fibroblasts from an ataxia-telangiectasia patient (AT cells) were mock treated or
exposed to 50 J/m2 of UVC through an 8-�m pore filter. 30 min post-irradiation, cells were fluorescently
stained for CPD (red) and E2F1 (green) and counterstained with DAPI. B, 100 randomly selected cells were
scored for co-localization of CPD and E2F1 in each of the cell types indicated. The average of three
independent experiments is presented. *, indicates statistically significant difference from NHFs by Stu-
dent’s t test (p � 0.05). C, HeLa cells were transfected with plasmids expressing GFP fused to either
wild-type E2F1 or E2F1 mutated at serine 31 (S31A). 24 h post-transfection, cells were exposed to 50 J/m2

of UVC through an 8-�m pore filter and 30 min later stained for XPA (red). Slides were then counterstained
with DAPI, and images were digitally recorded as above. D, co-localization of XPA and GFP shown in C were
scored and plotted as described above. The average of two independent experiments is presented. *,
statistically significant difference (p � 0.05). E, HEK293 cells were untreated (lane 1) or exposed to 500 J/m2

of UVB and harvested at different time points post-exposure (lanes 2–5) as indicated. Co-immunoprecipi-
tation was performed using antibody to E2F1 (Santa Cruz Biotechnology, KH95) (lanes 1–5) and normal
mouse IgG as negative control (lane 6). The precipitate was subjected to Western blot analysis for TopBP1
(top panel) and E2F1 (middle panel). The input for E2F1 is shown by Western blot (lower panel). The -fold
increase in TopBP1 association was calculated by determining the density of the TopBP1 band and nor-
malizing to the intensity of the E2F1 input band.
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upstream of XPC in damage recognition and the recruitment of
NER factors.
Stimulation of DNA Repair by E2F1 Requires Serine 31 but

Not Functional DNA Binding or Transcriptional Activation
Domains—To better understand the function of E2F1 in
DNA repair in relation to its other known activities, we per-
formed a series of experiments using a panel of FLAG-tagged
E2F1 expression constructs (Fig. 5A). In addition to the S31A
mutation, a deletion in the DP dimerization domain also
caused defective co-localization of E2F1 with sites of UV

damage (Fig. 5B and supplemental
Fig. S1). On the other hand, E2F1
mutants in the DNA binding
(E138), Marked box (�283–358),
and C-terminal transactivation
(�375–437) domains were as effi-
cient as wild-type E2F1 in their
abilities to accumulate at sites of
UV damage. Thus, direct binding
to DNA and interactions with pro-
tein partners through the Marked
box or C terminus is not required
for E2F1 to localize to sites of dam-
age. Dimerization with a DP part-
ner may be important for damage
localization, although it is also
possible that the �206–220 dele-
tion affects another function
important for the accumulation of
E2F1 at sites of damage.
To test the ability of these E2F1

mutants to rescue efficient NER, we
first knocked down endogenous
E2F1 in HCT116 cells by siRNA
directed against the 3�-untranslated
region region, which is not retained
in the exogenous E2F1 expression
constructs. As expected, endoge-
nous E2F1 was efficiently knocked
down, whereas the exogenously
expressed FLAG-E2F1 was not
(supplemental Fig. S2A). Plasmids
expressing the different FLAG-
E2F1 constructs were then trans-
fected back into the cells (Fig. 5C).
Because different E2F1mutant con-
structs were expressed at different
levels, perhaps due to differences in
protein stability, the amount of
transfected plasmid encoding dif-
ferent mutants was adjusted. Even
so, it was difficult to obtain equal
expression levels of the various
E2F1 constructs. However, it should
be pointed out that all E2F1 con-
structs were expressed at levels
above that of endogenous E2F1
(supplemental Fig. S2A, data not

shown). Consistent with our previous findings, the S31A and
dimerization domain (�206–220) mutants did not rescue
the impaired co-localization of XPA with CPD caused by
depletion of endogenous E2F1. Although the E2F1 �283–
358mutant localized to sites of damage, it also did not rescue
the XPA co-localization defect. In sharp contrast, E2F1
mutants in the DNA binding and transactivation domains
promoted the recruitment of XPA to sites of damage to the
same degree as wild type E2F1 (Fig. 5D and supplemental
Fig. S2B).

FIGURE 4. E2F1 deficiency impairs the recruitment of NER factors to sites of UV damage. A, NHFs were
transfected with control siRNA (lanes 1–3) or siRNA specific to E2F1 (lanes 4 – 6). 24 h later, cells were mock
treated (lanes 1 and 4) or exposed to 500 J/m2 of UVB and harvested at the indicated time points post-
irradiation. Western blot analysis was performed using whole cell lysates and antibodies specific for E2F1
or the DNA repair proteins as indicated. B–D, NHFs were mock treated (upper panels) or transfected with
control siRNA (siCon, middle panels) or with siRNA to E2F1 (lower panels). Transfected cells were locally
irradiated with 50 J/m2 of UVC through a filter (middle and lower panels) and 30 min later fluorescently stained
for CPD (red) and XPC, XPA, or p62 (green). Cells were counterstained with DAPI and digitally recorded as
previously described. E, co-localization of XPC, XPA, and p62 with CPD shown in B–D were scored from three
independent experiments. *, statistically significant difference between siCon- and siE2F1-transfected cells
(p � 0.05).
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Previously we demonstrated that E2f1 inactivation in mouse
cells impaired GG-NER of both (6–4)PP and CPD, although
the effect onCPD repair wasmodest, because this type of lesion
is inefficiently repaired inmouse cells. To verify that E2F1 defi-
ciency would inhibit GG-NER in human cells, NHFs were
transfected with control or E2F1 siRNA, treated with UV, and
the removal of photoproducts from genomic DNA was ana-
lyzed by slot blot. As expected, knock down of E2F1 impaired
the repair of both (6–4)PP and CPD (Fig. 6A).
To examine the ability of the E2F1 mutants to stimulate

GG-NER, HCT116 cells were knocked down for endogenous

E2F1 and transfected with FLAG-E2F1 constructs as de-
scribed above. Cells were then exposed to UV and harvested
immediately (0 h) or at 6 and 24 h post-irradiation. Genomic
DNA was then slot-blotted, and antibody specific for the
(6–4)PP was used to estimate the amount of DNA damage in
each sample. After quantification of band intensities and
normalization with total single-stranded DNA, the percent-
age of photoproduct removal at 6 and 24 h post-irradiation
was calculated (Fig. 6B). Ectopic expression of wild-type
E2F1 enhanced the removal of (6–4)PP to a rate that was
even faster then mock transfected cells. Consistent with the
findings above, the S31A, dimerization domain, and Marked
box mutants were unable to stimulate GG-NER, whereas
E2F1 mutants in the DNA binding and transactivation
domains stimulated the removal of DNA damage as effi-
ciently as wild-type E2F1 (Fig. 6B). Given that the DNA bind-
ing and transactivation domain mutants are detective for
E2F1-mediated transcriptional activation (24), these results
strongly suggest that E2F1 enhances GG-NER in a transcrip-
tion-independent manner.

DISCUSSION

We previously demonstrated that the absence of E2F1
results in inefficient repair of UV-induced DNA damage
while E2F1 overexpression stimulates GG-NER (13). This
may explain how E2F1, which is normally thought of as a
pro-apoptotic factor, functions to inhibit apoptosis and
increase survival in response to UV radiation (13, 14). E2F1
has been implicated in regulating the transcription of several
genes encoding DNA repair activities, including DDB2/XPE
and XPC (25–27). It has been suggested that increased
expression of these E2F targets is responsible for the
increased NER capacity of cells lacking the retinoblastoma
protein (25, 27, 28). However, in normal cells containing the
retinoblastoma protein, UV treatment results in the tran-
scriptional repression of E2F target genes, at least during the first
10 h after exposure, when E2F1 status has a significant effect on
NER (13, 21, 25, 29).Moreover, we found that E2F1 depletion had
no observable effect on the expression levels of DDB2, XPC, or
several otherNER factors. Instead, our finding that E2F1 accumu-
lates at sites of UV damage and promotes the recruitment of NER
factors suggests that E2F1 plays a direct role in GG-NER inde-
pendent of its ability to regulate transcription. The fact that E2F1
domains critical for activating transcription, namely the DNA
bindingand transactivationdomains, aredispensable for stimulat-
ingGG-NERstrongly supports anon-transcriptional role forE2F1
in DNA repair.
The ability of E2F1 to stimulate GG-NER requires serine 31,

a site phosphorylated by ATR in response to UV irradiation (7).
ATR activation occurs when it is recruited to single-stranded
DNA coated with replication protein A through an interaction
between the ATR dimerization partner ATR-interacting pro-
tein and replication protein A (4). ATR kinase activity is then
stimulated through a direct physical interaction with TopBP1,
which is independently recruited to sites of damage though an
association with Rad9 of the 9-1-1 complex (5, 6, 30–32). This
process likely initiates at replication or transcription forks
stalled by DNA lesions and may require additional processing

FIGURE 5. Mapping E2F1 domains required for E2F1 and XPA localization
to sites of DNA damage. A, schematic diagram of E2F1 indicating sites of
mutations. B, HCT116 cells were transiently transfected with either empty
vector or the indicated versions of FLAG-tagged E2F1. Cells were then irradi-
ated with 50 J/m2 of UVC through a filter and fluorescently stained for FLAG
(green) and CPD (red) 15 min later. Cells were counterstained with DAPI. Co-
localization of FLAG tag with CPD were scored as described. The average of
two independent experiments is presented. *, statistically significant differ-
ence from wild type (p � 0.05). C, HCT116 cells were co-transfected with
control siRNA (siCon, lane 1) or E2F1 siRNA specific to the 3�-untranslated
region (lanes 2– 8) and empty vector (lane 2) or plasmids expressing wild-type
(lane 3) or different mutant versions of FLAG-tagged E2F1 as indicated. 24 h
post transfection, Western blot analysis was performed for FLAG tag (top
panel) and �-tubulin (bottom panel). D, HCT116 cells were transfected as in
C. Following transfection, cells were exposed to 50 J/m2 of UVC through a
filter and fluorescently stained for XPA (green) and CPD (red) 15 min post-
irradiation. Cells were counterstained with DAPI. Rescue of XPA co-localiza-
tion with CPD was scored as described. The average of two independent
experiments is presented. *, statistically significant difference from cells co-
transfected with siCon and empty vector (p � 0.05).
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by the NER machinery (2, 33–35). We propose that ATR acti-
vation then results in the phosphorylation of E2F1 at serine 31,
which stabilizes the interaction between E2F1 and TopBP1 at
sites of damage. E2F1 then appears to be involved in a process
that enhances damage recognition and NER globally through-
out the genome.
Several possibilities exist for how E2F1 might enhance

damage recognition and GG-NER independent of transcrip-
tion. It has been demonstrated that E2F1 physically associ-
ates with the DDB2/XPE protein (36). In the context of tran-
scription, DDB2/XPE binding stimulates the transcriptional
activity of E2F1 (36). Although the effect of E2F1 on DDB2/
XPE-mediated repair activity has not been addressed, it is
possible that E2F1 association could enhance the damage
recognition function of DDB2/XPE. A caveat to this poten-
tial mechanism is that DDB2/XPE was shown to bind the C
terminus of E2F1, which we found is dispensable for the
stimulation of NER by E2F1. Another possibility is that E2F1
indirectly promotes the recruitment of NER factors by
recruiting histone-modifying enzymes and altering chroma-
tin structure at sites of damage. This mechanism would be
analogous to the mechanism used by E2F1 to stimulate tran-
scription. Future experiments will be aimed at identifying
the protein partners that work with E2F1 at sites of damage
to facilitate DNA repair.
ATR function has primarily been studied in the context of

cell cycle checkpoint signaling, but our previous studies did not
find a cell cycle checkpoint defect in response to UV in cells
lacking E2F1 (13). Instead, E2F1 may be added to the growing
list of ATR targets directly involved inNER, including XPA and
XPC (37–39). A recent study suggests that ATR promotes GG-
NER only during the S phase, where GG-NER was reported to
be less efficient then in other cell cycle phases (40). In contrast,
other studies have demonstrated that the cell cycle phase has no
impact on NER efficiency (41, 42). Nonetheless, it may be of
interest to determine if the E2F1-dependent effect on GG-NER
is cell cycle-regulated.

E2F1 can promote or suppress
tumor development depending
on the experimental context (43).
The ability of E2F1 to transcrip-
tionally activate genes important
for cell proliferation is thought to
be responsible for the oncogenic
capacity of E2F1. On the other
hand, the molecular mechanism
by which E2F1 inhibits tumorigen-
esis remains unclear. Although it
was originally assumed that the
ability of E2F1 to induce apoptosis
was responsible for this activity,
more recent experiments demon-
strate no correlation between the
regulation of apoptosis and tumor
suppression by E2F1 (44). The
finding that E2F1 stimulates effi-
cient GG-NER and potentially
other forms of DNA repair pro-

vides another plausible mechanism by which E2F1 could
suppress tumor development.
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