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ABSTRACT

Chromatin structure is known to be a barrier to DNA
repair and a large number of studies have now
identified various factors that modify histones and
remodel nucleosomes to facilitate repair. In
response to ultraviolet (UV) radiation several
histones are acetylated and this enhances the
repair of DNA photoproducts by the nucleotide
excision repair (NER) pathway. However, the mo-
lecular mechanism by which UV radiation induces
histone acetylation to allow for efficient NER is not
completely understood. We recently discovered that
the E2F1 transcription factor accumulates at sites of
UV-induced DNA damage and directly stimulates
NER through a non-transcriptional mechanism.
Here we demonstrate that E2F1 associates with
the GCN5 acetyltransferase in response to UV radi-
ation and recruits GCN5 to sites of damage. UV ra-
diation induces the acetylation of histone H3 lysine 9
(H3K9) and this requires both GCN5 and E2F1.
Moreover, as previously observed for E2F1, knock
down of GCN5 results in impaired recruitment of
NER factors to sites of damage and inefficient
DNA repair. These findings demonstrate a direct
role for GCN5 and E2F1 in NER involving H3K9
acetylation and increased accessibility to the NER
machinery.

INTRODUCTION

Exposure to UV radiation from the sun is responsible
for the DNA mutations that lead to the development
of most human skin cancers (1,2). The major forms
of DNA damage caused by UV radiation are the
cyclobutane pyrimidine dimer (CPD) and the pyrimi-
dine–pyrimidone (6-4) adduct, otherwise known as the

(6-4) photoproduct [(6-4)PP]. The nucleotide excision
repair (NER) pathway is responsible for repairing DNA
damage caused by UV radiation. NER consists of two
sub-pathways: global genome repair (GG-NER) that is
responsible for the removal of lesions from the entire
genome; and transcription-coupled repair (TCR) that
preferentially repairs damage on an actively transcribed
DNA strand. The importance of properly repairing
UV-induced DNA damage is exemplified by patients
with the rare autosomal disease Xeroderma
Pigmentosum (XP). XP is caused by the inheritance of
mutations in genes encoding NER proteins and is
characterized by extreme sensitivity to the sun and
strong predisposition to skin cancers. In addition to re-
pairing UV-induced damage, NER is also important for
repairing other types of lesions involving bulking DNA
adducts and strand distortions.

XP can be broken down into seven complementation
groups, XPA through XPG, with each representing a dif-
ferent gene encoding a protein involved in NER. Cloning
of XP genes and the purification of repair proteins has
lead to a detailed understanding of the biochemical
events of NER [for review see (3)]. The first step in
NER is the recognition of distortions in damaged DNA
by the XPC complex (4). For some DNA lesions, such as
CPD, recognition of DNA distortions may also require
another factor termed DNA damage-binding protein
(DDB) that is a heterodimer of DDB2 (XPE, p48) and
DDB1 (p127) (5,6). Binding of the XPC complex results
in further alterations to the DNA structure, which facili-
tates the recruitment of XPA, replication protein A (RPA)
and the basal transcription factor complex TFIIH (7–9).
The final steps of NER involve unwinding the DNA
around the lesion, cleavage of the damaged strand by 30

and 50 incisions and gap filling by a DNA polymerase
followed by ligation.

While in vitro studies with purified proteins and sub-
strates have shed considerable light on the biochemical
events of the NER reaction, a complete understanding
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of how NER is regulated in the context of chromatin
is lacking. Previous studies demonstrated that packaging
of DNA into nucleosomes inhibits NER (10,11).
Moreover, older studies showed there is an increase in
histone acetylation and a relaxation of chromatin struc-
ture in response to UV radiation that enhances NER
(12–14). Several factors have been implicated in
stimulating the repair of UV-induced DNA damage by
increasing chromatin accessibility, including p53, p300
and p33ING (15–18). These factors appear to function
in a common pathway that responds to UV damage and
results in increased histone H4 acetylation and chromatin
relaxation throughout the nucleus (16–18).

We recently found that the E2F1 transcription factor
can also stimulate NER by enhancing the recruitment of
DNA repair factors to sites of UV-induced DNA damage
(19). It was previously shown that E2F1 is stabilized in
response to various forms of DNA damage and that this
involves the phosphorylation of E2F1 on serine 31 by the
ataxia telangiectasia mutated (ATM) or ATM and
Rad3-related (ATR) kinases (20). In the case of DNA
double-strand breaks, phosphorylation of E2F1 by
ATM results in the transcriptional activation of
pro-apoptotic target genes, such as p73 and the induction
of apoptosis (20–22). On the other hand, UV-induced
DNA damage, while resulting in E2F1 stabilization,
does not lead to the induction of E2F1 pro-apoptotic
target genes (21). In fact, we have demonstrated
that E2F1 has an anti-apoptotic function in response
to UV that is likely related to its ability to stimulate
NER (23,24). Mutational analysis of E2F1 demonstrates
that this DNA-repair function is independent of
E2F1-transcriptional activity but dependent on E2F1
serine 31 and the ATR kinase (19). In addition to
stabilizing E2F1, phosphorylation of E2F1 at serine 31
also results in the recruitment of E2F1 to sites of both
double-strand breaks and UV-induced DNA damage
through a phospho-specific interaction with the TopBP1
protein (19,25). However, the function of E2F1 at sites of
DNA damage is currently unknown.

Here we demonstrate that E2F1 associates with the
GCN5 histone acetyltransferase in response to UV radi-
ation and recruits GCN5 to sites of damage. In yeast,
GCN5 is known to stimulate NER at the MFA2 locus
by acetylating histone H3 (26–28) but a role for GCN5
in human NER has not been established. We now show
that depletion of GCN5 or E2F1 in human cells results in
impaired H3K9 acetylation in response to UV, decreased
recruitment of NER factors to sites of damage and ineffi-
cient DNA repair.

MATERIALS AND METHODS

Cell culture

Primary dermal normal human fibroblasts (NHF,
GM08399) were obtained from Coriell Institute. Cells
were maintained in DMEM (Hyclone) supplemented
with 10% fetal bovine serum (FBS, Atlanta).

UV treatment

For general UV treatment, UVB was delivered by
Westinghouse FS20 sunlamps filtered through cellulose
acetate (Kodacel from Kodak, St. Louis, MO, USA)
with a wavelength cut-off of 290 nm. Dosimetry was
determined with a IL1400 photometer coupled to a SCS
280 probe (International Light, Newburyport, MA, USA).
Because filters absorb �90% of the UV radiation (29), it
was necessary to use UVC for the co-localization assays
since UVC is more efficient at inducing DNA damage
compared to the more physiological relevant UVB radi-
ation. UVC was delivered by Phillips Sterilamp G8T5
bulbs emitting predominantly 254 nm. The dose was
measured using an IL-1400A Photometer coupled to
SEL 240 detector.

Antibodies, western blot and co-IP

Cells were mock treated or treated with 500 J/m2 of UVB
and whole-cell lysates were obtained using 1X lysis buffer
(Cell signaling). For co-IP, E2F1 antibody conjugated
Protein A/G agarose (Santa Cruz) was used for IP and
precipitate was analyzed by western blot using E2F1 or
GCN5 antibodies. Antibodies/antisera for western blot
and IF staining were obtained from the following
sources: E2F1 (C-20 and KH95), XPA polyclonal,
CHK1, PCAF and p62, Santa Cruz; CPD and (6-4)PP,
MBL; GCN5, Biolegend; XPA monoclonal (12F5), Lab
Vision; total H3, Cell Signaling. Rabbit polyclonal
antisera to the CPD and (6-4)PP photoproducts were de-
veloped by Dr David Mitchell. Antibodies specific to
acetylated histones were obtained from Abcam
(H4K16Ac, ab23352), Cell signaling (H3K9Ac, 9671)
and Sigma (H3K9Ac, H0913). Western blot band densities
were quantified using ImageJ software.

Filtered UV irradiation/IF staining

Co-localization of proteins with UV-induced DNA
damage was performed as previously described (29–31).
Briefly, cells grown on chamber slides (Nunc) were
rinsed in PBS leaving a thin layer of buffer on top.
Sterile isopore polycarbonate membrane filters
(Milipore) containing pores of 8 mm 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 PBS containing 2% formaldehyde and
0.2% Triton X-100. For IF staining, fixed cells were
incubated with 3% BSA, washed and treated with 2M
HCL for 5min 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 Lab) with cover slips. The images were
captured, digitally recorded and analyzed using a Nikon
eclipse 80i microscope equipped with an X-cite 120 fluor-
escence illumination system and Metamorph image
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analysis software. Percent co-localization was determined
by scoring 100 randomly selected cells for each experimen-
tal group.

Slot-blot DNA repair assay

UV-induced DNA damage was detected as described (32)
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 0.5mg of DNA was
spotted on nitrocellulose membranes (Genemate) using a
slot-blot transfer apparatus (Bio-Rad). The UV-induced
DNA damage was detected by an immuno-blot procedure
using antibodies against (6-4)PP (1:1000) and CPD
(1:2000). The membrane was re-probed with specific
antibody against single-stranded DNA (Chemicon,
MAB3034) for loading control. The densities of the
bands were quantified by ImageJ and the graphs were
plotted accordingly after normalization with the loading
control.

Small interference RNA

Small interference RNAs (siRNA) against human E2F1-
coding region (E2F-1 siRNA sc29297: strand 5169 CACC
UGAUGAAUAUCUGUA; strand 5170 CCUGAUGAA
UAUCUGUACU; strand 5171 GAGUCUGUGUGGU
GUGUAU) and human GCN5-coding region (GCN5
siRNA sc37946: duplex 1 strand CCAAGCAGGUCUA
UUUCUA; duplex 2 strand GGAAAUGCAUCCUGCA
GAU; duplex 3 strand GAGGCCUCAUUGACAAGU
A) were purchased from Santa Cruz. Transfections were
performed with Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer’s recommended protocol.

RESULTS

GCN5 co-localizes with sites of UV-induced DNA
damage in an E2F1 dependent manner

The local UV irradiation assay (29–31) was used to
examine the recruitment of GCN5 to sites of DNA
damage. For these experiments, normal human fibroblasts
were covered with polycarbonate filters and exposed to
50 J/m2 of UVC. Cells were fixed 30min following

exposure and UV-induced DNA damage was detected
by indirect immunofluorescence (IF) staining using a
monoclonal antibody to CPD (Figure 1A). Cells were
co-stained with polyclonal antisera to GCN5 followed
by a fluorescently labeled secondary antibody. GCN5
staining in the absence of UV treatment, while punctuate,
was relatively uniform throughout the nucleus. Following
UV irradiation, GCN5 was found to redistribute to
discrete areas of the nucleus that overlapped with CPD
staining (Figure 1A). In contrast, the staining pattern of
the related PCAF acetyltransferase did not change follow-
ing UV irradiation and no co-localization with
UV-damaged sites was observed (Figure 1B).

We recently discovered that the E2F1 transcription
factor accumulates at sites of UV-induced DNA damage
and functions to stimulate NER through a
non-transcriptional mechanism (19). Given that GCN5
can partner with E2F factors in the context of transcrip-
tion (33), we asked whether E2F1 might be involved in the
localization of GCN5 to sites of UV damage. Depletion of
E2F1 with siRNA did not affect the expression of GCN5
but did significantly decrease the co-localization of GCN5
with sites of damage (Figure 2A–C). Moreover, UV radi-
ation induced a stable association between the endogenous
GCN5 and E2F1 proteins (Figure 2D).

Depletion of GCN5 with siRNA did not affect E2F1
protein expression levels or its induction in response to
UV radiation (Supplementary Figure S1A). Knock down
of GCN5 also did not affect the co-localization of E2F1
with sites of DNA damage (Supplementary Figure S1B
and C). Taken together, these findings indicate that
E2F1 is upstream of GCN5 and recruits GCN5 to sites
of UV damage through a direct or indirect physical inter-
action induced by UV radiation.

E2F1 and GCN5 are required for the rapid acetylation
of H3K9 at sites of UV damage

The local UV assay was next used to examine the acetyl-
ation of specific lysines on histones H3 and H4 at sites of
UV damage. Antibodies to acetylated H3K9 and H4K16
were found to give staining patterns that co-localized with
sites of UV damage (Figure 3A). Co-localization of
acetylated H3K9 and H4K16 was observed within 2min
of UV exposure but this staining pattern dissipated by

Figure 1. GCN5 co-localizes with sites of UV-induced DNA damage. NHFs were untreated (upper panels) or irradiated with 50 J/m2 of UVC
through a 8 mm pore filter (lower panels) and 30min later stained for CPD (red) and (A) GCN5 or (B) PCAF (green). Cells were counter-stained with
DAPI and images were digitally recorded.
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30min (Supplementary Figure S2). Depletion of E2F1 or
GCN5 prevented the increased H3K9 acetylation at sites
of damage but did not significantly affect the co-localized
staining pattern of acetylated H4K16 with CPD
(Figure 3B and C and Supplementary Figure S3). Global
H3K9 acetylation levels were also increased in response
UV radiation and this was inhibited by depletion of either
E2F1 or GCN5 (Figure 3D).

GCN5 promotes the recruitment of NER factors to sites
of damage to enhance NER efficiency

To determine if GCN5-dependent H3K9 acetylation regu-
lates damage recognition by the NER machinery, GCN5
was depleted in NHFs and co-localization of NER factors
with sites of UV damage was examined. Knock down of
GCN5 did not affect the expression levels of XPC, p62
(part of the TFIIH complex), or XPA but did significantly
impair their co-localization with sites of UV damage
(Figure 4). To determine if GCN5 was important for
NER efficiency, the removal of (6-4)PP and CPD from
the genomic DNA of UV-irradiated cells was monitored
by slot-blot analysis. After quantification of the band
intensities and normalization with total single-stranded
DNA, the percentage of photoproduct remaining was
calculated. Depletion of GCN5 inhibited the repair of
(6-4)PP at both early and late time points (Figure 5A).
While the removal of CPD is less efficient and delayed
compared with (6-4)PP, a significant difference in
CPD repair was also observed at the later time point
(Figure 5B). These findings are consistent with the
impaired recruitment of NER factors to sites of damage
and demonstrate that GCN5 is important for timely and
efficient NER.

DISCUSSION

It was suggested over 30 years ago that chromatin struc-
ture is altered to facilitate the repair of UV-induced DNA
damage (34). Indeed, chromatin structure is known to
be a barrier for NER (10,11) and previous studies
demonstrated that increased histone acetylation in
response to UV radiation stimulates repair (13,14). More
recently, p53 was shown to function as a chromatin acces-
sibility factor for GG-NER independent of its role in
regulating transcription (17). The p33ING family of
proteins also participates in p53-dependent chromatin re-
laxation following UV exposure and, like p53, the absence
of p33ING impairs the recruitment of NER factors to sites
of damage and reduces repair efficiency (15,16,18).
Stimulation of NER by the p53-p33ING pathway is
associated with increased acetylation of histone H4
(16,18), which may explain our finding that H4K16 acetyl-
ation in response to UV is independent of E2F1 and
GCN5. We propose that E2F1 and GCN5 function in a
pathway that is parallel to the p53-p33ING pathway to
coordinate histone acetylation and increase accessibility of
the NER machinery to sites of damage.
It was previously demonstrated that E2F1 accumulates

at sites of DNA double-strand breaks and that this
involves the phosphorylation of E2F1 at serine 31 by
ATM and binding to the TopBP1 protein (25). We have
found that E2F1 is also recruited to sites of UV damage
through a similar mechanism, requiring phosphorylation
on serine 31 by the ATR kinase and likely the same
phospho-specific interaction with TopBP1 (19). Through
an as yet unknown mechanism, UV radiation also induces
an interaction between E2F1 and GCN5 and this is likely
important for GCN5 localization and H3K9 acetylation at

Figure 2. E2F1 is required for GCN5 localization to sites of UV damage. (A) NHFs were transfected with siRNA to E2F1 or control siRNA and 48
h later exposed to 500 J/m2 of UVB 30min prior to harvest. Western blot analysis was performed using whole-cell lysates and antibodies to E2F1 and
GCN5. (B) NHFs transfected with control siRNA (upper panels) or siRNA to E2F1 (lower panels) were irradiated with 50 J/m2 of UVC through a
filter. Thirty minute post-irradiation, cells were fluorescently stained for CPD (red) or GCN5 (green) and counter-stained with DAPI.
(C) Co-localization of GCN5 with CPD were scored from three independent experiments as described. Asterisk indicates statistically significant
difference (P< 0.05). (D) NHFs were exposed to 500 J/m2 of UVB 30min prior to harvest (lanes 1 and 3) or untreated (lane 2) as indicated.
Immunoprecipitation was performed using control IgG (lane 1) or antibody to E2F1 (lanes 2 and 3) and the precipitate was subjected to western blot
analysis for E2F1 (top panel) and GCN5 (bottom panel). An input control western blot is shown at right.
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sites of UV damage. The co-localized staining pattern for
acetylated H3K9 and UV damage is observed at 2min but
absent by 30min after UV irradiation. This suggests that
E2F1- and GCN5-mediated H3K9 acetylation is a rapid
and perhaps transient event. However, global H3K9
acetylation continues to increase at 30min post-UV and
this is also dependent on E2F1 and GCN5. One possibility
to explain these results is that H3K9 acetylation initiates
at chromatin regions containing DNA damage but then
spreads to the rest of the nucleus, thus leading to a loss of
co-localization.
Jackson and co-workers (35) recently reported that

global H3K9 acetylation levels decrease in response to a
variety of DNA damaging agents, including UV. This is in
contrast to our findings here and previous findings by
others demonstrating an increase in H3 acetylation in
response to UV (12,13,27,28). The reason for this discrep-
ancy is unclear but may be due to differences in the time
following exposure that H3K9 acetylation was examined
or the cell type used.

Previous studies have implicated GCN5 in the repair of
UV-induced DNA damage. In yeast, GCN5 was shown to
stimulate the repair of UV damage at the MFA2 locus by
acetylating histone H3 and increasing chromatin accessi-
bility (27,28). Moreover, a purified human complex con-
taining GCN5 was found to preferentially acetylate
histone H3 in reconstituted nucleosomes-containing
DNA photoproducts (36,37). Although this GCN5
complex has increased affinity for UV-damaged DNA
in vitro, our findings suggest that E2F1 is required for
efficient localization of GCN5 to sites of DNA damage,
at least in human cells. This GCN5-containing complex,
termed STAGA, was recently shown to harbour at least
one other chromatin modifying enzyme, a histone H2B
deubiquitinase (38,39). If E2F1 recruits GCN5 as part of
a larger complex, then it is quite possible that E2F1
promotes additional chromatin modifications at sites of
UV damage that might also contribute to efficient DNA
repair.

Figure 3. E2F1 and GCN5 promote the rapid acetylation of H3K9 at sites of UV-induced DNA damage. (A) NHFs were irradiated with 50 J/m2 of
UVC through a filter and 2min later cells were fixed and fluorescently stained for CPD (red) and acetylated H3K9 or H4K16 (green). Cells were
counter stained with DAPI and images recorded as previously described. (B) NHFs were mock treated (upper panels) or transfected with control
siRNA (middle panels) or siRNAs to E2F1 and GCN5 (lower panels). Transfected cells were irradiated with 50 J/m2 of UVC through a filter (middle
and lower panels) and 2min later fluorescently stained for CPD (red) and H3K9Ac (green) (C) Co-localization H3K9Ac with CPD shown in (B) were
scored from two independent experiments as described. Asterisk indicates statistically significant difference from siCon (P < 0.05). (D) NHFs were
transfected with control siRNA (lanes 1–3), or siRNA to E2F1 (lanes 4–6) or GCN5 (lanes 7–9), and 24 h later mock treated (lanes 1, 4, and 7) or
irradiated with 500 J/m2 of UVB and harvested 2min (lanes 2, 5 and 8) or 30min (lanes 3, 6 and 9) post-irradiation. Western blot analysis was
performed on whole-cell extracts using antibodies to E2F1, GCN5, acetylated H3K9 and total H3. Numbers below the H3K9Ac row represent band
density values after setting the untreated, siCon sample (lane 1) as 1.0 and normalizing to total H3 values.
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This proposed role for E2F1 in GG-NER is not unlike
the mechanism used by E2F1 to activate transcription. In
the context of transcription, E2F1 recruits histone
acetyltransferases and other co-activators to promoter
regions of target genes to modify chromatin and facilitate
the recruitment of the general transcription machinery. In
the case of DNA repair, E2F1 recruits GCN5 to sites of
UV damage to acetylate H3K9, which may increase access

to the NER machinery. It is also possible that
E2F1-dependent recruitment of GCN5 to sites of
damage promotes the acetylation of other histone sites
and additional proteins that may also influence DNA
repair. While this process is not absolutely required for
GG-NER, it is important for the timely and efficient
repair of UV damage. Since NER not only repairs
UV-induced DNA damage, but also other types of

Figure 4. GCN5 deficiency impairs the recruitment of NER factors to sites of UV damage. (A) NHFs were transfected with control siRNA or
siRNA to GCN5 and 24 h later untreated (lanes 1 and 3) or treated with 500 J/m2 of UVB (lanes 2 and 4). Thirty-minute post-irradiation, western
blot analysis was performed using whole-cell extracts and antibodies to GCN5, XPC, XPA or p62. (B–D) NHFs were mock treated (upper panels) or
transfected with a control siRNA (middle panels) or siRNA to GCN5 (lower panels). Transfected cells were irradiated with 50 J/m2 of UVC through
a filter (middle and lower panels). Thirty-minute post-irradiation, cells were fluorescently stained for CPD (red) and XPC, XPA or p62 (green). Cells
were counter stained with DAPI and recorded as previously described. (E) Co-localization of XPC, XPA and p62 with CPD shown in (B–D) were
scored from three independent experiments as described. Asterisk indicates statistically significant difference between siCon and siGCN5 transfected
cells (P< 0.05).
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lesions, including damage caused by many
chemotherapeutic drugs, this non-transcriptional
function for E2F1 may also be important for the
response to other carcinogens as well as cancer therapies.
E2F1 is also recruited to sites of DNA double-strand

breaks (25) that also require chromatin modifications for
efficient repair. Recently, it was demonstrated that GCN5
is involved in acetylating several sites on histone H3,
including H3K9, in gH2AX-containing nucleosomes
induced by ionizing radiation (40). GCN5-mediated
acetylation of H3 helps to recruit the SWI/SNF chroma-
tin remodeling complex via the bromo domains of BRG1
or hBrm. This in turn promotes additional gH2AX
formation through a feedback activation loop (40).
The mechanism by which GCN5 is recruited to sites of
DNA double-strand breaks is unclear but our
findings here suggest that it could involve E2F1. It will
also be of interest to determine if E2F1- and
GCN5-dependent H3 acetylation at sites of UV damage
recruits the SWI/SNF complex to remodel nucleosomes to
facilitate NER.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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