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Abstract

Recent studies have demonstrated that lysine acetylation of histones is crucial for
nucleotide excision repair (NER) by relaxing the chromatin structure, which facilitates
the recruitment of repair factors. However, few studies have focused on the contribution
of histone deacetylases (HDACs) to NER. Here, we found that histone H3 Lys14
(H3K14) was deacetylated by HDAC3 after UV irradiation. Depletion of HDAC3
caused defects in cyclobutene pyrimidine dimer excision and sensitized cells to UV
irradiation. HDAC3-depleted cells had impaired unscheduled DNA synthesis, but not
recovery of RNA synthesis, which indicates that HDAC3 was required for global
genome NER. Moreover, accumulation of XPC at the local UV-irradiated area was
attenuated in HDAC3-depleted cells. In addition to the delay of XPC accumulation at
DNA damage sites, ubiquitylation of XPC was inhibited in HDAC3-depleted cells.
These results suggest that the deacetylation of histone H3K14 by HDACS3 after UV
irradiation contributes to XPC recruitment to DNA lesions to promote global genome

NER.
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Introduction
Nucleotide excision repair (NER) is a versatile DNA repair system that removes various
helix-destabilizing DNA lesions including ultraviolet (UV)-induced cyclobutene
pyrimidine dimers (CPDs), 6-4 photoproducts (6-4PP), and bulky chemical adducts
(1-3). NER s classified into transcription-coupled NER (TC-NER) and global genome
NER (GG-NER) based on the recognition mechanism of DNA structure distortion (1-3).
In TC-NER, damaged sites are recognized when actively transcribing RNA polymerases
Il are stalled on the DNA strand. TC-NER of DNA damage is faster and more efficient
from transcribed strands of actively expressed genes than non-transcribed strands and
genomic regions. Conversely, in GG-NER, XPC and UV-damaged DNA-binding
protein (UV-DDB) detect helix-destabilizing DNA lesions throughout the entire genome.
NER dysfunctions are associated with genetic diseases such as xeroderma pigmentosum,
Cockayne syndrome, trichothiodystrophy, and UV-sensitive syndrome (1,4).
Post-translational modifications of histones regulate replication, transcription, the
cell cycle, and DNA repair by influencing the chromatin structure and accessibility (5,6).
Recent studies have revealed that histone acetyltransferases (HATS) regulate the NER
pathway. Knockdown of CBP and P300, both of which exhibit HAT activity, reduces the
efficiency of NER (7) and increases cell sensitivity to UV irradiation (8,9). GCNS5,
another HAT, is recruited to UV-damaged sites and promotes histone H3 Lys 9
acetylation after UV irradiation (10). Histone acetylation facilitates the recruitment of
repair factors by relaxing the local chromatin at sites of DNA damage (7,10). We
previously showed that HBO1, a member of the MYST family of HATS, is
phosphorylated at Ser 50 and Ser 53 by ATR (ataxia telangiectasia and Rad3-related
protein) after UV irradiation (11). This phosphorylated HBO1 interacts with DDB2 and
acetylates histone H3 Lys 14 (H3K14) (12). We further showed that knockdown of
HBOL inhibits XPC recruitment, which results in deficient CPD repair. We also

observed hypoacetylation of histone H3K14 accompanied by hypotrimethylation of
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histone H3K4 by an unknown mechanism and inhibited recruitment of the chromatin
remodeling factor ACF1-SNF2H in HBO1-depleted cells. These results indicate that
HBO1 facilitates the recruitment of NER factors by acetylation and chromatin
remodeling at damaged sites.

Histone deacetylases (HDACs) exhibit the opposite cellular effects to HATs and
deacetylate histones to mainly suppress transcription. HDACs are classified into four
groups based on sequence similarities (13,14): class | (HDAC1-3 and 8), class Il
(HDAC4-7, 9, and 10), class HI [sirtuin (SIRT) 1-7], and class IV (HDAC11). These
HDACSs have different functions and show different localization patterns. Interestingly,
some studies have reported that HDACs also regulate DNA repair. Treatment with
trichostatin A (pan-HDAC inhibitor) or sodium butyrate (HDAC class | and IIA
inhibitor) attenuates removal of CPD and 6-4PP after UV irradiation (15,16). SIRT1
facilitates the interaction between RPA and XPA by deacetylating XPA (17) and SIRT1
deacetylates PTEN, which increases XPC expression (18). GCN5 and PCAF acetylate
RPA, which increases its interaction with XPA, whereas HDACG6 reverses this
acetylation (19,20). Although these studies revealed the association of HDACs in NER,
the mechanism underlying how post-translational histone modification by HDACs
affects NER is poorly understood.

Here, we investigated the potential involvement of histone modification by HDACs
in NER in response to UV irradiation. We found that histone H3K14 was deacetylated
by HDAC3 after UV irradiation. In addition to histone H3K14 deacetylation, XPC
accumulation in DNA damage sites was attenuated in cells depleted of HDAC3 after
UV irradiation. Double depletion of HBO1, the histone acetyltransferase for H3K14,
and HDAC3 did not show additional defects in NER after UV irradiation. These results
suggest that the functions of HDAC3 and HBO1 promote XPC recruitment to damaged

DNA sites in the same pathway.
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Materials and Methods
Cell culture
HeLa and U20S cells were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum at 37°C in 5% CO..

Antibodies

The antibodies used in this study were an anti-HBO1 antibody (sc-13284, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-DDB2 antibody (sc-81246, Santa Cruz
Biotechnology), anti-XPC antibody (sc-74410, Santa Cruz Biotechnology), anti-TFIIH
p89 antibody (sc-293, Santa Cruz Biotechnology), anti-CSB antibody (sc-166042, Santa
Cruz Biotechnology), anti-CPD antibody (NMDNDOQ01, Cosmo Bio, Tokyo, Japan),
anti-acetyl-Histone H3K14 antibody (A-4023, EPIGENTEK, NY, USA), anti-histone
H3 antibody (39763, ACTIVE MOTIF, Carlsbad, CA, USA), anti-Chkl antibody
(sc-8408, Santa Cruz Biotechnology), phospho S317 Chk1 antibody (ab59239, Abcam,
Cambridge, UK), anti-HDAC1 antibody (sc-7872, Santa Cruz Biotechnology),
anti-HDAC2 antibody (sc-7899, Santa Cruz Biotechnology), anti-HDAC3 antibody
(sc-11417, Santa Cruz Biotechnology), anti-HDAC3 antibody (ab7030, Abcam),
anti-a- Tubulin antibody (sc-8035, Santa Cruz Biotechnology) and anti-f-actin antibody
(sc-47778, Santa Cruz Biotechnology).

Western blotting

Cell lysates were electrophoresed on an SDS-polyacrylamide gel and then transferred to
a nitrocellulose membrane. The membrane was incubated with the indicated primary
antibody (1:1000 dilution in PBST containing 1% dry skim milk), followed by
incubation with a secondary antibody. Proteins were detected using Clarity Western

ECL Substrate (BIO RAD, Hercules, CA, USA).
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Immunoprecipitation under denaturing conditions
Immunoprecipitation was performed under denaturing conditions as described

previously (11).

RNA interference

The siRNA sequences were: HDACI, 5-CGACUGUUUGAGAACCUUAUU-3;

HDAC2, 5'-CAGUGAUGAGUAUAUCAAAUU-3'; HDAC3,
5'-CAACAAGAUCUGUGAUAUUUU-3" HDAC3-2,
5'-CUGACAAUGGUACCUAUUAUU-3; XPC, 5'-
UAGCAAAUGGCUUCUAUCGAA -3%; HBOI,
5'-CCCUUCCUGUUCUAUGUUATT-3"; DDB2,
5-UCACUGGGCUGAAGUUUAATT-3’ and CSB, 5'-

GCAGUAACUUCUAAUCGAAUU-3". The shRNA sequences used in this study were:
shHBOI, 5'-AAGCCCTTCAGATGCTCAAGT-3’ and shControl,
5'-AAGAGGAGCATATTGGGAAGA-3".

HeLa cells were transfected with siRNAs using Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
HeLa cells were transfected with HBO1 shRNA plasmid DNA or control shRNA
plasmid DNA using X-tremeGENE 9 DNA reagents (Roche, Basel, Switzerland)

according to the manufacturer’s protocol.

Global and local UV irradiation

For global UV irradiation, cells were washed once with PBS and then irradiated under a
UV lamp (FUNA UV Crosslinker FS-800, Funakoshi, Japan; 254 nm UV) at a dose of
15 or 50 Jm™2. For local UV irradiation, cells were washed once with PBS and covered

with a polycarbonate isopore membrane filter (pore size: 8 um). The covered cells were
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then irradiated with UV using five low-pressure mercury lamps (GL-10, Toshiba, Tokyo,
Japan; predominantly 254 nm UV) at a dose rate of 0.43 Jm 2! for 120 s
(approximately 50 Jm2). Immediately after UV irradiation, medium supplemented with
10% fetal bovine serum was added, and the cells were cultured at 37°C for the indicated

time before fixation.

Immunofluorescence

Cells were fixed with a 1:1 solution of methanol and acetone for 10 min and then
washed with PBS three times. The cells were blocked with PBS containing 10% FBS
for 30 min. Cells were then washed with PBS once and stained with a primary antibody
(1:100 dilution in PBS for 1 h). After washing with PBS, the cells were stained with
secondary antibodies conjugated with Alexa Fluor 488 or 594 fluorescent dyes (1:500
dilution in PBS for 30 min). The cells were washed with PBS and mounted with
VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA, USA). The
mean fluorescence intensities in UV-irradiated and non-irradiated areas were quantified

using ImageJ (NIH).

Clonogenic survival assay

HelLa cells were transfected with each siRNA. After 24 h, 500 cells were seeded in
10-cm dishes. The cells were incubated for 16 h and then exposed to UV at the
indicated dose. At 10 days after seeding, colonies were stained with crystal violet.
Colonies were counted, and surviving fractions were normalized to the plating

efficiency of each cell line.

CPD repair assay
Cells were irradiated with 15 Jm2 UV. After incubation for the indicated time, the cells

were fixed and immunostained with the anti-CPD antibody. DNA was counterstained
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with DAPI. Relative intensities of CPDs were normalized to DAPI at the indicated time
points. The relative fluorescence intensity is shown as the fold change of intensity at

immediately after UV irradiation as described previously (12).

Unscheduled DNA synthesis (UDS) assay

Cells in G1 phase were determined by measuring DNA contents. The fluorescence
intensity of 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen) was quantified using an IN
Cell Analyzer 2200 (GE Healthcare Life Sciences, Marlborough, MA, USA), as

described previously (12).

Recovery of RNA synthesis (RRS) assay
The fluorescence intensity of 5-ethynyl uridine (EU) was quantified and analyzed as

described previously (12).

Subcellular fractionation

Subcellular fractionation of HeLa cells was performed as described previously (21). In
brief, 2 x 10° HeLa cells were suspended in 200 pl solution A (10 mM HEPES 7.9, 10
mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, and
protease and phosphatase inhibitors), and Triton X-100 was added to a final
concentration of 0.1%. The cells were incubated on ice for 5 min, and cytoplasmic (S1)
and nuclear fractions were then harvested by centrifugation at 1,300 x g for 4 min. The
isolated nuclei were then washed in solution A, lysed in 200 pl solution B (3 mM EDTA,
0.2 mM EGTA, 1 mM DTT, and protease and phosphatase inhibitors), and incubated on
ice for 10 min. The soluble nuclear (S2) and chromatin fractions were harvested by
centrifugation at 1,700 x g for 4 min. Cytoplasmic (S1) and soluble nuclear (S2)
fractions were mixed and used as a soluble fraction. The isolated chromatin (P2) was

then washed in solution B, centrifuged at 10,000 x g for 1 min, and resuspended in 200

9
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ul Laemmle sample buffer. The P2 fraction was sonicated four times for 30 s each time

using a Biorupter.

Chromatin immunoprecipitation (ChIP) and qPCR

HeLa cells were irradiated with 50 Jm UV or mock irradiated. After 30 min, the cells
were crosslinked with formaldehyde and neutralized with 2.5 M glycine, followed by
washing with PBS. The cells were lysed with 200 pl of 1% SDS lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris-HCI, pH 8.1) and then the lysates were placed on ice for 10
min. After sonication, the samples were diluted at 1:10 with 1% Triton X buffer (1%
Triton X-100, 1 mM EDTA, 150 mM NaCl, 15 mM Tris-HCI, pH 8.1) and then
incubated with anti-HDAC3, anti-acetyl-Histone H3K14, or anti-XPC antibodies
overnight at 4°C. Chromatin was precipitated by incubating the samples with
Protein-G-Agarose (MERCK, Darmstadt, Germany) for 1 h at 4°C. Precipitated
chromatin was washed with wash buffer 1 (0.1% SDS, 1% Triton-X 100, 2 mM EDTA,
20 mM Tris-HCI, pH 8.1, and 150 mM NacCl), wash buffer 2 (0.1% SDS, 1% Triton-X
100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, and 500 mM NacCl), wash buffer 3 (0.25
M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCI, pH 8.1), and
Tris-EDTA (pH 8.0). After proteinase K digestion, DNA was purified using phenol and
chloroform.

Quantitative PCR was performed using SYBR Green on a StepOnePlus real-time
PCR system (Thermo Fisher, Waltham, MA, USA). Data were normalized to the input
and shown as the fold change of expression relative to non-irradiated cells. The primer
sequences were: DAPK1, sense 5-TGTTGCTTCTTTGGGTCTCGG-3', antisense
5'-CAGGCCTGGGACATTGTCAT-3'; and LRRC11, sense 5'-
GGGAGAGCCTTTTGGGGAG-3/, antisense 5'-
CAGAGGCTGGAGGAAAGAGG-3'.

10
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Statistical analysis
Quantitative data are presented as means + standard deviation (SD) or the standard error

of the mean (SEM) and analyzed using Student’s t-test.

Results

HDAC1-3 deacetylate histone H3K14

We previously showed that phosphorylated HBO1 interacts with DDB2 at UV-damaged
sites including CPDs and mediates acetylation of histone H3K14, which facilitates the
recruitment of NER factors (12). Therefore, regulation of histone H3K14 acetylation is
important to initiate NER. However, the role of histone H3K14 deacetylation in NER is
unknown. To assess the role of histone H3K14 deacetylation, we first investigated
HDACs that mediate histone H3K14 deacetylation. HDAC1-3 are located in the
nucleus and are crucial for epigenetic alterations (22,23). Therefore, we focused on
these three HDACs. We quantified histone H3K14 acetylation at local UV-irradiated
areas generated by UV irradiation through a polycarbonate isopore membrane filter in
cells depleted of each HDAC by siRNA (Fig. 1). In control cells, the acetylation level of
histone H3K14 was decreased in local UV-irradiated areas. However, deacetylation of
histone H3K14 in UV-irradiated areas was attenuated in all tested HDAC-depleted cells
compared with control cells. In particular, deacetylation of H3K14 after UV irradiation
was strongly suppressed in HDAC3-depleted cells. These results indicate that histone
H3K14 was deacetylated in UV-irradiated areas by HDAC1-3, which suggests that
these HDAC:s are associated with the response to UV irradiation. Previous studies have
revealed that UV irradiation induces histone acetylation and relaxation of the chromatin
structure, which enhance NER (24-27). For example, acetylation of histone H3K14 at
damaged sites is important to recruit NER factors in yeast (24,25) and humans (12).

However, our results showed that histone H3K14 was deacetylated in UV-irradiated

11
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areas (Fig. 1). These findings appear to contradict the previous results. However, a study
has reported that approximately 1.76 CPDs are formed on average in every 20 kbp of
DNA after 45 Jm~ UV irradiation (28). The histone octamer is wrapped by 146 bp of
DNA (29). Therefore, most irradiated nucleosomes do not have CPDs. Hence, one
possibility to explain these results is that both damaged and non-damaged nucleosomes
coexisted in the irradiated areas and deacetylation of histones in non-damaged
nucleosomes was comparatively dominant in the UV-irradiated area. Thus, total

acetylation of histone H3K14 would appear to be decreased in UV-irradiated areas.

HDACS3 correlates with UV-induced CPD repair

To investigate the association between HDACs and NER, we first examined whether
depletion of HDAC1, 2, or 3 affects the UV sensitivity of cells using clonogenic
survival assays. DDB2, a well-known NER factor, was used as a positive control.
Depletions of HDAC1 or HDAC3 increased UV sensitivity compared with control cells
(Fig. 2A). This result suggested that the depletion of HDACs caused a deficiency in
NER. We confirmed the involvement of HDAC3 in UV survival by expressing
siHDAC3-resistant Flag-HDAC3 in HDAC3-depleted cells (Fig. 2B). Exogenous
Flag-HDAC3 rescued the UV sensitivity of HDAC3-depleted cells. We next evaluated
the effect of HDAC depletion on delaying CPD removal. HelLa cells depleted of
HDAC1-3 or DDB2 were irradiated with 15 Jm™2 UV and then cultured for various
times. Immunostaining with an anti-CPD antibody was performed and the fluorescence
intensity of CPDs was measured at each time point. Although CPDs were almost
eliminated at 24 h after UV irradiation in control cells, HDAC-depleted cells showed a
reduced ability for CPD removal (Fig. 2C). In particular, HDAC3-depleted cells showed
compromised removal of CPDs compared with control cells. Therefore, we examined
whether Flag-HDACS3 rescued the defect of this CPD removal (Fig. 2D). Flag-HDAC3

expression rescued the defect of CPD removal in endogenous HDAC3-depleted cells.

12
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To exclude the possibility of off-target effects, we performed the same experiment using
another siHDACS3 target sequence and obtained similar results (Supplementary Fig.
S1A). Furthermore, we investigated the generality of HDAC3 involvement in UV
resistance and CPD removal using another human cell line, osteosarcoma cell line
U20S (Supplementary Fig. S1B and S1C). HDAC3 was also required for CPD removal
and UV resistance even in U20S cells.

In addition to histones, HDACs deacetylate non-histone proteins (30-32). Therefore
it is possible to speculate that HDAC3 might interact with core factors of NER to
remove CPD. We investigated whether HDAC3 interacts with NER factors such as XPC,
DDB2, TFIIH, and PCNA. We performed immunoprecipitation experiments with the
anti-HDAC3 antibody. However, we did not detect any NER factors interacting with
HDACS3 after UV irradiation (Supplementary Fig. S2A). These results suggest that
HDACS3 contributes to CPD repair by deacetylating histone H3K14.

HDAC3 is required for GG-NER, but not TC-NER
NER is classified into GG-NER and TC-NER. To determine which pathway requires
HDACS3, we first performed a UV-induced unscheduled DNA synthesis (UDS) assay
that evaluates GG-NER by quantifying incorporation of EdU after UV irradiation.
Because EdU is incorporated into the genome by both replicative and repair synthesis
machinery, EdU incorporation in S phase was excluded by only analyzing G1 phase
cells that were synchronized by nocodazole release. The results revealed that EAU
incorporation in HDAC3-depleted cells was reduced to 43% of control cells (Fig. 3A).
This reduction of EdU incorporation was equivalent to cells depleted of XPC, a positive
control.

We next performed a recovery of RNA synthesis (RRS) assay, which evaluates
TC-NER by quantifying incorporation of EU after UV irradiation. EU is incorporated in

newly transcribed RNA and reflects the function of TC-NER. We measured the
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fluorescence intensity of EU at 9 h after 15 Jm™2 UV irradiation. Under this condition,
EU incorporation in UV-irradiated control cells was equivalent to that in non-irradiated
control cells (Fig. 3B). Although CSB-depleted cells (CSB is an essential protein for
TC-NER, positive control) showed a reduction of RRS, HDAC3-depleted cells did not
show an RRS reduction after UV irradiation. Taken together, these results indicate that

HDACS3 is required for GG-NER, but not TC-NER.

HDAC3 is required for XPC and TFIIH accumulation

HDACSs induce deacetylation of histone proteins, which alters the chromatin structure
(14). If post-translational histone modification by HDACS is associated with NER, we
speculated that modification of nucleosomes by HDAC3 would affect the recruitment of
NER factors. To test this hypothesis, we performed local UV irradiation of HelLa cells
depleted of HDAC3 and evaluated the accumulation of DDB2, XPC, and TFIIH at
UV-irradiated sites by quantifying the immunostaining intensity. Although DDB2
accumulation at damaged sites was not affected by depletion of HDAC3, XPC
accumulation was decreased at 10 and 30 min after UV irradiation in siHDACS3 cells
(Fig. 4). The accumulation of TFIIH, which acts downstream of XPC, was also
decreased at 10 and 30 min after UV irradiation in siHDAC3 cells (Fig. 4). We also
confirmed the delay in the accumulation of XPC and TFIIH in local UV-irradiated area

of HDAC3-depleted U20S cells (Supplementary Fig. S3).

Depletion of HDACS3 delays ubiquitylation of XPC and dissociation of XPC from
chromatin

We next monitored ubiquitylation of XPC after UV irradiation (Fig. 5A). XPC is
ubiquitylated at DNA damage sites by DDB2 after UV irradiation (33). Ubiquitylated
XPC is extracted from chromatin by p97 segregase (34). Some parts of XPC are further
modified with K63-linked ubiquitylation at DNA damage sites (35,36). HA-tagged

14
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ubiquitin was expressed in SiControl and siHDAC3 cells that were irradiated with 50
Jm™2 UV. The cells were harvested at the indicated times and subjected to denaturing
immunoprecipitation (IP) with the anti-XPC antibody. IP samples were analyzed by
western blotting with an anti-HA antibody. Ubiquitylation of XPC was clearly detected
at 10 min after UV irradiation in siControl cells. However, ubiquitylation of XPC was
delayed and reduced in siHDAC3 cells. We next monitored NER-related proteins on
chromatin using western blot analysis. Soluble and chromatin fractions were prepared
as described in the Materials and Methods. As shown in Supplementary Figure S4, the
majority of XPC proteins was bound to the chromatin in the absence of DNA damage,
which was decreased after UV irradiation (Supplementary Fig. S4). SiControl and
sSiHDAC3 HeLa cells were collected at various times after 50 Jm~2 (Fig. 5B) or 15 Jm™
(Supplementary Fig. S5) UV irradiation and subjected to subcellular fractionation for
immunoblotting. In the absence of UV damage, the amounts of NER factors, such as
DDB2, XPC, and TFIIH, in chromatin fractions showed no changes between control
and HDAC3-depleted cells (Fig. 5B and Supplementary Fig. S5). After UV irradiation,
the rates of DDB2 reduction in siControl and siHDAC3 cells were similar, and TFIIH
levels were unaffected at 120 min. However, whereas siControl cells showed a rapid
decrease of XPC at 30 min after UV irradiation, XPC was still retained in siHDAC3
cells (Fig. 5B and C). A previous study has shown that XPC is recruited to damaged
sites after UV irradiation and then dissociates from chromatin and degrades, which is
necessary for XPG recruitment to damaged sites (37). Consistent with our indirect
immunofluorescence shown in Figure 1, acetylation of histone H3K14 was reduced in
siControl cells. This reduction of acetylation was inhibited in sSiHDAC3 cells (Fig. 5B).
A longer time course analysis over 24 h after UV irradiation (15 Jm~2) confirmed less
dissociation of XPC from chromatin at 6-12 h in siHDAC3 cells (Supplementary Fig.
S5). We also observed continuous and strong phosphorylation of CHK1 Ser 317 until 24

h after UV irradiation in HDAC3-depleted cells, which indicates continuous activation
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of the checkpoint in response to DNA damage (38). These results indicate that HDAC3

functions in XPC recruitment to DNA damage sites to associate with DDB2.

Depletion of HDAC3 delayed XPC dissociation from non-irradiated chromatin

Recently, Bidon et al. showed ChIP followed by high-throughput DNA sequencing
(ChlP-seq) data that in the absence of damage, 82% of XPC binding events co-localized
with RNA polymerase |1 and facilitated histone acetylation of the promoters with GCN5
(39). At the earliest timing after UV irradiation, such active gene promoters might be
deacetylated by HDAC3 to form heterochromatin and block transient transcription. To
evaluate the deacetylation of XPC-bound promoters and dissociation of XPC from them
after UV irradiation, we performed ChIP assay targeting promoters of genes positively
regulated by XPC, such as DAPK1 and LRRC11 (39) in the absence or 30 min after UV
irradiation (Fig 6A). ChIP results confirmed XPC was dissociated from the promoters
after UV irradiation in siControl cells. On the other hand, dissociation of XPC was
significantly inhibited in the siHDAC3 cells at 30 min after UV irradiation. Well
correlated with XPC dissociation, deacetylation of histone H3K14 was detected in
siControl but not in siHDAC3 cells (Fig 6A). Consistent with the deacetylation of the
promoters, HDAC3 was detected at the promoters after UV irradiation (Fig 6A). From
these results, we speculated that XPC might dissociate from not only the examined
promoters but also non-irradiated chromatin to suppress transcription. We quantified the
localization of XPC in the non-irradiated and irradiated area with different doses of UV
irradiations (Fig 6B, Supplementary Fig S6). Concomitant with deacetylation of histone
H3K14, XPC was decreased from non-irradiated areas and accumulated at UV
irradiated areas in siControl cells. Accumulations of XPC in the UV-irradiated areas
were about 1.5 and 1.8 folds at 50 and 100 Jm compared to 0 Jm in siControl cells,
respectively. These dynamic changes of XPC localization after UV irradiation and

deacetylation of histone H3K14 were prevented in the HDAC3 depleted cells (Fig.6B).

16



433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

HDAC3 and HBO1 act cooperatively in GG-NER

We previously showed that depletion of HBOL1 increases UV sensitivity of HeLa cells
(12). Interestingly, our current results revealed that depletion of HDAC3, which
catalyzes the opposite reaction of HBOL1 for histone H3K14 modification, also
increased cell sensitivity to UV irradiation (Fig. 2A). Hence, we investigated whether
double knockdown of HBO1 and HDACS3 further inhibited the accumulation of NER
factors, such as XPC and TFIIH, and increased UV sensitivity compared with
knockdown of either single factor (Fig. 7A and B). HBO1, HDACS3, or both HBO1 and
HDAC3 were depleted in HeLa cells and then accumulation of XPC or TFIIH was
compared with control cells. Interestingly HBO1 and HDAC3 double knockdown did
not result in additional inhibition of XPC accumulation compared with HDAC3 single
knockdown and TFIIH accumulation compared with HBO1 or HDAC3 single
knockdowns. Furthermore, the UV sensitivity of HBO1 and HDAC3 double
knockdown cells was equivalent to that of HDAC3 single knockdown cells in a
clonogenic assay (Fig. 7B). Thus, we speculate that HBO1 and HDAC3 both contribute
to XPC recruitment in the GG-NER pathway.

Discussion

Consistent with previous study (16), we showed that type | HDACs were involved in
DNA repair in response to UV irradiation. Especially, HDAC3 was mainly required for
NER, although HDAC1 may have redundant activity for it. In this study, we showed
that HDAC3 deacetylated histone H3K14 after UV irradiation. Consistent with our
analysis, inactivation of HDAC3 in HDAC3-null mice increases acetylation of histones
including H3K14 (40). HDAC3-null MEFs with impaired DNA repair induced by

cisplatin treatment and loss of HDACS3 exhibit genomic instability. Cisplatin treatment
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generates Intra- and inter-strand crosslinks among DNA chains. NER is required to
repair such types of DNA damage. Our study showed that HDAC3 was essential for
accumulation of XPC at DNA lesions. Loss of HDAC3 attenuated accumulation of XPC
at DNA damage sites accompanied by reduced deacetylation of histone H3K14. It has
been reported that loss of HDAC3 alters the chromatin structure, impairs DNA repair,
and increases genomic instability (40). Therefore, deacetylation of histone H3K14 by
HDAC3 might be a critical step for accumulation of XPC at DNA damage sites to
facilitate GG-NER. Our previous study indicated that HBO1, the main histone
acetyltransferase responsible for histone H3K14 after UV irradiation, is required for
XPC recruitment at DNA damage sites. However, our current study showed that
HDACS3, which catalyzes the opposite histone modification, was also involved in XPC
accumulation at DNA damage sites. Consistent with this observation, HDAC3 is
required for unscheduled DNA synthesis that is an indicator of GG-NER. Therefore, to
clarify the role of HBO1 and HDAC3 in XPC recruitment, we performed double
knockdown of HBO1 and HDACS3 for local UV irradiation experiments and clonogenic
assays. In these assays, double knockdown did not rescue the defects of HBO1 or
HDACS3 single knockdown cells. These results indicated that both an increase and
decrease of histone H3K14 acetylation in nucleosomes are required for XPC
accumulation at DNA damage sites after UV irradiation.

XPC does not directly recognize damaged DNA, but recognizes DNA helix distortion
(41). Although it is difficult for XPC to recognize small DNA lesions (41), UV-DDB
facilitates XPC to accumulate at damaged sites (3,42,43). After UV irradiation,
UV-DDB interacts with HATs, such as P300/CBP (44) and HBO1 (11), and chromatin
remodelers such as INO80 (45) and ALC1 (46). Furthermore, these histone modifiers
and chromatin remodelers are associated with recruitment of NER factors by modifying
the chromatin structure. These findings suggest that UV-DDB promotes accumulation

of XPC by modifying the chromatin structure. Thus, regulation of the chromatin
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structure is crucial for XPC recruitment. If damaged DNA tightly interacts with histones,
NER does not proceed efficiently (47). Furthermore, XPC has a lower affinity for
nucleosomal DNA than naked DNA (48), which suggests that a strong interaction
between damaged DNA and histones inhibits XPC recruitment. These observations also
confirm the importance of chromatin remodeling for XPC recruitment. However,
participation of histone deacetylation in NER has been reported. XPC interacts with
histone H3 and its interaction is attenuated by acetylation of histone H3 in an in vitro
assay (16). Our double knockdown of HBO1 and HDAC3 did not result in additional
defects of XPC and TFIIH recruitment at DNA damage sites and UV sensitivity
compared with HBO1 or HDACS3 single knockdowns. These results suggest that HBO1
and HDAC3 function in the same pathway to recruit XPC at DNA damage sites. We
hypothesized three possibilities to understand the relationships of HBO1 with HDAC3
in XPC recruitment. 1) As we described above, approximately one CPD is generated in
10 Kb DNA by 50 Jm™2 UV irradiation in chromatin. Therefore, the majority of
deacetylated histone H3K14 is in undamaged nucleosomes. As we showed in Fig. 1 and
5B, HDAC3 was in charge of deacetylation of histone H3K14 after UV irradiation. We
hypothesize that HDAC3 might deacetylate histones of the non-damaged nucleosomes
including active gene promoters to suppress transcription and it might facilitate
dissociation XPC from non-damaged nucleosomes to supply it to the DNA damage sites
after UV irradiation. 2) If XPC preferentially loads onto an open chromatin structure,
deacetylation of histones, except in DNA lesions containing nucleosomes, would be
critical. If deacetylation of undamaged chromatin was compromised, XPC might
mis-target undamaged nucleosomes. Or 3) the manner of XPC loading at DNA damage
sites might be two steps. As other group reported (16), deacetylated histone H3 might
increase binding affinity with XPC. Therefore, XPC might first bind deacetylated
chromatin in the UV irradiated area where mixed with damaged and non-damaged

nucleosomes, then nucleosomes with CPD would be DDB2-dependently acetylated by
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HBO1. The acetylation would weaken the interaction of histone and DNA and recruit
chromatin remodelers. XPC might change binding site from histone to
helix-destabilizing DNA lesions in acetylated nucleosome. To investigate this possibility,
in vitro XPC binding assay system with artificially modified nucleosomes must be
established. In any case, HDAC3 must be activated in response to UV irradiation.
Deacetylation in non-irradiated chromosomes began after UV irradiation (Fig. 6B,
Supplementary Fig. S6), and it would be interesting to investigate how HDACS3 is
activated. Reports have indicated that phosphorylation of HDAC3 Ser424 induces
enzymatic activity (49,50). However, phosphorylation of HDAC3 Ser424 after UV
irradiation remains to be elucidated.

In conclusion, we identified HDACS3 as a crucial HDAC for GG-NER. Our findings
suggest that HDACS3 is required for XPC recruitment to DNA damage sites and

ubiquitylation at the proper timing.
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Figure legends

Figure 1.

HDACS3 deacetylates histone H3K14 after UV irradiation. HeLa cells were transfected
with Control (Ct), HDAC1, HDAC2, or HDAC3 siRNAs and then subjected to local
UV irradiation with 50 Jm~2 UV. Cells were fixed at 30 min after UV irradiation and
immunostained as indicated. To calculate the deacetylation rate in the irradiated area,
the mean intensity in the irradiated area was divided by that in non-irradiated cells and
is shown as the relative decreased intensity (%) to siControl cells. Cells (n=47, 49, 48,
and 54 in siControl, siHDAC1, siHDAC2, and siHDAC3, respectively) from three
independent experiments were quantified. Error bars indicate means £ SD. *P < 0.05

and **P < 0.01. Scale bar, 5 um.

Figure 2.

Depletion of HDAC3 increases UV sensitivity and delays CPD removal. A, B,
Clonogenic assay of HDAC-depleted cells. HeLa cells transfected with the indicated
siRNAs were cultured for 48 h and then mock irradiated or irradiated with the indicated
UV dose. Cells were cultured for 10 days and then stained with a crystal violet solution.
The numbers of colonies were counted and are represented as the percentage relative to
mock-irradiated cells. Three independent experiments were performed. Error bars
indicate means £ SD. *P < 0.05. C, D, CPD removal assay of HDAC-depleted cells.
HelLa cells transfected with the indicated siRNAs were cultured 48 h and then mock
irradiated or irradiated with 15 Jm™2 UV and cultured for the indicated time. Cells were
fixed and immunostained with the anti-CPD antibody. Relative intensities of CPD
normalized against DAPI from three independent experiments are shown as the fold
change relative to cells immediately after UV irradiation. Error bars indicate means *

SD. (n=3). *P < 0.05. n.s., not statistically significant.
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Figure 3.

HDACS3 is required for GG-NER, but not TC-NER. A, UDS assay of control and
HDACS3- and XPC-depleted HelLa cells. Cells synchronized at G1 were irradiated with
15 Jm™2 UV and then incubated with EdU for 3 h. EdU incorporation in G1 phase cells
is shown as the percentage relative to siControl cells. Data show the mean of three
independent experiments. Error bars indicate means = SD. (n=3). **P < 0.01. B, RRS
assay of HeLa cells transfected with control, HDAC3, or CSB siRNAs. Cells were
irradiated with 0 or 15 Jm™2 UV and then incubated for 9 h, followed by treatment with
EU for 2 h. The fluorescence intensity of EU normalized against DAPI is shown as the
percentage relative to non-irradiated cells. Data show the mean of five independent

experiments. Error bars indicate means = SD. (n=5). **P < 0.01.

Figure 4.

HDACS3 facilitates XPC and TFIIH recruitment. Accumulations of XPC and THIIH in
local UV irradiated areas were attenuated in HDAC3-depleted HeLa cells. Control-,
HDACS3-, and DDB2 siRNA-transfected cells were subjected to local UV irradiation
(50 Jm™2 UV), fixed at the indicated time, and then immunostained with the indicated
antibodies. To calculate the accumulation rate in the irradiated area, the mean intensity
in the irradiated area was divided by that of non-irradiated cells and is shown as the
relative increased intensity (%) to siControl cells. Cells (n=90) from three independent
experiments were quantified. Error bars indicate means + SD. *P < 0.05 and **P < 0.01,

n.s., not statistically significant.

Figure 5.
Ubiquitylation is impaired in HDAC3-depleted HeLa cells after UV irradiation. A,
Ubiquitylation after UV irradiation was inhibited in siHDAC3 cells. HA-ubiquitin
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transfected control and HDAC3-depleted cells were irradiated with 50 Jm 2 UV. After
incubation for the indicated time, the cells were collected and subjected to denaturing
immunoprecipitation with the anti-XPC antibody. Immunoprecipitated samples were
immunoblotted with the indicated antibodies. B and C, Extraction of XPC from
chromatin after UV irradiation was inhibited in siHDAC3 HeLa cells. Control and
HDAC3-depleted cells were irradiated with 50 Jm™2 UV. After incubation for the
indicated time, the cells were collected and chromatin-enriched fractions were subjected
to western blotting using the indicated antibodies. The intensity of histone H3K14AC
were normalized against histone H3 and are shown as the fold change relative to
non-irradiated cells. The relative intensities of XPC normalized against histone H3 were
obtained from three independent experiment and represented in C. Error bars indicate
means = SD. *P < 0.05 and **P < 0.01. The signal intensities were quantitated using

ImageJ.

Figure 6.

Dissociation of XPC from non-irradiated UV areas is defective in HDAC3-depleted
HeLa cells. A, Control and HDAC3-depleted cells were irradiated with 50 Jm™2 UV or
mock irradiated. After 30 min, crosslinked lysates were immunoprecipitated with
anti-histone H3 Lys14 acetylation or anti-XPC antibodies. HeLa cells were irradiated
with 50 Jm™? UV or mock irradiated. After 30 min, crosslinked lysates were
immunoprecipitated with the anti-HDAC3 antibody. Purified immunoprecipitated DNA
was subjected to real-time PCR amplification of the promoter region of XPC target
genes. Data indicate the mean = SD of three independent experiments. *P < 0.05 and
**P < 0.01. B, Local UV irradiation was performed with various doses of UV. Cells
were fixed at 30 min after UV irradiation and immunostained as indicated. The mean
intensity is shown as the relative intensity to mock irradiation. At least 30 Cells were

quantified (n > 30). Error bars indicate means £ SD. *P < 0.05 and **P < 0.01.
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Figure 7.

HDAC3 and HBO1 cooperatively facilitate XPC accumulation at DNA lesions to
promote DNA repair. A, SiControl, siHBO1, siHDAC3, and both siHBO1 and
siHDAC3 were transfected into HelLa cells for 48 h. The cells were then subjected to
local UV irradiation with 50 Jm~2. Cells were fixed at 30 min after UV irradiation and
immunostained as indicated. The mean intensity is shown as the relative intensity to
non-irradiated cells. Cells (n=73, 79, 95, and 68 in siControl, siHBO1, siHDAC3, and
siHBO1siHDACS, respectively) from three independent experiments were quantified.
Error bars indicate means + SD. *P < 0.05 and **P < 0.01, n.s., not statistically
significant. B, SiControl or siHDAC3 was transiently transfected into shControl and
shHBO1 Hela cells. After 48 h, the cells were mock irradiated or irradiated with the
indicated UV dose. Cells were cultured for 10 days, fixed with MeOH/acetic acid, and
then stained with crystal violet. The numbers of colonies were counted and are shown as
the percentage relative to mock-irradiated cells. Three independent experiments were

performed. Error bars indicate means + SD. *P < 0.05. n.s., not statistically significant.

Supplementary Figure legends

Supplementary Figure 1.

Depletion of HDAC3 increases UV sensitivity and delays CPD removal . A, HeLa cells
or B, U20S cells transfected with the indicated siRNAs were cultured for 48 h, mock
irradiated or irradiated with 15 Jm™2 UV, and then cultured for the indicated time. The
cells were fixed and immunostained with the anti-CPD antibody. Relative intensities of
CPD normalized against DAPI from three independent experiments are shown as the

fold change relative to cells immediately after UV irradiation. Error bars indicate means
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+ SD. (n=3). *P < 0.05. n.s., not statistically significant. C, Clonogenic assay of
HDAC3-depleted cells. U20S cells transfected with the indicated sSiRNAs were cultured
for 48 h and then mock irradiated or irradiated with the indicated UV dose. Cells were
cultured for 10 days and then stained with a crystal violet solution. The numbers of
colonies were counted and are represented as the percentage relative to mock-irradiated
cells. Three independent experiments were performed. Error bars indicate means + SD.

*P <0.05.

Supplementary Figure 2.

HDACS3 does not interact with NER factors in the presence or absence UV irradiation.
HeLa cells with or without 50 Jm™2 UV irradiation were incubated for 30 min.
Harvested cells were subjected to immunoprecipitation with the anti-HDAC3 antibody.

Immunoprecipitated samples were immunoblotted with the indicated antibodies.

Supplementary Figure 3.

HDACS3 facilitates XPC and TFIIH recruitment in U20S cells. Accumulations of XPC
and THIIH in local UV-irradiated areas were attenuated in HDAC3-depleted U20S cells.
Control-, HDAC3-, and DDB2 siRNA-transfected cells were subjected to local UV
irradiation (50 Jm™2 UV), fixed at the indicated time, and then immunostained with the
indicated antibodies. To calculate the accumulation rate in the irradiated area, the mean
intensity in the irradiated area was divided by that of non-irradiated cells and is shown
as the relative increased intensity (%) to siControl cells. Cells (n=30) from two

independent experiments were quantified. Error bars indicate means = SD. **P < 0.01

Supplementary Figure 4. Most XPC localizes to chromatin in the absence of DNA
damage.

Control and HDAC3-depleted cells were irradiated with 50 Jm™2 UV. After incubation
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for 30 min, the cells were collected, and soluble cell extracts as well as the
corresponding amounts of chromatin-enriched fractions were subjected to western

blotting using the indicated antibodies.

Supplementary Figure 5. Depletion of HDAC3 induces continuous checkpoint
activation in response to DNA damage.

Control and HDAC3-depleted cells were irradiated with 15 Jm™2 UV. After incubation
for the indicated time, the cells were collected and chromatin-enriched fractions were
subjected to western blotting using the indicated antibodies. The relative intensities of
XPC and Chk1 pS317 were normalized against histone H3 and Chk1, respectively, and
are shown as the fold change relative to non-irradiated cells. Signal intensities were

quantitated using ImageJ (NIH).

Supplementary Figure 6.

Representative immunostaining of cells after local UV irradiation in Figure 6B.
SiControl and siHDAC3 HeLa cells were subjected to local UV irradiation with 0, 50,
and 100 Jm™2 UV. After 30 min of incubation, the cells were fixed and immunostained

with the indicated antibodies. Scale bar, 5 pum.
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Supplementary Figure S1. Depletion of HDAC3 increases UV sensitivity and delays CPD removal.
A, HelLa cells and B, U20S cells transfected with the indicated siRNAs were cultured for 48 h, mock
irradiated, or irradiated with 15 Jm™2 UV light, and then cultured for the indicated time. The cells
were fixed and immunostained with the anti-CPD antibody. Relative intensities of CPD normalized
against DAPI from three independent experiments are shown as the fold change relative to cells
immediately after UV irradiation. Error bars indicate means = SD. (n=3). *P < 0.05. n.s., not
statistically significant. C, Clonogenic assay of HDAC3-depleted cells. U20S cells transfected with
the indicated siRNAs were cultured for 48 h and then mock irradiated or irradiated with the indicated
UV dose. Cells were cultured for 10 days and then stained with a crystal violet solution. The numbers
of colonies were counted and are represented as the percentage relative to mock-irradiated cells.
Three independent experiments were performed. Error bars indicate means = SD. *P < 0.05.
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Supplementary Figure S2. HDAC3 does not interact with NER factors in the presence or absence
UV irradiation. HeLa cells with or without 50 Jm™2 UV irradiation were incubated for 30 min.
Harvested cells were subjected to immunoprecipitation with the anti-HDAC3 antibody.
Immunoprecipitated samples were immunoblotted with the indicated antibodies.



Supplementary Figure S3

U20Ss
XPC
160
< 140
>
=120
[
()
£ 100
o) msiCt
[0} 80 .
@ = siHDAC3
(0]
g 60 msiDDB2
2 4
ks
DG:J 20
0
U20Ss
TFIIH (p89)
160
< 140
>
= 120
[
()
€ 100
o msiCt
[0} 80 .
é »siHDAC3
(0]
g 60 msiDDB2
2 4
ks
DG:J 20
0

Supplementary Figure S3. HDAC3 facilitates XPC and TFIIH recruitment in U20S cells.
Accumulations of XPC and THIIH in local UV-irradiated areas were attenuated in HDAC3-depleted
U20S cells. Control-, HDAC3-, and DDB2 siRNA-transfected cells were subjected to local UV
irradiation (50 Jm™2 UV light), fixed at the indicated time, and then immunostained with the indicated
antibodies. To calculate the accumulation rate in the irradiated area, the mean intensity in the irradiated
area was divided by that in non-irradiated cells and is shown as the relative increased intensity (%) to

siControl cells. Cells (n=30) from two independent experiments were quantified. Error bars indicate
means = SD. **P <0.01.



Supplementary Figure S4
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Supplementary Figure S4. Most XPC localizes to chromatin in the absence of DNA damage.
Control and HDAC3-depleted cells were irradiated with 50 Jm2 UV light. After incubation for 30
min, the cells were collected, and soluble cell extracts as well as the corresponding amounts of
chromatin-enriched fractions were subjected to western blotting using the indicated antibodies.



Supplementary Figure S5
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Supplementary Figure S5. Depletion of HDAC3 induces continuous checkpoint activation in
response to DNA damage. Control and HDAC3-depleted cells were irradiated with 15 Jm2 UV light.
After incubation for the indicated time, the cells were collected and chromatin-enriched fractions
were subjected to western blotting using the indicated antibodies. The relative intensities of XPC
and Chk1 pS317 were normalized against histone H3 and Chkl1, respectively, and are shown as the
fold change relative to non-irradiated cells. Signal intensities were quantitated using Imagel.



Supplementary Figure S6
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Supplementary Figure S6. Representative immunostaining of cells after local UV irradiation in
Figure 6B. SiControl and siHDAC3 HeLa cells were subjected to local UV irradiation with 0, 50,
and 100 Jm 2 UV. After 30 min of incubation, the cells were fixed and immunostained with the
indicated antibodies. Scale bar, 5 um.
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