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Abstract

Acetylated histone H3 lysine 56 (H3K56Ac) is one of the reversible histone post-translational
modifications (PTMSs) responsive to DNA damage. We previously described a biphasic decrease
and increase of epigenetic mark H3K56Ac in response to ultraviolet radiation (UVR)-induced
DNA damage. Here, we report a new function of UV damaged DNA-binding protein (DDB) in
deacetylation of H3K56Ac through specific histone deacetylases (HDACs). We show that
simultaneous depletion of HDAC1/2 compromises the deacetylation of H3K56Ac, while depletion
of HDACL1 or HDAC?2 alone has no effect on H3K56Ac. The H3K56Ac deacetylation does not
require functional nucleotide excision repair (NER) factors XPA and XPC, but depends on the
function of upstream factors DDB1 and DDB2. UVR enhances the association of DDB2 with
HDAC1 and, enforced DDB2 expression leads to translocation of HDAC1 to UVR-damaged
chromatin. HDAC1 and HDAC?2 are recruited to UVR-induced DNA damage spots, which are
visualized by anti-XPC immunofluorescence. Dual HDAC1/2 depletion decreases XPC
ubiquitination, but does not affect the recruitment of DDB2 to DNA damage. By contrast, the local
accumulation of yH2AX at UVR-induced DNA damage spots was compromised upon HDAC1 as
well as dual HDAC1/2 depletions. Additionally, UVR-induced ATM activation decreased in
H12899 cells expressing H3K56Ac-mimicing H3K56Q. These results revealed a novel role of
DDB in H3K56Ac deacetylation during early step of NER and the existence of active functional
cross-talk between DDB-mediated damage recognition and H3K56Ac deacetylation.

"Corresponding author at: Department of Radiology, The Ohio State University, Columbus, OH 43210, United States. Tel.: +1 614 292
?015; fax: +1 614 292 9015. wani.2@osu.edu (A.A. Wani).
These authors contributed equally to this work.
Conflict of interest
The authors declare that there are no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al. Page 2

Keywords

Histone post-translational modifications; Nucleotide excision repair; Damaged DNA-binding
protein 2; Histone deacetylases; Acetylated histone H3 lysine 56; Xeroderma pigmentosum group
E

1. Introduction

Genomic integrity is constantly challenged by exposures from ubiquitously occurring
endogenous and exogenous DNA damaging agents. To overcome this, living organisms have
evolved elaborate surveillance systems, collectively termed DNA damage response (DDR)
which is promptly deployed to ensure genomic integrity. The DDR uses sensor proteins to
detect DNA damage, promote repair and initiate signaling checkpoint events that control cell
cycle progression [1,2]. Inadequate DDR and failure of damage repair can result in cell
death and contribute to human diseases, e.g., ataxia telangiectasia (A-T) [1], xeroderma
pigmentosum (XP) syndrome [3], efc. The A-T syndrome is caused by a defect in the A-T
mutated (ATM) which is responsible for managing the cell’s response to multiple forms of
stress including double-strand breaks in DNA; XP syndrome results from mutation in any of
the XP genes classified from A to G.

XP gene products are crucial components of nucleotide excision repair (NER) machinery,
which removes diverse DNA lesions including UVR-induced 6-4-pyrimidine pyrimidone
photoproducts (6-4PP), cyclobutane pyrimidine dimmers (CPD) and chemical-induced bulky
lesions from genome [3]. NER consists of two sub-pathways: global genomic repair (GGR)
which eliminates DNA damage from entire genome, and transcription-couple repair (TCR)
which eliminates DNA damage located on transcribed strands of transcriptionally active
genes [4]. In GGR, DNA lesions are first recognized by UV damaged DNA-binding proteins
(UV-DDB or DDB), and handed over from DDB to XPC-RAD23B complexes [5-7]. DDB
is composed of two components, DDB1 and DDB2, whose function is absent due to gene
mutation in cells derived from XP-E patients [8-10]. Genetic deletion of DDB2 in mice
mimics XP-E phenotype, impairing the repair of photolesions and causing hypersensitivity
to UVR-induced skin cancers [11]. Biochemically, DDB2 is incorporated into a Cul4A-
DDB1-ROC1 (CRLA4), forming a CRL4PPB2 E3 ybiquitin ligase complex, where DDB2
functions as a substrate adapter [12]. Cul4A, DDB1 and DDB2 are rapidly recruited to
UVR-induced lesions, with the kinetics consistent with the binding of a preassembled
CRL4PDB2 complex [13,14]. The activity of CRL4PPB2 ybiquitin ligase is activated at
damage sites upon irradiation and directed to chromatin or chromatin-bound proteins.
Substrates of CRL4PPB2 ypiquitin ligase include histone 2A [15], histone 3 and 4 [16], XPC
[17,18], and DDB?2 itself [12,17,19]. Ubiquitin modified DDB?2 is degraded by proteasome.
Conversely, ubiquitination of XPC augments the DNA binding of XPC without altering its
specificity [17]. Consequently, DNA damage is handed over from DDB to XPC [19].
Damage-bound XPC-RAD23B initiates the assembly of pre-incision complex composed of
TFIIH, XPA, as well as endonucleases XPF and XPG, which make 5" and 3" incision,
respectively, to remove a 24-32 bp oligonucleotide containing DNA lesion. The gap
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resulting from dual incision is filled by repair synthesis and the final nick is ligated to
complete NER [20,21].

DNA repair, like other DNA-templated processes, is inevitably influenced by chromatin
structures. The fundamental unit of chromatin is nucleosome [22], which consists of two
copies each of histones H2A, H2B, H3 and H4, as well as ~146 bp of DNA wrapped nearly
twice around histone octamer. Nucleosomes are interconnected by sections of linker DNA
and a linker histone, H1. Higher order of chromatin structure is achieved by compacting
nucleosomes into chromatin fiber. Eukaryotic genomes exist in different chromatin states in
the nucleus: heterochromatin (also called ‘closed” chromatin) and euchromatin (‘open’
chromatin) where active transcription occurs. Chromatin remodeling includes nucleosome
repositioning [23], histone eviction/deposition [24] and histone variant incorporations [25].
Histone post-translational modifications (PTMs) is another mechanism that regulates the
state of chromatin [26]. Histones are modified at distinct amino acid residues with different
reversible PTMs, which include methylation, ubiquitination, sumoylation, phosphorylation
and acetylation [27]. These PTMs can be reversed by specific enzymes. For example,
acetylation of lysine residues is regulated by histone acetyltransferase (HATS) and histone
deacetylases (HDACs) that catalyze addition and removal of acetyl moiety, respectively.

Histone PTMs, e.g., acetylation, have been known for transcription regulation [28]. It is
becoming increasingly clear that histone PTMs also function in DDR [29,30]. The best
characterized histone PTM is phosphorylation of serine 139 at the C-terminal tail of histone
H2AX (also called yH2AX). The phosphorylation is mediated by ATM, ATM and RAD3
related (ATR) and DNA-dependent protein kinase (DNA-PK) in response to DNA damages
including strand breaks and DNA photolesions [31,32]. Histone acetylation was first PTM
linked to DDR [33]. Recently, acetylated histone H3 lysine 56 (H3K56Ac) and acetylated
histone H3 lysine 9 (H3K9Ac) were identified as DNA damage responsive PTMs [34].
Specifically, H3K56 Ac and H3K9Ac are rapidly diminished and subsequently restored in
response to exposures to a variety of DNA damaging agents including UVR and ionizing
radiation (IR). More recent studies reported that H3K56Ac is down-regulated by HDAC1
and HDAC?2 at DNA double strand breaks to promote DNA double strand break repair by
non-homologous end-joining [35]. The mechanism that regulates H3K56Ac after UVR-
induced DNA damage is not yet known.

We previously reported that upon UVR-induced DNA damage, a fast initial deacetylation of
H3K56Ac is followed by full renewal of H3K56Ac state [36]. H3K56AcC restoration requires
histone chaperone Asfl and appears to be a post-repair event of chromatin restoration. In
this study, we investigated whether HDAC1 and HDAC2 participate in deacetylation of
H3K56A in response to UVR exposure. We further explored whether deacetylation of
H3K56A is linked to early steps of NER. Our data has uncovered a new function of DDB
which is involved in specific deacetylation of H3K56A by HDAC1 and HDAC2.
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2. Materials and methods

2.1. Cell lines

XP-A (GM04429), XP-C (GM02096), XP-E (GM01389, GM02415) cells were obtained
from Coriell Institute for Medical Research (Camden, NJ 08103). HeLa-DDB2.com cells,
expressing HA- and FLAG-tagged DDB2, were kindly provided by Dr. Yoshihiro Nakatani
(Dana-Farber Cancer Institute, Boston, MA 02215). Li-Fraumeni syndrome (LFS) fibroblast
041 cell line (p53-Null, harboring a codon 184 frameshift, resulting in premature
termination of translation of p53 protein) was provided by Dr. Michael Tainsky (M.D.
Anderson Cancer Center, Houston, TX 77030). LFS-041-DDB2 cells stably expressing V5-
His-tagged DDB2 were established in our laboratory. Human lung adenocarcinoma H1299
cells expressing Flag-tagged H3.1 (H1299-H3K56) or Flag-tagged H3K56Q (H3 lysine 56
to glutamine mutation, mimicking acetylation) were gifts from Dr. Zhenkun Lou at
Department of Oncology, Mayo Clinic, MN 55905). XP-A, XP-C, LFS-041, HeLa and
HelLa-DDB2.com cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). H1299 cells were grown in RPMI
medium supplemented with 10% fetal bovine serum. XP-E cells were cultured in MEM
supplemented with Earle’s salts and nonessential amino acids and 10% FBS. All cells were
grown at 37 °C in a humidified atmosphere with 5% CO.

HelLa HDAC1-KD and HeLa HDAC?2-KD cell lines were generated upon transfection with
HDAC1 and HDAC2 shRNA expressing constructs into HelLa cells using the FUGENE 6
transfection reagent. At 24 h post-transfection, puromycin was added to media at a final
concentration of 2 pg/ml. The selection with puromycin was continued further for 1 week.
The surviving cells were trypsinized, diluted and re-seeded so as to achieve colonies from
single cells under puromycin selection. Clones exhibiting knockdown of HDAC1 or HDAC?2
were recovered and expanded for further experiments.

2.2. Antibodies

Antibodies against H3K56Ac were obtained from Epitomics (Burlingame, CA 94010),
HDAC1, HDAC?2, -y-H2AX and phosphor-ATM (Ser 1981) antibodies were from Cell
Signaling Technology (Danvers, MA 01923). Anti-XPC antibody (XPC-2) was generated by
immunizing rabbits with a synthetic peptide corresponding to the C-terminus of human XPC
protein. Anti-FLAG M2 agarose beads and anti-FLAG M2 antibody were purchased from
Sigma—Aldrich (St. Louis, MO 63103). DDB1 and DDB2 antibodies were from Bethyl
Laboratories (Montgomery, TX 77356).

2.3. Gene silencing

Small hairpin RNA (shRNA) targeting HDAC1 and HDAC?2 were obtained from Sigma—
Aldrich. DDB1 and DDB2 siRNA was from GE Dharmacon (Lafayette, CO 80026). The
siRNA transfections were conducted using Lipofectamine™ 2000 transfection reagent from
Invitrogen (Grand Island, NY 14072) according to the manufacturer’s instructions. In brief,
~0.3 x 108 HeLa cells were seeded in 60-mm tissue culture dishes and grown overnight. For
transfection, Lipofectamine 2000 reagent was diluted in Opti-MEM medium and siRNA was
added to it and incubated at room temperature for 20 min. The Lipofectamine—small
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interfering RNA (siRNA) complex was applied to the cells and incubated for 48 h before
UV irradiation. The shRNA transfections were performed using FUGENE 6 transfection
reagent (Roche Diagnostics, Indianapolis, IN 46250) according to the manufacturer’s
protocol. Briefly, cells were grown to 50% confluency. ShRNA plasmid DNA was added to
the diluted FUGENE 6 reagent in serum- and antibiotic-free medium and the FUGENE to
DNA ratio was maintained at 6:1. After incubation at room temperature for 20 min, the
FUGENE 6-DNA complex was added to cells. The cells were incubated for additional 24 h
prior to UV irradiation of the cells.

2.4. Micropore irradiation and immunofluorescence

Cells were seeded on glass coverslips at a proper density and were grown to from a
monolayer. Micropore UV irradiation was conducted by placing a 5-um isopore
polycarbonate filter (EMB Millipore, Billerica, MA 01821) followed by UV irradiation at
indicated doses. The UV-irradiated cells were maintained for a desired time period for DNA
repair to take place. Immunofluorescence staining was conducted according to the method
established in our laboratory. Briefly, the cells were washed twice with cold PBS,
permeabilized with 0.5% Triton X-100/PBS for about 8 min on ice as needed, and/or fixed
with 2% paraformaldehyde in 0.5% Triton X-100 at 4 °C for 30 min. The fixed cells were
rinsed twice with cold PBS and blocked with 20% normal goat serum in 0.1% Triton X-100/
PBS, and stained with an appropriate primary antibody as well as fluorescein isothiocyanate
(FITC) or Alexa Fluor 488 or Texas Red-conjugated secondary antibodies. The coverslips
were mounted in Vectashield mounting medium with DAPI. The fluorescence images were
obtained with a Nikon fluorescence microscope E80i and processed with SPOT software.

2.5. Cellular fractionation

Cellular fractionation was conducted as described by Anindya et al. [37], with
modifications. Briefly, cells were lysed with 1 ml (~5x cell volume) of cytoplasmic lysis
buffer (10 mM Tris—HCI [pH 7.9], 0.34 M sucrose 3 mM CaCl,, 2 mM magnesium acetate,
0.1 mM EDTA, 1 mM DDT, 0.5% NP-40 and a protease inhibitor cocktail). Nuclei were
pelleted by centrifugation at 3500 x g for 15 min and washed with cytoplasmic lysis buffer
without NP-40 and then lysed in 1 ml of nuclear lysis buffer (20 mM HEPES [pH 7.9], 3
mM EDTA, 10% glycerol, 1.5 mM MgCl,, 150 mM KOAc and protease inhibitors). The
nucleoplasmic fractions were separated by centrifugation at 15,000 x g for 30 min and the
pellet was resuspended in 0.2 ml of nuclease incubation buffer (150 mM HEPES [pH 7.9],
1.5 mM MgCl,, 150 mM KOAc and protease inhibitors) and incubated with 50 U benzonase
(25 U/ul) for 30 min at room temperature. The nuclease-releasable or soluble chromatin
fraction was collected by centrifugation at 20,000 x g for 30 min. Protein concentrations of
each cellular fractions were determined by Dc Bio-Rad DC protein assay and the same
amount of protein fractions in relative total protein yields of each fractions were used for
Western blotting.

2.6. Immunoprecipitation

The immunoprecipitation was done at 4 °C overnight in RIPA buffer (50 mM Tris—HCI [pH
8.0], 150 mM NacCl, 1% NP40, 0.5% deoxycholate and protease inhibitors) using nuclease-
releasable chromatin containing ~500-1000 g protein and the anti-FLAG-M2 beads. The
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beads were washed 1 time with RIPA buffer and then with 3 times with TBS buffer (50 mM
Tris—HCI [pH 7.4] 150 mM NacCl) and the bound proteins were eluted with FLAG peptide as
described in the manufacturer’s protocol or released by boiling in SDS loading buffer.

3. Results
3.1. HDAC1 and HDAC2 redundantly function in deacetylation of H3K56Ac

We and others have reported a decrease in H3K56Ac level at low doses of UV exposure
[34,36]. To probe whether HDACs are responsible for H3K56Ac deacetylation, we first
treated HeLa cell with HDAC inhibiters sodium butyrate and trichostatin A immediately
following cellular UV irradiation. As shown in Fig. 1A, increasing concentrations of both
HDAC inhibitors significantly elevated the H3K56Ac levels, and essentially reversed the
normally observed reduction of the UVR-induced cellular H3K56Ac levels. We then chose
HDAC1 and HDAC?2 of class | HDACs as candidate deacetylases and established stable
HDACL1- or HDAC2-knockdown (KD) HeLa cell lines by transfection of ShRNA expression
vector into HeL a cells followed by clonal selection and expansion. The knockdown effects
were confirmed by examination of HDAC1 and HDAC?2 levels in corresponding cells (Fig.
1B). HeLa cells express higher levels of HDAC2 compared to HDAC1. The HDAC1
expression was seen in HeLa cells but was abolished in HDAC1-KD cells and it remained
unchanged in HDAC2-KD cells. On the contrary, HDAC2 expression was seen in HeLa and
HDAC1-KD cells but was significantly compromised in HDAC2-KD cells. We then
examined H3K56Ac response to UVR-induced DNA damage at two different post-
irradiation time-points of 8 and 24 h. These two time-points were chosen because of their
distinct correspondence to H3K56Ac deacetylation and restoration [36]. In both HDAC1-
KD and HDAC2-KD cells, UVR-induced H3K56Ac deacetylation was still seen at 8 h (Fig.
1C). Also, H3K56AcC was restored at 24 h to a level comparable to that in control cells
without UV irradiation. These results indicated that the depletion of HDAC1 or HDAC?2
alone do not significantly affect H3K56Ac deacetylation or restoration. To test if HDAC1
and HDAC?2 work together in H3K56Ac deacetylation, we transiently transfected shHDAC1
expressing vector into HDAC2-KD HeLa cells to achieve simultaneous HDAC1 and HDAC?2
knockdowns (Fig. 1D). Transfection of sShHDAC1 #2, 3 and 4 constructs decreased HDAC1
levels to ~40%. Transfection with these constructs also reduced UVR-induced H3K56Ac
deacetylation as compared to controls without transfection or shHDACL #1 transfection.
These results indicated that HDAC1 and HDAC?2 redundantly function in H3K56Ac
deacetylation in early response to UVR-induced DNA damage.

3.2. DDB1 and DDBZ2 are required for deacetylation of H3K56Ac

We have previously demonstrated that in HeLa cells as well as normal human fibroblasts
(NHF) H3K56Ac deacetylation occurs as early as 0.25 h following UV irradiation [36]. So,
we speculated that H3K56Ac deacetylation is primarily related to early steps, perhaps the
damage recognition events of NER. Thus, we examined H3K56Ac deacetylation in NHF,
XP-A and XP-C cells in response to UV irradiation (Fig. 2A). XP-A cells are fully deficient
in NER, while XP-C cells are only deficient in GGR sub-pathway of NER. NHF showed a
typical time-dependent H3K56Ac deacetylation. Similarly, in XP-C cells UV irradiation
induced H3K56Ac deacetylation at 2, 4 and 8 h. In XP-A cells, UV irradiation was able to
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induce H3K56Ac deacetylation at 4 h, indicating that functional NER is not required for
H3K56Ac deacetylation. We next examined H3K56Ac deacetylation in XP-E cells (Fig.
2B). Interestingly, in these cells, UV irradiation did not induce H3K56Ac deacetylation and
the levels at 2, 4 and 8 h were comparable to the unirradiated control. Since, in yeast
H3K56Ac is an established chromatin packaging mark, cellular cell cycle status may affect
H3K56Ac deacetylation. To rule out the possibility that the defect in UVR-induced
H3K56Ac deacetylation in XP-E is due to DNA replication in S-phase, we serum-starved
the XP-E cultures and examined H3K56Ac in G1-arrested cells for extended post-irradiation
time periods up to 24 h. Again, UV irradiation failed to cause H3K56Ac deacetylation at 4,
8 and 24 h. These results indicated that DDB2 function is required for H3K56Ac
deacetylation. Examinations of HDAC1 and 2 in NHF indicated that HDAC1 and 2 are
present in NHF and their levels were not significantly changed upon UV irradiation.
Interestingly, HDACL1 level was very low in XP-E cells (Fig. 2C). We further dissected the
effect of DDB function by examining the UVR-induced H3K56Ac deacetylation upon
individual knockdown of DDB1 and DDB2 components (Fig. 2D). The efficiency of sSiRNA-
mediated knockdown was confirmed by examination of DDB1 and DDB2 levels. Moreover,
as expected, the UV irradiation lowered DDB2 levels in control and in DDB1 siRNA
transfected cells, due to ubiquitin-mediated proteasomal degradation. UVR-induced
H3K56Ac deacetylation was clearly impacted by the depletion of either DDB1 or DDB2.
Taken together, these results indicated that UVR-induced H3K56Ac deacetylation is
independent of functional NER, but requires the function of DDB but not XPC, suggesting
that the initial damage recognition by DDB is intimately linked to H3K56Ac deacetylation.
It is a noteworthy that HDACL1 level in XP-E cells, while very low, might not be the cause
for defect of H3K56Ac deacetylation given that HDAC1 and HDAC? redundantly function
in H3K56Ac deacetylation.

3.3. DDB2 enhances translocation of HDAC1 to UVR-damaged chromatin

We next explored the physical association of DDB2 to HDAC1 /n vivo. Nuclease-releasable
chromatin fractions from UV-irradiated FLAG-tagged DDB2 expressing HeLa-DDB2.com
cells and control cells were subjected to immunoprecipitation by anti-FLAG gel. In
immunoprecipitates, HDAC1 was detected in the immunoprecipitates from HeLa-
DDB2.com cells upon UV irradiation but not from HeLa-DDB2.com or control HelLa cells
without UV irradiation (Fig. 3A). These results confirmed our previous observations and
indicated that DDB2 physically interacts with HDAC1 [38]. We further investigated whether
DDB?2 affects translocation of HDAC1 to chromatin. We used LFS-041 cell line which has
low DDB?2 protein level due to its p53-Null status [39] and established an enforced
expression of DDB2 via stable transfection [40]. Because DDB2 protein level was low in
LFS-041 cells, UV irradiation had no discernible influence on DDB2 translocation from
nucleoplasmic to nuclease-releasable chromatin fractions. Similarly, UV irradiation had no
appreciable effect on HDACL1 distribution (Fig. 3B). In LFS-041 cells with enforced DDB2
expression, UV irradiation triggered a DDB2 and HDAC1 translocation from nucleoplasmic
fraction to chromatin fraction. These results indicated that UVR-induced a DDB2-dependent
translocation of HDAC1 to damaged chromatin.
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3.4. HDACL1 regulates the damage handover from DDB to XPC at DNA damage sites

We next examined whether HDACL is recruited to UVR-induced DNA damage sites. HeLa
cells were UV irradiated through a 5-um pore filter, which generates localized DNA damage
in sub-nuclear areas of irradiated cells. One hour after micropore irradiation, XPC, HDAC1
and HDAC?2 were visualized by their cognate antibodies. HDAC1 and HDAC?2 were seen to
concentrate and form distinct foci in HeLa cell nuclei. More importantly, the HDAC1 and
HDAC2 foci co-localized with repair factor XPC-marked foci, indicating HDAC1 and
HDAC?2 are recruited to DNA damage sites. We noticed that at some of the XPC foci,
HDAC1 and HDAC?2 accumulation was indistinct. This may be attributed to the engagement
of limiting nuclear HDAC1 and HDAC?2 in other cellular processes.

In early steps of NER, DNA damage is first recognized by DDB and then handed over to
XPC. Consequently, XPC is ubiquitinated by CRL4PPB2 E3 ubiquitin ligase complex. To
investigate if HDAC1 and HDAC?2 depletion affect damage handover, we examined XPC
ubiquitination as a specific readout of this cellular event. Upon cellular UV exposures, XPC
is rapidly ubiquitinated by CRL4PPB2 E3 ubiquitin ligase complex, generating slower
migrating protein bands which can be detected by anti-XPC western blotting [17,18,41]. In
HDAC1-KD and HDAC2-KD cells, UV irradiation was able to induce XPC ubiquitination at
1 h and the XPC ubiquitination disappeared at 4 h (Fig. 4B and C). Conversely, HDAC1 and
HDAC2 double depletion in both cells compromised XPC ubiquitination at 1 h. These
results indicated that HDAC1 and HDAC?2, similar to their regulation of deacetylation of
H3K56Ac, also work redundantly in regulation of XPC ubiquitination. Thus, HDAC1 and
HDAC2 act as upstream regulators of damage recognition by XPC.

3.5. HDAC1 and HDAC2 depletion decreases accumulation of yH2AX at DNA damage sites

To determine if HDAC1 and HDAC?2 depletion affects damage recognition by DDB2, we
examined the recruitment of DDB2 to DNA damage sites upon HDAC1 or HDAC1/2 double
depletion. Local DNA damage was generated by micropore irradiation, and, the photolesions
were visualized by CPD-specific antibody (Fig. 5A, upper panel). In most CDP spots in
HDAC1-KD cells, DDB2 foci co-localized with CPD foci, indicating single HDAC1
depletion did not affect DDB2 recruitment to DNA damage sites. Interestingly, HDAC1 and
HDAC2 double depletion did not significantly affect the DDB2 recruitment to damage sites
either (Fig. 5A, lower panel). Thus, we concluded that HDAC1 and HDAC2 do not play a
direct role in DDB-mediated damage recognition.

We next asked whether HDAC1 and HDAC?2 depletion affect the accumulation of yH2AX at
DNA damage sites. Local yH2AX accumulation was determined at 1 h after micropore UV
irradiation. As shown in Fig. 5B and C, micropore UV irradiation efficiently induced
YH2AX accumulation in HelLa cells with about 60% of cells positive for yH2AX foci. By
contrast, only ~20% of cells were positive for yH2AX foci in HDAC1-KD cells.
Interestingly, HDAC1/2 double depletion did not cause further decrease in local yH2AX
accumulation, suggesting that HDAC1 is a major player in regulation of local yH2AX
accumulation. The yH2AX is a well known DNA damage marker with direct correlation to
the presence of DNA strand breaks in cells. In case of UVR-induced DNA damage, H2AX
phosphorylation is triggered by NER intermediate (strand break) or Exol-processed
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intermediate resulting from dual incision via NER of photolesion [32,42]. Thus, the results
suggested that HDAC1 and HDAC2 participate in DDR following UVR-induced DNA
damage.

We finally tested whether H3 acetylation status affects ATM activation using H1299 cells
expressing H3K56Q, which mimics H3K56Ac. As shown in Fig. 5D, without UVR, ATM
levels were same in H3K56 or H3K56Q-expressing H1299 cells. Following UVR, ATM
level decreased slightly at 24 h time-points in both cells. Interestingly, the UVR-induced
ATM phosphorylation in H3K56-expressing H1299 cells was apparent at 4 h time-point and
the phosphorylation declined in 8-24 h periods. More importantly, phospho-ATM levels
were lower in H3K56Q-expressing H1299 cells at 4 and 8 h as compared with that in
H3K56-expressing H1299 at the same time-points. Conversely, yH2AX level was only
slightly lower in the H3K56Q expressing cells, indicating H3K56Q expression does not have
significant effect on global level of UVR-induced yH2AX. Given the recruitment of HDAC1
and HDAC? to local DNA damage sites, we surmised that H3K56Ac deacetylation has a
preferential on-site effect on local yH2AX accumulation. Taken together, these results
suggested that H3K56Ac deacetylation facilitates ATM phosphorylation/activation and local
vYH2AX accumulation during early events of DDR.

4. Discussion

Our previous work described that the H3K56Ac in cells responds in a biphasic manner
following introduction of photolesion in cells [36], and the response is akin to that resulting
from induction of DNA double strand breaks [34]. In this study, we have provided evidence
that the photolesion recognition by DDB is linked to H3K56Ac deacetylation in which
HDAC1 and HDAC?2 function redundantly. Our results are analogous to the report that
H3K56Ac is down-regulated by HDAC1 and HDAC2 at DNA double strand breaks [35].
The results are also consistent with HDAC-regulated DDR of UV-mimetic 4-nitroquinoline
1-oxide (4NQO) [43] and the situation where DDB2 plays a role in activation of ATM and
ATR kinases in response to UVR-induced DNA damage [44]. In the former situation, yeast
rpd3 hdal (HDAC1/2 homolog) double mutants showed hypersensitivity to 4NQO and
hydroxyurea, whereas in the latter, ATM and ATR phosphorylation were negatively affected
in XP-E cells and DDB2-depleted NHF cells.

Our findings link H3K56Ac deacetylation to DDB-mediated photolesion recognition which
constitutes a very early event of NER. It can be speculated that H3K56Ac deacetylation is
related to an ‘open’ state of chromatin, while H3K56Ac refurbishment reflects the chromatin
structure restoration following successful completion of repair. The scenario fits with the
‘access-repair-restore’ model of NER [45]. However, it should be recognized that functional
significance of H3K56Ac in chromatin regulation is largely unclear. In a genome-wide study
in human cells, H3K56Ac was found enriched on promoter regions of both active and
inactive genes [46]. On the other hand, DNA damage was found to result in significant
reduction of H3K56Ac on promoters of active genes that are not repressed upon DNA
damage [34]. So, the H3K56Ac level may not directly correlate to active or repressed
transcription. In case of DDR, H3K56 acetylation drives chromatin assembly after DNA
repair and signals completion of repair in yeast [47]. Recently, it was reported that the acute
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sensitivity of H3K56Ac-deficient cells to methyl methane sulfonate (MMS) and
camptothecin (CPT), which cause DNA damage during replication, is due to the failure to
complete recombination repair or DNA replication [48]. In our previous work, H3K56R
mutation which cannot be acetylated did not have a discernible effect on GGR, indicating
H3K56 acetylation does not significantly affect GGR [36]. Here, we have demonstrated that
H3K56Ac deacetylation requires DDB but not XPC and XPA functions, indicating that
deacetylation would be only associated with photolesion recognition event mediated by
DDB. At present, understanding of H3K56Ac function remains a challenge. Nevertheless,
the novel function of DDB in H3K56Ac deacetylation provides an impetus for further
dissection of the role of DDB2 in chromatin regulation at the sites of DNA damage.

It is known that DDB2 function is not essential for NER /n vitrobut is required for CPD
repair and significantly promotes 6-4PP repair /n vivo[9,39]. This observation has led to the
idea that DDB-mediated photolesion recognition may link chromatin remodeling to DNA
repair [49]. To support this notion, INO80 chromatin remodeling complex was shown to
promote the removal of UV lesions. INO80 appears to associate with DDB1 [50]. In the
same vein, it was recently reported that DDB2 elicits large-scale chromatin unfolding [51].
In chromatin containing UVR-induced photolesions, a marked ATP-dependent reduction in
density of core histones was found to require DDB2 function. Our data suggests that
HDAC1 and HDAC? are additional components of DDB2-mediated regulation of chromatin
structure. We demonstrated that both HDAC1 and HDAC2 are involved in UVR-induced
H3K56Ac deacetylation and, these HDACs are all recruited to UVR-induced lesion sites.
Moreover, DDB2 was found to associate with HDACL1 /n vivo and enforced DDB2
expression results in translocation of HDAC1 to damaged chromatin. Given that DDB2
elicits large-scale chromatin unfolding in the vicinity of UVR-induced DNA damage, the
deacetylation of H3K56Ac by HDAC1/2 may be a part of, or an indicator of, the chromatin
unfolding event. Additionally, we found that HDACL level was very low in XP-E cells.
Although it might not be the cause for the defect of H3K56Ac deacetylation in XP-E cells, it
would be interesting to learn whether low level of HDAC1 influences histone acetylations,
e.g., H3K9Ac, H3K14ac or H4K16ac. In a sense, DDB-mediated photolesion recognition
may not only be linked to chromatin remodeling, but also to histone PTM regulation
including histone acetylation, deacetylation and ubiquitination. These events act
coordinately to create a local chromatin environment permissive to the initiation of NER by
XPC.

In this study, HDAC1/2 depletion was found to decrease the accumulation of yH2AX at
DNA damage sites. At present, it is unclear how DDB2-mediated H3K56Ac deacetylation
contributes to such changes in yH2AX. The finding, however, is consistent with the
observations that HDACSs regulate DDR in yeast [43]. In particular, HDAC inhibition/
ablation counteracts Mec (yeast orthologue of human ATR) activation and causes nuclease
Exol and Sae2 degradation. In our study, HDAC1 was found to interact with DDB2 and
translocate to UVR damaged chromatin in a DDB2-dependent manner. It could be expected
that HDAC1 and HDAC? are recruited to damage sites and exert their effect locally, e.g.,
through direct interaction with ATM [52]. Nevertheless, we cannot rule out the possibility
that HDAC1 or HDAC2 depletion also has off-site effects. For example, it was recently
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reported that siRNA-mediated HDAC1/2 depletion globally down-regulates a number of
DRR components including Rad50, p53, BRCA1 and ATM through transcription [53].

HDAC1 and HDAC?2 are overexpressed in many cancers [54]. HDAC inhibitors sensitize
cancer cell to DNA damage based therapies and are being combined with radiation therapies
in clinical trials [55,56]. The findings in this study suggest that HDAC inhibitors may be
used in combination with DNA-damaging drugs, e.g. cisplatin, whose DNA lesions are
targets of NER.
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Fig. 1.
HDAC1 and HDAC1 knockdown compromises UVR-induced reduction of H3K56Ac. (A)

HDAC inhibition by sodium butyrate and trichostatin A reverses UVR-induced reduction of
H3K56Ac. Hela cells were UV irradiated at 20 J/m? and treated with sodium butyrate and
trichostatin A at indicated concentration. The treated cells were harvested at 4 h post-UV,
and the H3K56Ac levels were determined by Western blotting. (B) HDAC1 and HDAC?2
levels were determined by Western blotting in stable HDAC1-KD and HDAC2-KD cells
respectively expressing shRNA targeting HDAC1 or HDAC2. The actin blots were used as
loading controls. (C) UVR-induced H3K56Ac reduction and restoration were not affected by
HDAC1 or HDAC?2 knockdown alone. HeLa HDAC1-KD and HDAC2-KD cells were
exposed to 20 J/m? of UV radiation. Whole cell extracts were prepared at indicated time
points. H3K56Ac levels in equal amounts of protein extracts were determined by Western
blotting using anti-H3K56Ac antibody. (D) HDACL1 depletion in HDAC2-KD cells affected
UVR-induced H3K56Ac deacetylation at 8 h post-UV irradiation. HDAC2-KD cells were
transiently transfected with HDAC1 shRNA expressing constructs #1-4 for 48 h. The
transfected cells were UV irradiated at a dose of 20 J/m? and the cells were harvested at 8 h
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post-UV. H3K56Ac¢ and HDACL levels were determined by Western blotting and ImageJ
software.
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Fig. 2.

UglR-induced H3K56Ac deacetylation in early DDR requires DDB2 and DDB1 but not
functional NER. (A) Normal human fibroblasts (NHF), XP-A, XP-C fibroblasts were UV
irradiated at 20 J/m?2, harvested at indicated time points post-UV, and the H3K56Ac levels
were determined by Western blotting. The actin blots were used as loading controls. (B) The
primary XP-E fibroblasts were arrested in G1 phase by serum starvation for 48 h. The XP-E
cells and G1 arrested XP-E fibroblasts were UV irradiated, maintained and harvested at
indicated post-UV time points. H3K56Ac levels in cell extracts were determined by Western
blotting. (C) HDAC1 and HDAC2 were detected in NHF and XP-E cells with or without UV
irradiation. (D) Knockdown of DDB1 and DDB?2 affected H3K56Ac deacetylation. HeLa
cells were transfected with 100 nM DDB1 or DDB2 siRNA using Lipofectamine
transfection reagents. After transfection for 48 h, the cells were irradiated with 20 J/m? of
UV and harvested at 4 h time point. Levels of H3K56Ac, DDB1, DDB2 and tubulin in
normal and transfected cells were determined by Western blotting using specific antibodies.
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Fig. 3.
HDAC! interacts with DDB2 and translocates to damaged chromatin. (A) DDB2 associates

with HDAC1 /n vivo. Parental HelL a cells and HA-FLAG-tagged DDB2 expressing HeL a-
DDB2.com cells were UV irradiated at 20 J/m2, and nuclease-releasable chromatin fractions
were made at 1 h post-UV. Immunoprecipitation was performed in RPIA buffer using
nuclease-releasable chromatin from HelLa and HeLa DDB2.com and anti-FLAG antibody-
conjugated gels. Asterisk mark (*) indicates immunoglobulin heavy chain (IgH). (B)
LFS-041 fibroblasts and DDB2-expressing LFS-041 fibroblasts were UV irradiated at 50
J/m2 and harvested at 1 h post-UV. The chromatin fractions were prepared by cellular
protein fractionation using protocol as described in Section 2. Equal protein amounts of
nucleoplasmic fraction (nucleoplasmic) or nuclease-releasable chromatin fraction (soluble
chromatin) in relative to total yields of each fraction were probed for DDB2 and HDACL1 by
Western blotting.

Mutat Res. Author manuscript; available in PMC 2016 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 19

HDAC1 XPC

Merie DAPI

HDAC2 XPC Merge DAPI

HDAC2-KD Cells

- - - + + + shHDAC1
- 4 h Post-UV
+  + UV

. --
Py |(Ub),,-XPC

.- ---. R

-Lamin B

C HDAC1-KD Cells

. A + + + shHDAC2
- 1 4 - 1 4 hPost-UV
+ + - + + UV

- e e -
. - .. |(Ub),,-XPC
“-!-.=XP°

A S e S S S -Lamin B

Fig. 4.
HDAC1 and HDAC? are recruited to DNA damage sites and modulate XPC ubiquitination

upon UV irradiation. (A) HDAC1 and HDAC?2 colocalize with XPC at DNA damage spots.
HeLa cells were grown on coverslips and UV irradiated at 100 J/m? through a 5-um
micropore filter placed on the cell monolayers. The cells were fixed with 2%
paraformaldehyde at 1 h post-UV and immunofluorescence staining was performed with
primary anti-XPC, anti-HDAC1 specific antibody and Texas Red-or fluorescein
isothiocyanate (FITC)-conjugated secondary antibodies. Arrows indicate UVR-induced
HDCAL, 2 or XPC immunofluorescence spots. (B) and (C) HDAC1 and HDAC2
knockdowns decrease XPC ubiquitination upon UV irradiation. Stable HDAC2-KD and
HDAC1-KD cells were transiently transfected with shHDAC1 (B) or shHDAC2 (C)
constructs for 48 h, respectively, the transfected cells were irradiated with UV at 20 J/m? and
harvested at 1 or 4 h post-UV. Cell extracts containing equal amounts were used for probing
XPC and ubiquitin-modified XPC forms by Western blotting. (Ub), represents multiple (/)
ubiquitin moieties. Lamin B blots were used as loading control. Asterisk mark (*) represents
a nonspecific protein band from cross-reacting of XPC antibody.
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Fig. 5.
(A) HDAC1/2 knockdown does not affect DDB2 recruitment to DNA damage sites. (A)

Stable HeLa HDAC1-KD cells or HDAC1-KD cells transiently transfected with shHDAC2
DNA constructs were UV irradiated at 100 J/m? through a 5-um micropore filter and
maintained for 1 h. The cells were then fixed with 2% paraformaldehyde, and, DDB2 and
CPD were visualized by immunofluorescence using anti-DDBZ2 or anti-CPD specific
antibodies. Arrows indicated typical UVR-induced, antibody-decorated immunofluorescence
spots of DDB2 and CPD. (B) HDAC1 and HDAC?2 knockdown decreases yH2AX
accumulation at DNA damage after UV irradiation. Stable HeLa HDAC1-KD cells or
HDAC1-KD cells transiently transfected with sShHDAC2 DNA constructs were UV
irradiated at 20 J/m? through a 5-um micropore filter. The cells were fixed with 2%
paraformaldehyde 1 h after UV irradiation, and, yH2AX foci (pointed by arrows) were
visualized at DNA damage spots by immunofluorescence. (C) Quantitative data are from the
analysis of yH2AX foci in HeLa, HeLa HDAC1-KD cells and hHDAC2-tranfected HDAC1-
KD cells. Mean + SE were calculated from multiple microscopic fields of three independent
experiments. Double asterisk mark (**) indicates p < 0.01. (D) H1299 cells expressing
H3K56 or H3K56Q were irradiated at 20 J/m? and harvested at indicated time points. ATM,
phospho-ATM and yH2AX were determined by specific antibodies. Actin blots were used
as loading control.
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