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ABSTRACT

Histone deacetylase 6 (HDAC6) mediates DNA dam-
age signaling by regulating the mismatch repair
and nucleotide excision repair pathways. Whether
HDAC6 also mediates DNA double-strand break
(DSB) repair is unclear. Here, we report that HDACG6
negatively regulates DSB repair in an enzyme
activity-independent manner. In unstressed cells,
HDACS6 interacts with H2A/H2A.X to prevent its in-
teraction with the E3 ligase RNF168. Upon sensing
DSBs, RNF168 rapidly ubiquitinates HDAC6 at ly-
sine 116, leading to HDAC6 proteasomal degrada-
tion and a restored interaction between RNF168 and
H2A/H2A.X. H2A/H2A.X is ubiquitinated by RNF168,
precipitating the recruitment of DSB repair factors
(including 53BP1 and BRCA1) to chromatin and sub-
sequent DNA repair. These findings reveal novel reg-
ulatory machinery based on an HDAC6—RNF168 axis
that regulates the H2A/H2A.X ubiquitination status.
Interfering with this axis might be leveraged to dis-
rupt a key mechanism of cancer cell resistance to
genotoxic damage and form a potential therapeutic
strategy for cancer.
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INTRODUCTION

DNA is constantly under assault by various endogenous
and environmental agents that can induce DNA lesions
(1). The most cytotoxic and deleterious of these lesions
are DNA double-strand breaks (DSBs), in which the phos-
phate backbones of the two complementary DNA strands
are broken simultaneously (2,3). If left unrepaired or mis-
repaired, DSB lesions can lead to genome mutations and
wider-scale structural rearrangements, which can ultimately
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cause a variety of diseases, including cancers and neurode-
generative disorders, et al. (4,5). In response, mammals
have evolved complex cellular pathways—namely homolo-
gous recombination (HR) and non-homologous DNA end-
joining (NHEJ) pathways (6,7)—to ensure DSB repair and
genome stability. Ionizing radiation (IR) and anticancer
therapeutic drugs, such as cisplatin, temozolomide and
etoposide (VP16), are well known exogenous agents that
can cause DSBs damage (8). In addition, paused or blocked
replication forks, which can be induced by a variety natu-
ral impediments, can also lead to DSBs (8,9). Thus, to gain
a deeper understanding of DSB repair, a greater and more
detailed understanding of the underlying mechanisms is
necessary.

Histone deacetylase 6 (HDAC6) is a widely expressed,
unique isoenzyme belonging to the HDAC family; it con-
tains two deacetylation functional catalytic (DAC) domains
and a zinc finger (ZnF) motif that assist in ubiquitin bind-
ing (10). HDACS6 and its role in DNA damage signaling
is involved in two pathways — mismatch repair (MMR)
and nucleotide excision repair (NER), in which it serves
as deacetylase and ubiquitase. For example, the nuclear-
HDAC6 DAC?2 domain blocks the assembly process of the
MMR MutSa—MutLa complex by deacetylating MLH1
and MSH2, which in turn facilitates the tolerance of DNA
damage repair (11,12). HDAC6 also deacetylates replica-
tion protein A (RPA1) in the nuclei in unstimulated sta-
tus, disrupting the interaction between RPA1 and the key
NER protein XPA, resulting in compromised NER (13,14).
In addition, the DACI1 domain of HDAC6 has been re-
ported to function as an E3 ligase, ubiquitinating MSH2
in response to genotoxic stress (11). It is clear therefore
that HDAC6 impairs DNA damage repair in a deacety-
lase activity-dependent manner. Whether and how HDAC6
might be involved in DSB repair, however, is unknown.

RNF168 is a nuclear E3 ubiquitin ligase that regu-
lates various ubiquitin signaling pathways, such as mono-
ubiquitination (15) and the K48-linked (16) and K63-
linked ubiquitin chains (17,18), which are required during
DNA damage repair. RNF168 is a rate-limiting mediator
of DNA damage repair factor recruitment, as set out be-
low. Once a DSB occurs, the serine/threonine protein ki-
nase ATM phosphorylates the histone protein H2A.X at
Ser 139 (yH2A.X), which is read by mediator of checkpoint
1 (MDC1) (19,20). Recruited MDCl1 is also phosphorylated
by ATM, recognized by the E3 ubiquitin ligase RNF8, and
subsequently further recruits the key E3 ligase, RNF168,
to DSB regions (21-24). RNF168 then in turn ubiquity-
lates the K13 and K15 residues of histone H2A/H2A . X,
which is a prerequisite for repair factors (e.g. 53BP1 and
BRCAL1) to localize at DNA damage sites (15,25-27). Thus,
RNF168-regulated H2A/H2A . X ubiquitination is a tightly
controlled, essential process driving the DSB response.

Any factors that regulate RNF168 function itself could
affect H2A/H2A . X ubiquitination status and thus DSB re-
pair efficiency. Identifying other factors that also precisely
regulate H2A /H2AX to safeguard genome stability is an-
other important and active area of research. Given that
the modification of H2A/H2A.X is integral to DSB repair,
we focused our research efforts on whether HDAC6 me-
diates H2A/H2A.X ubiquitination, and if the underlying
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mechanisms involve RNF168. In this study, we investigated
whether HDAC6 might play a role in the repair response
to DSBs and, if so, its significance in cancer treatment. We
provide evidence to support the hypothesis that chromatin-
associated HDACG functions as a barrier to antagonize the
inappropriate H2A/H2AX ubiquitination by RNF168 at
unstress status in a deacetylase-independent manner. Our
delineation of the mechanisms underlying this process pro-
vides a basis for the further understanding of an enzyme-
independent biological mechanism of a deacetylase in geno-
toxic treatment for cancer.

MATERIALS AND METHODS
Cell culture

HCT116, HeLa, EJ5-GFP U20S and DR-GFP U20S cells
were cultured in McCoy’s SA medium or Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine
serum (Hyclone) and 1% penicillin/streptomycin. These cell
lines were maintained in a humidified incubator with 5%
CO; atmosphere at 37°C.

Antibodies and reagents

The antibodies used in this study included: anti-HDAC6
(Proteintech, 12834-1-AP), anti-H3 (Abcam, ab1791), anti-
phospho-H2A.X (S139, Cell Signaling, 9718), anti-Lamin-
B1 (Proteintech, 12987-1-AP), anti-B-actin (Santa Cruz,
sc-47778), anti-p53 (Cell Signaling Technology, 9282S),
anti-p62 (Cell Signaling Technology, 23214), anti-FLAG
(Sigma, F1804), anti-HA (MBL, M180-3), anti-FK2 (Mil-
lipore), anti-RNF168 (Proteintech, 21393-1-AP), anti-
RNF8 (Santa Cruz, sc-271462), anti-UHRF1 (Millipore,
ABES551), anti-a-tubulin (Santa Cruz, sc-398103), anti-
His (MBL, PMO032), anti-Myc (MBL, MO047-3), anti-
BRCAI(Cell Signaling Technology, 9010S), anti-53BP1
(Novus, NB100-304), anti-RADS51 (Abcam, ab133534),
anti-NBS1 (Cell Signaling Technology, 14956S), anti-
RADS50 (Abcam, 3427S), anti-ATM (Abcam, GTX70103),
anti-Ku86 (Santa Cruz, sc-56135), anti-Ku70 (Abcam,
ab92450), anti-PARP1 (proteintech, 13371-1-AP), anti-Ac-
a-tubulin (Cell Signaling Technology, 5335S), anti-HDAC1
(Santa Cruz, sc-6298), anti-HDAC?2 (Cell Signaling, 2545),
anti-H2A. X (Cell Signaling, 2595), anti-H2A (ubiquityl
K119) (Abcam, ab193203), anti-GST (Abcam, 10000-0-
AP), anti-K48 and anti-K63-linkage-specific polyubiqui-
tin (Cell Signaling Technology, 8081S and 5621S). Etopo-
side, adriamycin, geneticin, puromycin, neocarzinostatin,
and trichostatin A were purchased from Sigma-Aldrich,
and M G132 was purchased from Selleckchem, USA.

Plasmids and siRNA

All plasmids and small interfering RNAs (siRNAs) were
transfected with Lipofectamine 2000 (Life Technologies-
Invitrogen, USA), according to the manufacturer’s instruc-
tions. HDAC6 and RNF168 cDNAs were amplified from a
human cell line and cloned into the p3 x FLAG-CMV10,
pPEGFP-C2, pcDNA 3.1, pGEX4T-3, and pET28a vectors
(Addgene, USA). Various fragments of HDAC6 (DACI1
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domain, 1-440 aa; DAC2 domain, 441-835 aa; ZnF do-
main, 836-1215 aa) were cloned into the p3 x FLAG-
CMV10 or pET28a vector (Addgene, USA). Various frag-
ments of RNF168 (RING domain, 1-58 aa; UDMI1 and
UDM2 domain, 59-571 aa; RING and UDM1 domain,
1-297 aa; UDM2 domain, 298-571 aa) were cloned into
the pGEX4T-3 vector (Addgene, USA). RNF168 domain
deletion fragments were cloned into a pGEX-6P1 vec-
tor. Site-specific mutations of HDAC6 (Y386F/Y782F,
K116R) were generated using a site-directed mutagenesis
kit (Vazyme, China). All RNAI oligonucleotides were pur-
chased from Shanghai GenePharma Company. The follow-
ing siRNAs were used to silence target genes:

HDAC6: 5-GCAUUAUCCUUAUCCUAGA-3

HDAC6: 5-CACUGAUCAGGCCAUAUUU-3

RNF168: 5-GGCGAAGAGCGAUGGAGGATT-¥

RNF168: 5-GACACUUUCUCCACAGAUATT-3¥

nonspecific siRNA: ¥-UUCUCCGAACGUGUCACG
UTT-3¥

nonspecific siRNA: 5~ ACGUGACACGUUCGGAGA
ATT-3.

CRISPR-cas9

HDAC6 and RNF168 single guide RNA (sgRNA) se-
quences were constructed in PX459/Puro vector (Ad-
dgene). Cells were transfected with Lipofectamine 2000 and
subjected to selection with puromycin. The effect of knock-
out was confirmed by immunoblotting. PCR and sequenc-
ing were then used to confirm homozygous editing of the
gene loci. The following sgRNA sequences were used:
HDACG6: 5-CTCTATCCCCAATCTAGCGGAGG-3¥
HDACG6: 5-AACTATGACCTCAACCGGCCAGG-3
RNF168: 5-TCGCCTTTTCGACGGTCGACTGG-3
RNF168: 5-CTTCCAGTCGACCGTCGAAAAGG-3

GST pull-down

His-tagged or GST-tagged plasmids were transformed into
Escherichia coli BL21 cells (TransGen, China), incubated
with 0.1 mM IPTG (Sigma, USA) overnight at 16-24°C,
and then purified with glutathione-Sepharose 4B beads (GE
Healthcare, USA) or Ni-IDA Sepharose gel (Selleck, USA).
Equal amounts of His-tagged proteins in the eluate were
incubated with GST-tagged protein fusion beads in TEN
buffer (10 mM Tris—HCI pH 8.0, ] mM EDTA, 100 mM
NaCl) for 4 h at 4°C under rotation. The beads were washed
three times with TEN buffer, and the precipitated compo-
nents were analyzed by immunoblotting.

In vitro ubiquitination assay

His-tagged and GST-tagged proteins were purified from E.
coli BL21 cells (TransGen, China). For HDAC6 ubiquitina-
tion, assays were set up in a total volume of 25 pl of ubig-
uitination assay reaction buffer (50 mM Tris—HCI (pH 7.5),
100 mM NacCl, 10 mM MgCl,, 1 puM ZnCl,, 3 mM ATP, 1
mM TCEP, 0.2 uM UBEI1, 0.5 uM E2 (UbcH5¢)) contain-
ing 5 puM Flag-ubiquitin, 0.25 pM His-HDAC6, and 1-4
wM GST-RNF168. For H2A ubiquitination, assays were
set up in a total volume of 25 wl of ubiquitination assay

reaction buffer, 5 wM ubiquitin (Sigma), 1 uM E3 (GST-
RNF168), and 0.25 pM substrates H2A /H2B dimer or sup-
plemented with 5 puM HDAC6 or HDAC6 domain or not.
All reaction mixtures were incubated at 32°C for 3 h.

Comet assay

A comet assay was performed as previously described (28).
Briefly, cells were treated to induced DNA damage and har-
vested after recovery. The cells were then mixed with 37°C
molten low-melting point agarose at a ratio of 1:10 (vol/vol)
and the cell suspensions were transferred to prewarmed
comet slides. The slides were kept at 4°C in the dark for 30
min and immersed in prechilled lysis buffer (2.5 M NaCl,
100 mM EDTA, 10 mM Tris-HCI, 1% N-lauroylsarcosine
sodium, and 1% Triton X-100) for 1 h at 4°C followed by
further immersion in freshly prepared alkaline buffer for
30 min. Then, the slides were washed twice with 1 x TBE
buffer (90 mM Tris, 90 mM boric acid, and 3 mM EDTA)
and subjected to TBE electrophoresis at 1.0 V/cm for 20
min. The slides were fixed in 100% ethanol for 5 min, air
dried, and stained with 5 wg/ml propidium iodide at room
temperature in the dark for 10 min. Images were captured
and quantified by Image] software with the OpenComet
plugin.

Colony formation assay

After DNA DSB treatment and release for 1 h, cells were
counted and re-cultured in fresh medium for 14 days. Then,
cells were stained with crystal violet and the number of
colonies consisting of >50 cells were counted.

Protein extraction

For whole cell lysate extraction, cells were counted, har-
vested, and washed twice with ice-cold PBS, then re-
suspended in 40 wl PBS (containing cocktail protease in-
hibitor) per 10° cells. The re-suspended cells were added to
an equal volume of 2x sodium dodecyl sulfate (SDS) load-
ing buffer (containing 5% 2-mercaptoethanol) and then the
samples were boiled for 10 min with a pulse vortex every 5
min and stored at —20°C.

For histone acid extraction, cells were harvested and
lysed in 1 ml of hypotonic lysis buffer (10 mM Tris-HCI pH
8.0, 1 mM KCI, 1.5 mM MgCl,) supplemented with 1 mM
DTT, 0.2 M sulfuric acid, and protease inhibitor cocktail
(Roche, Switzerland). The samples were incubated at 4°C
for at least 30 min and then the supernatant was collected
by centrifugation for 10 min at 12 000 g. The supernatant
was added dropwise to trichloroacetic acid (TCA) to a fi-
nal concentration of 33% and incubated on ice for 30 min.
The histone pellets were collected by centrifuging at 12 000
g for 10 min at 4°C, then washing twice with ice-cold ace-
tone. After removing the excess residue, the histone pellets
were dissolved in ddH2O and stored at —20°C.

For cytoplasmic and nuclear extraction, after harvest-
ing, cells were suspended in buffer A (10 mM HEPES pH
7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) supple-
mented with 1| mM DTT, 0.15% NP-40, and a protease in-
hibitor cocktail (Roche, Switzerland) and lysed on ice for



10 min. The lysate was centrifuged at 12 000 g for 1 min,
and the supernatant was collected as cytoplasmic proteins.
The pellet was washed twice with buffer A and then sus-
pended in buffer B (20 mM HEPES pH 7.9, 400 mM NacCl,
1 mM EDTA, 1 mM EGTA) supplemented with 1 mM
DTT, 0.5% NP-40, and protease inhibitor cocktail (Roche,
Switzerland). The lysate was incubated on ice for 15 min,
with a pulse vortex for 30 s every 3 min, and then centrifuged
at 12 000 g for 1 min at 4°C. The supernatant was collected
as nuclear proteins and stored at —20°C.

For chromatin fractionation, cells were suspended in
buffer I (50 mM HEPES pH 7.5, 150 mM NaCl and | mM
EDTA) supplemented with 0.1% Triton X-100 and protease
inhibitor cocktail (Roche, Switzerland) and then lysed on
ice for 3 min. The lysate was centrifuged at 12 000 g for
3 min, and the supernatant was discarded. The pellet was
dissolved in buffer I supplemented with 200 pwg/ml RNase
A and protease inhibitor cocktail and incubated at room
temperature for 30 min. The supernatant was removed after
centrifugation; the pellet was then collected by chromatin
fractionation and stored at —20°C.

Western blotting

Western blotting was used to estimate protein levels ac-
cording to the protocol supplied by Cell Signaling Tech-
nology. Briefly, equal amounts of proteins were resolved
by 6-15% SDS-PAGE and transferred to nitrocellulose or
PVDF membranes. After blocking with 5% non-fat milk
or bovine serum albumin, the blots were probed with pri-
mary antibodies (1:500-1:10 000). The bound antibodies
were detected with an HRP-conjugated secondary antibody
(1:2000-1:10 000) and visualized using a Tanon 5200 imag-
ing system using medium-sensitive ECL substrates (4A-
Biotech).

Co-immunoprecipitation (co-IP) assay

For the whole cell lysate co-IP assay, after treatment, cells
were harvested and incubated in NP-40 lysis buffer (20
mM Tris—HCI pH 8.0, 137 mM NacCl, 10% glycerol), sup-
plemented with 1% NP-40 and protease inhibitor cocktail
(Roche, Switzerland), on ice for 10 min. The mixtures were
sonicated at 30% intensity (10 times, on ice, each for 2 s).
The supernatants were collected and incubated with appli-
cable beads at 4°C for 2-3 h, then washed three times with
ice-cold PBS. Finally, the samples were boiled in SDS load-
ing buffer and analyzed by western blotting.

The nuclear fraction co-1P assay was performed as previ-
ous described (29). Briefly, after harvesting, cells were incu-
bated with buffer A supplemented with 0.15% NP-40 and a
protease inhibitor cocktail (Roche, Switzerland), then lysed
on ice for 10 min. The pellet was collected and suspended
in buffer B supplemented with 0.5% NP-40 and protease in-
hibitor cocktail. The lysate was incubated on ice for 15 min
and sonicated at 30% intensity (10 times, on ice, each for
2 s). The supernatants were collected and incubated with
applicable beads at 4°C for 2-3 h, then washed three times
with ice-cold PBS. The samples were boiled in SDS loading
buffer and analyzed by western blotting.
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Laser micro-irradiation

Cells were cultured in a glass-bottomed dish and irradiated
with a 365 nm pulsed nitrogen UV laser (16 Hz pulse, 40%
output) generated using a Micropoint System (Andor).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100 for 15 min, incubated with 1%
bovine serum albumin for 1 h, then incubated with the in-
dicated primary antibody (1:100-1:500) overnight at 4°C.
After washing three times with PBS, each sample was incu-
bated with secondary antibodies conjugated to Alexa Fluor
488 or 594 dye (1:500-1:1000) for 1 h and then counter-
stained with DAPI for 3 min. After washing three times
with PBS, immunofluorescent images were captured under
an Andor confocal microscope.

NHEJ and HR assays

DR-U20S (HR) and EJ5-U20S (NHEJ) cells, containing
a single copy integrated into the genome of a DR-GFP or
EJ5-GFP reporter gene, respectively, were used for DSB re-
pair assays. The assays were performed as previously de-
scribed (30). After transfected with indicated siRNA or
plasmids for 24 h and then infected with retrovirus ex-
pressing I-Scel. After 48 h, each sample was analyzed by
fluorescence-activated cell sorting (FACS).

Chromosomal abnormalities assay

After DNA DSB treatment and release for 8 h, cells were
treated with colcemid (0.03 pg/ml) for another 6 h and then
harvested hypotonic swelled with 0.8% sodium citrate (31
mM) at 37°C. After 15 min, the samples were fixed using
methanol and acetic acid (3:1) and spread on glass slides.
All samples were stained with DAPI and analyzed using an
Andor confocal microscope.

Statistics

Comparisons between two groups were analyzed using the
Student’s z-test. A P-value <0.05 was considered statisti-
cally significant (ns, no significance, P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001). At least three independent ex-
periments were performed in all cases.

RESULTS
HDACG is involved in DSB repair

HDACS is involved in the DNA damage response via the
MMR and NER pathways (11,14), but its role in DSB re-
pair is unknown. Here, we first tested if HDAC6 can help re-
pair DSBs via either the HR or NHEJ pathways using the
DR-GFP and pEJ5-GFP U20S cell reporter systems, re-
spectively. We transfected both U20S cell models with neg-
ative control (NC) or HDAC6 siRNAs and then subjected
them to NHEJ and HR assays. Knockdown of HDAC6 in-
creased both NHEJ and HR repair (Figure 1A), while over-
expression of HDACG6 had the opposite effect (Figure 1B).
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These findings suggest that HDACH6 is a negative regulator
in DNA DSB repair.

We confirmed a role for HDACS6 in regulating DSB re-
pair using a comet assay. We first induced DSBs with the
DNA-damaging agent etoposide (VP16, 10 wM for 2 h fol-
lowed by recovery for various times). Compared with the si-
HDAC6 HTC116 cells, we saw a higher proportion of con-
trol cells containing residual DSB lesions, as indicated by
the longer tail moment at 6 h (Figure 1C, D). Consistently,
HDAC6 overexpression resulted in a longer tail moment
than seen in HDAC6 wild-type (WT) cells at 6 h after in-
ducing DSBs with irradiation (IR; 10 Gy) (Supplementary
Figure S1A, B).

Finally, we assessed the role of HDAC6 in cell sur-
vival after DSBs by performing colony formation assays.
HDACG6-overexpressing HeLa cells exhibited hypersensitiv-
ity to DSBs, as evidenced by an approximately 21% de-
crease in colony numbers compared with HDAC6 WT cells
(Figure 1E, F and Supplementary Figure S1C, D). We
next generated HDAC6 knockout (KO) HCT116 cells us-
ing clustered regularly interspaced short palindromic re-
peats (CRISPR)-Cas9 technology (Supplementary S1E). In
contrast with the HDAC6 WT cells, HDAC6-KO HCT116
cells exhibited markedly increased survival, as evidenced by
an approximately 37% increase in colony numbers (Figure
1G, H and Supplementary Figure S1F, G). These data indi-
cate that HDAC® is involved in DSB repair.

HDACG6 interacts with H2A /H2A.X in response to DSBs, in-
hibiting H2A /H2A.X ubiquitination

Considering that HDAC6 is a member of the class
IIb histone deacetylases, we first examined the interac-
tion of HDAC6 with histone or histone variants by co-
immunoprecipitation (co-IP) using Flag-HDACG6 or empty
plasmid-transfected HeLa cells. Interestingly, we found that
exogenous HDAC6 interacted strongly with both H2A.X
and H2A, but only weakly with H3 or H4 (Figure 2A and
Supplementary Figure S2A). We then confirmed this en-
dogenous interaction between HDAC6 and H2A . X (Figure
2B). To determine whether the interaction was direct, we
carried out an in vitro GST pull-down assay. After incubat-
ing the GST-tagged H2A.X with His-tagged HDAC6, we
observed that HDACG6 directly interacted with H2A. X (Fig-
ure 2C). To further map the regions of HDAC6 responsi-
ble for the interaction with H2A.X, we constructed various
HDACH6 fragments and purified fragment proteins. Using
a GST pull-down assay, we found that full-length HDAC6
and the DACI1 and DAC2 domains interacted with H2A. X,
but the ZnF domain did not (Supplementary Figure S2B,
C), further suggesting that HDAC6 directly interacts with
H2A.X at the DAC1/2 regions.

We next explored the relationship between HDAC6 and
H2A .X. To do so, we co-transfected Flag-H2A. X with Myc-
HDACS6 or an empty plasmid into HeLa cells and subjected
whole cell lysates to co-IP. Overexpression of HDAC6 de-
creased H2A.X ubiquitination and acetylation levels (Fig-
ure 2D). We corroborated this finding using HDAC6 KO
cells, in which H2A.X ubiquitination levels were increased
(Supplementary Figure S2D).
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The function of H2A and H2A . X in the DNA damage re-
sponse mainly depends on their phosphorylation and ubiq-
uitination (31), so we examined whether HDAC6 is involved
in DSB repair by regulating H2A. X and H2A ubiquitina-
tion. To do so, we co-transfected HDAC6 (WT) or HDAC6
(KO) HCT116 cells with Flag-H2A.X/H2A and HA-ub,
with or without Myc-HDAC®6, and exposed the cells to IR
(10 Gy) before releasing them for 1 h. We then subjected
the whole cell lysates to co-IP and observed that IR-induced
H2A/H2A.X ubiquitination was enhanced in HDAC6 KO
cells and decreased in Myc-HDACG6 overexpressing cells
(Figure 2E and Supplementary Figure S2E).

In response to DSBs, RNF168 mediates the ubiquitina-
tion of H2A/H2A X at lysine 13/15 and BMI1 mediates
ubiquitination at lysine 119 (32,33). Therefore, we decided
to co-transfect HeLa cells with Flag-HDAC6 or empty
plasmid and again exposed the cells to IR (10 Gy). Af-
ter a release for 1 h, we isolated the histone fractions and
incubated them with an anti-ub-K119-specific antibody.
HDACG6-regulated ubiquitination of H2A did not occur
at the K119 residue (Supplementary Figure S2F). These
data suggest that HDACG6 interacts with H2A/H2A.X in
response to DSBs and decreases its ubiquitination levels.

HDACG is associated with the H2A /H2A.X ubiquitination
signaling cascade in DSB repair

The H2A/H2A.X ubiquitination signaling cascade serves
as a recruitment scaffold for DSB repair factors at damaged
chromatin (34). Having observed so far that HDACG6 can
interact with H2A /H2A.X and affect its ubiquitination sta-
tus, we next investigated the function of HDAC6-mediated
H2A/H2A.X ubiquitination in DSB repair. To do so, we
first explored whether HDACG6 favors for the recruitment of
DSB repair factors that are involved in H2A /H2A . X ubiq-
uitination signaling cascade. We transfected HeLa cells with
Myc-tagged HDAC6 or an empty plasmid for 48 h and then
exposed the cells to IR (10 Gy) and released them for 1
h or treated them with etoposide (VP16, 20 uM) for 2 h.
HDACG6 overexpression attenuated the loading of RNF168,
53BP1, and BRCA1 to chromatin, but not PARP1, ATM,
MDCI1, or RNFS, in response to either IR or VP16 treat-
ment (Figure 3A and Supplementary Figure S3A). Con-
versely, HDACG6 knockdown using siRNA resulted in en-
hanced recruitment of 53BP1, BRCAI1, and RNF168 to
chromatin after IR (Figure 3B). Overexpressing HDACG6 in
these HDAC6 KO cells restored the normal recruitment of
these factors to chromatin after inducing DSBs with irradi-
ation (10 Gy) (Figure 3C).

We also performed immunostaining to visualize the foci
of factors involved in the H2A /H2A.X ubiquitination sig-
naling cascade. After labeling, we saw that RNF168, 53BP1,
and FK2 foci were significantly increased in HDAC6
knockdown cells compared with HDAC6 WT cells (Figure
3D, E). The converse was true in HDAC6 overexpressing
cells (Supplementary Figure S3B, C). However, MDCI1 and
RNEFS foci were not significantly changed (Figure 3D, E
and Supplementary Figure S3B-C). These data indicate that
HDAC® is associated with the H2A /H2A . X ubiquitination
signaling cascade during DSB repair.
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Figure 2. HDACG6 interacts with H2A/H2A.X in response to DSBs, inhibiting H2A/H2A X ubiquitination. (A) HeLa cells were transfected with Flag-
HDAC6 or an empty plasmid for 48 h. Chromatin fractions were subjected to immunoprecipitation with an anti-Flag antibody. Western blots of indicated
proteins are shown. (B) Whole cell lysates from HeLa cells were extracted and immunoprecipitated using an anti-HDAC6 (up) or an anti-H2A.X (down)
antibody. Rabbit IgG was used as a negative control. Western blotting was performed with the indicated antibodies. (C) GST or GST-H2A.X fusion
proteins were expressed in bacteria, purified, and then incubated with His-HDACG6 protein. Western blotting was performed to detect HDACG6 protein
levels and Coomassie Brilliant Blue (CBB) staining was performed to detect GST or GST-H2A.X levels. The asterisk indicates the corresponding protein
bands. (D) HCT116 cells were co-transfected with Flag-H2A.X, Myc-HDAC®6, or an empty plasmid for 48 h. Flag-H2A . X was immunoprecipitated from
whole cell lysates and eluted for western blotting with the indicated antibodies (FK2: anti-ubiquitin conjugate antibody, Pan-me: anti-pan methyl Lysine
antibody, p-S/T: anti-Phospho-(Ser/Thr) antibody, Pan-ac: anti-acetyl lysine antibody) to detect post-translational modifications. (E) HDAC6 WT or
HDAC6 KO HCT116 cells were transfected with Flag-H2A.X and HA-ub, with or without Myc-HDACS6 for 48 h, before they were exposed to IR (10
Gy) and released for 1 h. Flag-H2A.X proteins were immunoprecipitated from the whole cell lysates and eluted for western blotting to detect changes in

ubiquitination status.
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Figure 3. HDACG is associated with the H2A /H2A.X ubiquitination signaling cascade in DSB repair. (A-E) All cells were irradiated with 10 Gy followed
by release for 1 h, after transfection with the indicated plasmids or siRNAs. (A) HeLa cells were transfected with Myc-HDAC6 or an empty plasmid for
48 h. Whole cell lysate and chromatin fractions were subjected to western blotting. (B) HeLa cells were transfected with HDACG6 or negative control (NC)
siRNAs for 48 h. Whole cell lysate and chromatin fractions were subjected to western blotting. (C) HDAC6 KO HCT116 cells were transfected with Myc-
HDACS6 or empty plasmid for 48 h. Whole cell lysate and chromatin fractions were subjected to immunoblotting. (D, E) HeLa cells were transfected with
HDACS6 or negative control (NC) siRNAs for 48 h. The cells were then fixed, and the samples were labeled with the indicated antibodies. Representative
images (D) and statistical analyses (E) are shown. The data represent the means + SD (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 4. HDACG regulates the H2A /H2A.X ubiquitination signaling cascade in an RNF168-dependent manner during DSB repair. (A) HeLa cells were
transfected with Flag-HDACG6 or an empty plasmid for 48 h. Whole cell lysates were subjected to immunoprecipitation with an anti-Flag antibody before
western blotting. (B) HeLa cells were transfected with Myc-HDACG6 or empty plasmid for 48 h and exposed to 10 Gy irradiation (IR) and released for
1 h. Chromatin fractions were subjected to immunoprecipitation with an anti-H2A.X antibody followed by western blotting. Rabbit IgG was used as a
negative control. (C, D) HeLa cells were co-transfected with GFP-RNF168 and mCherry-HDAC6 or an empty plasmid for 48 h and then subjected to
laser micro-IR. Images were captured every 10 s for 200 s (C), and the IR path signal intensity was quantified (D). (E) Recombinant His-HDAC6 and
GST-RNF168 were subjected to in vitro ubiquitination assays in the presence of ATP, E1 (UBE1), E2 (UbcH5c), ub (ubiquitin) and H2A/H2B dimer
as indicated. Western blotting was performed with the indicated antibodies. (F, G) HeLa cells were transfected with the indicated plasmids for 48 h and
then exposed to 10 Gy irradiation and released for 1 h. Whole cell lysate and chromatin fractions were analyzed by western blotting with the indicated
antibodies. WT: wild-type; ADC1: DACI domain deleted; ADC2: DAC2 domain deleted; AZnF: ZnF-UBP domain deleted (F); HDAC6 catalytic mutant
(Y386F/Y782F) (G). (H) HeLa cells were co-transfected with Flag-H2A . X, HA-ub, with Myc-HDAC6 WT or Myc-HDACG6 2YF (catalytic mutant) for
48 h and then exposed to 10 Gy irradiation and released for 1 h. The Flag-H2A . X proteins were immunoprecipitated from the whole cell lysates and eluted
to detect the ubiquitination changes by western blotting with the indicated antibodies. All data represent the means + SD.



between H2A/H2A.X and RNF168 was reduced in
HDACG6-overexpressing cells compared with control
(empty vector) cells after IR treatment (Figure 4B and Sup-
plementary Figure S4A). Next, we used live-cell imaging of
the signal intensity across a laser micro-irradiation path and
observed that GFP-RNF168 but not GFP-RNFS8 was de-
layed in its recruitment to DSBs in HDAC6-overexpressing
cells; such retarded recruitment was reversed in HDACG6
siRNA knockdown cells (Figure 4C-D and Supplementary
Figure S4B-E).

Now knowing that HDAC6 reduced RNF168 interac-
tion with H2A.X and impaired RNF168 recruitment to
DSB sites, we next performed an in vitro ubiquitination as-
say to confirm whether HDAC6 directly affects RNF168-
catalyzed H2A ubiquitination in vitro. The presence of
HDACH6 decreased the capacity of RNF168 to ubiquitinate
H2A/H2B dimer (Figure 4E). The HDAC6 ZnF-UBP do-
main can recognize and bind to ubiquitin (35,36); there-
fore, we investigated whether HDAC6-mediated chromatin
ubiquitination is independent of the ZnF-UBP domain. To
do so, we overexpressed wild-type HDAC6 (WT), DACI1
domain-deleted (ADC1), DAC2 domain-deleted (ADC2),
or ZnF-UBP domain-deleted (AZnF) plasmids in HelLa
cells and then subjected them to IR (10 Gy). After releas-
ing the cells for 1 h, we saw that AZnF did not rescue the
HDAC6-mediated inhibitory effect on chromatin ubiquiti-
nation in DSB repair (Figure 4F). However, both ADCI1
and ADC?2 abrogated this effect (Figure 4F). Data from
in vitro ubiquitination assays also confirmed that wild-type
full-length HDACS6, as well wild-type DC1 and DC?2 frag-
ments, but not the ZnF-UBP domain, impeded RNF168-
induced H2A ubiquitination (Supplementary Figure S4F).

Finally, because HDACS6 is a class IIb histone deacety-
lase, we considered whether its enzymatic activity is re-
quired for suppressing the RNF168-mediated H2A/H2A . X
ubiquitination signaling cascade in DSB repair. We trans-
fected HeLa cells with wild-type HDAC6 (HDAC6-WT) or
a HDACG6 catalytic mutant (HDAC6-2YF:Y386F /Y 782F)
and exposed the cells to IR (10 Gy) followed by release for
I h. The HDAC6 2YF mutant failed to rescue the inhibi-
tion seen upon H2A /H2A . X ubiquitination (Figure 4G, H).
Taken together, these data indicate that HDACG6 regulates
the H2A/H2A.X ubiquitination signaling cascade by re-
straining RNF168 activity during DSB repair. This effect
of HDACS® is independent of its enzymatic activity and
ubiquitin-binding domain.

Nuclear HDACG is released from chromatin and degraded via
the proteasome in response to DSBs

Based on our findings thus far, we proposed that
chromatin-bound HDAC6 affects the RNF168-regulated
H2A /H2A.X ubiquitination signaling cascade during DSB
repair. This mechanism implies that HDAC6 needs to be dy-
namically regulated to maintain normal DSB repair. Thus,
we examined the dynamic changes in HDACG6 after ex-
posing cells to various DSB-inducing stimuli. We treated
HCT116 or HeLa cells with different doses of IR and re-
leased them for different times or treated these cells with
different doses of VP16 for different time periods. Interest-
ingly, the results showed that both nuclear and chromatin
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HDACE® levels were decreased, while total HDAC6 showed
no obvious change after the induction of DSBs (Figure
SA, B and Supplementary Figure S5A, B). Meanwhile, IR
did not result in a decrease in HDAC1 or HDAC3 chro-
matin levels (Supplementary Figure S5C). We further ob-
served HDAC6 at the laser-induced DSB stripe by stain-
ing the endogenous HDAC6. The results indicated that
HDAC6 dissociated from chromatin upon laser micro-
irradiation at the yH2AX-positive region, which was used
to indicate the DSB stripe (Supplementary Figure S5D, E).

To determine whether the decrease in nuclear and chro-
matin HDACS6 levels in response to DSBs was due to protein
instability or a change in mRNA expression, we isolated the
mRNA after exposure to 10 Gy IR for different times and
monitored the RNA levels by quantitative PCR. HDAC6
mRNA levels were not downregulated following IR, indi-
cating that the decrease in HDAC6 protein levels may be
due to protein degradation (Supplementary Figure SSF).

We next treated these cells with a proteasome inhibitor
(MG132, 10 wM for 3 h) or a lysosome inhibitor (chloro-
quine, CHQ, 50 pM for 12 h) and again exposed the
cells to IR (10 Gy). Here, MG132, but not CHQ, inhib-
ited IR-induced nuclear HDAC6 decrease, implying that
proteasome-mediated degradation is the underlying mecha-
nism for nuclear HDAC6 degradation in response to DSBs
(Figure 5C). We confirmed this finding by co-transfecting
Flag-tagged HDAC6 with an HA-tagged ubiquitin (HA-
ub) plasmid in HeLa or HCT116 cells and exposed them
to IR (10 Gy with 1 h release) or VP16 (10 wM for differ-
ent time periods). After isolating the nuclear fractions and
performing a co-IP assay, we observed that ubiquitinated
nuclear HDACG6 levels were increased compared with those
seen in untreated (IR or VP16) cells (Figure 5D and Sup-
plementary Figure S5G).

We also co-expressed HA-tagged K48R and K63R to-
gether with Flag-HDACG6 and found that nuclear HDAC6
was predominantly ubiquitylated by K48-linked, but not
by K63-linked, polyubiquitin chains in response to DSBs
(Figure 5E). These findings are consistent with the no-
tion that K48-linked polyubiquitin chains are usually in-
volved in proteasomal degradation (37). As HDACG ly-
sine 116 (K116) is a single ubiquitination site (38), we as-
sessed whether HDAC6 K116 is responsible for nuclear
HDACS6 ubiquitination during DSB repair. We transfected
HeLa cells with wild-type (WT) Flag-HDAC6 or K116R-
mutated (K116R) plasmids and then exposed the cells to
IR (10 Gy with 1 h release) or VP16 (10 uM for 2 h). The
co-IP results showed that K116R, but not WT-HDACS6,
failed to promote nuclear HDAC6 ubiquitylation during
the DSB response (Figure SF and Supplementary Figure
S5H), suggesting that HDAC6 K116 is indeed ubiquitinated
in response to DSBs. These data indicate that upon sensing
DSBs, nuclear HDACH is ubiquitinated at K116, which me-
diates its degradation via the proteasome.

RINNF168 directly interacts with HDAC6 and mediates DSB-
induced nuclear HDAC6 degradation

We also sought to identify the E3 ligases that can specifi-
cally target nuclear HDACS6 for degradation. To do so, we
transfected Flag-HDACG6 or an empty plasmid into HeLa
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Figure 5. Nuclear HDACS6 is displaced from chromatin and degraded via the proteasome in response to DSBs. (A, B) HeLa cells were exposed to an

increasing dose of irradiation (IR) and released after 1 h or treated with 10

wM etoposide (VP16) for the indicated time. Then, whole cell lysate (B-actin),

nuclear (Lamin-B1), and chromatin (H3) fractions were isolated and analyzed by western blotting. (C) HeLa cells were treated with 10 uM MG132 for 3
h or 50 .M CHQ for 12 h, then exposed to 10 Gy IR and released for 1 h before analysis of the whole cell lysate and nuclear fractions by western blotting.
(D-F) HeLa cells were co-transfected with Flag-HDAC6 and HA-ub (D), Flag-HDACS6 and different HA-ubiquitin constructs (WT: wild type ubiquitin,
K48R: K48-mutant ubiquitin, K63R: K63-mutant ubiquitin) (E) or Flag-HDAC6 wild-type (WT) or mutant (K116R) (F) for 48 h. Then, the cells were
treated with 10 uM MG132 for 2 h, exposed to 10 Gy IR, and released for 1 h. The nuclear fractions were then subjected to immunoprecipitation with an

anti-Flag antibody and analyzed by western blotting.

cells and analyzed the proteins extracted from whole cell
lysate by co-IP assay. Flag-HDACS6 interacted with the E3
ligase RNF168, but not RNF8 or UHRF1 (Figure 6A).
We also confirmed the endogenous interaction between
HDACG6 and RNF168 in the nuclear fraction of HeLa cells
(Figure 6B).

Next, we transfected HeLa cells with Flag-HDACG6 or an
empty plasmid and treated them with IR (10 Gy). The inter-
action between HDAC6 and RNF168 was increased follow-
ing IR (Figure 6C). We then carried out an in vitro GST pull-
down assay by incubating the GST-tagged RNF168 with
His-tagged HDACG6 and found that His-HDAC6 was pre-
cipitated by GST beads, indicating a direct interaction be-
tween HDAC6 and RNF168 in vitro (Figure 6D).

To map the regions of HDAC6 responsible for the in-
teraction with RNF168, we constructed various RNF168
and HDACG6 fragments (Supplementary Figure S6A and C)

and purified the protein fragments. According to the GST
pull-down assay, full-length RNF168 and the ubiquitin-
dependent DSB recruitment module 1 (UDM1) and UDM2
domains, but not the RING domain, interacted with
HDACH6 (Supplementary Figure S6B). Reciprocally, puri-
fied His-tagged HDAC6 fragments interacted with GST-
RNF168 via the deacetylase domain 1 (DC1) and DC2 do-
mains (Supplementary Figure S6D). Together, these data
indicate that HDACG6 directly interacts with RNF168.

The above observations promoted us to investigate
whether RNF168 regulates the degradation of nuclear
HDAC6. We knocked down RNF168 using siRNA and
evaluated HDACH levels in HeLa cells after inducing DSBs
by IR (10 Gy with 1 h release) or VP16 (10 wM for 2 h). No-
tably, RNF168 knockdown markedly alleviated the down-
regulation of nuclear HDACS6 in response to DSBs (Fig-
ure 6E and Supplementary Figure S6E). We next generated
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Figure 6. RNF168 directly interacts with HDAC6 and mediates DSB-induced nuclear HDAC6 degradation. (A) HeLa cells were transfected with Flag-
HDACS6 or an empty plasmid for 48 h. Whole cell lysates were subjected to immunoprecipitation with an anti-Flag antibody and analyzed by western
blotting. (B) Whole cell lysates from HeLa cells were extracted and subjected to immunoprecipitation using an anti-RNF168 (up) or an anti-HDAC6
(down) antibody and subsequent analysis by western blotting. Rabbit IgG served as a negative control. (C) HeLa cells were transfected with Flag-HDAC6
or an empty plasmid for 48 h. Then, the cells were treated with 10 puM MG132 for 2 h, exposed to 10 Gy irradiation (IR), and released for the indicated times.
The nuclear fractions were subjected to immunoprecipitation with an anti-Flag antibody and analyzed by western blotting. (D) GST or GST-RNF168
fusion proteins were incubated with His-HDACG6 protein. Western blotting was performed to detect HDAC6 protein levels, and Coomassie Brilliant Blue
(CBB) staining was performed to detect GST or GST-RNF 168 levels (indicated by the asterisk). (E) HeLa cells were transfected with RNF168 or negative
control (NC) siRNAs for 48 h then exposed to 10 Gy IR and released for 1 h before the whole cell lysate and nuclear fractions were analyzed by western
blotting. (F) RNF168-WT or RNF168 KO HCT116 cells were transfected with Flag-RNF168 or empty plasmids for 48 h, then exposed to 10 Gy IR and
released after 1 h before the whole cell lysate and nuclear fractions were analyzed by western blotting. (G) HCT116 cells were transfected with RNF168
or negative control (NC) siRNAs for 12 h, then co-transfected with the indicated plasmids for 48 h. Then, the cells were treated with 10 pM MG132 for
2 h and exposed to 10 Gy IR and released for 1 h before the nuclear fractions were subjected to immunoprecipitation with an anti-Flag antibody and
analyzed by western blotting. (H) Recombinant His-HDAC6 and GST-RNF168 were subjected to in vitro ubiquitination assays performed in a reactive
system containing E1 (UBE1), E2 (UBE2D3), HDACG6 (substrate), and ubiquitin with increasing RNF168 (E3 ligase). The reactions were analyzed by
western blotting. (I) HDACG6 KO cells were transfected with Flag-HDACG6 wild-type (WT) or mutant (K116R) for 48 h, then exposed to 10 Gy IR and
released after 1 h before the whole cell lysate and chromatin fractions were analyzed by western blotting.
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RNF168 knockout (KO) HCT116 cells using CRISPR-
Cas9 technology (Supplementary Figure S6F). As before,
IR-induced nuclear HDAC6 degradation was abolished in
these KO cells, but this effect was reversed by overexpressing
RNF168 (Figure 6F).

To confirm whether RNF168 is required for nuclear
HDAC6 degradation, HeLa cells were transfected with
RNF168 or negative control siRNAs for 12 h and co-
transfected with Flag-HDAC6 and HA-ub plasmids for 48
h. After IR (10 Gy) treatment and release for 1 h, the nu-
clear fractions were subjected to co-IP. We observed that
RNF168 knockdown markedly prevented nuclear HDAC6
ubiquitination in response to IR-induced DNA damage
(Figure 6G). Co-expression of RNF168 with HDAC6 in the
presence of HA-ub led to an increase in HDAC6 ubiquiti-
nation at K48 but not at the K63 ubiquitin chain (Supple-
mentary Figure S6G).

To check whether HDACH is ubiquitinated by RNF168
directly, we performed an in vitro ubiquitination assay with
bacterially purified HDAC6 and RNF168. HDAC6 was
efficiently ubiquitinated by RNF168 in a dose-dependent
manner (Figure 6H). In addition, overexpression of a Flag-
HDAC6 mutant (K116R) more strongly inhibited than that
of Flag-HDAC6 WT in 53BPI recruitment and ubiquiti-
nation of chromatin (Figure 6I). Collectively, these results
suggest that RNF168-mediated HDAC6 ubiquitination at
lysine 116 leads to nuclear HDACG6 degradation in response
to DSBs.

RINF168-mediated nuclear HDAC6 degradation is beneficial
for DSB repair and cell survival

In our final analyses, we explored the biological and func-
tional relevance of the HDAC6-mediated H2A/H2A.X
ubiquitination signaling cascade. We first tested the involve-
ment of HDAC6 in DSB repair by using the DR-GFP
and pEJ5-GFP reporter systems. Overexpression of Flag-
HDAC6 WT or HDAC6 K116R and 2YF mutants in-
hibited both the NHEJ and HR repair pathways (Figure
7A, B). Inhibition of HDAC6 enzymatic activity by a spe-
cific HDACS6 inhibitor (ricolinostat) also affected the effi-
ciency of DNA damage repair (Supplementary Figure S7A,
B). Next, we performed comet assays in HCT116 cells trans-
fected with Flag-HDAC6 WT or Flag-HDAC6 mutants.
Upon IR treatment (10 Gy), we observed a significant in-
crease in comet tails in the context of both HDAC6 WT and
mutant overexpression compared with the empty plasmid
control cells (Figure 7C, D). We also observed an elevated
frequency of chromosomal abnormalities in Flag-HADC6
K116R stably expression cells (Figure 7E, F).

We next examined the biological relevance of HDAC6 in
cancer cell resistance to DNA-damaging treatment. Here,
we expressed Flag-HDAC6 wild-type (WT) or HDAC6 mu-
tant (2YF) and (K116R) plasmids in HeLa cells and ex-
posed them to IR (3 Gy, release for 8 h). Colony formation
assays showed that WT and K116R-HDAC6-expressing
cells exhibited greater hypersensitivity to IR treatment com-
pared with the empty plasmid transfected cells, as evidenced
by an approximately 30% decrease in colony numbers be-
tween the two groups (Figure 7G, H). However, in 2YF-
HDACH6 cells, the survival rate was decreased by approxi-

mately 11%. Next, we compared clonogenic survival follow-
ing the rescue of HDACG6-deficient cells by overexpressing
HDAC6 WT or ubiquitin-defective HDAC6 K116R. Both
WT and K116R abrogated the cell survival induced by an
HDAC6-deficiency in response to IR (Figure 71, J). Taken
together, these results indicate that the degradation of nu-
clear HDAC6 promotes DSB repair and confers cancer cell
resistance to DNA-damaging treatments.

DISCUSSION

Despite the modification of H2A/H2A.X being integral to
DSB repair, precisely how H2A/H2AX signaling is reg-
ulated under physiological conditions remain poorly un-
derstood. In this study, we aimed to understand the role
HDACG in the regulation of the H2A/H2AX signaling cas-
cade during DSB repair. After performing a series of exper-
iments, we propose a working model whereby under normal
conditions, HDAC6 antagonizes H2A/H2A . X ubiquitina-
tion by preventing RNF168 loading to H2A/H2A.X. Fol-
lowing DSBs, RNF168 directly interacts with HDAC6 and
mediates DSB-induced degradation of nuclear HDACS6.
This effect allows RNF168 to bind and ubiquitylate
H2A/H2A X, thus creating a recruitment scaffold for DSB
repair factors (Figure 7K).

HDACG6 overexpression or nuclear localization is fre-
quently described in various cancers (10). It seems that nu-
clear HDAC6 decreases DNA MMR or NER efficiency
via a mechanism that is dependent on its deacetylase
and ubiquitase activities (11,13,14). Here, we show that
HDACS6 is also involved in DNA DSB repair but in a
deacetylase-independent manner. To the best of our knowl-
edge, this is the first report to uncover an enzymatic-
independent function of nuclear HDAC6 in DSB re-
pair. Despite possessing both deacetylase and ubiquitin-
binding activity, through our experiments we observed
that HDACG6 serves as a physical barrier by interact-
ing with H2A/H2A.X and thus preventing an RNF168-
H2A/H2A.X interaction. Both RNF168 and H2A.X in-
teract with the DAC1 and DAC2 domains of HDACS.
Under physiological conditions, HDACG6 interacts with
H2A.X, which prevents RNF168 binding and excessively
amplifies the H2A/H2A.X ubiquitination signaling cas-
cade. Upon DNA DSBs, there is massive recruitment of
RNF168, which in turn disrupts the balance of HDACS6,
H2A/H2A.X and RNF168 by interacting and regulating
HDACO6 degradation, thus weakening the HDAC6-H2A. X
interaction. This physiological role for nuclear HDAC6 dur-
ing DSB stimulation seems to be specific to the type of
DNA damage induced. Indeed, similar phenomena have
been described for the SIRT6 deacetylase. SIRT6 deacety-
lates H3K 56 to regulate recruitment of the ISWI-chromatin
remodeler SNF2H during DSB repair (39), but as a ribo-
sylase, SIRT6 mono-ADP ribosylates PARP1 at the K521
residue during base excision repair (40). In previous work,
we also demonstrated that SIRT6 interacts with and re-
cruits CHD4 in an enzymatic activity-independent man-
ner and promotes chromatin relaxation for HR repair (41).
Thus, a ubiquitin-binding and deacetylase-independent role
for HDAC6 in DSB repair seems reasonable. It will be
interesting to further explore the interplay between the
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Figure 7 RNF168-mediated nuclear HDACG6 degradation is beneficial for DSB repair and cell survival. (A, B) pEJ5-GFP U20S (A) and DR-U20S (B)
cells were transfected with Flag-HDAC6 wild-type (WT) or mutants (K116R or 2YF) for 48 h and subjected to NHEJ (A) and HR (B) assays, respectively.
(C, D) HeLa cells were transfected with Flag-HDAC6 wild-type (WT) or mutants (K116R or 2YF) for 48 h, exposed to 10 Gy irradiation (IR), and then
allowed to recover under normal conditions for the indicated times. All samples were then analyzed by comet assay. Representative images (C) and data
analysis (D) are shown. (E, F) HDAC6-WT, HDAC6 KO, HDAC6 KO re-transfected Flag-HDAC6(WT), and Flag-HDACG6(K 116R) stably expressing
cells were exposed to 3 Gy IR and released for 8 h. The cells were then treated with colcemid (0.03 wg/ml) for an additional 6 h before chromosomal
abnormality analysis. Representative images (E) and data analysis (F) are shown. (G, H) HeLa cells were transfected with Flag-HDACG6 wild-type (WT)
or mutants (K116R or 2YF) for 48 h and then exposed to 3 Gy IR. The cells were counted and seeded for colony formation assays. For the control (Ctr)
group, 500 cells were seeded in each plate, while for the IR-treated group, 5000 cells were seeded in each plate. (I, J) HDAC6-WT, HDAC6 KO, HDAC6 KO
re-transfected Flag-HDAC6 (WT), and HDACG6 KO re-transfected Flag-HDAC6 (K116R) stably expressing cells were exposed to 3 Gy IR before being
counted and seeded for colony formation assays. For the control (Ctr) group, 500 cells were seeded in each plate, while for the IR-treated group, 5000 cells
were seeded in each plate. (K) A model of the role played by HDACG6 in DSB repair. All data represent the means £+ SD (n = 60 for E-F, I-J; n = 3 for
A-D, G-H; *P < 0.05, **P < 0.01, ***P < 0.001).
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enzymatic and nonenzymatic roles of HDAC6 in DNA
damage response regulation.

It has been reported that UV exposure promotes the
rapid translocation of nuclear HDACG6 to the cytoplasm,
thus preventing HDAC6-RPA1 interaction and promot-
ing NER (13). Once in the cytoplasm, HDAC6 is degraded
by the ubiquitin E3 ligases TRIM28 (42) and VHL (43).
Here, we show that HDACH6 is also degraded in the nu-
cleus via E3 ligase-mediated ubiquitination, in this case by
RNF168. RNF168 is widely involved in the ubiquitination-
mediated DNA damage response. Besides H2A/H2A.X
K15 ubiquitination and non-degradable K63 or K27-
linked poly-ubiquitination (15,18,44), RNF168 also cat-
alyzes K48-linked poly-ubiquitination of non-histone pro-
teins for chromatin eviction or degradation. For example,
the H4K20me2-binding protein JMJD2A is ubiquitinated
by RNF8 and RNF168 and degraded by proteasome, al-
lowing efficient 53BP1 chromatin recruitment (16). Here, we
demonstrated for the first time that HDACS is a substrate
of RNF168-mediated K48-linked poly-ubiquitination.

Although RNF8 often exhibits similar roles to RNF168
in response to DNA damage-induced ubiquitination
(22,23,45), we have excluded a role for RNFS in ubiqui-
tinating HDACS6, as no interaction between HDAC6 and
RNF8 was detected in our system. This finding might be
because HDACH interacts directly with the RNF168 UDM
domain, which is a domain that RNF8 lacks. In our pre-
vious study, we also showed a similar case where RNF8,
but not RNF168, ubiquitinates lysine methyltransferase SA
(KMTS5A) in response to DNA damage (29). Based on our
observations in the current study, together with our previ-
ous findings, we therefore put forward a differential regula-
tion mechanism based on HDACG stability and a novel role
for both HDAC6 and RNF168 in DSB repair.

The ubiquitination of H2A and its variant H2A.X en-
ables the creation of a platform that can recruit major
DNA damage repair factors to DNA damage sites, and
this process is critical for the DNA damage response (46—
49). Specifically, RNF168-mediated H2A /H2A.X ubiquiti-
nation at K13-K15 permits the recruitment of repair fac-
tors such as 53BP1 and BRCAL1 to DSB sites (31). RNF2-
regulated H2A ubiquitination at K119 is important for
ATM recruitment to the damage site (50). Here, we con-
firm that HDAC6-mediated ubiquitination of H2A/H2A. X
is dependent on RNF168. RNF168 is the priming ligase for
the ubiquitination of H2A /H2A.X at K13-K15 (15). Thus,
the dynamic change of RNF168 requires strict controls to
safeguard its appropriate function. It has been reported that
RNF8-mediated L3MBTL2 ubiquitination is required for
RNF168 recruitment in DNA DSB repair (24). In addi-
tion, the E3 ligases, TRIP12 and UBRS, are responsible
for RNF168 degradation to prevent excessive RNF168 ac-
cumulation (51). However, under physiological conditions,
RNF168 also functions as an E3 ligase involved in ge-
nomic stability. For example, RNF168 directly ubiquity-
lates DHXO to facilitate its recruitment to R-loop-prone
genomic loci (52). Here, we further observed that RNF168
is present in chromatin under normal conditions, which is
consistent with the findings of our previous study (29). Most
importantly, we show that HDAC6 deficiency results in an
inappropriate increase in H2A /H2A . X ubiquitination even

in the absence of stress. Based on this observation, we con-
firm that HDACS6 is a key inhibitory protein to prevent
RNF168 activity and H2A/H2A.X ubiquitination under
physiological conditions.

DNA damage repair is one of the major barriers to ef-
fective genotoxic treatment, and disrupting the key signal-
ing pathways underlying the DNA damage repair process
would represent a potential therapeutic strategy for can-
cer (53-595). For example, the small molecular antagonists
MM-102 and OICR-9429, which target the MLL1/WDRS5
protein—protein interaction, efficiently inhibit the catalytic
activity of MLL1 and suppress H3K4 methylation, which
in turn enhances apoptosis and chemosensitivity to cis-
platin (56-58). We showed here that RNF168 interacts
with HDAC6 and promotes HDAC6 degradation—a key
step in initiating DNA DSB repair. Importantly, blocking
RNF168-mediated HDAC6 degradation impairs effective
DNA damage repair. In this study, we observed that al-
though inhibition of HDACG6 enzymatic activity can af-
fect the efficiency of DNA damage repair, the effect on
DNA damage efficiency is much lower than that treated by
HDACG6 RNAI. Because ACY-1215 is a selective inhibitor
of HDACS6 by disrupting the DAC1/2 domains’ interaction
with downstream substrates to inhibit HDAC6 enzymatic
activity, it is undoubtedly the case that HDACG6 inhibitors
also affect the efficiency of DSB repair (HDACH6 interacts
with RNF168 at the DAC1/2 domains). This phenomenon
provides insights into a new approach to improve the sensi-
tivity of radio/chemotherapies in cancer therapy based on
disrupting the RNF168/HDAC6 protein—protein interac-
tion. This approach offers the potential for the development
of new cancer therapies.

In conclusion, our findings provide novel insights into the
role of HDCAG®6 in negatively regulating RNF168-mediated
H2A/H2AX ubiquitination and DSB repair. This may in-
dicate the possible relevance of HDACH in clinical research
into cancer radio/chemotherapies.
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