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Targeting Histone Deacetylase 4/Ubiquitin-
Conjugating Enzyme 9 Impairs DNA
Repair for Radiosensitization of
Hepatocellular Carcinoma Cells in Mice

Chiao-Ling Tsai,>* Wei-Lin Liu,"” Feng-Ming Hsu,"* Po-Sheng Yang,” Ruoh-Fang Yen,”® Kai-Yuan Tzen,”’
Ann-Lii Cheng,'?*¢ Pei-Jer Chen,” and Jason Chia-Hsien Cheng'™

Several strategies to improve the efficacy of radiation therapy against hepatocellular carcinoma (HCC) have been investigated.
One approach is to develop radiosensitizing compounds. Because histone deacetylase 4 (HDAC4) is highly expressed in liver can-
cer and known to regulate oncogenesis through chromatin structure remodeling and controlling protein access to DNA, we postu-
lated that HDAC4 inhibition might enhance radiation’s effect on HCC cells. HCC cell lines (Huh7 and PLC5) and an ectopic
xenograft were pretreated with HDAC inhibitor or short hairpin RNA to knock down expression of HDAC4 and then irradiated
(2.5-10.0 Gy). We evaluated cell survival by a clonogenic assay; apoptosis by Annexin V immunofluorescence; yH2AX, Rad51,
and HDAC4 by immunofluorescence staining; HDAC4, Rad51, and ubiquitin-conjugating enzyme 9 (Ubc9) in HCC cell nuclei
by cell fractionation and confocal microscopy; physical interaction between HDAC4/Rad51/Ubc9 by immunoprecipitation; and
the downstream targets of HDAC4 knockdown by immunoblotting. Both HDAC4 knockdown and HDAC inhibitor enhanced
radiation-induced cell death and reduced homologous recombination repair of DNA double-strand breaks and protein kinase B
activation, leading to increased apoptosis. HDAC4 knockdown with or without an HDAC inhibitor significantly delayed tumor
growth in a radiation-treated xenograft model. Radiation stimulated nuclear translocation of Rad51 in an HDAC4-dependent
manner and the binding of Ubc9 directly to HDACA4, which led to Ubc9 acetylation. Moreover, these effects were accompanied
by HDAC4/Ubc9/Rad51 complex dissociation through inhibiting nuclear translocation. Conclusion: HDAC4 signaling blockade
enhances radiation-induced lethality in HCC cells and xenografts. These findings raise the possibility that HDAC4/Ubc9/Rad51
complex in DNA repair may be a target for radiosensitization of HCC. (HEPATOLOGY 2018;67:586-599).

including selective internal RT and external beam RT, are
currently being integrated into multimodality treatments
epatocellular carcinoma (HCC) is one of the for HCC.®* The radiotherapeutic effects of intra-arterial
most prevalent and lethal malignancies yttrium-90 administration and high-dose stereotactic
worldwide.™? Radiation treatments (RTs), Pody RT remain unsatisfactory.®) One strategy to enhance
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their effects on hepatic tumors is to inhibit radiation-
activated signals to overcome sublethal damage repair.

Histone deacetylases (HDACs) remove the acetyl
moiety from the lysine residues of histones and other
proteins, causing gene transcriptional down-regulation
and subsequent changes in signal transduction.
HDAC inhibitors (HDACH) are epigenetic drugs with
potentially useful clinical activities, either as single
agents or in combination with other therapies includ-
ing RT.®” HDAC4 mRNA is up-regulated in
human HCC tissues compared with adjacent noncan-
cerous hepatic tissues.® By targeting HDAC4, micro-
RNA (miRNA)-22 suppresses cell proliferation and
tumorigenicity and thereby improves prognosis.”’

Double-strand breaks (DSBs) elicited by ionizing
radiation are repaired in mammalian cells predomi-
nantly by either homologous recombination (HR) or
nonhomologous end-joining (NHE]). Rad51 is the
key molecule involved in HR repair and has recombi-
nase activity, which allows it to strand search and
invade.'” Rad51 is recruited to DSB sites where it
induces nuclear focus formation. Abolishment of
Rad51 focus formation has been widely used as a func-
tional assay to indicate HR repair deficiency."?
DNA damage sensor proteins 53BP1 and Rad51 have
been shown to colocalize with HDAC4 in DNA
damage-induced nuclear foci, and cells with silenced
HDAC4 exhibit marked radiosensitivity.">'* This
indicates that HDAC4 plays a functional role in DNA
repair and HDACi-mediated apoptosis in response to
radiation."” However, it remains unclear whether
HDAC4 participates in DNA repair in irradiated
HCC cells.

Sumoylation is catalyzed by E1, E2, and E3
enzymes. Ubiquitin-conjugating enzyme 9 (Ubc9) is
the E2 enzyme required for transfer of activated small
ubiquitin-related modifier (SUMO) to its target pro-

tein (i.e., for sumoylation of the target protein).*!”
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HDACH4 is reported to bind to Ubc9, which regulates
sumoylation of myocyte enhancer factor 2. Recent
studies revealed the accumulation of SUMO proteins
together with Ubc9 at DSB sites,™” the requirement
for Ubc9 before Rad51 can accumulate at sites of
DNA damage in human cells,”” and the interaction
of Rad51 with Ubc9 and SUMO-1 before modifica-
tion by SUMO-1.%"23 Taken together, these findings
suggest that Ubc9-mediated sumoylation is involved in
Rad51 accumulation at DSB sites and is regulated by
HDACA4.

On the basis of these findings, we evaluated the
radiosensitizing role of HDAC4 in DNA damage
repair of two human HCC cell lines. We showed that
the radiosensitivity of HCC cells in vitro was increased
by knocking down HDAC4 or by HDAC;, and led to
a significant delay in ectopic HCC tumor growth fol-
lowing RT. We proposed that the mechanism underly-
ing this delay involves the dissociation of HDAC4/
Rad51/Ubc9 complex to inhibit the HR pathway of
DNA repair. Thus, future strategies that target and
blockade HDAC4 signals may have radiotherapeutic
value for HCC.

Materials and Methods

CELL CULTURE

Human HCC cell lines, Huh7 and PLCS5, were
obtained from the Japanese Collection of Research
Bioresources Cell Bank (Okayama, Japan) and Ameri-
can Type Culture Collection (Manassas, VA), respec-
tively. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum and 50 U/mL of penicillin/streptomycin at
37°C in a humidified atmosphere of 5% CO, and 95%
air. Plasmid encoding short hairpin RNA (shRNA) for
HDAC4 (pLKO.1-shHDAC4) and control plasmids
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for the RNA interference experiments (pLKO.1) were
obtained from the National RNAi Core Facility
(Academia Sinica, Taipei, Taiwan).

COLONY-FORMATION ASSAY

Wild-type (WT) or shRNA-transfected HCC cells
(500-1,000/well) were seeded in six-well plates and
treated with different doses of radiation (2.5-10.0 Gy)
tollowing 24-hour pretreatment with various doses of
HDACi (panobinostat [5-25 nM]; provided by
Novartis Pharma AG, NIBR, Cambridge, MA) or
dimethyl sulfoxide vehicle. Cells were cultured for 10
days, fixed, and stained with crystal violet. All colonies
(clusters of more than 50 cells) visible to the naked eye
were counted. Results are presented as means = SEM
of three independent experiments, with duplicate sam-
ples for each treatment condition. The combination
index (CI) was calculated to determine the synergistic,
additive, or antagonistic effect of the combined treat-

ment (Supporting Fig. S1A).

IN vIvOo ECTOPIC TUMOR MODEL

Male nonobese diabetic/severe combined immuno-
deficiency (SCID) mice (6 weeks of age) were obtained
from the National Laboratory Animal Center and used
for ectopic xenograft implantation. Body weights were
measured weekly. Ectopic tumors were established by
subcutaneous injection of Huh7 cells (1 X 10°) into
the right hind leg. Tumor dimensions were measured
with a set of calipers and their volumes calculated using
a standard formula: width*Xlength/2. All experimen-
tal procedures using these mice were performed in
accord with protocols approved by the National
Taiwan University Institutional Animal Care and Use
Committee. As the tumors became established, mice
were randomized into six groups to receive the follow-
ing treatments: (1) methylcellulose/Tween 80 vehicle
on days 1-7; (2) panobinostat (25 mg/kg/day of body
weight) on days 1-7; (3) methylcellulose/Tween 80
vehicle plus 7.5 Gy/day of RT on days 3-5; (4) panobi-
nostat (25 mg/kg/day of body weight) on days 1-7 plus
RT (7.5 Gy/day) on days 3-5; (5) shHDAC4 trans-
fected Huh7 cells with vehicle; and (6) shHDAC4
transfected Huh7 cells with vehicle plus 7.5 Gy/day of
RT on days 3-5. Small animal positron emission
tomography/computed tomography (PET/CT) scans
with [18F]—2—ﬂuoro—Z—deoxy—D—glucose (FDG) were
performed 1 day before and on day 9 of treatment.
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Mice were intravenously injected with 14 MBq (378
Ci) of ¥F-FDG in saline by the tail vein.

HISTOLOGICAL EVALUATION

Mice from each group were sacrificed on day 10.
The tumor was fixed in 10% neutral buffered formalin
and processed for histopathological and immunohisto-
chemical (IHC) staining. After fixation, tumor tissues
were embedded in paraffin blocks and sectioned (10
um). Tumor cells were identified in representative
stained sections. Expressions of HDAC4 and Rad51
were evaluated after IHC staining using specific
antibodies.

IMMUNOFLUORESCENCE
STAINING ANALYSIS

WT or shRNA transfected HCC cells were plated
on four-well chamber slides, allowed to attach over-
night, exposed to ionizing irradiation of 10 Gy either
alone or combined with 20 nM of panobinostat, fixed
with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 minutes, and then permeabilized in
0.5% Triton X-100 with 3% bovine serum albumin
(BSA) in PBS for 20 minutes. Fixed cells were incu-
bated for 16 hours at 4°C with primary antibodies
against Rad51, Ubc9, and HDAC4 (200 in PBS con-
taining 1% BSA; Santa Cruz Biotechnology, Santa
Cruz, CA), then with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit immunoglobulin
G (IgG; 1:1,000) and rhodamine-conjugated sheep
anti-mouse antibodies (1:1,000; Santa Cruz Biotech-
nology) and, finally, with diamidino-2-phenylindole
(DAPI) to stain the chromosomes. A Zeiss Axio
Imager Al fluorescence microscope (Zeiss, Germany)
or a Leica confocal SP5 microscope (Wetzlar, Ger-
many) was used for visualization.

yH2AX IMMUNOFLUORESCENCE
MICROSCOPY

After treatment, HCC cells were incubated for 24
hours, washed three times with ice-cold PBS, fixed in
4% formaldehyde/PBS for 20 minutes, permeabilized
in 0.5% Triton X-100 with 3% BSA in PBS for 20
minutes at room temperature, then incubated with the
antibody  (FITC-conjugated  anti-phospho-histone
yH2AX [Ser139; 1:500]; Millipore, Billerica, MA) for
16 hours at 4°C in the dark, washed with PBS, and

mounted in Vectashield mounting medium containing
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DAPI (Vector Laboratories, Burlingame, CA).
yH2AX foci were observed using a Zeiss Axio Imager
A1 fluorescence microscope. In each sample, the num-
ber of YH2AX foci per nucleus was counted at high
magnification using an automated foci counter, and
approximately 150 nuclei were analyzed. The average

number of yH2AX foci per nucleus represents the
number of DSBs.

IMMUNOPRECIPITATION

Whole protein lysates containing 1 mg of protein
were prepared using radioimmunoprecipitation assay
lysis buffer and immunoprecipitated at room tempera-
ture for 2 hours using the Catch and Release v2.0
Reversible Immunoprecipitation System (Millipore).
HDAC4 or Ubc9 was immunoprecipitated with pri-
mary antibody diluted 1:100 in a total volume of 500
uL. Protein complexes were eluted from the column
using 70 ul of 1X denaturing elution buffer in accord
with the manufacturer’s directions. Approximately 30
uL of eluted proteins were separated by sodium dodecyl
sulfate/polyacrylamide  gel electrophoresis  (SDS-
PAGE) using a 10% resolving gel, transferred to a poly-
vinylidene difluoride (PVDF) membrane, and probed
overnight with primary antibodies to HDAC4, Ubc9,
Rad51, and acetyl-lysine (Santa Cruz Biotechnology).

SUBCELLULAR FRACTIONATION

Cytoplasmic and nuclear extracts were prepared
according to the instructions supplied by the manufac-
turer of the nuclear/cytosol fractionation kit (BioVi-
sion, Mountain View, CA). The resulting supernatants
were then resolved by SDS-PAGE and visualized by
western blotting analysis. Rad51, Ubc9, HDACA4,
laminin B, and o-tubulin were detected using their
specific antibodies (Santa Cruz Biotechnology) diluted
at 1:1,000.

WESTERN BLOTTING ANALYSIS

Proteins (50 ug of protein/aliquot) in cell lysate ali-
quots were separated by SDS-PAGE (8%-15% poly-
acrylamide), transferred to PVDF membranes, and
immunoblotted with various antibodies. Bound anti-
bodies were detected using the appropriate peroxidase-
coupled secondary antibodies, followed by enhanced
chemiluminescence detection. Antibodies to phospho-
Akt (pAkt) and protein kinase B (Akt) were obtained
from Cell Signaling, Inc. (Burlingame, CA), and
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beta-actin and HDAC4 from Santa Cruz Biotechnol-

ogy, and used as the loading control.

DETERMINATION OF APOPTOSIS
WITH FLUORESCENCE
MICROSCOPY

Apoptotic cells were detected using the Annexin V/
FITC apoptosis detection kit, AVK050 (Strong Biotech,
Taipei, Taiwan), according to the manufacturer’s instruc-
tions. Annexin V—positive cells were examined using a
Zeiss Axio Imager A1 fluorescence microscope.

STATISTICAL ANALYSIS

The tumor volume data satisfied the assumptions of
normality and homogeneity required for parametric
analysis; thus, group means for the ectopic tumor mod-
els were compared with a one-way analysis of variance
tollowed by Fisher’s least significant difference method
for multiple comparisons. Differences were considered
significant at P < 0.05.

Results

HDAC4 KNOCKDOWN OR
TREATMENT WITH HDAC
INHIBITOR RADIOSENSITIZES
HCC CELLS AND INHIBITS THE
REPAIR OF DNA DSBs

Two human HCC cell lines (Huh7 and PLCS5) were
transfected  using shRNA  targeting HDAC4
(shHDAC4) before irradiation. Both HCC cell lines
were significantly (P < 0.05) radiosensitized under
HDAC4 down-regulation by shHDAC4 versus the
nonspecific shControl (Fig. 1A). Similar to shHHDACA4,
a pan-HDAC inhibitor significantly suppressed HDAC
activity (P < 0.05), thereby reducing cell survival in 2.5-
10.0 Gy irradiated HCC cells (Fig. 1B). To determine
whether the effect of combining HDAC;i with radiation
was synergistic (greater than the sum of the component
effects), CIs were calculated from the dose-response data.
In Huh7 and PLC5 cells treated with combined irradia-
tion and HDAC;H, CI values of <1 were achieved and
indicative of synergism (Supporting Fig. S1A,B). In con-
trast, the interaction between HDACi and irradiation
was not synergistic in hepatocyte CLA48 cells, indicating
the potential therapeutic ratio (Supporting Fig. S1C,D).
We found a significantly higher number of YH2AX foci
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FIG. 1. Both HDAC4 knockdown and the treatment with HDACi enhance radiosensitization of HCC cells. (A) Sensitization of
irradiation (RT)-treated Huh7 and PLCS5 cells following HDAC4 shRNA transfection. (B) Exponentially growing HCC cells were
treated with different doses of HDACI for 24 hours before exposure to different doses of RT. The results are shown as the mean =
SD calculated from three independent experiments. The number of YH2AX foci/cell was counted in a minimum of 150 cells per
treatment with (C) HDAC4 knockdown (cells plated for 6 hours before RT) or (D) HDACi. The representative images of Huh7
and PLCS5 cells were taken at 24 hours after RT. The average number of YH2AX foci/cell is shown. Error bars indicate SD, *P <

0.05.
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in shHDAC4-treated cells than shControl-treated cells
at 24 hours after irradiation (Fig. 1C). Consistently, the
number of YH2AX foci per cell was significantly
increased after combined treatment with irradiation and
HDAC: (Fig. 1D). The results demonstrated that either
knockdown of HDAC4 or HDAC: enhanced radiosen-
sitivity and reduced DNA repair activity in HCC cells.
Next, we determined whether HDACi induced hyper-
acetylation of histones in HCC cells. Huh7 and PLC5
cells were treated with HDAC: of different doses, and
histone H3 acetylation was analyzed by western blotting.
HDAC: treatment significantly increased the acetylated
histone, H3, in a dose-dependent manner (Supporting
Fig. S2A). Combined RT (10 Gy) and HDAC: (20
nM) significantly increased the acetylation of histone H3
compared to either treatment alone (Supporting Fig.
S2B).

HDAC4 KNOCKDOWN OR
TREATMENT WITH HDAC
INHIBITOR ENHANCES IN VIvo
RADIOSENSITIVITY OF HCC
ECTOPIC XENOGRAFTS

Subsequently, we conducted therapeutic studies in
mice bearing Huh7 ectopic xenografts. Mice bearing
subcutaneous WT Huh7 tumors or HDAC4 knock-
down tumors were randomized into six groups to receive
(1) sham treatment, (2) RT, (3) intraperitoneal injection
of HDAC, and (4) combined RT and HDACi to WT
xenografts, and (5) sham treatment and (6) RT to
HDAC4 knockdown xenografts. The combined
HDAC: and RT suppressed the growth of WT tumors
to a significantly greater extent than RT alone or
HDAC: alone. RT significantly delayed the growth of
HDACH4 knockdown xenografts compared to WT xeno-
grafts (Fig. 2A). The number of days until the tumor vol-
ume reached 500 mm’ was 23 and 57 in the WT
xenograft groups receiving RT and combined HDACi
+ RT, respectively, and 42 in the HDAC4 knockdown
xenograft group receiving RT. Two days after treatment,
BE-FDG micro-PET/CT images showed that tumor
viability was much decreased after combined HDACi
and RT, compared to either RT alone or sham treatment
(Fig. 2B). Metabolic tumor volume was not reduced by
HDAC: alone, but partially reduced by RT alone. To
determine whether HDAC4 expression is a feature of
Rad51 focus formation, we evaluated tumor expression
of HDAC4 and Rad51 in each treatment group.
HDACH4 (Fig. 2C) and Rad51 (Fig. 2D) expressions in

TSAIL LIU, ET AL.

nuclei of Huh7 cells were increased after RT and
decreased after RT + HDACi. The percentages of
HDAC4-positive and Rad51-positive nuclei were ana-
lyzed by Image] software (National Institutes of Health,
Bethesda, MD). The results showed that the addition of
HDACi to RT significantly reduced nuclear foci of
HDAC4 (38.2 = 7.1% vs. 63.6 * 6.8%; P = 0.01) and
Rad51 (25.2 + 2.9% vs. 57.8 = 3.8%; P = 0.0003)
induced by RT alone (Supporting Fig. S3).

HDAC INHIBITOR ENHANCES IN
VIO RADIOSENSITIVITY OF HCC
ORTHOTOPIC XENOGRAFTS
COMPARED TO NORMAL LIVER

IHC staining (Supporting Fig. S4B,C) and western
blottings (Supporting Fig. S4D,E) of cleaved caspase-3
revealed that pretreatment with HDACI increased the
expression of this apoptotic marker in irradiated ortho-
topic xenograft, but not in normal liver tissues. With
high or low radiation doses, the percentages of apoptotic
cells were not different in irradiated and nonirradiated
livers between the non-tumor-bearing mice with and

without pretreament of HDACi (Supporting Fig. S5).

HDAC4 KNOCKDOWN OR
TREATMENT WITH HDAC
INHIBITOR STRONGLY INHIBITS
HOMOLOGOUS
RECOMBINATION REPAIR AS
DETERMINED BY Rad51 FOCUS
FORMATION

We tested whether HDAC4 acts as a mediator of RT-
induced Rad51 and 53BP1 focus formation in HCC
cells. Treatment of HCC cells with HDAC: resulted in a
significant reduction in the number and size of Rad51
foci in both Huh?7 and PLCS5 cells (Fig. 3A). In contrast,
53BP1 foci after irradiation were not affected by HDACi
(Fig. 3B). Huh7 and PLCS5 cells in which HDAC4 was
depleted by shRNA were used to evaluate whether
HDACH4 regulates Rad51 focus formation. The results
showed that HDAC4 depletion limited the number and
size of Rad51 foci formed upon irradiation (Fig. 3D). To
determine whether HDAC4 truly controls Rad51 accu-
mulation in the nucleus, we examined the cellular location
of Rad51 in HCC cells. In both HCC cell lines, the
nuclear fraction of Rad51 increased after irradiation and
this increase was down-regulated by HDAC4 knock-
down or pretreatment with HDAC:i (Fig. 3C,D).
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FIG. 2. In wvivo radiosensitizing effect of
HDAC4 knockdown (shHDAC4) and
the treatment with HDACi. Tumors
grown (subcutaneously) to 100 mm’ in
the hind legs of SCID mice were ran-
domized to the following treatments (n =
5 in each group): (1) sham treatment
(sham), (2) radiotherapy (RT), (3)
HDAUC;, (4) the combination of RT and
HDACi to WT Huh7 ectopic xenografts,
as well as (5) sham treatment (shHDAC4
sham) and (6) RT to shHDAC4 xeno-
grafts (shHDAC4 RT). (A) Tumor
growth curves of different treatment
groups were plotted. Data are the mean
tumor volume from each group measured
on the indicated days. (B) PET/CT was
performed on day 9. Representative
images are shown. The standard uptake
value (SUV) and the viable volume of
tumor are shown at the upper corners of
the image. Tumors from each group were
excised on day 10. The IHC staining
with (C) HDAC4 and (D) Rad51 of

cross-sections are shown.
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HDAC4 AND Rad51 INTERACT
WITH THE SUMO-CONJUGATING
ENZYME, Ubc9

We next determined whether the interaction
between Ubc9 and HDAC4 contributes to the cellular
response to RT-induced DNA damage. HCC cells
were treated with 10 Gy of radiation, and whole cell
extracts were prepared and subjected to the immuno-
precipitation assay at the indicated intervals. Extracts
immunoprecipitated with antibody to HDAC4 con-
tained Ubc9 (Fig. 4A), and extracts immunoprecipi-
tated with antibody to Ubc9 contained HDAC4 and
Rad51 (Fig. 4D). The amount of HDAC4 and Rad51
present in the immunoprecipitates was increased 4
hours after irradiation and reduced by pretreatment
with  HDACi (Fig. 4B) or by knocking down
HDACA4 (Fig. 4D). Double-labeling immunofluores-
cence experiments revealed the translocation of green
fluorescence—labeled HDAC4 and red fluorescence—
labeled Ubc9 into the nucleus following irradiation,
and the reduction of this translocation by pretreatment
with HDACi. Yellow fluorescence in the nucleus
formed by the overlap of red and green fluorescence
indicated that the colocalization of HDAC4 and
Ubc9, respectively, was induced after irradiation and
was reduced by HDACi (Fig. 4C). The amount of
acetylated Ubc9 in the immunoprecipitates was sub-
stantially increased by HDAC: (Fig. 4B) or HDAC4
depletion (Fig. 4D). These results demonstrate that
Ubc9 is linked to HDAC4 and Rad51, and this associ-

ation is enhanced by exposure of cells to RT.

FIG. 3. HDACH4 is involved in the nuclear relocation of Rad51,
but not 53BP1, after the DNA damage. Co-immunofluorescence
staining with antibodies against (A) Rad51 and YH2AX, and
(B) 53BP1 and YH2AX in HCC cells at 4 hours after 10 Gy of
irradiation (RT). Pretreatment with 20 nM of HDAC:i strongly
inhibited focus formation of Rad51, but not 53BP1. DNA was
stained with DAPI. Rad51, YH2AX, and the nucleus were visu-
alized in green, red, and blue, respectively. (C) With/without
pretreatment with HDACI, irradiated HCC cells were processed
at 4 hours to isolate and quantify the cytosolic and nuclear pro-
tein fractions. Nuclear protein (15 pg) and cytosolic protein (30
ug) were used for western blotting analysis with antibodies
against Rad51. (D) HDAC4 knockdown HCC cells were irradi-
ated and stained with DAPI and Rad51 at 4 hours (upper panel).
Cytosolic and nuclear protein fractions were isolated and quanti-
fied from irradiated HDAC4 knockdown Huh7 cells at 4 hours
(lower panel). Lamin B1 (a nuclear protein) and o-tubulin (a
cytoplasmic protein) were used as the controls for cell fraction-
ation. DNA damage by RT induced an increase in nuclear levels
of Rad51 and genetic knockdown of HDAC4 induced a reduc-
tion in nuclear levels of Rad51.
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RADIATION ACTIVATES HDAC4
AND Ubc9 NUCLEAR
LOCALIZATION

Immunofluorescence microscopy with antibodies
that specifically bind HDAC4 confirmed the
radiation-activated nuclear translocation of HDACH4

in both Huh7 and PLCS5 cells (Fig. 5A). To evaluate
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the nuclear localization of HDAC4 and Ubc9, the sep-
arate cytoplasmic and nuclear protein fractions of irra-
diated cells with or without pretreatment of HDACi
were extracted. As shown in western blotting assays
(Figure 5B), pretreatment with HDACi decreased the
amount of HDAC4 and Ubc9 in the nuclear fraction
of HCC cells. We also investigated the subcellular
localization of other class I or class I HDACs. With
or without HDAC], irradiation failed to alter class 1
(HDAC-1, HDAC2, and HDAC3) or class 1II
HDAC (HDACS5 and HDACS) levels (Fig. 5C).

HDAC4 KNOCKDOWN OR
TREATMENT WITH HDAC
INHIBITOR SUPPRESSES
RADIATION-INDUCED Akt
PHOSPHORYLATION AND
INCREASES APOPTOSIS IN HCC
CELLS

Given that RT activates phosphoinositide 3-kinase
(PI3K)/Akt signaling, we investigated whether
HDACH4 depletion or pretreatment with HDACi sup-
presses RT-activated Akt phosphorylation. At 4 hours,
the RT-induced phosphorylation of Akt was inhibited
by HDACH4 depletion (Fig. 6A) or HDAC: (Fig. 6B).
Subsequently, cells were stained with FITC-labeled
Annexin V to identify apoptotic cells. The percentage
of early apoptotic cells treated with HDAC:i increased

FIG. 4. HDAC4 inhibits the binding of Ubc9 to Rad51 and
increases Ubc9 acetylation. Immunoprecipitation, immunoblot-
ting, and immunofluorescence analyses were performed with the
indicated antibodies. (A) Huh7 and PLC5 cells were pretreated
with or without HDACi 24 hours before radiation (RT). Cells
were collected 4hours after RT. HDAC4 and Ubc9 were
detected by western blotting (WB) in immunoprecipitates (IP)
with HDAC4 antibody. (B) Huh7 cells were pretreated with or
without HDACi 24 hours before RT. Cells were collected
4hours after RT. HDAC4, Rad51, Ubc9, and acetyl-lysine were
detected by WB in IP with Ubc9 antibody. (C) Confocal scan-
ning laser microscopy was used to confirm that RT increases
colocalization of HDAC4 and Ubc9 in the nucleus. Huh7 cells
grown on coverslips were pretreated with or without HDACi 24
hours before 10 Gy of RT. Following fixation and permeabiliza-
tion, cells were immunostained with antibodies against HDAC4
(green) and Ubc9 (red). These pictures have been merged with
images of the nuclei stained with DAPI (blue). (D) A control or
HDAC4 shRNA was stably expressed in Huh7 cells. Huh7 cells
with or without expression of HDAC4 shRNA were treated with
or without 10 Gy of RT and then incubated for 4 hours.
HDAC4 and Ubc9 were detected by WB in IP with antibody to
HDACH4. Abbreviation: sh, short hairpin RNA.
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significantly at 24 hours after RT when compared with
sham-irradiated cells and RT-alone cells (Fig. 6C).

Discussion

Increasing use and technological advances have
gradually led to the establishment of RT as an alter-
native treatment regimen for HCC.®* Selective
internal RT using yttrium-90 microspheres introdu-
ces radiation into hepatic tumors by an intra-arterial
route, whereas stereotactic body RT targets localized
hepatic tumor(s) with a high radiation dose. How-
ever, partial regression is the most common sublethal
response of HCC to RT.®) To increase safety and
reduce the side effects of RT, medicinal compounds
have been used in combination to increase tumor cell
radiosensitization.®>)

Few HDAC: are used clinically as sensitizers of RT,
mainly because their role in radiosensitization remains
unclear. We previously reported that a phenylbutyrate-
derived HDACH, AR-42, synergized with radiation to
inhibit HCC cell survival and the growth of ectopic
xenografts.*® In this study, inhibition of HDAC4
either genetically by shRNA or pharmaceutically by an
HDAC:i (panobinostat) acted with RT to reduce
growth of HCC cells and ectopic xenografts. Panobi-
nostat, a pan-HDAC], radiosensitized HCC cells at
relatively low concentration and low cytotoxicity. Pan-
obinostat is a novel cinnamic hydroxamic acid ana-
logue HDACI. It is currently approved for treatment
of hematological malignancies and its use with radia-
tion enhances apoptosis in human non-small-cell lung

FIG. 5. HDAC: inhibited the radiation (RT)-induced recruit-
ment of HDAC4 and Ubc9 to the nucleus. (A) Immunofluores-
cence microscopy was used to confirm that RT increases nuclear
levels of HDAC4. Huh7 and PLCS5 cells grown on coverslips
were irradiated with 10 Gy. Following fixation and permeabiliza-
tion, cells were immunostained with antibodies against HDAC4
(green). These pictures have been merged with images of the
nuclei stained with DAPI (blue). These results were from three
independent experiments performed in duplicate. Cytosolic and
nuclear protein fractions are from irradiated Huh7 and PLC5
cells exposed at 4 hours. Nuclear protein (15 ug) and cytosolic
protein (30 pg) were taken for western blotting analysis with
antibodies against (B) HDAC4 and Ubc9; (C) HDACI,
HDAC2, HDAC3, HDACS, and HDAC6 proteins. Purity of
the nuclear and cytosolic fractions was demonstrated by probing
for the presence or absence of the nuclear protein, lamin B, or
cytosolic a-tubulin. Experiments were performed in duplicate cell
cultures and are representative of three independent experiments.
(D) Effects of HDAC4 depletion or treatment with HDACi on
the homologous recombination DNA repair pathway in HCC
cells treated with RT.
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FIG. 6. Down-regulation of HDAC4 by an

HDAC4-specific shRNA (shHDAC4) or HDACi
treatment results in loss of radiation (RT)-induced
Akt phosphorylation in both Huh7 and PLC5

Huh7 i PLC5 cells. (A) Huh7 and PLC5 cells were transfected
- 07 1 i3 1 with vector control (shcontrol) or shHDAC4 fol-
Eo 08 08 lowed by RT. At 4 hours, whole cell protein was
28 os 05 extracted and pAkt expression was detected by
G2 o4 04 western blotting analyses and normalized to f-
EEJ 03 03 actin. (B) Western blotting showed that levels of
£ 8 02 02 pAkt increased after RT and were inhibited by
r o1 0.4 HDAC:. (C) Early apoptotic changes in Huh7 and

0 S & 0.0 & o PLCS5 cells are identified using labeled Annexin V-
sham RT & & sham RT & & FITC. Percentage of Annexin V-positive cells in
i &;Z\ &S l\,;l‘ Huh?7 and PLCS5 cells was calculated at 24 hours.

< < Error bars indicate SD, *P < 0.05.

cancer and prostate cancer cells.*”*® In contrast to
the increased cell apoptosis of irriadated orthotopic
xenografts with pretreatment of HDACH, no apoptotic
difference was observed in normal liver of mice from

different treatment groups. Moreover, the synergistic
effect of adding HDACi to RT was not obvious in
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hepatocyte CL48 and normal liver irradiated with
either high or low doses. Notably, technical advance-
ment of radiotherapy better conforms higher doses to
liver tumor while sparing normal liver. This evidence
suggests a therapeutic role for HDACi in

radiosensitization.
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Aberrant expression of HDACs has been observed
in different types of cancers, including HCC.#*3V
HDAC mRNAs (HDAC2, HDAC4, and HDAC11)
were significantly up-regulated in HCC compared to
normal liver.®") Previous studies have shown that spe-
cific inhibition of seven isotypes (HDAC1, HDACS,
HDAC4, HDACe6, HDAC7, HDACI10, and
HDACI11) enhanced radiation lethality in head and
neck cancer cell line SQ20B. Geng et al.?® reported
translocation of HDAC4 from the cytoplasm into the
nucleus of lung cancer cells following irradiation.
Among class I and II HDACs, we showed that only
HDAC4 is up-regulated in the nucleus with irradia-
tion and down-regulated with HDACi (Fig. 6C).
Because recent discoveries have highlighted the role of
HDAC4 in the biological responses of HCC, we
tocused on HDAC4 in the present study.

Down-regulated miRNA-200a and miRNA-22
expression, by elevating HDAC4 expression, pro-

moted HCC carcinogenesis and progression.®”

HDAC4 was found to bind hypoxia inducible factor 1
alpha (HIF-1a) and, when suppressed, to augment
HIF-1a acetylation in HCC cell lines.?” Moreover,
knockdown of HDAC4 or treatment with HDACi
was found to inhibit cell proliferation in HCC cell
lines.”” Consistently, our in witro and in vivo data
showed that inhibition of HDAC4 in HCC cells had
a radiosensitizing effect. Notably, radiation-induced
nuclear influx of HDAC4 was inhibited by HDACi
and shown previously to result from increased beta-
adrenergic  signaling.*”  Dephosphorylation ~ and
nuclear import of HDAC4 was also shown to accom-
pany melatonin-induced apoptosis of human colon
adenocarcinoma cells.®

Mechanistic investigations revealed that panobino-
stat disrupts Rad51, but not 53BP1, responses to irra-
diation and may cause inhibition of HR repair. In our
study, panobinostat significantly inhibited Rad51 focus
formation and colocalization of Rad51 foci with
YH2AX foci in irradiated HCC cells. The reduction
of Rad51/YH2AX foci observed in irradiated HCC
cells after panobinostat pretreatment likely indicates
that panobinostat inhibits Rad51 recruitment to DSBs
and thereby reduces DNA repair. Panobinostat pre-
treatment resulted in the persistence of YH2AX foci at
24 hours after irradiation in HCC cells, which was
thou§ht to reflect the lethality of the DNA dam-
age.%?%% Many proteins, in addition to Rad51 and
53BP1, have been shown to form nuclear foci follow-
ing. DNA damage, including ataxia telangiectasia

mutated, breast cancer 1, and MRE11/RAD50/NBS1
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complex.®*3® HDAC inhibitors have also been
reported to decrease the amount of Rad51 protein and
inhibit HR repair in response to irradiation.®”%
Given that our data showed the greater radiosensitiz-
ing effect of pan-HDACi than of HDAC4 knock-
down, additional inhibitory mechanisms from
HDACG:s other than HDAC4 are likely to exist.

In this study, either treatment with HDACi or
HDAC4 knockdown reduced the interaction of Ubc9
and Rad51 proteins in irradiated HCC cells. The
SUMO E2 (Ubc9) protein is required for Rad51 focus
formation,?” overexpressed in several malignancies,
such as lung adenocarcinoma, colorectal cancer, breast
adenocarcinoma, and HCC,“**? and up-regulated to
promote tumor progression by suppressing the acute
cellular stress response associated with the accumulat-
ing DNA damage from (but not limited to) radiation
exposure.*” Ubc9 has been reported to functionally
interact with the coiled-coil domains of HDAC4 and
HDAC5"® and to interact with Rad51.*"** Ubc9
and E3 ligases, protein inhibitor of activated STAT
(PIAS) 1 and PIAS4, were required for Rad51 accre-
tion at sites containing DNA damage in human
cells.?? Acetylation of Ubc9 at residue K65 attenuated
Ubc9 binding to substrates and reduced substrate
sumoylation.™ Notably, our data showed that
HDAC4 inhibition enhanced Ubc9 acetylation.
Unlike SUMO E1 expression (which has been associ-
ated with worse survival of HCC patients), SUMO E2
(Ubc9) expression has a still unknown role in progno-
sis. The role of Ubc9 in selecting HCC patients with a
maximum response to RT remains to be investigated.

Several studies have shown that activation of the
PI3K/Akt signaling pathway is notably linked to the
radioresistance of many cancer cell lines. HDAC
inhibitors were shown to mediate Akt dephosphoryla-
tion in glioblastoma and prostate cancer cells through a
histone acetylation-independent mechanism.“® Treat-
ment with panobinostat led to acetylation of heat
shock protein 90, which induced down-regulation of
the EGFR and decreased levels of pAkt.“” Panobino-
stat has also been reported to induce apoptosis and
delay DNA damage repair in lung cancer cells.?®
Again, we showed that the mechanism of radiosensiti-
zation by panobinostat may involve inhibition of Akt
phosphorylation/up-regulation and apoptosis in irradi-
ated HCC cells.

This study explored the biological effect of HDAC4
inhibition and HDAC/Rad51/Ubc9 dissociation on
radiosensitization of HCC. Our results suggest that
blockade of HDAC4 signaling may be a potential
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strategy for modulating a tumor cell’s response to radi-
ation, and used as the basis of a clinical trial of com-
bined treatment with HDACi and RT in patients with
HCC.
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