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HDAC inhibitor apicidin suppresses murine oral
squamous cell carcinoma cell growth in vitro and
in vivo via inhibiting HDACS expression
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Abstract. Apicidin, a cyclic peptide histone deacetylase
(HDAC) inhibitor, has been demonstrated to exhibit antitumor
activity in a number of human cancer types. The present
study examined the antitumor activity of apicidin in murine
oral squamous cell carcinoma (OSCC) cells. Inhibition of cell
proliferation and the expression of selective HDACs were deter-
mined in apicidin-treated AT-84 murine OSCC cells. A C3H
mouse model with subcutaneous injection of AT-84 cells was
used to assess the in vivo effect of apicidin on tumor growth.
Apicidin-induced cell growth inhibition and selectively reduced
HDACS expression in AT-84 cells. Induction of apoptosis
and autophagy was observed in apicidin-treated AT-84 cells.
Apicidin notably inhibited tumor growth by up to 46% relative
to the control group at the end of a 14-day period in a murine
tumor model. The immunohistochemistry results in tumor
tissues indicated that apicidin inhibited cell proliferation and
induced apoptosis and autophagy in AT-84 cell-derived tumor
tissues. Overexpression of HDAC8 was observed in the nucleus
and cytoplasm in tumor tissues and apicidin significantly inhib-
ited the level of HDACS8 expression, compared with the vehicle
group. These results indicated that apicidin inhibited cell
proliferation through HDACS inhibition in murine OSCC cells
in vitro and in vivo. The present study indicated that apicidin
may be an effective therapeutic agent for OSCC.

Introduction

Epigenetic regulation alters the gene expression through
chromatin structural modification without DNA sequence
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changes (1). Post-translational modifications of histones,
including acetylation, serve an important role in regulating gene
expression (2). The pattern of histone acetylation is determined
by two groups of enzymes: Histone acetyltransferases and
histone deacetylases (HDACs). The deacetylation of lysine resi-
dues by HDAC is associated with condensed chromatin state and
transcriptional gene silencing (3). HDAC:s alter the transcription
of genes that regulate essential cell functions, including cell
growth, cell cycle regulation and apoptosis (1). HDACs have
been subdivided into a family of 18 genes that represent four
classes: Class I (HDACI, 2, 3 and 8), Class II (HDAC4, 5, 6
and 11), Class IIT (HDACI1) and Sirtuins (Sirtl-7). Upregulation
of HDACS has been determined in numerous human cancer
types, including oral cancer (1,4,5). Therefore, HDACs have
become an attractive target for cancer therapeutics.

HDAC inhibitors have emerged as a novel class of anti-
cancer drugs. They are structurally classified into at least
four groups: Hydroxamic acids, short-chain fatty acids,
benzamides and cyclic peptides (6,7). These agents vary
notably in their potency and specificity toward individual
HDAC:S (8). Apicidin is a cyclic peptide isolated as a fungal
metabolite from fermentations of Fusarium spp (9). Apicidin
has been reported to exhibit a proliferative effect in various
cancer types, including leukemia, ovarian cancer and hepa-
tocellular carcinoma (10-12). Apicidin primarily induces
cell cycle arrest and apoptosis through caspase activation in
cancer cells (10-12). However, specific targets of apicidin in a
variety of cancer types, including lung and pancreatic cancer,
remain unclear, and research into the molecular mechanism of
apicidin for anticancer activity remains ongoing in pre-clinical
studies (13-16).

Oral cancer is a group of neoplasms located in the oral
cavity, pharyngeal regions and salivary glands (17). Oral
squamous cell carcinoma (OSCC) is the most common oral
cancer type and accounts for >90% of human oral malignancy
types (18). OSCC is frequently treated with a combination
of surgery, radiotherapy and chemotherapy (19). Despite
advanced therapeutic approaches, the incidence and mortality
rates for OSCC have not significantly improved in the past
30 years (17); therefore, improving the treatment outcome for
OSCC requires investigation into novel therapeutic strategies.
Our previous study demonstrated that the HDAC inhibitor
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apicidin exerts anti-proliferative effects on human OSCC cell
lines (20). However, the members of HDACsS that are selectively
inhibited by apicidin remain unclear, and in vivo antitumor
efficacy has not been examined in OSCC. Identification of an
isoform selective HDAC inhibitor may improve the therapeutic
potential and reduce the cytotoxicity associated with cancer
treatment. Therefore, the present study aimed to examine
the selective HDAC inhibitory effect of apicidin in vitro and
in vivo, and the in vivo antitumor effect of apicidin, in a murine
OSCC model.

Materials and methods

Cell culture and chemicals. The murine OSCC AT-84 cells
were provided by Dr E. J. Shillitoe (Upstate Medical University,
Syracuse, NY, USA) (21). AT-84 cells originated from a spon-
taneous murine SCC in the oral mucosa of C3H mice (22) and
were isolated by Hier et al (23). The cells were maintained
in RPMI-1640 medium containing 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
100 U/ml penicillin-streptomycin (Welgene, Inc., Daegu, Korea)
at 37°C in an atmosphere containing 5% CO,. Unless stated
otherwise, all chemicals were purchased from Sigma-Aldrich
(Merck KGaA, Damstadt, Germany). Apicidin (Sigma-Aldrich;
Merck KGaA) was dissolved in sterile DMSO to generate a
5 mM stock solution, which was stored at -80°C. The cells were
treated with culture media alone as a control, or with various
concentrations (0.1,0.5, 1,5 or 10 M) of apicidin (the maximum
final concentration of DMSO was <0.1%) for 24 h.

MTT assay. Cells (1x10* cells/well) were seeded in a 96-well
plate and incubated overnight to allow attachment. Cells
were treated with apicidin at the aforementioned concentra-
tions for 24 h. At the end of the treatment period, 10 ul MTT
(Sigma-Aldrich; Merck KGaA) reagent (5 mg/ml) was added
to each well (final concentration, 0.5 mg/ml). After 4 h at 37°C,
the supernatant was aspirated and formazan crystals were
dissolved in 100 1 DMSO. A microplate autoreader ELISA
was used to determine the absorbance at 595 nm. All experi-
ments were performed in triplicate.

Western blot analysis. The cells were washed with PBS
and harvested in a lysis buffer (Intron Biotechnology, Inc.,
Seongnam, Korea). Protein concentrations were measured
using a Bradford protein assay kit, according to the manu-
facturer's protocols. Samples containing equal amounts of
protein (50 ug) were resolved on SDS-PAGE in a 10-15% gel
and transferred to a polyvinylidene difluoride membrane.
Following blocking with 5% skim milk in tris-buffered saline
with 0.1% Tween-20 (TBS-T) for 1 h at room temperature, the
membranes were incubated with primary antibodies (1:1,000
dilution) against acetylated histone H4 (cat. no.07-108; Upstate
Biotechnology, Inc., Lake Placid, NY, USA), HDACS (cat.
no. ab187139; Abcam, Cambridge, MA, USA), HDAC7 (cat.
no. SC-11421; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), HDACI (cat. no. 5356), HDAC?2 (cat. no. 5113), HDAC4
(cat. no. 7628), HDACG (cat. no. 7612), cleaved caspase-3 (cat.
n0.9664), poly(ADP-ribose) polymerase (PARP; cat.no.9542),
microtubule associated protein 1 light chain 3B (LC3B; cat.
no. 3868), autophagy-related protein 7 (ATG7; cat. no. 2631),
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p62 (cat. no. 5114; Cell Signaling Technology, Inc., Danvers,
MA, USA) and fB-actin antibody (cat. no. SC-47778; Santa
Cruz Biotechnology, Inc.) overnight at 4°C. The membranes
were then washed six times with TBS-T and incubated with
horseradish peroxidase-conjugated secondary antibodies
(anti-mouse, cat. no. SC-2354; anti-rabbit, cat. no. SC-2768;
1:5,000 dilution; Santa Cruz Biotechnology, Inc.) for 1 h at
room temperature. Finally, the membranes were washed
six times with TBS-T and visualized using the Pierce ECL
western Blotting Substrate (cat. no. 32209; Thermo Fisher
Scientific, Inc.) on an ATTO chemiluminescent imaging
system (ATTO Corporation, Tokyo, Japan).

Flow cytometry analysis for apoptosis detection. The cells
were stained using a Alexa Fluor® 488 Annexin V/Dead cell
Apoptosis kit with Alexa Fluor® 488 Annexin V and propidium
iodide (PI; cat. no. V13241; Molecular Probes; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol for
apoptosis analysis. A Cell Lab Quanta™ SC flow cytometer
(Beckman Coulter Inc., Brea, CA, USA) with Cell Lab Quanta
SC software (version 1.0; Beckman Coulter Inc.) were used to
perform data acquisition and analysis.

Detection of acidic vesicular organelles (AVOs). Autophagy
is characterized by the formation and promotion of AVOs. To
detect the development of AVOs, the cells were stained with
acridine orange, as described previously (20). In acridine
orange-stained cells, the cytoplasm and nucleus fluoresce
bright green, whereas acidic compartments fluoresce bright
red. The treated cells were stained with acridine orange
(1 ug/ml; Sigma-Aldrich; Merck KGaA) for 15 min at 37°C.
To quantify the development of AVOs, the increased red
stained cells were analyzed using a FACScan flow cytometer
and CellQuest Pro software (version 4.0; BD Biosciences, San
Jose, CA, USA).

Autophagy inhibition and trypan blue exclusion assay.
A specific autophagy inhibitor chloroquine (CQ; 50 uM;
Sigma-Aldrich; Merck KGaA) was co-treated with apicidin
(Sigma-Aldrich; Merck KGaA) in AT-84 cells for 24 h at 37°C.
Following treatment, cell proliferation was measured using a
trypan blue exclusion assay. The trypan blue exclusion assay
was based on the capability of viable cells to exclude the
dye. After 5 min of treatment of cells with 0.4% trypan blue
(Sigma-Aldrich; Merck KGaA) at room temperature, they were
loaded into a hemocytometer and counted for the dye uptake.
The number of viable cells was calculated as the percentage of
the total cell population.

In vivo study on AT-84 cells bearing CH3 mice. AT-84 cells
were used for the in vivo experiments, previously established
by Pang et al (24). Male C3H mice (6 weeks old, 20-22 g)
were purchased from Samtaco Bio Korea (Osan, Korea). All
animals were housed under controlled temperature (22+2°C)
and relative humidity (50-60%) during a 12 h light-dark cycle.
The animals were provided food and tap water ad libitum.
Mice were inoculated subcutaneously in the right flank with
1x107 AT-84 cells. When the tumor size reached 150-200 mm?,
the mice were divided randomly into two groups, with
six mice/group. Apicidin (5 mg/kg) or vehicle control
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Figure 1. Growth inhibition and the expression of HDAC in apicidin-treated
AT-84 cells. Cells were incubated with the indicated concentrations of
apicidin for 24 h. (A) The levels of cell proliferation were measured with
an MTT assay. The data are reported as the mean + standard deviation of
three independent experiments. ‘P<0.05 and ““P<0.001, compared with the
control. (B) Changes in acetylation-associated protein levels were analyzed
with western blot analysis using antibodies against Actyl-H4, and HDACI, 2,
4, 6,7 and 8. The protein levels were normalized to actin levels. The repre-
sentative bands from three independent experiments are depicted. Acetyl-H4,
acetylated histone H4; HDAC, histone deacetylase 8; Con, control.

(0.1% DMSO) was administered to the mice intraperitoneally
every other day for 14 days. The animals were monitored daily
and tumor volume was measured with calipers and calculated
with the formula: (ab®)/2, where a is the longest diameter and
b is the shortest diameter of the tumor. The mice were sacri-
ficed at the end of the treatment period. The tumor tissue was
excised, weighed and fixed in 4% paraformaldehyde at room
temperature over 24 h. All experiments were performed under
protocols approved by the Ethical Committee of Animal Care
and Use at Pusan National University Hospital (Busan, Korea;
approval no. PNUH-2016-090).

Histopathology. The animals were sacrificed on day 15, and
the tumors were carefully removed and fixed in 4% para-
formaldehyde at room temperature over 24 h. The tissues
were embedded in paraffin wax and cut into 2 gm sections.
The slides were de-paraffinized with xylene and rehydrated
a graded alcohol series (100, 90, 70 and 50% ethyl alcohol)
for 10 min at room temperature, and stained with 10% hema-
toxylin (Vector Laboratories, Inc., Burlingame, CA, USA)
for 5 min and 0.5% eosin for 1 min at room temperature for
histological examination. The result was viewed under a light
microscope at magnification, x200.

Immunohistochemistry and terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) assay.
The sections were incubated in 3% H,0, in 70% methanol for

ONCOLOGY LETTERS 16: 6552-6560, 2018

10 min to remove endogenous peroxidase. Subsequently, they
were blocked with 1% bovine serum albumin (Sigma-Aldrich;
Merck KGaA) in PBS for 1 h at room temperature. Following
this, the sections were incubated with proliferating cell
nuclear antigen (PCNA; 1:100 dilution; cat. no. M0879; Dako,
Carpinteria, CA, USA),LC3B (1:100 dilution; cat. no. 3868; Cell
Signaling Technology, Inc.), p62 (1:100 dilution; cat. no. 5114;
Cell Signaling Technology, Inc.) and HDACS8 (1:100 dilution;
cat. no. ab217702; Abcam) antibodies overnight at 4°C. After
washing three times with PBS-T, the sections were subjected
to the avidin-biotin peroxidase complex (ABC) method using
universal an ABC kit with biotinylated horse anti-mouse
IgG/rabbit IgG secondary antibodies and ABC reagent (R.T.U.
VECTASTAIN® Universal Elite ABC kit; cat. no. PK-7200;
Vector Laboratories, Inc.), according to the manufacturer's
protocol. Additionally, peroxidase activity was evaluated with
3,3'-diaminobenzidine (DAB Peroxidase Substrate kit; cat.
no. SK-4100; Vector Laboratories, Inc.). Finally, 10% hema-
toxylin for 1 min at room temperature was used to counterstain
the sections. The TUNEL assay was performed using an TdT
DAB In Situ Apoptosis Detection kit (cat. no. 4810-30-k;
R&D Systems, Inc., Minneapolis, MN, USA), according to the
manufacturer's protocol. The result was viewed under a light
microscope at magnification, x200 and x400. The positive cells
were counted from five randomly selected areas under magni-
fication, x400 and represented the mean + standard deviation.

Statistical analysis. Data are expressed as the mean + SD of
at least three individual experiments. Statistical analysis was
performed using statistical software SPSS (version 20; IBM
Corp., Armonk, NY, USA). Statistical differences among
groups were performed with an one-way analysis of variance
followed by Scheffe's post-hoc test. Differences between
groups were determined with a Student's t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effect of apicidin on AT-84 cell viability and HDAC
expression. In order to analyze the effects of apicidin on cell
viability, AT-84 cells were treated with increasing concentra-
tions of apicidin and the cell viability was assessed with an
MTT assay. Apicidin inhibited the viability of AT-84 cells in
a dose-dependent manner, whereby concentrations of =1 yM
resulted in a significant reduction (Fig. 1A). Subsequently,
the effect of apicidin on the levels of histone acetylation and
specific HDACs was analyzed using western blotting. The
cells were treated with the indicated concentrations of apicidin
(1 and 5 uM) for 24 h. As depicted in Fig. 1B, apicidin treat-
ment notably increased the level of acetylated histone H4 and
decreased the level of HDACS in AT-84 cells. HDAC7 expres-
sion was also marginally reduced, but there was no change
in the expression of other HDACs in apicidin-treated AT-84
cells. These results indicated that apicidin induces cell growth
inhibition and that it primarily inhibited HDACS expression
in AT-84 cells.

Apoptosis induction on apicidin-treated AT-84 cells. To eluci-
date the mechanism underlying the reduction in viability of
AT-84 cells following treatment with apicidin, apoptosis was
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Figure 2. Induction of apoptosis in apicidin-treated AT-84 cells. AT-84 cells were incubated with 1 or 5 uM apicidin for 24 h. Apoptosis was evaluated by
Annexin V and PI staining with flow cytometry. (A) Representative images and (B) quantification of flow cytometric results. The data are reported as the
mean + standard deviation of three independent experiments. ““P<0.001, compared with the control. (C) The expression levels of PARP and cleaved caspase-3
were detected with western blot analysis. The protein levels were normalized with a comparison with actin levels. The representative bands from three
independent experiments are depicted. PARP, poly(ADP-ribose) polymerase; Con, control; PI, propodium iodide.

measured with an Annexin V apoptosis assay. AT-84 cells were
treated with 1 and 5 yM apicidin for 24 h, and Annexin-V/PI
double staining was examined with flow cytometry. Apicidin
significantly increased the percentage of Annexin V-positive
apoptotic cells in a dose-dependent manner compared with
the untreated control group (Fig. 2A and B). The ratio of
Annexin V-positive cells was 21 and 49% at doses of 1 and
5 M apicidin, respectively compared with 6.3% in the control
group. The expression of apoptosis-associated protein levels
was measured with western blot analysis to confirm apoptosis
involvement. As depicted in Fig. 2C, a concentration-dependent
increase in cleaved PARP and cleaved caspase-3 expression
levels were observed in apicidin-treated AT-84 cells, whereas
levels of total PARP remained constant. These results indicated
that apicidin induced caspase-dependent apoptosis in AT-84
cells.

Autophagy induction on apicidin-treated AT-84 cells. To
determine whether apicidin induces autophagy in AT-84
cells, acridine orange staining was performed and evaluated
with flow cytometry. As depicted in Fig. 3A, red fluorescence
intensity in flow cytometric analysis was dose-dependently
increased with apicidin treatment in AT-84 cells, indicating an
enhancement of AVOs. The ratio of red fluorescence intensity
was 24 and 78% at doses of 1 and 5 yM apicidin, respectively,
both of which was significantly increased compared with
the untreated control group (Fig. 3B). Autophagy-associated
protein expression was measured using western blotting to
confirm the induction of autophagy. Apicidin notably induced
the expression level of ATG7 and LC3B-II, a specific marker
of autophagosome promotion (Fig. 3C). The level of p62, a
marker for autophagic flux, was decreased in apicidin-treated
AT-84 cells. Additionally, to determine whether autophagy
by apicidin contributes to survival or death, AT-84 cells

were co-treated with apicidin and CQ, a specific autophagy
inhibitor. Cell viability was examined using the trypan blue
exclusion assay. As depicted in Fig. 3D, apicidin with CQ
treatment significantly reduced cell viability, compared with
apicidin without CQ. These results demonstrated that apicidin
induced autophagy in AT-84 cells and that autophagy induc-
tion by apicidin may be associated with cell protection.

In vivo antitumor effect on apicidin treatment. The in vivo
effect of apicidin on tumor growth was examined using mice
inoculated with AT-84 cells. These mice were administered
with apicidin or vehicle every other day for a 14-day period. As
depicted in Fig. 4A, apicidin significantly decreased the tumor
volume, compared with the control group, and inhibited tumor
growth up to 47% relative to the control group at the end of
the 14-day period. Mean tumor weight was also significantly
reduced in the apicidin-treated group, compared with the
vehicle-treated control group (Fig. 4B). No significant systemic
toxicity, including body weight changes or other apparent
adverse effects, was observed in the animals throughout the
study period (Fig. 4C). These results indicated that apicidin
exhibited an antitumor effect against AT-84 cells in vivo.

Histological changes and immunohistochemistry analysis.
The histological changes between apicidin-treated and control
groups were examined using hematoxylin and eosin staining
in paraffin-embedded tumor sections. Markedly increased
eosinophilic cytoplasm and nuclear changes were observed in
tumor tissues treated with apicidin, compared with the control
tumor tissues (Fig. 5). Subsequently, the immunohistochemistry
was examined with regard to the antitumor effects of apicidin
in tumor tissues. As depicted in Fig. 5SA and C, tumor tissues
treated with apicidin exhibited significantly decreased PCNA
and HDACS expression levels, compared with control tumor



SPANDIDOS .
y BUBLIGATIONS ONCOLOGY LETTERS 16: 6552-6560, 2018

Apicidin 1 uM Apicidin 5 uM
A1m Control 1000 picidin 1 p 1000 picidin 5
33 o 282 T4
3 d 500
] o
'8 L
e ————1
1000 0 500 1000
FL1 (Green)
B so, - C D.. 50 4
s Apicidin (uM) E
Py Con 1 5 S 40 -
% 60 3
o )
D 40+ S
= . 4_| B 20 i
a LC3B |- £
g 204 —— | | 3
< = 10 A
p62 |r—-— ‘ =
07 1 5 © o
on .
————— Actin # Api5uM + +
Apicidin (uM) CQ50uM - +

Figure 3. Induction of autophagy in apicidin-treated AT-84 cells. AT-84 cells were incubated with 1 or 5 uM apicidin for 24 h. Autophagy was evaluated
by acridine orange staining with flow cytometry. (A) Representative image and (B) quantification of flow cytometric results. The value of red positive cells
(the number in the upper right) indicates percentage of autophagic cells. The data are reported as the mean + standard deviation of three independent experi-
ments. ““P<0.001, compared with the control. (C) The expression levels of LC3B-II, ATG7 and p62 were detected by western blot analysis. The protein levels
were normalized to actin levels. Representative bands from three independent experiments are depicted. (D) Cells were treated with 5 M apicidin for 24 h
in the absence or presence of CQ (50 xM). Cell viability was determined using a trypan blue exclusion assay following co-treatment with apicidin and CQ.
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Figure 4. Effect of apicidin on the growth of AT-84 cell-derivated allografts. AT-84 cells (1x10° cells/mice) were injected subcutaneously into the right flank
of C3H mice. Tumor volume and body weight were measured every 2 days. Tumor volume was calculated using the formula (ab%)/2, in which a is the largest
diameter and b is the shortest diameter of the tumor. Tumor weight was measured at the end of the treatment period. (A) Tumor volume, (B) tumor weight
and (C) body weight. The data are reported as mean + standard deviation of 6 mice. "P<0.05 and “P<0.01, compared with the vehicle-treated control group.

tissues treated with vehicle. Furthermore, the percentage of ~ with vehicle-treated control tumor tissues (Fig. 5B and C).
TUNEL-positive apoptotic cells was significantly increased,  These results demonstrated that apicidin effectively inhibited
with a significant increase in LC3B and reduction in p62  cell proliferation and HDACS, and induced apoptosis and
expression levels in apicidin-treated tumor tissues, compared  autophagy in vivo AT-84 mediated OSCC model.
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Ak

P<0.001, compared

with the vehicle-treated control group. H&E, hematoxylin and eosin; LC3B, microtubule associated protein 1 light chain 3B; PCNA, proliferating cell nuclear
antigen; HDACS, histone deacetylase 8; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.

Discussion

Potential preclinical efficacy of HDAC inhibitors in oral
cancer has been indicated, but there is limited knowledge
regarding the therapeutic role of the HDAC inhibitor apicidin
in OSCC (25,26). The present study investigated the antitumor

effect of the HDAC inhibitor apicidin in murine OSCC.
Inhibition of cell proliferation and the expression of HDAC
were examined in the apicidin-treated AT-84 cells. Apicidin
significantly inhibited cell viability and induced histone
acetylation in AT-84 cells, consistent with a previous study
with human OSCC cell lines (20). As HDAC inhibitors do not
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inhibit all HDAC isoforms to the same extent, they may be
grouped into pan HDAC inhibitors and class or iso-form selec-
tive HDAC inhibitors (27,28). The development of selective
HDAC inhibitors may be useful for effective chemotherapy.
Apicidin is primarily known as a class I selective HDAC
inhibitor; however, a number of studies have provided evidence
that apicidin also inhibited class I HDACs (10,29,30), and it is
possible that specific HDAC inhibition by apicidin may have
different effects depending on the cell or tissue type. To the
best of our knowledge, isoform selective HDAC inhibition in
apicidin treatment has not been previously reported in OSCC.
HDAC?2 was overexpressed in paraffin-embedded biopsies
from patients with OSCC and increased HDAC6 expression
was determined in tumor tissues, compared with normal oral
squamous tissues, in previous reports (31,32). In the results of
the present study, no notable changes were determined in the
levels of HDAC2 and HDACG6 expression by apicidin treatment
in AT-84 cells. A recent study evaluated that HDAC8 overex-
pressed in human OSCC tissues and cell lines, and inhibition
of HDACS, could be an effective therapeutic tool for OSCC (5).
The present results demonstrated that the level of HDACS
expression was upregulated in the control, and apicidin notably
inhibited HDACS expression in AT-84 cells. Although HDAC7
was also marginally reduced in the apicidin-treated AT-84 cells,
compared with the control, the basal level of HDAC7 expres-
sion in the control was reduced, compared with other HDACs
in AT-84 cells. Following these results, it was considered that
HDACS inhibition by apicidin is highly associated with the
recovery of histone acetylation and cell growth inhibition,
rather than HDACY7 inhibition, in AT-84 cells. It was confirmed
that HDAC8 was overexpressed in human and murine OSCC
cell lines and apicidin also notably inhibited HDACS expres-
sion in human OSCC cell lines (data not shown). Therefore, the
fact that apicidin inhibited HDACS may indicate that apicidin
could be an efficient tumor-targeted drug for OSCC.
Subsequently, cell death induction by apicidin was
examined in AT-84 cells. Apoptosis is the first identified
programmed cell death process and its contribution to
cancer research has been well documented (33). The present
results demonstrated that apicidin significantly induced
caspase-dependent apoptosis in AT-84 cells. Previous
studies indicated that apicidin treatment primarily promoted
apoptosis through an intrinsic caspase-dependent pathway in
a number of cancer cells, in a manner similar to the present
result (20,34). Autophagy, a key homeostatic process in which
cytosolic components are degraded and recycled through
lysosomes, has been identified as a novel programmed cell
death process. However, its role in cancer treatment remains
controversial (30,35). In the present study, formation of AVOs
increased LC3B-II and ATG7 expression, and degradation
of p62 indicated that apicidin notably induced autophagy in
AT-84 cells. Although autophagy is considered a cell death
mechanism, the current consensus is that the role of autophagy
in cell death is primarily protective (36). Apicidin induced
apoptosis and pro-survival autophagy in human OSCC cell
lines (20). Additionally, the inhibition of HDACS8 induced
autophagy as a protective function in human OSCC cells (5). In
the present study, it was demonstrated that autophagy caused
by apicidin may also have a protective effect on murine OSCC
cells, although further confirmation is required. Overall,
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these results indicated that apicidin has an anti-proliferative
effect and may induce apoptosis and autophagy in human and
murine OSCC cell lines.

The in vivo anti-proliferative activity of apicidin has been
reported in a number of cancer cell-derived tumor models, but, to
the best of our knowledge, the in vivo antitumor effect of apicidin
in OSCC has not been determined (10,12,37). Subsequently,
the antitumor effect of apicidin was evaluated using a tumor
allograft mouse model, due to the in vitro effects of apicidin
in OSCC cells. AT-84 cells induce OSCC in C3H mice, and
this animal model with AT-84 cells is a commonly preferred
syngeneic mouse model, which is realistic and efficient for oral
cancer experiments (38). The present results demonstrated that
apicidin notably inhibited AT-84 cell-derived tumor growth in
the animal model. Evaluation of cell proliferation in tissues of
experimental animals is essential for carcinogenesis and the
most common method to identify proliferating cells in tissue
sections is immunohistochemical detection of PCNA (39).
Elevated expression of PCNA has been observed in the buccal
tissues of a 7,12-dimethylbenz(a) anthracene-induced oral
cancer animal model (40). PCNA has been demonstrated to
be associated with the prognosis in a number of cancer types,
including oral cancer (41). This anti-proliferative activity was
confirmed by a significant decrease in PNCA expression in
the apicidin-treated group, compared with the vehicle-treated
control group. In the immunohistochemical examinations,
apicidin treatment increased the percentage of TUNEL-positive
apoptotic cells, and reduced the expression levels of LC3B and
p62, compared with the vehicle-treated control group. These
results indicated that apicidin induced apoptosis and autophagy
in tumor tissues, which is similar to the in vitro results. HDACs
are considered to localize in the nucleus, in order to regulate
gene transcription (42). Class | HDACsS are localized exclusively
in the nucleus, whereas class I HDACs are larger proteins that
are shuttled between the cytoplasm and the nucleus (43,44).
However, previous studies have indicated that the subcellular
localization of class I HDACs can be located within the nucleus
as well as within the cytoplasm, and translocalization of HDACs
may be associated with the transcriptional activity of these
HDACSs on histone or non-histone proteins (5,44,45). In the
present study, strong HDACS expression in AT-84 cell-derived
tumor tissues was observed in the nucleus and cytoplasm. In
particular, apicidin treatment significantly inhibited the level
of HDACS expression in the nuclear compartments of tumor
tissues, compared with the vehicle group. Consistent with this
result, in a number of cancer types, including esophageal squa-
mous cell carcinoma, the localization of HDACS in the nucleus
and cytoplasm has been detected (46). However, a previous study
demonstrated that overexpression of HDACS was primarily
observed in cytoplasmic compartments in human OSCC tissues
from patients (5). It was demonstrated that subcellular localiza-
tion of HDACS8 may be dynamically regulated depending on the
intended function or cellular condition, and further evaluation
of HDACS localization in OSCC is required. Overall, these
results indicated that apicidin effectively inhibited cancer cells
growth and HDACS8 expression, in vitro and in vivo, in murine
OSCC cells.

In conclusion, the present study demonstrated that the
HDAC inhibitor apicidin exhibits antitumor activity in vitro
and in vivo in murine OSCC, resulting in the inhibition of cell
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proliferation and the induction of apoptosis and autophagy.
Upregulated HDACS expression, a novel therapeutic target of
OSCC, was selectively inhibited by apicidin treatment in murine
OSCC. Collectively, these data may contribute to understanding
the antitumor mechanism of apicidin in OSCC and indicate the
potential of apicidin as a therapeutic agent against OSCC.
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