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Anticancer effects of the MHY218 novel hydroxamic acid-derived
histone deacetylase inhibitor in human ovarian cancer cells
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Abstract. To investigate the anticancer effects of the novel
hydroxamic acid-derived histone deacetylase (HDAC)
inhibitor MHY218, its efficacy was compared to that of
suberoylanilide hydroxamic acid (SAHA) in human ovarian
cancer cells. The anticancer effects of MHY218 on cell
viability, cell cycle regulation and apoptosis were investi-
gated. In addition, MHY218 or SAHA was administered for
28 days in a tumor carcinomatosis model with SKOV-3 cells.
MHY218 significantly reduced the expression of HDAC4
and HDAC7 in SKOV-3 cells. Similarly, MHY218 also
inhibited total HDAC, HDACI1, HDAC4 and HDAC7
enzyme activity in a concentration-dependent manner. The
anticancer effect of MHY218 (ICs,, 3.2 pM) was more potent
than SAHA (IC,, 3.9 M) in suppressing the SKOV-3 cell
viability. Moreover, MHY218 markedly increased expression
of p2 1WAFICIPI "wwhich acts as a cell cycle inhibitor. Cell cycle
analysis showed that the high dose (5 yM) of MHY218
significantly increased the proportion of cells in the G2/M
phase. In particular, MHY218 and SAHA significantly
increased the sub-G1 population and the number of TUNEL-
positive apoptotic cells compared with those in the untreated
control. These results were confirmed by analysis of poly-
ADP ribose polymerase (PARP), where MHY?218 and SAHA
increased the level of an 85-kDa fragment resulting from
PARP cleavage as well as caspase-3 activity. Likewise,
MHY218-induced apoptosis through caspase-3 activation
was confirmed by the increase in the release of cytochrome c
and Bax/Bcl-2 ratio. In an in vivo tumor carcinomatosis
model, the growth of transplanted SKOV-3 cells was inhibited
by 71% after treatment with MHY218 (10 mg/kg), whereas
SAHA (25 mg/kg) suppressed growth by 48%. These results
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indicate that MHY?218 is a potent HDAC inhibitor that
targets regulating multiple aspects of cancer cell death and
might have preclinical value in ovarian cancer chemotherapy,
warranting further investigation.

Introduction

Ovarian cancer had an incidence of 21,650 new cancer cases
and accounted for 15,520 deaths in 2008 in the USA (1).
Despite considerable efforts to improve early detection and
advances in chemotherapy, the high mortality rate of ovarian
cancer has markedly increased worldwide. In addition,
metastasis remains a major challenge in the clinical mana-
gement of ovarian cancer (2). There is an urgent need to
develop new strategies to treat ovarian cancer, the most
deadly gynecologic malignancy.

Histone deacetylase (HDAC) inhibitors are a promising
new class of anticancer agents that act through a variety of
mechanisms, including growth inhibition of cancer cells and
induction of cell cycle arrest, differentiation and apoptosis in
cancer cells (3-5). The precise mechanisms for the anticancer
activities of HDAC inhibitors may also involve histone
acetylation and deacetylation of amino groups of lysine
residues present in the tail of the core histones (6).
Deacetylation of histone protein is a major step in the
epigenetic regulation of cancer-related gene expression, and
alters the structure of chromatin (7.8).

Based on these findings, HDACs have become an
attractive target for cancer therapy, and efforts to develop
HDAC inhibitors as anticancer drugs have increased (9,10).
HDAC inhibitors can be divided into 4 classes including
hydroxamates, cyclic peptides, aliphatic acids and benzamides
(6). Among clinically relevant HDAC inhibitors, suberoyl-
anilide hydroxamic acid (SAHA) is the first potent inhibitor
of HDAC: to be approved for clinical use in cancer patients
with T-cell lymphoma (11,12). Although the mechanisms of
SAHA activity are not completely understood, it is clear that
SAHA induces cell death of transformed cells by altering the
transcription of expressed genes, causing growth arrest and
promoting caspase transcription of expressed genes, and
promoting caspase-dependent apoptotic cell death (13-15).

Recently, the anticancer effects of natural and synthetic
HDAC inhibitors have been studied against various cancer
cell lines and in vivo animal models (16-19). Among them,
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the newly designed hydroxamic acid-based HDAC inhibitor
is an attractive anticancer agent (12). In this study, MHY218
[N'-hydroxy-N?-(4-phenoxyphenyl)octanedianide] was
synthesized and it was a novel hydroxamic acid-based
HDAC inhibitor, possessing potent inhibitory activity against
HDAC enzyme (Fig. 1A).

In the present study, the antitumor efficacy of MHY218
compared with that of SAHA was evaluated in ovarian
cancer models in vitro and in vivo. The effects of MHY218
on the expression of various HDAC isoforms and on the
growth of ovarian cancer cells were examined. In addition,
the effects of MHY218 on cell cycle progression and
apoptosis were investigated, and possible molecular
mechanisms for these effects were explored. The effect of
MHY?218 on tumor growth in a carcinomatosis model was
also examined, confirming the functional significance of
these MHY?218-mediated effects.

Materials and methods

Chemicals. Unless otherwise stated, SAHA [cyclo(N-O-
methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-L-2-
amino-8-oxodecanoyl)] and all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The new HDAC
inhibitor MHY?218, was kindly provided by Professor Hyung
Ryong Moon (Pusan National University, Busan, Korea).
Trichostatin A (TsA), SAHA and MHY218 were dissolved in
sterile dimethyl sulfoxide (DMSO) to generate 10 mM stock
solutions. The solutions were stored at -80°C. Subsequent
dilutions were made in RPMI-1640 (Gibco, Rockville, MD,
USA).

Cell line and culture media. The SKOV-3 human ovarian
cancer cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). The cells were
maintained as monolayers at 37°C in an atmosphere con-
taining 5% CO,/air in RPMI-1640 (Gibco) containing 10%
heat-inactivated fetal bovine serum (FBS, Gibco), 1.25 mM
HEPES (Gibco) and 100 U/ml penicillin/streptomycin (Gibco).
For the MHY218 treatment, the cells were plated for 48 h in
RPMI-1640 containing 10% FBS. The medium was then
changed to RPMI-1640 containing 5% charcoal/dextran-treated
FBS (CD-FBS) with various concentrations of MHY?218.

HDAC activity assay. The HDAC enzyme activity was per-
formed using a fluorogenic HDAC assay kit purchased from
BPS Bioscience (San Diego, CA, USA) according to the
manufacturer's instructions. Briefly, HDAC enzymes were
incubated with vehicle or various concentrations of TsA,
SAHA, or MHY218 at 37°C for 30 min in the presence of an
HDAC fluorimetric substrate. The HDAC assay developer
(which produces a fluorophore in reaction mixture) was
added, and the fluorescence was measured using VICTOR 3
(Perkin-Elmer, Waltham, MA, USA) with excitation at 360 nm
and emission at 460 nm. The measured activities were
substracted by calculated using GraphPad Prism (GraphPad
software, San Diego, CA, USA).

Detection of cytotoxicity. Cell growth was quantified using
3-(4 ,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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Figure 1. Effects of MHY?218 on the expression of acetylated histone protein
and HDAC in SKOV-3 cells. (A) Chemical structures of HDAC inhibitors,
MHY218 and SAHA (B) SKOV-3 cells were treated with MHY218 and
SAHA at the indicated concentrations for 48 h. Total cell lysates were
prepared and the protein was subjected to SDS-PAGE followed by Western
blot analysis. Control cells were treated with vehicle alone. Representative
bands from three independent experiments are shown.

(MTT, 5 mg/ml) dissolved in phosphate-buffered saline (PBS).
The cultures were initiated in 96-well plates at a density of
1x10* cells per well. Cells were allowed to attach for 48 h
before exposure to SAHA and MHY?218. At the end of the
treatment period, 15 ul of MTT reagent were added to each
well. After 4 h incubation at 37°C, the supernatant was
aspirated, and formazan crystals were dissolved in 100 ul
DMSO at 37°C for 10 min with gentle agitation. The
absorbance per well was measured at 540 nm with a VERSA
Max micro-plate reader (Molecular Devices Corp.,
Sunnyvale, CA, USA).

Western blot analysis. The cells were washed twice with
PBS, suspended in lysis buffer [5S0 mM Tris (pH 8.0), 150 mM
NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40,
100 pg/ml phenylmethylsulfonyl fluoride, 2 ug/ml aprotinin,
1 ug/ml pepstatin, and 10 ug/ml leupeptin], and placed on ice
for 30 min. The suspension was centrifuged at 15,000 x g for
15 min at 4°C, and the supernatant was collected. The protein
concentrations were quantified using the Bio-Rad protein
assay reagent (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer's protocol. The protein was
resolved on 8-12% SDS-polyacrylamide gel, transferred to
polyvinylidene difluoride (PVDF) membrane (NEN Life
Science, Boston, MA, USA) and probed with antibodies
against acetylated H3 and H4 (Upstate, Lake Placid, NY,
USA), histone H1 (Upstate), HDAC1 (Cell Signaling, MA,
USA), HDAC2 (Cell Signaling), HDAC3 (Cell Signaling),
HDAC4 (Cell Signaling), HDAC7 (Cell Signaling),
p2 IWAFICIPT (Cell Signaling) or B-actin antibody (Sigma). The
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Figure 2. Effect of MHY218 on HDAC enzyme activity. The HDAC enzyme activity was measured in nuclear extract from HeLa cell using a fluorometric
HDAC activity assay kit. Data are expressed as mean = SEM of three independent experiments.

blots were developed using an enhanced chemiluminescence
(ECL) kit (Amersham, Cardiff, UK).

Cell cycle and sub-G1 analysis. Cell cycle and sub-Gl
distribution were determined by staining DNA with propidium
iodide (PI). SKOV-3 cells were treated with the indicated
concentrations of MHY218 (0, 1, 2.5 or 5 uM) and SAHA
(5 uM) for 24 h. Cells were harvested in trypsin, fixed in
70% ethanol for 1 h, washed twice with PBS and resus-
pended in the PI/RNase A solution for 30 min. The DNA
content was detected by a FACScan flow cytometry (Becton-
Dickinson, San Jose, CA, USA). Data analysis was performed
with CellQuest software (BD Biosciences).

TUNEL assay. SKOV-3 cells were grown on coverslips at a
density of 5x10* cells per well in a 24-well plate. After the
MHY218 and SAHA treatment for 48 h, apoptosis was
detected using an ApopTag fluorescein in situ apoptosis
detection kit (Chemicon International, Temecula, CA, USA)
and PI staining. The cells were observed using confocal laser
scanning microscopy (TCS SP2, Leica, Wetzler, Germany).
To determine TUNEL expression, the number of apoptotic
events was counted in ten random fields and divided that
number by the total number of cells per field.

Caspase activity assay. The cultures were initiated in 6-well
plates at a density of 1x10° cells per well. The cells were
allowed to attach for 48 h and then exposed to MHY218 or
SAHA for 48 h. The caspase-3 and caspase-8 activities in
the cell lysate were determined using colorimetric assay kits
(Biovision, CA, USA). Cell lysate (50 pl) (cytosolic extracts,
100 pg) was incubated in 50 p1 of 2X reaction buffer and 2 ul

of the substrates (DEVD-pNA for caspase-3 and IETD-pNA
for caspase-8) at 37°C for 2 h. After incubation, the chromo-
phores were quantified spectrophotometrically at a wavelength
of 405 nm (20).

In vivo carcinomatosis model. Six-week-old female nude
mice (BALB-c nu/nu, Charles River Lab. Inc., Wilmington,
MA, USA) were housed under controlled temperature
(22+£2°C) and lighting (12 h light/dark cycle) conditions in
filtered-air laminar-flow cabinets and manipulated using
aseptic procedures. Prior to experimentation, all animal
procedures were approved by the Experimental Animal Care
Commission, Pusan National University (Busan, Korea). A
cell suspension of SKOV-3 cells was injected intraperi-
toneally (i.p.) into 5 nude mice (1x107 cells per animal) in
each experimental group. The treatment regimens began the
day after tumor inoculation and continued for 28 days. This
model corresponds to remission cases after the primary
treatment of patients with stage III ovarian cancer (21).
MHY218 (10 mg/kg) and SAHA (25 mg/kg) were admi-
nistered i.p. with twice a week to the nude mice for 28 days,
and the control mice were administered DMSO in the same
manner. The body weights were recorded before dosing. The
mice were sacrificed at the end of the treatment period. The
tumor tissue was collected, weighed and frozen in liquid
nitrogen, and stored at -80°C until needed.

Statistical analysis. All data are represented as the mean +
SEM. A paired Student's t-test was used to determine the
statistical significance. "p<0.05 or “p<0.01 were considered
significant.
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Figure 3. Effect of MHY?218 on cytotoxicity of SKOV-3 cells. SKOV-3 cells were treated with the indicated concentrations of MHY218 and SAHA for 48 h.
(A) Data are expressed as mean = SEM. (B) Morphologic changes in SKOV-3 cells treated with MHY218 and SAHA. SKOV-3 cells treated with vehicle
control (left), 5 uM MHY218 (middle), or 5 uM SAHA (right) for 24 h. Original magnification, x100.
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Figure 4. Effect of SAHA and MHY218 on cell cycle of SKOV-3 cells as
analyzed by flow cytometry. (A) SKOV-3 cells were treated with the
indicated concentrations of MHY218 for 24 h. Cells were stained with
propidium iodine (PI) and subjected to flow cytometry analysis to determine
the cell distribution in each phase of the cell cycle. The data are expressed as
the mean + SEM of two independent experiments. “p<0.05 by an ANOVA
test compared with the control group. (B) Effect of MHY218 on the expres-
sion of p21WAFVCIPL jn SKOV-3 cells. Cells were treated with MHY218 for
24 h. Total cell lysates were prepared and the protein was subjected to SDS-
PAGE, Western blot analysis and chemiluminescent detection. Western blot
analysis was performed with antibodies to p21WAFVCIPl and B-actin. The
protein levels were normalized to B-actin levels. Representative bands of
three independent experiments are shown.

Results

MHY218 inhibited HDAC expression and enzyme activity.
The effect of MHY218 on the level of acetylated histone
protein in the SKOV-3 cells was examined by Western blot
analysis using the specific antibodies against acetylated H3
and H4. MHY?218 and SAHA treatment at 5 yM significantly
increased the levels of acetylated H3 and H4 in the SKOV-3
cells (Fig. 1B). Western blotting using specific HDAC sub-
type antibodies was performed to further analyze the expres-
sion of the specific HDAC subtypes after MHY?218 treatment.
The levels of HDAC4 and HDACT7 protein expression were
down-regulated by MHY218 treatment in SKOV-3 cells
(Fig. 1B).

The effect of MHY218 and SAHA on total HDAC,
HDACI1, HDAC4 and HDAC7 enzyme activity was next com-
pared. As shown in Fig. 2A, MHY?218 potently inhibited the
total HDAC enzyme activity, and the 1Cs, value (0.468 pM)
of MHY218 was lower than that of SAHA. MHY218 also
markedly inhibited HDAC1 and HDAC7 enzyme activity
and the ICs, values of MHY218 were lower than those of
SAHA used as a positive control (Fig. 2B and D).

MHY?218 inhibited the proliferation of SKOV-3 cells. The
antiproliferative effect of MHY218 on ovarian cancer cells
was determined by MTT assay, and the results are shown in
Fig. 3A. MHY218 inhibited the proliferation of SKOV-3
cells in a dose-dependent manner, and a significant
decrease in cell proliferation was observed at the lowest
concentrations (1-5 yM) after 48 h treatment. From these
results, the 1C;, values of MHY218 and SAHA were
calculated as 3.2 and 3.9 uM, respectively. It is noteworthy
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Figure 5. Apoptosis analysis in SKOV-3 cells. (A) Apoptotic sub-G1 proportion by flow cytometry. Cells stained with propidium iodine (PI) and sub-G1
DNA contents were evaluated by flow cytometric analysis. (B) TUNEL assay for apoptotic cells. SKOV-3 cells were grown on coverslips at a density of
5x10* cells per well in a 24-well plate. After MHY218 and SAHA treatment, apoptosis was detected using an ApopTag fluorescein in situ apoptosis detection
kit, and the cells were observed using confocal laser scanning. The magnification is x200. (C) Apoptotic cells numbers. The number of apoptotic cells were
counted in ten random fields at x200 magnification and divided by the total number of cells per field. The data are reported as mean + SEM of two

independent experiments. “‘p<0.05; “*p<0.01 as determined by ANOVA test.

that although neither agent showed a sizeable inhibition of
cell proliferation at 24 h of treatment, morphologic changes
were evident. As shown in Fig. 3B, SKOV-3 cells treated
with 5 yuM MHY218 transformed the typical epithelial
morphology to a more spindle-shaped morphology (middle).
MHY?218-treated cells seemed to be severely contracted with
diminished cell-to-cell contacts and long spine-like processes.
Similar morphologic changes were also observed in SKOV-3
cells treated with 5 M SAHA, although to a lesser extent
(right). These findings indicate a clear effect of MHY218
treatment on SKOV-3 cells, preceding the observable effects
on cell viability and/or apoptosis.

MHY21S8 increased the cellular proportion in the G2/M
phase. The effect of MHY218 on the cell cycle progression
of SKOV-3 cells was examined by flow cytometry analysis.
SKOV-3 cells were treated with up to 5 yuM MHY218 for
48 h, and MHY218 induced significant accumulation in the
G2/M phase of cell cycle and a concomitant decrease in the

percentage of cells in the S phase (Fig. 4A). A total of 8% of
the untreated SKOV-3 cells were in G2/M phase compared
with 22.9% of cells cultured with 5 uM MHY218. The
effect of MHY218 on the expression of cell cycle-regulated
proteins was further examined by Western blot analysis. As
shown in Fig. 4B, MHY218 markedly increased the level of
p21WAFICIPT Krotein in a concentration-dependent manner.
Therefore, MHY218 induced G2/M phase cell cycle arrest by
increasing the level of p21WAFVCIPL protein.

Induction of apoptosis by MHY218 in SKOV-3 cells. We
next assessed whether the growth inhibitory effect of
MHY218 was related to the induction of apoptosis. As
shown in Fig. 5A, an increase of sub-G1 population resulting
from DNA fragmentation was observed in a concentration-
dependent pattern. We used the Apotag (TUNEL) assay to
confirm apoptotic cells by confocal microscopy. MHY218
significantly increased the number of TUNEL-positive
apoptotic cells compared with untreated control (Fig. 5B). As
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Figure 6. Effect of MHY?218 on the apoptosis-related protein expression in SKOV-3 cells. (A) Immunoblot analysis of PARP, Bcl-2, Bax and cytochrome ¢
protein levels. The SKOV-3 cells were treated with the indicated concentrations of MHY218 for 48 h. Total cell lysates were prepared and subjected to SDS-
PAGE followed by Western blot analysis and chemiluminescent detection. Western blot analysis was performed using antibodies against PARP protein, Bcl-2,
Bax and cytochrome c. Representative bands from three independent experiments are shown. (B) The ratio of Bax to Bcl-2 protein expression was determined
from five separate experiments by comparing the relative intensities of protein bands. Data are presented as the mean + SEM values of Bcl-2/Bax ratio.
“p<0.05; *p<0.01 as determined by Student's t-test. (C) MHY218 activates caspase-3 in SKOV-3 cells. Cells were treated with the indicated concentrations of
MHY218 for 48 h. Cytosolic extracts of cells were prepared, and caspase activity was determined using Colorimetric Assay Kit. Results represent the mean +
SEM of two independent experiments. “p<0.05 as determined by an ANOVA test difference compared with the control group.

shown in Fig. 5C, an increase of sub-G1 population resulting
from apoptotic cells number was significantly increased in a
concentration-dependent pattern. The expression of apoptosis-
related proteins was next examined. Treatment of SKOV-3
cells with MHY218 for 48 h induced marked cleavage of
PARP (85 kDa), a known endogenous substrate for caspases,
which are aspartate-specific cysteine proteases that play
critical roles in apoptosis. Western blotting revealed that
MHY218 induced cytoplasmic release of cytochrome c in
SKOV-3 cells (Fig. 6A). The expression levels of the Bcl-2
family genes were measured to assess the apoptotic mecha-
nism in cancer cells. MHY218 caused clear up-regulation of
the pro-apoptotic gene, Bax (Fig. 6A). Densitometry analysis
was next performed to determine the Bax/Bcl-2 ratio. MHY218
treatment is associated with concentration-dependent
increases in the Bax/Bcl-2 ratio (Fig. 6B). Since PARP
cleavage was observed in MHY218-treated cells, caspase-3
and -8 activities were next examined by using a chromogenic
substrates specific to each of these enzymes. The activity of
caspase-3 was increased by 250% in 5.0 yM MHY218-
treated cells compared with control (Fig. 6C). In addition,
caspase-8 activity also significantly increased in SKOV-3
cells by MHY218 treatment, but this activity was lower
than caspase-3 activity (Fig. 6D). These data indicate that
MHY?218 induced apoptosis by activating caspase-3, which
cleaved PARP.

Tumor burden in SKOV-3 cell carcinomatosis model. The
effect of MHY218 on the growth of ovarian cancer cells
in vivo was examined using an ovarian cancer cell carcino-
matosis model as previously described (22,23). The SKOV-3
cell-inoculated mice were administered with either MHY218
or vehicle twice a week for a 28-day period, and were sacri-
ficed 30-day after cancer cell inoculation. At postmortem
examination, the vehicle-treated controls had tumors in their
entire peritoneal cavity, particularly on the surface of the
peritoneum and intestines (Fig. 7A). However, MHY218
treated mice had much fewer disseminated tumors. Treat-
ment of mice with MHY?218 significantly reduced the tumor
burden by 71% relative to the vehicle-treated controls (Fig. 7B).
MHY218 did not affect the changes in body weight (data not
shown). These results suggest that MHY218 has antitumor
effects against SKOV-3 cells in vivo.

To confirm the histone acetylating effect of MHY218
treatment, the levels of acetylated H3 and H4 expression in
SKOV-3 cell tumor tissue were measured by Western blot
analysis. As shown in Fig. 7C, the tumors treated with
MHY218 exhibited up-regulation of acetylated H3 and H4
expression compared to those in the vehicle-treated controls.
The inhibitory effect of MHY218 on the specific HDAC
isoforms in tumor tissue was next investigated. The levels
of HDAC1, HDAC2 and HDAC4 expression were down-
regulated in the MHY218-treated tumor tissues. The relative
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Figure 7. Effect of MHY218 on intraperitoneal SKOV-3 cell tumor burden. (A) Athymic mice inoculated with SKOV-3 cells and (B) tumor burden weight.
Representative athymic mice inoculated with SKOV-3 cells intraperitoneally (i.p.) treated with and without MHY218 and SAHA. a, vehicle-treated control
mouse; b, MHY218-treated mouse; ¢, SAHA-treated mouse. Histological findings of the peritoneal cavities of mice treated with SAHA, MHY218 and the
sham control. Arrows indicate the tumor. (B) The tumor burden weight data are reported as the mean + SEM of five animals. "p<0.05 as determined by a
Student's t-test, compared with the control group. (C and D) Western blot analysis of acetylated H3, H4, and HDAC in the homogenates of three
representative SKOV-3 tumors from each treatment group and their respective final volumes. The data are reported as the mean + SEM of three independent

experiments.

expression levels of HDAC1 and HDAC4 were decreased
0.65- and 0.59-fold compared to those in the vehicle-treated
controls, respectively (Fig. 7D). This shows that the
inhibitory effect of tumor growth correlates with the
inhibition of class I HDAC expression in vivo.

Discussion

HDAC is recognized as one of the promising targets for
cancer treatment and many HDAC inhibitors have entered
clinical trials for various types of human cancers (6,24,25).
In this study, the anticancer efficacy of MHY218 was
examined against human ovarian cancer cells in vitro and
in vivo. Our findings show that MHY218 exhibits a broad
spectrum of antitumor activities at low submicromolar
concentrations, including not only HDAC modulation but
also the regulation of apoptotic cell death at multiple levels,
such as cell cycle regulation and caspase activation.
Furthermore, our findings show here that MHY218 is a
potent inhibitor of ovarian cancer cell viability and induces a
greater apoptotic response than SAHA.

MHY218 induced the accumulation of acetylated H3 and
H4 proteins, which caused the transcriptional modulation of
specific programmed genes and inhibited the activity of
HDACI1, HDAC4 and HDAC7 in SKOV-3 cells. Most
HDAC inhibitors do not selectively inhibit individual HDAC

isoenzymes, but rather inhibit several HDACs simulta-
neously (26). The target specificity of these HDAC inhibitors
remains unclear but it may be related to the significant over-
expression of HDAC observed in cancer cells. Moreover,
up-regulated expression of HDAC1 and HDAC?2 has been
demonstrated in human cancers (27,28). HDAC4, HDACS8
and HDACY are more highly expressed to greater extent in
tumor tissues and are specifically involved in differentiation
(29,30). It has been also reported that HDACI is highly
expressed in prostate, gastric, colon and breast tumors
(31) and HDACS6 acts as a downstream effector of estrogen
signaling in breast cancer (25). However, the individual
functions of the different isozymes on apoptotic cell death of
the HDAC subfamily are unclear. Therefore, it is essential to
identify the differences in HDAC functions to develop better
target and tailor specific drugs (25,32). Huang et al (33)
found that SAHA (4 yM) resulted in 20% apoptotic nuclei at
48 h treatment. Additionally, cell cycle and apoptosis were
reported to be associated with up-regulation of the cyclin-
dependent kinase inhibitor p21WAFVCIPL yig g p53-dependent
mechanism. Our previous study demonstrated that MHY?218,
a novel hydroxamic acid-based HDAC inhibitor, possessed a
potent antiproliferative activity against multiple cancer cell
lines (unpublished data). However, there are no reports on
the anticancer effects of MHY218 in human ovarian cancer
cells.
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Figure 8. Probable molecular mechanism on the antitumor effect of MHY?218.
MHY218-induced cell cycle arrest was associated with an induction of
p21WAFICIPL MHY?218 induces caspase-mediated apoptosis by cytochrome ¢
release and Bcl-2 down-regulation. MHY218 increased the ratio of Bax/
Bcl-2 and increased the release of cytochrome ¢ to cytosol. Up-regulation of
caspase-3 was accompanied by the cleavage of PARP.

Increasing evidence shows that HDAC inhibitors decrease
cancer cell proliferation by inducing cell cycle arrest in G1
and/or G2/M phase (34,35). For example, SAHA induced G1
or G2 phase arrest in various cancer cells (13,36,37). Con-
sistent with these reports, MHY218 induced cell cycle arrest
at G2/M phase in SKOV-3 cells, suggesting that MHY218
inhibited cell proliferation. Likewise, G2/M cell cycle arrest
was also induced by SAHA in SKOV-3 cells. This may be
associated with a decreased level of cyclin B1 as well as an
increased p21WAFICIPl expression. Although p21WAFVCIPL jg
commonly associated with the G1 check point, its association
with G2/M cell cycle arrest has been also demonstrated (38).
The sub-G1 population (late apoptotic cells) increased in the
SKOV-3 cells cultured with SAHA and MHY218 compared
with controls, suggesting that SAHA and MHY218 induced
apoptosis.

It was reported that the CDK inhibitors, p16™NK4, p2 [ WAFI/CIPI
and p27%’P! are important regulators of the cyclin/CDK
complexes. Moreover, these genes are the target molecules
most commonly induced by HDAC inhibitors, such as TsA,
SAHA and apicidin (39-41). Recent studies have demon-
strated that the HDAC inhibitor-mediated induction of
P21 WAFICIPL 5 the result of increased H3 and H4 acetylation
associated with the p21WAFUCIPI gene promoter (42,43).
Therefore, this study measured the levels of p21WAFI/CIPI
expression to examine the effect of MHY218 on the ovarian
cancer cell cycle. The result suggests that MHY218 activates
p21WAFICIPL expression, leading to cell cycle arrest. These
results are similar to a previous report showing that p21WAFI/CIP!
is one of the genes induced by various types of HDAC inhi-
bitors (41,43). The data indicate that MHY218 significantly
increases the number of apoptotic cells, which may be
associated with an increase in the levels of p21WAFVCIPL gnd
cell cycle arrest at the G2/M phase. Bolden et al (26) reported
that the treatment of endometrial cancer cells with HDAC
inhibitors decreased the proportion of cells in the S phase and
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increased the proportion of cells in the GO/G1 and/or G2/M
phases. Moreover, the level of cell cycle arrest correlated with
the increase in p21WAFVCIPl expression. There is accumulating
evidence suggesting that p21WAFUCIPL expression is closely
related to the differentiation or apoptosis of cancer cells
(44 .45), indicating its high potential as a target for cancer
chemotherapy.

Bcl-2/Bax and caspase proteases are reportedly involved
in regulating HDAC inhibitor-induced apoptosis (22,46,47).
Moreover, it was shown that apoptosis can be abrogated
by overexpression of antiapoptotic Bcl-2, which is down-
regulated by HDAC inhibitors (27,44). In this study, TUNEL
assays were used to examine apoptotic cell death in order to
determine the pathway triggered by MHY218. The assays
revealed typical features of apoptosis in MHY218-treated
SKOV-3 cells. The HDAC inhibitor-induced apoptotic path-
ways appear to be initiated by an internal, mitochondrial
pathway. For example, the HDAC inhibitor sulforaphane
down-regulates Bcl-2, causes the release of cytochrome c
from the mitochondria to the cytosol, and activates caspase-9,
caspase-3 and PARP cleavage (33).

Previous data show that caspase-3 may be the key enzyme
that mediates HDAC inhibitor-induced apoptosis (25,29).
The activation of caspase-3 protease was accompanied by
PARP (116 kDa) cleavage into an 85-kDa C-terminal
fragment and a 28-kDa N-terminal fragment. These results
showed increased caspase-3 activation during apicidin-
induced apoptosis, which was confirmed by examining
poly(ADP-ribose) polymerase (PARP), a known endogenous
substrate for caspase-3. Furthermore, it was found that the
expression of anti-apoptotic Bcl-2 is clearly down-regulated,
while pro-apoptotic Bax expression is up-regulated. In
addition, Bax and Bcl-2 may disrupt the mitochondrial mem-
brane permeability and modulate the release of cytochrome c.
There is evidence suggesting that mitochondrial cytochrome c
has dual functions in controlling both cellular energy
metabolism and apoptosis. Once released from the mito-
chondria, cytochrome ¢, which interacts with apoptotic
protease-activating factors (Apaf), activates the execution of
caspases that subsequently lead to apoptosis (29). Based on
these results, the expression levels of Bcl-2 family genes
were measured to determine the apoptotic pathway induced
by MHY218 in SKOV-3 cells. Overall, MHY218 treatment
significantly increased the Bax/Bcl-2 ratio in a concentration-
dependent manner.

The therapeutic efficacy of HDAC inhibitors was tested
in tumor xenograft models. Hydroxamic acid-type HDAC
inhibitors reduced the tumor burden of experimental mam-
mary, prostate, ovarian, colon and skin cancers (28,29 45).
Similar to previous studies, our data showed that MHY218
inhibits ovarian cancer tumor growth in an in vivo model.
Compared with SAHA, MHY218 exhibited greater antipro-
liferative activity in human ovarian cancer cell lines in vitro.
The greater potency of MHY218 to induce apoptosis, as
evidenced by cytochrome c release, activation of caspase 3
and PARP cleavage, seemed to underlie this higher antitumor
efficacy (Fig. 8). The correlation between the differential
modulation of apoptotic signaling targets and in vitro anti-
tumor activities of MHY218 and SAHA was mirrored in our
in vivo study, in which MHY218 exhibited greater potency
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than SAHA in suppressing established SKOV-3 xenograft
tumor growth.

In conclusion, these results show that the novel

hydroxamic acid-derived HDAC inhibitor MHY218, is a
potent inhibitor of HDAC that targets regulating multiple
aspects of cancer cell survival including mitochondrial
integrity and caspase activity. This broad spectrum of activity
underlies the more potent apoptogenic and antitumor
activities of MHY218 in vitro and in vivo relative to SAHA,
and suggests its viability as part of a therapeutic strategy for
ovarian cancer.
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