MOLECULAR MEDICINE REPORTS 8: 195-200, 2013

A248, a novel synthetic HDAC inhibitor, induces apoptosis
through the inhibition of specificity protein 1 and its
downstream proteins in human prostate cancer cells
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Abstract. Histone deacetylase (HDAC) inhibitors are
emerging as potent anticancer agents due to their ability to
induce apoptosis in various cancer cells, including prostate
cancer cells. In the present study, we synthesized a novel
HDAC inhibitor, A248, and investigated its apoptotic activity
and molecular target in the DU145 and PC3 human prostate
cancer cell lines. A248 inhibited the growth of DU145 and
PC3 cells and induced apoptosis, as demonstrated by nuclear
fragmentation and the accumulation of cells at subGl phase
of cell cycle. The treatment of DU145 and PC3 prostate
cancer cells with A248 resulted in the downregulation of
specificity protein 1 (Spl) expression. Since the expression
levels of survivin and Mcl-1 depend on Spl, we also inves-
tigated the effects of A248 on survivin and Mcl-1 expression
using western blot analysis and immunocytochemistry. The
results showed that A248 markedly decreased the expression
of survivin and Mcl-1. These data suggest that A248 has
apoptotic activity in human prostate cancer cells and that Spl
may be the molecular target of A248 treatment for inducing
apoptosis in prostate cancer cells.
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Introduction

Prostate cancer is the most common type of cancer and the
third leading cause of cancer-related mortalities in males
worldwide, according to the World Cancer Report 2003 (1).
Conventional management of prostate cancer includes surgery,
radiotherapy and androgen deprivation (2). Adjuvant hormone
therapy following radiotherapy or surgery is a treatment option
frequently offered to males with localized or locally advanced
prostate cancer. In males with metastatic androgen-dependent
prostate cancer, androgen blockade is the most frequently used
treatment. The above-mentioned treatments may be effec-
tive and have the potential to provide a high life expectancy
by inducing tumor suppression (3). However, patients who
initially respond to these therapies often develop a refractory
aggressive androgen-independent cancer (4). Therefore, new
treatments for prostate cancer patients are required, particu-
larly for patients with androgen-independent cancer.

Based on clinical and pre-clinical studies, the concept of
molecular targeting is becoming increasingly promising as a
tool to treat prostate cancer. Specificity protein 1 (Spl) is a
sequence-specific transcription factor that binds to the GC box
and activates a host of viral and cellular genes. The overex-
pression or higher binding activity of Spl has been found in
various types of human cancer, including pancreatic, breast,
gastric, thyroid and prostate cancer (5). Several studies have
also reported that the overexpression of Spl increases its ability
to upregulate vascular endothelial growth factor (VEGF) and
survivin (5,6). Our previous studies have demonstrated that
Spl protein is significantly overexpressed in prostate cancer
cells, and that the inhibition of Spl protein potently induces
apoptosis through the downregulation of survivin and Mcl-1
proteins (7,8).

HDAC inhibitors are a class of agents that function via
blocking histone deacetylation, thereby modifying chromatin
structure and gene transcription (9). According to various
studies, HDAC inhibitors are potent anticancer agents that
induce cell growth arrest, differentiation and apoptosis in
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human bladder, breast, prostate, lung, ovary and colon cancer
and acute myelogenous leukemia (10). Several clinical trials,
particularly for cancer therapies, are currently being carried
out to examine the therapeutic benefits of HDAC inhibitors.
It has recently been demonstrated that HDAC inhibitors
markedly reduce prostate cancer growth and metastatic
dissemination (11). The HDAC inhibitor Vorinostat (suber-
oylanilde hydroxamic acid, SAHA) has been approved for the
treatment of breast cancer. Additionally, HDAC inhibitors,
including TSA, FK228 and LBH589, are also used as anti-
cancer agents (12).

Therefore, the aim of the present study was to investigate
the cytotoxic activity and molecular target of A248, a newly
synthesized HDAC inhibitor, in androgen-independent human
prostate cancer cell lines.

Materials and methods

Reagents. Spl and fP-actin antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Mcl-1 and survivin antibodies were obtained from
Cell Signaling Technology, Inc. (Danvers, MA, USA).
4'-6-Diamidino-2-phenylindole (DAPI) and propidium iodide
(PI) were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Mcl-1 and survivin antibodies used for immunocytochemistry
were purchased from Abcam (Cambridge, MA, USA). IgG
antibody was purchased from BD Pharmingen (Franklin
Lakes, NJ, USA). A248 was synthesized by the Gachon
Institute of Pharmaceutical Sciences, Gachon University
(Incheon, Republic of Korea).

Cell culture and chemical treatment. DU145 and PC3 cells
were kindly provided by Professor Hwan Mook Kim and
were maintained in RPMI-1640 medium containing 10% fetal
bovine serum (FBS) and 100 U/ml penicillin and streptomycin
in a 5% CO, atmosphere. Equal numbers of cells were seeded
and allowed to attach to the cell culture dishes or plates. When
50-60% confluence was reached, DU145 and PC3 cells were
treated with DMSO or various concentrations of A248 (1,
2 and 4 uM) for 72 h. A248 was dissolved in 0.1% DMSO
(vehicle control).

MTS assay. The effect of A248 on cell viability was evalu-
ated using the CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI, USA).
DU145 and PC3 cells were seeded in 96-well plates and
incubated with various concentrations of A248 for 24, 48, and
72 h. Following treatment, 3-(4,5-dimethylthiazol-2-yl)-5(3-
carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetra zolium
(MTS) solution was added to each well (30 xl) and incubated
at 37°C. The absorbance was measured at 490 nm using an
ELISA reader (Bio-Tek Instruments, Inc., Madison, WI,
USA). The data were expressed as the percentage cell viability
compared with that of control cells.

FACS analysis for sub-G1 DNA determination. The effect
of A248 on the cell cycle was investigated by FACS analysis.
For PI staining, the cells were seeded in 60-mm? dishes.
After attachment, DU145 and PC3 cells were treated with
various concentrations of A248 for 72 h. Following treatment,
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floating and attached cells were harvested, washed with phos-
phate-buffered saline (PBS) and fixed in ice-cold 70% ethanol.
The cells were then washed with PBS and suspended in PI
(0.02 mg/ml in PBS). All the measurements were performed
in triplicate and results were expressed as a fold induction with
respect to DMSO-treated cells.

DAPI staining. Apoptosis was determined morphologically
using the fluorescent nuclear dye, DAPI. Following treatment
with A248 for 72 h, DU145 and PC3 cells were harvested by
trypsinization and fixed in 100% ethanol overnight at -20°C.
The following day, the cells were stained with DAPI (2 mg/ml
in PBS), deposited onto slides and observed using a fluores-
cence microscope to detect apoptotic characteristics.

Western blot analysis. DU145 and PC3 cells were seeded in
60-mm? dishes and treated with DMSO or A248. Whole-cell
lysates were extracted with lysis buffer and protein concen-
trations were measured using a DC Protein Assay (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Samples containing
equal amounts of protein were separated by SDS-PAGE
and then transferred to Immun-Blot™ PVDF membranes
(Bio-Rad Laboratories, Inc.). The membranes were blocked
with 5% skim milk in TBST at room temperature (RT) for 1 h
and were then incubated with the primary antibodies overnight
at 4°C, followed by incubation with the horseradish peroxidase
(HRP)-conjugated secondary antibodies for 90 min at RT.
Antibody-bound proteins were detected using ECL Western
Blotting Luminol reagent (Santa Cruz Biotechnology, Inc.)
and then exposed to film.

Immunocytochemical analysis. Cells were seeded on 6-well
tissue culture plates. The cells were incubated for 72 h
with A248 and fixed and permeabilized with a fixation and
permeabilization solution (BD Biosciences, Franklin Lakes,
NJ, USA) for 30 min. The cells were then blocked with 1%
bovine serum albumin (BSA) and incubated with the indicated
antibodies at 4°C. Subsequently, the cells were exposed to the
FITC-conjugated secondary antibodies for 2 h at RT and were
covered with aluminum foil and were visualized using a fluo-
rescence microscope equipped with the appropriate filters for
DAPI and FITC dyes.

Statistical analysis. Statistical analyses of the experimental
data were performed using a two-sided Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

A248 inhibits cell viability of DUI45 and PC3 human pros-
tate cancer cells. To investigate the effect of A248 on the cell
viability of DUI145 and PC3 prostate cancer cells, an MTS
assay was initially performed. The cell viability of both cell
lines was shown to be significantly decreased by A248 in a
concentration- and time-dependent manner (Fig. 1).

A248 induces apoptosis in DUI45 and PC3 cells. We then
examined whether A248 inhibits cell viability through
inducing apoptosis. Cells treated with A248 for 72 h were
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Figure 1. A248 inhibits the cell growth of DU145 and PC3 cells. The cells were seeded and treated with DMSO (vehicle control) or various concentrations of
A248 for 24, 48 and 72 h. Following treatment, the cells were analyzed using an MTS assay, as described in Materials and methods. The experiments were
performed in triplicate and results are expressed as the mean + SD. "P<0.05 compared with the DMSO-treated group. MTS, 3-(4,5-dimethylthiazol-2-yl)-

5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetra zolium.
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Figure 2. A248 induces apoptosis in DU145 and PC3 cells. The cells were treated with DMSO (vehicle control) or various concentrations of A248 for 72 h.
The cells were then harvested and prepared for DAPI staining and flow cytometric analysis, as described in Materials and methods. (A) DNA fragmentation
and nuclear condensation were observed by fluorescence microscopy. (B) The sub-Gl1 cell population was determined by PI staining and flow cytometric
analysis, and the accumulation of cells in the sub-G1 phase of the cell cycle (as a percentage of the controls) was quantified. The experiments were performed in
triplicate and results are expressed as the mean + SD. “P<0.05 compared with the DMSO (vehicle control)-treated cells. DAPI, 4'-6-diamidino-2-phenylindole;

PI, propidium iodide.

stained by DAPI solution, and staining was observed using
a fluorescence microscope. The results showed that A248
significantly induced nuclei condensation and fragmentation
in DU145 and PC3 cells compared with the DMSO (vehicle
control)-treated cells (Fig. 2A). We also determined the cell
population in the sub-GI1 phase of the cell cycle using PI
staining in both cell lines. A248 caused an accumulation of
cells in the sub-Gl phase of the cell cycle in DU145 and PC3

cells (Fig. 2B). These results suggest that apoptotic cell death
may contribute to the growth-inhibitory effect of A248 in
DU145 and PC3 cells.

A248 inhibits Spl protein expression in DUI45 and PC3
cells. To determine the mechanism underlying A248-induced
apoptosis, we examined whether A248 affects the expression
of Spl protein in DU145 and PC3 cells. A248 was shown
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Figure 3. A248 inhibits Spl expression in DU145 and PC3 cells. (A) Cells were treated with the indicated concentrations of A248 for 72 h, and alterations in
Spl protein expression were detected by western blot analysis. (B) The cells were treated with 4 zM A248 for the indicated periods of time, and the cell lysates
were then detected by Spl staining. B-actin expression was used as an internal loading control. (C) DU145 cells were treated with 4 yM A248 for 72 h and

immunostained with IgG or Spl antibodies. DAPI, 4’-6-diamidino-2-phenylindole; Spl, specificity protein 1.
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to significantly decrease Spl protein in a concentration- and
time-dependent manner as determined by western blot anal-
ysis (Fig. 3A and B). The expression level of Spl protein in
DU145 cells was also determined using immunocytochem-
ical analysis. The results showed that Spl immunostaining
was observed in DU145 cells treated with DMSO (vehicle
control); however, A248 significantly decreased Spl staining
(Fig. 3C).

Mer(‘e

Figure 4. A248 inhibits survivin and Mcl-1 expression through Spl downregulation in DU145 and PC3 cells. (A) Cells were treated with the indicated
concentrations of A248 for 72 h, and survivin and Mcl-1 proteins were detected by western blot analysis. f-actin expression was used as an internal loading
control. (B) DU145 cells were treated with 4 uM of A248 for 72 h and immunostained with IgG or survivin and Mcl-1 antibodies. DAPI, 4’-6-diamidino-
2-phenylindole; Spl, specificity protein 1.
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A248 inhibits survivin and Mcl-1 expression through Spl
downregulation in DUI45 and PC3 cells. We have previously
demonstrated that the downregulation of Spl inhibits cell
proliferation, induces apoptosis and affects the expression of
survivin and Mcl-1 proteins (7). Thus, we next investigated
whether survivin and Mcl-1 are involved in A248-induced
apoptosis in DU145 and PC3 cells. The results showed that
survivin and Mcl-1 protein expression was significantly
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decreased in DU145 and PC3 cells treated with A248 (Fig. 4A).
Immunocytochemical analysis clearly confirmed that survivin
and Mcl-1 were markedly decreased in DU145 cells treated
with A248 (Fig. 4B).

Discussion

HDAC inhibitors have been focused on in numerous studies on
anticancer agents (9,12,13); from a clinical perspective, there
are a large number of completed or ongoing clinical trials on
these agents (14,15). Despite the increasing interest in HDAC
inhibitor therapies, the fundamental mechanisms via which
these agents exert their anticancer effects remain unclear. An
improved understanding of the association between various
target genes and types of cancer have led several researchers
to consider HDAC inhibitors as potent agents that may be
able to interfere with cancer cell proliferation and/or survival.
Recently, numerous studies have shown that HDAC inhibitors
significantly reduce prostate cancer cell growth (11,16-18). In
the present study, we assessed the inhibitory effect of A248, a
novel synthetic HDAC inhibitor, in prostate cancer lines. A248
was shown to strongly inhibit DU145 and PC3 prostate cancer
cell viability. It has also been reported that various HDAC
inhibitors arrest cell cycle progression and induce apoptosis in
prostate cancer cells (11,17,19-22). Thus, we next investigated the
effect of A248 on apoptosis in prostate cancer cell lines using
DAPI staining and via determination of the cell population in
the sub-Gl phase of the cell cycle. We found that A248 caused
an accumulation of cells in the sub-G1 phase of the cell cycle;
nuclei condensation and fragmentation of DU145 and PC3 cells
by A248 was observed, suggesting that A248 is important in
apoptotic signaling, including cell-cycle arrest in the sub-Gl1
phase, nuclei condensation and fragmentation. Therefore, A248
is suggested to be associated with apoptotic cell death.
Notably, although Spl is an essential transcription factor
for a number of genes, it is overexpressed in numerous human
cancer cells (23-29). Several studies have demonstrated that
Spl is important in the pathogenesis of human cancer and that
it constitutes a promising therapeutic target (2,5,8,24,30-34).
Our previous studies also found that Spl is overexpressed in
prostate cancer cells compared with normal cells (7,8,35).
Yu et al (36) reported that butyrate, a HDAC inhibitor, induces
the downregulation of Spl in colon cancer cells, suggesting that
Spl protein may be modulated by this HDAC inhibitor (36).
Thus, we examined the effects of A248 on the expression of
Spl protein in DU145 and PC3 prostate cancer cells. A248 was
shown to significantly decrease the expression of Spl protein
in a concentration- and time-dependent manner. We also
demonstrated that the overexpression of Spl protein in DU145
cells was clearly inhibited by A248, indicating that A248
targets Spl to induce apoptosis in prostate cancer cells. Spl is
amammalian transcription factor (27,37) that binds to GC-rich
sequences to regulate gene expression (38) and directly binds
to the survivin and Mcl-1 promoters (39-42). Our previous
studies have demonstrated that Spl is closely associated with
the upregulation of survivin and Mcl-1 proteins, which are
known to be important in cancer cell survival (7,8,35). In the
present study, our results showed that the treatment of DU145
and PC3 cells with A248 resulted in a decrease in the protein
levels of survivin and Mcl-1. Using immunocytochemical
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analysis, survivin and Mcl-1 proteins were confirmed to be
significantly inhibited by A248 in DU145 cells, indicating that
A248 inhibits Mcl-1 and survivin through the downregulation
of Spl to induce apoptotic cell death in prostate cancer.

In conclusion, to the best of our knowledge, we showed for
the first time that A248 inhibits the growth of prostate cancer
cells and that the growth inhibitory effects of A248 may be
mediated by apoptosis. We also demonstrated that A248 treat-
ment resulted in the downregulation of Spl, which affected the
expression levels of survivin and Mcl-1 proteins. Therefore,
our findings suggest that A248 targeting Spl protein may be a
potential therapeutic agent for prostate cancer.
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