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Abstract. Prostate cancer (PC) is the most common type 
of malignancy to exist in men within developed countries. 
Androgen deprivation therapy is performed for metastatic 
and advanced PC. However, the majority of cases of prostate 
cancer become refractory during therapy, leading to castra-
tion‑resistant PC (CRPC). Histone deacetylases (HDACs) are 
key factors in regulating gene transcription and have been 
associated with cancer development. In the present study the 
small molecule inhibitor trichostatin A (TSA), which targets 
HDACs, was demonstrated to inhibit the proliferation of 
CRPC PC3 cells by disrupting the epidermal growth factor 
receptor (EGFR)‑STAT3 pathway. The expression of EGFR 
and STAT3 was downregulated following TSA treatment, and 
cell cycle arrest was induced by downregulating the expression 
of cyclin D1 and CDK6, and via retinoblastoma protein phos-
phorylation. Furthermore, the transcription of cyclin D1 and 
CDK6 was suppressed by TSA. Apoptosis of PC3 cells treated 
with TSA was also investigated, and it was revealed that TSA 
induced apoptosis by upregulating BAX and downregulating 
BCL‑2. The combination of TSA with doxorubicin exerted a 
synergistic inhibitory effect on PC3 cell proliferation through 
the induction of apoptosis. The results of the present study 
revealed a promising epigenetic‑based therapeutic strategy 
that could be implemented in cases of CRPC.

Introduction

Prostate cancer (PC) is the most frequently diagnosed type 
of cancer among men throughout the developed world (1). It 
originates from high‑grade prostatic intra‑epithelial neoplasia 

and often progresses to metastatic PC. Commonly, androgen 
deprivation therapy is the first‑line treatment for patients with 
PC (2). However, most patients will relapse due to the develop-
ment of castration‑resistant PC (CRPC) after 2‑3 years (3). 

Previous evidence has suggested that the acquisition of 
androgen independence may be due to the upregulation of 
growth factor/receptor signaling pathways, principally that of 
the epidermal growth factor receptor (EGFR) (4,5), which is an 
attractive target for therapeutic intervention. EGFR is a multi-
functional membrane glycoprotein expressed in numerous 
types of tissue (6). Furthermore, EGFR is overexpressed in 
many tumors, and leads to excessive cell proliferation and 
the development of malignancy (7). EGFR interacts with its 
ligand, EGF, to regulate cell growth, differentiation, motility, 
adhesion and tumorigenesis. EGF engagement activates the 
intrinsic kinase activity of EGFR, leading to the activation of 
several downstream intracellular signaling pathways, including 
those of MEK, ERK and PI3K/Akt, and STAT3 (8). STAT3 
is activated by EGF and further regulates the expression of 
numerous genes involved in the cell cycle and proliferation, 
including cyclin D1, BCL‑2 and surviving (9,10). Previous 
studies have demonstrated that constitutively activated STAT 
proteins are present in numerous types of tumor cells and 
cancer tissues, and that STAT3 is the most active transcrip-
tion factor (11,12). Inhibition of EGFR inhibits these signaling 
cascades and further promotes apoptosis of cancer cells (13).

Epigenetic mechanisms, such as DNA methylation and 
histone modification, have important roles in cancer develop-
ment. Histone deacetylases (HDACs), enzymes involved in 
removing acetyl groups from histones, remodel chromatin 
and regulate gene transcription, thereby serving crucial roles 
in cell proliferation, cell cycle regulation and cell differentia-
tion (14,15). HDACs are overexpressed in a number of types of 
tumor (16,17), which indicates that HDACs may be potential 
targets for epigenetic intervention. Trichostatin A (TSA), a 
class I and II HDAC inhibitor, exerts anti‑tumor effects in colon 
carcinoma, breast adenocarcinoma and esophageal squamous 
cells (18‑20). Zhang et al (21) revealed that higher dosages of 
TSA (5‑40 µM) exert potent activity against prostate cancer 
cells through the induction of cell cycle arrest and apoptosis.

In the present study, the anti‑proliferative effect of a lower 
concentration of TSA (<1  µM) on PC3 cells was investi-
gated as well as the potential of combination treatment with 
doxorubicin (DOX) in CRPC.
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Materials and methods

Reagents. TSA and MG132 were purchased from Sigma‑Aldrich 
(Merck KGaA). Stock solutions of TSA (2 mM) and MG132 
(10 mM) were prepared using dimethyl sulfoxide (DMSO). 
The final concentration of DMSO in the medium was main-
tained at 0.1%. MG132, proteasome inhibitor was used to 
determine if decreased EGFR expression by TSA treatment 
was via proteasomal degradation.

Cell lines and culture. PC3 human prostate cancer cells from 
American Type Culture Collection were cultured in RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (HyClone; GE Healthcare Life 
Sciences) and penicillin (100 U/ml)/streptomycin (100 µg/ml), 
and were maintained at 37˚C in a humidified atmosphere 
containing 5% CO2.

MTT assay. A total of 3,000 cells in the logarithmic growth 
phase were seeded into 96‑well plates. After 24 h of incuba-
tion, the cells were exposed to a range of concentrations 
(0‑1 µM) of TSA and incubated for 72 h. After this, 10 µl MTT 
(5 mg/ml) solution was added to each well and incubated for 
4 h at 37˚C and 5% CO2. Following incubation, the supernatant 
was removed, and the cells were suspended in 100 µl of 100% 
DMSO. The absorbance values were measured at 570 nm and 
were normalized to the DMSO control by using a Thermo 
Multiskan spectrum plate reader (Thermo Fisher Scientific, 
Inc.). The experiments were conducted in triplicate. The status 
of the cells in each group was evaluated at x100 magnification 
using a light microscope (CKX41; Olympus Corporation).

Cell cycle assay. Cells were treated with 0.5 µM TSA or the 
DMSO control for 24 h. Cells were then harvested and fixed 
in 70% cold ethanol at ‑20˚C overnight. Cells were washed 
with 1X PBS and incubated with RNase at 37˚C for 30 min, 
followed by propidium iodide (PI; 50 µg/ml) staining for 
another 30 min at 4˚C. Cell suspensions were analyzed with 
a BD FACSCalibur™ flow cytometer (BD Biosciences). Data 
were analyzed with ModFit LT software (version 3.3; Verity 
Software House, Inc.).

Immunoblotting. PC3 cells were treated with TSA or 
combined with MG132 or doxorubicin for 24 h. Since EGF 
usually induces phosphorylation of EGFR within 30 min, 
phosphorylation of EGFR was determined at 10 min after EGF 
induction in PC3 cells treated with TSA for 30 min prior to 
EGF induction. After treatment, cells were washed with cold 
PBS and disrupted with 1X cell lysis buffer (Cell Signaling 
Technology, Inc.), followed by brief sonication (amplitude 
20%, duration 3 sec, twice, on ice). The protein concentration 
was analyzed using a Bio‑Rad protein assay kit II with bovine 
serum albumin standards, according to the manufacturer's 
protocol (cat. no. 5000002; Bio‑Rad Laboratories, Inc.). Cell 
lysates were separated by SDS‑PAGE (30 µg protein each 
lane; 10% gel for high or middle molecular weight and 15% 
gel for low molecular weight protein) and then transferred onto 
nitrocellulose membranes (Hybond‑C; Amersham Pharmacia 
Biotech, Inc.). Following blocking with PBS‑Tween‑20 
containing 5% non‑fat dried milk for 1 h at room temperature, 

the membranes were incubated with primary antibodies 
against EGFR (1:1,000; cat.  no.  2646), phospho‑EGFR 
(1:1,000; cat.  no.  4407), CDK6 (1:1,000; cat.  no.  13331), 
CDK4 (1:1,000; cat. no. 12790), phospho‑retinoblastoma (RB) 
protein (1:1,000; cat. no. 3590), RB (1:1,000; cat. no. 9309), 
BAX (1:1,000; cat. no. 5023), BCL-2 (1:1,000; cat. no. 2876), 
cleaved caspase‑3 (1:1,000; cat. no. 9664) (all Cell Signaling 
Technology, Inc.), STAT3 (1:2,000; cat.  no.  ab68153), 
Cyclin D1 (1:1,000; cat. no. ab134175) and BCL‑XL (1:1,000; 
cat. no. ab32370) (all from Abcam; overnight at 4˚C. A horse-
radish peroxidase‑conjugated secondary antibody (1:1,000; 
cat. no. 7074 or 7076; Cell Signaling Technology, Inc.) was then 
incubated with the membranes for 1 h at room temperature. 
Immunoreactivity bands were detected using an enhanced 
chemiluminescence kit (cat. no. NCI4106; Pierce; Thermo 
Fisher Scientific, Inc.). β‑actin (1:1,000; cat. no. 3700; Cell 
Signaling Technology, Inc.) was used as the loading control.

Reverse transcription‑quantitative (RT‑qPCR). Total RNA 
was extracted from the PC3 cells treated with TSA with 
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. cDNA was synthesized from 
4 µg total RNA with Oligo (dT)18 primer using the EasyScript 
first‑strand cDNA synthesis superMix (TransGen Biotech Co., 
Ltd.) and ARKTIK Thermal Cycler (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The tempera-
ture protocol was as follows: Denaturation, 65˚C for 5 min; 
annealing, on ice for 2 min; elongation, 42˚C for 30 min; and 
termination, 85˚C for 5 sec. PCR amplification, using 4 µl 
cDNA with TransStart® Green qPCR SuperMix (TransGen 
Biotech Co., Ltd.), for CDK6 and cyclin  D1 genes was 
performed with the Mx3005p Real‑Time PCR system (Agilent 
Technologies, Inc.) at 94˚C for initial denaturation for 30 sec, 
followed by 40 cycles at 94˚C for 6 sec and 60˚C for 30 sec. 
The primer sequences were: CDK6 forward, 5'‑CAT​TCA​AAA​
TCT​GCC​CAA​CC‑3' and reverse, 5'‑GGT​CCT​GGA​AGT​ATG​
GGT​GA‑3'; cyclin D1 forward, 5'‑GCT​TCC​TCT​CCA​GAG​
TGA​TC‑3' and reverse, 5'‑GTC​CAT​GTT​CTG​CTG​GGC​CT‑3'. 
GAPDH forward, 5'‑GTG​AAG​GTC​GGA​GTC​AAC​GG‑3' and 
reverse, 5'‑CCT​GGA​AGA​TGG​TGA​TGG​GA‑3'. GAPDH was 
used as the reference gene. Gene expression was calculated 
using the 2‑ΔΔCq method (22).

Statistical analysis. SPSS (version  21; IBM Corp.) soft-
ware was used to perform the statistical analysis. Data are 
presented as the mean ± SD, with a minimum of 3 repeats. 
A Student's t‑test (two‑tailed) was used to compare between 
two groups. One‑way analysis of variance was performed to 
compare multiple groups followed by Tukey's test to determine 
multiple comparisons between the groups. P<0.05 was consid-
ered to indicate a statistically significant difference. 

Results

TSA inhibits PC3 cells by inactivating the EGFR. To evaluate 
the cytotoxic effect of TSA, the inhibitory effect of TSA on 
the proliferation of PC3 cells was investigated using an MTT 
assay. TSA inhibited PC3 cell proliferation in a dose‑ and 
time‑dependent manner (Fig. 1A and B). Following treatment 
with 0.5 and 1.0 µM TSA for 72 h, the inhibitory rate was 
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~50 and 72%, respectively. The suppressive effect of TSA on 
cell proliferation was further confirmed by microscopic obser-
vation. Treatment with TSA decreased cell density (Fig. 1C). 
EGFR was evaluated as it is overexpressed in prostate cancer 
and has an important role in prostate cancer progression (23). 
Treatment with TSA for 24  h decreased the expression 
of EGFR and its downstream molecule STAT3  (Fig.  1D). 
Activity of EGFR was further determined by analyzing the 
phosphorylation level of EGFR. Since EGF usually induces 
phosphorylation of EGFR within 30 min, phosphorylation of 
EGFR was determined at 10 min after EGF induction in PC3 
cells treated with TSA for 30 min prior to EGF induction. The 
results of the present study indicated that TSA treatment for 
30 min decreased EGFR phosphorylation, but not expression, 
indicating that TSA treatment decreased both the expression 
and activity of EGFR (Fig. 1E). Treatment with HDAC inhibi-
tors can induce ubiquitination and proteasomal degradation of 
the erbB family in head and neck squamous tumors (24). To test 
whether TSA suppressed EGFR expression in a proteasomal 
pathway, PC3 cells were treated with the proteasome inhibitor 
MG132. However, EGFR protein levels remained suppressed 
by TSA in the presence of MG132 (Fig. 1F), indicating that 
proteasomal degradation is not involved in the TSA‑induced 
EGFR turnover.

TSA induces cell cycle arrest by downregulating the 
expression of CDK6 and cyclin D1, and the phosphorylation 
of RB. To identify the underlying mechanism associated with 

the suppression of cell proliferation by TSA, cell cycle analysis 
was performed in the present study. The results revealed 
that treatment with TSA for 24 h led to an accumulation of 
PC3 cells in the G2/M phase (3.8 vs. 23.4%; P<0.01) and a 
concomitant decrease in the S‑phase cell fraction (14.1 vs. 7%; 
P<0.01; Fig. 2A and B). TSA‑induced cell cycle arrest was 
further confirmed by examining the expression of the cell cycle 
regulatory protein cyclin D1, CDK6, and the phosphorylation 
of RB in PC3 cells. Western blot analysis and RT‑qPCR 
indicated that TSA treatment decreased cyclin D1 and CDK6 
levels, and the phosphorylation of RB (Fig. 2C‑E). 

TSA induces apoptosis in PC3 cells. In addition to blocking 
the cell cycle phase transition, it has been demonstrated that 
TSA induces cell apoptosis in human breast cancer (18). To 
determine whether TSA induces apoptosis in prostate cancer 
cells, PC3 cells were treated with a TSA dose series for 24 h 
in the present study. The apoptotic percentage of PC3 cells 
following treatment was evaluated using flow cytometry. The 
sub‑G1 fraction was markedly increased compared with the 
control (Fig. 3A and B). TSA‑induced apoptosis was further 
confirmed by examining the expression of cleaved caspase‑3 
in PC3 cells. Western blot analysis indicated that TSA treat-
ment increased cleaved caspase‑3 in PC3 cells  (Fig.  3C). 
Furthermore, BAX, BCL-2 and BCL‑XL protein expression 
was measured in PC3 cells following TSA treatment. BAX 
protein was upregulated and BCL‑2 protein was down-
regulated following treatment, while BCL‑XL was not notably 

Figure 1. TSA inhibits PC3 cell proliferation by disrupting the EGFR‑STAT3 pathway. (A) PC3 cells (3x103) were plated in a 96‑well plate and treated with 
different doses of TSA (0, 0.25, 0.5 and 1 µM) for 72 h; an MTT assay was used to measure the effects of TSA on PC3 cell proliferation. (B) PC3 cells were 
subjected to the aforementioned treatments, and the time‑course effect of TSA (1.0 µM) was measured using an MTT assay. (C) Effects of TSA on the density 
and morphology of PC3 cells were observed via microscopy. The magnification is x100. (D) Expression of EGFR and STAT3 in PC3 cells treated with TSA. 
PC3 cells (4x105) were plated in 6‑cm dishes, and 0.25, 0.5 or 1 µM TSA was added for 24 h. DMSO was added into the control group wells. Cells were 
collected and lysed with lysis buffer and the protein expression analyzed via western blotting. (E) TSA inhibits the phosphorylation of EGFR induced by EGF. 
Cells were starved in serum‑free medium for 12 h and then treated with 1 µM TSA for 30 min, followed by EGF (100 ng/ml) for 10 min. Cells were collected, 
and western blotting was used to evaluate the phosphorylation of EGFR. (F) Expression of EGFR in PC3 cells treated with TSA and MG132. Cells were 
treated with 1 µM TSA and 5 µM MG132 for 24 h. Cells were collected, and western blotting was used to evaluate the expression of EGFR. *P<0.05; **P<0.01; 
***P<0.001 vs. respective control. TSA, trichostatin A; EGFR, epidermal growth factor; p, phosphorylated; DMSO, dimethyl sulfoxide.
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affected. These results indicated that TSA may induce PC3 
apoptosis via the mitochondrial pathway.

TSA enhances apoptosis induced by DOX. The majority of 
cases of prostate cancer exhibit radio‑ and chemoresistance. In 
recent years, combinations of HDAC inhibitors with chemo-
therapy drugs have been used to treat various malignancies. 
In the present study the synergistic effect of TSA and DOX 
on the inhibition of PC3 cell proliferation was investigated. 
Notably, DOX and TSA in combination demonstrated consis-
tent inhibitory effects on PC3 cells compared with either 
compound alone  (Fig. 4A), as well as a clear elevation of 
cleaved caspase‑3 (Fig. 4B; lanes 7 and 8), indicating a syner-
gistic enhancement of PC3 cell apoptosis. 

Discussion

The epigenetic regulation of gene expression may represent a 
potential new therapeutic strategy for cancer treatment. Histone 
acetylation is determined using histone acetyltransferases and 
HDACs. A variety of HDAC inhibitors have been demon-
strated to induce apoptosis in solid tumors (18,21,25‑27). In the 
present study, the effects of TSA, a potent HDAC inhibitor, on 
disrupting EGFR signaling were characterized, demonstrating 
the induction of apoptosis in prostate cancer cells. Molecular 
evidence for cell cycle arrest was provided in the decreased 
expression of cyclin  D1 and CDK6, and the decreased 

phosphorylation of RB, in addition to the increased levels of 
BAX and decreased levels of BCL-2. Notably, blocking the 
EGFR signaling pathway sensitized PC3 cells to DOX.

HDAC inhibitors exert transcriptional repression of 
certain oncogenes, such as MYC, MYCN and EGFR (28‑30). 
In the present study, it was demonstrated that TSA treatment 
led to downregulated EGFR and STAT3 expression, resulting 
in decreased cyclin D1 and CDK6 expression, and thus G2/M 
cell cycle arrest, which is in accordance with the results of the 
aforementioned studies. These results are, however, different 
to previous conclusions (21) that higher concentrations of TSA 
induce both G0/G1 and G2/M arrest in PC3 cells, which indi-
cates that the biological function of TSA is dose‑dependent. In 
addition to blocking cell cycle progression, HDAC inhibitors 
induce apoptosis via the mitochondria‑mediated apoptosis 
pathway (25), which disrupts the ratio of BAX to BCL-2 or 
BCL‑XL at the mitochondrial membrane, causing the release 
of cytochrome c and other pro‑apoptotic molecules into the 
cytoplasm, which in turn leads to the activation of caspase‑3 
to cleave poly (ADP‑ribose) polymerase and execute cell 
death. In the present study, the sub‑G1 fraction in the cell 
cycle analysis was determined to represent apoptosis induc-
tion by TSA. This method is an older technique used for the 
detection of apoptosis, which could be replaced by Annexin V 
and PI double staining to distinguish apoptotic and necrotic 
cells. In order to demonstrate the inducible role of TSA in 
apoptosis, the level of cleaved caspase‑3 was determined using 

Figure 2. TSA induces G2/M phase cell cycle arrest in PC3 cells. (A) Cell cycle analysis was performed using PC3 cells. PC3 cells (4x105) were plated in 6‑cm 
dishes and incubated overnight. Cells were treated with 0.5 µM TSA for 24 h. Cells were then harvested and fixed for analysis. (B) Representative histogram of 
cell cycle analysis using flow cytometry. (C) Expression of cyclin D1, CDK6, CDK4 and RB, and the phosphorylation of RB, was detected in PC3 cells treated 
with TSA for 24 h. (D) mRNA expression of cyclin D1 in PC3 cells treated with TSA for 24 h. PC3 cells were plated in 6‑cm dishes and treated with TSA for 
24 h. Cells were collected, and RNA was extracted using TRIzol®. Reverse transcription‑quantitative PCR was conducted to detect the mRNA expression of 
cyclin D1. (E) mRNA expression of CDK6 in PC3 cells treated with TSA for 24 h, following the aforementioned protocol. *P<0.05; **P<0.01 vs. respective 
control. TSA, trichostatin A; RB, retinoblastoma protein; p, phosphorylated.
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western blot analysis, which is a common character of apop-
tosis. It was revealed that TSA increased cleaved caspase‑3 
expression, confirming the induction of apoptosis. Consistent 
with a previous study, the present study demonstrated that 
TSA decreased BCL-2 expression (21). Furthermore, it was 
revealed that TSA treatment increased BAX expression, 
thereby activating the mitochondria‑mediated apoptosis 

pathway (31). Blocking cell cycle progression and inducing 
apoptosis is a common mechanism of chemotherapeutic 
agents to exert anti‑proliferative effects. Consistent with a 
previous study, TSA treatment led to simultaneous cell cycle 
arrest and apoptosis (21). 

DOX is an anthracycline antibiotic that is effective 
in treating a wide range of different types of cancer  (32). 
However, the toxic side effects of DOX, particularly those 
involving cardiac damage, limit its clinical application for 
long‑term therapy  (33). Drug combinations are a widely 
used strategy to increase the efficacy and decrease the side 
effects of chemotherapy. Herein, the combination of TSA and 
low‑dose DOX exerted synergistic effects in reducing PC3 cell 
viability. Higher levels of cleaved caspase‑3 were induced by 
this combination, and indicated that TSA could promote cell 
apoptosis induced by DOX (34). 

In conclusion, the HDAC inhibitor TSA induced cell 
cycle arrest and apoptosis in PC3 cells by inactivating the 
EGFR‑STAT3 signaling pathway. When combined, TSA and 
DOX exert synergistic effects in reducing PC3 cell viability by 
promoting apoptosis. Although TSA is an epigenetic regulator, 
the present study did not establish a mechanistic association 
between TSA and the epigenetic regulation of gene expression 
in PC3 cells. Another limitation of the present study is that 
only the single cell line PC3 was used to evaluate TSA effect. 
Further studies are required to determine how TSA blocks the 
EGFR pathway in an epigenetic manner using multiple cell 
lines, including DU145 and LNcap. The present study supports 
the rationale for TSA alone or in combination with DOX as a 
therapeutic approach to CRPC cases, which are largely refrac-
tory to current therapeutic approaches, and may promote the 
rapid clinical evaluation of this strategy.

Figure 3. TSA induces apoptosis in PC3 cells. (A) Representative histogram of apoptosis induced by TSA in PC3 cells. (B) Proportion of apoptotic PC3 cells 
following treatment with TSA. ***P<0.001 vs. control. (C) PC3 cells were treated with different doses of TSA (0, 0.25, 0.5 and 1 µM), and then collected 24 h 
after treatment. Cleaved caspase‑3, BAX, BCL-2 and BCL‑XL were detected using Western blotting. TSA, trichostatin A.

Figure 4. Synergistic inhibitory effects exerted by the TSA and DOX 
combination on PC3 cell proliferation by inducing cell apoptosis. (A) An 
MTT assay was performed to assess the synergistic effects of TSA and 
DOX on the proliferation of PC3 cells. PC3 cells were treated with 
0.25 µM TSA and different doses of DOX (0, 0.13, 0.25 or 0.5 µM) for 72 h. 
***P<0.001 vs. respective control. (B) PC3 cells were treated with TSA and 
DOX, and cleaved caspase‑3 was detected 24 h after treatment in PC3 cells. 
TSA, trichostatin A; DOX, doxorubicin.
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