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Abstract. Prostate cancer is the most common type of cancer 
affecting males. The aim of the present study was to inves-
tigate the antitumor effect of cisplatin in combination with 
programmed cell death protein 5 (Pdcd5) on Du145 prostate 
cancer cells and to elucidate the underlying mechanisms of 
action. An MTT cell viability assay was performed in order 
to determine the proliferation rate of Du145 cells. The results 
demonstrated that Du145 cells treated with cisplatin for 48 h 
had an IC50 value >200 µM; however, following transfection 
of Pdcd5 in combination with treatment with various concen-
trations of cisplatin, the proliferation rates of Du145 and 
PC3 prostate cancer cells were significantly decreased in a 
dose-dependent manner, with IC50 values of 114.1 and 50.6 µM, 
respectively. Annexin V-fluorescein isothiocyanate/propidium 
iodide dual labeling analyses demonstrated a significant 
increase in the apoptotic rate of Du145 cells following trans-
fection of Pcdc5 in combination with cisplatin treatment. 
Furthermore, western blot analysis revealed a marked increase 
in activated caspase-3 expression in Du145 cells as well as 
a decreased ratio of Bcl-2/Bax. In conclusion, the results of 
the present study demonstrated that Pdcd5 increased the 
chemosensitivity of prostate cancer cells and decreased the 
toxicity of cisplatin via activation of the receptor-associated 
apoptotic pathway; this may therefore indicate the combined 
use of cisplatin and Pdcd5 as a novel therapeutic strategy for 
the treatment of prostate cancer.

Introduction

Prostate cancer, a type of cancer affecting the male repro-
ductive system, is the second most prevalent type of cancer 
worldwide (1), accounting for 10% of all cancers in males (2). 

Recent studies have reported that prostate cancer has the third 
highest five‑year survival rate of all cancers (3,4); in addition, 
with the development of an aging population and improved 
quality of life, the incidence of prostate cancer has signifi-
cantly increased in China (5,6)).

Chemotherapy is one of the primary treatment methods 
used in prostate cancer patients (7-9). Cisplatin (chemical 
structure shown in Fig. 1A), a chemotherapy drug also known 
as cisplatinum or cis-diamminedichloridoplatinum (II), is a 
member of the platinum-containing anticancer drug group, 
which also includes carboplatin and oxaliplatin (10,11). 
Platinum complexes bind to and cause cross-linking of DNA 
in cancer cells, which in turn induces and triggers apoptosis. 
However, numerous chemotherapy drugs have adverse toxic 
effects, even at therapeutic doses. Therefore, it is necessary 
to investigate alternative therapeutic methods that may 
overcome drug toxicity in order to effectively treat prostate 
cancer (12).

Apoptosis was reported to be associated with the patho-
genesis and progression of cancer. Programmed cell death 
protein (Pcdc) 5, an apoptosis-associated gene that was 
reported to have a key role in the pathogenesis and develop-
ment of cancer, was first identified by Peking University Center 
for Human Disease Genomics (Beijing, China) in 1999 (13). 
Previous studies have demonstrated that decreased expression 
of Pdcd5 was observed in various types of human tumors, 
including breast cancer (14), cervical cancer (15), hepatocel-
lular carcinoma (16), gastric cancer (17), lung cancer (18) and 
prostate cancer (19). In addition, transfection of Pdcd5 effec-
tively repressed the growth of tumor cells, including ovarian, 
liver and cervical cancer cells, through the promotion of apop-
tosis (15,20,21); however, one study reported that there was no 
significant difference between the serum levels of Pdcd5 in 
cancer patients and those of healthy controls (22).

Previous studies have demonstrated that Pdcd4 expression 
promoted chemosensitivity in the prostate and renal cancer cell 
lines PC3 and UO-31, respectively (23,24); however, the effect 
of Pdcd5 expression on chemosensitivity and the required dose 
of chemotherapy drugs remains to be elucidated. The aim of 
the present study was to investigate the antitumor effect of 
cisplatin in combination with Pdcd5 on prostate cancer cells 
and to elucidate its underlying mechanism of action in order 
to produce a novel therapeutic strategy for the treatment of 
prostate cancer. 
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Materials and methods

Cell culture and transfection. Du145 (ATCC® HTB-81™) 
and PC3 (ATCC® CRL-1435™) human prostate cancer cell 
lines (American Type Culture Collection, Manassas, VA, 
USA), which were preserved in liquid nitrogen until use, were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco, Grand Island, NY, USA) supplemented with 10% fetal 
calf serum (Gibco). The cells were plated in 24-well plates 
for 8 h prior to transfection or drug treatment. The pcDNA3.1 
control (mock) plasmid and pcDNA3.1-Pdcd5 were constructed 
and then transfected into prostate cancer cells for 24 h using 
Lipofectamine 2000, according to the manufacturer's instruc-
tions (Invitrogen Life Technologies, Carlsbad, CA, USA). In 
brief, Lipofectamine 2000 and the Pdcd5 plasmid were each 
added to separate opti-MEM solutions (Gibco; 100 µl) and 
incubated for 5 min. The two solutions were then combined 
and incubated at room temperature for a further 15 min prior to 
addition to the plated cells for transfection for 6 h at 37˚C, and 
5% CO2. The medium was then replaced with fresh DMEM 
plus 10% FBS and penicillin-streptomycin.

MTT assay. Cell viability and proliferation were determined 
using an MTT assay (Sigma, St. Louis, MO, USA), as previously 
described (25,26). In brief, following transfection of Pdcd5 or 
the mock plasmid, 5x105 prostate cancer cells were seeded into 
96-well plates and incubated with various concentrations of 
cisplatin (0, 10, 50 and 250 µM; Sigma) for 24, 48 and 72 h. 
Following incubation, 10 µl of 5 mg/ml MTT reagent was added 
to the medium and cells were incubated for a further 4 h. The 
medium was then drained and cells were treated with 150 µl 
dimethyl sulfoxide for 15 min. The plates were then analyzed 
using a microplate reader (Thermo Scientific, Waltham, MA, 
USA) at a test wavelength of 490 nm.

Flow cy tomet r ic  ana lys is.  Fol lowing t ransfec-
tion, cisplatin-treated Du145 cells were subjected to 
Annexin V-fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) dual labeling followed by fluorescence‑activated 
cell sorting (FACS) analysis (Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), performed according to the manufacturer's 
instruction, in order to determine apoptosis. Each example 
recorded >10,000 events.

SDS‑PAGE and western blot analysis. Whole cell extracts 
were prepared and separated using SDS-PAGE as previously 
described (27-29). Protein (30-60 µg) was then transferred 
onto polyvinylidene fluoride (PVDF) membranes (Millipore, 
Billerica, MA, USA) and blocked using 1% bovine serum 
albumin in Tris-buffered saline with 0.1% Tween-20 for 
1 h. The filters were then incubated overnight at 4˚C with 
the following primary antibodies: Rabbit polyclonal Bax 
immunoglobulin (Ig)G (1:1,000), mouse monoclonal Bcl-2 
IgG1 (1:1,000), rabbit polyclonal caspase-3 IgG (1:2,000), rabbit 
polyclonal cleaved caspase-3 IgG (1:2,000) and mouse mono-
clonal β-actin IgG1 (1:2,000), which were all purchased from 
Santa Cruz Biotechnology, Inc. β-actin was used as an internal 
control. PVDF membranes were then washed three times with 
phosphate-buffered saline with 0.1% Tween20 and then incu-
bated with goat anti-mouse secondary antibodies (Santa Cruz 

Biotechnology, Inc.) conjugated with peroxidase for 1 h at room 
temperature. Membranes were then washed and signals were 
visualized using SuperSignal West Pico Chemiluminescent 
Substrate (Pierce Biotechnology, Inc., Rockford, IL, USA). 
Image-Pro Plus software (Media Cybernetics, Inc., Rockville, 
MD, USA) was used for analysis.

Statistical analysis. All experiments were performed a 
minimum of three times. Data were analyzed using SPSS 11.5 
software (SPSS, Inc., Chicago, IL, USA). Values are presented 
as the mean ± standard deviation. P<0.01 was considered to 
indicate a statistically significant difference.

Results

Combined antitumor activity of cisplatin and Pdcd5 in 
Du145 cells. Previous studies have demonstrated that 
Du145 cells were highly resistant to cisplatin treatment 30,31). 
In the present study, an MTT assay was used to determine 
the viability of Du145 cells in order to evaluate the anti-

Figure 1. MTT assays determine the survival rates of Du145 prostate cancer 
cells following cisplatin treatment and Pdcd5 transfection. (A) Chemical 
structure of cisplatin. (B) Survival rate of Du145 cells following treatment 
with various concentrations of cisplatin (0, 10, 50 and 250 µM) for 24, 48 and 
72 h. (C) Cell viability of Du145 cells transfected with the Pdcd5 or mock 
plasmid vectors following cisplatin treatment for 24, 48 and 72 h. Values are 
presented as the mean ± standard deviation (n=3). *P<0.05 vs. untreated cells, 
**P<0.01 vs. untreated cells. Pdcd5, programmed cell death protein 5; mock, 
cells transfected with an empty vector.
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tumor activity of cisplatin. As shown in Fig. 1, different 
concentrations of cisplatin were used to treat Du145 cells for 
24, 48 and 72 h. The results demonstrated that there was no 
significant decrease in cell viability at any concentration of 
cisplatin (Fig. 1B); however, at 48 and 72 h post-transfection 
of Pdcd5, the survival rate of Du145 cells was significantly 
inhibited compared with that of the untreated cells.

Overexpression of Pdcd5 increases chemosensitivity of 
Du145 prostate cancer cells to cisplatin. In order to further 
examine the effects of cisplatin on cellular proliferation in 
the presence of Pdcd5, Du145 cells were transfected for 48 h 
with pcDNA3.1-Pdcd5 in order to overexpress Pdcd5 and then 

incubated with various concentrations of cisplatin for 24, 48 and 
72 h. An MTT assay was the used to determine cell viability of 
the prostate cancer cells. As shown in Fig. 2A, Pdcd5-transfected 
cells treated with 50 µM cisplatin revealed marked cell death 
compared with those of the untreated and mock vector-trans-
fected cells. In addition, the rates of cell survival demonstrated 
time- and dose-dependent decreases compared with those of the 
untreated mock vector- and Pdcd5-transfected cells (Fig.2B). 
This therefore indicated that Du145 cells transfected with Pdcd5 
had an increased sensitivity to cisplatin.

As shown in Fig. 3, an MTT assay was also used to deter-
mine the IC50 values in the Du145 and PC3 prostate cancer 
cell lines. Following transfection of Pdcd5, Du145 and PC3 

Figure 2. Effect of Pdcd5 overexpression on the chemosensitivity of Du145 prostate cancer cells. (A) Morphological changes of Du145 following transient 
transfection of a Pdcd5 or mock vector (magnification, x200). (B) An MTT assay was used to detect cell viability of mock‑ and Pdcd5‑transfected Du145 
cells treated with various concentrations of cisplatin (0, 10, 50 and 250 µM) for 24, 48 and 72 h. Values are presented as the mean ± standard deviation (n=3). 
*P<0.05 vs. mock vector, **P<0.01 vs. mock vector. Pdcd5, programmed cell death protein 5.

Figure 3. Cell viability of Du145 and PC3 prostate cancer cells following transfection of Pdcd5. MTT assays were used to determine the IC50 values of 
(A) Du145 and (B) PC3 cells following treatment with various concentrations of cisplatin (1, 5, 10, 25, 50, 100, 250 and 500 µM) for 48 h. Values are presented 
as the mean ± standard deviation (n=3). Pdcd5, programmed cell death protein 5.
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cells were exposed to various concentrations of cisplatin for 
48 h. The IC50 values were 114.1 and 50.6 µM in Du145 and 
PC3 cells, respectively, indicating the synergistic effects of 
transfection of Pdcd5 and cisplatin treatment.

Pdcd5 promotes cisplatin‑induced apoptosis. FACS analysis 
using Annexin V-FITC and PI staining was performed in order 
to determine whether the cisplatin-induced decrease in cell 
survival was due to apoptosis. As shown in Fig. 4, the apoptotic 
rate of Du145 cells transfected with Pdcd5 was significantly 
increased compared with that of the control group following 
cisplatin treatment for 24 h. In addition, the apoptotic rate 
of untreated Pdcd5-overexpressing cells was significantly 
increased compared with that of the untreated control cells. 
These results were consistent with those determined by MTT 
assays.

Pdcd5 promotes apoptosis‑associated protein expression 
following treatment with cisplatin. Western blot analysis was 
performed in order the detect the expression levels of several 

apoptosis-associated proteins. As shown in Fig. 5, following 
treatment with cisplatin for 24 h, the expression levels of 
cleaved caspase-3 in Pdcd5 transfected cells was markedly 
increased compared with those of cells transfected with the 
mock plasmid. In addition, there was no significant difference 
in Bcl-2 expression in Pdcd5-transfected Du145 cells following 
cisplatin treatment; however, the protein expression levels 
of Bax were significantly increased. Therefore, following 
cisplatin treatment, the Bcl-2/Bax ratio was significantly 
decreased in Pdcd5-transfected Du145 cells. In conclusion, 
Pdcd5-transfected Du145 cells demonstrated a significantly 
increased level of chemosensitivity to cisplatin and a time- and 
dose-dependent increase in the rate of apoptosis following 
cisplatin treatment.

Discussion

Prostate cancer is one of the most prevalent types of cancer 
worldwide, which is diagnosed in ~80% of male cancer patients 
who reach 80-years-old (32). Cisplatin has a broad spectrum 

Figure 5. Western blot analysis of apoptosis-associated protein expression levels in Pdcd5-transfected Du145 prostate cancer cells following treatment with 
50 µM cisplatin. Du145 cells were treated with 50 µM cisplatin for 24 h. β-actin was used as an internal control. Ctrl, control group of untransfected Du145 
cells.

Figure 4. Annexin V‑FITC/PI staining and fluorescence‑activated cell sorting analysis of apotosis in Du145 cells following transfection of Pdcd5 and cis-
platin treatment. (A) Analysis of apoptosis in Du145 cells transfected with Pdcd5 or mock plasmind vectors with or without cisplatin treatment for 24 h. 
(B) Histogram of apoptotic rates of Du145 cells in different treatment groups. Values are presented as the mean ± standard deviation (n=3). Pdcd5, programmed 
cell death protein 5; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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of antitumor activities and increases the antitumor sensitivity 
of chemotherapy drugs (33-35). Cisplatin is commonly used 
as a chemotherapy drug for the treatment of solid tumors 
and blood cancer (36); previous studies have confirmed that 
cisplatin promotes apoptosis in numerous types of tumor 
cells (37,38). However, the therapeutic application of cisplatin 
is limited by tumor drug resistance and systemic toxicity. At 
high doses, cisplatin toxicity increases (39,40); whereas low 
doses of cisplatin are not effective for the treatment of prostate 
cancer. Therefore, a comprehensive therapy that improves 
the current status of cancer chemotherapy is required. It was 
suggested that gene therapy in combination with cisplatin may 
be a potential novel therapeutic method for the treatment of 
cisplatin-resistant tumors.

The aim of the present study was to investigate the effect 
of Pdcd5 transfection in combination with cisplatin treatment 
on Du145 prostate cancer cells. The results demonstrated that 
the proliferation rate of transfected Du145 cells following 
cistplatin treatment was significantly inhibited compared with 
that of the untreated and mock transfection groups; IC50 values 
decreased from >200 to 114.1 µM following transfection.

Pdcd5 was first identified by Peking University Center for 
Human Disease Genomics (Bejing, China), where it was found to 
regulate apoptosis in numerous cell types (13). Pdcd5 is expressed 
in various tissues, with low levels of expression in numerous types 
of cancer, including liver, lung and colon cancers (15,41-43). It 
was previously reported that Pdcd5 also had important roles in 
the development and progression of cancer (22). In the present 
study, an expression vector was constructed in order to overex-
press the Pdcd5 gene in prostate cancer cells. The results of an 
MTT assay and Annexin V-FITC/PI staining demonstrated that 
the overexpression of Pdcd5 significantly induced apoptosis in 
Du145 cells; in addition, western blot analysis revealed that Pdcd5 
transfection in combination with cisplatin treatment significantly 
increased the protein expression levels of apoptosis-associated 
factors, including cleaved caspase-3 and Bax in Du145 cells, as 
well as decreased the ratio of Bcl-2/Bax proteins. This there-
fore indicated that Pdcd5 promoted the chemosensitivity of 
prostate cancer cells to cisplatin, as well as decreased cisplatin 
toxicity via activation of apoptotic pathways. However, further 
studies are required in order to determine whether apoptosis 
was induced via receptor-mediated or mitochondria-associated 
apoptotic pathways.

In conclusion, gene therapy in combination with cisplatin 
treatment demonstrated promising results as a potential novel 
treatment for prostate cancer. The results of the present study 
demonstrated that overexpression of Pdcd5 induced a signifi-
cant increase in apoptosis and decreased cell proliferation in 
Du145 cells through enhancing the chemosensitivity of cells 
to cisplatin; as demonstrated by the decrease in IC50 values of 
cisplatin on Du145 cells following transfection with Pdcd5. 
This therefore indicated that following gene therapy, lower 
doses of chemotherapy drugs may be required for the effective 
treatment of prostate cancer, which in turn may reduce the 
toxicity of anticancer drugs in patients.
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