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Effect of docetaxel on the regulation of proliferation
and apoptosis of human prostate cancer cells
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Abstract. Prostate cancer is a common type of malignancy.
Given the complexity of prostate cancer and the pressing chal-
lenge of chemoresistance, the current study was conducted to
investigate the effect of docetaxel (Doc) on androgen receptor
(AR)-dependent and AR-independent prostate cancers cells.
Subsequent experiments were designed to explore the mecha-
nism underlying the Doc-induced apoptosis. Three different
human prostate cancer cell lines, namely PC-3, LNCaP and
DU-145, were exposed to various concentrations of Doc. The
cytotoxic effects of Doc were evaluated by an MTT assay,
while apoptosis and cell cycle distribution were determined
by flow cytometric analysis of cells stained with Annexin
V-FITC and propidium iodide. Western blot assay was also
used to measure the protein levels of B-cell lymphoma 2
(Bcl-2), Bcl-2-associated death promoter (Bad), total protein
kinase B (Akt), phospho-Akt and caspase-3/9. Doc induced
cytotoxicity in all three cell lines in a dose-dependent manner.
The half maximal inhibitory concentration values for the
effect of Doc on PC-3, DU-145 and LNCaP cells were 3.72,
4.46 and 1.13 nM, respectively. Furthermore, the results
indicated a significant difference in Doc sensitivity between
AR-dependent and AR-independent prostate cancer cells.
Evaluation of key gene expression at protein levels revealed a
notable decrease in antiapoptotic Bcl-2 and p-Akt levels, along
with a significant increase in pro-apoptotic Bad, caspase-3 and
caspase-9 levels. Therefore, Doc may induce cell apoptosis in
prostate cancer via various pathways.

Introduction

Prostate cancer is the most frequently diagnosed non-cutaneous
cancer in males in western countries (1). The majority of

Correspondence to: Dr Jiangjiang Jin, Department of Urology,
Ninghai First Hospital, 142 Taoyuan Zhong Road, Ninghai,
Zhejiang 315600, P.R. China

E-mail: injcp91@163.com

Key words: prostate cancer, docetaxel, androgen receptor, B-cell
lymphoma 2, caspase

prostate cancer cases are diagnosed at a local stage and have
a 5-year survival rate of almost 100% (2). However, prostate
cancer remains a major cause of cancer-associated mortality
due to its heterogeneous nature, ranging from asymptomatic
to a rapidly fatal systemic malignancy. One of the most
challenging aspects of prostate cancer is that the androgen
receptor-dependent tumors inevitably progress to highly
aggressive castration-resistant tumors following initial
androgen-ablation therapy.

Only a limited number of effective therapeutic options are
available for advanced prostate cancer. Docetaxel (Doc), a
semi-synthetically taxane analogue, has displayed promising
therapeutic potential in treating advanced-stage prostate
cancer. In clinical practice, it is recommended that combina-
tion of Doc and prednisone should be used in the treatment of
prostate cancer patients to improve overall survival and disease
control (3). However, progression is ultimately observed after
6-8 months in patients treated with Doc due to inherent or
acquired drug resistance (4,5).

Doc is considered to function as a microtubule inhibitor
by binding to B-tubulin and preventing microtubule disas-
sembly. Hence, Doc is able to arrest cells in the G,/M-phase
of the cell cycle and induce cell death. A number of
studies have suggested that Doc induces phosphorylation
of B-cell lymphoma 2 (Bcl-2) and Bcl-xL members, thus
inactivating their anti-apoptotic capacities (6). In addition,
the mitogen-activated protein kinase pathway is considered
to be involved in the development of drug resistance in
prostate cancer cells (7,8). Nevertheless, the association
between the expression of Bcl-2 family members and
Doc resistance remains controversial (9). Overexpression
of pro-apoptotic proteins caspase-9 and Bcl-2 interacting
protein 3 in resistant prostate cancer cells was observed in
previous studies (10,11). However, few studies have carefully
examined the regulation of these mechanisms in response
to initial treatment with Doc. Thus, identification of the
mechanistic basis of Doc-induced cell death in prostate
cancer will improve our understanding on the resistance
mechanism.

In the present study, the antiproliferative effect of Doc
on androgen-dependent and androgen-independent human
prostate cancer cells was investigated. In addition, we also
investigated signaling pathways involved in Doc-induced cell
apoptosis.
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Materials and methods

Reagents. MTT was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Dulbecco's modified Eagle's
medium (DMEM) and Annexin V-FITC/propidium iodide
(PI) were purchased from Beyotime Institute of Biotechnology
(Hangzhou, China). Fetal bovine serum (FBS) was obtained
from Sijingqing Biotechnology Co., Ltd. (Hangzhou,
China). Monoclonal antibodies against total protein kinase
B (Akt; 1:1,000; cat. no. ab179463; Abcam, Cambridge,
UK), phospho-Akt (1:1,000; cat. no. ab133458; Abcam),
Bcl-2 (1:1,000; cat. no. ab59348; Abcam), Bcl-2-associated
death promoter (Bad; 1:1,000; cat. no. ab32445; Abcam),
caspase-3 (1:1,000; cat. no. ab4051; Abcam), caspase-9
(1:1,000; cat. no. ab52298; Abcam) and p-actin (1:1,000;
cat. no. ab16039; Abcam) were used as primary antibodies.
Horseradish peroxidase-conjugated goat anti-rabbit immuno-
globulin G (1:1,000; cat. no. 31460; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used as secondary antibody.

Cell culture. Three human prostate cancer cell lines, namely PC-3
[androgen receptor (AR)-negative], DU-145 (AR-negative) and
LNCaP (AR-sensitive) were purchased from The American Type
Culture Collection (Manassas, VA, USA) and were maintained
in DMEM supplemented with 10% (v/v) FBS and antibiotics
at 37°C with 5% CO,. After 3-4 days of culture, the cells were
detached from the surface by trypsinization and reseeded into
the appropriate plates for use in further experiments.

MTT assay. Cell proliferation was evaluated by an MTT assay.
Briefly, cells were seeded into 96-well plates at a density of
4x10° cells per well in 100 ul medium and cultured for ~24 h.
Next, PC-3, DU-145 and LNCaP cells were treated with Doc
at the doses of 0-64, 0-40 and 0-8 nM, respectively. Six repli-
cated samples were assayed for each concentration. Cells were
cultured for 48 h, followed by the addition of 20 1 MTT in
each well. After 4 h, the supernatant were discarded, 200 ul
dimethyl sulfoxide (DMSO) was added to each well, and the
plate was placed on a shaker for 10 min to completely dissolve
DMSO. Absorbance was then measured at wavelengths of 490
and 630 nM. The half maximal inhibitory concentration (ICs)
was calculated using Origin software, version 8.5 (OriginLab
Corporation, Northampton, MA, USA).

Cell apoptosis assay. Cells in the logarithmic growth phase
were seeded in 6-well plates at a density of 2x10° cells per well.
The three cell lines were divided into three groups each and
then incubated with two different concentrations of Doc (4 and
10 nM) as the positive controls and in the absence of Doc as
the negative control. After 48 h, cells were harvested, washed
in cold phosphate-buffered saline (PBS), and then treated with
Annexin V-FITC and PI using an Apoptosis Detection kit with
PI, according to the manufacturer's protocol. Annexin V-FITC
and PI binding was detected with an Attune flow cytometer
(Thermo Fisher Scientific, Inc.), and flow cytometric analysis
was performed using BD CellQuest software (BD Biosciences,
Franklin Lakes, NJ, USA).

Cell cycle analysis. The DNA content during the cell cycle
phases was evaluated by flow cytometry. Briefly, 4x10° PC-3,
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DU-145 and LNCaP cells were seeded and were treated with
Doc at concentrations of 4, 10 and 2 nM, respectively. Cells
were then incubated for 48 h, and cell pellets were washed and
fixed in cold 70% ethanol at 4°C overnight. On the following
day, the cell pellets were washed three times and resuspended
in PBS, followed by treatment with RNase (50 yxg/ml) for 1 h.
Next, 5 ul PI (1 mg/ml) was added to a final concentration of
50 pg/ml and incubated for 1 h at room temperature in the
dark. Subsequent to staining of DNA by PI, samples were
evaluated using the Attune flow cytometer, and analysis was
performed using the BD CellQuest software.

Protein extraction and western blotting. Following treatment
for 24 or 48 h, total protein was extracted using a cell lysis
buffer (Thermo Fisher Scientific, Inc.). Protein concentration in
the supernatant was determined using a Bio-Rad protein assay
kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Next,
protein (20 ug) was subjected to 12% SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membrane. Subsequent
to blocking in non-fat dry milk for 2 h at room temperature,
the membrane was incubated overnight at 4°C with total Akt,
phospho-Akt, Bcl-2, Bad, caspase-3 and caspase-9 primary
antibodies. The membrane was then washed three times with
Tris-buffered saline (10 min each time), followed by incubation
with secondary antibody for 2 h at room temperature. Signal
development was performed using an enhanced chemilumi-
nescence kit. Signals were captured and band densities were
quantified using Bandscan software, version 5.0 (ProZyme;
Agilent Technologies, Inc., Santa Clara, CA, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. Analysis of variance with Tukey-Kramer test adjust-
ment was used for comparisons among multiple groups, while
Student' test was used to examine comparisons between two
groups. All analyses were performed using SPSS software,
version 11.0 (SPSS, Inc., Chicago, IL, USA). Probability values
of P<0.05 were considered to denote statistically significant
differences.

Results

Effects of Doc on the growth of human prostate cancer
cells. Following treatment for 48 h, the inhibitory effects
of Doc on the three prostate cancer cell lines PC-3, DU-145
and LNCaP were explored by an MTT assay. The results
presented in Fig. 1 demonstrate that, upon treatment with
Doc, cell viability in the three cell lines decreased in a
concentration-dependent manner. The ICs, values of the
effect of Doc on PC-3, DU-145 and LNCaP cells were 3.72,
4.46 and 1.13 nM, respectively. Among the three cell lines,
LNCaP is an androgen-dependent prostate cancer cell line,
while the other two cell lines are androgen-independent (12).
The study results indicated that PC-3 and DU-145 cells were
more resistant to Doc treatment, as their IC;, values were
approximately threefold and fourfold higher in comparison
with that of LNCaP cells, respectively.

Effects of Doc on the apoptosis of human prostate cancer cells.
To examine the mechanism underlying the antitumor effect of
Doc, flow cytometric analysis with Annexin V/PI staining was
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Figure 1. Effect of docetaxel on the growth of three human prostate cancer cells, namely PC-3, DU-145 and LNCaP cell lines. ICs,, half maximal inhibitory
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Figure 2. Effects of Doc on the apoptosis of human prostate cancer cells. Cells were treated with a low or high concentration of Doc, and flow cytometric assay

was performed. “P<0.01, vs. control and low Doc groups. Doc, docetaxel.

performed. Cells were exposed to low and high concentrations
of Doc, which were determined according to the ICs, value
of each cell line. The low Doc dose for PC-3, DU-145 and
LNCaP cells was 0.75, 2 and 0.5 nM, respectively, while the
high dose was 3, 4 and 1 nM, respectively. As presented in
Fig. 2, low concentrations of Doc had no effect on cell death
in all cells lines. Compared with the negative control and with
the cells treated with a low concentration of Doc, treatment
with high dose of Doc significantly increased the proportion
of Annexin V* apoptotic cells.

Effect of Doc on cell cycle phase distribution. Cultured human
prostate cancer PC-3, DU-145 and LNCaP cells were exposed
to Doc at the concentrations of 4, 10 and 2 nM, respectively.

As presented in Fig. 3, it was observed that treatment with Doc
led to marked cell cycle arrest at G,/M phase, as observed by
the significant increase in the percentage of cells at this phase
in PC-3 and DU145 cells, as compared with the untreated cells.

Effects of Doc on the protein levels of Bcl-2, Bad, phospho-Akt
and caspase-3/9. The study next explored the expression of
proteins associated with the development of Doc resistance in
prostate cancer cells. Western blot assay was used to assess
the expression of Bcl-2, total Akt, phospho-Akt, Bcl-2, Bad,
caspase-3 and caspase-9 at the protein levels after 24 and
48 h of Doc treatment. As shown in Fig. 4, compared with the
control group, treatment with Doc for 24 h led to significantly
decreased expression of anti-apoptotic Bcl-2 protein. The
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Figure 3. Effects of docetaxel on the cell cycle phase distribution of PC-3, DU-145 and LNCaP cells, examined by flow cytometry. ‘P<0.05 and “P<0.01, vs.
corresponding phase in the group without docetaxel treatment.
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Figure 4. Effects of Doc treatment for 24 h on the protein expression levels of Bcl-2, Bad, total Akt, phospho-Akt and caspase-3/9. Western blot analysis of
protein levels and quantified results are shown. “P<0.01 vs. group without Doc treatment. Doc, docetaxel; Bel-2, B-cell lymphoma 2; Bad, Bel-2-associated
death promoter; Akt, protein kinase B.

activity of p-Akt was decreased significantly, while total Akt levels of caspase-3, caspase-9 and pro-apoptotic protein Bad.
level remained stable. Treatment of PC-3, DU-145 and LNCaP  Protein expression was further examined at 48 h, and similar
cell lines with Doc also resulted in significant increase in the  results were obtained (Fig. 5).
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Figure 5. Effects of Doc treatment for 48 h on the protein expression levels of Bcl-2, Bad, total Akt, phospho-Akt and caspase-3/9. Western blot analysis of
protein levels and quantified results are displayed. “P<0.01 vs. group without Doc treatment. Doc, docetaxel; Bcl-2, B-cell lymphoma 2; Bad, Bcl-2-associated

death promoter; Akt, protein kinase B.

Discussion

In spite of the significantly improved survival, prostate cancer
remains a clinical challenge due to the fact that, in a certain
portion of patients, prostate cancer may progress to metastatic
castration-resistant prostate cancer with no curative treat-
ment options (2,3). Doc is an effective cytotoxic agent that
provides survival benefits for patients with castration-resistant
tumors (13). However, clinical resistance to Doc remains a chal-
lenge in clinical practice. Growing evidence has demonstrated
the complexity of the mechanism underlying Doc resistance,
which includes cellular anti-apoptotic, AR-mediated redox
signaling pathways (14-16). In the current study, the inhibi-
tory and apoptotic effects of Doc on androgen-dependent
or androgen-independent prostate cancer cells were initially
examined. The study then attempted to explore the regulation
of Bcl-2 and phosphoinositide 3-kinase (PI3K)/Akt signaling
pathway in Doc-induced apoptosis.

The results reported in the present study confirmed that Doc
exerted an inhibitory effect on the growth of cultured prostate
cancer cells in a dose-independent manner. The ICs, values
for the effect of Doc in PC-3, DU-145 and LNCaP cells were
3.72,4.46 and 1.13 nM, respectively. These results indicated
that Doc had a stronger inhibitory effect on the AR-dependent
LNCaP cells, as compared with that on AR-independent pros-
tate cancer cells PC-3 and DU-145. In respect to Doc-induced
apoptosis, the current data are in agreement with previous
findings indicating that a low dose of Doc causes no apoptotic
cell death, which is accompanied by senescence necrosis and
mitotic catastrophe (17-19). AR signaling is known to serve a
crucial role in the progression of prostate cancer. Dysregulation
of AR signaling and transcriptional activity stimulates resis-
tance to Doc (20). Aberrant AR pathway activation and various
splice variant isoforms are frequently observed in advanced
prostate cancer (21). At present, the molecular mechanism of

the differences in Doc sensitivity is unknown. In a small scale
clinical trial, Doc was proven to exert a therapeutic effect on
early hormone-sensitive prostate cancer, without affecting
testosterone levels (22). In future studies, it would be of
interest to explore the impact of low-dose Doc treatment on
hormone-sensitive prostate cancer compared with the effect of
traditional anti-androgen therapy. It would also be interesting
to explore the mechanical differences between inherent and
therapy-induced AR activation upon initial treatment with Doc.

To examine whether the strong effects of Doc treatment
on the three prostate cancer cell lines were mediated through
apoptosis-associated signaling pathways, the expression
levels of associated genes were assessed at the protein levels
in the present study. Previous studies have demonstrated that
taxanes inhibit the anti-apoptotic protein Bcl-2 by stabiliza-
tion of microtubules, leading to apoptosis (20,23). Bcl-2, a
proto-oncogene, is one of the most widely studied negative
regulators of apoptotic cascades. It is considered that Bcl-2
prevents the release of cytochrome ¢ and consequently blocks
the activation of the caspase cascade (24). In the present study,
it was observed that treatment of prostate cancer cells lines
PC-3, DU-145 and LNCaP with Doc significantly inhibited
Bcl-2 activity, and further upregulated the pro-apoptotic Bad,
caspase-3 and caspase-9 proteins. Recent studies suggested
that activation of Akt directly affects the apoptosis pathway
by targeting and downregulating the levels of Bcl-2 family
members, including Bad and Bcl-2-associated X protein,
resulting in cell survival (25,26). Emerging evidence revealed
a negative feedback link between PI3K/Akt and AR (25,26).
Furthermore, activation of Akt induced the phosphorylation
of AR, resulting in inhibition of the AR-induced apoptotic
pathway, whereas AR inhibition was reported to activate the
PI3K/Akt signaling pathway (25,26). The results of the present
study revealed that treatment of the three prostate cancer cell
lines with Doc markedly decreased the level of phospho-Akt.
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A certain decrease, although not significant, was also observed
in AR-dependent prostate cancer cells (namely LNCaP),
as compared with that detected in AR-independent prostate
cancer cells, implying a potential interplay between AR and
PI3K/Akt when prostate cancer cells are treated with Doc.
Given the central role of PI3K/Akt signaling pathway on the
growth, proliferation, motility, survival and angiogenesis
of tumor cells (27,28), there is great need for understanding
the associations between PI3K/Akt and AR pathway in
Doc-induced apoptosis. In addition, other pathways may
participate in Doc-induced apoptosis through AR-dependent
or AR-independent pathways; however, further studies are
required to investigate the involvement of other pathways.

It has been reported that the development of Doc resistance
in prostate cancer is associated with AR activation (29), which
is consistent with the findings of the present study, further
confirming the reliability of our data. Nevertheless, compared
with a 2D cell culture system, a 3D cell culture system that
exhibits a more similar behavior to in vivo conditions (30)
should be performed to further confirm the conclusions of
the present study. Doc has been widely used in the clinical
treatment of prostate cancer (31), and multiple pathways have
been proven to be involved in the Doc-mediated therapeutic
response in this disease, such as p53/p21WAF1/CIP1, p27KIP1
and Notch pathways (32,33). However, the involvement of Akt
signaling in this process is rarely studied. Thus, the present
study systemically investigated the role of Akt signaling
in Doc-mediated therapeutic responses in prostate cancer.
A number of pathways, such as type I insulin-like growth
factor (34), have been proven to be involved in androgen-depen-
dent and androgen-independent prostate cancer, and our future
studies will focus on these pathways.

In conclusion, the present study demonstrated that Doc
strongly inhibited the growth and induced the apoptosis
of human prostate cancer cells. AR-dependent prostate
cancer cells were more sensitive to Doc in comparison with
androgen-independent cells. The effects of Doc on growth
inhibition and apoptosis in prostate cancer cells were associ-
ated with inhibition of PI3K/Akt activation, decreased levels
of Bcl-2 and increased caspase-3/9 activation.
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