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Abstract. Taxol is the first‑line chemotherapeutic agent for 
patients with castration‑resistant prostate cancer. However, 
the mechanism of the sensitivity of prostate cancer cells 
to Taxol treatment remains to be elucidated. In the present 
study, it was found that paclitaxel induced more apoptosis 
and maspin expression in phosphatase and tensin homolog 
(PTEN)‑positive 22Rv1 cells than PTEN‑negative LNCaP 
cells. Knockdown of PTEN in 22Rv1 cells resulted in increased 
resistance to paclitaxel and impaired the induction of maspin 
expression by paclitaxel. Overexpression of PTEN sensitized 
LNCaP cells to paclitaxel treatment and increased maspin 
induction by paclitaxel. Furthermore, knocking down maspin 
abrogated PTEN‑induced paclitaxel sensitivity in LNCaP 
cells. PTEN/maspin signaling may be important for regulating 
the susceptibility to paclitaxel in prostate cancer.

Introduction

Taxol, also termed paclitaxel, has been widely used in the treat-
ment of several solid tumors, including prostate cancer (1‑3). 
However, not all tumors are sensitive to paclitaxel treatment, 
and the mechanisms that distinguish resistant tumors from 
sensitive tumors are not well understood (4). Therefore, identi-
fying the molecular characteristics associated with resistance 
or sensitivity to paclitaxel may help to determine the patients 
that are most likely to benefit from paclitaxel therapy.

Multiple mechanisms have been identified for pacli-
taxel‑mediated chemotherapy of human cancers. For example, 
paclitaxel has been shown to induce apoptosis by binding to 
the tubulin protein of microtubules and inhibiting the depo-
lymerization of microtubules (5). Several apoptotic signaling 
molecules, such as phosphatidyinositol‑3 kinase (PI3K)/Akt, 

p53/p21 and c‑Raf‑1/Ras/B‑cell lymphoma‑2, have also been 
reported to be involved in apoptosis induction by paclitaxel (6,7). 
Previous studies have shown that Akt inactivation sensitized 
human ovarian cancer cells to cisplatin and paclitaxel (8‑10). 
Phosphatase and tensin homolog (PTEN), an endogenous 
tumor suppressor, dephosphorylated the D3 position of phos-
phatidylinositol‑3,4,5 triphosphate to negatively control PI3K 
activity, and thus inhibited a panel of cellular responses 
mediated by the PI3K/Akt pathway (11). Overexpression of 
PTEN in malignant cells also induced apoptosis and suppres-
sion of survival signaling (10). The potential role of PTEN in 
the clinical efficacy of prostate cancer therapy by paclitaxel and 
its underlying mechanism remains to be elucidated.

The present study aimed at determining the sensitivity 
of paclitaxel in PTEN‑positive and PTEN‑negative prostate 
cancer cells. Furthermore, the present study aimed at inves-
tigating the underlying molecular mechanism and function of 
PTEN in the regulation of mammary serine protease inhibitor 
or serpin (maspin) expression in paclitaxel sensitivity.

Materials and methods

Materials. Dharmacon PTEN siRNA, maspin siRNA and 
control siRNA were purchased from GE Healthcare Life 
Sciences (Little Chalfont, UK). Paclitaxel was purchased from 
Taihua Natural Plant Pharmaceutical Co. Ltd (Xi'an, China). 
Gibco RPMI‑1640 medium and fetal bovine serum (FBS) 
were purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). All other chemicals used were of analytical grade 
and commercially available.

Cell culture and transfection. The prostate cancer LNCaP and 
22Rv1 cell lines were purchased from American Type Culture 
Collection (Manassas, VA, USA). The cells were cultured 
in RPMI‑1640 medium containing 10% FBS, 100  mg/ml 
streptomycin and 100 units/ml penicillin at 37˚C in a humidi-
fied 5% CO2 atmosphere. The cells were transfected using 
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instructions.

Cell cytotoxicity assay. The in vitro cytotoxicity of paclitaxel 
was evaluated by an MTT assay (12). Briefly, LNCaP cells and 
22Rv1 cells were treated with different concentrations (0, 5, 
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10, 15 and 20 nM) of paclitaxel for 48 h or 10 nm paclitaxel 
for different time courses (0, 24, 48 and 72 h). The cells were 
washed with PBS and then 20 µl of 5 mg/ml MTT solution 
was added to the cells in each well. Plates were incubated for 
an additional 4 h at 37˚C. The medium containing MTT was 
removed and 150 µl dimethyl sulfoxide was added to dissolve 
the formazan crystals. Absorbance was measured at 490 nm 
using a Labsystems iEMS microplate reader (Helsinki, 
Finland).

Cell apoptosis analysis. The cells were treated with different 
concentrations (0, 5, 10, 15 and 20  nM) of paclitaxel for 
48 h or 10 nm paclitaxel for different time courses (0, 24, 
48 and 72 h). Apoptosis was measured using an Annexin 
V/propidium iodide (PI) apoptosis detection kit according to 
the manufacturer's instructions (MultiSciences Biotech Co. 
Ltd, Zhejiang, China) and analyzed by a FACScan cytometer 
equipped with Cell Quest software (BD Biosciences, Franklin 
Lakes, NJ, USA).

Western blot analysis. Treated cells were harvested and lysed 
in RIPA lysis buffer [25 mM Tris‑HCl (pH 7.6), 150 mM NaCl, 
1% NP‑40, 1% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 
1 mM Na3VO4 and complete protease inhibitor cocktail]. The 
insoluble materials were centrifuged at 10,000 x g at 4˚C 
for 10 min and the supernatants were collected. The total 
proteins in supernatants were quantified by bicinchoninic 
acid protein assay kit (Beyotime Institute of Biotechnology, 
Haimen, China), according to the manufacturer's instructions. 
The proteins (10 µg) were separated on SDS‑PAGE (10% gel) 
and transferred to polyvinylidene fluoride membranes. The 
membranes were blocked, incubated with primary antibodies 
(all diluted at 1:1,000 and incubated at 4˚C overnight) including 
anti‑PTEN (cat. no. 9556; Cell Signaling Technology, Inc., 
Danvers, MA, USA), anti‑β‑actin (cat. no. 3700; Cell Signaling 
Technology) and anti‑maspin (cat. no. 271694; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), washed and incubated 
with the goat anti‑mouse immunoglobulin G conjugated to 
horseradish peroxidase (dilution, 1:5,000; cat. no. 2005; Santa 
Cruz Biotechnology, Inc.) at room temperature for 1 h. The 
protein bands were detected using enhanced chemilumines-
cence (Pierce; Thermo Fisher Scientific, Inc.). Expressions of 
these proteins were normalized to that of β‑actin as a control 
and analyzed using Adobe Photoshop V7.01 software (Adobe 
Systems Inc., San Jose, CA, USA).

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA from treated cells was isolated using TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. The mRNA was reverse transcribed 
with Superscript II reverse transcriptase (Invitrogen; Thermo 
Fisher Scientific, Inc.), 1X transcription buffer containing 
400 M dNTPs and 0.5 M oligo(dT)12‑18 primer (Invitrogen; 
Thermo Fisher Scientific, Inc.). PCR reactions were carried 
out for 35 cycles (95˚C, 30 sec; 58˚C, 30 sec; 72˚C, 30 sec) 
using primers specific for maspin (forward, 5'‑CCC​TAT​
GCA​AAG​GAA​TTGGA‑3' and reverse, 5'‑CAA​AGT​GGC​
CAT​CTG​TGAGA‑3'), GAPDH (forward, 5'‑GAA​GGT​GAA​
GGT​CGG​AGTC‑3' and reverse, 5'‑GAA​GAT​GGT​GAT​
GGG ATTTC‑3'). The amplified products were separated on 

a 2% agarose gel containing ethidium bromide (0.5 µg/ml) 
and analyzed using Adobe Photoshop V7.01 software (Adobe 
Systems Inc.).

Statistical analysis. Experiments were performed with three 
replicates. Statistical analyses were performed using Student's 
t test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

PTEN induces differential sensitivity to paclitaxel treatment 
in prostate cancer cells. It has been shown that wild‑type 
PTEN improves therapeutic efficacy in the treatment of 
human cancer (13). To determine whether PTEN would affect 
the sensitivity of prostate cancer cells to paclitaxel, the ability 
of paclitaxel to inhibit cell proliferation in PTEN‑negative 
LNCaP cells and PTEN‑positive 22Rv1 cells was first exam-
ined. As shown in Fig. 1A and B, paclitaxel inhibited growth 
of LNCaP and 22Rv1 cells in a concentration‑ and time‑depen-
dent manner. However, LNCaP cells revealed significantly 
increased resistance to paclitaxel treatment compared with 
22Rv1 cells (P<0.01 at 20 nM treatment for 48 h, or 10 nM 
treatment for 72 h). The percentages of cell apoptosis induced 
by paclitaxel in LNCaP cells and 22Rv1 cells were further 
determined by Annexin V/PI staining and flow cytometry 
(Fig. 1C and D). As expected, paclitaxel induced apoptosis in 
a concentration‑ and time‑dependent manner in LNCaP cells 
and 22Rv1 cells, and paclitaxel induced significantly increased 
apoptosis in 22Rv1 cells than LNCaP cells (P<0.01 at 20 nM 
treatment for 48 h, or 10 nM treatment for 72 h).

Paclitaxel upregulates maspin expression in PTEN‑positive 
prostate cancer cells. To explore the molecular mechanism 
involved in paclitaxel‑induced sensitivity in prostate cancer 
cells, PTEN expression was determined by western blot 
analysis. As shown in Fig. 2A, exposure of 22Rv1 cells to 
paclitaxel resulted in a concentration‑ and time‑dependent 
increase in the PTEN protein level. Notably, the increase 
of maspin protein level paralleled the elevated protein level 
of PTEN in 22Rv1 cells subsequent to paclitaxel treatment. 
However, the maspin protein level did not significantly change 
with paclitaxel treatment in PTEN‑negative LNCaP cells 
(Fig. 2B). Furthermore, the induction of maspin mRNA level 
by paclitaxel in 22Rv1 cells and LNCaP cells was consistent 
with the change in maspin protein level (Fig. 2C). These data 
suggested that maspin induction by paclitaxel may occur in a 
PTEN‑dependent manner.

Knockdown of PTEN downregulates paclitaxel‑induced 
maspin expression and apoptosis in 22RV1 cells. To determine 
whether PTEN‑regulated maspin expression was involved in 
paclitaxel‑induced apoptosis, PTEN was knocked down by 
PTEN‑specific siRNA prior to paclitaxel treatment in 22Rv1 
cells. As shown in Fig. 3A, knocking down PTEN increased 
resistance to paclitaxel treatment compared with cells trans-
fected with non‑specific siRNA. In addition, the increase in 
maspin protein and mRNA level subsequent to paclitaxel 
treatment was impaired when 22Rv1 cells were transfected 
with PTEN siRNA (Fig. 3B and C).
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Figure 2. Effects of paclitaxel on PTEN and maspin expression in 22Rv1 and LNCaP cells. (A) PTEN protein expression after paclitaxel treatment in 22Rv1 
cells. (B) Maspin protein expression after paclitaxel treatment in 22Rv1 and LNCaP cells. (C) Maspin mRNA expression level after paclitaxel treatment in 
22Rv1 and LNCaP cells. 22Rv1 and LNCaP cells were treated with different concentrations of paclitaxel for 48 h. (A) PTEN and (B) maspin protein expres-
sion and (C) maspin mRNA levels were determined by western blot analysis and reverse transcription‑polymerase chain reaction, respectively. The number 
underneath each band indicates the relative intensity of the corresponding band. PTEN, phosphatase and tensin homolog; IB, immunoblotting.

Figure 1. Effect on the sensitivity to paclitaxel treatment in prostate cancer cells. (A) Effect of paclitaxel on the proliferation of 22Rv1 and LNCaP cells treated 
with different concentrations of paclitaxel for 48 h. (B) Effect of paclitaxel on the proliferation of 22Rv1 and LNCaP cells treated with 10 nM paclitaxel for 
different times. (C) Effects of paclitaxel on the cell apoptosis of 22Rv1 and LNCaP cells treated with different concentrations of paclitaxel for 48 h. (D) Effects 
of paclitaxel on the cell apoptosis of 22Rv1 and LNCaP cells treated with 10 nM paclitaxel for different times. Cell proliferation was determined by MTT assay 
and cell apoptosis was determined by Annexin V/propidium iodide staining. Results from three independent experiments were quantified. Error bars indicate 
standard deviation among three individual experiments. *P<0.05 and **P<0.01 compared with LNCaP cells at the corresponding paclitaxel concentration or 
treatment time.
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PTEN overexpression upregulates paclitaxel‑induced 
maspin expression and apoptosis in LNCaP cells. To further 
confirm the role of PTEN‑regulated maspin expression in 
paclitaxel‑induced apoptosis, PTEN was overexpressed in 
PTEN‑negative LNCaP cells prior to paclitaxel treatment. As 
shown in Fig. 4A, LNCaP cells overexpressing PTEN showed 
more sensitivity to paclitaxel treatment compared with cells 
transfected with the empty vector. In addition, maspin protein 
and mRNA level were induced by overexpression of PTEN 
in LNCaP cells when treated with paclitaxel (Fig. 4B and C).

Knockdown of maspin abrogates PTEN‑induced paclitaxel 
sensitivity in LNCaP cells. To clarify the biological significance 
of PTEN in the regulation of maspin in response to paclitaxel, 
LNCaP cells were transfected with PTEN in the presence or 
absence of maspin siRNA and then paclitaxel‑induced apop-
tosis was determined. As expected, PTEN overexpression 
sensitized LNCaP cells to paclitaxel treatment. When the cells 
were cotransfected with maspin siRNA and PTEN, no signifi-
cant difference in apoptosis was found compared with that of 
the control group (Fig. 5A and B), which further confirmed 
that the PTEN/maspin pathway may play a role in the regula-
tion of paclitaxel sensitivity.

Discussion

Prostate cancer is the most common cancer in men and the 
second leading cause of cancer‑associated mortality in the 
western world (14). Androgen deprivation therapy (ADT) has 

become the standard treatment of patients with metastatic 
prostate cancer. Although the disease initially responds to 
ADT, tumors in the majority of patients eventually relapse and 
evolve into castration‑resistant prostate cancer (CRPC) (15). 
Chemotherapy has demonstrated a benefit in improving the 
survival of patients with CRPC, and paclitaxel is a first‑line 
chemotherapeutic agent in CRPC (1). However, the mechanism 
of apoptosis induction by paclitaxel remains to be elucidated.

The PTEN protein is a lipid phosphatase with puta-
tive tumor‑suppressing abilities. Inactivating mutations 
or deletions of PTEN, which results in hyperactivation of 
the PI3K/Akt signaling pathway, are frequently observed 
in a high proportion of human cancers, including prostate 
cancer (16). PTEN deficiency is associated with a number 
of aggressive tumor cell phenotypes and poor prognosis of 
cancer patients  (17,18). Previous studies have shown that 
cellular loss of functional PTEN leads to resistance or reduced 
sensitivity to chemotherapy and hormone therapy (19,20). To 
explore the potential role for PTEN in paclitaxel sensitivity 
in prostate cancer, the present study used two different 
prostate cancer cell lines, the PTEN‑positive 22Rv1 cell line 
and the PTEN‑negative LNCaP cell line, to assess paclitaxel 
sensitivity for apoptosis induction. The present data demon-
strated that 22Rv1 cells were more sensitive to paclitaxel 
treatment compared with LNCaP cells, and paclitaxel caused 
PTEN overexpression in 22Rv1 cells, suggesting that pacli-
taxel may induce different amounts of apoptosis in prostate 
cancer cells due to their different PTEN status. To further 
confirm whether the presence of wild‑type functional PTEN 

Figure 3. Effect of knocking down PTEN on cell apoptosis and maspin levels in 22Rv1 cells. (A) Paclitaxel induced apoptosis in 22Rv1 cells when PTEN was 
knocked down. (B) Paclitaxel induced change in maspin protein and mRNA levels in 22Rv1 cells when PTEN was knocked down. 22Rv1 cells were transfected 
with PTEN siRNA or control siRNA. At 48 h subsequent to transfection, cells were treated with 10 nM paclitaxel for 48 h. The cells were harvested and 
subjected to (A) apoptosis and (B) immunoblotting or RT‑PCR analysis. (C and D) Densitometric analysis of maspin protein and mRNA level shown in (B), 
respectively. Results from three independent experiments were quantified. Error bars indicate the standard deviation among three individual experiments. 
*P<0.01. PTEN, phosphatase and tensin homolog; RT‑PCR, reverse transcription‑polymerase chain reaction; siRNA, small interfering RNA.
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may benefit therapeutic efficacy in the treatment of prostate 
cancer, the effect of paclitaxel on the cells was determined 
when PTEN was knocked down in 22Rv1 cells or PTEN was 
overexpressed in LNCaP cells. As expected, knocking down 
PTEN in 22Rv1 cells induced resistance to paclitaxel treat-
ment, while overexpression of PTEN sensitized LNCaP cells 
to paclitaxel treatment.

Maspin, also termed protease inhibitor 5, is characterized 
as a class II tumor suppressor based on its ability to inhibit 
tumor growth, metastasis and angiogenesis (21,22). Previous 
studies also showed that high expression of maspin was asso
ciated with response to chemotherapy in a number of human 
primary tumors (23,24). To elucidate the tumor‑suppressive 
activity of maspin, certain proteins, including p53, have been 

Figure 5. Role of PTEN‑mediated maspin regulation in the sensitivity to paclitaxel treatment. LNCaP cells were transfected with PTEN in the presence or 
absence of maspin siRNA. After 48 h transfection, cells were treated with 10 nM paclitaxel. The cells were harvested after 48 h treatment and subjected to 
(A) apoptosis and (B) IB analysis. β‑actin was used as a loading control. Results from three independent experiments were quantified. Error bars indicate the 
standard deviation of three individual experiments. *P<0.05, **P<0.01. PTEN, phosphatase and tensin homolog; siRNA, small interfering RNA; IB, immunob-
lotting.

Figure 4. Effect of PTEN overexpression on cell apoptosis and maspin levels in LNCaP cells. (A) Paclitaxel induced apoptosis in LNCaP cells when PTEN was 
overexpressed. (B) Paclitaxel induced change in maspin protein and mRNA levels when PTEN was overexpressed. LNCaP cells were transfected with PTEN. 
At 36 h after transfection, cells were treated with 10 nM paclitaxel for 48 h. The cells were harvested and subjected to (A) apoptosis and (B) immunoblotting 
or RT‑PCR analysis. Densitometric analysis of the (C) maspin protein and (D) maspin mRNA levels shown in western blot analysis and RT‑PCR, respectively, 
in (B). Results from three independent experiments were quantified. Error bars indicate the standard deviation among three individual experiments. *P<0.01. 
PTEN, phosphatase and tensin homolog; RT‑PCR, reverse transcription‑polymerase chain reaction.
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identified to regulate maspin expression. The p53 protein binds 
directly to the p53‑consensus‑binding site present in the maspin 
promoter and induces maspin expression, which elucidates the 
role of p53 in cell growth, invasion and metastasis (25). In the 
present study, while investigating the mechanisms underlying 
PTEN‑induced chemosensitivity, paclitaxel was found to 
upregulate maspin protein and mRNA levels in 22Rv1 cells. 
In addition, ectopic expression of PTEN was associated with 
elevated maspin expression in LNCaP cells and knockdown of 
PTEN caused reduced maspin induction in 22Rv1 cells when 
treated with paclitaxel. Furthermore, the proapoptotic effect 
of PTEN on paclitaxel‑induced apoptosis can be abrogated 
by knocking down maspin. These data suggested that maspin 
may be involved in PTEN‑induced chemosensitivity. Whether 
PTEN bound to the maspin promoter and regulated maspin 
expression requires additional investigation.

In summary, the present study showed that PTEN was 
involved in paclitaxel sensitivity in prostate cancer cells. 
Mechanistically, it was demonstrated that PTEN‑mediated 
paclitaxel sensitivity may be due to the induction of maspin 
expression. The PTEN/maspin signaling pathway may have 
an important role in regulating the susceptibility of prostate 
cancer to paclitaxel.
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