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Abstract. Although docetaxel-based chemotherapy is thera-
peutically efficacious, drug resistance often leads to treatment 
failure in castration-resistant prostate cancer patients. The 
Notch signaling pathway plays a key role in prostate develop-
ment and prostate cancer. We investigated whether silencing 
Notch-1 has therapeutic potential for the treatment of prostate 
cancer. To determine this, we performed cell and molecular 
analyses following the silencing of the Notch-1 gene in 
PC-3 castration-resistant prostate cancer cells using small 
interfering RNA. The results demonstrated that silencing the 
Notch-1 gene effectively inhibits proliferation and induces 
apoptosis in PC-3 cells. In addition, docetaxel treatment 
results in decreased proliferation and increased apoptosis in 
the Notch-1-silenced cells compared to the control PC-3 cells. 
Docetaxel treatment was also accompanied by an upregulation 
of Bax and a downregulation of Bcl-2. Thus, Notch-1 silencing 
downregulates the anti-apoptotic protein Bcl-2, and upregu-
lates the pro-apoptotic protein Bax, which ultimately results 
in increased sensitivity of PC-3 cells to docetaxel. Taken 
together, these results suggest that Notch-1 is potentially an 
effective target for treating castration-resistant prostate cancer.

Introduction

According to recent data from the American Cancer Society, 
prostate cancer (PCa) has the highest incidence rate and the 
second highest mortality rate among males in the United 
States of America  (1). Most progressive PCa patients who 
receive hormone treatment exhibit tumor progression and 
require chemotherapy within 18-24 months  (2), at which 

point their condition is termed castration-resistant prostate 
cancer (CRPC), also known as androgen-independent pros-
tate cancer. One chemotherapy regimen for CRPC currently 
recommended by several authoritative guidelines, including 
the National Comprehensive Cancer Network (NCCN) and the 
European Association of Urology (EAU) (3,4), is a combined 
docetaxel and prednisone therapy. Despite the efficacy of 
docetaxel‑based chemotherapy, tumor progression occurs 
following a median of 6.3  months, resulting in treatment 
failure (5). The Food and Drug Administration (FDA) has not 
yet approved an alternative drug therapy for PCa patients in 
whom docetaxel therapy is unsuccessful. Therefore, current 
studies regarding the ability to reverse drug resistance and 
enhance sensitivity to docetaxel chemotherapy are ongoing.

The Notch family is an evolutionarily conserved family 
of transmembrane receptor proteins. The Notch signaling 
pathway plays a key role in cell differentiation, proliferation, 
survival and apoptosis, and is thus significant for the devel-
opment and normal function of a number of organs. In 
mammals, four Notch receptors (Notch-1-4) and five ligands 
(Dll-1,3 and 4 and Jagged-1 and 2) have been identified (6). 
All homologous Notch receptors contain a Notch intracellular 
domain (NICD), an extracellular domain and a transmem-
brane domain. The Notch signaling pathway is activated when 
the Notch ligand, adjacent to the cell surface, interacts with 
the NICD. In response, the Notch receptor then undergoes 
cleavage by the TNF-α-converting enzyme (TACE) and the 
γ-secretase/presenilin complex, releasing the NICD. The 
NICD, once separated from the cell membrane, translocates 
into the cell nucleus and interacts with the CSL protein  
[CBF1/Su (H)/Lag1] to activate transcription of the Notch 
target genes (7). There are several confirmed Notch target 
genes, including hairy enhancer of split (Hes) and the NF-κB 
family members, Hey, cyclin-D1 and P21 (8,9).

The Notch signaling pathway is significant in the early 
development of the prostate (10,11), and high levels of Notch 
receptor expression, particularly Notch-1, are associated with 
PCa. Notch-1 is highly expressed in several PCa cell lines, 
including the androgen-independent DU145, PC-3, 22Rr1 
and C4-2B cell lines, and the androgen-dependent LNCaP 
cell line (12-15). Notch-1 has also been demonstrated to be 
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overexpressed in animal models of prostate cancer (12,16) 
and in human PCa samples (14). Several studies have revealed 
that inhibition of Notch-1 expression increases apoptosis and 
inhibits the proliferation and invasiveness of tumor cells; 
effects that are associated with the Akt, mTOR, NF-κB, 
MMP-9 and uPA signaling pathways (14,15). Therefore, we 
explored the therapeutic potential of inhibiting Notch signaling 
in the treatment of CRPC.

We used small interfering RNA (siRNA) against Notch-1 
to inhibit Notch-1 signaling in PC-3 cells and to determine 
the effects of silencing Notch-1 on docetaxel sensitivity. Our 
results demonstrated that a decreased Notch-1 expression 
leads to decreased proliferation and increased apoptosis 
of tumor cells. In addition, we found that silencing Notch-1 
significantly increases the sensitivity of PC-3 cells to docetaxel 
chemotherapy; an effect that appears to result from the regula-
tion of the expression of Bcl-2 family members by the Notch 
signaling pathway. Overall, our results suggest that Notch-1 is 
an effective potential target for CRPC treatment.

Materials and methods

Cell culture. The PC-3 cell line was originally obtained from 
the American Type Culture Collection. Cells were cultured 
in RPMI-1640 medium supplemented with 10% FBS and  
100 µg/ml kanamycin (Sigma, St. Louis, MO, USA) at 37˚C in 
a 5% CO2 humidified incubator.

The study was approved by the ethics committee of 
the Third Xiangya Hospital of Central South University, 
Changsha, China.

Reagents. Docetaxel was purchased from Sanofi-Aventis 
(Dagenham, UK). The Opti-MEM® I serum-free culture 
medium and the Lipofectamine™ 2000, used for transfec-
tion, and the Total RNA Extraction kit were purchased from 
Invitrogen Life Technologies (Carlsbad, CA, USA). The MTT 
Cell Proliferation and Cytotoxicity Assay kit and the Annexin 
V-FITC and PI Apoptosis Detection kit were purchased from 
KeyGen Biotech (Nanjing, China). The SYBR-Green PCR 
Master mix was purchased from Fermentas (Burlington, ON, 
Canada). The Total Protein Extraction kit was purchased from 
ProMab (Changsha, China). The rabbit antibodies against 
Notch-1, Bcl-2 and Bax, and the mouse antibody against 
GAPDH were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA).

Notch-1 siRNA transfection. Three different siRNAs targeting 
specific sequences of Notch-1 (NM_017617) and a negative 
control scrambled siRNA, which was not homologous to any 
gene, were synthesized by GenePharma (Shanghai, China). 
The sequences of the three Notch-1 siRNAs were as follows: 
i)   Notch-1 siRNA-2010: sense,  5'-CAGGGAGCA 
UGUGUAACAUTT-3' and ant isense, 5'-AUGUUA 
CACAUGCUCCCUGTT-3'; ii) Notch-1 siRNA‑6150: sense, 
5'-GGGCUAACAAAGAUAUGCATT‑3' and antisense, 
5'-UGCAUAUCUUUGUUAGCCCTT-3'; i i i) Notch-1 
siRNA‑780: sense, 5'-GUCCAGGAAACAACUGCAATT-3' 
and antisense, 5'-UUGCAGUUGUUUCCUGGACTT-3'. The 
PC-3 cells were seeded in 6-well plates (4-5x104 cells/well) 
and cultured in 2 ml basic culture medium containing 10% 

FBS overnight until the cells were 70% confluent. The 
siRNA‑Lipofectamine 2000 complex was pre-mixed 
according to the manufacturer's instructions and added to the 
6-well plates. To select the most effective siRNA sequence, we 
analyzed Notch-1 expression in the cells using real-time PCR 
and western blot analysis 48 h following transfection.

Groups. The five groups of PC-3 cells were treated differently 
in this study: i) Control: PC-3 cells; ii) Scrambled: scrambled 
siRNA-transfected PC-3 cells; iii) NS: selected Notch-1 
siRNA-transfected PC-3 cells; iv) Doce: PC-3 cells exposed 
to 58 nm docetaxel; v) NS + Doce: 48 h following transfection 
with Notch-1 siRNA, cells were treated with 58 nm docetaxel.

Detection of inhibition of cell growth using MTT assays. The 
PC-3 cells in the logarithmic phase were seeded in 96-well 
plates. The cells were transfected with Notch-1 siRNA or 
scrambled siRNA. Forty-eight hours following transfection 
with Notch-1 siRNA, cells were treated with 58 nm docetaxel. 
A total of 24 h later, 50 µl of a 5 mg/ml MTT solution was 
added to each well and then incubated for 4 h. The reaction was 
terminated by adding 150 µl DMSO, and the optical density 
(OD) of each well was measured using a microplate reader 
(Bio-Rad, Hercules, CA, USA) at a detection wavelength of 
570 nm. The experiment was performed in triplicate, and the 
survival rate was calculated by subtracting the background 
OD value (complete culture medium without cells) from the 
OD value from each test well.

Detection of cell apoptosis using flow cytometry. A total of 
48 h following siRNA transfection, the cells were digested, 
centrifuged and washed with pre-cooled PBS. Cells were then 
washed with binding buffer containing 10 mmol/l HEPES, 
140 mmol/l NaCl and 2.5 mmol/l CaCl2 at pH 7.4 and then 
re-suspended. Each sample (105-106 cells) was treated with 5 µl 
of Annexin V-FITC and 10 µl propidium iodide (PI), mixed, 
and then incubated in the dark at room temperature for 15 min. 
Fluorescence was detected using a flow cytometer (FACSAria, 
BD Bioscience) within 1 h. The results were averaged and the 
percentage of apoptosis was calculated using the CellQuest 
software (Becton-Dickinson).

Detection of mRNA expression using real-time PCR. Total 
RNA of PC-3 was extracted using TRIzol (Invitrogen Life 
Technologies), according to the manufacturer's instructions. 
cDNA synthesis was performed with 2 µg of total RNA using  
a RevertAid™ H Minus First Strand cDNA Synthesis 
kit (Fermentas). The primers (ProMab) were designed 
using Primer Express 3.0 software (Applied Biosystems, 
Carlsbad, CA, USA), and their sequences were: Notch-1, 
f o r wa r d :  5 ' - C C T G T C T GAG G T C A AT GAG T-3 ', 
reverse: 5'-GTAGCCACTGGTCATGTCTT-3'; Bcl-2, 
forward: 5'-GAGGATTGTGGCCTTCTT-3', reverse: 
5'-CCAGGAGAAATCAAACAGAG-3'; Bax, forward: 
5 ' - C T G AG C AG AT C AT G A AG AC A -3 ',  r e ve r s e : 
5'-CTCTGCAGCTCCATGTTACT-3'  and GAPDH, 
forward: 5'-CAATGACCCCTTCATTGACC-3', reverse: 
5'-GACAAGCTTCCCGTTCTCAG-3'. Quantitative PCR 
was performed using SYBR-Green Master mix with the use 
of an ABI PRISM 7500 sequence detection system (Applied 
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Biosystems). Amplification data were normalized to the 
lowest sample, and quantification of the gene expression 
was performed using the ΔΔCt calculation, where Ct is the 
threshold cycle; the amount of target gene, normalized to the 
lowest sample, is given as 2-ΔΔCt (17).

Detection of protein expression using western blot analysis.  
The cells were lysed in a lysis buffer at 4˚C for 30  min. 
Insoluble material was removed by centrifugation. The protein 
concentrations were determined using the Bradford protein 
assay system (Bio-Rad). Protein (20 µg) was separated using 
SDS-PAGE and then transferred to polyvinyl difluoride 
membranes (Millipore, Bedford, MA, USA) by electroblotting. 
Following blocking with 5% non-fat dry milk, the blots were 
incubated with primary antibodies and developed with alka-
line phosphatase-conjugated secondary antibodies (Zymed, 
San Francisco, CA, USA) using enhanced chemiluminescence 
(Thermo, Rockford, IL, USA). The membranes were exposed 
to an X-ray film (Kodak, Rochester, NY, USA). The developed 
films were subsequently digitized and densitometrically 
analyzed using Gel-Pro Analyzer software version 4.0 (Media 
Cybernetics, Silver Spring, MD, USA). The protein expression 
levels are presented as a densitometric ratio of the targeted 
protein to the GAPDH housekeeping protein.

Densitometric and statistical analysis. The experiments were 
performed in triplicate and data are presented as the mean 

± standard deviation. The differences between the sample 
means were compared using analysis of variance. Analyses 
were carried out using SPSS for Windows, version 12.1 (SPSS 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Notch-1 siRNA effectively downregulates Notch-1 expression 
in PC-3 cells. Three separate Notch-1 siRNA sequences were 
synthesized. Real-time PCR and western blot analysis were 
performed 48 h following transfection to determine siRNA 
effectiveness. The results demonstrated that Notch-1 mRNA 
and protein expression were significantly inhibited by the three 
siRNAs, indicating the efficacy of this approach. Real‑time 
PCR results revealed the inhibition of mRNA expression by 
the 3 different Notch-siRNA sequences to be 71.9, 79.2 and 
74.9%  (Fig.  1A), while western blot analysis revealed the 
inhibition of Notch-1 receptor protein expression to be 60.9, 
69.2 and 63.2%, respectively (Fig. 1B and C). As the Notch-1 
siRNA-6150 had the highest silencing effect, it was used for 
the subsequent studies.

Downregulation of Notch-1 expression inhibits cell growth and 
induces apoptosis. To determine whether the Notch pathway 
is an effective target for treating CRPC, Notch-1 siRNA or 
scrambled siRNA were transfected into PC-3 cells, and cell 
survival was determined using an MTT assay 72 h following 
transfection. The results demonstrated that cell proliferation 
in the NS group was significantly inhibited compared to the 
control and scrambled groups (Fig. 2). To investigate whether 
the decrease in proliferation was associated with an increased 
apoptosis, apoptosis was examined using flow cytometry 48 h 
following transfection. The results revealed that the apoptosis 
rates of the control group, scrambled group and Notch-1 
siRNA group were 2.56, 2.59 and 8.45%, respectively (Fig. 3). 
Thus, the Notch-1 siRNA resulted in a 3.3-fold increase in 
apoptosis. These results demonstrate that the inhibition of cell 
proliferation following silencing of the Notch-1 expression is 
partially due to an increase in apoptosis.

Downregulation of Notch-1 expression increases chemosensi-
tivity. Since the Notch signaling pathway contributes to drug 
resistance in cancer cells, we examined whether downregula-
tion of Notch-1 sensitized prostate cancer cells to docetaxel, 

Figure 1. Effects of siRNA-mediated Notch-1 silencing in PC-3 cells. (A) Real-time PCR demonstrates that the expression of Notch-1 mRNA significantly 
decreases following transfection of three different Notch-1 siRNA fragments. (B) The relative intensity of Notch-1 protein by densitometry. (C) The protein 
expression level of Notch-1 by western blot analysis. Lane 1, Notch-1 siRNA-2010; lane 2, Notch-1 siRNA-6150; lane 3, Notch-1 siRNA-780; lane 4, scrambled 
siRNA. *P<0.05, compared with scrambled siRNA; ΔP<0.05, compared with siRNA-2010 and siRNA-780.

  A   B   C

Figure 2. Effects of Notch-1 silencing and docetaxel treatment on the growth 
of PC-3 cells. MTT assays indicate that cell proliferation in the NS group is 
significantly inhibited compared to the control and scrambled groups, and 
cell proliferation in the NS+Doce group is significantly inhibited compared 
to the NS and Doce groups. *P<0.05, compared with control; ΔP<0.05, com-
pared with monotherapy.
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a first-line chemotherapeutic drug for CRPC. A combination 
of docetaxel and Notch-1 siRNA was used to treat PC-3 cells, 
and MTT assays were performed to measure the proliferation 
of the tumor cells. The results revealed that silencing Notch-1 
prior to docetaxel treatment significantly potentiated the 
inhibitory effects of docetaxel on cell proliferation, compared 
to treatment with docetaxel alone (Fig. 2). To further explore 
the mechanism underlying the anti-proliferative effect of 
Notch-1 silencing, we measured apoptosis in tumor cells using 
flow cytometry. The results revealed that the apoptosis rate 
following the combination treatment was 17.16%, compared to 
5.39% for docetaxel alone, a 3.2-fold increase (Fig. 3), which 
suggests that Notch-1 silencing significantly increases the 
anti‑tumor effects of docetaxel.

Effects of Notch-1 gene silencing on the expression of the 
apoptosis-associated proteins, Bcl-2 and Bax. The Bcl-2 
family of proteins are crucial in controlling the apoptotic 
machinery in mammalian cells via its interacting pro- and 
anti-apoptotic members. These proteins integrate a wide array 
of diverse upstream survival and distress signals to determine 
the fate of the cells (18). Our data indicate that the inhibi-
tion of cell proliferation that results from Notch-1 silencing 
is partially due to an increase in apoptosis. To investigate the 
mechanism by which Notch-1 silencing regulates apoptosis, 
we used real-time PCR and western blot analysis to examine 
the transcriptional activity and protein expression of Bcl-2 and 
Bax, two Bcl-2 family members known to be significant in 
the regulation of apoptosis. High levels of Bax and low levels 
of Bcl-2 expression were observed in the Notch-1 siRNA-
silenced cells and docetaxel-treated cells. Furthermore, 
compared to the siRNA- and docetaxel-alone groups, the 

expression of Bcl-2 mRNA and protein was significantly 
downregulated, and the expression of Bax mRNA and protein 
was significantly upregulated in cells treated with siRNA and 
docetaxel (Fig. 4).

Discussion

Notch signaling is significant for the direct cell-cell commu-
nication involved in the determination of cell fate, stem cell 
potential and lineage commitment. The biological function 
of this pathway is context-dependent  (19). For example, 
upregulation of the Notch gene expression inhibits prolifera-
tion and promotes apoptosis in several types of tumor cells, 
including hepatocellular carcinoma, thyroid cancer and lung 
adenocarcinoma (20-22). In contrast, in most solid tumors, 
the Notch gene functions as an oncogene; the occurrence of 
PCa, kidney cancer, glioma, ovarian cancer and breast cancer 
are often accompanied by upregulation of the Notch receptor 
and ligand expression (14,23-28). In PCa, Bin Hafeez et al (14) 
demonstrated that the expression of Notch-1 is upregulated in 
pathological specimens and in cell lines PC-3, DU-145, 22Rr1 
and LNCaP. Moreover, Notch-1 gene silencing significantly 
decreases the invasiveness of PC-3 cells (14). In our current 
results, we found a significant inhibition of PC-3 cell prolif-
eration following Notch-1 silencing, which is associated with 
increased apoptosis. These findings are consistent with studies 
by Bin Hafeez et al and Wang et al (14,15), which markedly 
support a role for Notch-1 as an oncogene in PCa.

As Notch-1 exhibits an anti-tumor function, it has been 
applied to enhance tumor chemotherapy in in vitro studies. 
Zang et al demonstrated that silencing Notch-1 significantly 
increases the sensitivity of breast cancer cells to docetaxel 

Figure 3. Effects of Notch-1 silencing and docetaxel treatment on apoptosis in PC-3 cells. Apoptosis rates of cells in each group were detected using flow 
cytometry. The percentage of apoptotic cells in the NS group increased significantly compared to the control and scrambled groups. In addition, the percentage 
of apoptotic cells increased significantly in the NS+Doce group compared to the Doce group. (A) Columns, mean of at least three experiments. Error bars are 
the standard deviation. (B-F) Flow charts: lower right quadrant, annexin V-positive and PI-negative cells indicate early apoptotic cells; upper right quadrant, 
annexin V-and PI-positive cells show necrotic or late apoptotic cells. Early and late apoptotic cells were calculated as the incidence of apoptotic cell death. 
*P<0.05, compared with control; ΔP<0.05, compared with monotherapy.
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and doxorubicin (29). The pathogenesis and treatment of PCa 
are similar to those of breast cancer; however, its resistance to 
chemotherapy has been a challenge for clinicians. In our study, 
siRNA was used to silence the expression of Notch-1 in PC-3 
cells, and the synergistic effect between Notch-1 silencing 
and docetaxel treatment was examined. We determined 
that the proliferation of the Notch-1-silenced PC-3 cells was 
significantly inhibited by docetaxel treatment. Furthermore, 
docetaxel also increased the number of apoptotic PC-3 cells, 
indicating that the observed decrease in proliferation following 
combination treatment may arise from the apoptosis-inducing 
effects of Notch-1. Nefedova et al established a model of 
multiple myeloma in the mouse and found that inhibition of 
the Notch signaling pathway by γ‑secretase inhibitors (GSIs) 
increased the anti-tumor effects of melphalan and doxoru-
bicin (30). Our data indicate that docetaxel chemosensitivity 
increases in PC-3 cells following silencing of Notch-1 expres-
sion by siRNA transfection, an observation that supports the 
theory that the Notch pathway is an effective target for PCa 
treatment.

The ability of taxanes, including paclitaxel and docetaxel, to 
kill tumor cells depends on their ability to induce mitotic arrest, 
chromosome segregation failure and apoptosis in tumor cells. 
The apoptotic signaling pathways in taxane-resistant cell lines 
have an aberrant expression, which is also one of the reasons for 
drug resistance in these tumors (31). We demonstrated that the 
increased docetaxel sensitivity observed in PC-3 cells following 
Notch-1 silencing could result from the apoptosis‑inducing 
effects of Notch-1. The Notch pathway is mainly involved in cell 
differentiation; therefore, we explored whether the apoptosis-
inducing effects of Notch-1 were associated with regulation 
of the apoptosis signaling pathways. Rasul et al revealed that 
GSIs induce apoptosis in breast cancer cell lines through the 

suppression of Bcl-2 and Bcl-xL expression (32). Chun and Lee 
demonstrated that the anti-apoptotic proteins Bcl-2 and Bcl-xL 
were highly expressed in paclitaxel‑resistant hepatoma cell 
lines, and Bcl-xL expression was enhanced by paclitaxel treat-
ment (33). Bcl-2 inhibits apoptosis, and its overexpression is 
associated with CRPC. Bak and Bax are members of the Bcl-2 
family and counteract the anti-apoptotic functions of Bcl-2 (34). 
Reagan‑Shaw et al studied the effects of vitamin E and sele-
nium on the LNCaP, DU145 and PC-3 PCa cell lines, and found 
that these agents induce apoptosis through the upregulation of 
Bax, Bak and Bid, and the downregulation of Bcl-2 (18). These 
studies suggest that the anti-tumor effects of chemotherapeutic 
drugs, including paclitaxel, occur through their regulation of 
the Bcl-2 signaling pathway. Our results confirm that the high 
docetaxel sensitivity observed in PC-3 cells was associated with 
high levels of Bax and low levels of Bcl-2 expression. Although 
Notch-1 silencing and docetaxel treatment downregulated Bcl-2 
and upregulated Bax at the mRNA and protein levels, the effect 
was more evident when Notch-1 was silenced prior to docetaxel 
treatment. Therefore, Notch-1 silencing is capable of enhancing 
the apoptosis-inducing effects of docetaxel, possibly through the 
regulation of Bcl-2 family members.

In conclusion, our results demonstrate that silencing 
Notch-1 induces an increase in apoptosis and an inhibition 
in the proliferation of tumor cells. These results suggest that 
silencing Notch-1 significantly increases the chemosensitivity 
of PC-3 cells to docetaxel. Based on these results, it appears 
that silencing Notch-1 regulates the expression of Bcl-2 
family members by downregulating the anti-apoptotic Bcl-2 
and upregulating the pro-apoptotic Bax, thus leading to an 
increased sensitivity of PC-3 cells to docetaxel. This study 
indicates that Notch-1 is a potential target for the treatment 
of CRPC. The detailed mechanisms underlying the regulation 

Figure 4. Regulation of Bcl-2 and Bax expression by Notch-1 silencing. (A) The expression of Bcl-2 mRNA is significantly decreased in the NS+Doce group com-
pared to the NS or Doce groups. (B) The expression of Bax mRNA is significantly increased in the NS+Doce group compared to the NS or Doce groups. (C) Bcl-2 
protein expression is significantly decreased, and (D) Bax protein expression is significantly increased in the NS+Doce group compared to the NS and Doce groups.  
(E) The protein expression levels of Bcl-2 and Bax by western blot analysis. *P<0.05, compared with control; ΔP<0.05, compared with monotherapy.

  A	   B

  D   E

  C



YE et al:  SILENCING NOTCH-1 ENHANCES CHEMOSENSITIVITY OF PROSTATE CANCER CELLS884

of the Bcl-2 family members by the Notch signaling pathway 
require further investigation in future studies.
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