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Introduction

Prostate cancer (PCa), one of the prevalent malignancies 
in men, is a main cause of cancer-related mortality [1]. 
Evidence indicates that PCa is apt to invasion, and clini-
cally localized cancer can be treated with surgery, hormone 
therapy and radiotherapy [2]. The development of PCa is 
always asymptomatic; thus, this disease is often diagnosed 
at an advanced stage accompanied by tumor metastasis [1]. 
Recently, conventional therapy of PCa rarely works, and 
the lethality of this disease is a result of PCa metastasis. 
Although clinical therapy has improved, the survival of 
prostate cancer patients is still low. Thus, it is necessary to 
look for reliable biomarkers that can distinguish tumors in 
a latent stage and play roles in cancer grow and metastasize 
[3].

Emerging studies have revealed that metastasis contrib-
utes to the mortality of multiple types of cancer, including 
PCa [4]. In PCa, the developmental program epithelial-
mesenchymal transition (EMT) is a key step in cancer ini-
tiation and progression via regulating the mesenchymal and 
epithelial phenotypes [5]. A considerable body of work 
has addressed the link between EMT in tumor cells and 
tumor aggressiveness [6]. EMT participates in the process 
of tumor cell metastasis including migration, cell detach-
ment, dispersion and invasion [7]. EMT markers including 
vimentin, fibronectin, E-cadherin, N-cadherin and ZEB1 
have been implicated in controlling mesenchymal and epi-
thelial cellular states [8, 9].

Byles et  al. showed that SIRT1 regulates cell migra-
tion and metastasis via increasing the expression of the 
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EMT transcription factor ZEB1 in prostate cancer cells 
[10]. Wellner et al. showed that the EMT-activator zinc 
finger E-box binding homeobox  1 can regulate tumo-
rigenicity via inhibiting microRNA-200 expression [9]. 
Also, accumulating evidence indicates that Notch signal-
ing is implicated in tumor cell migration, invasion and 
EMT [11]. Moreover, Bui et al. have shown that Notch-4 
plays an essential role in the EMT process in tamoxifen-
resistant MCF-7 breast cancer cells [12]. Emerging 
studies have indicated an important role for Notch-4 in 
cancer [13]. However, the function and mechanism of 
Notch-4 in PCa biology including cell growth, metasta-
sis and EMT is still unclear.

According to published estimates, there are four 
members of the Notch family in mammals, Notch1 to 
Notch4 [14]. Notch1 and Notch2 have similar epidermal 
growth factor (EGF)-like repeats; Notch3 has 34 EGF-
like repeats whereas Notch4 has 29 EGF-like repeats. 
These repeats affect Notch1–Notch4 affinity for ligands 
[14–16]. It is accepted that Notch signaling acts as a 
tumor suppressor or oncogene and is involved in the 
development and progression of a wide range of cancers 
[17, 18]. Shambhavi et al. have shown that Notch4 activ-
ity is enhanced in basal breast cancer cells and has been 
associated with tumor progression [19]. Thus, we spec-
ulated that Notch-4 may play a role in PCa cell growth 
and EMT. In agreement with the action of Notch-4 in 
other tumor types, the present study shows that Notch-4 
expression is increased in PCa cells and Notch-4 expres-
sion inhibits PCa cell growth and metastasis and impacts 
on the EMT phenotype.

Methods

Cell culture and transfection

The prostate cancer cell lines DU145, PC3 and LnCAP 
and the non-malignant prostate epithelial cell line 
RWPE1 were all obtained from American Type Culture 
Collection (ATCC). All cancer cells were maintained in 
RPMI-1640 medium containing 10% FBS, and supple-
mented with 1% penicillin/streptomycin at 37 °C. RWPE1 
cells were cultured in keratinocyte serum-free media 
in an incubator with 5% CO2 at 37 °C. DU145 and PC3 
cells was transfected with Notch-4 siRNA (siNotch-4) or 
control siRNA (siCon) for indicated time by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) follow-
ing the manufacturer’s protocol. After transfection, cells 
were treated with the potent NF-κB activator phorbol 
12-myristate 13-acetate (PMA) (Sigma, St. Louis, MO, 
USA; 100 ng/mL) for 6 h.

Cell viability assay

DU145 and PC3 cells were maintained in RPMI-1640 
medium and plated in 96-well plate at a density of 2 × 104 
cells /well with five replicates for each group. Cells 
were transfected with Notch-4 siRNA or control siRNA 
for 48  h. Cell viability was measured by the Cell Titer-
Glo (CTG) Luminescent Cell Viability Assay (Promega; 
Madison, Wisconsin, USA) following the manufacturer’s 
instructions.

Cell proliferation assay

DU145 and PC3 cells were cultured and treated as above. 
Proliferation of transfected cells and controls was assayed 
by the MTS assay using the CellTiter AQueous assay sys-
tem (Promega) following the manufacturer’s instructions 
[20]. In brief, MTS reagent (10  µL) was added to the 
cells and incubated for 1 h. The same volume of DMSO 
was added to cells as a control. The OD value was meas-
ured at 490 nm.

Apoptosis assay

For the apoptosis assay, PC3 cells were plated in 96-well 
plates at a density of 2 × 104  cells/well with five repli-
cates for each group. Cells were transfected with Notch-4 
siRNA or control siRNA for 48 h. Apoptosis was deter-
mined by a cell death detection ELISA according to the 
manufacturer’s instructions. The apoptosis assay was per-
formed by quantitating DNA fragmentation generated by 
apoptotic cells.

Cell migration and invasion assay

The Transwell assay was used to investigate the migration 
and invasion ability of PC3 cells as described previously 
[21]. The cells were transfected as described above. For 
the migration assay, PC3 cells were directly seeded in the 
upper chamber, whereas lower chamber contained medium 
containing 20% FBS which acted as a chemoattractant. 
After 24  h of incubation, cells were washed with PBS 
three times and the non-migrated cells in the upper cham-
ber were removed. The cells that migrated to the lower 
chamber were fixed and stained with 0.1% crystal violet. 
Cell invasion studies were performed according to a simi-
lar Transwell method described above, except the upper 
chamber was pre-coated with Matrigel (BD Biosciences). 
The migrating or invading cell counts were recorded using 
a microscope.
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RNA isolation and qRT‑PCR

Total RNA was extracted from PC3 cells using the RNeasy 
mini kit (Qiagen, Valencia, CA) following the manufactur-
er’s protocol. Then, 2 μg of RNA was used to synthesize 
cDNA using the Omniscript RT kit (Qiagen, Courtaboeuf, 
France) according to the manufacturer’s instructions. qRT-
PCR was performed on an ABI Prism 7500 Fast RT-PCR 
System (Applied Biosystems, Branchburg, NJ, USA). The 
primers for Notch-4 used in this study were as follows [22]: 
forward 5′-TCA​ACA​CTC​CTG​GCT​CCT​TCA​ACT​-3′ and 
reverse 5′-AGA​GGC​ACT​CAT​TGT​GAT​CA- GCCT-3′.

Western blot assay

PC3 cells were washed with ice cold PBS and lysed using 
RIPA buffer containing protease and phosphatase inhibi-
tors [23]. The same quantity of total protein was electro-
phoresed by 10% SDS–PAGE. A rabbit monoclonal anti-
body to Notch-4 and a rabbit polyclonal antibody to NF-κB 
p65 were used as the primary antibodies for Western blot-
ting. An HRP-conjugated goat anti-rabbit IgG antibody was 
used as the secondary antibody for Western blotting.

Statistical analysis

All quantified data are depicted as mean ± SD. Statistical 
analyses were performed using SPSS 16.0 software. One-
way ANOVA followed by a two-tailed Student’s t test was 
used for comparisons. The results were considered signifi-
cant at P < 0.05. GraphPad Prism 5 software was used to 
illustrate the data in this study.

Results

Notch‑4 is increased in PCa cell lines

Previous studies have shown that Notch-4 play essential 
roles in cancer progression; however, the function and 
mechanism of Notch-4 in PCa remains unclear. In order to 
determine the expression of Notch-4 in the PCa cell lines 
DU145, PC3 and LnCAP compared to the normal pros-
tate epithelial cell line RWPE1, we performed RT-PCR 
and western blot to show the mRNA and protein levels of 
Notch-4 in PCa cells and RWPE1 cells. Compared to pros-
tate epithelial cell line RWPE1, increased Notch-4 levels 
were particularly obvious in DU145, PC3 and LnCAP cells 
(Fig. 1a). Also, the western blot showed similar results in 
that the protein expression of Notch-4 was significantly up-
regulated in PCa cells (Fig. 1b).

Silencing Notch‑4 expressions inhibits PCa cell growth 
and promotes apoptosis

To further determine the effects of Notch-4 on PCa cell 
biology, Notch-4 deletion cells were constructed. RT-PCR 
and western blot showed that Notch-4 levels were remarka-
bly decreased in Notch-4 deletion cells (Fig. 2a, b). We next 
determined the effects of Notch-4 on PCa cell growth; the 
results indicate that Notch-4 depletion decreased DU145 
and PC3 viability and proliferation (P < 0.05, Fig.  2c, d). 
Finally, to determine whether Notch-4 deletion affects 
DU145 and PC3 apoptosis, a cell death detection ELISA 
was used; the results show that, compared to the control 
group, Notch-4 silencing markedly promoted DU145 and 
PC3 apoptosis (P < 0.05, Fig.  2e), whereas there was no 

Fig. 1   Notch-4 expression is increased in the PCa cell lines DU145, 
PC3 and LnCAP. a RT-PCR was used to assess the mRNA level of 
Notch-4 in the PCa cell lines DU145, PC3 and LnCAP and the nor-
mal prostate epithelial cell line RWPE1. Relative Notch-4 mRNA lev-
els were normalized to β-actin; b Western blot showed that Notch-4 

protein expression was increased in DU145, PC3 and LnCAP cells 
compared with RWPE1 cells. Notch-4 protein expression was nor-
malized to β-actin. The RT-PCR and Western blot results are repre-
sentative of three independent experiments in performed triplicate. 
Results are presented as mean ± SEM, *P < 0.05 versus control
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obvious change between the control and the siCon group 
(P > 0.05, Fig. 2e).

Depleted Notch‑4 expression suppresses PCa cell 
migration and invasion

We next determined whether Notch-4 silencing has an 
effect on cell migration and invasion. The results of the 
Transwell assay show that Notch-4 inhibition impaired PC3 
cell migration by ~40% when compared with the control 
group and the siCon group (P < 0.05, Fig.  3a). Similarly, 
compared with the control group and the siCon group, we 
observed a significant decline in the number of invaded 
PC3 cells in the Notch-4 inhibition group (P < 0.05, 
Fig.  3b). Also, as shown in Fig.  3c, d, the cell migration 
and invasion of DU145 cells was both decreased in the 
Notch-4 inhibition group (P < 0.05, Fig. 3c, d). These data 
suggest that Notch-4 depletion inhibits cell migration and 
invasion in PCa prostate cells.

Depleted Notch‑4 expression reverses PCa cell EMT

It is now well-established that cell metastasis is associated 
with EMT [24]. Also, Notch-4 has been implicated in this 
process [12]. EMT is characterized particular mesenchy-
mal and epithelial markers such as E-cadherin, Vimentin 
and N-cadherin. In the present study, western blot analysis 
showed a significant increase in the expression of E-cad-
herin in PC3 cells transfected with siNotch-4. Meanwhile, 
an obvious decrease in Vimentin was observed in the 
Notch-4 silenced prostate cancer PC3 cells. The expres-
sion of another mesenchymal marker, N-cadherin was 
also measured; it displayed a similar trend with Vimentin 
in Notch-4 silenced PC3 cells (Fig. 4a). Also, as shown in 
Fig. 4b, the increased E-cadherin expression and decreased 
Vimentin and N-cadherin was observed in SiNotch-4 
treated group (P < 0.05, Fig. 4b). These results suggest that 
Notch-4 knockdown in PCa cells reverses EMT and pro-
motes a shift towards an epithelial phenotype.

Fig. 2   Notch-4 ablation in PCa 
cells suppresses cell growth 
and promotes apoptosis. a–b 
Notch-4 mRNA levels (a) and 
protein expression levels (b) 
were determined by qRT-PCR 
and western blot in Du145 
and PC3. c Notch-4 ablation 
inhibits in vitro cytotoxicity in 
DU145 and PC3 determined 
using the Cell Titer-Glo (CTG) 
Luminescent Cell Viability 
Assay. d DU145 and PC3 cell 
proliferation was determined 
by the MTS assay. e Effects of 
Notch-4 ablation on Du145 and 
PC3 apoptosis were determined 
by a cell death detection ELISA. 
Cells were transfected with 
Notch-4 siRNA (siNotch-4) 
or control siRNA (siCon) for 
48 h. Results are presented as 
mean ± SEM from three inde-
pendent experiments performed 
in triplicate. * P < 0.05 versus 
control
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Silencing Notch‑4 expression suppresses NF‑κB 
signaling

Previous studies have found that Notch-1 signaling can 
increase NF-κB transcriptional activity; moreover, Notch-4 
is similar to Notch-1, which may also activate the NF-κB 
pathway [25]. This signaling pathway plays roles in can-
cer cell growth and metastasis. This study shows that, 
compared with the control group, Notch-4 silencing sig-
nificantly inhibited NF-κB subunit p50 and p65 expression 
in PC3 cells (Fig. 5a, b). The results indicate that Notch-4 
depletion suppressed the activity of NF-κB. Next, we used 

PMA to stimulate NF-κB signal pathway activation in PC3 
cells (Fig. 5a, b), and the Notch-4 siRNA transfected cell 
biology was assessed (Fig.  6). A significant increase in 
cell viability and a decrease in apoptosis were observed 
in PMA-stimulated Notch-4 siRNA transfected PC3 cells 
(Fig. 6a, b). Cell invasion was increased in Notch-4 siRNA 
transfected PC3 cells after PMA treatment (Fig.  6c). The 
effects of Notch-4 depletion on the levels of E-cadherin, 
vimentin and N-cadherin were also attenuated. Compared 
with the siNotch-4 group, the level of E-cadherin was 
reduced, whereas the expression of vimentin and N-cad-
herin were increased after PMA treatment and Notch-4 

Fig. 3   Notch-4 ablation in 
Du145 and PC3 cells suppresses 
cell migration and invasion. a–b 
Cells migration and invasion 
were measured by the Transwell 
assay in PC3 cells.  c–d Cells 
migration and invasion were 
measured by the Transwell 
assay in DU145 cells. Cells 
were transfected with Notch-4 
siRNA (siNotch-4) or control 
siRNA (siCon) for 48 h. Results 
are presented as mean ± SEM 
from three independent experi-
ments performed in triplicate. 
*P < 0.05 versus control

Fig. 4   Notch-4 ablation reverses EMT in Du145 and PC3 cells. EMT 
markers E-cadherin, N-cadherin and Vimentin affected by Notch-4 
ablation in PC3 (a)  and Du145 (b) cells were detected by western 
blot. Cells were transfected with Notch-4 siRNA (siNotch-4) or con-

trol siRNA (siCon) for 48  h. Results are presented as mean ± SEM 
from three independent experiments performed in triplicate. *P < 0.05 
versus control
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depletion cells (Fig. 6d). These results suggest that Notch-4 
silencing inhibits PCa cell growth, metastasis and EMT, at 
least partly dependent on the NF-κB pathway.

Discussion

The evolutionarily conserved Notch family of proteins has 
been shown to play fundamental roles in the progression 

of multiple types of cancer, such as breast cancer, hepato-
cellular carcinoma and prostate cancer [26–28]. There are 
four Notch receptors expressed in the mammalian system, 
i.e. Notch-1, Notch-2, Notch-3 and Notch-4. A consider-
able body of work suggests that Notch signaling, includ-
ing Notch-4, is a mammary proto-oncogene and a target 
for cancer treatment, such for as human breast cancer [29]. 
However, the role and the mechanism of action of Notch-4 
in prostate cancer are still unknown. Elevated expression 

Fig. 5   Notch-4 ablation inhibits NF-κB pathway activation in PC3 
cells. NF-κB p50 (a) and p65 (b) protein expression was detected by 
western blot. Cells were transfected with Notch-4 siRNA (siNotch-4) 
or control siRNA (siCon) for 48  h and then treated with the potent 

NF-κB activator PMA (100 ng/mL) for 6 h. Results are presented as 
mean ± SEM from three independent experiments performed in tripli-
cate. *P < 0.05 versus control, #P < 0.05 versus siNotch-4 group

Fig. 6   Notch-4 ablation inhibits 
PC3 cell growth and metastasis 
dependent on NF-κB signal-
ing. a Notch-4 ablation inhibits 
in vitro cytotoxicity in DU145 
and PC3 cells, determined 
using the Cell Titer-Glo (CTG) 
Luminescent Cell Viability 
Assay. b The effects of Notch-4 
ablation on PC3 apoptosis 
were determined by a cell 
death detection ELISA. c Cell 
invasion was measured by the 
Transwell assay. d E-cadherin, 
N-cadherin and Vimentin levels 
were detected by western blot. 
Cells were transfected with 
Notch-4 siRNA (siNotch-4) 
or control siRNA (siCon) for 
48 h and then treated with the 
potent NF-κB activator PMA 
(100 ng/mL) for 6 h. Results 
are presented as mean ± SEM 
from three independent experi-
ments performed in triplicate. 
*P < 0.05 versus control, 
#P < 0.05 versus siNotch-4 
group
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of Notch has been found in human breast cancers and the 
increased Notch is harmful in the overall survival of breast 
cancer patients [30]. Also, a high level of Notch-4 pro-
tein has been observed in adenoid cystic carcinoma [31]. 
Notably, Li et al. showed that Notch-4 is overexpressed in 
LNCaP-AI cells and aggressive prostate cancer samples 
by proteomics pathway array analysis (PPAA) [32]. Con-
sistent with these results, our study shows that Notch-4 is 
increased in the PCa cell lines DU145, PC3 and LnCAP 
compared to the normal prostate epithelial cell line RWPE1 
at both the mRNA and protein levels.

As proto-oncogenes, Notch proteins have been impli-
cated in tumor progression and initiation [33]. Notch sign-
aling can determine cellular fate and induce changes in cell 
activity, including cell proliferation, survival, apoptosis and 
differentiation [34, 35]. Wang et  al. indicated that silenc-
ing Notch-1 and its ligand Jagged-1 markedly induces PCa 
apoptosis and suppresses cell growth, migration and inva-
sion [25]. Studies have revealed that Notch-4 knockdown 
inhibits estrogen-independent growth of T47D cells trans-
fected with PKCα, whereas increased Notch-4 expression 
promotes cell growth [36]. Consistent with these findings, 
the present study showed that Notch-4 silencing markedly 
suppressed DU145 and PC3 cell viability and proliferation. 
Moreover, we observed that Notch-4 knockdown promoted 
PC3 apoptosis. Another study has also implicated Notch-4 
signaling in the metastasis of salivary adenoid cystic carci-
noma [37].

EMT is associated with the invasion and metastasis of 
malignant cancer and is characterized by an increase in 
mesenchymal gene expression and a decrease in epithelial 
gene expression [38]. In the present study, we observed that 
Notch-4 silencing increase the level of E-cadherin, whereas 
it significantly inhibited the expression of vimentin and 
N-cadherin. Thus, we believe that Notch-4 silencing could 
affect the invasion and metastasis of PCa cells by regulat-
ing the expression of E-cadherin, vimentin and N-cadherin.

Accumulating evidence strongly indicates that down-
regulated Notch-1 expression could inactivate the Akt, 
mTOR and NF-κB signaling pathways [25]. Notably, 
NF-κB signaling has also been reported to play an impor-
tant role in the pathobiology of PCa. We have confirmed 
that Notch-4 silencing suppresses NF-κB signaling. To 
achieve this, we used PMA to stimulate NF-κB p50 and p65 
activation in PC3 cells. The results indicate that Notch-4 
silencing induced PCa cell migration and invasion; this 
inhibition was dependent on the NF-κB signaling pathway.

In conclusion, this study shows that the knockdown of 
Notch-4 expression successfully inhibits PCa cell growth 
and metastasis in  vitro. Also, we confirmed that Notch-4 
silencing can regulate EMT marker expression and inhibit 
NF-κB pathway activity. These results suggest that Notch-4 

may be a new target gene for PCa and knockdown of 
Notch-4 may inhibit the malignant behavior of PCa.
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