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ABSTRACT
Notch signaling has been reported to play an essential role in tumorigenesis. Several studies have
suggested that Notch receptors could be oncoproteins or tumor suppressors in different types of human
cancers. Emerging evidence has suggested that Notch pathway regulates cell growth, apoptosis, cell cycle,
and metastasis. In the current study, we explore whether Notch-1 could regulate the cell invasion and
migration as well as EMT (epithelial-mesenchymal transition) in prostate cancer cells. We found that
overexpression of Notch-1 enhanced cell migration and invasion in PC-3 cells. However, downregulation
of Notch-1 retarded cell migration and invasion in prostate cancer cells. Importantly, we observed that
overexpression of Notch-1 led to EMT in PC-3 cells. Notably, we found that EMT-type cells are associated
with EMT markers change and cancer stem cell phenotype. Taken together, we concluded that
downregulation of Notch-1 could be a promising approach for inhibition of invasion in prostate cancer
cells, which could be useful for the treatment of metastatic prostate cancer.
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Introduction

Prostate cancer is one of the most common malignant in men
and the second leading cause of cancer death for males in the
United States.1 Over 161,360 prostate cancer cases will be
expected to occur and 26,730 patients will die from prostate
cancer in 2017.1 Although routine screening with the PSA
(prostate-specific antigen) test is helpful for early diagnosis of
prostate cancer, high rates of over-diagnosis by PSA test
contribute to screen-detected cancers.2 Currently, several treat-
ments include surgery, chemotherapy, and radiation therapy.3

In addition, hormonal ablation therapy is also often used for
prostate cancer patients. Androgen deprivation is initially useful
to shrink the tumor volume.3 However, many patients exhibit
resistance to androgen deprivation therapy, resulting in mCRPC
(metastatic castrate-resistant prostate cancer).4 The patients with
mCRPC have poor survival, suggesting that understanding the
mechanism of prostate cancer development and progression is
pivotal for discovery of new therapies of prostate cancer.

Multiple studies have revealed that cellular signaling cas-
cades such as Akt, mTOR (mammalian target of rapamycin),
Wnt, and Shh (sonic hedgehog) are critically involved in patho-
logical progression of prostate cancer.5-8 Recently, Notch sig-
naling pathway was characterized as a potential driver in
prostate cancer development.9,10 Notch receptors (Notch 1–
Notch 4) and their ligands (Jagged-1, Jagged-2, Delta-1, Delta-
3, and Delta-4) have been identified.11,12 When ligand binds to
its receptor, metalloproteinase and gamma secretase will cleave
Notch receptor, leading to releasing ICN (intracellular domain
of Notch) from the plasma membrane and subsequent

translocating into nucleus.13,14 Thus, ICN forms a complex
with CSL (CBF1/Su(H)/Lag-1) and triggers the transcription of
its targets such as cyclin D, Hey family and Hes (hairy enhancer
of split) family.15 Deregulated Notch signaling has been
observed in a variety of human cancers including prostate can-
cer.16-19 For example, Jagged-1 expression is associated with
prostate cancer metastasis and recurrence.20 Similarly, another
study showed that elevated Jagged-1 and Notch-1 expression
was found in high grade and metastatic prostate cancers.21

Moreover, depletion of Notch-1 inhibited proliferation and
induced apoptosis in PC-3 cells.22 Additionally, downregula-
tion of CSL activity suppressed cell proliferation in prostate
cancer cells.23 CSL regulated Akt to mediate androgen- inde-
pendence in prostate cancer progression.24 Furthermore, it has
been found that Notch-3 is activated and contributes to the
progression of prostate cancer.25 High expression of Notch sig-
naling pathway stimulated cell proliferation in prostate luminal
epithelial cells.26 Notably, Notch signaling pathway could play
a role especially in the formation of PIN (prostatic intraepithe-
lial neoplasia) structures.27 Strikingly, Notch promoted tumor
metastasis in a prostate-specific Pten (phosphatase and tensin
homolog)-null mouse model.28 Interestingly, phosphorylation
of Notch-1 by Pim (proviral insertion in murine) kinases pro-
moted oncogenic signaling in prostate cancer cells.29 Recently,
one study identified that inhibition of Notch pathway arrested
PTEN-deficient advanced prostate cancer via enhancing p27-
driven cellular senescence.30

Studies investigated the function of Notch signaling
pathway in prostate cancer.31 However, it is unclear
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whether Notch pathway is associated with EMT in prostate
cancer. Therefore, in the current study, we explore the role
of Notch in regulation of EMT in prostate cancer cells. We
found that overexpression of Notch-1 enhanced cell migra-
tion and invasion in PC-3 cells, whereas downregulation of
Notch-1 retarded cell migration and invasion in prostate
cancer cells. Moreover, overexpression of Notch-1 led to
EMT in PC-3 cells. Notably, we found that EMT-type cells
are associated with EMT markers change and cancer stem
cell (CSC) phenotype. Taken together, our results indicated
that activation of Notch signaling is associated with EMT
characteristics of prostate cancer cells. These findings dem-
onstrated that Notch pathway could be a promising target
for the treatment of metastatic prostate cancer.

Results

Activation of Notch-1 in PC-3 cells

To explore the function of Notch-1 in prostate cancer cells,
PC-3 cells were transfected with human ICN plasmid or
pcDNA3 as control group. Western blotting analysis was
used to detect the efficacy of plasmid transfection in PC-3
cells. We found that ICN transfection in PC-3 (PC-3 ICN)
cells led to higher expression of Notch-1 (Fig. 1A). To fur-
ther confirm the transfection efficacy of ICN plasmid,

immunofluorescence was performed in PC-3 cells with ICN
transfection. We observed that PC-3 ICN cells displayed an
increased activation of Notch-1 (Fig. 1B). To validate
whether PC-3 ICN could activate the downstream targets of
Notch-1, Western blotting analysis was conducted to mea-
sure the expression of Notch-1 targets. We found that mul-
tiple targets of Notch-1 are highly expressed in PC-3 ICN
cells, including Hey-1, Hey-2, Hes-5, Hes-6, Survivin, and
c-Myc (Fig. 1C). Our real-time RT-PCR (reverse transcrip-
tion polymerase chain reaction) results showed that the
mRNA levels of these genes are also increased in PC-3 ICN
cells (Fig. 1D). Our results demonstrated that Notch-1 is
highly activated in PC-3 ICN cells.

Overexpression of Notch enhanced cell migration and
invasion

To examine whether Notch-1 could contribute to migra-
tory activity of PC-3 cells, cell detachment and attachment
were measured in PC-3 ICN cells. We found that PC-3
ICN cells exhibited enhanced capacity for attachment and
detachment (Fig. 2A). To evaluate whether Notch-1 could
promote cell migration, wound healing assay was applied
for detection of cell migration. We found that PC-3 ICN
cells had more wound healing capacity compared with PC-

Figure 1. Activation of Notch-1 in PC-3 cells. (A) Western blotting was used to detect the expression of Notch-1 in prostate cancer cells. PC-3 ICN: PC-3 with ICN plasmid
transfection. (B) Immunofluorescence was performed in PC-3 cells with ICN transfection. (C) Western blotting analysis was conducted to measure the expression of Notch-1
targets in prostate cancer cells. (D) Real-time RT-PCR was performed to detect the mRNA levels of Notch-1 targets in prostate cancer cells. �P<0.05; ��P<0.01 vs PC-3 cells.
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3 cells (Fig. 2B). Matrigel migration and invasion chamber
assays were performed to examine the invasive activity of
PC-3 cells transfected with ICN. We found that PC-3 ICN
cells had increased cell migration (Fig. 2C). We also
observed that PC-3 ICN cells showed a higher level of
penetration through the Matrigel-coated membrane
(Fig. 2C).

Down-regulation of Notch-1 retarded cell migration
and invasion

To further determine whether Notch-1 regulates cell
migratory activity, we used Notch-1 siRNA for downregu-
lation of Notch-1 in PC-3 cells. The efficacy of Notch-1
siRNA for knocking down Notch-1 was validated by West-
ern blotting. We found that Notch-1 expression was barely
detectable in Notch-1 siRNA transfected PC-3 cells
(Fig. 3A). Moreover, our cell detachment and attachment
analysis showed that downregulation of Notch-1 by its
siRNA inhibited cell detachment and attachment in PC-3
cells (Fig. 3B). Furthermore, our migration and invasion
assays demonstrated that depletion of Notch-1 retarded
cell migration and invasion in PC-3 cells (Fig. 3C). There-
fore, our results suggest that downregulation of Notch-1
suppressed cell migration and invasion.

PC-3 ICN cells have the morphologic changes

It has been reported that overexpression of Notch-1 is asso-
ciated with EMT in human cancer cells.32 Therefore, we
determined whether Notch-1 could contribute to EMT in
prostate cancer cells. PC-3 cells are typical of an epithelial
cobblestone appearance. However, we found that PC-3 ICN
cells displayed elongated, irregular fibroblastoid morphology
(Fig. 4A). These changes in phenotype implied that PC-3
ICN cells could undergo the EMT. It has been documented
that EMT-type cells have more invasive characteristics. In
line with this, our PC-3 ICN cells have increased migratory
and invasive ability. These results indicated that PC-3 ICN
cells underwent EMT with more cell migratory
characteristics.

PC-3 ICN cells have the EMT marker changes

To further validate whether PC-3 cells with overexpression of
Notch-1 underwent EMT, the expression of EMT markers was
detected by real-time RT-PCR and Western blotting analysis in
PC-3 ICN cells. Our Western blotting data demonstrated that
the protein level of EMT markers in PC-3 ICN cells is consis-
tent with EMT characteristics (Fig. 4B). Consistently, our real-
time RT-PCR results showed that E-cadherin expression was

Figure 2. Overexpression of Notch enhanced cell migration and invasion. (A) Cell detachment and attachment were measured in PC-3 ICN cells. �P<0.05 vs PC-3 cells. (B)
Wound healing assay was applied for detection of cell migration in PC-3 cells with ICN transfection. (C) Left panel: Matrigel migration and invasion chamber assays were
performed to examine the invasive activity of PC-3 cells transfected with ICN. Right panel: quantitative results are illustrated for left panel. �P<0.05 vs PC-3 cells.
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significantly decreased, whereas the expression of Vimentin,
Slug, ZEB1 and ZEB2 was increased (Fig. 4C). Moreover,
immunofluorescence data confirmed our Western blotting
results (Fig. 5), suggesting that PC-3 ICN cells underwent EMT
change. To further validate the role of Notch signaling pathway
in these EMT type cells, PC-3 ICN cells were treated with
Notch-1 siRNAs, which inactivates Notch activation. We found
that PC-3 ICN cells were reversed from EMT to MET after
treatment with Notch-1 siRNA (Fig. 6A). Importantly, we
found that Notch-1 siRNA treatments inhibited the expression
of mesenchymal markers including ZEB1, Vimentin, Nestin,
and Snail in PC-3 ICN cells (Fig. 6B).

PC-3 ICN cells have increased the formation of prostate
cancer spheres

Sphere forming assay was performed to investigate the
capacity of CSC self-renewal in PC-3 ICN cells. We found
that PC-3 ICN cells showed increased formation of pros-
tate cancer spheres (Fig. 6C). Moreover, inhibition of
Notch-1 by its siRNA decreased formation of prostate can-
cer spheres (Fig. 6D). Mechanistically, the expression of

CSC surface markers including EpCAM, Lin28B, Nanog,
and Sox2 was increased in PC-3 ICN cells by our real-
time RT-PCR and Western blotting analysis (Fig. 6E). Our
results suggest that overexpression of Notch-1 could
enhance the formation of prostate cancer sphere associated
with CSC markers change. Our findings further indicated
that Notch-1 plays a key role in the regulation of CSC
phenotype.

Discussion

Accumulating evidence has demonstrated that EMT is
involved in tumor aggressiveness due to enhanced cancer
cell metastasis.33 It has been documented that during EMT
dynamic process, epithelial cells undergo morphologic
changes from epithelial cobblestone phenotype to elongated
fibroblastic phenotype.34 In other words, epithelial cells
obtain mesenchymal cell features. Epithelial markers includ-
ing E-cadherin and g-catenin are downregulated, while
mesenchymal markers such as Vimentin, Snail, Slug, ZEB1,
and ZEB2 are increased.35 Multiple studies have revealed
that EMT-type cells acquire enhanced migration and

Figure 3. Down-regulation of Notch-1 retarded cell migration and invasion. (A) Western blotting was conducted to measure the efficacy of Notch-1 siRNA for knocking
down Notch-1 in PC-3 cells. CS: control siRNA; NS: Notch-1 siRNA. (B) Cell detachment and attachment were measured in PC-3 cells transfected with Notch-1 siRNA.
�P<0.05 vs PC-3 cells. (C) Left panel: Matrigel migration and invasion chamber assays were conducted to detect the invasive activity of PC-3 cells transfected with Notch-
1 siRNA. Right panel: quantitative results are illustrated for left panel. �P<0.05 vs control.
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invasion capacity.36 Therefore, exploring the mechanism of
EMT development is required to discover new approaches
for the treatment of cancer metastasis.

EMT is triggered by the interplay of extracellular signals and
secreted factors including transforming growth factor-b (TGF-
b), hepatocyte growth factor (HGF), fibroblast growth factor
(FGF), and epidermal growth factor (EGF).37,38 Recently, Notch
signaling pathway was validated to trigger EMT in human can-
cer cells. For example, it has been reported that Notch pro-
moted EMT during cardiac development and oncogenic
transformation.39 Moreover, Notch-mediated EMT is associ-
ated with upregulation of Snail transcription factor.40 Further-
more, one study demonstrated that concomitant Notch
activation and p53 deletion led to EMT and metastasis in
mouse gut.41 Notably, Notch and TGF-b form a positive regu-
latory loop and regulate EMT in epithelial ovarian cancer
cells.42 Strikingly, Notch was found to promote stemness and
EMT in colorectal cancer.43 Similarly, Notch signaling triggered
EMT, leading to enhanced invasion and metastasis in adenoid
cystic carcinoma.44 One study showed that aberrant expression

of EMT markers E-cadherin, Vimentin, and Notch-1 was
observed in prostate cancer specimen and bone metastasis tis-
sues, suggesting that Nocth-1 could play a role in bone metasta-
sis via regulation of EMT.45 In line with these reports, we found
that Notch-1 induced EMT in prostate cancer cells, resulting in
increased cell migration and invasion.

Recent studies have discovered that EMT is associated
with drug resistance.46 EMT conferred drug resistance
characteristics to cancer cells against chemotherapeutic
drugs.47 For instance, gemcitabine-resistant pancreatic can-
cer cells acquired EMT phenotype and exhibited higher
activation of Notch signaling pathway.32 Silencing of
Notch-1 enhanced docetaxel induced mitotic arrest and
apoptosis in prostate cancer cells.48 Moreover, suppression
of acquired docetaxel resistance in prostate cancer is
through depletion of Notch-dependent tumor-initiating
cells.49 GSI inhibitor suppressed Notch pathway and
enhanced the antitumor effect of docetaxel in prostate can-
cer.50 Recently, one study validated that activation of
Notch-1 synergized with multiple pathways in promoting

Figure 4. PC-3 ICN cells have the morphologic changes and EMT feature. (A) The PC-3 and PC-3 ICN cells were photographed under the microscope. (B) Western blotting
was conducted to measure the protein levels of EMT markers in PC-3 ICN cells. (C) Real-time RT-PCR was performed to detect the mRNA levels of EMT markers in prostate
cancer cells. �P<0.05; ��P<0.01 vs PC-3 cells.
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castration resistant prostate cancer.51 Therefore, identifica-
tion of precise mechanisms that regulate EMT process
would likely be useful for exploring novel therapeutic
approaches for the treatment of human cancers. It has
been reported that EMT is associated with CSCs in human
cancers.52 CSCs possess the ability to self-renew and dif-
ferentiate.53 Moreover, CSCs have been validated and iso-
lated from many human cancers including prostate
cancer.54-56 Several cell markers including Oct4, Nanog,
Sox2, CD44 and Nestin could be prostate CSCs markers.54

In line with this concept, we found that overexpression of
Notch-1-induced EMT is associated with CSCs in prostate
cancer cells. Our findings suggest that targeting EMT
could eliminate CSCs in prostate cancer.

In conclusion, our findings clearly demonstrated that over-
expression of Notch-1 enhanced cell migration and invasion,
whereas downregulation of Notch-1 retarded cell migratory
activity in prostate cancer cells. Overexpression of Notch-1
induced EMT and exhibited CSC feature in prostate cancer
cells, which are associated with EMT and CSC markers change.
Interestingly, studies have shown that Notch signaling could
play an anti-tumor role in prostate cancer.57,58 Multiple studies
suggest Notch is a tumor suppressor in context dependent.59,60

Therefore, deeper investigation is required to explore the

function of Notch-1 using transgenic mouse model in the near
future.

Experimental procedures

Cell culture, reagents and antibodies

Human PC-3 cells were grown in RPMI (Roswell park
memorial institute)-1640 medium supplemented with 10%
fetal bovine serum and 1% penicillin and streptomycin in
5% CO2. Primary antibodies against Notch-1, Hey-1, Hey-2,
Hes-5, and Hes-6 were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). Anti-b-actin antibody was pur-
chased from Cell Signaling Technology (Danvers, MA).
Antibodies against vimentin and nestin were purchased
from Abcam (Cambridge, MA).

Plasmids and transfections

PC-3 cells were transfected with human Notch-1 ICN or vector
alone (pcDNA3) by Lipofectamine 2000. PC-3 cells were trans-
fected with Notch-1 siRNA and control siRNA, respectively,
using Lipofectamine 2000.61

Wound healing assay

The cells were allowed to grow to 90–95% confluency in 6-well
plates. Then, the wound was created by scratching the surface
of the plates using a pipette tip. After 20 h, the cells were photo-
graphed under the microscope.61

Cell migration and invasion assay

The 24-well inserts (BD Biosciences, Bedford, MA) with 8mm
pores was used to detect the cell migration following the manu-
facturer’s protocol. The cell invasive activity was measured
using the BD BioCoat Tumor Invasion Assay System.

Cell attachment and detachment assay

Cells were seeded in 24-well plates. After 1-h incubation, unat-
tached cells were removed, and the attached cells were counted
after trypsinization. For cell detachment assay, after cells were
seeded for 24 h incubation, the medium was removed and the
cells were incubated with 0.05% trypsin for 3 min to detach the
cells from the culture plates. Then, we counted the detached
and attached cells.

Real-time RT-PCR analysis for gene expression

The total RNA from cells was isolated by Trizol (Invitrogen,
Carlsbad, CA) and purified by RNeasy Mini Kit and RNase-
free DNase Set (QIAGEN, Valencia, CA) according to the man-
ufacturer’s protocols. The primers and the PCR reaction are
described previously.32

Figure 5. PC-3 ICN cells have the EMT marker changes. Immunofluorescence was
conducted to measure the expression of EMT markers in prostate cancer cells.
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Protein extraction and Western blotting

Cells were lysed and the protein concentrations were deter-
mined using the Bio-Rad protein assay kit (Bio-Rad Laborato-
ries, CA). The lysates were then resolved by SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis)
and immunoblotted with indicated antibodies.

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 10 min, per-
meabilized in 0.5% Triton X-100 for 10 min, and incubated in
PBS and 10% goat serum blocking solution for 1 h. The cells

were incubated for 2 h with anti-Notch-1, anti-E-cadherin,
anti-vimentin, anti-ZEB1, anti-ZEB2, anti-F-actin, in 5% goat
serum and were analyzed.

Sphere formation assay

Single cell suspensions of cells were seeded on 6-well plate at
1,000 cells/well in sphere formation medium (1:1 RPMI-1640/
F12 medium supplemented with B-27 and N-2, Invitrogen).
Fresh sphere formation medium was added every 3 d. After 10
d of incubation, the spheres were photographed under the
microscope.

Figure 6. PC-3 ICN cells have increased the formation of prostate cancer spheres. (A) The PC-3 ICN cells with Notch-1 siRNA transfection were photographed under the
microscope. CS: control siRNA; NS: Notch-1 siRNA. (B) Western blotting was conducted to measure the protein levels of CSC markers in PC-3 ICN cells after Notch-1 siRNA
transfection. (C) The formation of sphere was photographed under the microscope in PC-3 ICN cells. (D) The formation of sphere was photographed in PC-3 ICN cells with
Notch-1 siRNA transfection. (E) Left panel: Real-time RT-PCR was performed to detect the mRNA levels of CSC markers in prostate cancer cells. �P<0.05; ��P<0.01 vs PC-3
cells. Right panel: Western blotting analysis was used to measure the protein levels of CSC markers in prostate cancer cells.
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Data analysis

Results were analyzed using GraphPad Prism 4.0 (Graph pad
Software, La Jolla, CA). All data were expressed as mean § SD
(standard deviation). Statistical comparisons were done using
Student test. P<0.05 was considered to be statistically
significant.
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