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a  b  s  t  r  a  c  t

Prostate  cancer  (CaP)  is  the  second  leading  malignancy  in men.  The  role  of epithelial  cell adhesion
molecule  (EpCAM),  also  known  as CD326,  in CaP progression  and  therapeutic  resistance  is  still  uncertain.
Here, we  aimed  to investigate  the  roles  of  EpCAM  in  CaP  metastasis  and  chemo/radioresistance.  Expres-
sion  of EpCAM  in CaP  cell  lines  and  human  CaP  tissues  was  assessed  using  immunofluorescence  and
immunohistochemistry,  respectively.  EpCAM  was  knocked  down  (KD)  in PC-3,  DU145  and  LNCaP-C4-
2B  cells  using  small  interfering  RNA  (siRNA),  and KD results  were  confirmed  by  confocal  microscope,
Western  blotting  and quantitative  real  time  polymerase  chain  reaction  (qRT-PCR).  Cell  growth  was
evaluated  by  proliferation  and  colony  formation  assays.  The  invasive  potential  was  assessed  using a
matrigel  chamber  assay.  Tumorigenesis  potential  was  measured  by  a  sphere  formation  assay.  Chemo-
/radiosensitivity  were  measured  using  a colony  formation  assay.  Over-expression  of  EpCAM  was  found  in
adioresistance
I3K/Akt/mTOR

primary  CaP  tissues  and  lymph  node  metastases  including  cancer  cells  and  surrounding  stromal  cells.  KD
of EpCAM  suppressed  CaP proliferation  and  invasive  ability,  reduced  sphere  formation,  enhanced  chemo-
/radiosensitivity,  and  down-regulated  E-cadherin,  p-Akt,  p-mTOR,  p-4EBP1  and  p-S6K  expression  in  CaP
cells. Our  findings  suggest  that EpCAM  plays an important  role  in  CaP  proliferation,  invasion,  metastasis
and  chemo-/radioresistance  associated  with  the activation  of  the  PI3K/Akt/mTOR  signaling  pathway  and
is a  novel  therapeutic  target  to  sensitize  CaP cells  to  chemo-/radiotherapy.
Abbreviations: BPH, benign prostate hyperplasia; BSA, bovine serum albumin; CaP, 

rostate cancer; CSC, cancer stem cell; CTC, circulating tumor cell; DAB, 3,3′ diaminobenz
pithelial–mesenchymal transition; EpCAM, epithelial cell adhesion molecule; FBS, fetal bo
eroxide; i.c., intracardiac; KD, knock down; MAb, monoclonal antibody; MMRD, mism
romide; o/n, overnight; PI, propidium iodide; PSA, prostate specific antigen; PTX, paclit
hain  reaction; RP, radical prostatectomy; RT, room temperature; s.c., subcutaneous; scr, s
aline;  TMA, tissue microarray.
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. Introduction

Prostate cancer (CaP) remains a major health problem in males
f Western countries and accounts for an estimated 33,720 deaths
n the USA in 2011 (Beltran et al., 2011). Localized CaP patients have

 long-term survival due to great advances in surgical resection and
adiotherapy. However, patients with advanced and metastatic dis-
ase are often associated with a poor prognosis; up to 30% of treated
atients suffer a relapse within 18 months after surgical resection.
hile initially responsive to androgen deprivation therapy, almost

ll CaP patients will inevitably progress to recurrent castration-
esistant prostate cancer (CRPC) and die from metastasis.

Radiotherapy continues to be one of the most popular treatment
ptions for CaP patients detected at early-stage or advanced-stage
isease. Up to 20% of localized CaP is considered high-risk cases,
efined as T3-4 or Gleason score 8–10 or baseline prostate spe-
ific antigen (PSA) > 20 ng/mL. For these high-risk cases, surgery
r radiotherapy alone yields to high rates of local and distant
elapse (Thoms et al., 2011), which results in cancer progression
o metastatic disease. One main reason for these failures follow-
ng radiotherapy is due to the radioresistance of a subpopulation of
aP clones within the tumor. Radioresistance is a major challenge

n current CaP radiation therapy. Thus, it is urgent to identify novel
herapeutic targets to improve CaP radiosensitivity and overcome
adioresistance.

Chemotherapy is customarily used for relieving the resultant
ymptoms of advanced CaP. Two Docetaxel (DTX)-based clini-
al trials have unraveled the potential benefits of chemotherapy
o prolong the survival time and improve the quality of life in
aP patients for the first time (Berthold et al., 2008; Petrylak
t al., 2004). Although DTX-based regimens extended survival
ime, the overall benefit was modest, with most patients subjected
o progression within 7 months and, ultimately, dying (Higano
nd Crawford, 2011). Its effectiveness is enormously challenged
y the drug-resistant nature of CaP. Chemoresistance is another
hallenge for current CaP chemotherapy. Hence, it is important
o investigate the mechanisms and signaling pathways of CaP

etastasis and progression and to identify novel and effective
herapeutic targets to improve current chemotherapeutic modali-
ies.

Epithelial cell adhesion molecule (EpCAM, also known as
D326), initially discovered as a predominant antigen in human
olon carcinoma, is a transmembrane glycoprotein that is highly
xpressed in rapidly proliferating carcinomas (Ni et al., 2012).
ecent data suggest a more multipotent role of EpCAM that is not
nly in cell-cell adhesion, but also in cell signaling, migration, pro-
iferation and differentiation (Patriarca et al., 2012). While there is
n agreement that CaP specimens express a high-level of EpCAM,
here are conflicting reports regarding the relationship between
pCAM expression and clinical parameters in CaP patients. One
tudy found that EpCAM expression did not correlate with tumor
tage, nodal stage, Gleason score or overall survival in 553 CaPs
n different tumor stages (Went et al., 2004). However, another
tudy reported that the expression of EpCAM in 102 localized CaPs
reated with radical prostatectomy (RP) correlated with unfavor-
ble clinical features such as higher preoperative and postoperative
leason score, shorter biochemical recurrence-free survival and
dvanced tumor stage (Benko et al., 2011). The role of EpCAM in
aP metastasis is still unclear. To date, little attention has been
aid to the regulation of EpCAM in CaP chemo/radioresistance.
ecause of the importance of EpCAM in cancer metastasis and pro-
ression, investigation of the roles of EpCAM in CaP metastasis and

hemo-/radioresistance may  provide novel insights to facilitate the
evelopment of novel treatment strategies for CaP.

In the current study, we hypothesized that overexpression
f EpCAM is associated with the metastatic and progressive
try & Cell Biology 45 (2013) 2736– 2748 2737

capacity of CaP; CaP chemo-/radioresistance is closely linked with
EpCAM expression; the regulation of EpCAM in CaP metastasis
and chemo-/radioresistance is correlated with the PI3K/Akt/mTOR
signaling pathway. So far, little data exist on EpCAM signaling
pathway in CaP metastasis. The impact of EpCAM expression on
CaP cells was investigated in loss-of-function studies by silencing
EpCAM expression in EpCAM+ CaP cell lines, which resulted in a
decrease in cell proliferation, migration, invasiveness and sphere
formation, with a concurrent increase of the sensitivity to chemo-
/radiotherapy and reduced PI3K/Akt/mTOR signaling proteins.

Here, we demonstrate for the first time that EpCAM has
tumor initiation properties and is involved in proliferation, inva-
sion, metastasis and chemo-/radiosensitivity via the activation of
PI3K/Akt/mTOR signaling pathway in CaP cells, and is a useful ther-
apeutic target to prevent CaP metastasis and increase the sensitivity
to chemo-/radiotherapy.

2. Materials and methods

2.1. CaP and control tissues

Ethical approval was  obtained from the South East Health
Human Research Ethics Committee, South Section, Sydney,
Australia. Primary CaP tissues (n = 10) from patients with localized
CaP undergoing RP, lymph node metastases (n = 10) and benign
prostate hyperplasia (BPH) tissues (n = 10) and normal prostate
biopsies (n = 10) were obtained at Urology Sydney, St George Private
Hospital, Sydney, Australia from 2000 to 2005.

2.2. Antibodies and reagents

Antibodies were obtained from different sources. The detailed
information and conditions are listed in Table 1. Docetaxel (DTX),
Paclitaxel (PTX) and Doxorubicin (DOX) were purchased from
Sigma–Aldrich, Pty Ltd. (Castle Hills, NSW, Australia). The DTX and
PTX were first diluted in 100% ethanol while DOX was  diluted in
DMSO, and the three drugs were added to the growth medium.
The final concentrations of 100% ethanol or DMSO were 0.01%.
siRNA targeting EpCAM and a scrambled (scr) sequence control
for off-target effects were obtained from Applied Biosystems Pty
Ltd Australia (Melbourne, VIC, Australia). EpCAM expression plas-
mid  and empty vector were purchased from OriGene Technologies
Inc (Rockville, MD,  USA). Insulin, B27, EGF, bFGF and G418 were
purchased from Invitrogen Australia Pty Ltd (Melbourne, VIC,
Australia).

2.3. Cell culture

Androgen-non-responsive (PC-3, PC-3M, DU145, LNCaP-C4-2B)
and androgen-responsive (LNCaP, LNCaP-LN3, DuCaP) CaP cell lines
from different sources were studied (Table S1). All cell culture
reagents were supplied by Invitrogen Australia Pty Ltd (Melbourne,
VIC, Australia) unless otherwise stated. PC-3, PC-3M, DU145, C4-2B
and LNCaP CaP cell lines were cultured in RPMI-1640 supple-
mented with 10% (vol/vol) heat-inactivated fetal bovine serum
(FBS), 50 U/mL of penicillin and 50 �g/mL of streptomycin; LN3 cells
in 1:1 RPMI-1640:F12-K; and DuCaP cells in DMEM. All cell lines
were maintained in a humidified incubator at 37 ◦C and 5% CO2.

PC-3, DU145 and LNCaP CaP cell lines were obtained from Amer-
ican Type Culture Collection (ATCC, Rockville, MD,  USA). The PC-3M
cell line was kindly provided by Dr. C. Power (Prince of Wales

Hospital, UNSW, Australia); LN3 and C4-2B cell lines were kindly
provided by Dr. C. Pettaway (M.D. Anderson Hospital, Austin, TX,
USA). DuCaP cell line was provided by Dr. K. Pienta (University of
Michigan Comprehensive Cancer Center, Ann Arbor, MI,  USA).



2738 J. Ni et al. / The International Journal of Biochemistry & Cell Biology 45 (2013) 2736– 2748

Table  1
Antibodies used for immunofluorescence (IF) staining and western blot (WB).

Antibody Source Type Dilution Incubation
time (min)

Temperature (◦C) Application

Rabbit anti-human EpCAM Epitomics, Inc. PAb 1:1000 (WB)
1:100 (IHC,IF)

O/N 4 WB,  IHC, IF

Rabbit  anti-human E-cadherin Epitomics, Inc. MAb 1:2000 (WB) O/N 4 WB
Rabbit anti-human Vimentin Epitomics, Inc. MAb 1:2000 (WB) O/N 4 WB
Rabbit anti-human Akt Abcam PAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human p-Akt Abcam PAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human mTOR Cell signaling PAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human p-mTOR Cell signaling PAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human S6k Abcam MAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human p-S6k Abcam PAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human 4EBP1 Cell signaling MAb 1:1000 (WB) O/N 4 WB
Rabbit anti-human p-4EBP1 Cell signaling MAb 1:1000 (WB) O/N 4 WB
Rabbit polyclonal IgG Isotype

Control
Abcam PAb 1:100 (IHC,IF) O/N 4 IHC, IF

Rabbit  anti-human GAPDH Millipore PAb 1:600 (WB) O/N 4 WB
Mouse anti-human �-tubulin Sigma–Aldrich MAb 1:5000 (WB) O/N 4 WB
Goat  anti-rabbit Alexa Fluor®

488 Dye Conjugate
Invitrogen IgG 1:1000 (IF) 60 RT IF

Goat  anti-rabbit IgG-HRP Santa Cruz Biotechnology PAb 1:2500 (WB) 60 RT WB
Goat  anti-mouse IgG-HRP Santa Cruz Biotechnology PAb 1:2500 (WB) 60 RT WB
Swine anti-goat, mouse, rabbit

IgG/Biotinylated
Dako Cytomation PAb 1:450 (IHC) 45 RT IHC
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otes: HRP: horseradish peroxide; IF: immunofluorescence; MAb: monoclonal ant
lot;  IHC: Immunohistochemistry.

The identity of all cell lines was confirmed by short tandem
epeat profiling and was tested within a few passages of ini-
ial authentication. Each cell line was regularly tested to confirm
he absence of mycoplasma contamination using the LookOut®

ycoplasma PCR Detection Kit (Sigma–Aldrich, Castle Hill, NSW,
ustralia).

.4. Immunofluorescence confocal microscope analysis

Immunofluorescence staining was performed as previously
escribed (Chen et al., 2009). Briefly, cells grown on glass cover-
lips (105 cells) were fixed by methanol, rinsed by Tris-buffered
aline (TBS) (pH 7.5) and incubated with a rabbit anti-EpCAM pri-
ary antibody (1:100 dilution) at 4 ◦C overnight (o/n). After rinsing

n TBS, cells were incubated in Alexa Fluro-488 goat anti-rabbit
gG (1:1000 dilution) for 45 min  at room temperature (RT). Pro-
idium iodide (PI) was used for nuclei staining. Negative controls
ere treated identically but incubated with a rabbit isotype control.

mmunofluorscence was then visualized using an FV300/FV500
lympus laser scanning confocal microscope (Olympus, Tokyo,

apan).

.5. Immunohistochemistry

Standard immunoperoxidase procedure was used to visualize
pCAM expression as previously published (Wang et al., 2011b).
riefly, paraffin-embedded slides were deparaffinized in xylene
nd rehydrated with various concentrations of ethanol. For the
ntigen retrieval, slides were immersed in 0.01 M citrate buffer
Thermo Fisher Pty Ltd, VIC, Australia), pH6, and heated in water
ath for 15 min. Slides were then incubated with a rabbit anti-
pCAM polyclonal antibody (1:100 dilution) for 1 h at RT. After
ashing with TBS, the slides were incubated with a biotinylated

econdary antibody (1:300 dilution) for 45 min  at RT, rinsed in
BS and then incubated in streptavidin/horseradish peroxide (HRP)
1:300 dilution) for 30 min  at RT. After rinsing in TBS, immunoreac-

ivity was developed with 3,3′ diaminobenzidine (DAB) substrate
Thermo Fisher Pty Ltd, VIC, Australia) containing 0.03% hydrogen
eroxide (VWR International, QLD, Australia) and counterstained
ith Harris Hematoxylin (Thermo Fisher Scientific, VIC, Australia)
; O/N: overnight; PAb: polyclonal antibody; RT: room temperature; WB:  Western

for 1 min. Negative controls were treated identically but with the
primary antibody omitted.

2.6. Western blot

Protein expression levels were evaluated by Western blot as
described (Hao et al., 2010). Briefly, whole cell lysates were run
on NuPAGE Novex 4–12% Bis–Tris gel and then transferred to
polyvinylidene difluoride (PVDF) membrane. After blocking non-
specific sites with 5% bovine serum albumin (BSA) in Tris-buffered
saline with 0.1% Tween20 (TBST), the membrane was  incubated
with the different primary antibodies (Table 1) at 4 ◦C o/n, fol-
lowed by incubation with HRP-conjugated secondary antibodies.
Immunoreactive bands were detected using enhanced chemi-
luminescence (ECL) substrate (Pierce Chemical Co, Rockford, USA),
and visualized using the ImageQuant LAS4000 system (GE Health-
care, USA). To confirm the equality of protein lysates loading,
membranes were stripped using Restore Western Blot Stripping
Buffer (Pierce Chemical Co., Rockford, USA), and re-probed using
a mouse anti-human �-tubulin monoclonal antibody (MAb), then
processed as above.

2.7. Short interfering RNA (siRNA) transfection

CaP cells were knocked down (KD) by 50 �M EpCAM-siRNAs
using LipofectAMINE 2000 (Invitrogen, VIC, Australia) following the
manufacturer’s protocol. Incubation time with siRNA or scr com-
plex was 72 h with cell lines as a published method (Xiao et al.,
2012), after which the following experiments and assays were per-
formed.

2.8. cDNA transfection

EpCAM expression plasmid and empty vector plasmid (used as a
negative control) were transfected into EpCAMlow expression LN3

CaP cell line using TurboFectin (OriGene Technologies Inc., MD,
USA) according to the manufacturer’s instructions. After 48 h incu-
bation with transfection plasmid complex, stable transfection were
selected and maintained by adding 0.6 mg/mL  of G418 (Invitrogen,
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IC, Australia). Western blot was used to confirm the successful
ransfection of EpCAM.

.9. RNA extraction

Approximately 4 × 105 of each cells from EpCAM-KD, EpCAM-
cr and untreated control CaP cell lines were trypsinized, rinsed
nd centrifuged. The total RNA was extracted and purified using
he RNeasy Plus Mini Kit (Qiagen, VIC, Australia) according to the

anufacturer’s instructions. The concentrations of total RNA from
ach cell line were measured by a ND-2000 NanoDrop spectropho-
ometer (NanoDrop Technologies, Wilmington, DE, USA).

.10. Quantitative real-time PCR

Two microgram (�g) of total RNA from each cell lines was
everse transcribed to cDNA using the SuperScript III First-strand
ynthesis System Kit (Invitrogen Pty Ltd, VIC, Australia), accord-
ng to the manufacturers’ protocol. Quantitative real-time PCR
qRT-PCR) was used for the assessment of mRNA expression of
he EpCAM gene. qRT-PCR was carried out in a solution contain-
ng 12.5 �L SYBR® Select Master Mix  (Applied Biosystems, VIC,
ustralia), 2.75 �L TaqMan® Gene Expression primers (EpCAM:
s00901885 mL), 7.25 �L of nuclease-free water and 2.5 �L of
DNA sample in a final volume of 20 �L. GAPDH (Hs02758991 g1)
as used as an endogenous control. A Rotor-Gene instrument

Corbett Life Science, Sydney, Australia) was used for automated
RT-PCR setup of the reactions. After three independent experi-
ents, the REST 2009 V2.0.13 (Qiagen, VIC, Australia) software was

sed for calculation and analysis of EpCAM gene expression.

.11. Proliferation assay

Proliferating capacity of EpCAM-KD, EpCAM-scr and control CaP
ells was determined using a proliferation assay. Briefly, 2 × 104

ells in 3 mL  complete medium were seeded in 6-well plates and
ncubated at 37 ◦C and humidified 5% CO2, and then the cell num-
ers of each well were counted by a haemocytometer in the
ollowing consecutive 7 days. The average numbers of cells were
lotted (mean ± SD, n = 3).

.12. Colony formation assays

EpCAM-KD, EpCAM-scr and control CaP cells were used for
olony forming assay as previously described with minor modi-
cations (Wang et al., 2011a). Briefly, 1500 cells/dish were seeded

n 10 cm dishes at 37 ◦C and humidified 5% CO2. The media were
eplaced regularly and all cultures were incubated for 10 days
ntil the colonies were large enough to be clearly discerned. The
olonies, defined as groups of >50 cells, were scored manually with
he aid of an Olympus INT2 inverted microscope (Olympus, Tokyo,
apan). The average numbers of colonies were plotted (mean ± SD,

 = 3).

.13. Matrigel invasion assay

Invasive ability of EpCAM-KD, EpCAM-scr and control CaP cells
as assessed using commercial matrigel and control transwell

hambers (BD Bioscience, NSW, Australia). Briefly, 2 × 104 cells in
00 �L serum-free RPMI-1640 medium were added to each tran-
well insert, respectively. 750 �L of complete medium was added
o the outer wells to provide chemoattractant and prevent dehy-

ration. Cells were incubated at 37 ◦C and humidified 5% CO2 for
8 hours and then stained with a Diff-Quik staining kit (Allegiance
ealthcare Corp, Illinois, USA). The number of stained cells that

nvaded through matrigel or control inserts was counted in five
try & Cell Biology 45 (2013) 2736– 2748 2739

high power fields by light microscope (Leica microscope, Nussloch,
Germany). The ability of invasion was  calculated as follows: inva-
sion ratio = [(mean cells invading through matrigel insert)/(mean
cells migrating through control insert)] × 100%. Cell invasion ratios
were plotted (mean ± SD, n = 3).

2.14. Sphere formation assay

Cells were trypsinized, dissociated into single cells and then
plated into an ultra low attachment round-bottom 96 well plate
(Sigma–Aldrich Pty Ltd, Australia). Final cell dilution ranging from
1 to 100 cells in 100 �L serum-free DMEM/F12K media supple-
mented with 4 �g/mL insulin, B27 and 20 ng/mL EGF and bFGF was
added into each well. Spheres that arose in 1 week were counted.
The diameters of each sphere were observed and measured by an
inverted phase microscope (CK-2, Olympus, Tokyo, Japan) fitted
with an ocular eyepiece after 5 days. Sphere formation capacity was
assessed as the number of spheres with the diameter of >50 �m.

2.15. MTT assay for chemodrug response

MTT  assay was performed as described previously (Hao et al.,
2010). Briefly, 2000 cells were seeded in 96-well plates and treated
with a range of concentrations of DTX, PTX and DOX, which are
commonly used in CaP chemotherapy. After 72 h incubation, the
media were replaced with fresh medium containing 0.5 mg/mL
MTT  [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide]. The absorbance (OD) was read at a wavelength of 562 on
a BIO-TEK microplate reader (Bio-Rad, Hercules, CA, USA). The
growth inhibition curve was generated using the GraphPad Prism 4
(GraphPad, San Diego, CA, USA). Absolute IC50 values for the three
drugs were calculated using the intersection of the 50% normalized
drug response and the growth inhibition curves for each cell line,
to find the x axis of IC50 for DTX, PTX and DOX, respectively.

2.16. Chemosensitivity assay

Briefly, 1500 cells/dish were seeded in 10 cm dishes for 48 h at
37 ◦C and 5% CO2 and then treated with a fixed dose (1/2 dose of
the IC50) of DTX, PTX and DOX respectively, from the MTT  assay
in EpCAM-KD, EpCAM-scr and wild type control CaP cells, or the
same volume of vehicle control (100% ethanol for DTX and PTX
groups, and DMSO for DOX groups). After 3 days treatment, the
drug-containing media was  replaced with fresh media and all cul-
tures were incubated for an additional 7 days until colonies were
large enough to be clearly distinguished. The scoring and statistical
process was carried out as previously described (Hao et al., 2012).
The treatment details are shown in Fig. S1.

2.17. Radiosensitivity assay

Briefly, 1000 cells/flask were seeded in 25 cm2 flasks. EpCAM-
KD, EpCAM-scr and wild type control CaP cells were exposed to
a single dose (2 Gy) irradiation using a linear accelerator (Elekta,
Stockholm, Sweden) at a dose rate of 2.7 Gy/min with 6 MV photons
(Cancer Care Center, St George Hospital, Sydney, Australia). The
colony formation assay was then carried out in radiation-treated
and untreated cells in a published method (Xiao et al., 2012). The
media were replaced regularly and all cultures were incubated for
10 days until the colonies were large enough to be clearly distin-

guished. The colonies, defined as groups of >50 cells, were scored
manually with the aid of an Olympus INT2 inverted microscope
(Olympus, Tokyo, Japan). The average numbers of colonies were
plotted (mean ± SD, n = 3).
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.18. Assessment of immunostaining

Staining intensity (0–3) in CaP cell lines and in CaP tissues was
ssessed using a confocal microscope (Olympus, Tokyo, Japan) and

 light microscopy (Leica, Germany), respectively. The criteria used
or assessment of CaP tissues were as previously reported (Cozzi
t al., 2005), where: 0 (negative, <25%); 1+ (weak, 25–50%); 2+
moderate, 50–70%); 3+ (strong, >75%) of the tumor cells stained.
valuation of cell and tissue staining was performed independently
y two experienced observers (JN and YL). All specimens were
cored blind and an average of grades was taken finally.

.19. Statistical analysis

All numerical data were expressed as the average of the values
mean), and the standard deviation (SD) was calculated. Data from
ifferent groups were compared using the two-tailed t-test. All P
alues were 2-sided. P < 0.05 was considered significant. All numer-
cal statistical analyses were performed using the GraphPad Prism
.00 package (GraphPad, San Diego CA, USA).

. Results

.1. Expression of EpCAM in metastatic CaP cell lines

Immunofluorescence labeling of CaP cells with anti-EpCAM
ntibody showed positive and heterogeneous expression in PC-3,
C-3M, DU145, C4-2B, LNCaP, LN3 and DuCaP cells, with variation
etween cell lines (Fig. 1A). Strong (Grade 3) expression of EpCAM
as seen in PC-3, DU145, C4-2B and DuCaP cell lines. Medium

Grade 2) expression of EpCAM was seen in PC-3M and LNCaP cell
ines. Low expression of EpCAM was found in LN3 cell lines. Expres-
ion of both membrane and cytoplasm was found in all positive CaP
ell lines. The immunostaining grades are summarized in Table S1.
he immunofluorescence results for the expression of EpCAM in
aP cell lines were further confirmed by western blotting (Fig. 1B).

.2. Expression of EpCAM in primary CaP tissues, lymph node
etastases, BPH and normal prostates

Immunoreactivity identified in primary CaP tissues, lymph node
etastases, BPH and normal prostates using paraffin sections

tained with EpCAM antibody is summarized in Table 2. Typical
taining results are shown in Fig. 1C. In primary CaP tissues, strong
pCAM expression was found in 9 out of 10 (90%) and moderate
pCAM expression in 1 out of 10 (10%). In lymph node metastases,
trong EpCAM expression was found in 10 out of 10 (100%). The
taining of EpCAM in primary CaP tissues and lymph node metas-
ases is both membrane and cytoplasm with more homogeneous
atterns. The EpCAM expression is also strongly positive in stro-
al  cells in both primary CaP tissues and lymph node metastases

Fig. 1C). In the BPH samples, 1 out of 10 (10%) BPH tissues was
ound negative, 8 out of 10 (80%) were weakly positive and 1 out
f 10 (10%) was found moderately positive to EpCAM. The posi-
ive staining in BPH was found mostly in epithelial cells but not
n stromal cells and was heterogeneous. The positive staining was
rominently associated with the cell membrane and the cytoplasm.
ormal prostate tissues from the control group were very weakly
ositive (2 out of 10) for EpCAM expression. The staining pattern is
ery similar to that in BPH samples.

.3. Expression of EpCAM in CaP-KD and CaP-control cells
To further investigate the roles of EpCAM in CaP metastasis and
rogression, we selected three CaP cell lines (PC-3, DU145 and C4-
B) with high level expression of EpCAM for knocking down study.
try & Cell Biology 45 (2013) 2736– 2748

After knocking down EpCAM, the reduction of EpCAM expression
was significant in all three CaP cell lines compared to the off target
scr control and wild type control (Fig. 1D). No detectable stain-
ing was seen in the cells incubated with isotype control (data
not shown), indicating the siRNA knockdown was successful. The
immunofluorescence staining intensity in different CaP cell lines is
summarized in Table S2. The immunofluorescence staining results
in different CaP cell lines after KD were further confirmed by West-
ern blot (Fig. 1E) and qRT-PCR (Fig. 1F).

3.4. Knock down of EpCAM reduces proliferative and clonogenic
ability in CaP cells

To investigate the proliferative ability after knocking down
EpCAM, the cell numbers were observed for 7 days. Compared to
scr and wild type control groups, the numbers of PC-3-EpCAM-KD,
DU145-EpCAM-KD and C4-2B-EpCAM-KD cells were significantly
decreased (P < 0.05) (Fig. 2A) whereas, no significant difference was
found between scr group and wild type group (P > 0.05). The num-
bers of cells on different time points were plotted from day 1 to day
7 (Fig. 2A)

To investigate whether KD of EpCAM affects the clonogenicity
of cell lines, we assessed EpCAM-KD, EpCAM-scr and wild type-
control CaP cells in culture. The number of colonies in EpCAM-KD
cells was significantly decreased compared with that in EpCAM-
scr and wild type control cells in all three CaP cell lines (P < 0.005)
while there was no significant difference between the colonies gen-
erated from EpCAM-scr control and wild type group cells (P > 0.05)
(Fig. 2B). Representative images for colony formation in different
groups are shown in Fig. 2C.

3.5. Knock down of EpCAM reduces CaP cell invasion and tumor
sphere forming ability

After knocking down EpCAM, cell invasion was significantly
reduced for EpCAM-KD cells, compared with EpCAM-scr and wild
type control cells in all three cell lines (P < 0.05), while there was
no significant difference between scr and wild type control cells
(Fig. 3A). The average percentage of invasion for each subline is
summarized in Table S2. Representative images for each subline
are shown in Fig. 3B.

To assess the relative presence of sphere-forming cells in a cell
population, different densities of CaP cells from the sublines were
calculated using a linear regression of wells without spheres by a
published method (Singh et al., 2003). The mean x-intercept value
of the graph indicates the number of cells needed to form one
sphere per well, which was much higher in the EpCAM-KD cells,
when compared to the EpCAM-scr and control groups (P < 0.01),
while there is no significant difference between EpCAM-scr and
control groups (P > 0.05), suggesting that knocking down of EpCAM
reduces the relative number of cells capable of forming spheres in
the population of three CaP cell lines (Fig. 3C).

3.6. Cytotoxicity of chemodrugs in CaP cells in vitro

MTT  assay was used to determine the effect of DTX, PTX and
DOX treatment on single cell cytotoxicity. Our results indicated a
dose-independent cell proliferation inhibition in PC-3-scr, DU145-
scr, C4-2B-scr CaP cell lines. Each cell line displayed a variable
response to different drugs and no cytotoxic effect was found
for vehicle control in all cell lines tested (data not shown). The

PC-3-scr cell line is the most sensitive to DTX (IC50: 5.2 nM); the
DU145-scr cell line is the most sensitive to DOX (IC50: 14.5 nM);
the C4-2B-scr cell line is the most sensitive to PTX (IC50: 2.8 nM).
The IC50 values of each drug on each cell lines are summarized in
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Fig. 1. Expression of EpCAM in metastatic CaP cell lines, primary CaP tissues and lymph node metastases and down-regulation of EpCAM by EpCAM-siRNA in metastatic CaP
cells.  (A) Representative immunofluorescence images of EpCAM (green) in CaP cell lines. Nuclei are stained with PI (red). Magnification: all images 400×. (B) Western blot is
shown  to confirm the immunofluorescence staining in all CaP cell lines. �-tubulin was chosen as a loading control. (C) Representative images of EpCAM (brown) in primary
CaP  tissues and matched lymph node metastases (the lymph node in the image from the same patient), BPH tissues and normal prostate tissues by immunohistochemistry.
Nuclei  are stained with Harris hematoxylin (blue). Arrows indicated positive staining for surrounding stromal cells. Asterisk denotes lymphocytes. Magnification: all images
(including insets) 400×. (D) Representative immunofluorescence images of EpCAM (green) in the selected PC-3, DU145 and C4-2B cell lines for KD study. Nuclei are stained
with  PI (red). Magnification: all images 400×. EpCAM expression in KD groups is obviously reduced compared to scr and wild type CaP control groups. (E) and (F) Knock-
down  effects are further confirmed by Western blot and qRT-PCR (P < 0.01). All results were from three independent experiments (mean ± SD, n = 3). BPH: benign prostatic
hyperplasia; CaP: prostate cancer; KD: knock-down; LN: lymph node; scr: scrambled siRN
is  referred to the web version of this article.)

Table 2
Immunostaining results for normal prostates, BPH tissues, different human prostate
tissues and LN metastases for EpCAM expression.

Tissue type N Tissue staining intensity

+++ ++ + −
Normal 10 0 0 2 8
BPH  10 0 1 8 1
CaP  (G > 7) 10 9 1 0 0
LN  metastasis 10 10 0 0 0

N
s

T
f

3
a

E

otes: BPH: benign prostatic hyperplasia; CaP: primary prostate cancer; G: Gleason
core; LN: lymph node; N: number; −: negative; + weak; ++: moderate; +++: strong.

able S3. The ½ dose of IC50 values from MTT  assay were chosen
or the following chemosensitivity study.

.7. Knock down of EpCAM increases CaP cells chemosensitivity

nd radiosensitivity

After treatment with ½ dose of IC50 values of each drugs, three
pCAM-KD CaP cells demonstrated obviously reduced colony
A control. (For interpretation of references to color in this figure legend, the reader

formative percentage compared to EpCAM-scr groups, normal-
ized by untreated groups (P < 0.05) (Fig. 4A). The most sensitive
chemodrug in PC-3-KD, DU145-KD and C4-2B-KD cells is DTX, and
the colony formation is 7.2%, 3.2%, 9.4%, respectively. The average
percentage of colony formation in different CaP sublines after
chemodrug treatment is summarized in Table S4. These results
suggest that knocking down EpCAM increases the chemosensitiv-
ity to DTX, PTX and DOX in PC-3, DU145 and C4-2B CaP cells, and
that the DTX is the most sensitive chemodrug among them. Typical
images of colony formation to different chemodrugs in three CaP
cell lines are shown in Fig. 4B.

After treatment by a single dose of 2 Gy irradiation, three
EpCAM-KD CaP cells showed significant reduction in colony for-
mation, compared to EpCAM-scr and wild type controls as well as
untreated control (P < 0.05) (Fig. 5A). Although 2 Gy radiation treat-
ment caused a reduction in colony formation in EpCAM-scr and
wild type controls, no significant difference was found between

these two  controls (EpCAM-scr and wild type treated with radia-
tion) with the untreated CaP control (P > 0.05) (Fig. 5A). The most
radiosensitive CaP-KD cell line is PC-3 cells and the colony forma-
tion is 5.6% after radiation treatment. The average percentage of
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Fig. 2. Proliferation, colony formation after knocking down EpCAM in CaP cells. (A) Proliferation rate in PC-3, DU145 and C4-2B cells was  significantly reduced in KD cells
compared to scr and wild type control cells (P < 0.05) while there is no significant difference between scr cells and wild type cells in three cell lines, respectively. (B) Nine
CaP  cell lines (KD and controls) were seeded in 100 mm dishes and cultured in growth medium for 10 days. Results are presented as the number of colonies formed. (C)
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ypical  images for colony formation are shown. Significant decreases in colony form
o  the scr and wild type control groups ((�) indicates that P < 0.05). All results were
crambled siRNA control.

olony formation in different CaP sublines after radiation treatment
s summarized in Table S5. These findings indicate that the knock-
ng down of EpCAM increases the radiosensitivity of PC-3, DU145
nd C4-2B CaP cells. Typical images of colony formation to RT in
hree CaP cell lines are shown in Fig. 5B.

.8. Epithelial–mesenchymal transition (EMT) and
I3K/Akt/mTOR signaling pathway are related to the expression of
pCAM in CaP cells

After knocking down EpCAM, the level of E-cadherin (EMT
arker) was increased, while the expression of Vimentin (EMT
arker) p-mTOR, p-Akt, p-4EBP1, t-S6K, p-S6K were downregu-

ated compared to EpCAM-scr cells, whereas no obvious changes
ere seen in t-mTOR, t-Akt, and t-4EBP1 expression in all CaP cell

ines (Fig. 6A). On the other hand, after successful transfection of
pCAM for overexpression in LN3 cells (Fig. 6B), the expression
f p-mTOR, p-Akt, p-4EBP1, t-S6K, p-S6K were upregulated com-
ared to control vector group and wild type group, respectively,
hereas no obvious changes were observed in t-mTOR, t-Akt,

nd t-4EBP1expression (Fig. 6C). These data indicate that KD of
pCAM results in reduced EMT  and inactivation of PI3K/Akt/mTOR
ignaling pathway in CaP cells while overexpression of EpCAM
eads to activation of PI3K/Akt/mTOR signaling pathway.

. Discussion

In this study, we examined the expression of EpCAM in
etastatic CaP cell lines, primary CaP, lymph node metastase,
PH and normal prostate tissues using a tissue archive to further
nvestigate the roles of EpCAM in CaP metastasis and progression,
hemo-/radiosensitivity, and the association with PI3K/Akt/mTOR
ignaling pathway. High levels of EpCAM were observed in most
 were observed in KD group of PC-3, DU145 and C4-2B cells respectively, compared
ed from three independent experiments (mean ± SD, n = 3). KD: knock-down; scr:

metastatic CaP cell lines and in specimens of primary CaP and
lymph node metastases, but not in BPH and normal prostate tissues.
EpCAM is highly involved in CaP proliferation, invasion, metastasis
and chemo-/radioresistance. To the best of our knowledge, this is
the first study to investigate expression of EpCAM in a large number
of CaP metastatic cell lines, lymph node metastases and the roles
of EpCAM in CaP metastasis and progression, chemoresistance and
radioresistance, as well as associated signaling pathway.

One interesting finding in this study is that over-expression of
EpCAM was  seen in both androgen-nonresponsive (PC-3, DU145,
C4-2B) and androgen-responsive (LNCaP and DuCaP) metastatic
CaP cells from different sites tested (Table S1). This observa-
tion indicates that EpCAM may  be involved in CaP progression
in both early and advanced events. Went et al. also reported that
strong EpCAM expression was found in luminal cells of high-grade
prostatic intraepithelial neoplasias (HGPIN) as well as in hormone-
refractory CaPs rather than in untreated primary CaPs (Went et al.,
2004), suggesting that increasing levels of EpCAM expression rep-
resent an early and late events in the development of CaP. Another
interesting finding is that the over-expression of EpCAM was seen
not only in CaP cells, but also in the surrounding stroma in both
primary CaP and lymph node metastases, in high-grade tumors
(Gleason score >7). Our observation in the pattern of expression
in CaP tissues was  similar to that seen in a study conducted by
Mukherjee et al., where the stromal cells were reported to predom-
inantly express EpCAM (Mukherjee et al., 2009). However, they did
not observe lymph node metastases.

The role of EpCAM in the stromal cells of CaP remains unclear.
In a separate study, we  also found that EpCAM was strongly posi-

tive in DU145 and LNCaP spheroids as well as the tumor xenografts
from subcutaneous (s.c.) models and tibial metastases from intrac-
ardiac (i.c.) injection bone metastasis models with a PC-3M-luc
metastatic CaP cell line (Ni et al., 2012). The over-expression of
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Fig. 3. Matrigel invasion and sphere formation after EpCAM knock down in CaP cells. Matrigel invasion assay was used to study the change in invasion potential of cells. (A)
After  knocking down, the invasive potential was  significantly reduced by 60.8%, 55.2% and 48.8% in PC-3-KD, DU145-KD and C4-2B-KD cell lines compared to control cells,
respectively ((�) indicates that P < 0.05). (B) Representative images for CaP cell invasion and migration in KD and control cells by light microscope are shown. Magnification:
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00×.  (C) The mean x-intercept values calculated from limiting dilution analysis 

phere/well was  much higher in KD groups, compared to the scr and wild type grou
 = 3). KD: knock-down; scr: scrambled siRNA control.

pCAM found in both primary CaP tumors and lymph node metas-
ases indicates that cancer clones that escape from primary tumors
o not lose their EpCAM antigens via lymphatics. It was reported
hat the majority (>80%) of circulating CaP cells in patients with

etastatic CRPC express EpCAM (Armstrong et al., 2011), suggest-
ng that EpCAM+ metastatic CaP cells can also spread via blood.
pCAM is found to be expressed at a low level on the basolat-
ral membrane in most normal human epithelial tissues, but at a
igh level on the apical membrane in cancer cells and progenitor
ells (Munz et al., 2009; Trzpis et al., 2007). It was reported that
he over-expression of EpCAM was found in CaP tissues, compared
ith that in benign prostate tissues (Benko et al., 2011; Zellweger

t al., 2005) as well as in normal prostate tissues from healthy indi-
iduals (Poczatek et al., 1999). In this study, we only found low
evel of EpCAM expression in normal prostates and BPH epithelial
ells, which is consistent with the previous reports. The difference
n distribution of EpCAM makes it much less accessible to anti-
odies on normal epithelia than the over-expressed EpCAM in CaP
issues, where it is homogenously localized on the cancer cell sur-

ace. This feature makes EpCAM a very suitable cancer target with
ower toxicity. All these data indicate that EpCAM may provide a
asis for targeting primary CaP cells, metastatic CaP cells in tran-
it via blood and lymphatic and microenvironment by systemic
ch cell subtype reveal that the number of cells required to form at least 1 tumor
 0.05). All results were obtained from three independent experiments (mean ± SD,

delivery of anti-EpCAM directed therapeutic agents to prevent CaP
metastasis.

EpCAM is a transmembrane glycoprotein that is intensively
over-expressed in many cancers including CaP (van der Gun et al.,
2010; Went et al., 2006). It was  reported that the expression of
EpCAM in various cancers is inversely related to the prognosis of the
patients (Baeuerle and Gires, 2007). EpCAM plays different roles in
different cancers. Whether EpCAM acts as a tumor suppressive gene
or as an oncogene might depend on the tumor microenvironment
(van der Gun et al., 2010). Dependent on the tumor type, EpCAM
over-expression is associated with either increased or decreased
overall survival of patients (van der Gun et al., 2010). The role of
EpCAM is not limited to cell-cell adhesion but includes stem cell
signaling, cell migration, proliferation and differentiation (Trzpis
et al., 2007). However, the functions of EpCAM still remain largely
unknown.

In EpCAM and CaP clinical research, there are conflicting reports
regarding the relationship between EpCAM expression and clin-
ical parameters in CaP patients. Poczatek et al. found that there

was no significant correlation between EpCAM expression in CaP
and Gleason score, and progress after RP (Poczatek et al., 1999).
Using tissue microarrays (TMA) technique, Zellweger et al. demon-
strated that over-expression of EpCAM was significantly associated
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Fig. 4. Chemosensitivity after knocking down EpCAM in CaP cells. Cells were seeded in 100 mm dishes and treated with fixed DTX/PTX/DOX doses (1/2 IC50) for 3 days.
Following treatment, cells were cultured in fresh growth medium for 7 days. Results are presented as the number of colonies formed. (A) Typical results are shown for colony
formation in CaP cell lines treated with DTX, PTX and DOX, “�” indicates that the significant decreases in the average number of colonies were seen in EpCAM-KD cells
compared to the EpCAM-scr and untreated cells in response to all three drugs tested (P < 0.05). “�” indicates that the significant decreases in the average number of colonies
were  seen in EpCAM KD cells and EpCAM-scr cells compared to the untreated cells in response to all three drugs tested (P < 0.05). (B) Typical images are shown for obvious
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eduction of colony formation found in EpCAM-KD CaP cells after different chemo
amera (Tokyo, Japan). All results were obtained from three independent experim
hosphorylated-4EBP1; p-Akt: phosphorylated-Akt; p-mTOR: phosphorylated-mTO

ith high Gleason grade in 181 clinically localized CaPs from
ransurethral resection, RP specimens, transurethral resection from
ormone-refractory local recurrences of CaPs and metastases of
aP (Zellweger et al., 2005). Using the same TMA  technique, Went
t al. found that EpCAM expression did not correlate with tumor
tage, nodal stage, Gleason score or overall survival in 553 CaPs
n different tumor stages (Went et al., 2004). In the circulating
rostate tumor cells (CPTC), which largely account for haematoge-
ous metastasis, EpCAM has been one of the most commonly used
arkers for cancer cell isolation and detection (Jost et al., 2010). It
as reported that the majority (more than 80%) of CPTCs in patients
ith metastatic CRPC express EpCAM (Armstrong et al., 2011), sup-
orting its tumor promoting role in CRPC. On the contrary, a recent
tudy showed that none of the circulating tumor cell (CTC) frac-
ions from metastatic CRPC patients that express EpCAM could form
umors, suggesting that CTCs have relatively low tumor-forming
otential (Carvalho et al., 2013). A possible explanation of these
onflicting findings lies with the discrepancies in methodology such
s experimental design, the type of antibodies used, processing of
issue samples, patient population and the complexity of CaP itself.
ue to the dual roles of EpCAM in different cancers, to date, limited
ata have been reported to demonstrate its roles in CaP progression
s well as the signaling pathways involved. Therefore, understand-
ng the roles of EpCAM in CaP metastasis and its related signaling
athway is very important in developing novel targeted therapy.

In the current study, we knocked down EpCAM using siRNA

nd found a reduced proliferation rate in all three EpCAM+ CaP
ell lines, suggesting that over-expression of EpCAM is related to
aP growth and progression. Colony formation assay provides a
ore appropriate measure of the long-term effects of potential
reatments compared with the EpCAM-scr cells. The images were taken by a Sony
mean ± SD, n = 3). DOX: doxorubicin; DTX: docetaxel; KD: knock-down; p-4EBP1:
S6K: phosphorylated-S6K; PTX: paclitaxel; scr: scrambled siRNA control.

therapeutic agents, assessing the ability of cells to retain prolif-
erative after treatment, a characteristic that clinically facilitates
tumor recurrences in patients (Hao et al., 2012). The results from
our clonogenic assay showed that the down-regulation of EpCAM
suppressed the survival potential of CaP cells in all three cell lines,
further confirming that EpCAM plays an important role in CaP
growth, proliferation and recurrence. Similar results have been
reported in hepatocellular carcinoma cells (Kimura et al., 2007).

The matrigel invasion assay mimics the extracellular matrix
microenvironment by providing growth factors and creating a
matrix scaffold for tumor cells to invade through. The dual roles
of EpCAM are paralleled in inconsistency of the cell invasive ability
in different cancer types. Over-expression of EpCAM was  reported
to be associated with increased invasion in breast cancer (Osta
et al., 2004), but with decreased invasion in colorectal and lung
cancers (Tai et al., 2007; Went et al., 2006). In this study, we found
the reduced invasion in all three CaP-KD cell lines, indicating that
EpCAM plays an important role in CaP cell invasion. One possible
underlying mechanism for the reduced invasion in our study could
be the down-regulation of EMT  (see Fig. 6) as EMT  is important
in CaP metastasis (Chen et al., 2013; Sethi et al., 2010). Another
possibility is the reduced activity of the PI3K/Akt/mTOR signaling
pathway which will be discussed in the following section.

Over the last decade, EpCAM has been ‘rediscovered’ as a can-
cer stem cell (CSC) marker in breast, colon, hepatocellular, gastric,
ovarian and pancreatic cancers (Al-Hajj et al., 2003; Dalerba et al.,

2007; Han et al., 2011; Li et al., 2007; Meirelles et al., 2012; O‘Brien
et al., 2007; Terris et al., 2010; Yamashita et al., 2009). However,
the progress in elucidating relationship between EpCAM and CSC
in CaP is very slow. The sphere culture assay has been proposed as
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Fig. 5. Radiosensitivity after knocking down EpCAM in CaP cells. CaP cell line sub-
types were seeded in 25 cm2 flasks and treated with a single dose (2 Gy) irradiation.
Following treatment, cells were cultured for 10 days. Results are presented as the
number of colonies formed. (A) Typical results of radiosensitivity in colonies of CaP
cell lines are shown. “�” indicates a significant difference in the average number of
colonies between EpCAM-KD cells and EpCAM-scr, wild type after 2 Gy treatment
as well as untreated cells (P < 0.05). “�” indicates that the significant decreases in
the  average number of colonies were seen in EpCAM KD cells after 2 Gy treatment
and EpCAM-scr cells compared to the untreated cells (P < 0.05). (B) Typical images
are shown for obvious reduction of colony formation found in EpCAM-KD CaP cells
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fter radiation treatment compared with the controls. The images were taken by
 Sony camera (Tokyo, Japan). All results were obtained from three independent
xperiments (mean ± SD, n = 3). KD: knock-down; scr: scrambled siRNA control.

 valuable method for isolating cancer cells with conserved stem-
ess determinants that are able to propagate in defined media (Jung
t al., 2011; Lobo et al., 2007; Vermeulen et al., 2008). Several stud-
es have suggested that CSCs can be enriched in spheres when these
re cultured in serum-free medium supplemented with adequate
itogens, such as the bFGF and EGF (Lee et al., 2006; Zhong et al.,

010). Sphere formation assay best mimics the process of enrich-
ng and proliferating of CSCs. It is generally agreed that, like all
tem cells, the tumor sphere-forming cells are capable of prolif-
ration, self-renewal and possess higher tumorigenicity. Recent
tudies revealed that the sphere formation is essential for cancer-
nitiating ability of CSCs (Cicalese et al., 2009; Dontu et al., 2003;
ani et al., 2008). The sphere forming cells in human hepatoma
ere reported to be associated with the expression of stemness
arkers such as EpCAM (Yamashita et al., 2009) and CD44 (Zhu

t al., 2010). In addition, the sphere-forming cells from primary
try & Cell Biology 45 (2013) 2736– 2748 2745

tumors, such as breast cancer and ovarian cancer, showed stem-
like properties and expressed their CSC markers (Ponti et al., 2005;
Zhang et al., 2008). The anchorage-independent sphere culture of
stem cells was instrumental in the study of adult stem cells includ-
ing the CaP (Shi et al., 2007). Guo et al. have recently shown that
EpCAM, CD44 and CD49 from primary human prostate had sphere
forming capabilities and showed difference in tubule initiation
capabilities and differentiation after sorting by FACS (Guo et al.,
2012), suggesting that EpCAM is associated with prostate stem-
ness. In this study, we found that all three EpCAM+ CaP cell lines
can form spheres in an appropriate cell number, and that knock-
ing down of EpCAM significantly reduces sphere formative ability,
suggesting that EpCAM has stem cell-like properties and is closely
associated with CaP stemness. This finding may  provide a novel
insight to facilitate the development of novel treatment strategies
for CaP.

As CSCs plays an important role in various chemotherapies
and radiotherapy, and are responsible for tumor recurrence,
based on our above observation, it will be very interesting to
know weather EpCAM is involved in CaP chemo-/radioresistance.
Investigation of the link between overexpression of EpCAM and
chemo-/radioresitance in CaP has clinical significance in developing
novel treatment approaches. Currently, there are only very limited
data demonstrating the link between chemo-/radiosensitivity with
EpCAM expression in other cancers. Gostner et al. transfected
EpCAM to Hs578T and MDA-MB-231 breast cancer cells to pro-
duce Hs578TEpCAM and MDA-MB-231EpCAM cell lines, and found
Hs578TEpCAM but not MDA-MB-231EpCAM cells showed enhanced
chemosensitivity to DTX treatment compared to their empty vector
counterparts (Gostner et al., 2011). The reason for this differ-
ence is that Wnt  signaling was only activated significantly in
MDA-MB-231EpCAM but not in Hs578TEpCAM (Gostner et al., 2011).
However, over-expression of EpCAM was  reported to be associ-
ated with increased chemoresistance in ovarian cancer cell lines
(Richter et al., 2010) and tissues (Bellone et al., 2009). Maletzki
et al. recently developed three patient-derived mismatch repair
deficient (MMR-D) colorectal cancer cell lines (HROC24, HROC87,
and HROC113) along with their corresponding xenografts with
EpCAM expression and found MMR-D cell lines exhibited vari-
able responsiveness toward chemotherapeutics in vitro and in vivo
(Maletzki et al., 2012). The chemosensitivity results from our cur-
rent study show that reducing EpCAM expression can greatly
improve chemosensitivity in all three CaP cell lines with the treat-
ment of DTX, PTX and DOX, suggesting that over-expression of
EpCAM is highly correlated with CaP chemoresistance and that
combination of targeting EpCAM with traditional chemotherapy
may  reduce side-effects and improve current approaches for late
stage metastatic CaP. The exact mechanisms for the link between
EpCAM expression and chemosensitivity are still unclear. As
EpCAM is a putative CSC marker, also known as tumor-initiating cell
marker which embodies the refractory nature including chemore-
sistance observed in many cancers, it is possible that knocking
down EpCAM in CaP cells can reduce such resistance to chemodrug
treatment.

Over-expression of EpCAM can also affect cancer radiosensiti-
vity. Kaori et al. reported that down-regulation of EpCAM by siRNA
increased the radiosentivity in ME-180 cervical adenosquamous
carcinoma cells (Imadome et al., 2010). Our results from the EpCAM
knock down study are consistent with Kaorie’s report and indi-
cate that reducing EpCAM expression increased radiosensitivity to
radiation treatment in all three CaP cell lines, implying its impor-
tant role in CaP growth and radiosensitivity, which may  help to
understand the mechanism that is associated with CaP progres-

sion as well as recurrence after radiotherapy. This finding suggests
that targeting EpCAM can improve CaP radiotherapy. Given that
chemo-/radioresistance is one of the main characteristics in CSCs,
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Fig. 6. The changes of EMT  markers and PI3K/Akt/mTOR signaling pathway proteins after knocking down or knocking in EpCAM in CaP cells. Two markers (E-cadherin and
Vimentin) involved in EMT  and eight signal transduction molecules (mTOR, p-mTOR, Akt, p-Akt, 4EBP1, p-4EBP1, S6K, p-S6K) involved in PI3K/Akt/mTOR signaling pathway
were  assessed to investigate the relationship between EpCAM and cell signaling pathways. (A) The level of E-cadherin was increased in KD cell lines, while the levels of
Vimentin, p-mTOR, p-Akt, p-4EBP1, p-S6K, S6K were reduced in KD cell lines, compared to scr and wild-type controls. (B) Overexpression of EpCAM after cDNA transfection
on  LN3 cell line was confirmed. (C) Levels of p-mTOR, p-Akt, p-4EBP1, p-S6K, S6K were increased in EpCAM-overexpression LN3 cell line, compared to control and wild-type
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hosphorylated-4EBP1; p-Akt: phosphorylated-Akt; p-mTOR: phosphorylated-mTO

ur findings further support that EpCAM is associated with CaP
temness.

CaP cells utilize multiple signaling pathways to proliferate and
nvade during the course of tumor progression and metastasis
Martin, 2003). Among several independent cell survival signaling
athways, the PI3K/Akt/mTOR pathway is a key pathway that has
een linked to both tumorigenesis and resistance to therapy in
aP and other solid tumors (Bitting and Armstrong, 2013). Activa-
ion of the PI3K/Akt/mTOR pathway has been strongly implicated
n CaP progression (Pourmand et al., 2007; Taylor et al., 2010).
lterations of components of the PI3K/Akt/mTOR pathway, includ-

ng mutation, altered expression, and copy number alterations,
ave been reported in 42% of primary prostate tumors and 100%
f metastatic tumors (Taylor et al., 2010). Several lines of evi-
ence indicate that this signaling system plays a key role in CSC
iology (Martelli et al., 2011). Preclinical studies suggest that the
I3K/Akt/mTOR pathway is important in maintaining a CSC pop-
lation (Dubrovska et al., 2009) and is involved in EMT  in CaP
ells (Lim et al., 2011; Mulholland et al., 2012). However, the
orrelation of EpCAM expression and PI3K/Akt/mTOR pathway in
aP metastasis and progression has not been yet clarified. In this
tudy, we have shown that silencing EpCAM concomitantly down-

egulated PI3K/Akt/mTOR signaling pathway proteins and EMT,
uggesting that the activation of this pathway is associated with
pCAM expression and enhanced EMT. In addition, we have also
emonstrated that transfection of EpCAM into LN3low EpCAM cells
om three independent experiments (mean ± SD, n = 3). KD: knock-down; p-4EBP1:
S6K: phosphorylated-S6K; scr: scrambled siRNA control.

could activate the PI3K/Akt/mTOR signaling pathway, further con-
firming association between EpCAM and PI3K/Akt/mTOR signaling
pathway. These findings are also consistent with the reduced pro-
liferation, colony formation and cell invasion ability, and increased
chemo-/radiosensitivity after reducing EpCAM expression and sug-
gest that targeting this signaling pathway using PI3K/Akt/mTOR
inhibitors is promising for future CaP treatment.

As EpCAM is over-expressed in primary CaP tumors and lymph
node metastases and is associated with CaP proliferation, inva-
sion, metastasis, chemo-/radioresistance, targeting EpCAM using
a targeted therapy or combination of targeting EpCAM with tra-
ditional therapies will have clinical significance in the treatment
of metastatic and refractory CRPC which is the major challenge
in current CaP therapy. We  have recently reviewed the different
approaches using EpCAM-guided targeting therapies in preclinical
studies and clinical trials (Ni et al., 2012). Possible targeted thera-
pies include antibodies to inactivate EpCAM proteins, vaccination
against tumor-specific EpCAM, radiolabelled or toxin-conjugated
anti-EpCAM antibodies, molecules that block the certain EpCAM-
related signaling pathways or proteins as well as gene therapies
that restore the function of defective tumor-suppressor genes. Our
research team has recently isolated an RNA aptamer that interacts

specifically with a number of live human cancer cells derived from
breast, colorectal, and gastric cancers that express EpCAM (Shigdar
et al., 2011). This EpCAM RNA aptamer is very promising for future
CaP therapy.
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In conclusion, we have demonstrated that over-expression of
pCAM was found in metastatic CaP cell lines, primary CaP tis-
ues and lymph node metastases including cancer cells and stromal
ells; that EpCAM+ cancer cells possess stem cell-like properties
nd EpCAM is involved in CaP cell proliferation, invasion and
hemo-/radiosensitivity via activation of PI3k/Akt/mTOR signaling
athway in vitro. Our findings shed light on a potential role of
pCAM in CaP spread and metastasis, and support the use of
pCAM-guided targeting therapy for metastatic and refractory CaP
o increase sensitivity to chemo-/radiotherapy. Investigation into
nti-EpCAM therapies represents an ongoing effort to improve the
linical outcome for treating CRPC.
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