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INTRODUCTION. Prostate cancer (CaP) is the second leading malignancy in older men in
Western countries. The role of CD44 variant 6 (CD44v6) in CaP progression and therapeutic
resistance is still uncertain. Here, we investigated the roles of CD44v6 in CaP metastasis and
chemo/radioresistance. Expression of CD44v6 in metastatic CaP cell lines, human primary
CaP tissues and lymph node metastases was assessed using immunofluorescence and
immunohistochemistry, respectively.
METHODS. Knock down (KD) of CD44v6 was performed in PC-3M, DU145, and LNCaP
cells using small interfering RNA (siRNA), and confirmed by confocal microscope, Western
blot and quantitative real time polymerase chain reaction (qRT-PCR). Cell growth was
evaluated by proliferation and colony formation assays. The adhesive ability and invasive
potential were assessed using a hyaluronic acid (HA) adhesion and a matrigel chamber assay,
respectively. Tumorigenesis potential and chemo-/radiosensitivity were measured by a sphere
formation assay and a colony assay, respectively.
RESULTS. Over-expression of CD44v6 was found in primary CaP tissues and lymph node
metastases including cancer cells and surrounding stromal cells. KD of CD44v6 suppressed
CaP proliferative, invasive and adhesive abilities, reduced sphere formation, enhanced
chemo-/radiosensitivity, and down-regulated epithelial–mesenchymal transition (EMT),
PI3K/Akt/mTOR, and Wnt/b-catenin signaling pathway proteins in vitro.
CONCLUSIONS. Our findings demonstrate that CD44v6 is an important cancer stem cell-
like marker associated with CaP proliferation, invasion, adhesion, metastasis, chemo-/
radioresistance, and the induction of EMT as well as the activation PI3K/Akt/mTOR and Wnt
signaling pathways, suggesting that CD44v6 is a novel therapeutic target to sensitize CaP cells
to chemo/radiotherapy. Prostate 74:602–617, 2014. # 2014 Wiley Periodicals, Inc.

KEY WORDS: CD44 variant 6; prostate cancer; chemoresistance; radioresistance; PI3K/
Akt/mTOR pathway; Wnt pathway

Grant sponsor: NH&MRC Career Development Fellowship; Grant
sponsor: Surgical & Urological Research Fund (SURF) Urology
Sydney; Grant sponsor: Cancer Research Trust Fund at Cancer Care
Centre; Grant sponsor: Prostate and Breast Cancer Foundation.

The authors declare that they have no conflicts of interest.
�Correspondence to: Associate Professor Paul Cozzi, MD, Depart-
ment of Surgery, St George Hospital, Sydney, Australia.
E-mail: pcozzi@unsw.edu.au

��Correspondence to: Associate Professor Yong Li, MD, PhD, Cancer
Care Centre, St George Hospital, Gray St Kogarah, Sydney, NSW
2217, Australia. E-mail: y.li@unsw.edu.au
Received 22 October 2013; Accepted 23 December 2013
DOI 10.1002/pros.22775
Published online 12 February 2014 in Wiley Online Library
(wileyonlinelibrary.com).

The Prostate 74:602^617 (2014)

� 2014 Wiley Periodicals, Inc.



INTRODUCTION

Prostate cancer (CaP) causes substantial morbidity
and mortality worldwide and remains the second
most common cancer in older men and accounts for
an estimated 33,720 deaths in the United States in
2011 [1]. Localized CaP patients have a long-term
survival due to great advances in surgical resection
and radiotherapy (RT). However, patients with ad-
vanced and metastatic disease are often associated
with a poor prognosis; up to 30% of treated patients
suffer a relapse within 18 months after surgical resec-
tion. While initially responsive to androgen depriva-
tion therapy, almost all CaP patients will inevitably
progress to recurrent castration-resistant prostate
cancer (CRPC) and die from secondary diseases
(metastases).

RT continues to be one of the most popular
treatment options for CaP patients detected at early-
stage or advanced-stage disease. Up to 20% of local-
ized CaP cases are considered high-risk, defined as T3-
4 or Gleason score 8–10 or baseline prostate specific
antigen (PSA) >20 ng/ml. For these high-risk cases,
surgery or RT alone leads to high rates of local and
distant relapse [2], which results in cancer progression
to metastatic disease. One main reason for these
failures following RT is due to the radioresistance of a
subpopulation of CaP clones within the tumor. Radio-
resistance is a major challenge in current CaP radiation
therapy. Thus, it is urgent and important to identify
novel therapeutic targets to improve CaP radiosensi-
tivity and overcome radioresistance.

Chemotherapy remains the main treatment option
in the setting of CRPC, providing very modest surviv-
al benefits. Two docetaxel (DTX)-based clinical trials
have unraveled the potential benefits of chemotherapy
to prolong the survival time and improve the quality
of life in CaP patients for the first time, at the cost of
significant toxicity [3,4]. Although newer chemother-
apeutics such as satraplatin and cabazitaxel have
demonstrated activity, survival benefits are still mod-
est [5,6]. Its effectiveness is largely challenged by the
drug-resistant nature of CaP. Hence, it is important to
investigate the underlying mechanisms and signaling
pathways involved in CaP metastasis and progression
and identify novel and effective therapeutic targets to
improve current therapeutic modalities.

CD44 is an 85–90 kDa transmembrane glycoprotein
receptor composed of four functional domains, which
serves as a cellular adhesion molecule for hyaluronic
acid (HA), a major component of the extracellular
matrix [7]. The proximal extracellular domain of CD44
is the site of alternative splicing for CD44 mRNA that
produces different variant isoforms of CD44. While
the standard isoform of CD44 (CD44std) is expressed

predominantly in normal epithelial cell subsets [8],
CD44 variant isoforms (CD44v), which contain addi-
tional insertions, are highly expressed in many epithe-
lial-type carcinomas [7]. Expression of CD44v has been
closely linked to tumor progression, metastasis, and
treatment resistance processes in various cancers [9].
In particular, the variant CD44 molecule containing
exon 10, also known as CD44 variant 6 (CD44v6) is
closely associated with aggressive behavior and corre-
lates with poor prognosis in a variety of human
malignancies including breast cancer [10], leuke-
mia [11], gastric cancer, [12] and colorectal cancer [13],
and it has been shown to regulate malignant transfor-
mation by inducing tumor cell proliferation, adhesion,
and migration [10,14]. Overexpression of CD44v6 was
reported as a poor prognostic factor in some human
malignant tumors [15,16]. On the other hand, other
studies found that loss of expression of CD44v6 was
correlated with poor prognosis [17,18]. These conflict-
ing results suggest an elusive role of CD44v6 in cancer
progression and metastasis. The roles and functions of
CD44v6 in CaP metastasis and progression are still
uncertain. Therefore, investigation of CD44v6 in CaP
metastasis and progression, and association with
cancer cell stemness may provide promising insights
for the development of novel therapeutic strategies
for CaP.

In the current study, we demonstrate for the first
time that in CaP CD44v6 has stem cell-like properties
and is closely associated with CaP proliferation, inva-
sion, metastasis, chemo-/radioresistance, inducing
epithelial–mesenchymal transition (EMT) as well as
the activation of PI3K/Akt/mTOR and Wnt signaling
pathways. Our findings have significant clinical impli-
cations and demonstrate that CD44v6 may prove to be
a useful therapeutic target to improve CaP chemo-/
radiosensitivity for future CaP therapy.

MATERIALSANDMETHODS

SampleCollection

Ethical approval was obtained from the South East
Health Human Research Ethics Committee, South
Section, Sydney, Australia. Primary CaP tissues
(n¼ 10) from patients undergoing radical prostatec-
tomy (RP), lymph node metastases (n¼ 10), and BPH
tissues (n¼ 10), and normal prostate biopsies (n¼ 10)
were obtained at Urology Sydney, St George Private
Hospital, Sydney, Australia from 2000 to 2005.

Antibodies and Reagents

Antibodies were purchased from different sources.
The detailed information and conditions are listed in
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Table I. DTX, Paclitaxel (PTX), Doxorubicin (DOX),
and Mitoxantrone (MTX) were purchased from
Sigma–Aldrich, Pty Ltd. (Castle Hills, NSW,
Australia). The DTX, PTX, and MTX were first diluted
in 100% ethanol while DOX was diluted in DMSO,
and the four drugs were added to the growth medium
when performing the following experiments as shown
in Figure S1. The final concentrations of 100% ethanol
or DMSO used in all experiments were 0.01%. siRNAs
targeting CD44v6 and a scrambled (scr) sequence
control for off-target effects were obtained from
Sigma–Aldrich Pty Ltd. Insulin, B27, EGF, and bFGF
were purchased from Invitrogen Australia Pty Ltd.
(Melbourne, VIC, Australia).

Cell Lines andCell Culture

Androgen-non-responsive (PC-3, PC-3M, DU145,
LNCaP-C4-2B), androgen-responsive (LNCaP, LNCaP-
LN3, DuCaP) CaP cell lines, and normal prostate
epithelial cell line (RWPE-1) from different sources

were studied (Table SI). All cell culture reagents were
supplied by Invitrogen Australia Pty Ltd. unless
otherwise stated. PC-3, PC-3M, DU145, C4-2B, and
LNCaP cell lines were cultured in RPMI-1640 supple-
mented with 10% (vol/vol) heat-inactivated fetal
bovine serum (FBS), 50U/ml of penicillin and 50mg/
ml of streptomycin; LN3 cells in 1:1 RPMI-1640:F12-K;
DuCaP cells in DMEM, and RWPE-1 cell line was
cultured in Keratinocyte Serum Free Medium (K-SFM)
supplemented with 0.05mg/ml bovine pituitary ex-
tract and 5 ng/ml human recombinant epidermal
growth factor (EGF). All cell lines were maintained in
a humidified incubator at 37°C and 5% CO2.

PC-3, DU145, LNCaP, and RWPE-1 cell lines were
obtained from American Type Culture Collection
(ATCC, Rockville, MD). 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). DuCaP cell line was
provided by Dr K Pienta (University of Michigan
Comprehensive Cancer Center, Ann Arbor, MI).

TABLEI. AntibodiesUsed for Immunofluorescence (IF) Staining andWestern Blot (WB)

Antibody Source Type Dilution

Incubation
time
(min) Temperature Application

Mouse anti-human CD44v6 Abcam MAb 1:1,000 (WB)1:
100 (IHC, IF)

O/N 4°C WB, IHC, IF

Mouse anti-human CD44std eBioscience MAb 1:500 (WB)1:
50 (IF)

O/N 4°C WB, IF

Rabbit anti-human E-cadherin Epitomics, Inc. MAb 1:2,000 (WB) O/N 4°C WB
Rabbit anti-human Vimentin Epitomics, Inc. MAb 1:2,000 (WB) O/N 4°C WB
Rabbit anti-human SNAIL Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human SLUG Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human Twist Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human Akt Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human p-Akt Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human mTOR Cell Signaling PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human p-mTOR Cell Signaling PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human S6k Abcam MAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human p-S6k Abcam PAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human 4EBP1 Cell Signaling MAb 1:1,000 (WB) O/N 4°C WB
Rabbit anti-human p-4EBP1 Cell Signaling MAb 1:1,000 (WB) O/N 4°C WB
Rabbit polyclonal IgG Isotype Control Abcam PAb 1:100 (IHC, IF) O/N 4°C IHC, IF
Mouse anti-human GAPDH Merck Millipore PAb 1:600 (WB) O/N 4°C WB
Goat anti-mouse Alexa Fluor1 488

Dye Conjugate
Invitrogen IgG 1:1,000 (IF) 60 RT IF

Goat anti-rabbit IgG-HRP Santa Cruz Biotechnology PAb 1:2,500 (WB) 60 RT WB
Goat anti-mouse IgG-HRP Santa Cruz Biotechnology PAb 1:2,500 (WB) 60 RT WB
Swine anti-goat, mouse,

rabbit IgG/Biotinylated
Dako Cytomation PAb 1:450 (IHC) 45 RT IHC

HRP, horseradish peroxide; IF, immunofluorescence; MAb, monoclonal antibody; O/N, overnight; PAb, polyclonal antibody; RT, room
temperature; WB, Western blot; IHC, Immunohistochemistry.
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ImmunofluorescenceConfocal
MicroscopeAnalysis

Immunofluorescence staining was performed as
previously described [19]. Briefly, cells grown on glass
coverslips (105 cells) were fixed with methanol, rinsed
with Tris–buffered saline (TBS; pH 7.5) and incubated
with a mouse anti-CD44v6 primary antibody (1:100
dilution) at 4°C overnight (o/n). After rinsing in TBS,
cells were incubated in Alexa Fluor-488 goat anti-
mouse IgG (1:1,000 dilution) for 45min at room
temperature and propidium iodide (PI) was used for
nuclei staining. Negative controls were treated identi-
cally but incubated with a mouse isotype control.
Immunofluorescence was then visualized using an
FV300/FV500 Olympus laser scanning confocal micro-
scope (Olympus, Tokyo, Japan).

Immunohistochemistry

Standard immunoperoxidase procedure was used
to visualize CD44v6 expression as previously pub-
lished [20]. Briefly, paraffin-embedded slides were
deparaffinized in xylene and rehydrated with various
concentrations of ethanol. For the antigen retrieval,
slides were immersed in 0.01M citrate buffer (Thermo
Fisher Pty Ltd., VIC, Australia), pH6, and heated in
a boiling water bath for 15min. Slides were then
incubated with a mouse anti-CD44v6 monoclonal
antibody (MAb; 1:100 dilution) or a mouse anti-
CD44std MAb (1:50 dilution) for 1 hr at room tempera-
ture. After washing with TBS, the slides were incubat-
ed with a biotinylated secondary antibody (1:300
dilution) for 45min at room temperature, rinsed in
TBS and then incubated in streptavidin/horseradish
peroxide (HRP; 1:300 dilution) for 30min at room
temperature. After rinsing in TBS, immunoreactivity
was developed with 3,30diaminobenzidine (DAB) sub-
strate (Thermo Fisher Pty Ltd.) containing 0.03%
hydrogen peroxide (VWR International, QLD,
Australia) and counterstained with Harris Hematoxy-
lin (Thermo Fisher Scientific) for 1min. Negative
controls were treated identically but with the primary
antibody omitted.

Western Blot

Protein expression levels were evaluated by West-
ern blot as previously described [21]. Briefly, whole
cell lysates were run on NuPAGE Novex 4-12% Bis–
Tris gel and then transferred to polyvinylidene difluor-
ide (PVDF) membrane. After blocking non-specific
sites with 5% bovine serum albumin (BSA) in Tris–
buffered saline with 0.1% Tween 20 (TBST), the
membrane was incubated with different primary anti-

bodies (see Table I) at 4°C o/n, followed by incubation
with HRP-conjugated secondary antibodies. Immuno-
reactive bands were detected using enhanced chemilu-
minescence (ECL) substrate (Pierce Chemical Co.,
Rockford, USA), and visualized using the ImageQuant
LAS4000 system (GE Healthcare, USA). To confirm the
equality of protein lysates loading, membranes were
stripped using Restore Western Blot Stripping Buffer
(Pierce Chemical Co.), and re-probed using or a rabbit
anti-human GAPDH PAb, then processed as above.

Short Interfering RNA (siRNA)
Transfection

CaP cells were knocked down (KD) by CD44v6-
siRNAs or CD44v6-scr-siRNA using LipofectAMINE
2000 (Invitrogen) following the manufacturer’s proto-
col. Incubation time with siRNA or scr complex was
72 hr with each cell line as a published method [22].

RNAExtraction

Approximately 4� 105 cells from CD44v6-KD,
CD44v6-scr, and untreated control CaP cell lines were
trypsinized, rinsed with PBS and centrifuged. The total
RNA was extracted and purified using the RNeasy
Plus Mini Kit (Qiagen, VIC, Australia) according to
the manufacturer’s instructions. The concentrations
of total RNA from each cell line were measured by a
ND-2000 NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE).

Quantitative Real-Time PCR

Two micrograms (mg) of total RNA from each cell
line were reverse transcribed to cDNA using the
SuperScript III First-strand Synthesis System Kit (Invi-
trogen Pty Ltd.), according to the manufacturer’s
protocol. Quantitative real-time PCR (qRT-PCR)
was used for the assessment of mRNA expression of
the CD44v6 gene. It was carried out in a solution
containing 12.5ml SYBR1 Select Master Mix (Applied
Biosystems, VIC, Australia), 2.8ml TaqMan1 Gene
Expression Assay (CD44v6, sense, 50-TCCCAGTAT-
GACACATATTGC; antisense, 50-CCCACATGCCAT-
CTGTTGCC), 7.3ml of nuclease-free water and 2.5ml
of cDNA sample in a final volume of 20ml. GAPDH
(Hs02758991_g1) was used as an endogenous control.
A Rotor-Gene instrument (Corbett Life Science,
Sydney, Australia) was used for automated qRT-PCR
setup of the reactions. After three independent experi-
ments, the REST 2009 V2.0.13 (Qiagen) software was
used for calculation and analysis of CD44v6 gene
expression.
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ProliferationAssay

Proliferating capacity of CD44v6-KD, CD44v6-scr,
and control CaP cells was determined using a
CyQUANT1 NF Cell Proliferation Assay Kit (Invitro-
gen) according to the manufacturer’s instructions.
Briefly, 1,000 cells in 100ml complete medium were
seeded in 96-well plates and incubated at 37°C and
humidified 5% CO2. The growth medium was then
removed and cells were dyed with the dye binding
solution in the kit. The fluorescence intensity of each
sample was measured using a BIO-TEK fluorescence
microplate reader (Bio-Rad, Hercules, CA) with excita-
tion at �485 nm and emission at �530 nm in the
following consecutive 7 days. The average fluores-
cence intensity of each cells for each day was plotted
(mean� SD, n¼ 3).

Colony FormationAssay

CD44v6-KD, CD44v6-scr, and control CaP cells
were used for colony forming assay as previously
described with minor modifications [23]. Briefly,
1,500 cells/dish were seeded in 10 cm dishes and
incubated in a humidified incubator at 37°C with 5%
CO2. The media were replaced regularly and all
cultures were incubated for 10 days until the colonies
were large enough to be clearly discerned. 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, n¼ 3).

Cell AdhesionAssay

Briefly, 2� 105 CD44v6-KD, CD44v6-scr, and wild
type CaP cells were seeded in 96-well plates previous-
ly coated with high molecular weight HA (Sigma–
Aldrich Pty Ltd., Australia) and blocked with 2% BSA
in PBS, respectively, and followed by incubation for
1 hr. After washing with PBS three times, adherent
cells were measured using CyQUANT1 NF Cell
Proliferation Assay Kit (Invitrogen) according to the
manufacturer’s instructions. Fluorescence intensity of
each well was measured using a BIO-TEK fluorescence
microplate reader (Bio-Rad) with excitation at
�485 nm and emission at �530 nm. The average
fluorescence intensity of each cell was recorded (mean
� SD, n¼ 3).

Matrigel InvasionAssay

Invasive ability of CD44v6-KD, CD44v6-scr, and
control CaP cells was assessed using commercial
matrigel and control transwell chambers (BD Biosci-

ence). Briefly, 2� 104 cells in 500ml serum-free RPMI-
1640 medium were added to each transwell insert,
respectively. Seven hundred fifty microliter of com-
plete medium was added to the outer wells to provide
chemoattractant and prevent dehydration. Cells were
incubated at 37°C and humidified 5% CO2 for 48 hr
and then stained with a Diff-Quik staining kit (Alle-
giance Healthcare Corp., Illinois, USA). The number of
stained cells that invaded through the matrigel or
control inserts was counted in five high power fields
by light microscope (Leica Microscope, Nussloch,
Germany). The ability of invasion was calculated as
follows: Invasion ratio¼ [Mean cells invading through
matrigel insert/Mean cells migrating through control
insert]� 100%. Cell invasion ratios were plotted
(mean� SD, n¼ 3).

Sphere FormationAssay

Cells were trypsinized, dissociated into single cells
and then plated into an ultra low attachment round-
bottom 96-well-plate (Sigma–Aldrich Pty Ltd.). Final
cell dilution ranging from 1 to 100 cells in 100ml
serum-free DMEM/F12K media supplemented with
4mg/ml insulin, B27, and 20 ng/ml EGF and bFGF
were added into each well. Spheres that arose follow-
ing a 7-day incubation 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 >100mm.

MTTAssay for Chemodrug Response

MTT assay was performed as described previous-
ly [21]. Briefly, 2,000 cells were seeded in 96-well plates
and treated with a range of concentrations of DTX,
PTX, DOX, and MTX which are commonly used in
CaP chemotherapy. After 72 hr incubation, the media
were replaced with fresh medium containing 0.5mg/
ml MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide]. The absorbance (OD) was read at
a wavelength of 562 nm on a BIO-TEK microplate
reader (Bio-Rad). The growth inhibition curve was
generated using the GraphPad Prism 4 (GraphPad,
San Diego, CA). Absolute IC50 values for the four
drugs were calculated using the intersection of the
50% normalized drug response and the growth inhibi-
tion curves for each cell line, to find the X-axis of IC50

for DTX, PTX, DOX, and MTX, respectively.

ChemosensitivityAssay

Briefly, 1,500 cells/dish were seeded in 10 cm dishes
for 48 hr at 37°C and 5% CO2 and then treated with a
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fixed dose (1/2 dose of the IC50) of DTX, PTX, DOX,
and MTX, respectively from the MTT assay in
CD44v6-KD, CD44v6-scr, and wild type control CaP
cells, or the same volume of vehicle control (100%
ethanol for DTX, PTX, and MTX groups, and DMSO
for DOX groups). The low dose chosen was based on
our previous similar study. After 3 days treatment, the
drug-containing media was replaced with fresh media
and all cultures 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 [24]. The treatment
protocol details are shown in Figure S1.

RadiosensitivityAssay

Briefly, 1,000 cells/flask were seeded in 25 cm2

flasks at 37°C and humidified 5% CO2. CD44v6-KD,
CD44v6-scr, and wild type control CaP cells were
exposed to a single dose (4Gy) irradiation using a
linear accelerator (Elekta, Stockholm, Sweden) at a
dose rate of 2.7Gy/min with 6MV photons (Cancer
Care Centre, St George Hospital, Sydney, Australia).
The colony formation assay was then carried out in
radiation-treated and untreated cells using a published
method [22]. The media were replaced regularly and
all cultures were incubated for 10 days until the
colonies were large enough to be clearly distinguished.
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,
n¼ 3).

Assessmentof Immunostaining

Staining intensity (0–3) in CaP cell lines and in CaP
tissues was assessed using a confocal microscope
(Olympus) and a light microscopy (Leica, Germany),
respectively. The criteria used for assessment of CaP
tissues were as previously reported [25], where: 0
(negative, <25%); 1þ (weak 25–50%); 2þ (moderate
50–70%); 3þ (strong >75%) of the tumor cells stained.
Evaluation of cell and tissue staining was performed
independently by two experienced observers (J.N. and
Y.L.). All specimens were scored blind and an average
of grades was recorded finally.

Statistical Analysis

All numerical data were expressed as the average of
the values (mean), and the standard deviation (SD)
was calculated. Data from different groups were
compared using the two-tail t-test. All P values were
two-sided. P< 0.05 was considered significant. All

numerical statistical analyses were performed using
the GraphPad Prism 4.00 package (GraphPad).

RESULTS

Expression of CD44v6 andCD44std inMetastatic
CaPCell Lines

Immunofluorescence labeling of CaP cells and
RWPE-1 cells with anti-CD44v6 MAb showed positive
staining in PC-3, PC-3M, DU145, C4-2B, LNCaP, LN3,
and DuCaP cells, with variation between cell lines
(Fig. 1A). Strong (Grade 3) expression of CD44v6 was
seen in PC-3M, DU145, LNCaP, C4-2B, and LN3 cell
lines. Medium (Grade 2) expression of CD44v6 was
seen in PC-3 cell line. Low (Grade 1) expression of
CD44v6 was found in DuCaP cell lines. Negative
expression of CD44v6 was detected in RWPE-1 cell
line. Expression of both membrane and cytoplasm was
found in all positive CaP cell lines. The immuno-
staining grades are summarized in Table SI. The
immunofluorescence results for the expression of
CD44v6 in CaP cell lines and RWPE-1 cell line were
further confirmed by Western blot (Fig. 1B). CD44std
was found negatively to weakly expressed in CaP cell
lines, whereas moderately expressed in RWPE-1 nor-
mal prostate cell line (Fig. 1B).

Expressionof CD44v6 andCD44std in Primary
CaPTissues,LymphNodeMetastases,BPH, and

Normal ProstateTissues

Immunoreactivity identified in primary CaP tissues,
lymph node metastases, BPH, and normal prostates
using paraffin sections stained with CD44v6 antibody
is summarized in Table II. Typical staining results are
shown in Figure 1C. In primary CaP tissues, strong
CD44v6 expression was found in 9 out of 10 (90%) and
moderate CD44v6 expression in 1 out of 10 (10%). In
lymph node metastases, strong CD44v6 expression
was found in 10 out of 10 (100%). The staining of
CD44v6 in primary CaP tissues and lymph node
metastases is both membrane and cytoplasm with
more heterogeneous patterns. The CD44v6 expression
is also strongly positive in stromal cells in both
primary CaP tissues and lymph node metastases (see
arrows; Fig. 1C). In the BPH samples, 3 out of 10 (30%)
BPH tissues was found negative, 7 out of 10 (70%)
were weakly positive to CD44v6. The positive staining
in BPH was found mostly in epithelial cells but not in
stromal cells and was heterogeneous. The positive
staining was prominently associated with the cell
membrane and the cytoplasm. Normal prostate tissues
were weakly positive (1 out of 10) to negative (9 out
of 10) for CD44v6 expression. In terms of CD44std
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expression, negative CD44std expression was found
in all primary CaP tissues (n¼ 10) and lymph node
metastases (n¼ 10), while in all normal prostate tissues
(n¼ 10), the CD44std expression is strongly positive
(data not shown).

Expressionof CD44v6 in CaP-KD
andCaP-Control Cells

To further investigate the roles of CD44v6 in CaP
metastasis and progression, we selected three CaP cell

lines (PC-3M, DU145, and LNCaP) with high level
expression of CD44v6 for gene knock-down study.
After knocking down CD44v6, the reduction of
CD44v6 expression was significant in all three CaP cell
lines compared to the negative control with a scram-
bled sequence and a wildtype control (Fig. 1D). No
detectable staining was seen in the cells incubated
with isotype control (data not shown). The immuno-
fluorescence staining intensity in different CaP cell
lines is summarized in Table SII. The immunofluores-

Fig. 1. Expression of CD44v6 and CD44std in metastatic CaP cell lines, normal prostate cell line, primary CaP tissues, and lymph node
metastases and down-regulation of CD44v6 by CD44v6-siRNA in metastatic CaP cells.A: Representative immunofluorescence images of
CD44v6 (green) in CaP cell lines and normal prostate cell line (RWPE-1). 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 for CD44v6 expression and compare CD44v6
expression to CD44std expression.GAPDHwas chosen as a loading control.C: Representative images of CD44v6 (brown) in primary CaP
tissues andmatched lymphnodemetastases (the lymphnode in the image is from the samepatient), BPH tissues andnormalprostate 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
CD44v6 (green) in the selected PC-3M, DU145, and LNCaP cell lines for KD study. Nuclei are stained with PI (red). Magnification: all
images�400.CD44v6 expression in KD groups is obviously reduced compared to scr andwild type CaP control groups.E,F : Knock-down
effects are further confirmed by Western blot and qRT-PCR (^ indicates P< 0.01). All results were from three independent experiments
(mean� SD, n¼ 3). BPH, benign prostatic hyperplasia; CaP, prostate cancer; KD, knock-down; LN, lymph node; PI, propidium iodide; scr,
scrambled siRNA control.
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cence staining results in different CaP cell lines after
KD were further confirmed by Western blot (Fig. 1E)
and qRT-PCR (Fig. 1F). The relative mRNA level
of CD44v6 decreased to 6.3%, 18.6%, and 10.2%
in PC-3M, DU145, and LNCaP CD44v6-KD cells,
respectively.

KnockDownof CD44v6 Reduces Proliferative,
Clonogenic, andAdherentAbility

in CaPCells

To investigate the proliferative ability after knock-
ing down CD44v6, the cell numbers were observed for
7 days. Compared to scr and wild type control cell
lines, the cell numbers in CD44v6-KD cell lines were
significantly decreased (P< 0.05; Fig. 2A) whereas no
significant difference was found between scr and wild
type cells (P> 0.05).

To investigate whether KD of CD44v6 affects the
growth potential of CaP cells, we assessed the colony
formation in CD44v6-KD, CD44v6-scr, and wild type-
control CaP cells. Our results indicated that the
number of colonies in CD44v6-KD cells was signifi-
cantly decreased by 46.0%, 40.5%, and 36.3% com-
pared with that in PC-3M-scr, DU145-scr, and LNCaP-
scr cells, respectively (P< 0.05) while there was no
significant difference between the colonies generated
from CD44v6-scr control and wild type cells (P> 0.05;
Fig. 2B). Representative images for colony formation
in different groups are shown in Figure S2A.

Attachment of CaP cells to the extracellular matrix
is necessary for cell motility and invasion. Therefore, it
is important to test the role of CD44v6 in adhesion to
HA-coated and -uncoated well plates. As shown in
Figure 2C, CD44v6-KD cell lines showed a significant
decrease of 36.1%, 27.0%, and 39.5% in adherent ability
compared to PC-3M-scr, DU145-scr, and LNCaP-scr
cell lines, respectively (P< 0.05) while no significant

difference was observed between CD44v6-scr cells and
wild type cells (P> 0.05).

KnockDownof CD44v6 Reduces CaPCell Invasion
and Tumor Sphere FormingAbility

To further test the causal relationship of CD44v6
and invasion, we proceeded to downregulate CD44v6.
After knocking down CD44v6, cell invasion was
significantly reduced by 52.2%, 50.2%, and 59.5%
in KD cells compared to PC-3M-scr, DU145-scr, and
LNCaP-scr cells, respectively (P< 0.05), while there
was no significant difference between scr and wild
type control cells (P> 0.05; Fig. 2D). The average
percentage of invasion for each subline is summarized
in Table SII. Representative images for each subline are
shown in Figure S2B.

To assess the relative presence of sphere-forming
cells in a cell population, a range of 1–100 CaP cells
from each subline were calculated using a linear
regression of wells without spheres by a published
method [26]. 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
CD44v6-KD cells, when compared to the CD44v6-scr
and wild type control groups (P< 0.01), while there
was no significant difference between CD44v6-scr and
wild type control groups (P> 0.05), suggesting that
knocking down of CD44v6 reduces the relative num-
ber of cells capable of forming spheres in the popula-
tion of three CaP cell lines (Fig. 3A). Morphologically,
the spheres formed in KD groups tended to be looser
and smaller than those in the control and wild type
groups. Representative images for KD, scr, and wild
type control cells are shown in Figure 3B.

Cytotoxicityof Chemodrugs in
CaPCells InVitro

The effect of DTX, PTX, DOX, and MTX treatment
on single cell cytotoxicity was assessed by MTT assay.
Our results indicated a dose-independent cell prolifer-
ation inhibition of DTX, PTX, DOX, and MTX on PC-
3M-scr, DU145-scr, and LNCaP-scr CaP cells. 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-3M-scr
cell line is the most sensitive to PTX (IC50: 4.8 nM); the
DU145-scr cell line is the most sensitive to DTX (IC50:
8.3 nM); the LNCaP-scr cell line is the most sensitive to
PTX (IC50: 1.5 nM). The IC50 values of each drug on
each cell lines are summarized in Table SIII. The 1/2
dose of IC50 values from MTT assay were chosen for
the following chemosensitivity study based on our
previous similar study.

TABLEII. Immunostaining Results forNormal
Prostates,BPHTissues,DifferentHumanProstate
Tissues, and LNMetastases for CD44v6 Expression

Tissue type N

Tissue staining intensity

þþþ þþ þ �
Normal 10 0 0 1 9
BPH 10 0 0 7 3
CaP (G> 7) 10 9 1 0 0
LN. metastasis 10 10 0 0 0

BPH, benign prostatic hyperplasia; CaP, primary prostate cancer;
G, Gleason score; LN, lymph node; N, number; �, negative; þ,
weak; þþ, moderate; þþþ, strong.
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KnockDownof CD44v6 Increases CaPCells
Chemosensitivity and Radiosensitivity InVitro

After treatment with 1/2 dose of IC50 values of each
drugs, three CD44v6-KD CaP cells demonstrated
obviously reduced colony formation compared to
CD44v6-scr cells, normalized by untreated control cells
(P< 0.05) (Fig. 4A). The most sensitive chemodrug in
PC-3M-KD and LNCaP-KD cells is DTX, and the
colony formation is 1.8% and 0.6% of untreated control
group, respectively. The most sensitive chemodrug in
DU145-KD cell is MTX, and the colony formation is
1.3% of untreated control group. The average percent-
age of colony formation in different CaP sublines after
chemodrug treatment is summarized in Table SIV.
These results suggest that knocking down CD44v6
significantly increases the chemosensitivity to DTX,

PTX, DOX, and MTX in PC-3M, DU145 and LNCaP
CaP cells with some variations, 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 Figure S3.

After treatment by a single dose of 4Gy irradiation,
three CD44v6-KD CaP cells showed significant reduc-
tion in colony formation, compared to CD44v6-scr and
wild type control cells as well as untreated control cells
(P< 0.05; Fig. 4B). Although 4Gy radiation treatment
caused a reduction in colony formation in CD44v6-scr
and wild type controls, no significant difference was
found between these two controls (CD44v6-scr and
wild type treated with radiation) with the untreated
CaP control (P> 0.05; Fig. 4B). The most radiosensitive
CaP–KD cell line is LNCaP cells and the colony
formation accounts for 22.7% of untreated cells after

Fig. 2. Proliferation, colony formation, adhesion, invasion after knocking down CD44v6 in CaP cells. A: Proliferation rate in PC-3M,
DU145, and LNCaP cells was significantly reduced in KD cells compared to scr and wild type control cells (P< 0.05) while there was no
significant difference between scr cells andwild type cells in three cell lines (P> 0.05), respectively.B: Nine CaP cell lines (KD, scr, andwild
type groups) were seeded in 100mm dishes and cultured in growth medium for 10 days. Results are presented as the number of colonies
formed. Significantdecreases in colony formationwere observedinKDgroup of PC-3M,DU145, and LNCaPcells, respectively, compared to
the scr andwild typecontrolgroups (^ indicates thatP< 0.05).C: InteractionofCD44v6withHAmediatescelladhesion.KDgroupsin three
cell lines showed a significant decrease in cell adhesion to HA, compared with scr and wild type groups, respectively (^ indicates that
P< 0.05).D: Afterknockingdown, theinvasivepotentialwas significantlyreducedby52.2%, 50.2%, and59.5% inPC-3M-KD,DU145-KD,and
LNCaP-KD cell lines compared to control cells, respectively (^ indicates that P< 0.05). All results were obtained from three independent
experiments (mean� SD,n¼ 3). HA, hyaluronic acid; KD, knock-down; scr, scrambled siRNA control.
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radiation treatment. The average percentage of colony
formation in different CaP sublines after RT is summa-
rized in Table SV. These findings indicate that the KD
of CD44v6 increases the radiosensitivity of PC-3M,
DU145, and LNCaP CaP cells. Typical images of
colony formation to RT in three CaP cell lines are
shown in Figure S4.

EMT,PI3K/Akt/mTOR, andWnt/b-catenin
Signaling Pathways Related to the Expression of

CD44v6 in CaPCells

To further investigate whether EMT and some
signaling pathways are involved in the effects of KD
CaP cells, we examined several EMT and signaling
pathway proteins. Our results demonstrated that after
knocking down CD44v6, the level of E-cadherin (EMT
marker) was increased, while the expression of EMT
proteins (Vimentin, Twist, Snail, and Slug), PI3K/Akt/
mTOR signaling proteins (p-mTOR, p-Akt, p-4EBP1,
t-S6K, and p-S6K) and Wnt/b-catenin signaling pro-
teins (b-catenin an p-b-catenin) were down-regulated
compared to CD44v6-scr cells, whereas no obvious

changes were seen in t-mTOR, t-Akt, and t-4EBP1
expression in all CaP cell lines (Fig. 5). These data
indicate that KD of CD44v6 is associated with the
reduced EMT and inactivation of PI3K/Akt/mTOR
and Wnt/b-catenin signaling pathways in CaP cells,
suggesting that EMT and the two signaling pathways
may be involved in the regulation of CaP metastasis
and chemo-/radioresistance together with CD44v6.

DISCUSSION

In this study, we examined the expression of
CD44v6 and CD44std in metastatic CaP cell lines,
primary CaP, lymph node metastases, BPH, and
normal prostate tissues to investigate the roles of
CD44v6 in CaP metastasis, progression, chemo-/
radioresistance, and the association with PI3K/Akt/
mTOR and Wnt/b-catenin signaling pathways. High
levels of CD44v6 were found in both androgen-
nonresponsive (PC-3, PC-3M, DU145, and C4-2B) and
androgen-responsive (LNCaP and LN3) metastatic
CaP cell lines and in all specimens of primary CaP and
lymph node metastases, but not in normal prostate

Fig. 3. Sphere formation after CD44v6 knockdown inCaPcells.A:ThemeanX-intercept values calculated from limiting dilution analysis
foreachcell subtypereveal that thenumberofcellsrequiredto formatleastone tumor sphere/wellwasmuchhigher inKDgroups, compared
to the scr and wild type groups (P< 0.05).B: Representative images for CaP tumorsphere formation in KD and control cells are shown by
lightmicroscope.Magnification�400 in all images.Morphologically, the spheres formed in KD groups tended to be looser and smaller than
those in the control andwild type groups. All results were obtained from three independent experiments (mean� SD, n¼ 3).CSC, cancer
stemcells;KD,knock-down.
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cells, BPH or normal prostate tissues. However,
expression of CD44std was found negative or weak in
metastatic CaP cell lines, negative in primary CaP
tissues and lymph node metastases, but moderately
positive in RWPE-1 normal prostate cell line and even
strongly positive in all normal prostate tissues. Our
observations indicate that CD44v6 may be involved in
CaP progression in both early and late-stage events,
which is further supported by a report that CD44v6
expression was seen in prostatic intraepithelial neo-
plasias (PIN) as well as in CaP lymph node metasta-
sis [27]. On the contrary, in CD44std studies, it was
reported that decreased CD44std is correlated with
CaP metastasis in a Dunning rat model [28]. Further-
more, loss of CD44std was found to be correlated with
poor prognosis in CaP patients [29,30]. These results
suggest that CD44std may negatively regulate CaP
progression, further supporting our observations. The
weak expression of CD44std in PC-3M, DU145, and
PC-3 cell lines may be attributed to the heterogeneity
of CaP and gene alterations over cell passages or
changes of microenvironment. In this study, we also
found that high levels of CD44v6 expression were
observed in both cancer cells and stromal cells in
primary CaP tissues and lymph node metastases,
suggesting that CD44v6 may be involved in the
communication between CaP cells and tumor microen-
vironment to promote cancer cell invasion, migration,

metastasis, and therapeutic resistance. The exact mech-
anisms of the communication between cancer and
stromal cells via CD44v6 in CaP are still unclear and
will be investigated in our ongoing studies.

The results in CaP CD44v6 clinical studies were
very variable from different research groups. Ekici
et al. [31] found that CD44v6 expression was elevated
in CaP patients who later had biochemical recurrence
whereas Aaltomaa et al. [30] reported that CD44v6 is
an independent predictor of survival of CaP patients.
On the contrary, Noordzij et al. [29] reported that
expression of CD44v6 is inversely correlated with
prognosis of CaP patients treated by RP, and Takaha-
shi et al. [32] found that CD44v6 has no correlation
with CaP prognosis. In the current study, our findings
support the idea that high levels of CD44v6 expression
are associated with CaP progression and metastasis,
which is conflicting with several previous studies
[27,32] where decreased level of CD44v6 was observed
in primary CaP tissues, and even weaker presentation
in lymph node metastasis. The reasons for the conflict-
ing results may be explained by the discrepancies in
methodology such as experiment design, specimen
selection, specificity of the antibodies, processing of
the samples, patient population, different stages of
samples chosen and the complexity of CaP itself. Due
to the elusive roles of CD44v6 in different types of
cancers including CaP, there is very limited data

Fig. 4. Chemosensitivity andradiosensitivity after knocking downCD44v6 in CaP cells.A:Typical results are shown for colony formation
in CaP cell lines treated with DTX, PTX, DOX, and MTX,‘‘^’’ indicates that the significant decreases in the average number of colonies
were seeninCD44v6-KDcells compared to theCD44v6-scr anduntreatedcells inresponse to all threedrugs tested (P< 0.05).B:Results of
radiosensitivity in colonies of CaP cell lines are shown. ‘‘^’’ indicates a significant difference in the average number of colonies between
CD44v6-KDcells andCD44v6-scr,wild type aswell asuntreatedcells after irradiation (P< 0.05). Allresultswere obtained from three inde-
pendent experiments (mean� SD, n¼ 3).DOX, doxorubicin; DTX, docetaxel; KD, knock-down;MTX,mitoxantrone; PTX, paclitaxel; scr,
scrambledsiRNAcontrol.
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reported to demonstrate its roles in CaP progression
and metastasis least of all the underlying signaling
pathways involved. Therefore, understanding the roles
of CD44v6 in CaP metastasis and related signaling
pathways is critical and significant in developing
novel targeted therapeutic approaches for the treat-
ment of metastatic CaP.

In this study, after knocking down CD44v6 using
siRNA, we found a decreased proliferation rate in
three CD44v6þ CaP cell lines, indicating that over-
expression of CD44v6 is related to CaP growth and
progression. Colony formation assay provides a more
appropriate measure of long-term effects of therapeu-
tic agents, assessing the ability of cells to retain their
proliferative capacity after treatment, a characteristic
that clinically facilitates tumor recurrences [24]. Our
results show that silencing of CD44v6 suppressed the

survival potential of CaP cells, further validating the
important role of CD44v6 in CaP growth, proliferation,
and recurrence.

Tumor metastasis consists of three steps: adhesion,
degradation, and metastasis [33]. Adhesion is the first
and most important step to trigger tumor metastasis.
Extracellular environment molecules such as HA (the
ligand of CD44std and CD44v) which interacts with
the distal portion of CD44 extracellular domain have
been shown to play key roles in cancer metastasis [34].
Our results indicate that after knocking down
CD44v6, CaP cells showed a significantly decreased
adhesive ability to HA, suggesting that CD44v6 may
play an important role in mediating tumor cell adhe-
sion during the metastasis process. Matrigel invasion
assay mimics the extracellular matrix environment by
providing growth factors and creating a matrix scaf-
fold for tumor cells to invade through. In this study,
we found reduced invasion ability in all three CD44v6-
KD cell lines, implying that CD44v6 is correlated with
CaP cell invasion. One possibility for this reduced
CaP invasion is that CD44v6 may promote invasion by
up-regulating the activity of certain proteases, such as
MMP-9 which is capable of digesting and degrading
extracellular matrix components [35]. Another possible
mechanism for the reduced invasive ability could
be the down-regulation of EMT as this transition is
essential in CaP metastasis [36].

EMT is characterized by the loss of epithelial
characteristics and the gain of mesenchymal attributes
and is a key event in tumor initiation via certain
signaling pathways [37]. During EMT, epithelial cells
downregulate cell–cell adhesion, lose their polarity
and acquire a mesenchymal phenotype with increased
interaction with the extracellular matrix as well as
enhanced migratory capacity [38]. It was recently
reported that the induction of EMT was accompanied
by a shift in CD44 isoforms from CD44v to CD44s in
breast cancer cells [39]. In this study, we have shown
that silencing CD44v6 concomitantly downregulated
EMT by loss of E-cadherin and upregulation of several
key transcription factors. These findings are consistent
with the reduced proliferation, adhesion, and invasion
of CaP cells and implicates that CD44v6 may regulate
these properties via EMT.

Over the past decade, CD44 was well documented
as a common cancer stem cell (CSC) marker in many
cancers including CaP [40–42]. CSCs, also known as
tumor-initiating cells, are malignant cell subsets capa-
ble of tumor initiation and self-renewal and give rise
to the bulk population of non-tumorigenic cancer cell
progeny through differentiation [7]. They embody the
refractory nature observed among many cancers: very
competent initial tumor establishment, extremely
aggressive metastatic nature, resistance to chemo-/

Fig. 5. The changes of EMT markers and PI3K/Akt/mTOR and
Wnt signaling pathways proteins after knocking down CD44v6 in
CaP cells. Representative results are shown for five markers
(E-cadherin,Vimentin, Snail, Slug, andTwist) involvedin EMT, eight
signal transduction molecules (Akt, p-Akt, mTOR, p-mTOR,
4EBP1, p-4EBP1, S6K, and p-S6K) involved in PI3K/Akt/mTOR
signaling pathway and two signal transduction molecules
(b-catenin, p-b-catenin) involved inWnt/b-catenin pathway asso-
ciatedwith CD44v6 expression inCaP.The level of E-cadherinwas
increased in all KD cell lines, while the levels of Vimentin, Snail,
Slug,Twist, p-mTOR, p-Akt, p-4EBP1, p-S6K, and S6Kwere signifi-
cantly reduced in all KD cell lines, compared to scr and wild-type
controls.GAPDHwas used as a loading control.KD, knock-down;
p-4EBP1, phosphorylated-4EBP1; p-b-catenin, phosphorylated-b-
catenin; p-Akt, phosphorylated-Akt; p-mTOR, phosphorylated-
mTOR;p-S6K,phosphorylated-S6K;scr, scrambledsiRNAcontrol.
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radiotherapy, correlation with advanced disease, and
resistance to current therapies. Despite the ongoing
debate on the abundance and origin of CSCs, it is
generally accepted that they represent the root of
cancer that must be eradicated in order to cure cancer.
Although the origins of CSCs remain unclear in most
types of cancers including CaP, cancer treatments
that target CSCs through specific markers or signaling
pathways critically involved in CSC function could
potentially increase the efficacy of current forms of
therapy.

Whether CD44std or CD44v is a CSC marker is still
under debate. CD44std and CD44v play different roles
in different cancers, which are also regulated by the
tumor microenvironment. Recent studies demonstrat-
ed that CD44v6 is a CSC marker in bladder cancer [43],
, breast cancer [44], and brain cancer [45]. To our
knowledge, very little attention has been paid to the
stemness of CD44v6 in CaP. The sphere formation
assay has been proposed as a valuable method for
isolating cancer cells with conserved stemness deter-
minants that are able to propagate in defined me-
dia [46,47]. Sphere formation best mimics the
enrichment and proliferation of CSCs. It has been
generally agreed that, like stem cells, the tumorsphere-
forming cells from primary tumors such as breast
cancer and ovarian cancer, are capable of proliferation,
self-renewal, and higher tumorgenicity [48,49]. The
anchorage-independent sphere culture of stem cells
was instrumental in the study of adult CSCs including
CaP [50]. In this study, we found that all three
CD44v6þ CaP cell lines can form spheres in an
appropriate cell number, and that knocking down of
CD44v6 significantly reduces tumor sphere formation
ability. Given that the expression of CD44v6 was only
found in CaP tissues and lymph node metastases but
not in normal prostate tissues, our results support the
idea that CD44v6 displays CSC-like properties and is
closely associated with CaP stemness, providing a
novel insight to the development of new therapeutic
strategies for CaP.

As CSC plays an important role in chemotherapies
and radiotherapy, and is responsible for tumor recur-
rence, based on our observation above, it is of great
interest to investigate whether CD44v6 is involved in
CaP chemo-/radioresistance. To date, very limited
data has demonstrated the link between chemo-/
radioresistance and CD44v6 expression in cancers.
Our previous in vitro studies showed that overexpres-
sion of CD44v3-10 is associated with chemoresistance
(DTX) [21] and overexpression of CD44 (CD44std and
CD44v) is correlated with radioresistance [22] using
CaP cell lines. However, we did not examine whether
CD44std or CD44v is responsive for radioresistance. In
the current study, we found that reducing CD44v6

expression can greatly improve chemosensitivity with
the treatment of DTX, PTX, DOX, and MTX as well as
radiosensitivity in all three CaP cell lines, suggesting
that over-expression of CD44v6 is highly correlated
with CaP chemo-/radiosensitivity, and targeting
CD44v6 may increase the efficacy of chemodrugs,
sensitize the tumor to RT as well as reduce the
collateral toxicity.

CaP cells utilize multiple signaling pathways to
propagate and invade during tumor progression and
metastasis [51]. Among them, PI3K/Akt/mTOR path-
way is a key pathway that has been linked to tumor-
genesis, CSC, and resistance to therapy in CaP and
other solid tumors [52,53], playing a crucial role in
regulating basic cellular functions including growth,
proliferation, and survival by inhibition of apopto-
sis [54]. Several lines of evidence indicate that this
pathway is closely related with CSC biology [55].
Preclinical studies suggest that the PI3K/Akt/mTOR
pathway is important in maintaining a CSC popula-
tion [56] and in EMT in CaP cells [37,57]. Jijiwa
et al. [45] found that CD44v6 regulates growth of brain
CSC through the Akt pathway. Pfeil et al. [58] reported
that following treatment with a PI3K inhibitor
LY294002, chemosensitivity is improved in chemo-
resistant LNCaP-abl CaP cell line. Zhan et al. [53]
suggest that treatment with Akt inhibitors prior to
ionizing radiation treatment has potential benefit to
patients with breast cancer. Wnt/b-catenin signaling
pathway also participates in self-renewal, pluripo-
tency, proliferation, and cell-fate determination [59,60].
As Wnt/b-catenin pathway is associated with the
chromosome orientation during mitosis, its perturba-
tions may lead to a mitotic disjunction typical of many
cancer cells [61]. Yuan et al. [62] found that Wnt/
b-catenin regulates livin, a member of inhibitors of
apoptosis family, and prevents cell apoptosis and thus
takes part in the development of tumor cell chemo-
resistance. RT leads to breaks in the DNA strands, but
since apoptosis is blocked, the cell switches on repara-
tion mechanisms and survives. In this study, we have
shown that silencing CD44v6 concomitantly down-
regulated PI3K/Akt/mTOR and Wnt/b-catenin sig-
naling proteins, suggesting that the activation of
both pathways is associated with CD44v6 expression.
These findings are also consistent with reduced prolif-
eration, cell adhesion, cell invasion, sphere formation,
and increased chemo-/radiosesitivity after silencing
CD44v6, further highlighting the potential of both
pathways as targets for future treatment of CaP.

As discussed above, CD44v6 plays an important
role in CaP metastasis and progression. The expression
of CD44v6 is only found in primary human CaP
tissues and lymph node metastases rather than normal
prostate tissues, which makes itself an ideal candidate
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for targeted therapy in the treatment of metastatic
refractory CRPC. Most CD44v6-related target thera-
pies are using an anti-CD44v6 antibody alone or an
anti-CD44v6 antibody as a carrier to conjugate a
toxic agent such as a chemodrug or radioisotope to
specifically target cancer cells in various human
malignancies. It was for the first time reported that
MAb1.1ASML that targets specifically CD44v6 was
effective in suppressing the formation of lung metasta-
sis from a metastatic pancreatic cancer cell line
(BSp73ASML) in an animal model study [63]. The first
clinical trial using anti-CD44v6 antibody BJWA1 was
published in 2000, with no drug-related adverse event
and sensitive tumor uptake [64]. Our group has
recently reviewed the different approaches referring
CD44v6 antibody conjugates in clinical trials [9]. In
addition to targeting CD44v6 proteins, directed thera-
py against CD44v6 gene is another option. Misra et al.
delivered CD44v6 short hairpin RNA (shRNA)/nano-
particle within the colon tumor cells to perturb HA/
CD44v6 interaction, resulting in reduction of adenoma
growth in mice, with no evidence of toxicity to
date [65]. Qian et al. [66] achieved suppression of
pancreatic tumor growth by targeted arsenic delivery
with anti-CD44v6 single chain antibody conjugated
nanoparticles. These results imply that CD44v6-specif-
ic nanoparticles provide a highly efficient and safe
platform for cancer therapy and could be of great
potential benefit for future CaP combination therapies,
especially for CRPC.

In summary, we have demonstrated that over-
expression of CD44v6 was found in metastatic CaP
cell lines, primary CaP tissues and lymph node
metastasis; that CD44v6þ CaP cells have CSC-like
properties and CD44v6 is closely involved in CaP cell
proliferation, adhesion, invasion and chemo-/radio-
sensitivity and associated with the activation of EMT,
PI3K/Akt/mTOR and Wnt pathways in vitro. Our
findings shed a new light on a potential role of
CD44v6 in CaP progression and metastasis, and lead
to an expansion of repertoire of targeted therapy for
metastatic and refractory CRPC.
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