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E-cadherin plasticity in prostate cancer stem cell invasion
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Abstract: Prostate cancer that has progressed to metastatic disease remains largely untreatable. Nearly 90% of pa-
tients with advanced prostate cancer develop skeletal metastases, resulting in a substantial reduction in the quality
of life and a drastic worsening of patient prognosis. The mechanisms involved in prostate cancer cell dissemination,
however, remain poorly understood. We previously reported the identification of a highly tumorigenic E-cadherin posi-
tive prostate tumor stem cell subpopulation that expressed the embryonic stem cell markers SOX2 and OCT3/4. We
herein demonstrate that this subpopulation is also highly invasive and, importantly, is capable of altering its E-
cadherin expression during the process of invasion. The non-tumorigenic E-cadherin negative subpopulation which
minimally expresses SOX2 or OCT3/4 was found to be poorly invasive. In addition, targeted knockdown of SOX2 or
0CT3/4 markedly suppressed the invasion of prostate cancer cells. Taken together, these findings indicate that the
expression of SOX2 or OCT3/4 is required for invasive cell capacity, but the ability to modulate E-cadherin is the key
permissive factor enabling cancer stem cell invasion in vitro. We therefore propose a model in which the post-
epithelial to mesenchymal transition phenotype progresses to a frank, aggressive, and invasive phenotype by a proc-
ess requiring the acquisition of E-cadherin plasticity. Considering the clinical significance of the metastatic complica-
tions of prostate adenocarcinoma, the identification of factors that promote the dissemination of the malignant pros-
tate phenotype is essential to establish effective therapies to combat this disease in future.
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Introduction

Prostate cancer has become the most fre-
quently diagnosed cancer and the second lead-
ing cause of cancer-related deaths in North
American men [1, 2]. Surgery and radiation ther-
apy are widely used to treat prostate cancer
patients and although largely successful, they
have an unacceptable rate of failure. The most
common reason for these failures is the inability
to control tumor progression and metastases [3,
4]. As a consequence the prognosis for ad-
vanced prostate cancer patients remains par-
ticularly grim, and current therapies for metas-
tatic prostate cancer have short-term clinical
benefits at best.

The dissemination of tumor cells is an early
event in the metastatic cascade, and correlates
with a loss of epithelial cell differentiation and
the acquisition of a migratory and invasive phe-

notype. This phenomenon, referred to as the
epithelial to mesenchymal transition (EMT), is
critical for appropriate embryogenesis and plays
a crucial role in carcinogenesis and tumor pro-
gression. In particular, the molecular alterations
involved in this process correlate with the sig-
nificant down-regulation of the homotypic cellu-
lar adhesion molecule E-cadherin [5]. E-
cadherin has been shown in numerous clinical
studies to be down-regulated, silenced, or aber-
rantly expressed in multiple cancer types [6],
particularly in more advanced disease [7]. How-
ever, several recent studies describe E-cadherin
expression, notably re-expression, in advanced
metastatic tumors compared to their primary
tumor counterparts [8, 9], which was found to
correlate with invasion and poor patient progno-
sis [10-12]. The mechanism responsible for the
latter observation is poorly understood, but may
rely on gene de-repression of E-cadherin [13,
14] or a post-translational mechanism, such as
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stabilization of E-cadherin at the membrane. In
particular, the role of E-cadherin in cancer pro-
gression to the metastatic phenotype remains
unclear.

We have previously shown using flow cytometry
that E-cadherin can serve as a distinct surface
marker to isolate prostate tumor initiating cells
[15]. In particular we demonstrated that only E-
cadherin positive (E-cad*) cell subpopulations
expressed high levels of the embryonic stem
cell markers (SOX2, OCT3/4, Nanog, KIf4 and c-
Myc), formed colonies, grew as spheres under
non-adherent conditions, and exhibited a high
degree of tumorigenicity in immunodeficient
mice [15]; all of these characteristics are indica-
tive of the cancer stem cell phenotype [16]. Fur-
thermore, knockdown of SOX2 or OCT3/4 abol-
ished the tumor-forming ability of these cells
[15].

Although cancer stem cells can vary by defini-
tion, they generally comprise less than 10% of
the population of a tumor [17]. However, cancer
stem cells have been implicated as a key com-
ponent in the formation and spread of human
cancers to distant sites [16]. In the present
study we examined the invasive ability of iso-
lated stem and non-stem prostate cancer cell
populations, and the role of E-cadherin plasticity
in the invasion process.

Materials and methods
Cell lines and targeted RNA knockdown

DU145 and PC3 prostate cancer cell lines were
obtained from the American Tissue Type Culture
Collection (ATCC, Manassas, VA) and main-
tained in cell culture medium under the recom-
mended conditions. shRNA-mediated knock-
down of OCT3/4 or SOX2 was performed as
previously described [15]. E-cadherin SmartPool
siRNAs (Dharmacon, Lafayette, CO) were trans-
fected using the DharmaFECT 1 reagent
(Dharmacon) for DU145 and Oligofectamine
(Invitrogen, Carlsbad, CA) in PC3 cells according
to the manufacturer’s instructions. After 72 h,
the expression levels of target proteins were
analyzed by western blot.

Real-time PCR
Total RNA was isolated with the RNAqueous-

Micro reagent (Ambion, Austin, TX). Reverse
transcription was performed with the Verso
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cDNA Kit (Thermo Scientific, Waltham, MA) ac-
cording to the manufacturer's recommenda-
tions. Quantitative real-time PCR (qPCR) was
performed to determine the expression levels of
EMT-related genes (E-cadherin, Slug, Snail, and
Vimentin). PCR was carried out with primers (1
ul), SYBR Green PCR Master Mix (both from Ap-
plied Biosystems, Carlsbad, CA) and cDNA (20
ng) using the ABI 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems). The sequences of the
primers were as follows: E-cadherin Forward 5’-
ACCAGAATAAAGACCAAGTGACCA-3’, Reverse 5'-
AGCAAGAGCAGCAGAATCAGAAT-3’; Slug Forward
5-GAGTCTGTAATAGGATTTCCCATAG-3’, Reverse
5’-CTTTAGTTCAACAATGGCAAC-3’; Snail Forward
5’-TTGGATACAGCTGCTTTGAG-3’, Reverse 5'-
ATTGCATAGTTAGTCACACCTC-3’; Vimentin For-
ward 5-AATGGCTCGTCA CCTTCGTGAAT-3’, Re-
verse 5-CAGATTAGTTTCCCTCAGGTTCAG-3’; Ac-
tin Forward 5’-CTCCTCC TGAGCGCAAGTACTC-3,
Reverse 5-TCCTGC TTGCTGATCCACATC-3'. The
MmRNA expression levels of target genes were
normalized to actin expression levels using the
AACt method. Gene expression values of the
initiating (t=0) samples were assigned as 1.0.

Invasion assays

Matrigel invasion assays were performed ac-
cording to the manufacturer’s instructions (BD
Biosciences, San Jose, CA). Cells were washed,
resuspended in serum-free medium, and plated
into the top chamber. FBS was used as a
chemoattractant in the bottom chamber. Cham-
bers were incubated for 24 h. Uninvaded cells,
which remained in the top chamber, were re-
moved with a cotton swab, and invaded cells
lying on the bottom face of the membrane were
fixed with 4% paraformaldehyde and stained
with crystal violet. The membranes were
mounted on slides, and the invaded cells were
quantified when viewed under light microscopy.
To examine E-cadherin expression in the top
and bottom chambers, invasion chambers were
used in parallel. Top-chamber cells were stained
with E-cadherin after removing invaded cells. In
duplicate samples, the top chamber cells were
removed, and the invaded cells were stained.
For experiments examining E-cadherin re-
expression, the chambers were incubated for 4
h, and the top-chamber cells were removed. The
invaded cells were incubated for an additional
5, 10 or 15 h. At the end of each incubation
time, cells were fixed and stained with E-
cadherin. For gPCR, top-chamber cells were
collected by trypsinization.
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Immunofluorescence staining

Immunofluorescence staining was performed on
cells fixed to invasion membranes. Cells were
fixed with 4% paraformaldehyde and permeabi-
lized with 0.2% Triton X-100. Nonspecific anti-
gen binding sites were blocked with 10% goat
serum/0.05% Triton X-100/PBS and incubated
with E-cadherin (BD Biosciences) or CD44 (Cell
Signaling Technology, Danvers, MA) for 2 h at
room temperature. Slides were washed, incu-
bated with AlexaFluor594- or AlexaFluor488-
conjugated secondary antibodies (Invitrogen),
and mounted with Vectashield plus DAPI (Vector
Laboratories, Southfield, Ml) to visualize nuclei.
Cells were examined under light fluoroscopy
using a Zeiss Axiophot microscope (Carl Zeiss
Meditec, Dublin, CA).

Immunoblot analyses

Western blot analyses were performed as previ-
ously described [15]. Antibodies against c-Myc,
c-Met and B-actin (Cell Signaling), 0CT3/4,
SOX2 and tubulin (Santa Cruz Biotechnology),
and Nestin, B-catenin and E-cadherin (BD Bio-
sciences) were used for the analyses.

Flow cytometry and cell sorting

Flow cytometry and cell sorting were performed
as previously described [15].

Prostate spheroid formation assays

E-cad* and E-cad cells were collected by
trypsinization after invasion, and spheroid for-
mation assays were performed as previously
outlined [15].

Statistical analysis

Differences were analyzed using Student’s t-
test. P-values of less than 0.05 were considered
statistically significant.

Results

Highly invasive E-cad* cells isolated from het-
erogeneous DU145 and PC3 cell populations
possess cellular stemness

We have previously shown that the E-cad* cells
derived from DU145 and PC3 human prostate
cancer cells possess stem-like properties, in-
cluding the ability to form spheroids, expression
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of the embryonic stem cell markers SOX2,
0OCT3/4, Nanog, KIf4, and c-Myc, and the ability
to form tumors with a high efficiency when in-
jected into SCID mice [15]. In the present study,
the invasive properties of the E-cad* and E-cad-
subpopulations isolated from DU145 and PC3
cells were examined in detail using these iso-
lated prostate cancer cell subpopulations. As
shown in Figure 1A, highly purified DU145 and
PC3 E-cad* cells efficiently invaded through the
Matrigel-coated membrane, but E-cad- cells
from each cell line were only minimally invasive.

Cancer cells that retain stemness have been
shown to be efficiently and aggressively metas-
tatic [16, 18, 19]. Understanding the mecha-
nisms that contribute to this aggressive and
frankly invasive state is critical for future treat-
ment strategies seeking to impede the metas-
tatic process. To examine this property in the
highly invasive E-cad* DU145 and PC3 cells, we
collected E-cad* and E-cad- cells that had in-
vaded through the membrane of Matrigel-
coated invasion chambers and cultured these
cells under adherent or non-adherent condi-
tions.

After 3 days of culture under adherent condi-
tions, invaded E-cad* cells efficiently prolifer-
ated (Figure 1B) and formed colonies of holo-
clonal-type morphology (Figure 1C-a and b),
which is one of the stem cell characteristics
previously demonstrated in DU145 and PC3
cells [20, 21]. These holoclonal cells from E-
cad* prostate stem cells exhibited high levels of
E-cadherin expression (Figure 1C-c and d). In
contrast, E-cad- cells from both cell lines prolif-
erated poorly after invasion (Figure 1C-e and f).
Invaded DU145 and PC3 E-cad*cells cultured
under non-adherent conditions efficiently
formed spheroids (Figure 1D and E) and ex-
pressed both E-cadherin and the prostate can-
cer stem cell marker CD44 at high levels (Figure
1E-c and d). In contrast, E-cad-cells were unable
to form spheroids (Figure 1D and E). These re-
sults indicated that E-cad* cells retain their can-
cer stemness after invasion, while E-cad- cells,
even those that did invade, failed to demon-
strate stem cell characteristics.

E-cadherin expression can be modulated by E-
cad* cells during invasion

According to the E-cadherin literature, we ex-

pected E-cad* cells to invade poorly and E-cad-
cells to be highly invasive [22]. Instead, the ro-

Am J Cancer Res 2011;1(1):71-84



E-cadherin modulation in prostate cancer stem cell invasion

A.
*
d "“’b.atadv [T % E-cad™ B E-cad+

o b %1600 | /1 E-cad-
: ¥ & © 1400 *
ol
o @ 1200

Emoo E

= 800

-

o
(2] —
O 3
- £

=]

=

DU145 PC3

B.

1 I 0 day culture
[ 3 day culture

-

E-cad* E-cad-

Number of cells (x103)
Y
o

DU145
D. E.
40 1 [ E-cad+
» [ E-cad-
3
O 30
(=]
(=]
n
»
T 20
S
Q
i 10 .
” |
X |
o A
DU145

Figure 1. E-cad* subpopulations isolated from DU145 and PC3 prostate cancer cells have a high invasive capacity
and sustain stemness post-invasion. (A) Invasion was evaluated in E-cad* and E-cad- subpopulationsisolated from
DU145 and PC3 cells. E-cad* and E-cad-cells were plated in invasion chambers immediately after cell sorting. Twenty-
four hours later, non-invaded (top-chamber) cells were removed, and the invaded cells were fixed and stained with
crystal violet. *, P < 0.001. (B) Growth of invaded E-cad* and E-cad- DU145 cells. After a 24 h invasion period, in-
vaded E-cad* and E-cad-cells were collected and plated under adherent culture conditions for 3 days and quantified.
*, P < 0.001. (C) Phase-contrast photographs of invaded E-cad* and E-cad-DU145 and PC3 cells after 3 days of cul-
ture. a, b, ¢c and d, Invaded E-cad* cells exhibited a holoclone-type morphology (10x) as well as E-cadherin expression
(40x). e and f, phase-contrast photographs of invaded E-cad- cells after 3 days of culture. (D) In vitro quantification of
prostate cell spheroids formed by invaded E-cad* and E-cad- cells. The data are represented by the percentage of
spheroids formed per 500 seeded cells + SD. *, P < 0.001. (E) a and b, Phase-contrast images of DU145 (left panel)
and PC3 (right panel) spheroids seeded by invaded E-cad*(top) and E-cad- (bottom) cells (10x%). ¢ and d, Images of
spheroids immunostained with antibodies against E-cadherin (E-cad, green) and CD44 (red) (40x).
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Figure 2. Analysis of E-cadherin expression during invasion in E-cad*, E-cad- and unsorted DU145 and PC3 cells. (A)
and (B) Images of E-cad* and E-cad- DU145 and PC3 cells immunostained with E-cadherin antibody after 24 h of inva-
sion. Duplicate Matrigel invasion chambers were used: one each for staining invaded (bottom chamber) and non-
invaded (top chamber) cells. Cells that were not stained were removed from each insert. Non-invaded cells from
plated E-cad*and E-cad- subpopulations of DU145 and PC3 cells stained on the upper face of the membrane are
shown in A-a/b and B-a/b, respectively. Invaded cells from both cell subpopulations (DU145 and PC3) were stained
on the underside of the membrane, as shown in A-c/d and B-c/d. Magnification, 40x. (C) After 1 h, E-cad* cells in the
top chamber (DU145; left panel, PC3; right panel) were stained for E-cadherin (10x). (D) After 4 h, invaded E-cad*
cells at the bottom of the membrane (DU145; left panel, PC3; right panel) were stained for E-cadherin (40x). (E) Top-
chamber (a and ¢) or invaded (b and d) unsorted DU145 and PC3 cells respectively were immunostained with an E-
cadherin antibody at the conclusion of a 24 h invasion assay.

bust invasion of E-cad* cells was repeatedly
observed. However, the mechanism by which E-
cad* cells successfully invaded remained un-
clear. To gain insights into this observation, we
examined the E-cadherin expression levels of E-
cad* and E-cad-cells during the invasion proc-
ess. At the end of a 24 h invasion period, the
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non-invaded cells E-cad* cells residing in the top
chamber (Figure 2A-a and 2B-a) exhibited de-
creased E-cadherin expression compared to the
invaded E-cad* cells on the underside of the
membrane (Figure 2A-c and 2B-c). In contrast,
neither the E-cad-cells remaining in the top
chamber (Figure 2A-b and 2B-b) nor those that

Am J Cancer Res 2011;1(1):71-84
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invaded exhibited E-cadherin stain-
ing (Figure 2A-d and 2B-d).

To confirm that altered E-cadherin
expression was concomitant with
progressive invasion, sorted E-cad*
DU145 and PC3 cells residing in the
top chamber or underside of the
membrane were stained with an E-
cadherin antibody either 1 hour or 4
hours after initiating invasion. While
the majority of E-cad* cells in the
top invasion chamber exhibited ex-
tensive and largely uniform E-
cadherin expression at the begin-
ning of invasion (Figure 2C), cells
that invaded through the Matrigel
and emerged at the underside of
the membrane 4 h later were com-
pletely devoid of E-cadherin expres-
sion (Figure 2D). These findings
implied that E-cad* cells can func-
tionally modulate membrane E-
cadherin expression during inva-
sion. Consistent with this hypothe-
sis, a greater proportion of unsorted
DU145 and PC3 cells expressing E-
cadherin were found on the under-
side of the membrane at the end of
a 24 h invasion period (Figure 2E-b
and d) compared to the number of
cells residing on the top side of the
membrane (Figure 2E-a and c).
Taken together, these observations
suggested that E-cad* cells capable
of invading maintain a high invasive
capacity by altering E-cadherin ex-
pression.

P .
L

C. To further confirm the changes in
DU145 PC3 surface E-cadherin expression dur-
Slug ing cellular invasion of E-cad* pros-
tate cancer cells, we characterized
the time course of E-cadherin ex-
pression throughout invasion. Four
hours after setting up E-cad* cells in
invasion assays, cells residing in the
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Figure 3. Modulation of E-cadherin and Slug expression in E-cad* cells during invasion. (A) and (B) Invaded E-cad*
cells immunostained for E-cadherin. After 4 h of culture (t=4 h), top-chamber (non-invaded) cells were removed, and
the invasion chambers were incubated for an additional 5, 10, or 15 h. At each time point, DU145 (A) and PC3 (B)
cells were immunostained for E-cadherin. Magnification, 40x. (C) The relative Slug expression levels in E-cad* cells
from DU145 and PC3 cells residing in the top chambers of invasion assays were evaluated by qPCR at various time
points (0, 2, 4, 8, 16 and 24 h). Expression levels were normalized to actin. The data are reported as the mean + SD.
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top chamber were removed. Invaded cells on
the underside of the membrane were either
stained immediately with E-cadherin antibody (t
= 4 h) or incubated for additional time periods
(5, 10 or 15 h) prior to staining. Invaded E-cad*
DU145 and PC3 cells initially (t = 4 h) did not
express E-cadherin, began to re-express E-
cadherin 5 h later, and showed progressively
increasing E-cadherin expression thereafter
(Figure 3A and B). These findings suggested
that during the course of invasion, the E-cad*
subpopulation effectively modulated E-cadherin
expression in a time-dependent manner.

The E-cadherin repressor protein Slug partici-
pates in E-cadherin modulation during invasion
in E-cad* cells

To examine the mechanism of E-cadherin modu-
lation observed in DU145 and PC3 E-cad* cells,
E-cad* cells from each cell line were plated in
the top invasion chamber and analyzed at vari-
ous times (0, 2, 4, 8, 16 and 24 h) for the ex-
pression of E-cadherin and the E-cadherin rep-
ressors Slug and Snail [23, 24]. No significant
changes in Snail expression were observed
(data not shown). However, Slug expression
increased sharply at 2 h in each cell line (Figure
30C); in particular, the PC3 cells exhibited an
approximately 20-fold increase in Slug expres-
sion (Figure 3C). Furthermore, Slug expression
levels fell dramatically at later time points, con-
sistent with invasion time-course experiments
demonstrating that invaded E-cad* cells first
appear in the bottom chamber 4 h after plating
(Figure 3A and B). These findings suggested
that Slug abrogates E-cadherin transcription at
early times during prostate cancer stem cell
invasion, which is consistent with a recent re-
port implicating Slug in the regulation of inva-
siveness of metastatic prostate cancer cell lines
[25]. Upon examination of E-cad- cells from the
DU145 and PC3 cell lines, we confirmed that
these cellular subpopulations were non-invasive
despite high expression of EMT markers such as
Slug, Snail, and Vimentin compared to E-cad*
cells (Figure 4A and B). These results are con-
sistent with the current paradigm of E-cadherin
expression and EMT, in which the loss of E-
cadherin expression is inversely related to the
expression of Slug, Snail, and Vimentin. This
finding suggests that although E-cad- prostate
cancer cells display what is commonly referred
to as the mesenchymal phenotype, character-
ized by low E-cadherin and high Slug, Snail, and

77

A.DU145
% 5.0 @@ E-cad+
3 40 - @8 E-cad-
2
Z 30
£
o 20 -
=
()
4
0.0 - T T
Slug Snail Vimentin
B. PC3
o 6.0 -
[ Bl E-cad+
2 %07 -
< E-cad-
=
[
£
(]
2
5
[<F]
4

Slug Snail Vimentin

Figure 4. Difference of expression levels of Slug,
Snail and Vimentin between E-cad*and E-cad- cells
isolated from parental DU145 and PC3 cells. Both E-
cad* and E-cad- DU145 (A) and PC3 (B) cells were
analyzed for expression levels of Slug, Snail, and
Vimentin by gPCR. Expression levels were normal-
ized to actin. The data are reported as the mean +
SD.

Vimentin expression [5], this cellular subpopula-
tion cannot drive cellular invasion without pos-
sessing key genomic cancer stem cell proper-
ties. Therefore, we hypothesized that the modu-
lation of surface E-cadherin expression acts as
a permissive factor for cells already capable of
invading; in other words, E-cad* cells that dis-
play the stem cell signature—high expression of
OCT3/4 or SOX2—have robust cellular invasion
that is driven by these stem cell markers.

To test this possibility, we examined whether
targeted knockdown of E-cadherin affected the
invasion of parental DU145 and PC3 cells. We
had already observed that the E-cad-cells were
poorly invasive; therefore, E-cadherin knock-
down in the parental population effectively tar-
geted E-cad* cells. We hypothesized that a re-
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cells invading through Matrigel-coated membranes after transient transfection with E-cadherin or control siRNA. All

invasion assays were performed in triplicate.

duction in E-cadherin expression, functionally
mimicking Slug activity, would increase the inva-
sive capacity of this cell line. Contrary to our
expectations, we consistently observed the op-
posite results in PC3 cells: siRNA-mediated E-
cadherin knockdown (Figure 5A, right panel)
significantly reduced the invasive capacity of
these cells compared to control cells (Figure
5C). However, in this cell line, efficient E-
cadherin knockdown also resulted in markedly
reduced levels of the embryonic stem cell mark-
ers SO0X2, OCT3/4 and c-Myc, as well as B-
catenin [26], c-Met [27] and Nestin [28], which
are known to be involved in cancer stemness
and cellular invasiveness (Figure 5A, right
panel). In contrast, DU145 cells with efficient E-
cadherin knockdown (Figure 5A, left panel) did
not display either significantly reduced cellular
invasion (Figure 5B) or reduced expression of
S0X2, 0OCT3/4, c-Myc, B-catenin and Nestin,
with the exception of c-Met (Figure 5A, left
panel). These results suggested that E-cadherin
expression may affect the expression of SOX2
and OCT3/4, as observed in PC3 cells (Figure
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5A), thereby reducing embryonic stem cell
marker-driven invasion (Figure 5C). However, in
the absence of efficient knockdown of these
embryonic stem cell markers, E-cadherin knock-
down was not sufficient to significantly reduce
cellular invasion (Figure 5A, left panel; 5B),
demonstrating that the down-regulation of E-
cadherin alone is not sufficient to allow cellular
invasion.

Knockdown of OCT3/4 or SOX2 inhibits cell
invasion

To evaluate the role of embryonic stem cell
markers in prostate cancer stem cell invasion,
we examined whether targeted knockdown of
OCT3/4 or SOX2 affected the invasion of paren-
tal DU145 and PC3 cells. As shown in Figure 6,
targeted knockdown of the embryonic stem cell
factors SOX2 (Figure 6A) or OCT3/4 (Figure 6C)
resulted in significantly reduced levels of E-
cadherin, B-catenin, c-Myc, c-Met and Nestin, as
well as a statistically significant reduction in
cellular invasion (Figure 6B and D), demonstrat-
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Figure 6. Knockdown of OCT3/4 or SOX2 inhibits prostate cancer cell invasion. (A) Western blot analyses of E-
cadherin, SOX2, OCT3/4, B-catenin, c-Myc, c-Met and Nestin in shSOX2-knockdown DU145 and PC3 cells compared
to control-shRNA knockdown cells. Actin was used as a loading control. (B) Invasion of DU145 and PC3 cells with
targeted SOX2 knockdown compared to cells transfected with control shRNA. (C) Western blot analyses of E-cadherin,
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Figure 7. Proposed role of E-cadherin modulation in prostate cancer cell invasion. (A) Selected literature examining
the role of E-cadherin in progressive tumor formation (EMT and transformation) as well as in the development of the
aggressive and frankly metastatic phenotype (5, 10, 22, 35, 41, 43-57). (B) Schema of the modulation of E-cadherin
expression in the post-epithelial to mesenchymal (post-EMT) acquisition of the aggressive phenotype. E-cadherin is
indicative of the pre-EMT state. Parental DU145 and PC3 cells, which exhibit a mixed-marker EMT phenotype, are
believed to have already undergone EMT and normally express E-cadherin at relatively low levels. Highly metastatic
lesions arising from primary prostate tumors, but not the primary tumors themselves, exhibit high levels of E-
cadherin. The present proposed mechanism for post-EMT upregulation of E-cadherin is that plasticity of E-cadherin
expression is a permissive factor for cellular invasion, but requires expression of the embryonic stem cell markers

SOX2 and OCT3/4.
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ing that the expression of one or more of these
embryonic stem cell markers is required for in-
vasion. Significantly, targeted knockdown of
OCT3/4 or SOX2 in the DU145 and PC3 cell
lines resulted in reduced E-cadherin expression,
thereby confirming that the loss of E-cadherin
expression is insufficient to drive cellular inva-
sion.

Discussion

Characterization of the cancer stem cell popula-
tion remains a controversial issue. Because of
the diverse etiologies of tumor types that arise
in organs, the related cancer stem cell marker
subset appears to depend on the microenviron-
ment in which these cells arise. Although many
studies have examined the cancer stem cell
marker profiles derived from primary and cul-
tured tumor cell populations, little consensus
exists concerning the definition of this elusive
cell subpopulation. The expression of the em-
bryonic stem cell markers SOX2, OCT3/4, and
Nanog results in a highly plastic, dedifferenti-
ated and tumor-initiating stem cell phenotype
[29]. Cell surface markers such as CD133 and
CD44 have also been used extensively, al-
though their expression appears to be cell type-
specific [30]. While it is clear that enriched can-
cer stem-like cell populations form tumors with
a high degree of efficiency when injected into
SCID mice, few studies have examined the inva-
sive properties of these cells. Recently, it has
been reported that CD133*+ pancreatic cancer
cells [18], CD44+CD24 breast cancer cells [31]
and CD44+ prostate cancer cells were more
invasive than their non-stem-like counterparts
[19]. The present study characterized the inva-
sive ability of high SOX2- and OCT3/4-
expressing prostate cancer stem cells, and the
role of E-cadherin modulation in this process.

The process of Epithelial to Mesenchymal Tran-
sition, or EMT, is essential for development and
is an important part of neoplastic transforma-
tion [32, 33]. The EMT program involves the
initiation of a genetic and epigenetic program
resulting in the transition from an epithelial to a
mesenchymal or fibroblastic phenotype, and is
a complex process that remains poorly under-
stood. A process termed the cadherin switch
has been described, in which E-cadherin-
expressing epithelial cells begin to down-
regulate E-cadherin and up-regulate the mesen-
chymal cell marker N-cadherin, has been well
documented during the EMT process in vitro. A
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large portion of the literature examining the sig-
nificance of E-cadherin expression (Figure 7A)
suggests that E-cadherin expression is positively
correlated with cancer patient prognosis [34].
However, not all studies concur. Indeed there is
mounting evidence of high expression or re-
expression of E-cadherin in advanced metas-
tatic tumors that may serve as a marker for tu-
mor recurrence [10, 35]. In prostate cancer,
compared to the molecular profiles of the pri-
mary neoplastic lesions, E-cadherin has been
shown to be re-expressed in advanced disease
[23] and in metastases [24]. The mechanism
responsible for the re-expression of E-cadherin
in advanced disease and metastases is not
clear. To our knowledge, the present study is
the first to propose a mechanism that may rec-
oncile early E-cadherin silencing and late-stage
E-cadherin involvement in prostate cancer inva-
sion.

Our data indicate that the E-cad* prostate can-
cer cell subpopulation displayed the character-
istics associated with cancer stem cells (Figure
1, Ref [15]), while the E-cad- subpopulation
lacked these features (Figure 1, Ref [15]). Our
finding that the stem cell subpopulation is
highly invasive would seem intuitively obvious
but that this population strongly expresses E-
cadherin is not. Indeed this result appears to be
in conflict with reports indicating loss of E-
cadherin expression to be associated with in-
creased invasion [5, 29]. However, the relation-
ship between E-cadherin and cell invasion is
controversial and far from clear. For example, in
the same prostate cancer cell line (DU145), E-
cadherin knock-down has been paradoxically
reported to increase [36] and not increase [37]
invasion and migration. Furthermore, while the
agent luteolin was shown to inhibit PC3 cell in-
vasion through E-cadherin modulation [38], an
E-cadherin neutralizing antibody had no effect
on DU145 cell invasion [39]. The present data
indicate that E-cad* prostate cancer stem cells
exhibit plasticity of E-cadherin expression during
the dynamic process of cell invasion. Indeed,
the present time-course studies of E-cadherin
expression of invading E-cad* cells, in which
cells invade after activation of the E-cadherin
repressor Slug, and once invaded, are totally
devoid of E-cadherin (Figure 3), are not inconsis-
tent with published studies describing E-
cadherin as an anti-invasive factor [34]. Our
results therefore suggest that the ability to
modulate E-cadherin, rather than the absolute
levels of E-cadherin expression, may be a more
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reliable indicator of cancer cell stemness and
invasive capacity.

We propose that the acquisition, or re-
acquisition, of E-cadherin protein expression in
DU145 and PC3 prostate cancer cells is a post-
EMT process, and is required for the progres-
sion to an invasive phenotype (Figure 7B). E-
cadherin is highly expressed in various types of
metastatic lesions [22, 40, 41], but the mecha-
nism of E-cadherin re-expression in these can-
cer cells remains poorly understood. Because
the DU145 and PC3 cells exhibit a mixed EMT
phenotype and are believed to have already
undergone EMT [42], these cells display both
epithelial and mesenchymal markers and do not
fit into the conventional EMT molecular profiles.
Consistent with those studies, we observed that
the mesenchymal markers Slug, Snail, and
Vimentin were expressed both in the parental
DU145 and PC3 cells and at high levels in E-cad
- cells when compared to E-cad* cells (Figure 4).
E-cad-DU145 and PC3 cells represent non-
invasive subpopulations, indicating that low E-
cadherin expression and high Slug, Snail, and
Vimentin expression are not sufficient to consti-
tute an invasive phenotype. Rather, successful
invasion requires the stemness signature; ex-
pression of SOX2 or OCT3/4, along with plastic-
ity of E-cadherin expression, suggesting that E-
cad* cells are the subset of cells retaining stem-
cell functionality, and are therefore able to form
metastatic colonies at distant sites.

In summary, the events we described in the
present study occurred after the EMT-like proc-
ess, and not as part of EMT itself. The post-EMT
evolution of a tumor into frank aggressive neo-
plasia appears to involve the emergence and
perhaps the enrichment of a highly invasive E-
cad* cell subpopulation. In addition to the ex-
pression of embryonic stem cell markers SOX2
and OCT3/4, the ability of this tumor cell sub-
population to modulate E-cadherin expression
should be considered an indicator of prostate
cancer stemness. Therefore, the regulation of E-
cadherin plasticity may be a target for novel
therapies designed to interfere with the metas-
tatic dissemination of cancer stem cells.
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