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Calcitonin, a neuroendocrine peptide, and its receptor are local-
ized in the basal epitheliumof benign prostate but in the secretory
epithelium of malignant prostates. The abundance of calcitonin
and calcitonin receptor mRNA displays positive correlation with
the Gleason grade of primary prostate cancers. Moreover, calcito-
nin increases tumorigenicity and invasiveness ofmultiple prostate
cancer cell lines by cyclic AMP-dependent protein kinase-medi-
ated actions. These actions include increased secretion of matrix
metalloproteinases and urokinase-type plasminogen activator and
an increase in prostate cancer cell invasion. Activation of calcito-
nin-calcitonin receptor autocrine loop in prostate cancer cell lines
led to the loss of cell-cell adhesion, destabilization of tight and
adherens junctions, and internalization of key integral membrane
proteins. In addition, the activation of calcitonin-calcitonin recep-
tor axis induced epithelial-mesenchymal transition of prostate
cancer cells as characterizedbycadherin switchand theexpression
of the mesenchymal marker, vimentin. The activated calcitonin
receptor phosphorylated glycogen synthase kinase-3, a key regula-
tor of cytosolic �-catenin degradation within the WNT signaling
pathway.This resulted in the accumulationof intracellular�-cate-
nin, its translocation in the nucleus, and transactivation of�-cate-
nin-responsive genes. These results for the first time identify
actions of calcitonin-calcitonin receptor axis on prostate cancer
cells that leadtothedestabilizationofcell-cell junctions, epithelial-
to-mesenchymal transition, and activation ofWNT/�-catenin sig-
naling.The results also suggest that cyclic AMP-dependent protein
kinase plays a key role in calcitonin receptor-induced destabilization
of cell-cell junctions andactivationofWNT-�-catenin signaling.

Prostate cancer (PC)2 is the most commonly diagnosed
cancer and the second leading cause of cancer deaths in men

in the United States (1, 2). Although androgen ablation ther-
apy is effective in men with advanced disease for some time,
the disease subsequently progresses to the androgen-inde-
pendent stage. The population of prostate cells expressing
neuroendocrine factors such as calcitonin (CT) also
increases during this progression (3–5). At this stage, the
disease is metastatic and chemoresistant. Present evidence
suggests that cancer metastasis is usually preceded by the
disruption of normal cell-cell adhesion and the loss of integ-
rity of the primary tumor site (6, 7). This process may include
several genetic, molecular, and morphological changes char-
acterized by epithelial-to-mesenchymal transition (EMT)
(8–10). The EMT is characterized by the loss of cell polarity,
altered cell-cell and cell-matrix adhesion, and acquisition
of migratory, mesenchymal phenotype. Other reported
changes include down-regulation of E-cadherin, induction of
N-cadherin, release of �-catenin from junctional complexes,
and its translocation to the nucleus (11–13). However, the pre-
cise molecular mechanisms associated with this process are
obscure.
Several growth factors, including hepatocyte growth factor,

transforming growth factor-�, vascular endothelial growth fac-
tor, and epidermal growth factor, have been reported to induce
EMT in tumor cell lines (14–16). We have shown that the
expression of CT and its G protein-coupled receptor (CTR) is
remarkably higher in advancedPCs, and theCT-CTRautocrine
axis is a potent stimulator of PC cell tumorigenicity, invasion,
and metastasis (4, 17–19). Although CT-stimulated increase in
the motility and invasion of PC cells may be mediated by CT-
stimulated secretion of matrix metalloproteinases and uroki-
nase-type plasminogen activator, the precise molecular mech-
anisms preceding these CTR actions remain to be elucidated
(18, 20).We tested the hypothesis that CT induces biochemical
and morphological changes associated with EMT to increase
the invasiveness of PC cells.
Our results indicate that activation of the CT-CTR autocrine

axis in prostate cancer cells induced several changes associated
with EMT such as remodeling of tight and adherens junctions,
cadherin switching, and activation of WNT/�-catenin signal-
ing. In contrast, the silencing of the CT-CTR axis reversed this
process. Moreover, cyclic AMP-dependent protein kinase
(PKA) plays a key role in this CT-CTR-mediated process. This
is the first study demonstrating the action of prostate CTR on
junctional complexes andWNT/�-catenin signaling of PC cell
lines.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Hygromycin (Sigma), FuGENE 6
(Roche Applied Science), and TRITC-dextran 4000 (Sigma)
were obtained from respective suppliers. Rabbit anti-zonula
occludens (ZO-1) serum was purchased from Zymed Labora-
tories Inc.. Mouse anti-E-cadherin serum and rabbit anti-N-
cadherin serum were obtained from Abcam (Cambridge, UK).
Rabbit anti-�-catenin serum was purchased from Sigma.
Horseradish peroxidase-conjugated anti-rabbit and anti-
mouse IgG secondary antisera were from Promega (Madison,
WI), and DAPI was purchased from Molecular Probes (Carls-
bad, CA).
Reporter Plasmid Constructs—Luciferase-based reporters,

pGL3-OT and pGL3-OF, were provided by Dr. Bert Vogelstein
(Johns Hopkins University Medical Center).
Cell Culture—Highly metastatic PC-3M prostate cancer cell

line was provided by Dr. Isaiah Fidler (MD Anderson Cancer
Center, Houston, TX). The cells were maintained in complete
medium (RPMI 1640 medium supplemented with 10% fetal
bovine serum, 100 IU/ml penicillin G, and 100 �g/ml strepto-
mycin) under standard culture conditions. Androgen-refrac-
tory PC-3 and androgen-responsive LNCaP cells were obtained
from ATCC (Manassas, VA) and cultured as recommended by
the ATCC (21, 22). PC-31 subline, isolated as the slower grow-
ing orthologue of PC-3 cells, lacked endogenous CT/CTR
expression.
Activation or Inactivation of CT-CTR Autocrine Axis in PC

Cell Lines by Stable Transfection—LNCaP cells express CTR
but lack CT expression (4). In contrast, PC-3 cells express CT
but lack endogenous CTR (4). The CT-CTR axis in these cell
lineswas activated by stable transfection of constitutively active
vector (pcDNA3.1) containing either full-length CT cDNA
insert (cloned from PC-3M cells) or full-length CTR cDNA
(cloned from LNCaP cells). The resulting stable cell lines with
the activated CT-CTR axis are referred as LNCaP-CT and
PC-3-CTR, respectively. The control cell lines (referred to as
LNCaP-V and PC-3-V) received carrier pcDNA 3.1 plasmid.
PC-3M cells have an activated CT-CTR axis as they co-express
CT and CTR (4). We inactivated this by stable transfection of
either hammerhead ribozymes against CTmRNA or a plasmid
pRNA-H1.1/Hygro (Genescript, Piscataway, NJ) containing
previously validated siRNA duplexes against CTR mRNA (17,
23). The resulting PC-3M-CT� and PC-3M-CTR� cells dis-
played greater than 90% decrease in the abundance of endoge-
nous CT orCTRmRNAas comparedwith their vector controls
(PC-3M-V). The sublines were extensively characterized for
CT or CTR expression as well as oncogenicity in recently pub-
lished studies (17, 19, 23) (supplemental Fig. 1). The control
PC-3M-V cell lines expressed either inactive ribozyme or the
carrier plasmid prna-H.1/Hygro carrying scrambled siRNA
duplexes of similar size, respectively. The expression of CT
and/or CTR in PC-3M-V cells was not significantly different
from parental PC-3M cells (17).
Formation of Acinar Structures by PC Sublines in Three-di-

mensional Collagen Gel—It has been shown that prostate cells
and PC cell lines such as LNCaP organize to form spherical,
cyst-like structures with lumen when cultured in collagen

under previously defined three-dimensional culture conditions
(24). To test the effect of activated CT-CTR axis on acinus for-
mation by PC cells in three-dimensional culture, 5000 cells of
each subline were plated on a collagen layer in acinus medium
(RPMI 1640 complete medium containing 5% collagen, 10
ng/ml epidermal growth factor, 10 nM dihydrotestosterone).
The collagen-coated chambers were then transferred to 37 °C
95% air, 5% CO2 incubator. The medium was replaced every 4
days. Acinus formations started to form by day 8 andwere pho-
tographed using Nikon TE-2000 microscope, and digital
images were captured on a G4 Power PC computer by a Retiga
2300TM monochrome digital camera using IPLabTM image
analysis program (Scanalytics Inc.).
Cell Compaction and Phase Contrast Microscopy—Approxi-

mately 2� 104 cells per sublinewere plated in individual well of
an 8-well chamber slide (Lab-Tek, Rochester, NY). Subconflu-
ent colonies of the cells were observed daily using phase con-
trast Nikon-TE 2000 microscope, and their digital images were
captured on a G4 Power PC computer by a Retiga 2300TM
monochromedigital camera using IPLabTM image analysis pro-
gram (Scanalytics Inc., Rockville, MD). The distance between
cells (at least 20 cells/�400 field and five fields per subline) was
measured.
Preparation of Cell Lysates, Triton X-100-soluble and -insol-

uble Fractions—Confluent 100-mm plates of each PC subline
were serum-starved overnight and treated with/without 50 nM
CT for periods as described under “Results.” Triton X-100-sol-
uble extract (cytosolic) was obtained by incubating cells with 10
mM Tris-HCl, pH 7.4 (containing 150 mM NaCl, 2 mM CaCl2, 1
mM phenylmethylsulfonyl fluoride, 40 units/ml aprotinin, 15
�g/ml leupeptin, 1% Nonidet P-40, and 1% Triton X-100), for
30 min with occasional agitation. After washing the plates with
Tris-buffered saline (containing protease inhibitors), the Tri-
ton X-100-insoluble fraction (plasma membrane-associated)
was scraped out from the plates with Tris-buffered saline con-
taining 0.5% SDS, 1% Nonidet P-40, 40 units/ml aprotinin, and
15 �g/ml leupeptin. The Triton X-100-insoluble fraction was
collected after homogenizing and centrifuging at 14,000� g for
5 min at 4 °C, and the protein content of the supernatants was
determined using Bio-Rad reagent.
Nuclear Fraction—Several 100-mm plates (�8 � 106 cells

per plate) of serum-starved cells were treatedwith 50 nMCT for
0, 1, 4, and 8 h. The cells were washed with ice-cold Ca2�/
Mg2�-free phosphate-buffered saline and lysed in a lysis buffer
(10 mMHEPES, pH 7.9, 1.5 mMMgCl2, 10 mM KCl, 1 mM dithi-
othreitol, 1 mM phenylmethylsulfonyl fluoride). The lysate was
then homogenized using a Dounce homogenizer. After incuba-
tion on ice for 10 min, lysate was centrifuged at 850 � g for 10
min at 4 °C. The pellet was resuspended in ice-cold lysis buffer
containing 1%Triton X-100 and recentrifuged at 850� g for 10
min at 4 °C. The crude nuclear pellet was resuspended in 100�l
of buffer (20 mM HEPES, pH 7.9, 25% glycerol (v/v), 0.42 M

NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride). Nuclear proteins were
recovered after centrifugation at 20,000 � g for 15 min at 4 °C,
and the protein content of the supernatants was determined
using Bio-Rad reagent.
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Western Blotting—The lysate fractions were boiled for 5 min
in 2� Laemmli solution containing 20 mM dithiothreitol, and
50 �g of protein was loaded per lane of 10% SDS-polyacrylam-
ide gel, and fractionated proteins were electrically transferred
to a nitrocellulose membrane. The blots were incubated with
appropriate antisera as described under “Results” for 18 h at
4 °C, followed by appropriate horseradish peroxidase-conju-
gated secondary antisera. The immune complexes were visual-
ized on chemiluminescence radiography film using Western
blot ECL detection system (Radiochemical Center, Amersham
Biosciences). The blots were then washed and reprobed for
�-tubulin. The same experiment was repeated twomore times.
The density of the bands was semi-quantitatively estimated by
densitometry.
Reporter Assays—PC cells were plated at a subconfluent den-

sity (105 cells/35-mm dish) and co-transfected with 1 �g of the
appropriate reporter (pGL3-OT or pGL3-OF) and 0.1 �g of
pRL-TK using FuGENE 6 (Roche Applied Science). After
serum starvation for 24 h, the cells were stimulated with CT
in serum-free medium and lysed at the desired times. The
reporter activity was measured using dual luciferase assay
according to the manufacturer’s instructions (Promega). To
correct for potential variations in transfection or lysis effi-
ciency, luciferase signals were normalized with Renilla lucif-
erase signal.
WNT Signaling Pathway Gene Array—Total RNA of vehicle

or CT (50 nM)-treated PC-31-CTR cells (CT�/CTR�; CTR
expression in PC-31 cells was enforced by stable transfection of
pcDNA3.1-CTR plasmid) was isolated using TRIzolTM accord-
ing to the manufacturer (Invitrogen). The RNA was further
purified using isopropyl alcohol precipitation and was concen-
trated using the RNeasy MiniElute cleanup kit (Qiagen). The
quantity of total RNA was measured, and the RNA quality was
examined with Agilent 2100 bioanalyzer (Agilent Technolo-
gies). Total RNA (3 �g) was used for cDNA synthesis, labeling,
and amplification. The labeled cDNAwas hybridized to aWNT
signaling pathway Oligo GEArray membrane (OHS-043)
according to the manufacturer’s protocol (SuperArray). After
chemiluminescent detection, images were analyzed usingman-
ufacturer’s software (SuperArray).
Measurement of Transepithelial Resistance (TER)—Approx-

imately 1 � 105 cells were plated and grown to confluency on
12-well Transwell filters (0.4 �m pore size) in complete
medium for first 12 h and then in serum-freemedium. TERwas
measured in triplicate wells using EVOM volt-ohm meter
(World Precision Instruments, Sarasota, FL) before and atmul-
tiple time points after CT addition. The TER values were nor-
malized to the area of the monolayer filter, and calculated by
subtracting the blank values derived from the filters containing
only bathing medium.
Paracellular Permeability (Paracellular Diffusion of Dex-

tran)—Approximately 1 � 105 cells were plated and grown to
confluency on 12-well Transwell filters in complete medium.
Tetramethylrhodamine-dextran (an averagemolecular mass of
4 kDa; Sigma), dissolved in Hanks’ balanced salt solution to a
concentration of 1 mg/ml, was added to the upper chamber.
The lower chamber was replaced with Hanks’ balanced salt
solution. After incubating for 1 h at 37 °C, 100-�l aliquots were

collected from the lower chamber and assayed for fluorescence
using spectrophotometer at 530 nm excitation/590 nm
emission.
Immunofluorescence of Junction Proteins—Approximately

1 � 105 PC-31-CTR cells were plated at confluency and grown
on 0.4-�m 12-well Transwell filters (Costar, MA) in complete
medium for 4 days for optimal tight junction (TJ) development.
After overnight serum starvation, cells were treated with/with-
out 50 nM CT for 60 min and then fixed with methanol for 10
min at�20 °C. The cells were incubatedwith either rabbit anti-
ZO-1 IgG (Zymed Laboratories Inc.), �-catenin (Cell Signal-
ing), or mouse monoclonal E-cadherin (Abcam, Cambridge,
UK) in blocking solution (phosphate-buffered saline, 0.3% Tri-
ton X-100, 10% goat serum) overnight at 4 °C. Staining was
visualized after incubation with goat anti-rabbit TRITC (1:500)
for 1 h in the dark at room temperature. Controls with either
nonimmune goat IgG or no primary antisera were used in all
studies. Digital photographs were taken with Retiga 1300 cam-
era connected to a Nikon Optiphot-2 microscope equipped for
epifluorescence, and the images were captured at different
wavelengths for TRITC and DAPI, were given red and blue
pseudo colors, respectively, and were analyzed using IP LabTM
image analysis program.
Immunofluorescence of TumorXenografts—Wehave demon-

strated that the modulation of the CT-CTR axis in PC cell lines
significantly alters their growth and tumor formation in nude
mice (17, 25). We used paraformaldehyde-fixed, paraffin-em-
bedded tumor xenografts of earlier studies to examine the effect
of CT-CTR axis modulation on immunoreactivity of E- and
N-cadherins in tumor xenografts in vivo (17, 25). The 5-�m-
thick sections of tumor xenografts were deparaffinized,
hydrated, and processed for E- and N-cadherin using mouse
anti-E-cadherin and rabbit anti-N-cadherin sera (Abcam,
Cambridge, UK). Staining was visualized with appropriate
TRITC-conjugated secondary antisera (1:500). The sections
were then counterstained with DAPI (1:45,000; Molecular
Probes) for 10 min at room temperature.
Digital images of high power field (�400) taken by Nikon

Optiphot-2microscope were captured on a G4 Power PC com-
puter by a Retiga 2300TM monochrome digital camera using
IPLabTM image analysis program (Scanalytics Inc.). The images
for each field were captured in two colors (red and blue) sepa-
rately. Ten random images per section were obtained. The per-
centage of a specific antigen-positive cells in each specimenwas
also determined by counting immunopositive and total cells in
at least 10 �400 fields per specimen.
Statistical Analysis—The results were statistically evaluated

by One-way ANOVA analysis, and the levels of significance
were derived from Newman-Keuls test. The difference was
considered statistically significant when p � 0.05.

RESULTS

Activation of CT-CTR Autocrine Axis Alters Cell-Cell Com-
paction Pattern of PC Cells—Poorly differentiated PCs often
display elevated co-expression of CT and CTR (4). Because
exogenously added CT also increases the invasion of CTR-pos-
itive PC cell lines (18), we tested the hypothesis that activation
of CT-CTR autocrine loop alters cell-cell adhesion (9).We acti-
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vated CT-CTR axis in PC-3 cells by enforcing the expression of
CTR (PC-3-CTR). In contrast, we silenced CT-CTR axis in
PC-3M cells with knockdown of CT or CTR (PC-3M-CT� or

PC-3M-CTR�) (17). We then ex-
amined the compaction profile of
these sublines in two-dimensional
culture by phase contrast micros-
copy (Fig. 1).
PC-3M-V (vector control, CT�/

CTR�) cells formed discrete colo-
nies. However, the cells also dis-
played separation from neighboring
cells (mean distance between cells:
920 nm � 38.87, n � 50) (Fig. 1A,
panel a). The loss of either CT (PC-
3M-CT�) or CTR (PC-3M-CTR�)
expression remarkably increased
cell-cell compaction (Fig. 1A, panels
b and c). Both, PC-3M-CT� and
PC-3M-CTR� cells grew in larger
colonies with typical epithelial, cob-
blestone-like appearance (mean
inter-cell distance: 255 � 17 nm for
CT� cells; 79 � 8 nm for CTR�

cells). The loss of CTR produced
more prominent changes than those
produced by CT knockdown.
PC-3-V cells (vector control, CT�/
CTR�) also formed discrete colo-
nies, and the cells were more com-
pact than PC-3M-V (CT�/CTR�)
cells (mean intercell distance:
PC-3-V cells, 303 � 20 nm (n � 50)
versus 920 � 39 nm for PC-3M-V
cells (n� 50); Fig. 1A, panel a versus
d). Enforced CTR expression in
PC-3 cells (PC-3-CTR; CT�/CTR�)
led to increased scattering (mean
intercell distance: 968� 36 nm, n�
50; Fig. 1A, panel e). Fig. 1A, panel f,
depicts mean inter-cell distance �
S.E. in three separate clones of each
cell line (n � 24). The results dem-
onstrate that individual clones of all
cell lines displayed similar cell-cell
compaction, and the cell lines with
inactive CT-CTR axis (PC-3-V,
PC-3M-CT�, and PC-3M-CTR�)
displayed remarkably greater
cell-cell compaction than the
cell lines with active CT-CTR
axis (PC-3M-V, PC-3M-CT�, and
PC-3-CTR).
We also examined acute effects of

exogenously added CT on compac-
tion pattern of PC-31-CTR (CT�/
CTR�) cells. These cells do not syn-
thesize CT but are responsive to CT

because of enforcedCTR expression. As depicted in Fig. 1B, the
cells displayed cuboidal shape. Treatment with 50 nMCT led to
scattering of cells within 1 h, which increased remarkably after
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FIGURE 1. CT-CTR axis and cell-cell adhesion. A, phase contrast micrographs (�100) of subconfluent PC lines show
changes in cell-cell compaction pattern caused by modulation of CT/CTR expression. Panel a, empty vector trans-
fected PC-3M cells (PC-3M-V); panel b, CT down-regulated PC-3M cells (PC-3M-CT�); panel c, CTR down-regulated
PC-3M cells (PC-3M-CTR�); panel d, PC-3 cells transfected with empty vector (PC-3-V); panel e, PC-3 cells with
enforced CTR (PC-3-CTR); panel f, distance between cells of three different clones of each cell lines in a– e is expressed
as nm � S.E. for n � 20. *, p � 0.001; two-way ANOVA (active CT-CTR axis versus inactive CT-CTR axis). B, phase
contrast micrographs (�100) of subconfluent cultures of PC-31-CTR cells treated acutely with 50 nM CT for different
time periods. PC-3-CTR cell cultures were photographed after treatment with 50 nM for panel a, 0 min; panel b, 1 h;
and panel c, 8 h. B1 presents the mean inter-cell distance nm � S.E. at each time point for n � 36. *, p � 0.005;
one-way ANOVA and Newman-Keuls test. C, PC cells were seeded on collagen in acinus medium as described under
“Experimental Procedures.” Phase contrast images (�100) of acinar structures were captured on the 14th day. Panel
a, LNCaP vector controls (LNCaP-V); panel b, LNCaP cells with enforced CT expression (LNCaP-CT); panel c, PC-3M
vector controls (PC-3M-V); panel d, CT down-regulated PC-3M cells (PC-3M-CT�); panel e, CTR down-regulated
PC-3M cells (PC-3M-CTR�).
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8 h (Fig. 1, B and B1). Each field was pictured at same magnifi-
cation, and the apparent decrease in cell numberwith increased
time of incubation was because of cell migration and not apo-
ptosis (26).
Formation of Acinus Structures in Three-dimensional Cell

Culture—LNCaP prostate cancer cells form acini-like struc-
tures when cultured in three-dimensional collagen gel under
specific conditions (24, 27). We used this model to examine
the effect of the CT-CTR axis on acinus-forming ability of
LNCaP (CT�/CTR�) and PC-3M (CT�/CTR�) sublines. As
depicted in Fig. 1C, panel a, LNCaP-V cells clustered to form

acinar structures with lumen-like
space after 8 days in three-dimen-
sional culture. However, LNCaP
cells lost the ability to form acini
when CT expression was enforced
(Fig. 1C, panel b), suggesting that
the activation with the CT-CTR
axis prevents the formation of aci-
nar structures. PC-3M-V (CT�/
CTR�) cells did not cluster to
form multicellular structures (Fig.
1C, panel c). However, the knock-
down of either CT or CTR enabled
them to form such structures (Fig.
1C, panels d and e). Because cell-
cell junctions are critical for this
process, we next examined the
effect of CT-CTR axis on tight (TJ)
and adherens junctions (AJ) of PC
cell lines.
Activation of CT-CTR Axis and

Cell-Cell Junctions—TJ is an
occluding seal between the neigh-
boring cells that is located at the
most apical part of their lateral
membranes (28, 29). The paracel-
lular space in the TJ is completely
obliterated after each strand asso-
ciates laterally with a strand of an
adjacent cell to form “paired”
strands, generating a primary bar-
rier to the flux of fluid, electro-
lytes, and macromolecules. We
examined TJs in PC sublines by
measuring TER and paracellular
permeability of polarized, conflu-
ent PC cell cultures. Polarized
cells with active CT-CTR axis such
as PC-3M-V and PC-3-CTR dis-
played significantly lower TER
than those that lack CTR such as
PC-3-V or PC-3M-CTR� cells,
raising a possibility that the activa-
tion of CTR may destabilize TJs
resulting in a leaky cell layer (Fig.
2A). To examine the acute effect of
the CT-CTR axis on TER, we stim-

ulated PC-31-CTR cells with 50 nM and examined TER over
a period of time. Unstimulated PC-31-CTR cells displayed
fairly stable TER over a period of 8 h (Fig. 2B). However, the
addition of CT caused a rapid TER decline from 720 � 5.3 to
557 � 6.02 within 30 min, and further to 457 � 13.8 in 4 h.
Because CTR is coupled to G�s and activates cyclic AMP-de-
pendent protein kinase (PKA) (30), we next examined
whether m-PKI, a membrane-permeable, specific PKA
inhibitor, reverses the actions of CT on TER. 100 nM m-PKI
did not affect TER of PC-31-CTR cells by itself but com-
pletely abolished the actions of CT on TER (Fig. 2C).
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FIGURE 2. Effect of CT-CTR axis on TER and paracellular permeability. A, monolayers of PC-3M-V, PC-3M-
CTR�, PC-3-V, and PC-3-CTR cells were allowed to polarize, and TER values were measured 3 days after plating.
Results are mean TER � S.E. (n � 3). Data were compiled from three separate experiments. *, p � 0.05 signifi-
cantly different from their respective controls (one-way ANOVA and Newman-Keuls test). B, monolayer cul-
tures of PC-31-CTR cells were exposed to 50 nM CT 24 h after plating. TER values were measured from 5 min to
8 h after CT treatments. Results are mean TER � S.E. (n � 3) normalized to control monolayers of PC-31-CTR cells
at each time point. Data were compiled from three separate experiments. *, p � 0.05 significantly different
from their respective controls (one-way ANOVA and Newman-Keuls test). C, polarized PC-31-CTR cells on
transwells were treated with vehicle, CT (50 nM), m-PKI (100 nM), or m-PKI�CT. Their TER was measured at
several time points after the addition of agents. D, polarized monolayer cultures of PC-3M-V, PC-3M-CTR�,
PC-31-CTR, and PC-31-CTR cells treated with 50 nM CT for 4 h. The cells were then treated with TRITC-dextran
(500 �l of 1 mg/ml solution) in the upper chamber. After 1 h, 100 �l of media was drawn from the lower
chamber and assayed for fluorescence using spectrophotometer at 530 nm excitation and 590 nm emission. *,
p � 0.05 significantly different from their respective controls (one-way ANOVA and Newman-Keuls test).
E, polarized PC-31-CTR cells on transwells were treated with vehicle, CT (50 nM), m-PKI (100 nM), or m-PKI�CT.
Their paracellular permeability was determined by diffusion of TRITC-dextran after 1 h incubation with the
agents. The results are expressed as mean � S.E. (n � 4). *, p � 0.05 significantly different from control (one-way
ANOVA and Newman-Keuls test).
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The TJs of polarized cell sheet form a tight barrier so that
inert material such as dextran cannot pass through it. We
examined barrier function of TJs in PC cell cultures by test-
ing the permeability of TRITC-dextran (average mass of 4
kDa) through the cell layer. If CT-CTR axis destabilizes TJs,
the barrier should become porous enabling more dextran to
pass through the cell layer. The results of Fig. 2D show that
the cells with inactive CT-CTR axis (PC-3M-CTR� and
PC-31-CTR) displayed remarkably lower paracellular per-
meability than cells with activated CT-CTR axis (PC-31-
CTR�CT and PC-3M-V cells). Once again, the knockdown
of CTR in PC-3M cells led to a marked decline in their para-
cellular permeability from 1.951 � 0.075 to 0.903 � 0.079.
We examined the role of PKA in this process by testing
whether m-PKI reverses the actions of CT on paracellular
permeability of PC-31-CTR cells. Once again, mPKI did not
affect paracellular permeability of PC-31-CTR cells but abol-
ished the actions of CT on paracellular permeability (Fig.
2E). These results again suggest that the destabilizing actions
of CT on TJs in PC cell lines are PKA-mediated.

Effect of CT-CTR Axis on TJs and
AJs, Localization of Junctional Pro-
teins by Immunofluorescence—In-
tegrity of TJ and AJ can also be
examined by immunolocalization of
key junction proteins such as ZO-1
(for TJs) and E-cadherin/�-catenin
(for AJs) in polarized cells (31). The
location of these proteins along
complete cell borders is suggestive
of intact junctions. However, breaks
or thinning of these borders and
intracellular staining of membrane
proteins suggest disruption of junc-
tions. We examined the acute effect
of CT on the location of ZO-1,
E-cadherin, and �-catenin in polar-
ized PC-31-CTR cells by immuno-
fluorescence. These proteins were
localized along cell perimeter in
unstimulated PC-31-CTR cells (Fig.
3, A, C, and E). However, CTR acti-
vation delocalized these proteins
within 60 min as suggested by bro-
ken cell borders and intracellular
staining of ZO-1 and�-catenin (Fig.
3, B, D, and F).
CT Induces EMT of PCCells—Be-

cause the results of Fig. 3 indicate
that CT stimulated disassembly/re-
modeling of junctions and internal-
ization of integral membrane pro-
teins, we sought to confirm this by
investigating the effect of CT on
Triton X-100 solubility of key junc-
tion proteins. This is because pro-
teins localized in plasma membrane
are Triton X-100-insoluble and

become soluble in Triton X-100 with their translocation into
cytoplasm (32). Triton X-100-insoluble and -soluble fractions
of cell lysates were loaded onto SDS-PAGE and immunoblotted
for ZO-1, E-cadherin, N-cadherin, and �-catenin. �-Tubulin
and �-actin were respective loading controls. The bands were
then quantitated by densitometry, and eachmembrane protein
was normalized to its loading control. The data are expressed
either as the ratio of proteins in Triton X-100-soluble fraction/
Triton X-100-insoluble fraction or as N-cadherin/E-cadherin.
Increase in the ratio of Triton X-100-soluble/Triton X-100-
insoluble is suggestive of their translocation from the mem-
brane into cytoplasm.
Activation of CT-CTR Axis Induces Internalization of ZO-1

and �-Catenin—The results of Fig. 4 suggest that the inacti-
vation of the CT-CTR axis in PC-3M cells (knockdown of
CTR) led to a remarkable decrease in cytoplasmic ZO-1 lev-
els (Fig. 4B, lanes 1–3). Densitometric quantitation of the
blots revealed a remarkable decrease in soluble/insoluble
ratio, suggesting that the inactivation of CT-CTR axis in
PC-3M cells caused the translocation of ZO-1 to the mem-

FIGURE 3. Localization of junctional proteins by immunofluorescence. Confluent monolayer of PC-31-CTR
cells grown on Transwell filters were allowed to polarize for 4 days. The cells were then treated with 50 nM CT
for 60 min and fixed with methanol at �20 °C for 10 min. After immunofluorescent staining for ZO-1, E-cad-
herin, and �-catenin, �400 pictures were captured. The focus was adjusted to the basolateral plane. Left panels
present vehicle-treated cells; and right panels present cells treated with CT.
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brane (Fig. 5A). In contrast, activation of CT-CTR axis in
PC-3 and LNCaP cells increased the ratio, suggesting inter-
nalization of ZO-1 to the cytosol (Fig. 4, A and B, lanes 4–7;
Fig. 5A). �-Catenin also followed a similar pattern (Fig. 4, A
and B; Fig. 5A). Acute activation of CTR also caused inter-
nalization of ZO-1 and �-catenin as characterized by a
marked decline of these proteins in Triton X-100-insoluble

fraction with a concomitant
increase in Triton X-100-soluble
fraction (Fig. 4C).
Activation of CT-CTR Axis In-

duces Cadherin Switch—We also
compared relative distribution ofN-
and E-cadherin in these cell lines.
This is because cadherin switching
(increase in N-cadherin with con-
comitant decrease in E-cadherin) is
associated with the induction of
EMT, a process crucial for the pro-
gression of localized tumor into a
metastatic one (13). If CT-CTR axis
induces EMT, then its activation
should increase the N-cadherin/E-
cadherin ratio. The results of Figs. 4
and 5 demonstrate that the knock-
down of CTR in PC-3M cells
increased the levels of E-cadherin
(from 0.948 � 0.067 to 2.837 �
0.449), and decreased the levels of
N-cadherin (1.013 � 0.005 to
0.306 � 0.014) in Triton X-100-in-
soluble fraction (Fig. 4A, lanes 1–3;
Fig. 5B). In contrast, the activation
of the CT-CTR axis in PC-3 and
LNCaP cells led to an approximate
3-fold decrease in the levels of
E-cadherin in Triton X-100-insolu-
ble fractions with a corresponding
2–3-fold increase in the levels of
N-cadherin and �-catenin (Fig. 4A,
lanes 4–7; Fig. 5B). These proteins
also displayed a similar profile in
Triton X-100-soluble fractions (Fig.
4B, lanes 4–7; Fig. 5B).

To confirm that CT-CTR axis-in-
duced cadherin switch is associated
EMT, we examined the levels of
vimentin, a mesenchymal marker
(33). The results of Fig. 4D are con-
sistent with those of Fig. 4, A and B,
and suggest that the cells with active
CT-CTR axis (PC-3M, PC-3M-
CT�, and PC-3-CTR) expressed
high levels of vimentin (Fig. 4D,
lanes 2–4). In contrast, the cells
with inactive CT-CTR axis (LNCaP,
PC-3M-CT�, and PC-3M-CTR�)
had undetectable vimentin immu-

noreactivity (Fig. 4D, lanes 1, 5, and 7). PC-3-V cells (with inac-
tive CT-CTR axis) displayed detectable vimentin immunoreac-
tivity, but still remarkably less than those with active CT-CTR
axis (Fig. 4D, lane 6; Fig. 5C).
In Vivo Studies Confirm the Association between Active CT-

CTR Axis and Cadherin Switch—Because the results of Fig. 4
suggest that the activation of CT-CTR axis induced the cad-
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FIGURE 4. Localization of junctional proteins, immunoblotting. Confluent monolayers of PC sublines were
lysed with cytosolic lysis buffer for 30 min to collect Triton X-100-soluble fraction. Then the cells were lysed in
membrane lysis buffer to obtain Triton X-100-insoluble fraction. Western blot analysis for ZO-1, E-cadherin,
N-cadherin, and �-catenin was carried out after loading 40 �g of Triton X-100-soluble proteins and 20 �g of
Triton X-100-insoluble proteins. �-Actin and �-tubulin were respective loading controls. The experiment was
repeated three separate times. A, Western blot of junction proteins in Triton X-100-insoluble fraction. B, West-
ern blot of junction proteins in Triton X-100-soluble fraction. C, Western blot of junction proteins in Triton
X-100-insoluble and Triton X-100-souble fractions after acute stimulation of PC-31 cells with CT. Confluent
monolayers of PC-31-CTR cell were serum-starved and treated with 50 nM CT for periods of 1, 4, and 8 h. Cells
were first treated with cytosolic lysis buffer for 30 min to collect cytosolic fraction. Then the cells were lysed in
membrane lysis buffer. Western blot analysis for ZO-1, E-cadherin, and �-catenin was carried out after loading
40 �g of cytosolic proteins and 20 �g of membrane proteins. �-Tubulin and �-actin were respective loading
controls. The experiment was repeated three separate times. D, Western blot of vimentin immunoreactivity in
PC cell lines. Confluent monolayers of PC sublines were lysed and subjected to SDS-PAGE and Western blot
analysis as described under “Experimental Procedures” after loading 80 �g of lysate proteins. �-Tubulin was
the loading control. The experiment was repeated three separate times. Lane 1, LNCaP; lane 2, PC-3-CTR; lane 3,
PC-3M; lane 4, PC-3M-CT�; lane 5, PC-3M-CTR�; lane 6, PC-3; lane 7, PC-3M-CT�.
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herin switch, we tested whether a similar phenomenon occurs
in vivo. We examined the levels of immunoreactive E-cadherin
and N-cadherin by immunofluorescence in two sets of
xenografts generated in our earlier studies (17, 25). As depicted
in Fig. 6A, PC-3M-V (CT�/CTR�) xenografts displayed
extremely low number of E-cadherin-immunopositive cells
(5%), and the majority of cells were positive for N-cadherin-
immunopositive cells (75%). In contrast, PC-3M-CTR�

xenografts displayed a reverse profile as indicated by the higher
number of E-cadherin-immunopositive cells (	75%), and
remarkably lesser N-cadherin-immunopositive cells (�5%)
(Fig. 6B). PC-3-V (CT�/CTR�) xenografts also displayed rela-
tively higher percentage of E-cadherin-immunopositive cells
(	70%) and a few N-cadherin-immunopositive cells (�5%).
However, this pattern was reversed with enforced CTR expres-

sion (E-cadherin-positive �12%, N-cadherin-positive 	70%).
These results reinforce an association between the activation of
CT-CTR autocrine axis and cadherin switching.
In a recent study, we injected the plasmid expressing siRNA

against CTR (CTR�) intratumorally to knock down CTR
expression after the initial growth of PC-3M (CT�/CTR�)
xenografts. We have shown that this treatment knocked down
CTR expression and markedly attenuated xenograft growth
when compared with those receiving the plasmid expressing
scrambled siRNA (SV) (25). We examined these paraffin-em-
bedded tumors for E-cadherin and N-cadherin immunoreac-
tivity. The results of Fig. 6C have shown that in vivo knockdown
of CTR in preexisting PC-3M xenografts increased the number
of E-cadherin-immunoreactive cells (from �5 to 	80%) while
decreasing the population of N-cadherin-immunoreactive cells
(from 	75 to �5%) (SV versus CTR�) (Fig. 6D). These results
are consistent with our in vitro results and support a possibility
that the activation of CT-CTR autocrine axis can induce EMT
of prostate cancer cells, possibly by disassembly/remodeling of
cell-cell junctions, cadherin switching, and internalization of
ZO-1 and �-catenin.
CT Increases the Levels of Cytosolic and Nuclear �-Catenin—

Because CTR activation led to the disassembly of AJs and inter-
nalization of �-catenin, we examined the fate of �-catenin in
response to acute CT stimulation. Intracellular �-catenin is
usually cleared by ubiquitination/proteasome degradation by
APC-AXIN2-GSK3� complex (34). Disruption of this complex
stabilizes intracellular �-catenin, leading to its translocation in
the nucleus, where it can bind to its partner LEF-1 (lymphocyte
enhancer factor-1) to transactivate target genes (35). We first
examined the location of �-catenin immunoreactivity in CT-
treated PC-31-CTR cells by immunofluorescence at multiple
timepoints (0–12h). CTcaused an increase in cytosolic�-cate-
nin immunoreactivity relatively rapidly (within 30 min, data
not shown). However, strong nuclear �-catenin immunoreac-
tivity was observed only 8 h after CT stimulus (Fig. 7A). To
confirm these results, we examined the levels of �-catenin in
membrane-associated, cytosolic, and nuclear fractions of
PC-31-CTR cells at several time points after CT (50 nM) stim-
ulus. As shown in Fig. 7B, CT induced a time-dependent
decrease in �-catenin immunoreactivity in the membrane-as-
sociated fraction. This was accompanied by a rapid increase of
cytosolic �-catenin at 1 h after CT stimulation, which subse-
quently declined at 4 and 8 h. �-Catenin immunoreactivity in
nuclear fraction was detected at 4 h after CT stimulus but was
significantly greater at 8 h, confirming the results of immuno-
fluorescence (Fig. 7B). The levels of �-actin or �-tubulin (load-
ing controls for cytosolic/membrane fractions) were similar at
all time points in both the cytosolic and membrane-associated
fractions. Normalization of nuclear proteins was carried out
with TATA-binding protein.
CT Stimulates �-Catenin-responsive Transcription—Nu-

clear�-catenin complexes with LEF/TCF-4 to create a bipartite
transcription complex that activates downstream EMT-pro-
moting genes (35). Because CT increased the nuclear pool of
�-catenin, we examined �-catenin-mediated transcriptional
activity using luciferase-based reporter plasmids, pGL3-OT
and pGL3-OF, the improved version of the Topflash and Fop-
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FIGURE 5. Densitometric quantitation of blots of Fig. 4. The developed
immunoblots were scanned on a Bio-Rad densitometer. The data from three
blots were pooled and presented as means � S.E. for n � 3. A, quantitation of
Western blots in Fig. 4, A and B, presented as a ratio of Triton X-100-soluble/
Triton X-100-insoluble levels of ZO-1 and �-catenin. B, quantitation of West-
ern blots in Fig. 4, A and B, presented as a ratio of N-cadherin/E-cadherin.
C, quantitation of vimentin blots of Fig. 4D.
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flash vectors (36). The plasmid-transfected cells were kept in
serum-free medium, and stimulated with various concentra-
tions of CT (0–500 nM) for 8 h. CTpromoted a dose-dependent
increase in pGL3-OT luciferase, and a maximal increase was
observed with 50 nM CT, where pGL3-OT-luciferase activity
was �7-fold greater than that observed in vehicle-treated cells.
The action of CT on pGL3-OT promoter was specific because
CT did not alter luciferase activity of pGL3-OF, a mutant ver-
sion of pGL3-OT where LEF-1-binding sites required for

�-catenin-mediated action are
mutated (36) (Fig. 7C). Next, we
examined the effect of three differ-
ent PKA inhibitors, (Rp)-cAMP (1
mM), m-PKI (100 nM), and H89 (3
�M) on CT-stimulated transcrip-
tion. The results show that 50 nM
CT stimulated luciferase activity by
severalfold. However, CT failed to
increase luciferase activity (pGL3-
OT) in the presence of either of
these inhibitors (Fig. 8,A–C). These
data provide new evidence that CT
stimulates �-catenin signaling in a
PKA-dependent manner.
CT Inactivates GSK3� by Phos-

horylation—Phosphorylation of GSK3
can disrupt the APC-AXIN2-
GSK3� complex, stabilize cytosolic
�-catenin, and enable its transloca-
tion into the nucleus (34). Because
CT increased cytosolic and nuclear
pools of �-catenin and stimulated
�-catenin-mediated transcription,
we examined a possibility that CT
may accomplish this by GSK3 phos-
phorylation (37). PC-31-CTR cells
were treated with 10 nM CT for
various periods (0–4 h), and the
lysates were collected and probed
for the levels of phosphorylated
GSK3� using phospho-GSK3�
(Ser-21/9)-specific antibody (Cell
Signaling, Boston). The antibody
detects endogenous levels of
GSK-3 only when phosphory-
lated at serine 21 of GSK3� or ser-
ine 9 of GSK3�. The levels of phos-
phorylated GSK3 remarkably
increased in response to CT over a
period of 4 h, with the initial
increase as early as 1 h (Fig. 8E).
Because CT increased intracellu-

lar �-catenin levels, and stimulated
�-catenin-responsive transcription
in a PKA-dependent manner, we
examined the role of PKA in
CT-stimulated GSK3 phosphoryla-
tion. The results of Fig. 8F suggest

that m-PKI almost abolished CTR-induced phosphorylation of
GSK-3. It is conceivable that CTR-activated PKA may directly
phosphorylate GSK3� (37).

However, it is also possible that CT may further increase
GSK3� phosphorylation by activating theWNTsignaling path-
way (38). Therefore, we assessed CT-induced changes in the
expression of WNTs and their receptors (FZD) by means of a
WNT signaling pathway gene expression array. PC-31-CTR
cells expressed the transcripts of ligands WNT1 and WNT3
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FIGURE 6. Immunofluorescence of E- and N-cadherin in tumor xenografts. E-cadherin- and N-cadherin-
immunopositive cells in the tumor were identified by immunofluorescence in two sets of xenografts.
A, xenografts of PC-3M-V, PC-3M-CTR�, PC-3-V, and PC-3-CTR cell lines were probed for E-cadherin and N-cad-
herin immunoreactivity (4 sections/xenograft). Six �400 micrographs (per each specimen) were captured from
tumor xenografts of four different animals. B, number of immunopositive cells and total cells (DAPI-positive) in
each micrograph were counted. The results are presented as mean � S.E. (n � 24). C, mice bearing PC-3M
xenografts were treated with the vector expressing either scrambled siRNA (SV) or CTR siRNA (CTR�) as
described in earlier studies (25). Four sections of each of these xenografts were probed for E-cadherin and
N-cadherin immunoreactivity. Six �400 micrographs were captured from tumor xenografts of four different
animals. D, number of immunopositive cells and total cells (DAPI-positive) in each micrograph were counted.
The results are presented as mean � S.E. (n � 24).
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and the receptors FZD1, FZD2, FZD8, and FZD10 (supplemen-
tal Table 1). CT remarkably increased the transcription of
WNT1, with a smaller increase in WNT3 transcripts. CT also
increased transcripts of other important components of WNT
signaling pathway such as LRP6, disheveled 3 (DVL 3), and
TCF/LEF proteins, suggesting the activation of canonicalWNT
signaling by the CT-CTR axis. Once again, the presence of
m-PKI attenuated the actions of CT on WNT signaling, sug-
gesting that PKA-mediated destabilization of cell-cell junctions
may be a trigger for CT-stimulatedWNT signaling. Moreover,
the conditioned media harvested from the CT-stimulated

PC-31-CTR cells enhanced TCF-
mediated reporter activity, sup-
porting the presence of increased
concentrations of activators of
�-catenin signaling such as WNTs
in the conditioned media of
CT-stimulated PC-31-CTR cells
(Fig. 8D).
Taken together, these results sug-

gest that CT stimulates a qualita-
tively durable GSK3 phosphoryla-
tion, which may result from direct
phosphorylation of GSK3 by PKA as
well as the activation of WNT sig-
naling. Resulting accumulation of
�-catenin in the nucleus leads to a
more robust �-catenin-responsive
transcriptional activity.

DISCUSSION

Earlier results from this labora-
tory have shown that the abundance
of CT/CTR mRNA increases with
tumor progression and correlates
positively with the Gleason grade of
primary prostate cancers (4). CTR, a
G protein-coupled receptor, is a
product of a single gene, but
because of alternative splicing or
post-translational processing of pri-
mary transcript, CTR has been
reported to exist in at least six differ-
ent isomeric forms (39). Human
prostate expresses type 2 CTR,
which lacks a 16-amino acid insert
in the first intracellular loop, and is
dually coupled to G�s and G�q pro-
teins (30, 40, 41). However, G�s-ac-
tivated, but not G�q-activated, sig-
naling increases tumorigenicity of
PC cell lines, and PKA plays a key
role in CT-stimulated invasiveness
of PC cell lines (18, 42). Acquisition
of invasiveness by epithelial cancer
cells is usually preceded by a phe-
nomenon referred as EMT, which is
characterized by the loss of some

epithelial characteristics such as cell-cell adhesion, the ability to
form multicellular structures, and the acquisition of migratory
phenotype (12–14, 24, 43, 44). Therefore, we examined the role
of the CT-CTR axis on the formation of acinar structures by PC
cell lines in three-dimensional culture. Our results show that
cell lines with inactive CT-CTR axis such as LNCaP, PC-3M-
CT�, and PC-3M-CTR� formed acinar structures. However,
the same cell lines failed to form these structures when their
CT-CTR axis was activated. Considering that acinar formation
requires the cells to interact with each other and extracellular
matrix to establish adhesion complexes, the results raised the
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FIGURE 7. Effect of CT-CTR axis on �-catenin translocation. A, confluent monolayer of PC-31-CTR cells grown
on transwell filters were allowed to polarize for 4 days. Serum-starved cells were treated with 50 nM CT for 8 h
and fixed with methanol at �20 °C for 10 min. After immunostaining for �-catenin, pictures were captured at
�400. Top and middle panels show �-catenin localization in the membrane of PC-31-CTR treated with vehicle
at 0 h (0) and 8 h (C8), respectively, whereas the bottom panel shows �-catenin translocated to the nucleus of
PC-31-CTR cells when treated with CT for 8 h (CT8). B, effect of CT on �-catenin translocation. Confluent
monolayers of PC-31 CTR cells were serum-starved and then treated with 50 nM of CT for periods of 0, 1, 4, and
8 h. Cells were first treated with cytosolic lysis buffer for 30 min to collect Triton X-100-soluble fraction. Then the
remainder of the cells was treated with membrane lysis buffer to obtain Triton X-100-insoluble buffer. Nuclear
fraction was extracted from four separate plates treated with CT for periods of 0, 4, and 8 h. Western blot
analysis for �-catenin was carried out after loading 40 �g of cytosolic proteins and 20 �g of membrane and
nuclear proteins. �-;tubulin, �-actin, and TATA-binding protein (TBP) were loading controls for membrane,
cytoplasmic, and nuclear fractions, respectively. The experiment was repeated three separate times. C, effect of
CT on TCF/LEF promoter activity. PC-31-CTR cells were seeded into 6-well plates and transfected with the
pGL3-OT-luciferase/pRL-TK plasmids or pGL3-OF-luciferase/pRL-TK plasmids. The cells were then incubated in
complete medium for 48 h, after which they were serum-starved for 16 h. The cells were then treated with
various concentrations of CT (0 –500 nM) for 8 h. The lysates were analyzed for luciferase activity. The results are
expressed relative light units (RLU) after normalization with Renilla luciferase activity. The experiment was
repeated three separate times. The results are expressed as means � S.E.
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possibility that the CT-CTR axis interferes with cell-cell adhe-
sion (45, 46). Therefore, we examined cell-cell compaction pat-
terns of PC sublines in two-dimensional cultures. All PC cell
lines with inactive CT-CTR axis formed discrete colonies with
epithelium-like cobblestone pattern where cells closely
adhered to each other. However, activation of CT-CTR axis in
these cell lines led to decreased cell-cell compaction and
increased cell scattering.
Cell-cell adhesion is regulated by cell-cell contacts or junc-

tions, which are functionally classified into three types, com-

municating junctions, adhesive
junctions, and occluding junctions.
The TJs are occluding junctions,
which seal the cells together in an
epithelial sheet, and are critical for
the determination of epithelial cell
polarity. Either disassembly or
remodeling of TJs can cause a loss of
cell polarity and an increase in
motility (47, 48). AJs are adhesive
contacts, which hold cells together
in fixed position within the tissue.
TJs along with AJs and desmosomes
provide tissue integrity and pro-
mote cellular polarity, andAJ plays a
pivotal role in regulating the entire
activity of the junctional complex
(47, 49). Our results suggest that the
activation of CTR led to rapid
remodeling of TJs as assessed by a
large decrease inTER, an increase in
paracellular permeability, and inter-
nalization of the key tight junction
protein ZO-1 to the cytosol. The
data from immunocytochemistry
and immunoblotting studies cor-
roborated these results and con-
firmed significant changes in TJ
characteristics in response to CTR
activation. CTR activation also led
to the loss of AJs, loss of adhesive
protein E-cadherin from mem-
brane-associated fractions, and
translocation of its partner protein
�-catenin in the cytoplasmic com-
partment. Based on these results, it
appears that CTR activation leads to
rapid disassembly/remodeling of
bothTJ andAJ complexes and inter-
nalization of key junction proteins
such as ZO-1 and �-catenin within
minutes ofCTRactivation in aPKA-
dependent manner. Considering
that the loss of junctional com-
plexes is associatedwith poor differ-
entiation of other epithelial cancers
(50, 51), and our recent results that
activated CT-CTR axis increases

metastasis of PC cells (4, 18), the present results raise the pos-
sibility that CTR-G�s-PKA-mediated junctional destabiliza-
tion may play an important role in PC metastasis.
In addition to the destabilization of junctional complexes,

activation of the CT-CTR axis also induced EMT in PC cell
lines as demonstrated by the cadherin switch and the expres-
sion of the mesenchymal marker vimentin. E-cadherin, the
major adhesionmolecule in the AJs, is lost in epithelial cancers,
including poorly differentiated prostate cancer and metastases
(31, 52). Loss of E-cadherin is usually associated with the

FIGURE 8. Role for PKA in CT-stimulated transactivation of TCF/LEF promoter activity and GSK3� phos-
phorylation. A, PC-31-CTR cells were seeded into 6-well plates and transfected with the pGL3-OT-luciferase
and pRL-TK plasmids. The cells were then cultured in complete medium for 48 h, after which they were
serum-starved for 16 h. The cells were then treated with either vehicle (C), 50 nM CT (CT), PKA inhibitor (Rp)-
cAMP (Rp-cAMP) (1 mM), or 1 mM (Rp)-cAMP � 50 nM CT (CT�Rp-cAMP) for 8 h. The lysates were analyzed for
luciferase activity. The results are expressed relative light units (RLU) after normalization with Renilla luciferase
activity. The experiment was repeated three separate times. The results are expressed as mean � S.E. *, p � 0.05
(one-way ANOVA and Newman-Keuls test). B, same as A except (Rp)-cAMP was replaced with another specific
PKA inhibitor m-PKI (200 nM). C, same as A, except (Rp)-cAMP was replaced with PKA inhibitor H89 (3 �M).
D, conditioned medium of CT-stimulated PC-3-CTR cells activates TCF-mediated transcription. PC-31-CTR cells
were seeded into 6-well plates and transfected with the pGL3-OT-luciferase and pRL-TK plasmids. The cells
were then cultured in complete medium for 48 h, after which they were serum-starved for 16 h. The cells were
then incubated either with control medium (CM) or with the conditioned media harvested from 48-h cultured
PC-31-CTR cells treated without/with 50 nM CT. The mean fold induction of five independent experiments is
shown. *, p � 0.05 by Student’s t test. E, PC-31-CTR cells were treated with 50 nM CT for 0, 1, 2, and 4 h. The cell
lysates were collected. Western blot analysis for phopho-GSK-3� was carried out after loading 40 �g of total
protein/lane. �-Tubulin was used as loading control. The experiment was repeated three separate times.
F, PC-31-CTR cells were treated with vehicle (C), 50 nM CT (CT), 2 �M m-PKI (PKI), and with 2 �M m-PKI � 50 nM CT
(PKI�CT) for 4 h. Western blot analysis for phospho-GSK-3� was carried out after loading 40 �g of protein
collected from each treatment group. �-Tubulin was used as loading controls. The experiment was repeated
three separate times.
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appearance of N-cadherin in a phenomenon referred as “the
cadherin switch” (53, 54). There is evidence to suggest that
N-cadherin destabilizes cell-cell adhesion, which allows the
cells to detach from the primary tumor and associate selectively
with stroma and/or endothelium (55, 56). Other specific
actions ofN-cadherin include activation of RhoGTPases,mito-
gen-activated protein kinase (MAPK) pathways, and increased
secretion of MMP-9 (57, 58). The present results that the acti-
vation of the CT-CTR axis in PC cell lines led to the loss of
acinus-forming ability and cell-cell compaction and increased
cell scattering and our earlier results that CT stimulated PC cell
invasion and increased the secretion of MMP-2, MMP-9, and
urokinase-type plasminogen activator from PC cell lines are
consistent with the reported actions of N-cadherin (18, 20).
Based on this evidence, one could hypothesize that CTR-medi-
ated cadherin switch allows prostate cancer cells to scatter and
acquire the invasive phenotype. Our results of Figs. 4–6 have
also shown that inactivation of the CT-CTR autocrine loop
reversed this process in vitro aswell as in the xenografts of these
cell lines in vivo by reverting the cells to epithelial phenotype,
increasing E-cadherin, decreasing N-cadherin, and decreasing
tumorigenicity (17). These results for the first time demon-
strate that the activation of the CT-CTR axis induces EMT in
PC cells, and that PKA-mediated junctional destabilization
plays a key role in this process.
Activation of the CT-CTR axis in PC cell lines also caused

internalization of�-catenin, the intracellular binding partner of
E-cadherin (43). Internalized �-catenin is efficiently cleared by
the APC-AXIN-GSK3� ubiquitination-proteasome degrada-
tion complex (59). Disruption of this complex can lead to accu-
mulation of intracellular �-catenin, its translocation in the
nucleus, and transcriptional activation of �-catenin-responsive
genes (35). The present results that CT stimulated transactiva-
tion of pGL3-OT in a temporally consistent manner with the
nuclear accumulation of �-catenin suggest that the CT-CTR
axis may disrupt the APC-AXIN-GSK3� complex. Moreover,
attenuation of CT-stimulated transactivation of pGL3-OT by
protein kinaseA inhibitors suggests that PKAplays amajor role
in this process.
Phosphorylation of GSK3� is an important mechanism to

dissociate the APC-AXIN-GSK3� complex and stabilize intra-
cellular �-catenin (37). Our results demonstrate that CT stim-
ulated phosphorylation of GSK3 rapidly in a PKA-dependent
manner. Although PKA can directly phosphorylate GSK3-�
(60, 61), disheveled proteins, components of WNT signaling,
are more potent agents of GSK3� phosphorylation (62). The
present results that CT activates the canonical WNT signaling
pathway by up-regulating WNT1 and -3, as well as several
downstream proteins such as disheveled 3 and TCF/LEF tran-
scriptional factors, suggest that CTR may phosphorylate
GSK3� by more than one mechanism.
Our earlier studies have demonstrated that CTR is coupled

to G�s and activates PKA (30). Moreover, PKA plays a critical
role in CT-stimulated invasion and metastasis of PC cell lines
(17). Combining the present and previous findings, it appears
that CT-CTR axis induces EMT of PC cell lines by activating
the G�s-cAMP-PKA-mediated pathway as well as by destabi-
lizing cell-cell contacts. Both these actionsmay be necessary for

the activation of WNT/�-catenin-mediated transcription, a
possibility supported by the evidence in other epithelial tumors
(60, 61, 63).
Our results have important implications in understanding

the pathology of PC progression. We have shown that meta-
static and high grade PC tumors overexpress CT/CTR (4). In
this study, we have shown that CTR activates WNT/�-catenin
signaling. CTR-stimulated�-catenin signalingmay support the
progression of PC to the androgen-independent stage by trans-
activating androgen receptor-induced genes and genes respon-
sible for EMT (64–66). Moreover, the �-catenin pathway is an
important pathway for cell self-renewal (38, 64, 65) and may
increase stemness of PC cells. Localization of CT/CTR expres-
sion in the basal epithelium where prostate stem cells are also
localized supports this possibility (4, 66). Indeed, additional
studies will be necessary to identify the precise molecular
mechanisms where CTR and/or CTR-stimulated PKA-medi-
ated mechanisms cross-talk with WNT/�-catenin signaling.
However, these results provide novel biochemical explanation
to our earlier observations and new therapeutic targets to arrest
PC progression (17, 18).
In summary, we have presented several novel observations

on the role of the CT-CTR axis in PC, and have identified a
pathway that induces destabilization of junctional complexes,
EMT, and activation ofWNT/�-catenin signaling. These com-
bined actions of CTR may explain its stimulatory actions on
tumorigenicity and the invasiveness of PC cell lines.
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