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In human prostate adenocarcinoma, an association
between loss of E-cadherin, increased Gleason score,
and extracapsular dissemination has been observed.
Further characterization of the E-cadherin/catenin
phenotype of human prostate carcinoma cell lines
showed loss of E-cadherin and expression of N-cad-
herin in poorly differentiated prostate carcinoma cell
lines (PC-3N derived from PC-3, PC-3, and JCA1). We
showed that N-cadherin is concentrated at sites of
cell-cell contact in PC-3N cellular extensions. N-cad-
herin was also expressed in prostate stromal fibro-
blasts both in vitro and in prostate tissue. Co-cultures
of prostate stromal fibroblasts and PC-3N cells
showed the immunolocalization of N-cadherin in in-
tercellular contacts. In addition, the isoform expres-
sion of the cadherin binding protein p120ctn differed
in relation to the expression of E- versus N-cadherin
by the prostate carcinoma cell lines. The p100 iso-
form was more highly expressed in E-cadherin-posi-
tive carcinoma cell lines, whereas p120 was predom-
inantly expressed only in N-cadherin-positive
prostate carcinoma cell lines and prostate stromal
fibroblasts. The N-cadherin-positive carcinoma cell
line, PC-3N, displayed aggressive invasion into the
surface of the diaphragm muscle after intraperitoneal
injection of SCID mice. The gain of N-cadherin and
loss of E-cadherin by invasive prostate carcinoma cell
lines suggests a progression from an epithelial to a
mesenchymal phenotype, which may allow for their
interaction with surrounding stromal fibroblasts and
facilitate metastasis. (Am J Pathol 1999, 155:787–798)

Prostate carcinomas display a high degree of biological
diversity1 and can be present as localized disease within
the prostate or become highly invasive and metastasize

to regional lymph nodes and bone. Although localized
prostate carcinoma can be treated successfully,2 the
treatment success diminishes significantly when prostate
tumor cells metastasize beyond the confines of the gland,
mainly through perineural and stromal invasion.3–5 The
process of metastasis is multifaceted; however, the mo-
lecular mechanisms that promote dissemination of the
metastatic phenotype in prostate carcinoma are not well
understood. An early invasion event in prostate carci-
noma is the loss or disruption of the basal cell compo-
nent, followed by the gain or loss of genetic and bio-
chemical functions in transformed luminal epithelial
cells.6 Some of the gains or losses of functions during
prostate carcinoma progression are due to alterations in
tissue organization between cells themselves, mediated
by cell-cell adhesion receptors of the cadherin super-
family, and cell-extracellular matrix adhesion receptors of
the integrin family and components of the extracellular
matrix.7

Epithelial cytoarchitecture and function in the prostate
gland are maintained in part by the E-cadherin/catenin
complex.8 E-cadherin is a member of a family of Ca21-
dependent integral membrane cell-cell adhesion recep-
tors.9 E-cadherin is localized at the zonula adherens junc-
tion between epithelial cells10 and is associated with
peripheral basal-lateral actin filaments in a multiprotein
complex with kinases, phosphatases, and catenins.11

The cytoplasmic complex, which anchors E-cadherin to
the actin cytoskeleton,12 includes the intracellular pro-
teins a-catenin, which has homology to vinculin,13 and
the armadillo family members b-catenin, g-catenin/plako-
globin,14 and p120ctn.15 The p120ctn binding site in E-
cadherin is different from the b-catenin/plakoglobin bind-
ing site and p120ctn does not bind to a-catenin.16 After
cell-cell contact, adhesion of the E-cadherin/catenin
complex functions to establish epithelial cellular architec-
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ture by initiating formation of desmosomes, tight junc-
tions, and gap junctions.17

Alteration in E-cadherin/catenin function or expression
is found in the neoplastic process as a step in metasta-
sis.18–21 This loss results, in part, in a transformation from
the normal epitheloid morphology toward an invasive and
less differentiated mesenchymal phenotype.22,23 E-cad-
herin levels are reduced or absent in the more invasive
tumor cell lines; this phenotype is reversed by transfec-
tion with full-length E-cadherin cDNA.18 Immunohisto-
chemical analysis of highly invasive tumors (breast, mel-
anoma, prostate, non-small-cell lung carcinomas)
indicates that these tissues have decreased E-cadherin
levels, suggesting a decreased function for E-cadherin in
organization of tissue structure.24 Umbas et al25 found
that human prostate carcinomas with a Gleason score
above 6 had decreased E-cadherin immunoreactivity
compared to normal glandular epithelium, and tumors
with a Gleason score of 9 or 10 had low E-cadherin
immunoreactivity. Moreover, in prostate tumor cell lines
(DU145, PC-3, PPC-1, and TSU-PR1), E-cadherin expres-
sion was also found to be decreased or absent.26 These
studies demonstrate that the down-regulation of the E-
cadherin/catenin adhesion pathway is associated with
loss of differentiation, and an increase in the invasive
behavior of tumor cells observed in prostate carcinomas.

To better understand the molecular basis of variability
of prostate carcinoma invasiveness, we examined the
protein and mRNA expression levels of the E-cadherin/
catenin complex in four human prostate adenocarcinoma
cell lines: LNCaP,27 DU145,28 PC-3,29 and JCA1.30 We
found that the prostate cell lines JCA1 and PC-3N, a
derivative of PC-3, both of which lacked E-cadherin, ex-
pressed instead a larger molecular mass cadherin. We
identified this cadherin as N-cadherin, and show here
that N-cadherin is expressed in more invasive prostate
adenocarcinomas cell lines and in prostate stromal fibro-
blasts. Moreover, the isoform expression (p120 and
p100) of the cadherin-associated protein p120ctn was
found to be dependent upon whether E- or N-cadherin
was expressed in the prostate carcinoma cell lines.
These results suggest that the loss of the epithelial phe-
notype in invasive prostate adenocarcinoma cell lines is
followed by a gain of a N-cadherin/p120ctn phenotype.

Materials and Methods

Cell Culture

LNCaP and DU145 human prostate tumor cell lines were
obtained from American Type Culture Collection (Manas-
sas, VA). Isolation of JCA1 cells was previously de-
scribed and established by Muraki et al.30 The PC-3 cell
line was originally obtained from American Type Culture
Collection, and long-term passage in cell culture resulted
in selection of a cell population with different growth,
adhesive, and morphological phenotype (PC-3N). All cell
lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated fetal bovine
serum (FBS; Intergen, Purchase, NY) and penicillin/

streptomycin in a 37°C, 5% CO2 atmosphere at constant
humidity.

Human prostate stromal fibroblasts (PSF) were cul-
tured from surgical samples. Fibroblasts were isolated by
cutting the prostate tissue into 1-mm3 pieces, which were
placed in 100-mm culture dishes and allowed to attach
overnight. The tissue was maintained in DMEM with 10%
FBS as cells migrated from the explants. After two pas-
sages with trypsin/EDTA, only prostate fibroblast cells
remained in culture, which was shown by the absence of
cytokeratin-positive cells. The cells were then maintained
for another two passages before use in these studies.

Antibodies

A polyclonal antiserum (anti-pan-cadherin) was made to
the deduced amino acid sequence of the COOH-termi-
nus of mouse N-cadherin (residues 883–906)31 using the
peptide CDYDYLNDWGPRFKKLADMYGGGDD (Peptide
Express, Fort Collins, CO). The peptide was coupled to
keyhold limpet hemocyanin as described by Marcantonio
and Hynes32 and injected into New Zealand white rabbits
with Freund’s incomplete adjuvant. Serum was harvested
after booster injections of the antigen.

Mouse monoclonal antibodies used in the experiments
were as follows: a-catenin clone 5 (Transduction Labora-
tories, Lexington, KY), E-cadherin clone HECD-1 (Zymed
Laboratories, San Francisco, CA), N-cadherin (A-CAM
clone GC-4; Sigma Chemical Co., St. Louis, MO), p120ctn

clone 98 (Transduction Laboratories). A monoclonal
mouse antibody to plakoglobin, PG5.133 was generously
provided by Drs. Franke and Schmelz (Institute of Cell
and Tumor Biology, German Cancer Research Center,
Heidelberg, Germany). Rabbit cytokeratin 18A antibody
was previously described by Nagle et al.34 Secondary
antibodies used in the experiments are as followed: Cy3-
conjugated affinipure goat anti-mouse IgG (H 1 L) and
fluorescein (FITC)-conjugated affinipure donkey anti-rab-
bit IgG (H 1 L) were purchased from Jackson Immu-
noResearch Laboratories, Inc., (West Grove, PA). Anti-
mouse IgG 1 HRP conjugate was purchased from
Promega (Madison, WI) and anti-rabbit IgG-peroxidase
conjugate from Boehringer Mannheim (Indianapolis, IN).

SDS-PAGE and Western Blot

Cell lysates were prepared and separated by 7% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)35 and electrophoretically transferred to ni-
trocellulose. Monolayers of cells were washed with calci-
um- and magnesium-free phosphate buffered saline
(CMF-PBS) containing 1 mmol/L phenylmethylsulfonyl flu-
oride (PMSF). Cells were scraped in CMF-PBS, trans-
ferred to a microcentrifuge tube, and centrifuged. The
pellet was lysed with 23 SDS sample buffer (0.25 mol/L
Tris-HCl, pH 6.8, 10% SDS, 25% glycerol) and 30 mg of
cellular protein was loaded per lane. Protein concentra-
tions were measured using the bicinchoninic acid (BCA)
assay procedure (Pierce Chemical Co., Rockford, IL),
with bovine serum albumin (BSA) as a standard. Antigens
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were detected by primary antibodies, followed with per-
oxidase-conjugated anti-mouse IgG or anti-rabbit IgG.
Protein bands were identified by chemiluminescence
(NEN, Boston, MA) exposed on X-OMAT AR film (Kodak,
Rochester, NY). Images of Western blots were captured
using Metamorph Version 3.0 (Universal Imaging Corp.,
Westchester, PA), and quantitative densitometry was car-
ried out by using One-D Scan Version 1.0 (Scanalytics, CSP
Inc., Fairfax, VA).

To examine non-ionic detergent solubility of N-cad-
herin, PC-3N cells were grown to 90% confluency. Cells
were washed 33 with CMF-PBS and cytoskeletal stabili-
zation buffer (CSK buffer; 0.5% Triton X-100, 10 mmol/L
PIPES, pH 6.8, 50 mmol/L NaCl, 3 mmol/L MgCl2, 0.3
mol/L sucrose) was added for 5 minutes at 4°C on a
rocking platform. The cells were scraped and centri-
fuged, and detergent-soluble protein fractions were col-
lected by acetone precipitation. The precipitate were
collected by centrifugation at 10,000 rpm for 20 minutes
air-dried, and resuspended in 23 SDS sample buffer.
The insoluble fraction was collected by adding hot 23
SDS sample buffer to the cellular components remaining
on the plate and syringing.

For immunoprecipitation, cells were lysed according to
procedures by Reyolds et al15 with 0.5% Nonidet P-40
(NP-40) in a buffer containing 10 mmol/L Tris, pH 7.4, 150
mmol/L NaCl, 1 mmol/L PMSF, 1 mmol/L EDTA, 0.1
mmol/L sodium vanadate, 10 mg/ml aprotinin, and 10
mg/ml leupeptin (Sigma). Proteins were immunoprecipi-
tated from the lysates, separated by SDS-PAGE, and
transferred to nitrocellulose, and antigen was detected as
described above.

RNA Extraction and Northern Blot Analysis

Total RNA was prepared from cultured cells by acid
guanidinium thiocyanate-pheno-chloroform extraction.36

Twenty micrograms of each RNA sample were separated
by electrophoresis in 1% agarose gel containing 1.85%
formaldehyde and transferred onto a Hybond N1 nylon
membrane (Amersham Life Science, Arlington Heights,
IL). N-cadherin mRNA was detected by Northern blot
analysis with a 300-bp EcoRI cDNA fragment isolated
from full length N-cadherin (GenBank Accession
X54315), which was obtained from Dr. John Hemperly
(Becton Dickinson Research Center, Research Trian-
gle Park, NC).37 E-cadherin mRNA was detected using
1.7-kb SmaI fragment of mouse E-cadherin (GenBank
Accession X06115).12 Detection of plakoglobin (Gen-
Bank Accession M23410) was with a human cDNA
obtained from Dr. Werner Franke.38 Probes were ran-
dom-primed with labeled a-32PdCTP (Amersham).
Membranes were prehybridized for 18 hours at 42°C in
a 63 SSC buffer consisting of 0.05 mol/L NaH2PO4, 53
Denhardt’s (503 5 % Ficoll, 1% polyvinylpyrrolidone, 1%
BSA), 1% SDS, 50% formamide, and 10 mg/ml salmon
sperm DNA.39 A denatured probe was added to blots
and hybridized overnight. Blots were sequentially
washed for 30 minutes at 65°C using the following con-
ditions: 23 SSC/0.1% SDS, 0.33 SSC/0.5% SDS, and

0.13 SSC/1.0% SDS. Blots were then exposed to X-
OMAT AR film (Kodak). Normalization for loading was
compared to hybridization of a 1.2-kb PstI fragment of
human GAPDH (GenBank Accession J04038).

Reverse Transcription-Polymerase Chain
Reaction (RT/PCR) and DNA Sequencing

A PCR with cDNA generated by reverse transcription of
total RNA from PC-3N cells was performed, using degen-
erate primers to amplify multiple cadherin subtypes.40

PC-3N cDNA was amplified from 1 mg of DNase I-treated
total RNA in 40 ml reaction mix containing random hex-
amer primers, 10 mmol/L DTT, 0.5 mmol/L dNTPs, 10 U
RNasin, and 200 U of Maloney murine leukemia virus
reverse transcriptase (Gibco BRL) for 60 minutes at 42°C.
The cDNA product was then diluted with 80 ml of H2O,
and 2.5 ml of this PC-3N cDNA product was used in a
25-ml PCR reaction using the 59 oligonucleotide primer
AATGAATTCGTNTTYGAYTAYGARGG and the 39 primer
AATGAATTCRTCNGCNAGYTTYTTRAA. The reaction
products were next separated by a 4% agarose gel elec-
trophoresis (3% Nusieve GTG agarose and 1% Seakem
ME agarose, FMC BioProducts, Rockland, ME), and a
cDNA fragment of about 150 bp was extracted, digested
with EcoR1, and ligated into pBluescript (Stratagene,
La Jolla, CA). Ligated products were transformed into
XL-1 Blue E. coli (Stratagene), and sequences of 31
cDNA inserts were determined by dideoxy chain termi-
nation (Sequenase 2.0, United States Biochemical,
Cleveland, OH).

SCID Mouse Model

BALB-c/B-17/IcrACCscid mice (Arizona Cancer Center
SCID Colony) were maintained in a specific-pathogen-
free environment in compliance with United States Public
Health Service guidelines governing the care and main-
tenance of animals. Five-week-old male SCID mice were
each inoculated intraperitoneally with 5 3 105 DU-145 or
PC-3N cells resuspended in 0.25 ml of DMEM serum-free
medium. Forty-two days after inoculation, mice were sac-
rificed and diaphragm tissues were fixed and processed
according to McCandless et al.41 Xenograft-fixed tissues
were sectioned at 5 mm thickness. Sections were depar-
affinized and stained with hematoxylin and eosin.

Preparation of Tissues and
Immunocytochemistry

Human frozen prostate tissue was obtained from the
University of Arizona Pathology Tissue Bank. Specimens
were obtained at the time of surgery or autopsy, snap-
frozen in isopentane, cooled by freon, and stored at
280°C. Frozen sections of 6 mm thick were placed onto
poly-L-lysine-coated slides and fixed in acetone for 10
minutes at 220°C. Sections were then blocked with 2%
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BSA and 2% goat serum in CMF-PBS for 1 hour, then
incubated with both rabbit polyclonal anti-cytokeratin 18
antibody and murine anti-N-cadherin for 1 hour. After
washing, Cy3-conjugated anti-mouse IgG and FITC-con-
jugated donkey anti-rabbit IgG were applied for 1 hour.
The slides were mounted with 2% n-propyl gallate/90%
glycerol, pH 8.0. Human prostate tissues were viewed by
laser scanning confocal microscope, LSM 410, equipped
with He, Ne, and Ar lasers (Zeiss).

For immunofluorescence, cells were grown on glass
coverslips to confluence. Cells were fixed for 5 minutes in
4% (w/v) paraformaldehyde in CMF-PBS and permeabil-
ized in CSK buffer for 5 minutes at 4°C. Coverslips were
incubated with 2% BSA and 2% goat serum in CMF-PBS
and exposed to antibodies for 1 hour at 25°C. After
washing, Cy3-conjugated secondary anti-mouse IgG
was applied for 1 hour. For detection of N-cadherin in
PC-3N and PSF co-cultures, PSF cells were grown to 50%
confluency on glass coverslips overnight. PC-3N cells
were labeled with 40 mg/ml of DiO (3,39-dioctadecylox-
acarbocyanine perchlorate (Molecular Probes, Eugene,
OR) in ethanol) for 1 hour and washed extensively with
CMF-PBS. Labeled PC-3N cells (104) were seeded with
the PSF culture for 24 hours. Cells were then fixed, per-
meabilized with CSK buffer, and stained for N-cadherin
as described above.

Cell Aggregation Assay

Cell-cell aggregation experiments were performed as de-
scribed by Urushihara and Takeichi.42 Monolayer cul-
tures were treated with 0.01% trypsin (Worthington Bio-
chemical Corp., Freehold, NJ) in the presence of 2
mmol/L calcium for 2 minutes. The trypsinized cells were
washed gently by centrifugation in Hanks’ balanced salt
solution (HBSS) containing 10 mmol/L HEPES, pH 7.4,
and 1% BSA, and free of calcium and magnesium. Cells
were dissociated thoroughly by trituration 10 times with a
Pasteur pipette. 5 3 105 cells were then transferred to
24-well dishes in a final volume of 0.5 ml HEPES-buffered
HBSS containing 1% BSA and 100 mg/ml of DNase I with
or without 2 mmol/L CaCl2. The plates were previously
coated with poly-hema (Sigma). Cell-cell adhesion was
initiated with addition of calcium and the plates were
rotated at 80 rpm at 37°C for 1 hour, and cells were then
fixed with an equal volume of 8% paraformaldehyde in
CMF-PBS, pH 7.4. For the mixed aggregation experi-
ments, PC-3N cells were labeled for 1 hour at 37°C with
40 mg/ml DiO. Cell aggregation was done in the presence
or absence of CaCl2 and/or N-cadherin specific blocking
monoclonal antibody (A-CAM; clone GC4) at 80 rpm at
37°C for 1 hour. Cells were then fixed as previously
described above. For analysis, 50 ml of the fixed aggre-
gates were removed, placed on a slide, and covered with
a coverslip. Aggregates were photographed under epi-
fluorescence optics using the 203 objective (Zeiss) with
both a FITC filter set and phase contrast.

Results

Invasive Characteristics of Prostate Carcinoma
Cell Lines

The human prostate adenocarcinoma cell lines LNCaP,
DU145, PC-3, JCA1, and a subline, PC-3N, show distinct
cellular morphologies in vitro.27–30 DU145 and LNCaP
cells displayed an epithelial phenotype, whereas PC-3,
PC-3N, and JCA1 cells had, to varying degrees, a less
organized and elongated, spindle-shaped, mesenchy-
mal phenotype. PC-3N cells are a variant of parental
PC-3 cell line29 that displayed a more fibroblast-like phe-
notype after extensive subculturing. PC-3 has been pre-
viously shown to contain two distinct subpopulations.43

One population expresses E-cadherin and displays an
epithelial phenotype, and the other lacks E-cadherin ex-
pression and possesses a more scattered spindle-
shaped phenotype, similar to PC-3N. Because the human
prostate carcinoma cell lines PC-3N and DU145 have
distinctly different growth characteristics, we sought to
characterize the invasiveness using a human xenograph
model of intraperitoneal inoculation in SCID mice.41

Cross-sections of the diaphragm stained with hematoxy-
lin and eosin show that after 5 weeks, PC-3N and DU145
cells had randomly attached to mesothelial surface of the
diaphragm. PC-3N cells grew as small solid tumors on
the surface of the diaphragm. There was also PC-3N cell
invasion into the striated muscle of the diaphragm. Small
clusters of invading PC-3N cells detected at multiple sites
within the diaphragm muscle (Figure 1A). These invading
colonies of PC-3N human carcinoma were consistently
only a few millimeters in diameter. DU145 grew as large,
highly vascularized tumors on the diaphragm surface,
but did not invade the diaphragm muscle (Figure 1B).

Expression of N-Cadherin in PC-3, PC-3N, and
JCA1 Prostate Cell Lines

Because the growth and invasive characteristics of
PC-3N prostate carcinoma cells in the SCID mouse dia-
phragm suggested weak cell-cell adhesion, we charac-
terized the E-cadherin/catenin expression of PC-3N pros-
tate carcinoma cells and the other four prostate
carcinoma cell lines. The expression level of E-cadherin
and a-, b-, and g-catenins was assessed by immunoblot-
ting equivalent amounts of cellular protein. Data are
shown in Figure 2, and summarized in Table 1. To exam-
ine cadherins, we immunoblotted total prostate cell ly-
sates with a pan-cadherin polyclonal antibody directed
against the conserved cytoplasmic region of the classical
cadherin family44 (Figure 2A). Antibodies prepared to this
region have been shown to be immunoreactive with sev-
eral members of the cadherin family. Immunoblot analy-
sis indicated E-cadherin (MW 5 125 kd) was present in
LNCaP, DU145, and PC-3, but absent from PC-3N and
JCA1 cell lines (Figure 2, A and C). In addition, a higher
molecular weight cadherin (138 kd) was detected in
PC-3, PC-3N, and JCA1 adenocarcinoma cell lines. PC-3
cells showed expression of a mixed cadherin phenotype
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containing both E-cadherin and the larger cadherin. This
unknown cadherin was not detected in LNCaP and
DU145 (Figure 2A).

Because the loss of catenins, especially a-catenin, has
been shown to decrease E-cadherin mediated cell-cell
interaction during the malignant progression of prostate
cancer,26,45 we characterized a-catenin, b-catenin,
g-catenin/plakoglobin (immunoblot not shown) and

p120ctn expression levels in prostate carcinoma cell lines
by immunoblotting of equivalent amounts of protein. The
results are summarized in Table 1. Because DU145 ex-
pressed approximately equal levels of all catenins and
E-cadherin, densitometry values were normalized to
DU145. Both LNCaP and DU145 expressed all catenins,
consistent with a more differentiated phenotype. How-
ever, the catenin expression levels in both JCA1 and

Figure 1. Photomicrographs of tumors of the prostate carcinoma cell lines PC-3N (A) and DU-145 (B) on the surface of diaphragms of SCID mice. SCID mice (n 5
4) were injected intraperitoneally with 5 3 105 cells, sacrificed 5 weeks after injection, and the diaphragms fixed and processed in paraffin. DU145 tumors have
penetrated the basement membrane, and PC-3N have penetrated through the murine straited muscle. Five-micron sections were cut and deparaffinized for
hematoxylin and eosin staining. Scale, 60 mm.

Figure 2. Immunoblot analysis of E-cadherin and p120ctn catenin in prostate carcinoma cell lines (LNCaP, DU-145, PC-3, PC-3N, JCA-1). Total cell lysates were
extracted in 23 SDS-sample buffer, and 30 mg of protein/lane was analyzed by SDS-PAGE. After electrophoresis, proteins were transferred to nitrocellulose
membranes and the filters were treated with either a pan cadherin polyclonal antibody which recognizes all classical cadherins (A), a mouse monoclonal antibody
to p120ctn which recognizes both isoforms, p120ctn and p100ctn (B), or a mouse monoclonal antibody to E-cadherin (C). Non-ionic detergent solubility was
determined by treating cultured PC-3N cells with CSK buffer. Triton X-100 soluble and insoluble fractions were collected. Equivalent amounts of total protein
fractions were analyzed by SDS-PAGE and immunoblotted for N-cadherin using a polyclonal pan-cadherin antibody (D). PC-3N cells were extracted and
immunoprecipitated with anti-p120ctn or normal mouse IgG. The immunoprecipitates were immunoblotted with anti-pan cadherin. Lane 1, PC-3N total protein
lysate. Lane 2, soluble protein fraction of PC-3N. Lane 3, insoluble fraction of PC-3N cells. Lane 4, immunoprecipitation of p120ctn. Lane 5, control
immunoprecipitation using mouse IgG antibody. (E) Immunoprecipitation of E- or N-cadherin in prostate carcinoma cell lines (DU-145, PC-3N, PC-3) using either
a mouse monoclonal antibody to E-cadherin (E), a mouse monoclonal antibody to N-cadherin (N), or an irrelevant mouse IgG antibody (C). The immunopre-
cipitation fractions were separated on SDS-PAGE, transferred to a nitrocellulose membrane and immunoblotted with a monoclonal antibody to p120ctn (a-p120ctn)
or a polyclonal cadherin antibody (a-panCAD). All immunoblots were developed with a chemiluminescence detection reagent.
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PC-3N cells showed dramatic differences. JCA1 lacked
detectable b-catenin, and the level of a-catenin and pla-
koglobin was lower than in DU145. On the other hand,
PC-3N cells showed reduced plakoglobin protein, and in
agreement with Morton et al,26 a-catenin also was not
present.

Because the expression of the other catenins was
abnormal in half of the prostate carcinoma cell lines
studied, the expression of p120ctn isoforms was as-
sessed by immunoblotting. The p120ctn monoclonal an-
tibody used recognizes a common epitope in both the
p120 and p100 isoforms. Both isoforms were present in
all cell lines (Figure 2B). However, expression of p100
was lower in PC-3N and JCA1 as compared to DU145
(Table 1). This suggests expression of p120 and p100 is
dependent on the type of cadherin present in the prostate
cell lines. In the prostate carcinoma cell lines expressing
only E-cadherin (DU145, LNCaP), p100 was the domi-
nant isoform, approximately two-fold higher than p120. In
contrast, p120 was the dominant isoform in PC-3N and
JCA1, which lack E-cadherin and express a different
cadherin. In PC-3 cells, which display a mixed cadherin
population, both p120 and p100 isoforms were equally
expressed (Table 1).

To identify the unknown cadherin in PC-3N, PC-3, and
JCA1 carcinoma cells, we amplified cadherin cDNAs by
RT-PCR using degenerate oligonucleotide primers based
on well-conserved amino acid sequences of the cadherin
cytoplasmic domain.40 A single cDNA band of approxi-
mately 150 bp was amplified from PC-3N cDNA, gel-
purified, subcloned, and sequenced. The nucleotide se-
quence of 42% of the independent clones demonstrated
100% sequence identity with human N-cadherin.37 None
of the remaining clones demonstrated homology to
E-cadherin or any other cadherin. These results sug-
gest that the cadherin (MW 5 138 kd) detected in PC-3N
cells with the anti-pan cadherin polyclonal antibody is
N-cadherin.

p120ctn Isoform Binds to N-Cadherin in PC-3N
Cells

We assessed whether N-cadherin was distributed in the
Triton X-100 insoluble fraction of confluent PC-3N cells,
which presumably reflects N-cadherin associated with
the cytoskeleton (Figure 2D). Densitometric analysis

showed approximately 25% of the N-cadherin was
present in the detergent insoluble fraction of PC-3N cells
(Figure 2D, lanes 2 and 3), suggesting that N-cadherin
maybe associated with proteins of the cytoskeleton. We
immunoprecipitated p120ctn from detergent lysates of
PC-3N, transferred the immunoprecipitate to nitrocellu-
lose, and blotted with a polyclonal pan-cadherin anti-
body. A cadherin of 138 kd was detected in the p120ctn

immunoprecipitate, indicating the presence of N-cad-
herin (Figure 2D, lane 4). No cadherin band was detected
in the nonimmune control.

To further determine if the ratio of p100 to p120 iso-
forms was associated with a particular cadherin subtype,
we immunoprecipitated PC-3, DU145, and PC-3N cells
with monoclonal antibodies specific to E-cadherin or N-
cadherin and immunoblotted for p120ctn (Figure 2E). In
DU145 cells, which express only E-cadherin, p100 was
the predominant isoform. In PC-3N cells, which express
only N-cadherin, p120 was the predominant isoform.
However, in PC-3 cells, which express both E- and N-
cadherin, there were no differences in the binding of
p100 vs. p120 in lysates immunoprecipitated with either
E-cadherin or N-cadherin antibodies. This suggests that
although both p120 and p100 isoforms bind N-cadherin
and E-cadherin, the switch in the ratio of p120ctn isoforms
in PC-3N and DU145 is due to differences in the isoform
expression and not to differences in binding affinity.

Immunolocalization of N-Cadherin in
PC-3N Cells

N-cadherin was localized to sites of cell-cell adhesive
contacts in confluent cultures of PC-3N cells (Figure 3A).
The spindle-shaped PC-3N cells formed loose and ex-
tensive cellular contacts with their neighbors. The major-
ity of N-cadherin immunoreactivity was localized in the
cellular projections (Figure 3 A and B, arrows). In addi-
tion, catenin p120ctn immunolabeling was similar to that
of N-cadherin (Figure 3B). p120ctn localized to similar
regions as N-cadherin, with specific immunolocalization
in the cellular projections. No E-cadherin immunoreactiv-
ity was observed in PC-3N, as expected (Figure 3C).
N-cadherin was also localized at cell-cell junctions in
JCA1 and a subpopulation of PC-3 (data not shown).
Moreover, E-cadherin was localized in the cellular junc-
tions of DU145, which showed an epithelial morphology

Table 1. Relative Expression Levels of E-Cadherin and Catenins in Human Prostate Adenocarcinoma Cell Lines

DU-145* LNCaP PC-3 PC-3N JCA1

E-cadherin 1.0 3.7 0.4 0.0 0.0
a-catenin 1.0 5.5 ND§ 0.0 0.2
b-catenin 1.0 3.1 ND 0.9 0.0
plakoglobin 1.0 1.7 ND 0.1 0.3
p120ctn (p120 1 p100)† 1.0 2.5 0.5 0.4 0.8
p120/p100‡ 0.5 0.3 1.1 2.3 2.9

ND, not determined.
*DU-145 is a differentiated prostate carcinoma cell line which expresses equal levels of all catenins. Thus, all densitometry values are normalized to

DU-145. Representative values are shown from at least three independent lysates.
†Immunoblot of p120ctn is shown in Figure 2B.
‡Values represent a ratio of p120 to p100.
§Loss of a-catenin has been previously reported by Morton et al.26
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(Figure 3D). E-cadherin expression is also similar in LN-
CaP cells, and no N-cadherin immunoreactivity was de-
tected in either DU145 or LNCaP cells (data not shown).

N-Cadherin mRNA Is Expressed in PC-3, PC-
3N, JCA1, and Prostate Stromal Fibroblasts

Differential expression of steady-state N-cadherin mRNA
levels in the prostate carcinoma cell lines was deter-
mined by Northern blot analysis (Figure 4). Similar to
N-cadherin protein data, an N-cadherin mRNA transcript
(4.2 kb) was detected in PC-3, PC-3N, and JCA1 cells,
but was not detected in DU145 and LNCaP cells, even
after long-term (1 week) exposure. In contrast, E-cad-
herin mRNA was expressed in LNCaP and DU145 cells,
but not in PC-3N and JCA1 cells. Both E- and N-cadherin
mRNAs were detected in PC-3 cells. Thus, in agreement
with the protein expression, both PC-3N and JCA1 lack
expression of E-cadherin, but alternatively express N-
cadherin. N-cadherin mRNA, but not E-cadherin mRNA,
was also detected in cultured prostate stromal fibroblasts
(Figure 4).

Moreover, steady-state mRNA expression levels of
both b-catenin and plakoglobin mRNAs were not consis-
tent with the protein expression in prostate cell lines. All
prostate lines expressed detectable levels of plakoglobin
mRNA (Figure 4). However, although plakoglobin protein
levels were lower in JCA1 than DU145 (Table 1), plako-
globin mRNA appeared to be threefold higher in JCA1
versus DU145. Moreover, equal levels of b-catenin mRNA

were expressed by all prostate carcinoma cell lines, even
though protein levels varied (Figure 4).

Immunolocalization of N-Cadherin in Prostate
Stromal Fibroblasts in Vitro and in Situ

Immunolocalization of N-cadherin showed that both
PC-3N cells and prostate stromal fibroblasts (PSFs) ex-
pressed N-cadherin and formed N-cadherin adherens
junction contacts at cell-cell borders (arrow, Figure 5).
Figure 5A shows that the expression of N-cadherin in
cell-cell junctions of PSFs maintained in vitro. All cells
were positive for N-cadherin and a-smooth muscle actin,
which confirms the presence of only PSFs in the cul-
ture46,47 (Figure 5B). In addition, we immunolocalized
N-cadherin in frozen sections of normal human prostate
tissue. Immunoreactivity of N-cadherin in the prostate
tissue sections was strongly detected in stromal cells and
in nerve bundles that penetrate the gland, but N-cadherin
was not detected in normal prostate epithelial glands, as
shown by co-immunolocalization with antibodies to kera-
tin 18 (Figure 5C).

PC-3N prostate carcinoma cells and prostate stromal
fibroblasts were cocultured to determine if N-cadherin
was localized at sites of cell-cell contact. Stromal fibro-
blasts were cultured overnight before fluorescent dye
DiO-labeled PC-3N cells were added, and cultured for an

Figure 3. Immunolocalization of N-cadherin, E-cadherin and p120ctn in
PC-3N and DU-145 carcinoma cell lines. Cells were grown on coverslips until
confluency, then fixed with 4% PFA in CMF-PBS and permeabilized with CSK
buffer. Immunofluorescence was carried out using either a mouse monoclo-
nal antibody to N-cadherin on PC-3N (A), mouse monoclonal antibody to
p120ctn on PC-3N cells (B), or mouse monoclonal antibody to E-cadherin on
PC-3N (C) and DU-145 (D) cells. Rhodamine-coupled secondary antibody
was used to reveal immunoreactivity, and photographs were taken by con-
focal microscopy. Arrows indicate cellular junctions and localization of N-
cadherin and p120ctn to cellular extensions. Scale bar, 40 mm.

Figure 4. Northern blot analysis of E- and N-cadherins and plakoglobin in
prostate carcinoma cell lines and prostate stromal fibroblasts. Twenty micro-
grams per lane of total RNA from each cell line was blotted on a nylon
membrane. A 300-bp EcoR I fragment to N-cadherin was used as a probe for
N-cadherin detection. A 1.7-bp fragment to mouse E-cadherin was used as a
probe for E-cadherin expression. Full-length plakoglobin and b-catenin
cDNA were used to detect plakoglobin and b-catenin expression. A 1.2-kb
GAPDH cDNA fragment was used as normalization standard. The hybridized
membranes were exposed to X-ray films for 1 day (E-cadherin, b-catenin,
plakoglobin, GAPDH) and 2 days (N-cadherin). This is a representative result
of two independent experiments.
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additional 24 hours. Immunolocalization of N-cadherin
showed that there were sites of N-cadherin immunoreac-
tivity at cell-cell contacts between PC-3N cells and stro-
mal fibroblasts (arrow, Figure 5D). There was no immu-
nostaining detected in samples incubated with
secondary antibodies alone (data not shown).

Cell-Cell Aggregation of PC-3N Cells and PSFs
Is Mediated by N-Cadherin

To examine whether the interaction between prostate
carcinoma cells and prostate stromal fibroblasts was me-
diated by N-cadherin, a cell-cell aggregation assay42

was performed. After dissociation of PC-3N cells by
trypsinization in the presence of calcium into a single cell
suspension, PC-3N cells labeled with DiO were mixed
with unlabeled PC-3N cells and allowed to aggregate in
the presence of calcium (Figure 6). The calcium-depen-
dent aggregation of PC-3N cells was time-dependent
and blocked in the absence of Ca21. Addition of function-
blocking antibodies to N-cadherin inhibited the calcium-
dependent aggregation of PC-3N carcinoma cells (data
not shown).

The homotypic interactions between PC-3N prostate
carcinoma cells and stromal fibroblasts were also medi-
ated by N-cadherin. Equivalent numbers of prostate stro-
mal fibroblasts were mixed with PC-3N cells labeled with
DiO. Large cell-cell aggregates, PC-3N cells, and PSF
cells were observed in the presence of calcium. The
calcium-dependent cell-cell aggregates consisted of all
possible cell interactions: PC-3N/PC-3N, PC-3N/PSF, and
PSF/PSF. This calcium-dependent cell-cell aggregation
was largely abrogated in the presence of functional
blocking antibody to N-cadherin. No aggregation was
observed between DU145/PSF cells and DU145/PC-3N
cells (data not shown). These findings demonstrate that
homotypic interaction of N-cadherin mediates the inter-
action between the PC-3N prostate carcinoma cell line
and prostate stromal fibroblasts.

Discussion

The results of this study demonstrate expression of N-
cadherin in human prostate carcinoma cell lines (PC-3N
and JCA1) that lack E-cadherin, and PC-3 cells, which
have a mixed expression of E-cadherin and N-cadherin.
In addition, we report the expression of N-cadherin in
prostate stromal fibroblasts both in vitro and in situ. Co-
aggregation of the prostate stromal fibroblasts with
PC-3N carcinoma cells indicates that N-cadherin can
mediate homotypic adhesion between these two cell
populations. Prostate carcinoma invasion proceeds
through stroma3 with subsequent perineural migration
and penetration of the capsule and escape from the
prostate gland.4,7 These data suggest that the presence
of N-cadherin in stromal cells surrounding glandular ep-
ithelium and in nerve bundles extending into the prostate
could facilitate prostate carcinoma cell invasion, and ex-
tracapsular metastasis. Furthermore, the less differenti-
ated prostate cell lines that expressed only N-cadherin,
PC-3N, and JCA1 also demonstrated a shift in isoform of
the cadherin-associated catenin, p120ctn, a major sub-
strate for src kinase and tyrosine kinase growth factor
receptors.15 Intercellular communication between stro-
mal and carcinoma cells, through cell-cell adhesion mol-
ecules and growth factors, has been shown to be an
important factor in neoplastic progression.48,49 Umbas et
al25 found that 63% of prostate tumors that extended
beyond the prostate capsule had decreased E-cadherin
expression, compared to 33% of the tumors confined to
the prostate.25

Associated with the expression of N-cadherin in pros-
tate carcinoma cell lines was the shift in p120ctn isoform
expression of p120/p100. There are at least four p120ctn

isoforms, which are thought to be generated by alterna-
tive splicing at the carboxy- and NH2-terminal ends of
p120ctn.15,50,51 The different p120ctn isoforms have been
suggested to function in binding of distinct effectors reg-
ulating cell-cell adhesion or cell signaling.52 Immunopre-
cipitation of PC-3, PC-3N, and DU145 cells indicated that
although both p120 and p100 isoforms can bind E- and
N-cadherin, the shift is a result of an increase in steady-
state isoform protein level. In addition, high levels of the

Figure 5. Cellular localization of N-cadherin in prostate stromal fibroblast in
vitro (A, B, and D) and in situ (C). PSF cells were grown on a coverslip until
confluency. Cells were fixed with 4% PFA in CMF-PBS, permeabilized with
CSK buffer and reacted with a mouse monoclonal antibody to N-cadherin (A)
or mouse monoclonal antibody to a-smooth muscle actin (B). Arrow indi-
cates N-cadherin mediated cellular junctions. C: N-cadherin immunoreactiv-
ity in stromal fibroblasts of normal prostate tissue (indicated by S). Fresh-
frozen normal prostate tissues were sectioned at 6 mm and fixed with cold
acetone. Coexpression of epithelial keratin 18 and N-cadherin was per-
formed by co-immunoreacting the tissue with both monoclonal antibody to
N-cadherin and polyclonal antibody to keratin 18. N-cadherin was detected
by rhodamine-coupled secondary antibody whereas keratin 18 was detected
by FITC-conjugated secondary antibody. N indicates N-cadherin expression
in nerve and E indicates keratin 18 in a normal epithelial gland. D: Expression
of N-cadherin in co-culture of PC-3N and PSF. PC-3 cells were labeled with
40 mg/ml of DiO (green membrane-labeled cells) before seeded on top of
PSF cultured coverslip for 24. The arrow represents localization of N-cadherin
in the cell-cell borders between PC-3N and PSF cells. Images were captured by
confocal microscopy. Scale bars, 60 mm (A, B, and D) and 100 mm (C).
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p120 isoform were also reported in cells that are highly
motile, such as fibroblasts, whereas p100 is more abun-
dant in epithelial cells.50 This shift was also observed in
epithelial cells transformed by src kinase. We localized
p120ctn in the cellular extensions of PC-3N cells, and
immunoprecipitated N-cadherin with a monoclonal anti-
body against p120ctn using conditions that preserve cad-
herin/catenin interactions. As p120ctn modulates cad-
herin adhesion, the differences in isoform expression
may be important in the regulation of cadherin adhesion
and metastatic potential of tumors. Reynolds et al52 dem-
onstrated that p120ctn was associated with all classical
cadherin subtypes, and that overexpression of the p120
isoform in fibroblasts leads changes in cellular morphol-
ogy with development of dendrite-like extension, with
p120 isoform localized in these extensions.

The down-regulation of E-cadherin and/or catenins is a
critical step for the progression of epithelial tumor inva-
sion and metastasis.53–55 In prostate adenocarcinomas,
the aggressiveness of the tumor has been related to loss
of E-cadherin.25 The mechanism by which E-cadherin
expression was lost may be mutation,56 deletion,57 hy-
permethylation,55 and/or lost or altered catenin expres-

sion.45 Our results demonstrate that the loss of E-cad-
herin in prostate cancer cell lines is accompanied by an
unexpected expression of another classical type I cad-
herin subtype, N-cadherin. Whereas human E-cadherin
has been mapped to chromosome 16q22.158 and is fre-
quently deleted in prostate cancer,59,60 N-cadherin has
been mapped to human chromosome 18q11.2.61

N-cadherin expression was not detected in normal
prostate glandular epithelium, but it is found in neurons
and stroma of the prostate. N-cadherin is found in a wide
variety of cell types including neurons, skeletal and car-
diac myocytes, fibroblasts, mesothelial cells, and some
neoplastic epithelial cells.62–66 Although growth factors
and extracellular matrix are important contributors to
prostate tumor progression, N-cadherin-mediated pros-
tate carcinoma-stroma interaction may promote metasta-
sis. Stromal mesenchymal-epithelial interactions recipro-
cally mediate the embryonic development and
differentiation of the prostate.67 In addition, prostate fi-
broblasts co-inoculated in athymic mice with prostate
carcinoma cells have been found to accelerate tumor
growth.48,49 The role of N-cadherin in epithelium-derived
tumor cell invasion is not restricted to prostate carcino-

Figure 6. Cell-cell aggregation assay of PC-3N and prostate stromal fibroblasts. To distinguish PC-3N from PSF cells, PC-3N cells were labeled with 40 mg/ml of
DiO for 1 hour. All cells were trypsinized in the presence of 2 mmol/L Ca21 to prevent destruction of cadherins. Labeled PC-3N cells were mixed in an aggregation
assay with either unlabeled PC-3N or PSF in the presence of Ca21. Additionally, labeled PC-3N and PSF cells were mixed in an aggregation assay in the presence
of anti-N-cadherin blocking antibody (n 5 3). Cells were allowed to aggregate for 1 hour at 37°C on a gyrator shaker. Pictures of cell aggregation were taken both
under fluorescence (top row) and phase contrast (bottom row) within same fields. Scale bar, 100 mm.
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mas. Islam et al68 reported that there was an inverse
expression of N- and E-cadherin in squamous cell carci-
nomas, and cells expressing high levels of N-cadherin
were more invasive.

N-cadherin homotypic adhesion functions in distinct
roles in different cell types. N-cadherin plays an impor-
tant role in maintaining strong cell-cell adhesion in certain
nonmotile cell types, such as in the intercalated discs of
the myocardium.69 In contrast, N-cadherin also plays an
adhesive role in the dynamic growth of neurites, and the
expression is also spatially diffuse throughout the cell
surface of the neuron body.70 Similar to neurons, N-
cadherin localization in PC-3N carcinoma cells appears
to be spatially diffuse and highly expressed in cellular
extensions. A majority of the N-cadherin molecules are
expressed diffusely throughout the cell membrane, and
only a fraction of the N-cadherin molecules is concen-
trated at sites of cell-cell contact. This is similar to the
reported distribution of N-cadherin71 in neural crest cells
migrating from the neural epithelium.

The expression of N-cadherin in invasive prostate car-
cinoma cell lines may be indicative of an epithelial/mes-
enchyme transition. In prostate carcinoma, the transfor-
mation of epithelium to invasive mesenchyme appears to
involve a number of events in which certain carcinoma
cells lose and gain functions, including cell-cell and cell-
extracellular matrix interactions. Loss of E-cadherin and
certain integrins are associated with loss of epithelial
differentiation in prostate carcinoma.7,72 This loss may
lead to a gain of other adhesion molecules that may
advance the development and aggressiveness of pros-
tate carcinoma, as indicated by alterations in N-cadherin
and catenin expression in the present studies. Further-
more, in prostate carcinoma, loss of b4 integrin with high
expression of a6 and b1 integrins is associated with high
invasive activity, implicating the heterodimer a6b1 inte-
grins as leading candidates for conferring the invasive
phenotype.73

Stable adhesion for cadherins requires the homotypic
protein-protein binding of the extracellular domains, and
in addition, the cadherin cytoplasmic domain forms a
complex with the actin cytoskeleton (Figure 7A). Because
a-catenin has actin binding activity, it probably links the
cadherin/catenin complex to the actin cytoskeleton74 and
plays an important role in formation of a tight epithelial
morphology.75 The armadillo family members b-catenin
and g-catenin/plakoglobin function as an intermediate in
linkage to a-catenin and the carboxy terminal cadherin
cytoplasmic domain.76 p120ctn binds in the juxtamem-
brane region77 of the cadherin cytoplasmic domain and
is likely to function in a different role than the other
catenins.

This work suggests that, although expression of N-
cadherin may in part play a role in the progression of
prostate carcinoma from epithelium to mesenchyme, it is
likely that N-cadherin mediates a less stable cell-cell
adhesion and may allow for carcinoma cell invasion and
stromal interactions (Figure 7B). Expression of N-cad-
herin in normal epithelial cells results in down regulation
of E-cadherin expression and a scattered mesenchymal
phenotype.68 The PC-3N cell line has a spindle-shaped

mesenchymal morphology, which expresses N-cadherin
at sites of cell-cell contact. Because a-catenin is ab-
sent,26 the N-cadherin adhesion between PC-3N cells is
likely to be less stable. Our results show that N-cadherin
mediates adhesion between a-catenin-deficient PC-3N
cells and stromal fibroblasts, which contain normal levels
of all of the catenins. N-cadherin in PC-3N cells may
regulate the cellular outgrowth through cell-cell interac-
tions, which may allow PC-3N to interact with surrounding
prostate stromal fibroblasts. The adhesion by N-cadherin
may explain the PC-3N invasive phenotype in the dia-
phragm striated muscle of xenograft tumors in SCID
mice. Both PC-3N cells and the myocytes of the dia-
phragm express N-cadherin, potentially allowing the two
cell populations to establish homotypic interactions. Our
future direction is to determine whether N-cadherin is
expressed in high-grade prostate carcinomas associated
with capsular penetration through the perineural space,
and is associated with metastasis.
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