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Abstract
BACKGROUND—Protocadherin-PC (PCDH-PC) expression is upregulated in apoptosis-resistant
sublines of the LNCaP human prostate cancer (CaP) cell line. Here, we assess the role of PCDH-PC
in CaP cells and its mRNA expression in human prostate tissues.

METHODS—LNCaP cells transfected with PCDH-PC were tested for their ability to grow in vitro
and in vivo in androgen-deprived conditions. PCDH-PC mRNA expression was evaluated by semi-
quantitative RT-PCR and by in situ hybridization.

RESULTS—PCDH-PC expression induced Wnt signaling in CaP cells and permitted androgen-
independent growth of hormone-sensitive CaP cells. Expression of PCDH-PC-homologous
transcripts was low and restricted to some epithelial cells in normal tissue and to CaP cells in tumors.
However, hormone-resistant CaP cells expressed significantly higher levels of PCDH-PC-related
mRNA.

CONCLUSIONS—Our findings suggest a novel mechanism for the progression of CaP involving
expression of PCDH-PC. This novel protocadherin induces Wnt signaling, promotes malignant
behavior and hormone-resistance of CaP cells.
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INTRODUCTION
Through factors as diverse as increased aging of populations and improved methods of
diagnosis, prostate cancer (CaP) has become a major source of cancer-related morbidity and
mortality for men in Western nations [1,2]. When detected in the advanced stages, patients are
invariably treated by some form of hormonal therapy in an attempt to deplete the levels of
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androgenic steroids or to block the ability of these steroids to activate transcription through the
androgen receptor (AR) protein [3–5]. Androgen-ablation therapy successfully shrinks primary
and metastatic lesions of CaP by inducing apoptosis of androgen-dependent CaP cells [1,4,6,
7]. This therapy, however, is not known to be curative. Rather, a subset of prostate tumor cells
are inevitably able to survive in an androgen-deprived environment and these cells provide a
repository for the eventual relapse of the tumor in a hormone-resistant form that often shows
resistance to more traditional forms of therapy (radiation or chemotherapy) as well.

The molecular mechanisms through which CaP cells acquire resistance to hormonal therapies
appear to be complex and diverse. Evidence supports the concept that changes in the androgen-
signaling pathway play some role in this process. AR gene mutation and amplification in
hormone-resistant prostate cancers (HRPC) suggest that androgen-mediated signaling may be
hyperactive in these tumor cells, while cross talk between growth factor receptor and AR
signaling pathways and excessive recruitment of AR transcriptional co-activators also have
been postulated as mechanisms for its aberrant function [8]. Alterations in apoptosis-signaling
molecules found in HRPC suggest that other molecular mechanisms related to apoptosis control
might also participate in the transition to androgen independence. Overexpression of the
apoptosis-suppressing protein, bcl-2 [9–11], increased Akt signaling [12,13], and inactivation
of tumor suppressor genes like p53 [14,15] and ANX7 [16] have also been shown to increase
resistance of CaP cells to hormonal deprivation.

In an attempt to identify other gene products that might be associated with the acquisition of
apoptosis-and hormone-resistance by CaP cells, we previously created two novel apoptosis-
resistant CaP cell lines, LNCaP-TR (phorbol-ester [TPA]-resistant) and LNCaP-SSR (serum
starvation-resistant) by repeated transient exposure of cultured human LNCaP cells to apoptotic
stimuli followed by expansion of surviving cell populations [17]. These cells were also shown
to be hormone-refractory based upon their ability to form tumors in castrated male nude mice.
A comparative genetic analysis of these cell lines led to the description of a gene product,
protocadherin-PC (PCDH-PC) that was selectively expressed in the apoptosis-resistant and
hormone-refractory cell variants [17]. PCDH-PC is encoded on the human Y chromosome
(previously referred as PCDHY, at Ypll.2) and is homologous (98.1%) to a gene product
(PCDHX) encoded by the human X chromosome (at Xq21.3) [18,19]. Since the area of the Y
chromosome containing the PCDHY/ PCDH-PC gene lies within a region of the Y
chromosome that was acquired by duplication and translocation of a portion of the X
chromosome during hominid evolution, the PCDH-PC gene product is also distinctly human-
specific [18,19]. Aside from occasional nucleotide differences within the coding region,
PCDHY/PCDH-PC is also distinguished from PCDHX in that it lacks a small 13-bp continuous
sequence that is present in the PCDHX encoded gene [17–19]. This distinction is important in
that the 13-bp region lost from the PCDHY/PCDH-PC gene includes a potential AUG start
site. Further analysis of the PCDH-PC transcript expressed in the resistant CaP cells revealed
that it would be preferential to translate a protein that lacks a signal sequence as an apparent
consequence of the missing 13-bp domain. Cellular fractionation of PCDH-PC-expressing
LNCaP cells showed that the protein was cytoplasmic localized, consistent with the lack of a
signal sequence [18].

While PCDH-PC expression was discovered in experimentally selected apoptosis-resistant
CaP cell lines, we have also shown LNCaP cells stably transformed with PCDH-PC cDNA
were able to better survive acute exposure to phorbol ester, a condition that induces apoptosis
in LNCaP parental cells [17]. The PCDH-PC peptide sequence also appears to contain a β-
catenin binding site localized within its COOH terminus [17] and we have demonstrated that
increased expression of PCDH-PC in LNCaP cells was associated with a striking change in
the intracellular localization of β-catenin protein as well as increased endogenous
transcriptional activity from an LEF-1 /TCF promotor element [20,21], a function that defines
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activation of the canonical Wnt/β-catenin signaling pathway. Wnt signaling is involved in the
differentiation of adults stem cells in epithelium of colon [23], skin [24], muscle [25],
chondrocytes [26], and hematopoietic cells [27] and is also known to be causally involved in
the development and progression of several human cancers [22]. The canonical Wnt signaling
pathway involved in embryonic cell differentiation is driven by secreted Wnt ligands that bind
to Frizzled receptor proteins on target cells [28,29]. This interaction subsequently regulates the
stability of β-catenin protein by suppressing the activity of a multi-component β-catenin
degradation complex containing glycogen synthase kinase 3 β (GSK-3), Axin, and
adenomatous polyposis coli (APC) protein. This complex promotes phosphorylation of β-
catenin and its degradation via the ubiquitin proteasome pathway. Wnt signaling antagonizes
the degradation complex leading to the accumulation of β-catenin in the cytoplasm and nucleus
of cells, allowing it to form a transcriptionally active complex with LEF-1/TCF transcription
factors that stimulates the transcription of numerous gene products that are involved in the
regulation of differentiation, cell growth, apoptosis regulation, and cell motility [30–34].
Mutations in Wnt regulatory genes (CTNNB1 [β-catenin], APC, or Axin) can also inactivate
the β-catenin degradation complex and these mutations are found frequently in a variety of
human malignancies including colorectal carcinomas, hepatocellular carcinomas, melanomas,
uterine, and ovarian carcinomas [22].

Increasing evidence indicates that the Wnt signaling pathway may play a role in the progression
of human CaP [20,35,36]. Moreover, numerous recent reports demonstrated that transient β-
catenin overexpression stimulates TCF signaling in most CaP cells lines including AR-positive
(CWR22-Rvl, LAPC-4, LNCaP) as well as AR-negative (DU145, PC-3) cell lines [36–38].
APC and β-catenin mutations have been reported to occur in human CaP cells [37,39,40],
although the frequency of these mutations is relatively low and does not account for reports of
more widespread activation of Wnt signaling pathway in human prostate tumor cells. Based
on our studies, we have proposed that expression of PCDH-PC might induce apoptosis- and
hormone resistance in CaP cells through the upregulation of Wnt signaling and β-catenin-
mediated transcriptional activity similar to effects found when β-catenin activity is modulated
during the progression of colon cancer. More recently, we showed that PCDH-PC expression,
through its effects on the Wnt signaling pathway, induces a transdiff erentiation of CaP cells
to a neuroendocrine cell-like phenotype that might reflect an increase in NE-like cells found
in CaP progression to the hormone refractory state [41].

In this study, we further evaluated the effect of PCDH-PC on canonical Wnt signaling in various
CaP cell lines and evaluated the effects of the expression of this molecule on the behavior of
androgen-sensitive CaP cells under androgen-deprived conditions in vitro and in vivo.
Moreover as an initial assessment of PCDH-PC’s role in human CaP progression, we ana lyzed
PCDH-PC mRNA expression levels and localization in a survey of primary human tissues,
including normal and cancerous specimens of human prostate. Here, we present results
showing that in addition to its ability to stimulate Wnt signaling, PCDH-PC is involved in the
acquisition of hormone resistance by CaP cells. The analysis of PCDH-PC mRNA expression
in human tissues shows that this gene product is overexpressed in hormone refractory CaP.
Together, our results suggest that PCDH-PC is a likely factor in the natural progression of CaP
to androgen independence.

MATERIALS AND METHODS
Cell Culture

LNCaP, DU145, and PC3 cells were maintained in RPMI-1640 medium. HEK293 cells were
maintained in DMEM. All media are supplemented with 10% fetal bovine serum (FBS) and
penicillin/streptomycin. Cells were grown at 37°C/5% CO2. For androgen-free conditions,
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LNCaP-derivative cells were cultured in phenol red free RPMI medium containing 5%
charcoal-stripped fetal bovine serum (CS-FBS).

Generation of CaP Cell Lines Expressing PCDH-PC
To establish clonal cell lines constitutively expressing PCDH-PC, stable transfections of
parental LNCaP (LNCaP/PCDH-PC) and PC-3 (PC3/PCDH-PC) were performed using the
4.8-kbp PCDH-PC cDNA cloned into pcDNA3 vector previously described [17].
Corresponding empty vector was transfected to generate control cells. We used LNCaP cells
to establish a variant line in which expression of PCDH-PC is controlled by ecdysone or its
analog, Ponasterone A (Invitrogen, Cergy-Pontoise, France). The cDNA containing the PCDH-
PC cDNA was cloned into an ecdysone inducible mammalian expression vector, pIND/
neomycin (Invitrogen). LNCaP-pVgRXR (stably transfected with pVgRxR/Zeocin regulator
vector and were gifts from Dr. Chang) were transfected with pIND-PCDH-PC plasmid by
lipofectamine 2000 reagent according to the recommendations of the manufacturer
(Invitrogen). The transfected cells were selected in medium containing G418 (400 µg/ml) and
Zeocin (400 µg/ml). Stable clones, which grew after 4 weeks of selection were individually
isolated by the cloning ring method and analyzed by semi-quantitative RT-PCR. Clones, which
exhibited the best inducibility of PCDH-PC by ponasterone A (10 µM) were chosen for further
characterization and were designated as LNCaP-pVgRXR/PCDH-PC.

Growth Curves and Soft Agar Assays
3.5 × 103 control LNCaP or LNCaP/PCDH-PC cells were plated in 12-well plates in growth
medium. After 1 day, cells were washed with PBS and switched to RPMI 1640 phenol-red free
medium with 5% CS-FBS represented Day 0 of the growth assay. Triplicate wells were counted
using a hemocytometer at different days. For soft agar assay, 2 × l04 control or PCDH-PC-
expressing cells were resuspended in 1 ml of 0.35% agar in RPMI containing 5% FBS or 5%
CS-FBS. This upper layer was seeded into 6-well plates coated with 0.7% agar in RPMI
containing 5% FBS or 5% CS-FBS. Every 2 days, 2 ml of corresponding fresh media was
added. After 2 weeks, the culture was stained with 0.2% p-iodonitrotetrazodium violet (Sigma,
Lyon, France) and analyzed in triplicate. Colonies larger than 50 µm in diameter were counted
using an inverse microscope at 40× magnification.

Tumor Xenografts in Castrated Nude Mouse
Nude mice (7-week-old) (Harlan Bioproducts for Science, Inc., Indianapolis, IN) were
castrated via scrotal incision and 1 week later, groups (n = 8) were subcutaneously implanted
with 2 × 106 control LNCaP (empty vector) or LNCaP/PCDH-PC cells, both mixed with 100
µl of Matrigel. Tumor size was measured biweekly and tumor volume was calculated using
the formula as previously reported [42]: V = π × H (H2 + 3a2) /6 where a = (L + W) /4, H =
height of tumor determined by caliper measurement, L = length of tumor, and W = width of
tumor.

Luciferase Reporter Assays
LNCaP/PCDH-PC, DU145, and HEK 293 were plated in 12-well dishes and incubated
overnight at 37°C. For LNCaP-pVgRXR/PCDH-PC, control ethanol or ponasterone A (10 µM)
was added to the medium. Transient transfection assays and measures of luciferase and β-gal
activities were performed as previously described [21].

Immunocytochemistry
LNCaP-pVgRXR/PCDH-PC cells were cultured on 4-well Lab-Tek chambered cover slides
(Nalge Nunc, Brumath, France). Cells were treated either with ethanol at 0.05% or with
ponasterone A at 10 µM. Forty-eight hours after, cells were fixed in 4% paraformaldehyde for
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15 min, permeabilized with 0.2% Triton X-100 for 10 min. Cells were incubated with anti-β-
catenin antibody (BD Biosciences, St.-Quentin Yvelines, France) for 1 hr. β-catenin was
visualized by using Vectastain-Elite ABC kit (Vector Laboratories, Paris, France).

Human Tissues Collection
Human tissues were obtained from the Department of Pathology at Henri Mondor Hospital,
Créteil. Five group of patients were involved in this study: Group 1 were patients with normal
prostate (obtained from donors, n = 15); Group 2 were patients with benign prostate
hypertrophy (BPH, n = 15); Group 3 were hormone-naive (untreated) CaP patients (n = 13);
Group 4 were CaP patients who received 6-month adjuvant hormonal therapy prior to radical
prostatectomy (n = 9), and Group 5 were hormone refractory CaP patients (n = 11). Whole
normal prostates were sampled according to McNeal’s zonal anatomy [43]. Normal human
tissues (brain, kidney, liver, placenta, duodenum, lung, spleen, urothelium, and skeletal muscle)
were obtained from donors. For in situ hybridization studies, prostate tissue samples were fixed
for 24 hr in formalin and embedded in paraffin.

RT-PCR Quantification of PCDH-PC in Cell Cultures and in Human Tissues
RNA was extracted from frozen tissue or cells according to Chirgwin et al. [44]. The amount
of PCDH-PC-homologous mRNA was determined by semi-quantitative RT-PCR by
comparison with an internal control, an ubiquitous transcription factor TBP as previously
reported [45]. The primers sequences for TBP were previously described [45]. The primers
sequences for PCDH-PC were: 5′-AATTGGGTAACTACACCTACTA-3′ (sense) and 5′-
CTCGAAGGTTGTCACTGGATA-3′ (antisense). Twenty-six cycles were used for the co-
amplification of PCDH-PC and TBP. After gel electrophoresis, the PCR-amplified products
were quantified with a Molecular Dynamics 300 Phosphorlmager (Sunnyvale, CA). Based on
the fact that a 13-bp deletion is present in exon 2 of the PCDH-PC homolog transcripts as
compared to the PCDH-X form, a set of PCR primers was designed to distinguish these two
transcripts. The PCR primers allow amplifying a small (130 bp) region containing the site of
the 13-bp deletion. The amplified products were analyzed by sequencing and by
polyacrylamide gel electrophoresis.

Probes and Labeling
A 249-bp PCDH-PC cDNA [18] was used as a template to generate, by unidirectional PCR, a
single strand cDNA probe. The sense and antisense probes were obtained by using respectively
either PCDH-PC forward or reverse primer. The PCR reaction mix contained a final
concentration of 100 ng cDNA, 67 mM KC1, 10 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4,
0.01% Tween 20, 1.5 mM MgCl2, 0.1 mM each of dATP, dCTP, dGTP, 0.065 mM dTTP,
0.035 mM 11-digoxigenin dUTP, and 1 µM of either forward or reverse primer. Five units of
DNA polymerase (Eurobio, Courtaboeuf, France) were added to a final reaction volume of 100
µl and the amplification process was 5 min at 94°C before 35 cycles with 1 min denaturation
at 94° C, 1 min annealing at 55°C, and 1 min extension at 72°C. Digoxygenin-labeled probes
were purified by 0.1 M NaCl/EtOH precipitation and their specific activity was quantified by
dot-blot using anti-digoxigenin as primary antibody and adjusted to a concentration of 0.5 µg/
ml.

In Situ Hybridization
Five µm paraffinized sections were deparaffinized, rehydrated, and incubated for 20 min in
0.2 N HC1 at room temperature. After washing with 5 mM MgCl2/PBS, sections were
incubated for 15 min with 0.3% TritonX-100/PBS. Tissues were then digested with 10 µg/ml
of proteinase K for 30 min at 37°C in 20 mM Tris pH 7.4 containing 5 mM EDTA. Inactivation
of enzyme was performed with 0.2% glycine/PBS for 10 min. After washing with PBS, tissues
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were refixed with 4% formaldehyde/PBS for 5 min at room temperature. After two washes
with PBS, sections were incubated for 15 min at 45°C with 10 mM DTT/PBS and acetylated
for 10 min in 0.25% acetic anhydride diluted in 0.1 M triethanolamine. Slides were rinsed in
2× SSC and prehybridized for 3 hr at 60°C with hybridization buffer containing 4 × SSC, l ×
Denhart, 10% Dextran sulfate, 100 µg/ml of salmon sperm DNA, 100 µg/ml tRNA, and 50%
formamide. Hybridization was carried out by incubation at 60°C overnight in hybridization
buffer supplemented with 5 µg/ml of sense or antisense digoxigenin probe. Slides were washed
30 min at 2 × SSC with 50% formamide and 45 min at 42°C in 20 mM β-mercaptoethanol
diluted in 0.1 × SSC, respectively. After saturation of non-specific binding sites with saturation
buffer containing 1% blocking buffer, 2% normal sheep serum diluted in 0.15 M NaCl, 0.1 M
maleic acid, pH 7.5, the alkaline phosphataselabeled antidigoxigenin conjugated antibody
(Roche, France) was added, diluted in saturation buffer. After four washes, antibody complex
was revealed by alkaline phosphatase substrate (nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyl-phosphate in 0.1 M Tris-HC1, 0.1 M NaCl, 0.05 M MgCl2; pH 9.5) containing 1 mM
levamisol.

Statistical Analysis
The data obtained by RT-PCR was analyzed for statistical significance by using Mann-Whitney
U-test. A P-value below 0.05 was considered to denote statistical significance.

RESULTS
Expression of PCDH-PC mRNA in LNCaP Cell Variants and in Primary Human Prostate
Tissues

PCDH-PC was first described in apoptosis-resistant variants of the human CaP cell line,
LNCaP-TR, and LNCaP-SSR [17]. In order to measure its relative mRNA expression level in
these cell lines, we have used a semi quantitative RT-PCR technique with an internal expression
control (TBP mRNA). As is shown in Figure 1a, the results of our assay indicated that PCDH-
PC mRNA levels were much lower in parental (apoptosis-sensitive) LNCaP cells than in the
apoptosis-resistant-TR and -SSR derivatives, confirming results previously obtained by
Northern blot analysis of RNAs from these cell types. We have also measured relative PCDH-
PC mRNA expressions in cultured human prostate cells (C4-2b, CWR22rv-l, DU145, PC3,
primary epithelial and stromal cell cultures). We found that only C4-2b and CWR22rv-l cell
lines endogenously expressed PCDH-PC mRNA (data not shown).

We utilized the semi-quantitative RT-PCR assay to examine expression levels of PCDH-PC
in RNAs extracted from 63 different specimens consisting of normal or diseased (benign and
malignant) human prostates. The results of this survey (Fig. 1b) showed a low-level expression
of PCDH-PC-related mRNA in all normal prostate tissues, regardless as to whether they were
derived from the peripheral, central, or transitional zones of the prostate (mean relative
expression of 0.302 ± 0.169, 0.411 ± 0.119, and 0.231 ± 0.134, respectively). This low level
of expression was maintained in several specimens of diseased prostate tissues consisting of
BPH or untreated (localized) CaPs (0.287 ± 0.131, BPH; 0.196 ± 0.204, untreated cancers). A
small number (8) of primary localized prostate tumors obtained from patients who had received
6 months of hormonal therapy prior to their surgery also demonstrated this low mean level
expression of PCDH-PC mRNA (0.495 ± 0.656). In contrast, tumors obtained from patients
that were experiencing hormonal failure had a mean expression of PCDH-PC mRNA that was
significantly greater than any of the other types of tissue or tumor (mean relative expression
levels in hormonal failure patients = 1.031 ± 0.896 vs. 0.307 ± 0.507 for all other tumor
specimens; P=0.017).
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This difference in PCDH-PC mRNA expression was also found when we examined tissue
sections from similar groups of patients that were subjected to in situ hybridization procedures
to evaluate PCDH-PC expression (Fig. 2). In all prostate tissues analyzed, hybridization of the
PCDH-PC antisense probe was mainly localized to epithelial cells, although occasional
endothelial cells or smooth muscle cells appeared to be weakly stained. In the normal prostate
tissues, PCDH-PC expression was predominantly found in the basal epithelium with less than
5% of ductal or acinar epithelial cells showing weak hybridization (Fig. 2a). In regions derived
from the central zone of normal prostates, we observed more extensive hybridization with the
non-basal epithelium and in some regions up to 48% of the epithelial cells were weakly labeled.
For specimens containing BPH, the hybridization pattern was very similar to that found in
normal transitional zone epithelium with labeling of basal cells and rare and weak labeling of
acinar epithelial cells. In specimens containing prostate tumors from untreated patients, all
tumor cells were found to be positive for hybridization to the PCDH-PC antisense probe and
these cells generally had a higher intensity of staining when compared with cells in the benign
regions of these specimens (Fig. 2b). No difference in staining level was observed when we
compared the staining of epithelial cells in benign regions directly adjacent to tumors with
normal peripheral or transition zone tissues. However, significantly more intense hybridization
was observed in the cells of all (localized) tumors obtained from patients with 6 months or
more of hormonal therapy prior to surgery as well as in the epithelial cells present in the benign
but atrophic glands present in these specimens (Fig. 2c,d). These data enforce the results of
our semi-quantitative RT-PCR assay and suggest that hormonal deprivation induces PCDH-
PC-related mRNA expression in both normal (but atrophic) and cancerous prostate epithelial
cells, similar to our findings in cultured and xenograft CaP cells [17,21].

Expression of PCDH-PC-Homologous mRNA in Other Normal Human Tissues
RNAs from a variety of other normal human tissues (brain, liver, lung, spleen, skeletal muscle,
duodenum, prostate, urothelium, kidney, and placenta) were also evaluated for PCDH-PC
expression using the semi-quantitative RT-PCR assay and this was compared to the levels
found to be expressed in normal human prostates (Fig. 3). The results of our surveys show that
some form of PCDH-PC mRNA is expressed in normal prostate (at a low level), in human
placenta and brain (at much higher levels). All other tissues examined lacked expression of
PCDH-PC-related transcripts. Based upon our previous finding that the sequence of PCDH-
PC cDNA, cloned from apoptosis-resistant CaP cells lacked a 13-bp region that is found in the
X-related homolog (PCDHX), we performed an RT-PCR procedure on mRNAs isolated from
the various human tissues that expressed the related transcript in order to specifically identify
whether the expression was from the X- (PCDHX) or Y-linked (PCDH-PC) gene. Using a set
of PCR primers that allow amplification of a small (130 bp) region from within exon 2 of the
PCDH-PC transcript (containing the site of the 13-bp deletion as defined from the genomic
sequence of X-chromosome gene), we performed RT-PCR amplification of mRNA extracted
from two normal human prostate, two untreated human prostate tumors, two hormone-resistant
human prostate tumors, and normal human brain and placenta. The PCR amplification product
obtained from each of these procedures was directly sequenced and the sequence demonstrated
that the brain and placenta expressed a form of PCDHX mRNA that contained the 13-bp
sequence (data not shown). In striking contrast, the sequence of the PCR product amplified
from the hormone-resistant CaP lacked the 13 base pair sequence corresponding to the PCDH-
PC-encoded homolog. However, in normal prostate and in untreated prostate tumor, no definite
sequence was obtained because of the presence of several PCR amplified products (data not
shown). These results were in line with our recent observation on apoptosis-resistant cell lines
[17] suggesting that the expression of the PCDH-PC homolog (as opposed to the PCDHX
homolog) was preferentially expressed in hormone-resistant CaP.
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PCDH-PC Enhances Endogenous Tcf Transcriptional Activity
It is well established that the formation of nuclear β-catenin/TCF complexes plays a pivotal
role in the activation of wnt target genes [46]. We have recently demonstrated that expression
of PCDH-PC was associated with a redistribution of β-catenin protein from the membrane to
the cytoplasm and nucleus of LNCaP cells and increases Wnt signaling [17,21]. In further test
to prove that PCDH-PC is critical to the wnt signaling pathway, we utilized the ecdysone
inducible expression system to generate PCDH-PC-inducible expression in LNCaP cells. The
line, which exhibited the best inducibility of PCDH-PC was designated as LNCaP-pVgRXR/
PCDH-PC. As illustrated in Figure 4a, cells treated with ponasterone A at 10 µM for 48 hr
strongly upregulated PCDH-PC mRNA compared to control cells treated with ethanol at
0.05%. Using this model, we examined by immunocytochemistry the effect of PCDH-PC on
β-catenin localization. β-catenin immunostaining is mainly restricted to the plasma membrane
of ethanol-treated cells, whereas induction of PCDH-PC expression results in increased
immunostaining within the cytosolic compartment of ponasterone A-treated cells (Fig. 4b). In
order to confirm that TCF transactivation is modulated by the expression of PCDH-PC, we co-
transfected cells with either the wild type TCF reporter vector (pTOP-flash) or mutated reporter
plasmid (pFOP-flash) and a β-gal reporter plasmid. The comparison of normalized pTOP-flash
reporter activity to normalized pFOP-flash reporter activity indicated that the TOP/FOP ratio
was significantly higher in PCDH-PC-expressed cell lines (LNCaP-pVgRXR/PCDH-PC cells
treated with ponasterone A and LNCaP that stably expressing PCDH-PC (LNCaP/PCDH-PC))
compared to control-cells (Fig. 5a,b). Furthermore, by using transient PCDH-PC-co-
transfected cells (DU145 and HEK 293), we demonstrated that PCDH-PC increases TCF
activity in a dose-dependant manner (Fig. 5c,d). These results confirm that PCDH-PC can
activate the canonical Wnt pathway in CaP cell lines as well as in other cell lines like colon
(HCT116) [21] and embryonic kidney (HEK 293) cells.

PCDH-PC Expression Influences Pro-Malignant Behavior and Hormonal Sensitivity of CaP
cells In Vitro and In Vivo

Anchorage-independent growth, assessed by colony formation in soft agar, is a marker of pro-
malignant behavior of cancer cells. In order to study the potential role of PCDH-PC in
tumorigenesis of CaP, we examined the anchorage-independent growth of PC-3 stably
expressing PCDH-PC in a semisolid agar medium. As shown in Figure 6A, the PC-3/PCDH-
PC cells, cultivated in complete medium (RMPI with 5% FCS), formed a significant greater
number of colonies compared with the control-PC-3 cells transfected with an empty pcDNA3
vector. Similar results were obtained with LNCaP stably expressing PCDH-PC (data not
shown). To determine whether increased PCDH-PC expression might induce a hormone-
sensitive to hormone-refractory transition, we designed assays to mimic the clinical
circumstances of hormone refractory disease. We first measured the ability of LNCaP cells to
grow in steroid-depleted media in vitro. As expected, control LNCaP cells switched to steroid-
depleted medium stopped growing after a very short time. In contrast, PCDH-PC expressing
LNCaP cells continue to grow in steroid-depleted medium, displaying a high rate of
proliferation (Fig. 6b) and formed colonies in soft agar (Fig. 6c) in this medium. To address
whether PCDH-PC expression promotes androgen-independent growth in vivo, control
transfected LNCaP or LNCaP/PCDH-PC cells were implanted subcutaneously into nude
mouse that had been castrated 1 week prior and tumor formation was monitored. After 7 weeks,
mice injected with control cells had no visible or palpable tumor (0/8) whereas all mice
receiving PCDH-PC transformed cells had tumor (8/8) and their average size was 114.6 ± 21.8
(mean ± SEM) mm3. These tumors were extremely vascularized and a photomicrograph of a
thin section from one of these tumors is shown in Figure 6d. Together, these data demonstrate
that PCDH-PC expression might directly convert parental LNCaP cells to a hormone-resistant
state.
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DISCUSSION
Hormone treatment for advanced CaP, albeit initially effective, is invariably complicated by
the development of hormone resistance. There is experimental evidence to support the concept
that some hormone-resistant CaP cells might be present in prostate tumors even before therapy
is applied and that hormonal therapies might simply select these hormone-resistant cells,
allowing their eventual expansion [47,48]. Other evidence suggests that the application of
hormonal therapy may enable some CaP cells to acquire hormone resistance through specific
genetic changes that occur during adaptation to the low androgen environment of the
hormonally treated patient [49–52]. Regardless of whether either one or both of these
paradigms are correct, it is likely that the androgen-resistant CaP cell is genetically different
from the androgen-sensitive CaP cell and our ability to identify the genetic differences that
confer hormone resistance to CaP cells is a prelude to the development of better and more
effective therapies for the disease.

The work described here significantly extends our previous study in which we described a
unique genetic change in CaP cell lines that had acquired resistance to apoptosis following
repeated exposure to apoptotic agents [17]. The loss of apoptosis-sensitivity was attributed to
the induced expression of one particular gene product in the apoptosis-resistant cell lines,
PCDH-PC, that was not found to be expressed in the apoptosis-sensitive parental cell line
(LNCaP) from which they were selected. Structural and experimental analysis showed that
PCDH-PC is a cytoplamic protein and contains a β-catenin binding domain [17]. The
interaction between these two proteins was demonstrated by immunoprecipitation assay [17].
In this study and in our previous reports, we show that the expression of PCDH-PC was
associated with a redistribution of endogenous β-catenin from the membrane to the cytosol of
LNCaP cells. Furthermore, the upregulation of PCDH-PC significantly increases TCF
signaling in CaP cell lines as well in other cells like colon (HCT116, HT29 (data not shown))
and embryonic kidney (HEK 293) cells. Our results are in line with numerous reports showing
that cytoplasmic or nuclear stabilization of β-catenin is associated with increase transcriptional
activity of Tcf/Lef factors at the end-point of the canonical Wnt signaling pathway. By using
specific Wnt signaling pathway microarray, we have recently demonstrated that elevated
PCDH-PC expression is also associated with increase expression of Wnt target genes (c-Myc,
Cyclin D, c-Ret, and Cox-2) and Wnt signaling molecules (Wnt-3, -7B, 10A, 11, and
FZD2,4,10) [21]. Together, we have proposed that the coincidence of cytoplasmic PCDH-PC
expression in conjunction with dysregulation of β-catenin activity associated with increase
Wnt signaling could mechanistically explain the basis for acquired apoptosis- and hormone-
resistance in CaP cells.

To further explore this hypothesis, we evaluated involvement of PCDH-PC on prostate tumor
growth both in vivo and in vitro. Our results demonstrated that PCDH-PC expression promotes
a growth advantage of CaP cells in soft agar and in androgen-deprived media. As further
evidence to the potential link between PCDH-PC and hormone-resistant CaP, we tested
whether LNCaP cells, long known to have an androgen-sensitive phenotype with regards to
their inability to form tumor xenografts in castrated male nude mice, might gain a hormone-
resistant phenotype following transfection with PCDH-PC. Indeed, PCDH-PC transformed
LNCaP cells readily formed tumors in castrated male nude mice in contrast to LNCaP cells
transfected with an empty expression vector, thus directly demonstrating that PCDH-PC
transfection not only confers an apoptosis-resistant phenotype but also a hormone-resistant
phenotype. In addition, we have completed an initial survey of normal and cancerous human
prostate tissues to determine whether PCDH-PC expression is associated with hormone-
resistance of human CaP. Semi-quantitative comparative analysis of our prostate tissues
suggest that PCDH-PC expression was low in normal prostate and in non-treated and early-
treatment cancers whereas it was significantly higher in hormone-resistant CaPs. In situ
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hybridization showed that expression of the PCDH-PC-homologous transcripts was restricted
to basal cells and occassional acinar epithelial cells in normal prostate tissue and to CaP cells
in tumor. Significantly more intense hybridization was observed in tumor cells derived from
hormone-treated patients and in tumors from patients failing hormone therapy. Our findings
suggested that PCDH-PC mRNA expression is acquired by tumor cells after hormonal
deprivation and this is consistent with our observations that LNCaP cells cultured in androgen-
free medium upregulate PCDH-PC expression [17,21]. We note here that, because of the
extensive homology between the PCDH-PC and PCDHX gene products, most of our assays
for PCDH-PC expression applied to the tissues and tumors would likely detect expression of
either homolog. However, our sequence analysis of PCR-amplified transcripts from hormone-
resistant prostate tumors definitively showed that it was the PCDH-PC-specific transcript that
was amplified from these tissues whereas our amplification of homologous transcripts from
normal brain selectively detected the PCDHX homolog.

In a previous report, the hormone-resistant prostate tumors that were used in this study were
also immunohistochemically surveyed for β-catenin. These tumors showed evidence for
abnormal distribution of β-catenin within the cytoplasm and/or nucleus of the tumor cells
[20]. This abnormal distribution was rare in the small number of untreated CaPs examined.

Immunohistochemical analysis of these specimens showed that β-catenin was almost always
restricted to the membranes of the untreated cancer cells. The fact that we failed to find any
mutations in the β-catenin molecule expressed in the hormone-resistant cancer cells, suggests
that β-catenin dysregulation found in the hormone-resistant CaP cells is likely the consequence
of increasing expression of PCDH-PC as we had proposed in our in vitro studies.

In our laboratory analysis of CaP cells, both naturally selected and genetically manipulated
CaP cells that express PCDH-PC acquire a hormone-refractory phenotype. There are reasons
to believe that this effect might be related to the ability of PCDH-PC expression (through its
actions on the Wnt signaling pathway) to induce neuroendocrine (NE) transdifferentiation of
CaP cells. Studies from other laboratories support the idea that NE transdifferentiation
associated with CaP progression after hormonal treatment increases the production of growth
stimulating neuropeptides (like bombesin or neurotensin) that can lead to androgen
independence through autocrine or paracrine pathways [53,54]. However, there is increasing
evidence that Wnt signaling cross-talks to the androgen signaling pathway through direct
interaction of β-catenin protein with the AR. Additionally, we have recently obtained evidence
that the human AR gene is a direct target of the canonical Wnt signaling (via LEF-1/TCF-
mediated transcription) and that AR mRNA is drastically increased in CaP cells that express
PCDH-PC [55].

CONCLUSIONS
Our collective results strongly support the idea that PCDH-PC expression may be a novel
mechanism that promotes progression of human CaP to hormone resistance and aggressive
states. This work suggests that the effects of PCDH-PC are mediated by its ability to influence
signaling through the Wnt signaling pathway in the CaP cell, a signaling pathway that has
proven to be very involved in oncogenesis in other organ systems. As well, increasing evidence
suggests that the Wnt signaling pathway specifically crosstalks to the androgen signaling
pathway identifying a secondary mechanism through which PCDH-PC expression has the
potential to drastically influence malignant behavior of CaP cells that express it. These data
continue to identify PCDH-PC as a potential target for therapeutics designed to suppress
aggressiveness of CaP.
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Fig. 1.
PCDH-PC mRNA expression in human prostatic tissue, hormone sensitive, and apoptosis
resistant cell lines, a: Expression of PCDH- PC mRNA was investigated by semi-quantitative
RT-PCR and by comparison with an internal control, the TBP mRNA. PCDH-PC mRNA
expression was higher in apoptosis resistant lines LNCaP-TR and LNCaP-SSR compared to
LNCaP parental cell line, b: Relative expression of PCDH-PC mRNA in prostatic tissues was
also determined by semi-quantitative RT-PCR. Values corresponded to the mean of PCDH-
PC expression levels in RNAs extract from different groups: the peripheral (n = 7), central (n
= 9), and transitional (n = 6) zones of the normal prostate, the benign hyperplastic prostate (n
= 15), untreated (n = 10), and treated (n = 8) prostate tumors and hormonal refractory patients
(n = 9). Of note, PCDH-PC expression is significantly upregulated in hormone failure group
as compared to either non-CaP, treated, or untreated CaP groups.
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Fig. 2.
In situ localization of PCDH-PC m RNA in prostatic tissues. In situ hybridization technique
was performed on formalin fixed paraffin-embedded tissue using digoxigenin-labeled PCDH-
PC antisense probes, a: Tissues from normal prostate. Note the staining corresponding to
PCDH-PC mRNA was mainly localized in the basal epithelial cells. Differentiated glandular
cells were faint or negative-stained. Representative results of ISH performed on primary
(untreated) cancers were presented in (b). Tumor cells (indicated by arrows) were strongly
positive for PCDH-PC staining compared to adjacent normal epithelial cells. In tissues obtained
from patients treated by hormonal therapy (c) and from hormone-refractory human CaPs (d),
strong staining corresponding to PCDH-PC mRNA was localized in all tumor cells (indicated
by arrows) and in normal (atrophic) epithelial cells. Magnification: a–d 200×.
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Fig. 3.
PCDH-PC mRNA is expressed in some human normal tissues. Relative expression of PCDH-
PC mRNA in different human normal tissues (brain, duodenum, kidney, liver, lung, placenta,
prostate, skeletal muscle, spleen, and urothelium) was determined by semi-quantitative RT-
PCR.
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Fig. 4.
Inducible expression of PCDH-PC causes dramatic changes in β-catenin localization, a:
LNCaP-pVgRXR/PCDH-PC cell line generated from Ecdysone system was treated with either
ponA (IO µM) or ethanol 0.05% for 48 hr. Relative expression of PCDH-PC transcripts in both
conditions was evaluated with a standard RT-PCR procedure. Note expression of PCDH-PC
is very low in absence of ponasterone and extends in presence of PonA demonstrating
inducibility of the system, b: LNCaP-pVgRXR/PCDH-PC cells were treated with vehicule
(ethanol) or with ponA (10 µM) for 48 hr, and stained for β-catenin. Interestingly,
immunostaining shows that hormone exposure is concomitant with a change in β-catenin
expression pool from the cell-cell border to the cytoplasm and occasionally in the nucleus.
Magnification 400×.
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Fig. 5.
PCDH-PC augments β-catenin /TCF-mediated transcription in various cell lines. β-catenin/
TCF-mediated transcription activation was measured by luciferase assay subsequent to 48 hr
transfection with a TOPFLASH or FOPFLASH reporter construct (1 µg) together with a β-gal
reporter plasmid (100 ng). Various cells lines were used: (a) LNCaP-pVgRXR-PCDH-PC,
stable treated with ethanol at 0.05% or with ponA (10 µM) for 48 hr; (b) LNCaP that stably
expresses PCDH-PC (LNCaP-PCDH-PC) and Mock-transfected control cells; (c) DUI45 and
(d) HEK 293. HEK 293 and DUI45 were co-transfected with various doses of either pcDNA3
or pcDNA3-PCDH-PC expression plasmids (0,400, or 750 ng) as indicated. TCF-dependent
transcription was defined as the ratio TOPFLASH/FOPFLASH luciferase activities each
corrected internally for β-gal activities.
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Fig. 6.
PCDH-PC promotes anchorage and androgen-independent CaP cell growth, a: Soft agar assays
of PC-3 stably expressing PCDH-PC (PC-3/PCDH-PC) or mock transfected PC-3 (control
PC-3) cells. Cells (20,000) were seeded in triplicate in 6-wells plates. The colonies were
counted after 2 weeks of culture in completed medium (RMPI/5% FCS). The number of soft
agar colonies presented is the mean of colony counts in 10 40× microscopic fields from three
wells, b: Growth curve assays. LNCaP/PCDH-PC cells or empty-vector-transfected LNCaP
cells (3,500) were seeded in triplicate in 12-well plates. The cells were cultivated in hormone-
deprived medium (RMPI/5% CS-FCS). At 2–3 day intervals, the cell number was analyzed.
In contrast to control cells, LNCaP/PCDH-PC continued to proliferate in androgen-depleted
medium, c: Anchorage-independent growth in hormone-deprived medium. LNCaP/PCDH-PC
cells or empty-vector-transformed LNCaP cells (20,000) were seeded in triplicate in 6-well
plates. The colonies were counted after 2 weeks of culture in RMPI/5% CS-FCS. Error bars
indicate standard errors. *P < 0.001 compared with control-cells. d: Tumorigenicity of PCDH-
PC overexpressed LNCaP cells in castrated nude mice. 2 × 106 of either control LNCaP cells
or LNCaP/PCDH-PC cells were injected into eight nude mice castrated 1 week before injection.
After 7 weeks, mice injected with control cells had no visible or palpable tumor (0/8) whereas
100% of castrated mice xenografted with LNCaP/PCDH-PC cells formed tumors (8/8).
Hematoxylin and eosin staining showed these tumors were highly vascularized. Magnification:
200×.
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