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ABSTRACT

The Wnt signaling pathway is aberrantly activated in many tumor
types, including those of the prostate, in which �-catenin accumulates in
cell nuclei and acts as a transcriptional coregulator for the androgen
receptor. Because activating mutations in the �-catenin gene are rare in
prostate cancer, we have looked for altered expression of other compo-
nents of the Wnt signaling pathway in prostate cancer cells. Here we
determined the expression levels of Wnt family genes in cultured human
prostate cells and prostate cancer cell lines. We found that WNT11
expression is elevated in hormone-independent prostate cancer cell lines.
Additional analysis indicated that WNT11 expression is also elevated in
high-grade prostatic tumors and in hormone-independent xenografts.
Growth of hormone-dependent LNCaP cells in hormone-depleted media
led to increased WNT11 expression, which was repressed by the synthetic
androgen R1881. This repression was inhibited by the antiandrogen bi-
calutamide, suggesting that androgens negatively regulate WNT11 expres-
sion through the androgen receptor. Expression of WNT11 inhibited
androgen receptor transcriptional activity and cell growth in androgen-
dependent cells but not in androgen-independent cells. WNT11 inhibited
activation of the canonical Wnt pathway by WNT3A in HEK 293 cells and
inhibited basal �-catenin/Tcf transcriptional activity in LNCaP cells.
However, expression of stabilized �-catenin did not prevent the inhibition
of androgen receptor transcriptional activity by WNT11. Our observa-
tions are consistent with a model in which androgen depletion activates
WNT11-dependent signals that inhibit androgen-dependent but not an-
drogen-independent cell growth.

INTRODUCTION

Most malignant prostate tumors are initially androgen dependent
and androgen-ablation therapy leads to tumor regression. However,
prostate cancer recurs, and no current therapy increases survival once
androgen deprivation is no longer effective (1). Because the majority
of androgen-independent tumors continue to express the androgen
receptor (AR), aberrant activation of the AR pathway in the absence
of high circulating levels of androgen is believed to contribute to the
growth of such tumors. Several proteins have been described that
potentiate AR transcriptional activity (see review in ref. 2). One such
protein is �-catenin, which potentiates ligand-dependent AR activity
and promotes AR activation by estradiol and the adrenal androgen
androstenedione (3–6; for a comprehensive review see ref. 7). �-Cate-
nin is therefore a candidate for regulating prostate cancer progression
to androgen independence.

A hallmark of activation of the Wnt signaling pathway is the
stabilization of �-catenin, which was first observed for the Drosophila
homologue of �-catenin, Armadillo (see review in ref. 8). The Wnt

signaling pathway is aberrantly activated in many types of cancer,
most commonly in colon cancer, in which mutations in adenomatous
polyposis coli or in �-catenin are frequent (see review in refs. 9 and
10). In prostate cancer, �-catenin is activated by mutation in 5% of
tumors (11, 12). Mutant �-catenin accumulates in the cytoplasm and
enters the nucleus, where it associates with Tcf/LEF-1 family tran-
scription factors and activates genes involved in cell proliferation. In
recent studies, 25 to 38% of metastatic androgen-independent prostate
tumors were found to be comprised of tumor cells with cytoplasmic
and/or nuclear �-catenin (13, 14). At present, it is not known if
nuclear �-catenin promotes prostate cancer progression through its
interactions with the AR or Tcf/LEF-1 family transcription factors (4).

One hypothesis is that deregulation of extracellular components of
the Wnt pathway is involved in the step to androgen independence. If
this proves to be the case, targeting these molecules and the genes they
regulate might lead to treatments for advanced prostate cancer. As a
first step in testing this hypothesis, we have used reverse transcription
(RT)-PCR to examine Wnt family gene expression levels in prostate
cells. There are 19 human WNT genes (15). Historically, they have
been grouped into two classes, canonical and noncanonical. Canonical
Wnt family members (e.g., WNT1) stabilize �-catenin, thereby acti-
vating transcription of Tcf/LEF-target genes. Noncanonical Wnt fam-
ily members (e.g., WNT5A) activate other signaling pathways, such
as the planar-cell-polarity pathway, which guides cell movements
during gastrulation (16), and the Wnt/Ca2� pathway (see review in
ref. 17). In some instances, noncanonical Wnts antagonize the canon-
ical pathway (18–20). Here we show that expression of WNT11, a
noncanonical Wnt, is elevated in androgen-independent prostate can-
cer cell lines and high-grade prostate tumors. Our experiments also
show that mutual inhibition of WNT11 and AR, which occurs in
LNCaP cells, is lost in hormone-independent prostate cancer cells.
These observations warrant further investigation into the role of
WNT11 in the progression of prostate cancer to androgen-indepen-
dence.

MATERIALS AND METHODS

Cell Culture. The cell lines used were obtained from American Type
Culture Collection (Rockville, MD), except for LAPC-4 cells (21) obtained
from Charles Sawyers (UCLA, Los Angeles, CA), CWR-R1 cells (22) ob-
tained from Christopher Gregory (University of Carolina at Chapel Hill,
Chapel Hill, NC) and LNCaP-r cells and BPH-1 cells obtained from El-Nasir
Lalani (Imperial College). Fetal bovine serum (FBS), charcoal-stripped serum
(CSS), antibiotics (100 units/mL penicillin, 100 �g/mL streptomycin) and cell
culture media were purchased from Invitrogen (Paisley, United Kingdom) or
Sigma (Gillingham, United Kingdom), except HPC-1 medium (AthenaES,
Baltimore, MD). R1881 was purchased from DuPont-NEN (Boston, MA),
Casodex was kindly provided by AstraZeneca (Chesire, United Kingdom), and
cycloheximide was purchased from Sigma. LAPC-4 cells were grown in
Iscove’s modified DMEM containing 15% FBS and 10 nmol/L R1881.
CWR-R1 cells were grown in Richter’s Improved MEM containing 10 mmol/L
nicotinamide, 20 ng/mL epidermal growth factor, 5 �g/mL insulin, 5 �g/mL
transferrin, 5 ng/mL selenium, and 2% FBS. MDA-PCa 2b cells were grown
on FNC coating mix (AthenaES) in HPC-1 medium containing 20% FBS.
LNCaP-FGC, LNCaP-r, DU145, PC-3, and BPH-1 cells were grown in RPMI
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1640 containing 10% FBS. Prostate epithelial cells (PrEC; Cambrex Cork Ltd.,
Cork, Ireland, United Kingdom) were grown in Prostate Epithelial Cell Growth
Medium (Cambrex Bio Science, Nottingham, United Kingdom). Prostate fi-
broblasts and smooth muscle cells, kindly provided by Dr. Tahereh Kamalati
(Imperial College), were grown in Stromal Cell Growth Medium (Cambrex).
HEK 293 cells, L cells and L-WNT3A cells were grown in DMEM with 10%
FBS with 0.4 mg/mL G418 (L-WNT3A only). WNT3A-conditioned medium
was collected as recommended by American Type Culture Collection and used
at 1:10 dilution. For drug treatments, cells were grown for 48 hours in phenol
red-free medium containing 5% CSS before addition of drug. Control cultures
received an equal volume of carrier that did not exceed 0.1% (v/v). Casodex (3
�mol/L) was added to cells 15 minutes before R1881. Cycloheximide was
used for 24 hours at 10 �g/mL.

Prostate Tumor Tissues. Benign and malignant prostate samples from
consenting patients were obtained with local ethics approval by transurethral
resection and were assessed using the Gleason grading system. Xenograft
tumors were generated as described previously (23). Briefly, upon castration of
mice bearing androgen-dependent CWR22 tumors, prostate-specific antigen
(PSA) levels fall dramatically, and the tumors regress. In some castrated
animals, the tumors will relapse after a few months and are then known as
androgen-independent CWR22R (24). CWR22 and CWR22R cells from
Thomas Pretlow (Case Western Reserve University, Cleveland, OH) were
mixed with Matrigel (BDH Chemicals, Poole, United Kingdom) to give a final
volume of 0.1 mL containing approximately 5 � 105 cells/syringe. Cells were
implanted by subcutaneous injection into the right flank of CD1 male nude
mice or castrated male nude mice aged between 12 and 16 weeks (Charles
River UK, Ltd., Margate, United Kingdom). Tumors developed approximately
2 to 3 months after injections. Once a palpable tumor developed, the animals
were sacrificed by cervical dislocation; the tumor was then removed and snap
frozen in liquid nitrogen. All animal work was carried out under Home Office
guidelines in a dedicated animal house.

RNA Analysis. Total RNA from cell lines, cultured primary cells, and
CWR22 xenograft tumor tissue was extracted with Trizol reagent according to
the manufacturer’s instructions (Invitrogen). Reverse transcription was done
using Superscript II (Invitrogen) and 5 �g of total RNA from cultured cells or
using Moloney murine leukemia virus reverse transcriptase and 2 �g of total
RNA from xenograft tumor tissue. For prostate cancer tissue analysis, the
one-step RT-PCR kit (Qiagen) was used to homogenize and process frozen
samples. PCR amplification was carried out using increasing amounts of
reverse transcribed template DNA, 10 pmol of each primer, 0.2 mmol/L dNTPs
and Taq polymerase (Promega) in buffer provided by the manufacturer. Puri-
fied gene-specific oligonucleotides (MWG, Berlin, Germany) based on the
published sequences of human Wnt genes were used. Two different pairs of
oligonucleotides were used for WNT11. In general, denaturation was for 30
seconds at 94°C, annealing for 30 seconds at 58°C, and extension for 40
seconds at 72°C. Expression levels among the cell lines were estimated by
comparing band intensities on 1% agarose gels containing ethidium bromide.
To ensure that the results obtained were at least semi-quantitative, at least two
independent preparations of RNA and two preparations of cDNA were used,
and each experiment was repeated three times. In assays for actin, the amount
of template and the number of cycles (26, 28, 30, and 32 cycles) were varied
to determine the cycle number at which a 2-fold increase in the amount of
template resulted in at least a 2-fold increase in the PCR product. Similar
assays were conducted for WNT11 but using higher cycle numbers. The results
presented were done at 30 cycles for actin and 40 cycles for WNT11. Note that
the RT-PCR for mouse Wnt11 (Fig. 4) was not quantitative. The oligonucleo-
tide sequences used are available on request.

To obtain an estimate of the number of WNT11 transcripts per cell, we
generated a 594 bp fragment of human WNT11 (nucleotides 749-1342 of gene
NM_004626) by RT-PCR from LNCaP-r cell RNA, using the primers GTA-
AGTGCCATGGGGTGTCT and GCTTCCAAGTGAAGGCAAAG and
cloned into the pGEM-T Easy vector (Promega). Increasing dilutions of
pGEM-T Easy human WNT11 and cDNA that had been generated from a
specific number of LNCaP-r cells were subjected to 40 cycles of PCR using
two internal WNT11 primers TGCAGGAGCTGCAGGATGTGG and
AGCTCCATGGAGTGTCTCCAG to amplify a 456 bp WNT11 fragment
(nucleotides 783-1259). The WNT11 primers were the same as those used for
RT-PCR analysis of tissues and cell lines. The band intensities were compared
and used to deduce the number of transcripts per cell. In three independent

experiments, the minimum amount of WNT11 plasmid required for detection
was 8 � 10�7 �g, corresponding to 2 � 105 molecules. The intensity of the
PCR product at this plasmid concentration was similar to the intensity of the
PCR product from cDNA derived from 2 � 104 cells, indicating that there are
roughly 10 transcripts per cell in LNCaP-r cells (data not shown). A further
6-fold dilution of the cDNA yielded no detectable PCR product, suggesting
that under the conditions used we could not detect WNT11 expressed at below
1.7 transcripts per cell.

DNA Reagents. pLNCX mWNT3A and pLNCX mWNT11 (mWNT11
protein is 97% identical to human WNT11) were kindly provided by Andreas
Kispert (Hannover, Germany). Mouse mammary tumor virus (MMTV)-lucif-
erase was from Charlotte Bevan (Imperial College). pOT- and pOF-luciferase
were from Bert Vogelstein and Ken Kinzler (Johns Hopkins University,
Baltimore, MD). The other plasmids used are described in Giannini et al.
(25, 26).

Transient Transfections and Transcription Assays. All cells were trans-
fected in triplicate in 6-well tissue-culture plates using Lipofectamine Plus
(HEK 293, CWR-R1) or Lipofectin (LNCaP, LNCaP-r) according to manu-
facturers instructions (Invitrogen). For transcription assays, each well of a
6-well plate was transfected with Rous sarcoma virus (RSV) promoter-driven
�-galactosidase (200 ng for prostate cells; 20 ng for HEK 293), 200 ng pOT
or pOF or 200 to 400 ng MMTV-luciferase, pLNCX, pLNCX mWNT3A, or
pLNCX mWNT11. In all experiments, pLNCX was used to compensate for the
different amounts of pLNCX mWNT11. The stable cell lines expressing
mWNT11 (Fig. 4C) were analyzed by transfection with 300 ng RSV-�-gal and
600 ng MMTV-luciferase without pLNCX. WNT3A- and control-conditioned
medium (collected according to the directions from ATCC) was added to HEK
293 cells at 1:10 dilution after removal of DNA/lipid complexes. After trans-
fection, cells were incubated in normal growth medium for 24 to 40 hours (for
experiments using pOT and pOF) or in phenol red-free medium (for experi-
ments using MMTV-luciferase) containing either 5% CSS (LNCaP, LNCaP-r)
or 2% CSS (CWR-R1) for 16 hours. R1881 (1 nmol/L) or carrier (ethanol,
EtOH) was added for 24 to 30 hours. Transfected cells were rinsed in PBS and
processed for luciferase and �-galactosidase assays with the Luclite Plus
(Perkin-Elmer Life Sciences) and the Galacto-Light Plus (Applied Biosystems,
Foster City, CA) chemiluminescent kits. HEK 293 cell extracts were diluted
50-fold before �-galactosidase assays.

Cell Extraction and Western Blotting. For total cell extracts, we used
antiandrogen-receptor (DAKO, Carpinteria, CA) at 1:1000 followed by anti-
�-tubulin (Sigma) at 1:1000. Cells were rinsed in PBS, lysed in radioimmu-
noprecipitation assay buffer, and subjected to Western blotting as described
previously (25, 26). For analysis of soluble �-catenin, cytosolic extracts from
transfected HEK 293 cells were generated by hypotonic lysis (27) and probed
using anti-�-catenin mAb (BD Biosciences, Cowley, United Kingdom). To
detect WNT11, a confluent 100-mm plate (Fig. 2F) or one well of a 6-well
plate (Fig. 4B) of cells was rinsed three times with serum-free RPMI 1640 to
remove serum proteins that interfered with detection of WNT11. Cells were
then grown for 16 hours in serum-free RPMI 1640 with or without 1 nmol/L
R1881 and 50 �g/mL heparin to release extracellular matrix- and cell-mem-
brane-associated WNT11. The supernatant was centrifuged to remove cell
debris and added to 50 �L StrataClean Resin (Stratagene, La Jolla, CA).
Resin-bound proteins were pelleted by centrifugation, resuspended in SDS
sample buffer, and heated to 95°C before Western blotting. Purified anti-
WNT11 peptide antibody (28) kindly provided by Len Eisenberg (Medical
University of South Carolina) was used at 1:2000.

Generation and Analysis of LNCaP Cell Lines Expressing WNT11.
LNCaP cells were transfected with pLNCX or pLNCX mWNT11 in 100-mm
plates using Lipofectin (Invitrogen). Two days after transfection, the cells were
selected in growth medium containing 0.4 mg/mL G418. Single colonies of
cells were expanded and analyzed for expression of mWNT11. For growth
assays, cells (10,000 cells/well) were seeded in 96-well plates and allowed to
attach for 24 hours. We measured the number of viable cells, using the cell
proliferation reagent WST-1 according to manufacturers instructions (Roche,
Lewes, East Sussex, United Kingdom). For Fig. 4D, the growth rate was
calculated as the ratio between of the number of viable cells on day 4 and day
1 after plating. To measure androgen-dependent growth, the growth medium
was removed on day 1; the cells were then washed in PBS and fed with
androgen-depleted medium in the presence or absence of 1 nmol/L R1881.
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Colony Formation Assays. LNCaP cells and LNCaP-r cells in 6-well
plates were transiently transfected with either pLNCX or pLNCX mWNT11.
One day after transfection, cells from each well were reseeded in 100-mm
dishes and grown for 3 weeks in the presence of 0.4 mg/mL G418. Colonies
were then stained using crystal violet and counted. In a representative exper-
iment, LNCaP cells transfected with pLNCX formed 150 colonies, and those
transfected with WNT11 formed 80 colonies, the latter were also smaller than
those in the control. In LNCaP-r cells, the number and size of colonies were
similar for cells transfected with pLNCX or WNT11, at approximately 600
colonies per plate. The higher number of colonies reflected the higher trans-
fection and/or plating efficiency of LNCaP-r cells.

RESULTS

WNT11 Expression Increases During Prostate Cancer Progres-
sion. We used semi-quantitative RT-PCR to determine the Wnt ex-
pression in prostate cancer cell lines and cultured prostate cells. The
former included cells that express AR and require androgens (or
related hormones) for growth (LAPC-4, MDA-PCa 2b, and LNCaP),
cells that express AR but are androgen-independent for growth
(LNCaP-r and CWR-R1), and cells that do not express AR (DU145
and PC-3). We also used an immortalized epithelial cell line from a
patient with benign prostate hyperplasia (BPH-1), cultured primary
PrEC, primary prostate fibroblasts and prostate smooth muscle cells.

Several Wnts were expressed both in prostate epithelial and stromal
cells (Fig. 1A; Table 1). In addition, prostate epithelial cells expressed
a number of Wnts not found in stromal cells. WNT1 and WNT3A

were not expressed in any prostate cell type, and WNT2 was ex-
pressed exclusively in stromal cells. The expression of WNT3 was
unique to CWR-R1 cells. There were several other differences in the
Wnt expression profiles of the prostate cancer cell lines, some of
which might reflect their unique karyotypes.

Interestingly, when Wnt expression profiles were compared with
capacity for hormone-dependent growth, WNT11 expression was
found to be low or absent in hormone-dependent cell lines (Fig. 1A,
Lanes 3, 8, and 9) and more highly expressed in hormone-independent
cell lines (Fig. 1A, Lanes 2, 4, and 7). We calculate that androgen-
independent cells contain at least 10 transcripts of WNT11 per cell
whereas androgen-dependent cells contain fewer than 2 transcripts per
cell (data not shown). The results suggest that progression to androgen
independence correlates with increased expression of WNT11. We
also found that WNT7B and WNT14 were more highly expressed in
AR-negative prostate cancer cell lines (DU145 and PC3, Lanes 2 and
4, respectively), whereas WNT10B, like WNT11 was more highly
expressed in the androgen-independent prostate cancer cell lines.
Because some of these differences might be cell-line specific, we
compared the Wnts expressed in androgen-dependent LNCaP cell line
and an androgen-independent derivative, LNCaP-r (Fig. 1B). This
revealed four reproducible differences. WNT5B, WNT8B, and
WNT11 were more highly expressed in LNCaP-r cells, and WNT16
expression was more highly expressed in LNCaP cells. These Wnts
might therefore be associated with the transition to androgen inde-

Fig. 1. Wnt family gene expression profiles of prostate cancer cells
and cultured primary prostate cells. A, RT-PCR was used to compare
expression levels of Wnt family genes in DU145 (Lane 2), LNCaP (Lane
3), PC3 (Lane 4), CWR-R1 (Lane 7), LAPC-4 (Lane 8), and MDA-PCa
2b (Lane 9) prostate cancer cell lines, in cultured primary PrEC (Lane 1),
prostate smooth muscle cells (PrSM, Lane 5), and prostate fibroblasts
(PrFib, Lane 6). B, RT-PCR was used to determine Wnt gene expression
levels in LNCaP cells and the androgen-independent clone LNCaP-r. C,
RT-PCR was used to determine the expression levels of WNT11, actin,
and hepsin in benign prostatic hyperplasia tissue samples (BPH) and in
samples from patients with prostate cancer. The numbers on top indicate
Gleason scores. D, RT-PCR was used to determine the expression levels
of WNT11 and actin in androgen-dependent (AD) and androgen-inde-
pendent (AI) CWR22 xenograft tumor tissue.
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pendence in LNCaP cells. Taken together our results indicate that the
expression of WNT11 correlates well with hormone-independent
growth of prostate cancer cells.

To determine whether WNT11 was expressed in prostate tumors,
we used prostate tissue samples from 10 patients (Fig. 1C). WNT11
was expressed at low levels in two of three nonmalignant cases (Lanes
1 and 2) and in three of three Gleason sum score 6 cases (Lanes 4–6).
WNT11 expression was elevated in one nonmalignant case (Lane 3),
but this sample also had increased expression of hepsin, a gene known
to be up-regulated in prostate cancer (29). This patient is on follow up;
his PSA level to date has remained static. Importantly, WNT11
expression was elevated in all four cases that were Gleason grade 7 or
above (Lanes 7 to 10). Although the number of samples examined is
small, the results suggest that WNT11 expression is increased in
aggressive or poorly differentiated prostate cancer.

To determine whether WNT11 expression increases during the
transition from androgen-dependent to androgen-independent prostate
cancer in vivo, we examined CWR22 xenograft tumors taken from
mice (Fig. 1D). WNT11 was expressed in the androgen-dependent
tumor, but its level of expression was higher in the androgen-inde-
pendent tumor. These results support the data that used cultured
prostate cancer cell lines and suggest that increased WNT11 expres-
sion accompanies the transition to androgen-independent prostate
cancer.

WNT11 Expression Is Inhibited by the Androgen R1881. The
LNCaP cell line is a popular tool for studies of androgen-dependent
prostate cancer. We therefore chose to use LNCaP cells to examine
the regulation of WNT11 expression (Fig. 2). Interestingly, growth of
LNCaP cells in hormone-depleted medium induced expression of
WNT11 (Fig. 2A, Lane 1). This suggested that a factor(s) in normal
growth medium represses WNT11 expression, because it is not ex-
pressed in growing cells (see Fig. 1A and B). Addition of the synthetic
androgen, R1881, repressed the WNT11 expression (Lane 2). The AR
antagonist Casodex did not affect the expression of WNT11 in cells
grown in hormone-depleted medium (Lane 3), but it prevented the
repression of WNT11 expression by R1881 (Lane 4). These results
indicate that androgens negatively regulate WNT11 expression
through the AR. As controls we used DRG-1, a known androgen-
dependent gene (30), and �-actin.

Because hormone depletion results in growth arrest of LNCaP cells,

we wished to determine whether WNT11 expression increased in
response to growth arrest per se. We treated LNCaP cells growing in
normal medium with cycloheximide to induce nonspecific growth
arrest (Fig. 2B). Cycloheximide treatment of LNCaP cells did not
induce expression of WNT11 (Lane 2), suggesting WNT11 expres-
sion is not simply increased in growth-arrested cells.

To characterize further the effects of R1881 on WNT11 expression,
we examined WNT11 expression at various doses of hormone and at
different time points (Fig. 2C). Of those concentrations tested, the
minimal concentration of R1881 required for repression of WNT11
expression was 1 nmol/L (Fig. 2C, Lane 2). Repression of WNT11
expression was first detectable 24 hours after addition of R1881 (Fig.
2D, Lane 4). This was in contrast to the increased expression of
DRG-1, which could be detected after 4 hours (Lane 2) and was
maximal at 24 hours (Lane 4). We next conducted experiments in the
presence and absence of cycloheximide, an inhibitor of protein syn-
thesis (Fig. 2E). The loss of WNT11 expression in the presence of
R1881 (Lane 3) was reversed by cycloheximide (Lane 4), suggesting
that repression of WNT11 requires de novo protein synthesis and is
most likely an indirect AR gene target. In contrast to a previous report
(30), cycloheximide prevented R1881 induction of DRG-1 (Lane 4).
We also examined the expression of PSA, a direct gene target of AR.
Although PSA was expressed in hormone-depleted cells (Lane 1),
R1881 treatment increased PSA expression further (Lane 3), and
cycloheximide did not affect this induction (Lane 4).

We wished to determine whether the changes in the expression of
WNT11 mRNA correlated with changes in the level of WNT11
protein. The detection of Wnts has been hampered by low expression
and/or the difficulty in generating anti-Wnt antibodies. WNT11 has
been detected in conditioned medium from QCE-6 quail mesoderm
cells incubated in serum-free medium in the presence of heparin,
which releases WNT11 from the cell surface (31). We used this
method to determine the level of WNT11 protein secreted by LNCaP
cells (Fig. 2F). As a positive control, we used LNCaP cells transiently
transfected with mWNT11 (Lane 1). LNCaP cells transiently trans-
fected with empty vector (Lane 2) were found to secrete a small
amount of WNT11 protein. This might result from the serum-free (and
therefore hormone-depleted) culture conditions used to collect pro-
teins released by heparin. The amount of WNT11 protein in condi-
tioned-medium from LNCaP cells grown in the absence of hormone

Table 1 Comparison of Wnt family expression levels in prostate cells

LAPC-4 MDA-PCa2b LNCaP LNCaP-r CWR-R1 DU145 PC3 BPH1 PrEC PrFib

AR � � � � � � � � � �
H.D. � � � � � � � � � �
WNT1 � � � � � � � � � �
WNT2 � � � � � � � � ���
WNT2B1 � � � � � �� �� � �� �
WNT2B2 � � � � � � � � �
WNT3 � � � � � � � � �
WNT3A � � � � � � � � �
WNT4 � �� �� �� � �� �� �� ��
WNT5A �� � � � �� �� ��� �� ��
WNT5B �/� � � � � � � �� ��
WNT6 �� � �� �� �� � �� �� �
WNT7A � � � � � � � � �
WNT7B � �/� � � �/� ��� ��� �/� � �
WNT8A �� � � � �/� �� � � �
WNT8B �� � � �/� �� � ��� � �� �
WNT10A � � �� � � �� � �� �
WNT10B � � �� �� ��� ��� ��� ��� �
WNT11 �/� �/� � � ��� �� ��� � � �
WNT14 �� � � � �� ��� ��� �� �
WNT15 �� �� �� �� �� �� �� �� ��
WNT16 � � �� � �� � �� �� ��

NOTE. The relative expression levels of Wnt family members as determined by RT-PCR is indicated by the number of �. �/� signifies weak but detectable expression. AR specifies
androgen receptor status; H.D. reflects hormone-dependence for growth. WNT2B1 and WNT2B2 are alternatively spliced forms of WNT2B. PrEC, prostate epithelial cells; PrFib,
prostate fibroblasts (identical data were obtained for prostate fibroblasts and smooth muscle cells).
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(Lane 4) was greater than that from cells grown in the presence of 1
nmol/L R1881 (Lane 3). Thus the level of WNT11 protein, like that
of WNT11 mRNA, is reduced by R1881 in LNCaP cells.

WNT11 Represses AR Transcriptional Activity in LNCaP Cells
but not in Androgen-Independent Prostate Cancer Cells. The
expression of WNT11 in androgen-independent prostate cancer cells
and its repression by androgens in LNCaP cells suggests that there is
a link between WNT11 and AR activity. Therefore, we examined the
effects of expressing WNT11 on AR transcriptional activity by ex-
pressing mWNT11 and conducting transcription assays using
MMTV-luciferase, a reporter containing a fragment of the MMTV
promoter known to be regulated by the AR (Fig. 3). mWNT11
repressed AR transcriptional activity in a dose-dependent manner in
LNCaP cells (Fig. 3A), but it had no effect on AR activity in the
androgen-independent prostate cancer cell lines LNCaP-r and

CWR-R1 (Fig. 3B). These results indicate that the responses of
androgen-dependent and androgen-independent prostate cancer cells
differ with respect to WNT11.

WNT11 Represses LNCaP Cell Growth. To determine the ef-
fects of WNT11 on cell growth, we generated stable LNCaP cell lines
expressing mWNT11 or empty vector. RT-PCR analysis (which was
not quantitative in this experiment; Fig. 4A) and Western blotting
(Fig. 4B) indicated that several clones expressed mWNT11. As re-
ported previously (31), WNT11 was poorly secreted into the medium
in the absence of heparin (compare Fig. 4B Lanes 3 and 4). The
presence of nonspecific bands precluded detection of WNT11 protein
in cell extracts.

We next determined whether stable expression of WNT11 affected
AR transcriptional activity. In agreement with the results in Fig. 3, AR
transcriptional activity was significantly lower in cell lines stably

Fig. 3. WNT11 expression inhibits AR-dependent transcription. A, LNCaP cells were
transfected with the indicated amounts of WNT11 plus pMMTV-luciferase and RSV-�-
galactosidase (reporters) and grown in hormone-depleted medium for 16 hours. R1881 (1
nmol/L) was added 24 hours before measurement of luciferase and �-galactosidase
activities. Values shown are luciferase activity (�1000) normalized to �-galactosidase
activity and are from a representative experiment. B, LNCaP cells, LNCaP-r cells, and
CWR-R1 cells were transfected with 50 ng pLNCX (V) or pLNCX mWNT11 plus
reporters. Cells were grown in hormone-depleted medium for 16 hours. R1881 (1 nmol/L)
was added for 24 hours before assay. Values shown are luciferase activity (�1000)
normalized to �-galactosidase activity. All experiments were done three times in tripli-
cate, and error bars represent SD (where error bars are not visible the errors are
negligible). Student’s t test indicated that the differences between the AR activities in
vector and WNT11-transfected cells are significant in LNCaP cells (P � 0.001) but not
in LNCaP-r cells (P � 0.7) or CWR-R1 cells (P � 0.8).

Fig. 2. A, Casodex blocks repression of WNT11 by R1881. RT-PCR was used to
determine the expression levels of WNT11, DRG-1, and actin in LNCaP cells grown in
hormone-depleted medium for 48 hours with EtOH (Lane 1), 1 nmol/L R1881 (Lane 2),
3 �mol/L Casodex (Cas; Lane 3), or R1881 with Casodex (Lane 4). B, cycloheximide
does not induce WNT11 expression. RT-PCR was used to determine the expression levels
of WNT11, DRG-1, and actin in LNCaP cells grown for 24 hours either in normal growth
medium (Lane 1), in normal growth medium with cycloheximide (CHX; Lane 2), or in
hormone-depleted medium (CSS; Lane 3). Dose-response (C) and time course (D) for the
effects of R1881 on WNT11 expression. LNCaP cells were grown in hormone-depleted
medium and treated for 48 hours with the indicated concentrations of R1881 (C) or were
grown in hormone-depleted medium for 48 hours and then treated with 1 nmol/L R1881
for the indicated times (D), and RT-PCR was used to determine the expression levels of
WNT11, DRG-1 (D only), and actin. E, repression of WNT11 expression by R1881 in
LNCaP cells is inhibited by cycloheximide. RT-PCR was used to determine the expression
levels of WNT11, DRG-1, PSA, and actin in LNCaP cells grown in hormone-depleted
medium and treated for 48 hours with EtOH (Lane 1), cycloheximide (CHX; Lane 2), 1
nmol/L R1881 (Lane 3), or R1881 with CHX. F, detection of WNT11 protein in LNCaP
cells. WNT11 protein expression was determined by Western blotting of cell-conditioned
medium from heparin-treated LNCaP cells transiently transfected with mWNT11 (Lane
1), LNCaP cells transiently transfected with empty vector (Lane 2), hormone-starved
LNCaP cells grown in the presence of 1 nmol/L R1881 (Lane 3), and hormone-starved
LNCaP cells (Lane 4). The arrowhead indicates the position of WNT11.
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expressing WNT11 than in control cells (Fig. 4C). There was no
detectable effect of WNT11 on the level of AR protein in Western
blots (data not shown), suggesting that the inhibitory effect of WNT11
on AR activity does not result from a reduction in AR expression.

When the growth rates of the LNCaP cell lines were compared (Fig.
4D), the growth rates (in normal growth medium) of the WNT11-
expressing cell lines were significantly lower than those of the control
cells. In addition, ectopic expression of WNT11 also led to a reduction in
cell proliferation in LNCaP cells in colony formation assays (150 colo-
nies per plate in vector-transfected cells and 80 colonies in WNT11-
transfected cells), and this was not observed for LNCaP-r cells (600
colonies per plate for both vector- and WNT11-transfected cells; data not
shown). LNCaP cell growth was also examined in hormone-depleted
medium in the absence or presence of 1 nmol/L R1881 (Fig. 4E).
WNT11-expressing cells grew more slowly than control cells in the
presence of R1881. WNT11 expression did not seem to affect the growth
rate of LNCaP cells grown in the absence of hormone, as might be
expected given that LNCaP cells do not grow under these conditions, and
endogenous WNT11 is induced by hormone-depletion. In conclusion,
stable expression of WNT11 both represses AR transcriptional activity
and reduces androgen-dependent growth in LNCaP cells.

WNT11 Represses the Canonical Wnt Pathway. One possible
outcome of WNT11 expression is inhibition of canonical Wnt signal-
ing, as has been observed for other noncanonical Wnts (18–20). We
therefore examined the effect of WNT11 expression on the canonical
Wnt signaling pathway in HEK 293 cells, which respond well to the
canonical Wnt, WNT3A. Two assays were used to measure activation
of the canonical pathway. In the first, the amount of cytosolic �-cate-

nin was determined by Western blotting (Fig. 5A); in the second,
transcription assays were conducted with a �-catenin/Tcf-responsive
luciferase reporter (pOT) that contains Tcf family binding sites (Fig.
5B). As expected, expression of WNT3A increased the cytosolic level
of �-catenin (Fig. 5A, Lane 2). In contrast, expression of WNT11 did
not activate the canonical pathway (Lane 3). In fact, to some extent,
WNT11 reduced the basal level of cytosolic �-catenin (compare
Lanes 1 and 3). Furthermore, when WNT3A and WNT11 were
coexpressed, WNT11 repressed the effects of WNT3A (Lane 4).
Similar results were observed in transcription assays using transfected
WNT11 and WNT3A (Fig. 5B), that is, WNT11 reduced both basal
�-catenin/Tcf activity and WNT3A-induced activity. As a control, we
used a luciferase reporter with mutated Tcf binding sites (pOF).
WNT11 expression did not affect the activity of pOF, indicating that
the effect of WNT11 on the canonical pathway is specific.

To rule out the possibility that WNT11 expression inhibited the
canonical pathway by inhibiting the expression or secretion of co-
transfected WNT3A, we repeated the transcription assays using con-
ditioned medium from L cells stably expressing WNT3A (Fig. 5C).
As expected, WNT3A-conditioned medium (but not control-condi-
tioned medium) increased �-catenin/Tcf transcriptional activity in
HEK 293 cells. In agreement with the results obtained when trans-
fected WNT3A was used, WNT11 inhibited activation of �-catenin/
Tcf transcriptional activity by WNT3A-conditioned medium. Taken
together these results indicate that WNT11 can inhibit activation of
the canonical Wnt signaling pathway.

�-Catenin is already present in the nuclei of LNCaP cells. The reason
for this is not fully understood, but it may result from mutation of PTEN

Fig. 4. WNT11 inhibits LNCaP cell growth. A, cell lines stably transfected with empty vector or mouse WNT11 plasmids were analyzed for expression of mouse WNT11 by
RT-PCR. A control clone (V2) is shown in Lane 5. WNT11-expressing clones (11.2, 11.4, 11.5, 11.9) are shown in Lanes 1 to 4. The positive control is PCR using mouse WNT11
plasmid DNA (Lane 6). B, cell lines stably transfected with empty vector or mouse WNT11 plasmids were analyzed for WNT11 protein expression by Western blotting of
cell-conditioned medium from heparin-treated cells. Lane 1, control clone V2; Lane 2, WNT11 clone 11.2; Lane 3, WNT11 clone 11.4; Lane 4, WNT11 clone 11.4 (no heparin); Lane
5, WNT11 clone 11.5. C, the indicated LNCaP clones were transfected with reporters and grown in hormone-depleted medium for 16 hours. R1881 1 (nmol/L) was added for 24 hours
before assay. Values shown are luciferase activity (�100) normalized to �-galactosidase activity. The experiment was conducted twice in triplicate and error bars represent SD. D,
growth rates of the indicated cell lines in normal growth medium. Experiments were done twice in sextuplet and error bars show SD. Student’s t test indicated that the differences
between the growth rates in empty vector control cells (V2) compared with WNT11-expressing cells are significant (P � 0.02, 0.01, 0.01, and 0.04 for clones 11.2, 11.4, 11.5, and
11.9, respectively). E, growth curves for empty vector control cells and WNT11-expressing cells in hormone-depleted medium in the absence (�) or presence (�) of 1 nmol/L R1881.
The experiment was done twice in sextuplet and error bars show SD. Student’s t test indicated that the difference between the growth of empty vector control cells and
WNT11-expressing cells is not significant in the absence of hormone (P � 0.2 at day 5) but is significant in the presence of hormone (P � 0.001 at day 5).
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(32). Because �-catenin has been reported to activate AR-dependent
transcription, we considered the possibility that WNT11 inhibited AR by
reducing the level of endogenous �-catenin. However, we were unable to
detect significant changes in the level of endogenous �-catenin in LNCaP
cell lines expressing WNT11 (data not shown). To address this question
using a more sensitive assay, we examined the effects of WNT11 on
�-catenin/Tcf transcriptional activity (Fig. 5D). Expression of WNT11
repressed �-catenin/Tcf transcriptional activity in LNCaP cells. The
effect was weaker than we observed using HEK 293 cells, possibly
because �-catenin/Tcf activity is low in LNCaP cells as a result of low
expression of Tcf/LEF family proteins (13).

To determine whether ectopic expression of �-catenin prevented the
inhibitory effects of WNT11 on AR transcriptional activity, LNCaP cells
were cotransfected with WNT11 (or empty vector) and a stabilized form

of �-catenin (or empty vector) and MMTV-luciferase. As reported by
others (3–5), expression of �-catenin increased AR transcriptional activ-
ity in LNCaP cells, albeit to a smaller extent in our hands. However,
WNT11 similarly repressed AR transcriptional activity in the presence
and absence of stabilized �-catenin. These results suggest that although
WNT11 can repress the canonical Wnt pathway in HEK 293 cells by
destabilizing �-catenin, this mechanism is not directly responsible for the
inhibition of AR transcriptional activity. Additional studies are underway
to characterize the signaling pathway leading from WNT11 to the AR.

DISCUSSION

In this report, we examined the expression profiles of members of
the Wnt gene family in prostate cancer cell lines and cultured primary

Fig. 5. WNT11 represses canonical Wnt signal-
ing. A, cytosolic extracts from HEK 293 cells trans-
fected with empty vector (Lane 1), vector plus
WNT3A (Lane 2), vector plus WNT11 (Lane 3) or
WNT3A plus WNT11 (Lane 4) were probed for
�-catenin (top panel) and then reprobed for �-
tubulin (bottom panel). B, HEK 293 cells were
transfected as indicated (V, empty vector; 11,
WNT11; 3A, WNT3A) together with RSV-�-
galactosidase and either pOT (luciferase reporter
measuring �-catenin/Tcf activity) or pOF (mutated
form of pOT), and extracts were assayed. C, HEK
293 cells were transfected with empty vector (V) or
WNT11 together with RSV-�-galactosidase and
pOT and then were either untreated or treated with
WNT3A-conditioned medium (WNT3A) for 24
hours before assay. D, LNCaP cells were trans-
fected with the indicated amounts of WNT11 (ng)
and empty vector (bringing the total to 400 ng) plus
pOT and RSV-�-galactosidase. Student’s t test in-
dicated that the differences between the transcrip-
tional activity in empty vector transfected cells
compared with WNT11-transfected cells is signif-
icant at �50 ng of WNT11 (P � 0.001 at 50 ng).
E, LNCaP cells were transfected with 200 ng of
WNT11 or pLNCX empty vector, 200 ng of
pMT23 empty vector or pMT23 �Amyc (myc-
tagged stabilized �-catenin; ref. 26) and MMTV-
luciferase. All experiments were done three times
in triplicate, values are luciferase activity normal-
ized to �-galactosidase activity; error bars repre-
sent SD.
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prostate cells. The striking link between WNT11 expression and
hormone-independent growth of prostate cancer cells prompted us to
characterize further the regulation of this gene and to study the effects
of WNT11 expression on AR activity and prostate cancer cell growth.

Our analysis of Wnt gene expression has led to a number of
observations that provide direction for future studies. First, several
Wnt genes are expressed both in normal prostate cells as well as in
prostate cancer cell lines; these Wnts might therefore play “house-
keeping” roles in the prostate. Second, WNT2 was specifically ex-
pressed in stromal cells and is therefore a good candidate for a stromal
cell-derived factor that might promote prostate cancer progression.
Third, WNT3 expression was unique to CWR-R1 cells. Interestingly,
WNT3 expression is up-regulated in a number of other tumor types
(33). It is not known which of these Wnts are actually secreted by the
cells that we have examined. Such information requires the generation
of anti-Wnt antibodies, which has until recently been hampered by
difficulties purifying Wnt proteins (34).

The correlation between WNT11 expression and hormone-indepen-
dent prostate cancer prompted us to focus the present work on
WNT11. We found that WNT11 expression was elevated in the more
aggressive or poorly differentiated tumors. It is unlikely that WNT11
is simply a marker for prostate epithelial cells because it was not
expressed in several of the prostate cancer cell lines that express
epithelial cell markers, and it was expressed only at a low level
in normal PrECs. Moreover, WNT11 expression was elevated in
hormone-refractory CWR22 tumors. Although additional studies are
required using a larger number of samples, the increased expression of
WNT11 in the more aggressive prostate tumors suggests that the data
obtained using prostate cancer cell lines are clinically relevant.

The androgen-dependent LNCaP cell line was used to investigate
the reason for the low level of expression of WNT11 in androgen-
dependent cells. WNT11 expression increased after androgen deple-
tion and this was prevented by the synthetic androgen R1881. Impor-
tantly, Casodex blocked the effects of R1881, indicating a role for AR
in the response to androgens. WNT11 does not seem to be directly
regulated by AR because the effects of R1881 were blocked by
cycloheximide. Proteins that might regulate the expression of WNT11
include glial cell line-derived neurotrophic factor and sonic hedgehog.
Glial cell line-derived neurotrophic factor, which is expressed in
several tissues including the prostate (35), regulates WNT11 expres-
sion in the kidney (36, 37). Sonic hedgehog is a testosterone-regulated
gene that is required for prostate development in the mouse (38) and
antagonizes WNT11 expression during avian somite development
(39).

We found that ectopic expression of WNT11 repressed the canon-
ical Wnt signaling pathway. WNT5A has also been shown to inhibit
the canonical Wnt pathway in several systems. The mechanism of
inhibition varies, involving effects on cell-cell adhesion (18), Ca2�-
dependent activation of nuclear factor of activated T cells (19) or
Ca2�/calmodulin-dependent protein kinase II (20), and activation of
SIAH-2 expression (40). Despite the high level of �-catenin in LNCaP
cell nuclei, the canonical Wnt pathway is only weakly active in these
cells because of their low levels of expression of Tcf/LEF family
proteins (13). Therefore, the effect of WNT11 on the �-catenin/Tcf
transcriptional activity per se might not be important for LNCaP cell
growth. However, the signals from WNT11 that lead to inhibition of
�-catenin/Tcf activity might also independently affect AR transcrip-
tional activity and LNCaP cell growth.

The molecular mechanism(s) by which WNT11 represses transcrip-
tional activity of AR is presently unclear. Because �-catenin associ-
ates with AR and can potentiate AR activity (3–6, 41), it is reasonable
to hypothesize that WNT11 inhibits AR transcriptional activity by
destabilizing �-catenin. This would be consistent with our observation

that WNT11 represses �-catenin/Tcf transcriptional activity in
LNCaP cells, which also requires �-catenin (Fig. 5D). However,
coexpression of stabilized �-catenin with WNT11 did not rescue the
inhibitory effects of WNT11 on AR transcriptional activity (Fig. 5E).
Therefore, the signals activated by WNT11 that regulate AR tran-
scriptional activity remain to be identified. Other signaling pathways
regulated by WNT11 include those involving components of the c-Jun
N-terminal kinase signaling pathway (42, 43).

There are a number of possible scenarios that might account for the
increase in WNT11 expression in androgen-depleted LNCaP cells.
WNT11 might be involved in the cessation of cell growth that ac-
companies androgen depletion. If this is the case, then a signal from
WNT11 might contribute to cell growth inhibition in LNCaP cells.
Indeed, ectopic expression of WNT11 inhibits both AR transcriptional
activity and cell growth in LNCaP cells. An alternative possibility is
that increased expression of WNT11 in androgen-depleted cells re-
flects a change in LNCaP cell differentiation. Androgen depletion
results in the expression of neuroendocrine markers such as neuro-
tensin (44). WNT11 can regulate hematopoietic cell fate (45) and is
required for cardiac differentiation (31, 46), but it remains to be seen
whether WNT11 is involved in neuroendocrine differentiation.

If WNT11 contributes significantly to the androgen-independent
phenotype, the mWNT11-expressing cell lines might be predicted to
grow in an androgen-independent manner. However, like control
cells, these cells did not grow in hormone-depleted medium. This is
perhaps not surprising given that endogenous WNT11 is expressed in
LNCaP cells growing under these conditions. Our results suggest that
WNT11 expression alone is not sufficient to confer androgen-
independent growth and that additional changes are required for
progression to androgen-independence.

In contrast to what was observed in LNCaP cells, the growth of
LNCaP-r cells was not inhibited by ectopic expression of mWNT11.
This might be expected because LNCaP-r cells already express en-
dogenous WNT11, as do several other androgen-independent prostate
cancer cell lines. These observations suggest that the expression level
of WNT11 does not simply correlate with inhibition of cell cycle
progression. Androgen-independent prostate cancer cells may grow in
the presence of WNT11 because they no longer respond to the
putative WNT11 growth inhibitory signal or because WNT11 expres-
sion confers an additional selective advantage. One possibility is that
WNT11 is involved in metastasis; interestingly, a recent report
showed that WNT11 stimulates cell migration in chicken embryo
fibroblasts (47).

To summarize, our results suggest a model in which androgen
depletion leads to increased expression of WNT11, which then con-
tributes to cessation of androgen-dependent growth. The transition to
androgen-independence might involve subversion of the WNT11 sig-
nal to one that promotes tumor progression, or WNT11 might confer
migratory properties to prostate cancer cells that no longer respond to
its growth inhibitory signal. Thus, the inhibition of signals emanating
from WNT11 could lead to new treatments for advanced prostate
cancer.
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Wnt Genes and Prostate Cancer

In the article on Wnt genes and prostate cancer in the November
1, 2004 issue of Cancer Research (1), the oligonucleotide primers
used to detect Wnt15 by RT-PCR are actually designed to detect
Wnt2B. The oligonucleotide primer sequences used were taken
from the paper by Bergstein et al. (Genomics 1997;46:450–8) and
their correct identity was not checked. Therefore, the data on the
expression of Wnt15 in prostate cells in Fig. 1A are incorrect and
the expression level of Wnt15 in prostate cells remains to be
determined.
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