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Androgen receptor (AR) interacts with B-catenin and can suppress its coactivation of T cell factor 4 (Tcf4)
in prostate cancer (PCa) cells. Pinl is a peptidyl-prolyl cis/trans isomerase that stabilizes (-catenin by
inhibiting its binding to the adenomatous polyposis coli gene product and subsequent glycogen synthase kinase
3B (GSK-3p3)-dependent degradation. Higher Pinl expression in primary PCa is correlated with disease
recurrence, and this study found that Pinl expression was markedly increased in metastatic PCa. Consistent
with this result, increased expression of Pinl in transfected LNCaP PCa cells strongly accelerated tumor
growth in vivo in immunodeficient mice. Pinl expression in LNCaP cells enhanced (3-catenin/Tcf4 transcrip-
tional activity, as assessed using Tcf4-regulated reporter genes, and increased expression of endogenous Tcf4
and c-myc. However, in contrast to results in cells with intact PTEN and active GSK-3f3, Pinl expression in
LNCaP PCa cells, which are PTEN deficient, did not increase (3-catenin. Instead, Pinl expression markedly
inhibited the -catenin interaction with AR, and Pinl abrogated the ability of AR to antagonize (3-catenin/Tcf4
binding and transcriptional activity. These findings demonstrate that AR can suppress 3-catenin signaling,
that the AR-f-catenin interaction can be regulated by Pinl, and that abrogation of this interaction can

enhance (3-catenin/Tcf4 signaling and contribute to aggressive biological behavior in PCa.

Prostate cancer (PCa) is the most common noncutaneous
cancer in men in the United States and the second leading
cause of cancer-related deaths in men in industrialized coun-
tries, but the molecular mechanisms involved in the develop-
ment and progression of this disease are poorly understood.
Nonetheless, many lines of evidence indicate that the androgen
receptor (AR) functions as a positive regulator of cell prolif-
eration in PCa, and androgen deprivation therapy is still the
standard treatment for metastatic disease. AR is a member of
the steroid hormone receptor subfamily of ligand-regulated
nuclear receptors, and its natural ligands are testosterone and
Sa-dihydrotestosterone (DHT) (14). As with other steroid re-
ceptors, AR is a modular protein that contains an N-terminal
transactivation domain, a conserved DNA-binding domain
(DBD), and a C-terminal ligand-binding domain (LBD). Li-
gand binding to the LBD induces conformational changes that
generate binding sites for coactivator proteins, which stimulate
transcription through chromatin remodeling and recruitment
of the transcriptional machinery.

One recently identified protein that can interact with and
coactivate the AR is B-catenin, which binds to the DHT-ligan-
ded AR LBD via a site that is distinct from the hydrophobic
cleft that mediates binding of LXXLL motifs found in many
other coactivator proteins (8, 29, 33, 46, 48, 57). However, the
biological role of AR interactions with B-catenin has not been
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established and may be complex given further direct interac-
tions between AR and T-cell factor 4 (Tcf4) as well as between
AR and amino-terminal enhancer of split (a Tcf corepressor
and member of the Groucho/TLE family) (1, 59). Although
B-catenin can function as an AR coactivator and may selec-
tively regulate a subset of AR-responsive genes, another func-
tion for the AR—B-catenin interaction in normal prostate epi-
thelium may be to sequester nuclear 3-catenin and thereby
suppress B-catenin/Tcf4 signaling, consistent with AR func-
tioning in normal prostate epithelium to suppress growth and
stimulate terminal differentiation (1, 10, 27, 30, 33, 43, 46). The
vitamin D and retinoic acid receptors can similarly bind to
B-catenin and interfere with Tcf4 coactivation by B-catenin
(13, 32, 43).

The best established functions of B-catenin are in the nu-
cleus as a transcriptional coactivator for the Tcf family of
sequence-specific transcription factors and on the plasma
membrane as a bridge molecule connecting E-cadherin to the
cytoskeleton (17). Coactivator activity is determined by the
level of free B-catenin, which is tightly regulated by a B-catenin
degradation complex (18, 21, 36, 41). This complex includes
glycogen synthase kinase 38 (GSK-3p), the adenomatous pol-
yposis coli gene product (APC), and Axin. APC binds to free
B-catenin and recruits it to this complex, where it is phosphor-
ylated at N-terminal sites by GSK-38 and thereby targeted for
ubiquitination and proteolysis. Wnt signaling stabilizes B-cate-
nin by inhibiting GSK-3f activity, leading to increased cyto-
plasmic and nuclear B-catenin levels and activation of Tcf
transcription factors. Tcf4 is the predominant Tcf in epithelia,
and transcriptional targets of the B-catenin/Tcf4 complex in-
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clude growth regulatory genes such as c-myc and cyclin D1 (4,
5, 8, 20, 47, 49, 52).

The B-catenin/Tcf signaling pathway plays a critical role in
normal development, stem cell renewal, and tumorigenesis.
The importance of B-catenin/Tcf signaling in cancer has been
most clearly demonstrated in hereditary colorectal cancer,
where loss of APC leads to stabilization of B-catenin and
increased expression of the B-catenin/Tcf4 target gene c-myc
(20, 28, 49). Defects leading to B-catenin stabilization, includ-
ing loss of APC or Axin function, or mutations in the N ter-
minus of B-catenin that prevent GSK-3B3-mediated phosphor-
ylation have been described in sporadic colon cancer and in
many other tumor types. B-Catenin mutations have been iden-
tified in approximately 5% of prostate cancers, but a role for
B-catenin in PCa development or progression has not been
established (9, 51). Nonetheless, immunohistochemical studies
have shown increased cytoplasmic and nuclear B-catenin ex-
pression in 20 to 30% of PCa, with greater expression in more
advanced tumors (8, 11).

One mechanism for increased B-catenin expression in PCa
may be PTEN loss, which is common in advanced PCa and
results in activation of the phosphatidylinositol 3-kinase and
downstream Akt signaling pathways (7, 12, 50). Akt can phos-
phorylate and inactivate GSK-3p, leading to stabilization and
increased levels of B-catenin. Indeed, GSK-38 suppression and
subsequent B-catenin stabilization have been demonstrated di-
rectly in the PTEN-deficient LNCaP PCa cell line (34, 44).
However, LNCaP cells do not show substantial nuclear accu-
mulation of B-catenin, and transfection studies with Tcf4 reg-
ulated reporter genes have shown minimal B-catenin/Tcf4
transcriptional activity, indicating that additional GSK-3-in-
dependent mechanisms may regulate B-catenin/Tcf4 activity in
PCa (10, 11).

An alternative mechanism for B-catenin stabilization is via
Pinl-mediated proline isomerization, which can prevent
B-catenin binding to APC (42). Pinl is a peptidyl-prolyl cis/
trans isomerase that targets phosphorylated Ser/Thr-Pro (pSer/
Thr-Pro) peptide bonds and has been found to regulate the
activities of multiple proteins involved in cell cycle progression
and other functions (23, 24, 37, 56). The WW domain of Pinl
appears to bind to pSer246-Pro247 in the third Armadillo
repeat of B-catenin, with isomerization of this proline disrupt-
ing the interaction between B-catenin and APC (42). Overex-
pression of Pinl has been implicated in cell transformation and
correlated with increased levels of B-catenin, cyclin D1, and
c-myc in human breast cancer and other cancers (3, 22, 38, 45,
53-55). Significantly, Pinl overexpression has also been ob-
served in a subset of primary prostate cancers, and its expres-
sion correlates with increased risk of recurrence after radical
prostatectomy (2). However, the functional effects of Pinl
overexpression on B-catenin nuclear signaling in PCa cells
(and in particular in PTEN-deficient cells), and how it contrib-
utes to more aggressive biological behavior have not been
determined.

In this study, we have assessed the role of Pinl in regulating
B-catenin activity in PCa. We found initially that Pinl expres-
sion was markedly increased in metastatic versus primary PCa.
Consistent with this result, increased expression of Pinl in
transfected LNCaP PCa cells strongly accelerated tumor
growth in vivo in immunodeficient mice. Increased Pinl ex-
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pression in LNCaP cells enhanced B-catenin/Tcf4 transcrip-
tional activity, as assessed using Tcf4-regulated reporter genes,
and increased expression of endogenous Tcf4 and c-myc. How-
ever, in contrast to results in cells with intact PTEN and active
GSK-3B, Pinl expression in PTEN-deficient LNCaP PCa cells
did not increase the levels of total or free B-catenin. Signifi-
cantly, while Pinl expression in cells with intact PTEN could
markedly enhance B-catenin coactivation of Tcf4, Pinl expres-
sion markedly inhibited B-catenin coactivation of AR in vivo
and AR binding in vitro. Moreover, Pinl abrogated the ability
of AR to antagonize B-catenin/Tcf4 binding and transcrip-
tional activity. These findings demonstrate that Pinl can reg-
ulate the AR—B-catenin interaction in the prostate and con-
tribute to aggressive biological behavior in PCa by abrogating
this interaction and enhancing B-catenin/Tcf4 signaling.

MATERIALS AND METHODS

Plasmids and reagents. Expression vectors and reporter genes have been
described previously (42). The AR LBD (amino acids 660 to 919) was cloned into
the mammalian Gal4 DBD fusion vector pBIND (Promega), to give pBIND-
AR-LBD. The AR DBD-LBD and AR N-DBD vectors were constructed in
pcDNA3.1 (Invitrogen) and encode amino acids 501 to 919 and 1 to 500, re-
spectively. GST-AR LBD encodes amino acids 676 to 919 of the AR LBD in the
pGEX-2TK vector. Unconjugated anti-B-catenin was from BD Transduction
Laboratories (San Jose, CA). Anti-AR (PG21), anti-Pin1 (07-091), and anti-Tcf4
(6H5-3) were from Upstate Biotechnology (Lake Placid, NY). Fetal bovine
serum (FBS), charcoal-dextran stripped FBS (CDS-FBS), and tetracycline-free
FBS were from HyClone (Logan, UT).

Cell lines, stable transfectants, and xenografting. To generate Pinl-expressing
LNCaP cell lines, pcDNA3.1 (control) or pcDNA-Pinl plasmid was transfected
into LNCaP cells and selected in medium containing 0.9 mg/ml G418. For in vivo
growth, 2 million stable Pinl-transfected or control LNCaP cells were injected
subcutaneously into the flanks of male ICR-scid mice (6 to 8 weeks; Taconic) in
50% Matrigel. Stable Pinl and control clones derived from these lines were
maintained in RPMI 1640 with 10% FBS and 0.3 mg/ml G418. The CWR22D1
cell line was derived from a CWR22 xenograft that was adapted to grow in vitro
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and was pro-
vided by Xin Yuan (Beth Israel Deaconess Medical Center). Similar to the
CWR22 xenograft, the cell line has a mutant AR (H874Y), has intact PTEN, and
does not have constitutive activation of the phosphatidylinositol 3-kinase/Akt
pathway (data not shown).

Immunostaining, immunoblotting, and real-time RT-PCR. Immunochemistry
was done using tissue microarrays that contained normal prostate, primary PCa,
and PCa that was metastatic to multiple sites including lymph nodes and bone.
Primary antibodies were used at 1:20 for anti-B-catenin and 1:1,000 for anti-Pin1.
Free cytosolic and nuclear proteins were isolated with digitonin lysis buffer (1%
digitonin, 150 mM NaCl, 50 mM Tris-HCI, pH 7.5, and 10 mM MgCl,) contain-
ing protease inhibitors. Immunoblotting was carried out using the indicated
primary antibodies, followed by horseradish peroxidase conjugates. Real-time
reverse transcription (RT)-PCR was done with TagMan kits (PE Biosystems)
and an ABI Prism 7700 sequence detector (Perkin Elmer). The c-myc forward
primer is 5'-TGAGGAGACACCGCCCA-3', the reverse primer is 5'-AACAT
CGATTTCTTCCTCA-3', and probe is 5'-6-carboxyfluorescein-CACCAGCAG
CGACTCTGA-3'. 18S rRNA was used as internal control.

GST pull downs and coimmunoprecipitations. For glutathione S-transferase
(GST) pull downs, 293T cells cultured in 10-cm dishes were transfected with
Lipofectamine 2000 (Invitrogen) as indicated. After overnight incubation, the
cell culture medium was replaced with 10 ml DMEM containing 5% FBS. After
another 24 h, the cells were fractionated with the NE-PER kit containing pro-
tease and phosphatase inhibitors. The cytoplasmic protein fraction was pre-
cleared with glutathione-agarose beads (Amersham) and then equally divided
and precipitated for 4 h at 4°C with 20 pl of packed glutathione-agarose beads
bound with GST or GST-AR-LBD fusion proteins (5 pg). For coimmunopre-
cipitations, 293T cells were transfected with 3 pg of each plasmid DNA as above.
After overnight incubation, the cell culture medium was replaced with 10 ml
DMEM containing 10% CDS-FBS and 10 nM DHT. After another 24 h, the cells
were lysed in binding buffer (phosphate-buffered saline, 0.5% Triton X-100, 10%
glycerol, and protease and phosphatase inhibitors). The cell lysates were pre-
cleared for 20 min with 200 pg of nonimmune mouse serum absorbed on protein
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FIG. 1. Expression of Pinl and B-catenin in metastatic PCa. (A to C) Tissue microarrays containing benign prostate, primary PCa, and
metastatic PCa samples were immunostained for Pinl. (D) Representative samples of Pinl and B-catenin immunostaining in adjacent sections of

benign prostate, primary PCa, and metastatic (met) PCa.

G-agarose beads. The supernatant was then split and immunoprecipitated for 1 h
with 1 pg of nonimmune mouse serum or anti-Tcf4 mouse monoclonal antibody
absorbed onto protein G-agarose beads.

Transient transfections and reporter gene assays. CV1, 293T, LNCaP, and
CWR22D1 cells cultured in 48-well plates were transfected using Lipofectamine
2000, using the indicated amounts of each vector. The experiments shown used
empty pcDNA3.1 vector to normalize for total DNA content. However, as the
empty pcDNA vectors can suppress transcriptional activity, control experiments
without adding empty pcDNA, or using pBluescript to normalize for total DNA,
were also carried out as indicated. Finally, further controls using empty pcDNA
at the same molar concentration as the insert containing expression vectors, with
pBluescript added to normalize for total DNA mass, were also carried out as
indicated, with comparable results. For experiments with DHT stimulation, cells
were cultured in 5 to 10% CDS-FBS. Firefly and internal control Renilla lucif-
erase activities were determined using a dual luciferase reporter assay kit (Pro-
mega, Madison, WI), and Renilla activities were not consistently affected by any
of the cotransfected vectors. The firefly luciferase was divided by the control
Renilla luciferase and the results, given as relative luciferase units, reflect the
means and standard deviations from triplicate samples.

RESULTS

Pinl expression is increased in metastatic PCa. A previous
study of Pinl in PCa radical prostatectomy specimens found a
correlation between higher levels of Pinl expression and in-
creased risk of PCa recurrence (2). Immunostaining on a series
of normal prostate, primary PCa, and metastatic PCa samples
showed that Pinl expression was markedly increased in the
metastatic PCa relative to the normal prostate (Fig. 1A to C
and Table 1). Significantly, Pinl expression in the metastatic
PCa samples was also markedly increased relative to the pri-
mary PCa samples, with 24/29 metastatic tumors showing me-
dium to strong Pinl expression versus only 6/30 primary tu-
mors showing medium staining (and none showing strong
staining) (P < 0.0001). Controls for immunostaining included
anti-AR, which showed consistent nuclear expression in the

epithelium (data not shown). This further increase of Pinl in
the metastatic versus primary tumors was consistent with a role
for Pinl in metastatic behavior.

These metastatic tumors also showed increased cytoplasmic
and nuclear B-catenin expression relative to the predominant
plasma membrane expression in normal prostate epithelium
(Fig. 1D). However, this increase was similarly observed in
some primary PCa samples with low or intermediate levels of
Pinl, implicating additional factors (such as loss of E-cadherin
and PTEN that occur frequently in PCa) in the altered pB-cate-
nin expression. Indeed, as Pinl-mediated proline isomerization
stabilizes B-catenin by preventing its APC binding and subse-
quent GSK-3B-mediated degradation, it was not clear to what
extent increased Pinl would enhance B-catenin activity or tu-
mor growth in PCa cells with suppressed GSK-3( activity due
to PTEN loss and Akt activation.

TABLE 1. Pinl expression in benign prostate and primary and
metastatic prostate cancer”

No. of samples of:

Pinl expression staining result

Benign Primary Metastatic

prostate PCa PCa
Negative 16 10 0
Weak 9 14 5
Moderate 0 6 10
Strong 0 0 14
Total no. of samples 25 30 29

“ Differences between Pinl expression in the benign versus primary PCa and in
primary versus metastatic PCa were significant (exact two-sided; P = 0.008 and
P < 0.0001, respectively) using Kruskall-Wallis tests.
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FIG. 2. Pinl expression enhances tumor growth and B-catenin/Tcf4 activity in PTEN-deficient LNCaP PCa cells. (A) Pinl (8 mice) or vector
control (4 mice) stable LNCaP cell lines were implanted subcutaneously in 50% Matrigel into the flanks of male SCID mice, and the percentage
of mice with palpable tumors was determined weekly. (B) Pinl-expressing LNCaP clones (P1 and P2) or control clones were lysed in digitonin
buffer or in 1% sodium dodecyl sulfate (SDS), and lysates were immunoblotted to identify free and total B-catenin, respectively. (C) Control or

Pinl-expressing LNCaP clones were transfected with pTopflash (50
Renilla luciferase activities were determined and expressed as relative 1

ng) and cytomegalovirus-Renilla (2.5 ng) reporter plasmids. Firefly versus
ight units (RLU). (D) Control and Pin1 clones in 10% FBS or in serum-free

medium for 24 h were lysed in 1% SDS and immunoblotted for c-myc and Tcf4. (E) RNA was extracted from control or Pinl clones, and c-myc

gene expression was measured by quantitative real-time RT-PCR.

Pinl expression enhances tumor growth and -catenin/Tcf4
activity in PTEN-deficient PCa cells. To determine whether
increased Pinl expression could enhance tumor growth and
B-catenin activity in PTEN-deficient PCa cells, we examined
the PTEN-deficient LNCaP PCa cell line stably transfected
with a Pinl or control expression vector. Immunodeficient
male ICR-scid mice were implanted subcutaneously with Pin1-
transfected (8 mice) or control transfected (4 mice) LNCaP
cell lines in 50% Matrigel. As shown in Fig. 2A, growth of the
Pinl-transfected cells was detected as early as 4 weeks after
implantation (2 of 8 mice, 25%), with tumors in all 8 (100%) of
the mice bearing Pinl-transfected cells by 6 weeks. In contrast,
there was no detectable growth of the control transfected
LNCaP cells at 6 weeks, with a small tumor detected in only 1
mouse (25%) at week 7. This difference was highly significant
(P < 0.01 by Fisher’s exact test), indicating that Pinl expres-
sion could enhance in vivo tumor growth.

A series of independent Pinl or control LNCaP clones ex-
pressing varying levels of Pinl were then generated and exam-
ined for B-catenin levels and for B-catenin coactivation of Tcf4
transcriptional activity. Significantly, there was no increase in
the levels of total or free (digitonin soluble) B-catenin in a
series of clones expressing varying levels of Pinl, including
clones expressing high levels of Pinl relative to control LNCaP
cells transfected with the vector alone (Fig. 2B). To assess
B-catenin/Tcf4 transcriptional activity, clones were transfected
with a Tcf-regulated luciferase reporter plasmid (pTopflash).
Consistent with previous reports, pTopflash-specific activity
was very low in control LNCaP cells (Fig. 2C). However, this
activity was increased in Pinl-expressing clones. Similar results
were obtained using a reporter gene derived from the c-myc

promoter, which contains two previously characterized Tcf-
responsive elements (data not shown).

Expression of endogenous c-myc was next assessed to deter-
mine whether increased Pinl levels enhanced expression of an
endogenous B-catenin/Tcf4 target gene in PTEN-deficient PCa
cells. The expression of c-myc protein was increased in inde-
pendent stable Pinl transfectants compared to the vector-
alone LNCaP transfectant (control) (Fig. 2D). Real-time
RT-PCR confirmed that the increased c-myc protein reflected
increased mRNA levels (Fig. 2E). Significantly, Tcf4 protein
levels were also increased in the stable Pinl transfectants.
These findings indicated that Pinl increased pB-catenin coacti-
vation of Tcf4 and suggested that enhanced B-catenin coacti-
vation of Tcf4 resulted in selection for cells with increased Tcf4
levels and expression of B-catenin/Tcf4 regulated genes. Taken
together, these studies showed that Pin1 could enhance B-cate-
nin coactivation of Tcf4 in PCa cells by a mechanism that
appeared to be distinct from its ability to increase B-catenin
protein levels by suppressing B-catenin degradation.

Pinl suppresses [-catenin coactivation of AR. Several
groups have shown that B-catenin can also function as an AR
coactivator and that there may be cross-competition between
AR and Tcf4 for limiting nuclear B-catenin (1, 8, 10, 27, 29, 30,
33, 43, 46, 48, 57). Therefore, a series of transfection studies
were next carried out to determine how Pinl-mediated
changes in B-catenin affected Tcf4 versus AR activity. Consis-
tent with previous data with HeLa cells (42), Pin1 transfection
enhanced the activity of the B-catenin/Tcf-regulated pTopflash
reporter gene in CV1 cells and could further enhance the
stimulation by cotransfected B-catenin (Fig. 3A). As shown in
Fig. 3B, AR transcriptional activity could also be markedly
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FIG. 3. Pinl enhances Tcf4 and suppresses AR coactivation by B-catenin. (A) CV1 cells were transfected with pTopflash (20 ng), Pinl and
B-catenin expression vectors were used as indicated (—, not used), and pRL-CMV (2.5 ng) was used as an internal control. (B) CV1 cells were
transfected with ARE-luciferase (10 ng), AR, Pinl, and B-catenin expression vectors as indicated, and pRL-CMV (2.5 ng) was used as an internal
control. (C and D) 293T cells were transfected with AR (10 ng), ARE,-luciferase (10 ng), pRL-CMV (1 ng), empty pcDNA, and pBluescript as
indicated. In panel D, the added empty pcDNA3 is calculated to yield equimolar amounts of pcDNA3 vector in all samples. (E and F) CV1 cells
were transfected with PSA-luciferase (10 ng) (E) or ERE,-luciferase (10 ng) (F) reporters, together with AR, ERa, Pinl, and B-catenin expression
vectors as indicated and pRL-CMV (2.5 ng) as an internal control. DHT or estradiol (E2) was added at a final concentration of 10 nM as indicated.
Luciferase activities were determined 24 h after hormone treatment. Results are given in relative light units (RLU).

enhanced by B-catenin transfection. However, in marked con-
trast to the Pinl-mediated enhancement of pTopflash activity,
Pinl suppressed AR activity on an ARE, reporter in the ab-
sence of transfected B-catenin and completely abolished AR
coactivation by transfected B-catenin (Fig. 3B). Similar results
were obtained in 293T cells using either empty pcDNA3 or
pBluescript to control for total transfected DNA (Fig. 3C) or
using equal molar amounts of pcDNA3 expression vectors in
all samples and pBluescript to control for total DNA (Fig. 3D).
To determine whether Pinl inhibition of AR coactivation by
B-catenin was dependent on a particular promoter context, we
examined a luciferase reporter regulated by the androgen-
dependent promoter and enhancer from the prostate-specific
antigen (PSA) gene (PSA-Luc). As observed with the ARE,
reporter, Pinl suppressed AR activity and completely abro-
gated AR coactivation by transfected B-catenin (Fig. 3E).
These opposite effects of Pinl on AR and Tcf4 coactivation
were not due to decreased AR protein expression and were
similarly observed in transfected 293T, indicating that they
were not cell type specific (data not shown). Finally, to assess
whether Pinl had a generalized inhibitory effect on steroid
hormone receptors, we examined its effects on the estrogen
receptor a (ERa). Consistent with previous data, -catenin did
not coactivate ERa activity on an ERE,-Luc reporter gene
(Fig. 3F). Moreover, Pinl transfection did not repress ERa
transcriptional activity in the absence or presence of B-catenin.
Taken together, these results indicated that the isomerization
of B-catenin by Pinl may prevent its interaction with AR.
Pinl inhibits B-catenin interaction with the AR LBD. It was
shown previously that B-catenin interacts with the AR LBD
region, particularly helices 3, 5, 6, and 12 (46, 57). Therefore,

to further test the hypothesis that Pinl antagonizes the B-cate-
nin—-AR interaction, we examined the effect of Pinl on B-cate-
nin coactivation of the isolated AR LBD. The LBD was ex-
pressed as a fusion protein with the Gal4 DNA binding domain
(pBIND-AR-LBD) and was tested using a Gal4-regulated lu-
ciferase reporter (pG5-Luciferase). The pBIND-AR-LBD pro-
tein had minimal transcriptional activity, consistent with pre-
vious data showing that this domain in the AR lacks a strong
transactivation function (Fig. 4A). However, it could be
strongly coactivated by transfection with B-catenin. As ob-
served for the full-length AR, Pinl did not stimulate the LBD
and completely antagonized the coactivation by transfected
B-catenin.

Similar results were obtained when we examined the AR
DBD-LBD using an ARE,-luciferase reporter. This construct
was strongly coactivated by B-catenin, and Pinl completely
abrogated this activation (Fig. 4B). As a further control, we
tested the effect of Pinl on the transcriptional activity of the
AR N terminus, which harbors a strong ligand-independent
activation function (termed activation function 1). As shown in
Fig. 4C, B-catenin had no effect on AR activation function 1
transactivation, confirming that pB-catenin does not interact
directly with the AR N terminus. Importantly, AR N terminus
activity was not suppressed by Pinl but was instead enhanced.
This enhancement appears to be independent of B-catenin and
may reflect Pinl effects on additional N-terminal coactivators
or corepressors (25).

Previous studies have shown that cyproterone acetate (CPA)
functions as an AR partial agonist, and that the CPA-liganded
AR is not coactivated by B-catenin (1, 27). Therefore, if the
inhibitory effect of Pinl on the DHT-liganded AR is due to



934 CHEN ET AL. MoL. CELL. BIOL.
pG5-Luc .
A 100 B 120 ARE4-Luc C 1000 ARE4-Luc
R 80 R R
b 60 IL-J 80 L 600
40 40 )
20 200
DHT (10nM) - + + + + + + + DHT (10 nM) - + + + +
B-catenin (ng) - - 100200 - - 100200 B-catenin(ng) - - 200 - 200 p.catenin (ng) - 200 - 200
Pin1(ng) - - - - 100200100 200 Pin1(ng) - - - 200200 Pin1 (ng) - - 200 200

pBIND-AR-LBD (50 ng)

D E

AR DBD-LBD (50 ng) AR N-DBD (30 ng)

F 50= PBIND-AR-LBD (50 ng)

R 500 AREarLue R 3% AREa-Luc % a0] Peatenin (50ng)
400 L 200 o
T u inhib 30
300
U 200 100 20
100 20
DHT(10nM) - + + + + + + BCPA (5uM) - + 1;0 r— 1;01;0 IS il
- i - - 100 - - 100100 P-catenin (ng)- - - - _ o w—
Bca;?:;n(g;g;)_ . . 255025 50 Pinl(ng)-_- - 255025 50 Pint(ng) KA WA B Dot
AR (10 ng) AR (10 ng)

FIG. 4. Pinl represses B-catenin coactivation of the AR LBD but does not repress CPA-liganded AR. (A) CV1 cells were transfected with
pBIND-AR-LBD (50 ng), pG5-Luciferase (10 ng), B-catenin, and Pinl vectors as indicated (—, not used). Luciferase activities were determined
24 h after DHT treatment. (B and C) CV1 cells were transfected with AR DBD-LBD (50 ng) (B) or AR N-DBD (30 ng) (C) vectors,
ARE,-luciferase reporter (10 ng), B-catenin, and Pinl as indicated. (D and E) CV1 cells were transfected with pCIneo-AR (10 ng), ARE,-
luciferase reporter (10 ng), and B-catenin and Pinl expression vectors as indicated. Transfected cells were then treated for 24 h with DHT (D) or
CPA (E). pRL-CMV (2.5 ng) was used as an internal control. (F) CV1 cells were transfected as above with pBIND-AR-LBD (50 ng),
pGS5-Luciferase (10 ng), B-catenin (50 ng), and wild-type (WT) or K63A (KA) mutant Pinl. The percent inhibition (inhib) of control (no Pinl)
activity is shown. Pinl immunoblots were carried out on pooled protein from the triplicate samples. For panels A to E, results are given in relative

light units (RLU).

blocking B-catenin—AR interaction, then Pinl should not an-
tagonize the CPA-liganded AR. To test this hypothesis, CV1
cells were transfected with AR, B-catenin, and Pinl and were
then treated with DHT or CPA. Consistent with previous re-
sults, B-catenin stimulated AR activity in the presence of DHT
but not CPA (Fig. 4D and E). Indeed, B-catenin had a modest
inhibitory effect on the CPA-liganded AR, which likely re-
flected sequestration of other coactivators. Importantly, the
CPA-liganded AR was not inhibited by Pinl in the absence or
presence of exogenous B-catenin (Fig. 4E).

Taken together, these data indicated that Pin1 was inhibiting
the interaction between the AR LBD and B-catenin. To de-
termine whether this inhibition was dependent on the peptidyl-
prolyl isomerase activity of Pinl, we examined a previously
described catalytically inactive Pinl mutant, K63A (42). CV1
cells were transfected with the AR LBD expressed as a fusion
protein with the Gal4 DNA binding domain (pBIND-AR-
LBD), B-catenin, and varying amounts of wild-type or K63A
(KA) mutant Pinl. As shown in Fig. 4F, the wild-type Pinl was
more active than the K63A mutant at inhibiting B-catenin
coactivation of the AR LBD, although the mutant also had
inhibitory activity. Immunoblotting confirmed that the proteins
were expressed at comparable levels. This result supports a
role for the isomerase activity, while it is not yet clear whether
the inhibitory activity of the K63A mutant reflects residual
enzymatic activity or B-catenin blockade by binding to the Pinl
WW domain.

AR LBD is not a direct target of Pinl. Although B-catenin
has been shown to be a direct Pinl target, it was possible that

Pinl abrogation of the AR—B-catenin interaction was due to a
direct effect of Pinl on the AR LBD. The AR LBD contains a
single potential Pinl target site, Thr799-Pro800, which lies in
the kink between helices 7 and 8. The proposed Pinl target site
on B-catenin is similarly located in a kink between two helices
in armadillo repeat 3 (42). Therefore, as AR is an extensively
phosphorylated protein, phosphoThr799-Pro800 may serve as
a Pinl substrate. To test this hypothesis, we generated a
Thr799Ala mutant AR and assessed the effects of Pinl on this
mutant versus the wild-type AR. As shown in Fig. SA and B,
the wild-type and Thr799Ala mutant AR were similarly stim-
ulated by DHT and coactivated by B-catenin. Significantly,
Pinl suppressed the activity of the T799A mutant and abro-
gated its coactivation by B-catenin (Fig. 5B). These data indi-
cate that Pinl inhibition of the AR—B-catenin interaction is
mediated through B-catenin and not by Pinl isomerization of
the AR LBD.

Pinl inhibits B-catenin binding to the AR LBD. The most
straightforward interpretation of these results was that Pinl
abrogates 3-catenin coactivation of AR by acting on 3-catenin
to prevent its binding to the AR LBD. To test this hypothesis,
we directly examined the effects of Pinl on B-catenin binding
to the AR LBD. Cell lysates from control or Pinl-transfected
293T cells (which express substantial levels of B-catenin and
can be transfected at a very high efficiency) were incubated
with GST or GST-AR-LBD fusion proteins linked to glutathi-
one-agarose beads, and bound B-catenin was detected by im-
munoblotting. As shown in Fig. 5C, the endogenous B-catenin
bound specifically to the GST-AR LBD beads compared to the
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FIG. 5. Inhibitory effect of Pinl is mediated through B-catenin by
disruption of its binding to the AR LBD. (A and B) CV1 cells were
transfected with pRL-CMV (2.5 ng), ARE -luciferase (10 ng), and
pClneo-AR (wild-type AR) (A), or pClneo-AR(Thr799Ala) (10 ng)
(B). Additional plasmids were cotransfected as indicated, and cells
were treated with vehicle or DHT (10 nM). —, not used. Results are
given in relative light units (RLU). (C) 293T cells were transfected
with either 10 wg of pcDNA3.1 vector (—) or pcDNA-Pinl (+), as
indicated. Lysates were precipitated with 5 ug of GST or GST-AR
LBD fusion proteins bound to glutathione-agarose beads, and bound
B-catenin was determined by immunoblotting.

-

GST control beads. However, specific binding was markedly
diminished when lysates from Pinl1-transfected 293T cells were
analyzed. These results, in conjunction with the above func-
tional studies, indicated that Pinl isomerization of B-catenin
abrogated its coactivation of AR by inhibiting B-catenin bind-
ing to the AR LBD.

Pinl antagonizes the inhibition of Tcf4 signaling by the
DHT-liganded AR. While these data showed that Pinl could
suppress B-catenin coactivation of AR activity, a function of
the AR-B-catenin interaction appears to be sequestration of
nuclear B-catenin and consequent inhibition of B-catenin/Tcf4
signaling (1, 10, 27, 30, 33, 43, 46). Therefore, further studies
were carried out to determine the effect of Pinl on AR inhi-
bition of B-catenin/Tcf signaling. As has been shown previ-
ously, B-catenin strongly stimulates the Tcf-regulated pTop-
flash reporter, and this activity can be markedly repressed by
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AR in a dose- and DHT-dependent manner (Fig. 6A). This
AR-mediated repression was also observed either using empty
pcDNA3 or pBluescript to control for total transfected DNA
(Fig. 6B) or using equal molar amounts of pcDNA3 expression
vectors and pBluescript to control for total DNA (Fig. 6C).
Similar to the effects of B-catenin transfection, the pTopflash
reporter was activated by the Pinl-mediated increase in B-cate-
nin (Fig. 6D). However, in this case, the AR inhibition of
pTopflash activity was markedly diminished. These results in-
dicated that Pinl could enhance B-catenin/Tcf signaling in
AR-expressing cells by preventing B-catenin sequestration by
AR.

Coimmunoprecipitation experiments were next carried out
to directly test the hypothesis that AR can sequester B-catenin
from Tcf4 and that this action can be blocked by Pinl. Lysates
from transfected 293T cells were immunoprecipitated with an-
ti-Tcf4 or control antibodies and then immunoblotted to detect
Tcf4-associated B-catenin. In cells transfected with Tcf4 alone,
B-catenin was coimmunoprecipitated by anti-Tcf4 but not the
control antibody (Fig. 6E and F, lane 1). In contrast, AR
cotransfection caused a marked decrease in the amount of
Tcf4-associated B-catenin (Fig. 6F, lane 2). Although there was
also a small decrease in the level of total B-catenin and Tcf4
(Fig. 6G), this result provided direct evidence for AR seques-
tration of B-catenin. Importantly, cotransfection of Pinl with
AR restored the coimmunoprecipitation of B-catenin by anti-
Tcf4 (Fig. 6F, lanes 3 and 4). Moreover, this was not due to an
increase in Tcf4 or B-catenin or due to a decrease in AR (Fig.
6E). Taken together, these biochemical studies and the above
functional data showed that Pinl can prevent AR-mediated
repression of B-catenin/Tcf4 signaling by abrogating AR bind-
ing to B-catenin.

Pinl antagonizes 3-catenin coactivation of endogenous AR
in PCa cells. We next determined whether Pinl would prevent
B-catenin coactivation of the endogenous AR in PCa cells. As
shown in LNCaP PCa cells, AR transactivation of an ARE
reporter could be stimulated by B-catenin, and this stimulation
was antagonized by cotransfection with Pinl (Fig. 7A). Similar
results were obtained using another unrelated PCa cell line,
CWR22D1, which was derived from the CWR22 xenograft and
is not PTEN deficient. Pinl transfection in the CWR22D1 cells
could stimulate the pTopflash reporter and further enhanced
the activation of pTopflash by cotransfected B-catenin (Fig.
7B). In contrast, Pinl transfection antagonized B-catenin co-
activation of the endogenous AR in these cells (Fig. 7C). It
should be noted that the CWR22 AR, like the LNCaP AR, has
a mutation in the LBD (H874Y in CWR22 versus T877A in
LNCaP), but these results indicate that the mutants and the
wild-type AR interact similarly with B-catenin.

Finally, we examined LNCaP cells to determine whether
Pinl could abrogate B-catenin inhibition by the endogenous
AR in PTEN-deficient PCa cells. LNCaP cells were transfected
with the pTopflash reporter, minus or plus Pinl, and activity of
the pTopflash reporter in response to DHT was assessed.
Treatment with DHT caused a rapid decline in pTopflash
activity, and this inhibition was completely prevented by Pinl
(Fig. 7D). Similar results were observed in LNCaP cells stably
transfected with Pinl. In control vector-transfected cells,
pTopflash activity was repressed by DHT. In contrast, there
was no inhibition in Pinl-expressing clones (Fig. 7E). These
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results confirmed B-catenin inhibition by endogenous AR in
PCa cells and showed that abrogation of this inhibition is a
mechanism by which Pinl can enhance B-catenin/Tcf4 activity
in PCa.

DISCUSSION

The increased expression of B-catenin plays a major role in
many cancers, but its contribution to PCa and role of the
AR-B-catenin interaction have not been clear. Previous tran-
sient-transfection studies using Tcf4-regulated reporter genes
have indicated that a function of the AR—B-catenin interaction
may be to sequester limited nuclear B-catenin and thereby
suppress B-catenin/Tcf4 signaling (10, 30, 46). Pinl has been
shown to stabilize B-catenin in cells with active APC/GSK-3p3-
mediated B-catenin degradation, and increased Pinl expres-
sion in radical prostatectomy specimens has been correlated
with greater risk of PCa recurrence (2, 42). This study found
that Pinl was markedly increased in advanced metastatic PCa
and therefore assessed increased Pinl as a mechanism for
enhanced B-catenin expression and function in PCa (and spe-
cifically in PTEN-deficient PCa cells). Pinl expression en-
hanced B-catenin/Tcf4 signaling in LNCaP cells, and stable
expression of Pinl in LNCaP transfectants markedly enhanced
tumor growth in immunodeficient mice. However, consistent
with PTEN loss and the constitutive suppression of GSK-33
activity in these cells, increased Pinl did not increase 3-catenin
levels (34, 44). Instead, Pinl abrogated the AR-B-catenin in-
teraction and suppressed the ability of AR to antagonize
B-catenin/Tcf4 activity. Taken together, these data indicate
that Pin1 can stimulate B-catenin/Tcf4 signaling in PCa, includ-
ing PTEN-deficient prostate cancers, by abrogating AR-medi-
ated suppression of B-catenin function. These results demon-
strate roles for Pinl and B-catenin in PCa progression and
support a physiological role for the AR-B-catenin interaction
in suppressing B-catenin/Tcf4 signaling.

The hypothesis that Pinl augments B-catenin/Tcf4 signaling
in PCa was supported by increased expression of c-myc, an
endogenous B-catenin/Tcf4 target gene, in LNCaP cell lines
stably transfected with Pinl. Significantly, the Pinl stable LN-
CaP cell lines also had increased expression of Tcf4. The rel-
atively low levels of endogenous Tcf4 expression in LNCaP
cells as well as weak B-catenin/Tcf4 signaling, as assessed by
transfection with the Tcf-regulated pTopflash reporter, have
been noted previously (10). As Tcf4 functions as a strong
transcriptional repressor in the absence of nuclear B-catenin
through recruitment of the Grouch/TLE family of corepressor
proteins, there is presumably selective pressure to keep its
level low in the absence of coactivation by nuclear B-catenin.
Conversely, the increased availability of nuclear B-catenin in
Pinl-expressing LNCaP cells likely selects for cells with in-
creased Tcf4 levels, which can take advantage of the increased
B-catenin to enhance expression of B-catenin/Tcf4-regulated
genes such as c-myc.

Transient-transfection assays showed that Pinl prevented
B-catenin coactivation of the isolated AR LBD but did not
repress the isolated AR N terminus or the CPA-liganded full-
length AR (which does not recruit B-catenin). These results
indicated that the Pinl-mediated isomerization of B-catenin,
which blocks its interaction with APC, was similarly preventing
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B-catenin interaction with the AR LBD. This interpretation
was supported by decreased inhibitory activity of a catalytically
inactive Pinl mutant and by site-directed mutagenesis to re-
move the single potential Pinl recognition site in the AR LBD,
as this did not prevent Pinl-mediated abrogation of the B-cate-
nin—AR interaction. Direct binding studies further confirmed
that Pinl could prevent B-catenin binding to the AR LBD.
Finally, B-catenin/Tcf4 coimmunoprecipitation experiments
showed directly that AR could suppress 3-catenin association
with Tcf4 and that this suppression could be abrogated by Pinl.
Interestingly, the AR may also interact with a number of other
Pinl target proteins (including c-Jun, cyclin D1, and p53),
suggesting that Pin1 may further regulate AR function through
modulation of interactions with additional proteins.

The WW domain of Pinl recruits this enzyme to pSer/pThr-
Pro motifs, and proline isomerization at these sites can both
regulate dephosphorylation and alter interactions with other
proteins (60). Pinl appears to bind to a pSer-Pro site in the
third Armadillo repeat of B-catenin, and mutation in this
serine (Ser246) can block the ability of Pinl to prevent B-cate-
nin—APC binding in vitro (42). The site on B-catenin that
mediates AR binding is within the first six Armadillo repeats,
indicating that Pinl may abrogate B-catenin binding to APC
and AR by altering the same site (57). Efforts have been made
to directly test this hypothesis using a previously described
B-catenin Ser246Ala mutant, but this mutant is expressed at
extremely low levels in transient transfections and does not
yield any detectable coactivation of AR or Tcf4 (data not
shown) (42). Therefore, it is not yet clear whether Pinl mod-
ulates B-catenin binding to APC and AR via the same or
distinct sites or whether different kinases regulate Pinl recog-
nition of these sites. It should also be noted that further direct
or indirect effects of Pinl on AR are also possible, based on
Pinl suppression of AR activity in the absence of exogenous
B-catenin (although this may in part reflect isomerization of
endogenous B-catenin) and augmentation of the isolated AR
N terminus.

The levels of total and nuclear B-catenin are tightly regu-
lated by binding to APC, which mediates GSK-3B-dependent
degradation of -catenin and can also stimulate its nuclear
export (16, 31, 36, 39-41). Therefore, although Pinl-mediated
abrogation of B-catenin binding to APC does not increase
B-catenin stability in PTEN-deficient PCa cells, it may none-
theless further increase B-catenin/Tcf4 activity by decreasing
the nuclear export of B-catenin. Indeed, immunofluorescence
studies indicate that Pinl can cause a relative increase in the
levels of nuclear B-catenin in LNCaP cells (data not shown). In
support of the hypothesis that APC may continue to mediate
nuclear export of B-catenin in advanced PCa, loss of heterozy-
gosity in the APC locus, hypermethylation of the APC pro-
moter, and APC mutations have been reported in PCa and may
correlate with more advanced disease (6, 15, 19, 26, 35, 58).

In a previous study we found a correlation between AR
ligands that support B-catenin binding and stimulate LNCaP
cell growth and suggested that AR recruitment of B-catenin
may be necessary to stimulate the expression of one or more
growth-promoting genes (27). In contrast, this study shows that
the B-catenin—AR interaction can function to suppress B-cate-
nin/Tcf4 signaling and tumorigenesis. Taken together, these
findings suggest that the B-catenin—AR interaction may have a
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dual function. AR coactivation and stimulation of growth-pro-
moting genes may predominate in cells with active B-catenin
degradation, while AR sequestration of B-catenin may play an
important role in suppressing the tumorigenic activity of excess
free nuclear B-catenin in cells with physiological active Wnt
signaling or pathological loss of regulated B-catenin degrada-
tion. In the latter cases, increased Pinl expression would ab-
rogate the AR sequestration of B-catenin and contribute to
tumor progression.

In summary, these studies indicate that Pinl contributes to
the development of aggressive PCa by abrogating the AR-f3-
catenin interaction and thereby increasing B-catenin coactiva-
tion of Tcf4 and expression of Tcf4-regulated genes. These
findings also strongly support a physiological role for AR in the
negative regulation of B-catenin/Tcf4 signaling. Importantly,
this may provide a rationale for the early use of intermittent
androgen ablation therapy to suppress B-catenin function and
suggests that this therapy may eventually fail in part due to
increased Pinl expression. Finally, this study indicates that
drugs targeting Pinl or selective AR antagonists that maintain
or enhance AR—B-catenin binding may be more effective than
conventional androgen ablation therapies in a subset of PCa
patients.
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