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Abstract

BACKGROUND—The role of Wnt/β-Catenin signaling in embryogenesis and carcinogenesis has 

been extensively studied in organs such as colon, lung and pancreas, but little is known about 

Wnt/β-Catenin signaling in the prostate. Although stabilizing mutations in APC and β-Catenin are 

rare in primary prostate tumors, recent studies suggest that cytoplasmic/nuclear β-Catenin is 

associated with advanced, metastatic, hormone-refractory prostate carcinoma.

METHODS—To better understand the role of β-Catenin in prostatic development and 

carcinogenesis, we studied Wnt expression during prostate development and activated Wnt/β-

Catenin signaling in the developing and adult prostate.

RESULTS—Our results demonstrated that during prostate development Wnt ligands display a 

dynamic expression pattern. Activation of β-Catenin during prostate development caused epithelial 

hyperplasia followed by prostatic intraepithelial neoplasia (PIN) in prostate. In the adult prostate, 

activation of β-Catenin resulted in high grade PIN (HGPIN) and continuous prostatic growth after 

castration. As a result of activation of β-Catenin, AR was first up-regulated with the emergence of 

epithelial hyperplasia, but was later down-regulated when HGPIN developed. Furthermore, 

activation of β-Catenin induced Foxa2 re-expression in adult prostate which normally is only 

expressed in the embryonic budding stage during prostate development.
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CONCLUSIONS—The results from this study strongly suggest that Wnt/β-Catenin signaling is 

involved in the regulation of prostate development and confirm that constitutive activation of this 

pathway enables the mouse prostate to grow after castration.
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Introduction

Wnts are a family of secreted glycoproteins with 19 members found in mammals [1]. The 

Wnt ligands act in a short-range paracrine manner mediated through binding to a cell surface 

Frizzled (Fzd) receptor together with a co-receptor LDL-receptor-related protein (LRP). Wnt 

signaling is known to involve at least three main intracellular pathways: the canonical 

Wnt/β-Catenin pathway, the Wnt/Ca2+ pathway and the Wnt/polarity pathway. Accordingly, 

Wnts are often classified into three categories: canonical Wnts (including Wnt1, 2, 2b, 3, 3a, 

6, 7b, 8a, and 8b), non-canonical Wnts (Wnt4, 5a, and 11) and non-classified Wnts (Wnt5b, 

7a, 9a, 9b, 10a, 10b, and 16) [2].

The canonical Wnt/β-Catenin pathway has been extensively studied and is best understood. 

In this pathway, β-Catenin is the main mediator of Wnt signaling in the nucleus. β-Catenin 

has dual roles. First, β-Catenin is a junction molecule involved in cell-cell adhesion by 

forming a complex with E-Cadherin at the cell surface. β-Catenin is also present in the 

cytosol; however, without Wnt signaling cytoplasmic β-Catenin is rapidly degraded by a 

complex which contains adenomatous polyposis coli (APC), Axin and glycogen synthase 

kinase 3β (GSK3β). The constitutive proteosomal degradation of β-Catenin prevents its 

accumulation in the cytoplasm and maintains cellular β-Catenin at low levels. In the 

presence of Wnt signal, Wnt binds to its receptor frizzled (Fzd) and activates Disheveled. 

Disheveled blocks the degradation of β-Catenin, resulting in cytoplasmic accumulation of β-

Catenin, followed by β-Catenin translocation into the nucleus through an unspecified 

mechanism(s) that, in the prostate, may involve interactions with AR and the Smad family 

of transcription factors [3, 4].

Once β-Catenin is transported to the nucleus, it acts as a transcription co-activator and 

activates TCF target genes such as c-Myc, cyclin D1 (CD1), and urokinase-type 

plasminogen activator (uPA) [5, 6]. Studies have shown that β-Catenin can activate AR 

target genes [7-9]. As a co-activator of AR, β-Catenin may have a significant influence on 

prostate development and more importantly on tumor initiation and progression [10]. 

Although stabilizing mutations in β-Catenin in primary prostate tumors have been shown to 

occur in approximately 5% of human cancer cases [11], they provide a selective advantage 

for the carcinoma cells during tumor progression [12, 13]. Furthermore, nuclear β-Catenin is 

strongly correlated with advanced stage and recurrence of prostate cancer [14, 15]. As a 

correlate, previous studies have shown that WIF1 (a Wnt inhibitor) is often down regulated 

in prostate cancer [14, 16]. In addition to Wnt signaling, β-Catenin also can be activated 

through cross-talk with other pathways. Studies have shown that β-Catenin is implicated in a 

network of several non-Wnt pathways that are important for prostate carcinogenesis 

Yu et al. Page 2

Prostate. Author manuscript; available in PMC 2015 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



including the PTEN/Akt [17], COX-2/PGE2 [18], TGF-β [19], NF-κB [20, 21], and PDGF 

pathways [22]. All these pathways are capable of activating β-Catenin and to some extent 

may thereby contribute to β-Catenin related prostate cancer progression in vivo.

To further clarify the role of Wnt dependent β-Catenin signaling in prostate development 

and carcinogenesis, we screened Wnt family mRNA to determine the pattern of expression 

during prostate development. We then used conditionally deleted β-Catenin exon 3 mouse 

models to activate Wnt/β-Catenin signaling during early prostate development using 

Nkx3.1-Cre or in late prostate development using Probasin-Cre (PBCre4). Our results 

demonstrated that activation of β-Catenin results in epithelial hyperplasia followed by PIN. 

Once HGPIN develops, the murine prostate continues to grow after androgen blockade. In 

addition, we found that activation of β-Catenin induced the re-expression of Foxa2, which is 

normally expressed only in the embryonic prostate. Our results suggest that β-Catenin is 

involved in prostate development and continuous prostatic growth in the absence of 

androgen.

Materials and Methods

Nkx3.1-Cre/Catnbfloxed (ex3) mouse breeding and UGS rescue

Catnbfloxed (ex3) mice (in C57BL/6 background) [23] were bred with Nkx3.1-Cre (in C57BL/ 

6 background). Embryo age was determined by checking plug and the morning with plug 

was considered as E 0.5 day. UGS were dissected from E16 to E18 embryos and PCR was 

performed for genotyping. Rescued UGS were grafted into renal capsules of adult male nude 

mice, and rescued organs were recovered from host mice at 6-14 weeks.

PBCre4/Catnbfloxed (ex3) mouse breeding, castration, BrdU labeling and TUNEL assay

Catnbfloxed (ex3) mice (in C57BL/ 6 background) were bred with PBCre4 mice (crossed with 

C57BL/ 6 for more than ten generations) [24]. Male mice were castrated and sacrificed as 

indicated. BrdU was injected two hours before sacrifice according to manufacturer's 

instructions (Sigma, B5002 St Louis, MO.). TUNEL assay was performed using Apoptosis 

detection kit from Millipore (Billerica, MA)

Antibodies and Immunohistochemistry

Prostate lobes from PB-Cre/CatnbΔ (ex3) and control litter mate mice and tissues from 

rescued Nkx3.1-Cre/CatnbΔ(ex3) and litter mate UGS were fixed in 10% buffered formalin 

and embedded in paraffin as previously described [25-27]. Tissues were subjected to 

standard processing, and 5μm of sections were cut. H&E staining was performed following 

standard protocol. Immunostaining was performed using antibodies listed below and stained 

using Vectastain ABC kit (Vector Laboratories, Inc., Burlingame, CA). Sections were 

counterstained with Harris hematoxylin (Surgiport, Richmond, VA). AR (N20), Foxa2 

(P19), and Probasin (M18) antibodies were purchased from Santa Cruz (Santa Cruz, CA). β-

Catenin antibody was purchased from BD transduction laboratories (San Jose, CA). 

Secondary antibodies used for immunofluorescence staining were purchased from Molecular 

Probes (Eugene, Oregon). BrdU staining was performed in Vanderbilt Immunohistology 
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Core Lab. Nkx3.1 antibody was kindly provided by Dr. Cory Abate-Shen at Herbert Irving 

Comprehensive Cancer Center, Columbia University Medical Center, New York, NY.

RT-PCR

Total RNA was extracted from urogenital sinus (UGS) of male embryos or dorsolateral 

prostate using RNeasy mini kit (Qiagen, Valencia CA) and treated with RNase free DNase 

(Qiagen, Valencia CA) to eliminate genomic DNA contamination. Primers specific for 19 

Wnts were designed to span at least one intron (except when only a single exon exists) to 

ensure mRNA specific amplification. Primer sequences for 19 Wnts were listed in Table I. 

The PCR conditions were as follows: 94°C/4min, and 35 cycles of 94°C/30sec, 58°C/45sec, 

and 72°C/1min.

Western Blot

Fresh prostate tissue was obtained from PBCre4/CatnbΔ(ex3) or litter mate control mice. 

Western blot was performed as described before [25].

Results

1. Wnts display a dynamic expression pattern during prostate development

Wnt family member expression during prostate development was analyzed by RT-PCR. As 

shown in Fig. 1, of the 19 Wnts, Wnt 2, 3, 3a, 4, 5a, 5b, 6, 7a, 7b, 8b, 9a, 9b, 10a, 10b, 11, 

and 16 were expressed in prostate, but Wnt 1, Wnt 2b and Wnt 8a were not (data not shown: 

primers for these Wnts were tested using RNA from embryonic day 12 (E12) embryo or 

from mouse stem cells as positive controls). The expression of 16 Wnts displayed a dynamic 

pattern during prostate development: Wnt 3 and Wnt 7a were highly expressed in E16 

urogenital sinus (UGS), decreased in E18 UGS, declined further after birth and were not 

detectable in the adult prostate; Wnt 3a was weakly expressed in E16 and E18 UGS, but not 

in postnatal day 1 or adult prostate; Wnt 2, 4, 5a, 5b, 7b, 8b, 9a, 10a, 10b and 11 were 

expressed throughout developing and adult prostate; Wnt6 was highly expressed in 

embryonic and postnatal day 1 prostate, but expression decreased in adult prostate; Wnt 9b 

was expressed only in embryo UGS at very low levels; Wnt 16 was highly expressed in 

embryonic and neonatal prostate, but totally disappeared in adult prostate (Fig. 1).

2. Activation of β-Catenin during embryogenesis results in PIN lesion and Foxa2 re-
expression

The RT-PCR results demonstrated that a subgroup of canonical Wnts (Wnt3, 3a, and 6) are 

expressed during early prostatic development and are decreased in the adult prostate. This 

prompted us to study how stabilized β-Catenin would affect prostate development. For this 

purpose, the Catnbfloxed(ex3) mouse model was utilized. In this model, exon 3 of β-Catenin 

was floxed. Breeding of Catnbfloxed(ex3) mice with tissue specific Cre mice will result in the 

deletion of exon 3 thus preventing degradation and causing accumulation of cytoplasmic/

nuclear β-Catenin. In order to activate Wnt/β-Catenin signaling in early prostatic 

development, Catnbfloxed(ex3) mice were bred with Nkx3.1-Cre mice. Nkx3.1 is expressed in 

developing UGS and expression is maintained in the adult prostate epithelium [28]. Out of 

more than twenty litters from breeding of Catnbfloxed(ex3) mice with Nkx3.1-Cre mice, no 
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offspring with the Nkx3.1-Cre/Catnbfloxed(ex3) genotype survived indicating that Nkx3.1-

Cre/CatnbΔ(ex3) mice were embryonic lethal. This is consistent with a recent report that 

Nkx3.1-Cre is activated not only in the developing prostate, but also in several other organs 

during embryogenesis, including the lung, brain, heart, somites and spinal ridge [29]. In 

order to study prostate development in these mice, we used a renal grafting procedure that 

would rescue UGS and allow it to mature into a normal prostate [30]. Although the ratio is 

lower than Mendel's law, out of 130 embryos, we obtained 14 of Nkx3.1-Cre/

Catnbfloxed(ex3) genotype. A total of 34 UGS from E16 to E18 embryos (14 of Nkx3.1-Cre/

Catnbfloxed(ex3) genotype) were grafted into the renal capsules of adult male athymic nude 

mice. Rescued organs were recovered from host mice 6-14 weeks later. As shown in Fig. 2a, 

β-Catenin accumulated in prostate epithelial cells as a result of exon 3 deletion, and 

stabilization of β-Catenin in early developing prostate caused PIN lesions to develop. As β-

Catenin accumulated in prostate epithelia, Foxa2 was re-expressed, which is normally 

expressed only in the early embryonic buds of the developing prostate but not in the adult 

gland [31]. Compared with the adjacent normal histology area, Foxa2 was only co-localized 

with the appearance of active β-Catenin (Fig. 2a). In addition, immunostaining for AR and 

the AR target gene-Nkx3.1 were decreased, and the adult prostatic differentiation marker-

probasin, another AR target gene, was not expressed in PIN where β-Catenin was activated 

(Fig. 2b and 2c). These results indicate that activation of β-Catenin during embryogenesis 

results in PIN lesion formation and Foxa2 re-expression, as well as down-regulation of AR 

expression and signaling in the prostates of Nkx3.1-Cre/CatnbΔ (ex3) mice.

3. Activation of β-Catenin after birth results in epithelial hyperplasia with progression to 
HGPIN in the prostate

Breeding of PBCre4 mice with Catnbfloxed(ex3) mice resulted in the deletion of exon 3 of β-

Catenin in prostate epithelial cells starting 2 weeks after birth, resulting in β-Catenin 

accumulation in the cytoplasm and nucleus in prostatic epithelial cells (Fig. 3a). This first 

resulted in prostatic epithelial hyperplasia at 12 weeks (Fig. 3b) followed by progression to 

HGPIN at 6 and up months (Fig. 3c, 9 months). With the stabilization of β-Catenin, 

epithelial cells proliferated actively as marked by the extensive BrdU incorporation (Fig. 

3d). However, only HGPIN and no adenocarcinoma were observed even at 9 months and 1 

year of age as epithelial cells were still confined by the basement membrane (Fig. 3c, panel 

2 and table II). This indicates that β-Catenin activation after birth results in HGPIN in the 

prostate.

4. Activation of β-Catenin causes continuous prostatic growth after castration

Accumulation of β-Catenin in the cytoplasm and nucleus is a late event in human prostate 

cancer and is associated with progression of prostate cancer to androgen-independence [14, 

15]. To study whether Wnt/β-Catenin signaling is involved in controlling prostatic growth in 

the absence of androgen, PBCre4/CatnbΔ(ex3) and litter mate control mice were castrated and 

sacrificed 5 days or 2-4 weeks later (table III). Two hours before sacrifice, mice were 

injected with BrdU. TUNEL assay and BrdU staining were performed to study the influence 

of castration on PBCre4/CatnbΔ(ex3) prostatic cell apoptosis and proliferation, respectively. 

Apoptosis was detected in prostates from both control and PBCre4/CatnbΔ(ex3) mice after 

castration (TUNEL assay in Fig. 4b). However, while control mice showed no prostatic 
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proliferation at any time point after castration (Fig. 4b panel 3 and 11), prostates derived 

from castrated PBCre4/CatnbΔ(ex3) mice continued to proliferate (BrdU staining Fig. 4b). 

Extensive BrdU incorporation was seen in the activated β-Catenin mouse prostates 5 days 

(panel 7) and 2 weeks (panel 15) post-castration. BrdU incorporation was significantly 

higher in the prostates of intact and castrated mice expressing nuclear β-catenin (PBCre4/

CatnbΔ(ex3) ) when compared to wild type intact or castrated mice (Fig. 4c), indicating that 

activation of Wnt/β-Catenin induces prostatic cell proliferation in both the presence and 

absence of testicular androgens. TUNEL staining was significantly higher in the prostates of 

intact PBCre4/CatnbΔ(ex3) mice when compared to intact wild type mice (Fig. 4c). At 5-days 

post-castration, prostatic TUNEL staining was elevated but show no significant difference 

between wild type and PBCre4/CatnbΔ(ex3) mice. However, at 14-days post-castration, 

prostatic TUNEL staining was significantly higher in the PBCre4/CatnbΔ(ex3) prostate when 

compared to wild type prostate (Fig. 4c). Thus, after castration in the PBCre4/CatnbΔ(ex3) 

mice, the prostate continues to show both proliferation and cell death while the prostate of 

wild type mice only show cell death. These results suggest that activation of β-Catenin 

overrides androgen's control on prostate growth and causes continuous prostatic epithelial 

cell proliferation in the absence of testicular androgen.

5. AR signaling pathway in PBCre4/CatnbΔ(ex3) mouse prostates

Up-regulation of AR expression has been suggested as one of the mechanisms to explain the 

continuous growth of the prostate following castration. Thus, the expression levels of AR, 

and AR associated target genes in both intact and castrated PBCre4/CatnbΔ(ex3) and control 

mouse prostates was examined. In prostates derived from intact PBCre4/CatnbΔ(ex3) mice, 

AR expression levels were at first up-regulated at 12 weeks, concomitant with the 

emergence of prostatic hyperplasia (Fig. 3b and Fig. 5a). In addition, AR expression was 

increased in prostate epithelial cells that have cytoplasmic/nuclear β-Catenin (Fig. 5a, 

asterisks) in 12 week-old PBCre4/CatnbΔ(ex3) mice, especially when compared with the 

adjacent areas that show only membrane β-Catenin staining. Furthermore, the AR target 

genes Nkx3.1 and probasin were up-regulated in the same cells at 12 weeks, when prostate 

epithelial hyperplasia developed (Fig. 5a). At this age, β-Catenin is only focally activated 

and the increased AR levels could not be detected by western blot.

While AR expression in PBCre4/CatnbΔ(ex3) prostate epithelial cells was increased at 12 

weeks, The development of HGPIN in PBCre4/CatnbΔ(ex3) prostates at 22 weeks was 

associated with decreased expression of AR (Fig. 5b, 5d, and 5e). AR was decreased by 

around 9% in PBCre4/CatnbΔ(ex3) mouse prostates compared to litter mate control (Fig. 5e). 

The actual decrease of AR in the PIN is likely greater then reflected by western analysis 

since the prostate contains areas of normal histology as well as PIN. Further, the Cre 

activation of the β-Catenin gene is directed by promoters that are only expressed in the 

epithelium likely leaving stromal AR unchanged.

At later ages (6 months), as seen in the Nkx3.1Cre/CatnbΔ(ex3) mouse, the PBCre4/

CatnbΔ(ex3) mouse prostates failed to express probasin (Fig. 5c). Unlike the human Prostate 

Specific Antigen (PSA) that usually continues to be expressed by advanced human prostate 

cancer, probasin is consistently decreased in mouse models of PIN and prostate cancer.
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Additionally, AR levels were also examined in castrated PBCre4/CatnbΔ(ex3) and castrated 

control mice. By immunohistochemistry staining (Fig 5b), AR levels appeared slightly 

decreased in castrated PBCre4/CatnbΔ(ex3) mouse prostates compared with castrated control. 

AR localization did not show obvious differences between the two groups. The slight down-

regulation of AR in PBCre4/CatnbΔ(ex3) mouse prostates was confirmed by western blot 

(Fig. 5d). AR levels were decreased by around 8% in castrated PBCre4/CatnbΔ(ex3) mouse 

prostates compared with castrated litter mate controls (Fig. 5e). These results indicate that 

AR and AR signaling pathway were first up-regulated in epithelial cell hyperplasia as a 

result of activation of β-Catenin, but later AR levels were down-regulated when the prostate 

developed HGPIN.

6. Gene expression is altered in PBCre4/CatnbΔ(ex3) mouse prostates

To elucidate the mechanisms that result in continuous prostate growth in the PBCre4/

CatnbΔ(ex3) mouse after castration, we examined several nuclear β-Catenin regulated genes 

including Foxa2 (an embryonic prostate marker), cMyc (β-Catenin/TCF target gene, is 

involved in cell cycle and proliferation regulation), and β-TrCP (an ubiquitin ligase involved 

in regulation of several proteins’ degradation).

The Nkx3.1-Cre/CatnbΔ(ex3) mouse prostate showed Foxa2 expression coincided with the 

activation of nuclear β-Catenin (Fig 2). Since Nkx3.1-Cre is expressed in the embryonic 

prostate when Foxa2 is also expressed, it is possible that activation of β-Catenin allows 

Foxa2 expression to persist rather than to induce the expression of Foxa2. Our use of 

PBCre4/CatnbΔ(ex3) mice, in which the probasin promoter directs Cre expression to the 

prostatic epithelium starting around two weeks after birth, a time when Foxa2 is not detected 

in the prostate gland [31], enabled us to determine if Foxa2 was re-induced by the activation 

of β-Catenin. As shown in Fig 6, similar to the Nkx3.1-Cre/CatnbΔ(ex3) prostates, PBCre4/

CatnbΔ(ex3) prostates showed Foxa2 expression. The expression of Foxa2 was detected at 

late time points such as 23 weeks (Fig. 6) but not at 12 weeks (data not shown). Thus, Foxa2 

expression was detected in HGPIN lesions, but not in hyperplastic lesions, indicating that 

activation of Wnt/β-Catenin signaling induced Foxa2's re-expression in the prostate instead 

of sustaining Foxa2's expression from embryonic prostate. Furthermore, the re-expression of 

Foxa2 occurred when active nuclear β-Catenin appeared in the prostate of both intact and 

castrated mice (Fig. 6a). The induction of Foxa2 in PBCre4/CatnbΔ(ex3) prostates was 

further confirmed by western blot (Fig. 6b). In addition, western blot also showed increased 

cMyc levels in the prostates of intact and castrated mice once β-Catenin-signaling was 

activated as compared to controls (Fig. 6b).

As shown in Fig. 6b, the high level of the non-degradable exon 3 deleted β-Catenin (D.A. 

beta-Catenin) was in sharp contrast to the lower level of the endogenous wild type β-

Catenin. To explain this difference, we examined the levels of F-box β-TrCP ubiquitin 

ligase, an enzyme that causes the degradation of β-Catenin and functions as a feedback 

inhibitor to Wnt signaling [32-34]. Levels of β-TrCP mRNA were increased 1.9-fold in the 

CatnbΔ(ex3) expressing mouse prostate compared with control prostate (p<0.01) (Fig. 6c). 

Similarly, the levels of β-TrCP protein were increased from control levels when Wnt/β-

Catenin signaling was active (Fig. 6b). The up-regulated β-TrCP caused the wild type β-
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Catenin to undergo increased degradation while the non-degradable CatnbΔ(ex3) protein 

continued to accumulate. The altered gene expressions of Foxa2, cMyc, and β-TrCP in 

PBCre4/CatnbΔ(ex3) mouse prostates suggests that these genes contribute to prostatic growth 

after castration.

Discussion

To study Wnt/β-Catenin signaling in prostate development, we initially screened the 

expression profiles of 19 Wnt family members by RT-PCR. We found that the Wnt family 

members displayed a dynamic expression pattern during prostate development (Fig. 1). 

Several of the canonical Wnts were expressed in developing prostate but decreased or were 

expressed below the level of detection in the adult prostate (Wnt 3, 3a, and 6). The canonical 

Wnts are capable of activating β-Catenin signaling, suggesting that Wnt dependent β-

Catenin signaling is active during prostate development. Wnt 16, which is highly expressed 

only in developing prostate, is a non-classified Wnt that has been implicated in bone 

morphogenesis. Non-canonical Wnts including Wnt 4, 5a and 11 are expressed throughout 

the developing and adult prostate. These results suggest that non-canonical Wnts are 

required to maintain normal prostatic homeostasis.

In order to study how continuous activation of Wnt/β-Catenin affects prostate development, 

a mouse model with constitutively activated β-Catenin was utilized where exon 3 of β-

Catenin was deleted thus preventing its degradation and resulting in the accumulation of 

cytoplasmic and nuclear β-Catenin. Two types of prostate-specific Cre mice were used to 

activate β-Catenin: Nkx3.1-Cre which starts to express Cre around E14.5 and the expression 

continues into adulthood; and PBCre4 which specifically expresses Cre in the mouse 

prostate starting about 2 weeks after birth. Both lines activated the Catnbfloxed(ex3) in the 

prostate resulting in the re-expression of Foxa2. Foxa2 is forkhead transcription factor that is 

normally expressed in the developing prostate only at E18 through postnatal day 1 when the 

prostate is undergoing budding [31]. The re-expression of Foxa2 in the Nkx3.1-Cre/

CatnbΔ(ex3) and PB-Cre/CatnbΔ(ex3) mouse prostates suggests that either β-Catenin 

activation endows prostate an embryonic feature and/or that Wnt signaling directly controls 

Foxa2 levels. β-Catenin and Sox17 have been reported to regulate Foxa2 expression [35]. 

Sox17 is expressed in the adult prostate (unpublished data), which, with the activation of 

Wnt/β-Catenin, may explain the expression of Foxa2 in adult prostate.

Androgen ablation therapy is commonly used to treat patients with clinically advanced 

prostate cancer. However, prostate cancer almost uniformly escapes androgen blockade and 

becomes androgen depletion independent [36] or “androgen refractory.” The mechanism(s) 

that controls nonmalignant prostate growth in the absence of androgen may also explain how 

prostate cancer progresses to the castrate resistant stage during androgen ablation therapy. 

Our results demonstrate that activation of Wnt/β-Catenin signaling did result in continuous 

prostatic cell proliferation in the absence of testicular androgen as marked by the extensive 

BrdU incorporation (Fig. 4). We have demonstrated that either activation of the NF-κB [37] 

or β-Catenin activation can result in nonmalignant prostatic tissue to continue to grow after 

castration.
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In an effort to explain our observation that constitutively active Wnt/β-Catenin signaling 

promotes continue prostate growth after castration, we examined several pathways. First, we 

examined AR pathway. Cross-talk between β-Catenin and AR pathways have been reported 

in vitro [10], and the activation of AR pathway by β-Catenin is androgen dependent since β-

Catenin only activates AR signaling in the presence of androgen. In addition, over-

expression of the AR can activate β-Catenin signaling in the presence of low level of 

androgen (castrate levels of androgen), but not in the presence of physiological level of 

androgen [38]. Simultaneous activation of β-Catenin and over-expression of the AR enabled 

prostate cancer cells to grow at castrate levels of androgen, suggesting the pivotal role of the 

interaction of these two pathways in the progression to castrate resistant prostate cancer. We 

used Nkx3.1 and PB directed Cre to activate β-Catenin in developing and adult murine 

prostates, respectively. Rescued Nkx3.1-Cre/CatnbΔ(ex3) mouse prostates developed HGPIN 

lesions following the activation of β-Catenin (Fig. 2) and displayed decreased levels of AR 

expression. PBCre4/CatnbΔ(ex3) mouse prostates develop hyperplasia (12 weeks) followed 

by HGPIN (6 months). Interestingly, while AR levels are up-regulated in early hyperplastic 

lesions, AR expression levels were subsequently down-regulated in HGPIN (6 months) (Fig. 

5).

In hyperplastic lesions (12 weeks), concurrent with the increase of AR level, expression of 

Nkx3.1 and probasin was increased in epithelial cells where β-Catenin is activated. Our 

findings provide in vivo evidence for the up-regulation of AR action by nuclear β-Catenin on 

two androgen target genes, probasin and Nkx3.1. In HGPIN mice, under both intact and 

castrate conditions, the PBCre4/CatnbΔ(ex3) mouse prostates showed slightly decreased AR 

protein levels compared with control mouse prostates by westerns. Nuclear AR staining was 

diminished in both PBCre4/CatnbΔ(ex3) and control mouse prostates after castration. These 

results indicate that activation of Wnt/β-Catenin signaling promotes prostatic cell 

proliferation in the absence of testicular androgens. This can be due to castrate levels of 

androgens activating the AR, nuclear β-Catenin enhancing AR activity, and/or by 

pathway(s) other than AR signaling that would controls prostatic growth.

Our results showed that Foxa2 was re-expressed in the PBCre4/CatnbΔ(ex3) mice in both 

intact and castrated conditions. The Foxa2 is an embryonic prostate marker. The re-

expression of Foxa2 in PBCre4/CatnbΔ(ex3) mouse prostates suggests the gaining of 

progenitor cell feature, which may enable these prostatic cells to grow after castration.

In the PBCre4/CatnbΔ(ex3) mouse prostates, we also found that cMyc was up-regulated (Fig. 

6b). cMyc, a well-known oncogenic gene homologue to the viral v-myc, is a transcription 

factor that can activate a variety of target genes involved in the regulation of cell growth, 

proliferation, and apoptosis. Over-expression of cMyc in benign human prostatic epithelium 

causes a cancer phenotype [39], and over-expression of cMyc converts prostate cancer cell 

line LNCaP from androgen dependent into androgen independent [40]. These studies 

suggest that wnt/β-Catenin control of the cMyc pathway may play a pivotal role in 

promoting continuous prostate growth after castration.

Activation of β-Catenin signaling resulted in prostatic hyperplasia, low grade PIN, and 

progression to HGPIN. A recently published paper demonstrates that inactivation of APC in 
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the mouse prostate results in foci of prostate cancer at 7 months and continued proliferation 

of the prostate cancer after castration [41]. Varied genetic backgrounds may contribute to 

the slightly different phenotype observed in APC deficient mouse compared to the PBCr4/

CatnbΔ(ex3) mouse. Both floxed β-Catenin and PBCre4 mouse lines have been crossed into 

C57BL/6 for more than ten generations while the APC deficient mice are on a mixed 

background of C57Bl/6J and 129Sv/J. However, in PBCr4/CatnbΔ(ex3) mouse prostate, we 

found that with the accumulation of the exon 3 deleted non-degradable β-Catenin in the 

cytoplasm, endogenous β-Catenin levels decreased. The decreased endogenous β-Catenin is 

attributed to the increased expression of the F-box β-TrCP ubiquitin ligase that is a feedback 

inhibitor to block Wnt signaling by the degradation of β-Catenin [32-34]. Although the 

levels of β-TrCP mRNA measured by qRT-PCR are only 1.9-fold higher than controls (p < 

0.01), this value must be an underestimate since the RNA was isolated from the complete 

prostate that contained areas of normal histology as well as PIN. Increased levels of F-box 

proteins are particular important in cancer [42] since they control the degradation of multiple 

signaling pathways that are required for proliferation. Although the endogenous β-Catenin 

decreased, the exon 3 deleted β-Catenin can still function normally in the E-Cadherin 

complex. We detect no decrease in E-Cadherin levels with the loss of the endogenous β-

Catenin (data not shown). Thus, the exon 3 deleted non-degradable β-Catenin may serve to 

stabilize E-Cadherin, which may account for the lack of prostate carcinoma in PBCr4/

CatnbΔ(ex3) mouse .

Conclusions

The present report focused on the study of Wnt/β-Catenin signaling in prostate development 

and carcinogenesis. In this study, we have now found that Wnt/β-Catenin signaling is active 

in early prostate development and constitutive activation of β-Catenin results in HGPIN in 

the prostate. Further, we have shown that accumulation of β-Catenin enables the prostate to 

grow after androgen blockade. In addition, we have found that with the activation of Wnt/β-

Catenin signaling, Foxa2 was induced in adult prostates. Foxa2 is normally expressed in 

embryonic prostate buds during development but not in adult prostate. These findings 

suggest that Wnt/β-Catenin signaling plays an important role in prostate development and in 

the progression of prostate cancer.
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Fig. 1. 
Expression of Wnts in prostate. Expression of Wnts during prostate development was 

analyzed by RT-PCR using total RNA extracted from embryo day 16 (E16) and day 18 

(E18) UGS, postnatal day 1 (P1) and 8 week dorsolateral prostate (8 wk). RNA extracted 

from embryo stem cells (ES) served as positive control. 16 out of 19 Wnts were expressed in 

prostate.
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Fig. 2. 
Constitutive activation of β-Catenin during prostate development caused prostatic 

intraepithelial neoplasia, induced Foxa2 re-expression, and reduced AR and AR signaling 

pathway. E16 to E18 UGS from Nkx3.1Cre/ CatnbΔ(ex3) and litter mate control male 

embryos were rescued and grafted under renal capsules of adult male nude mice. a, 

activation of β-Catenin caused PIN and Foxa2 re-expression. 1-3: serial sections of rescued 

prostate with Nkx3.1-Cre/ CatnbΔ(ex3) genotype; 4-6: serial sections of rescued prostate with 

Nkx3.1-Cre genotype. Asterisks in panel 1-3 indicate cytoplasmic/nuclear β-Catenin 

staining areas, and arrowheads indicate normal areas that show only membrane β-Catenin 

staining. At the areas where β-Catenin was activated (2, asterisks), PIN lesions developed (1, 

asterisks). While Foxa2 was not expressed in rescued control prostate (panel 6), Foxa2 

expression was detected in β-Catenin accumulating prostate epithelia (panel 2-3). b, 

activation of β-Catenin reduced AR level. 1, AR staining performed on section from rescued 

control prostate. 2 and 3, β-Catenin or AR staining performed on serial sections from a 

rescued Nkx3.1Cre/ CatnbΔ(ex3) mouse prostate. At the area where β-Catenin was activated 

(2 and 3, asterisks), AR level was reduced compared with adjacent normal histology area (2 

and 3, arrowheads) or with control prostate (1). inset: higher magnification. c, AR target 

genes (Nkx3.1 and probasin) were down-regulated in active β-Catenin mouse prostates. 1 

and 2: immunostaining of Nkx3.1 or probasin performed on serial sections (same as those 

used in Fig2a, panel 1-3) from Nkx3.1-Cre/ CatnbΔ(ex3) prostate. 3 and 4: immunostaining 

performed on sections from rescued control prostate. Nkx3.1 antibody nicely stained the 

epithelial cell nuclei from control prostate (panel 3), or from the normal histology region of 

Nkx3.1-Cre/ CatnbΔ(ex3) prostate (panel 1, arrowhead), but at the areas that show activated 

β-Catenin (serial section from panel 2 in Fig.2a, asterisk), the Nkx3.1 staining was diffused 
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(panel 1, asterisk) and the level was much lower when compared with adjacent normal 

histology area (panel 1, arrowhead) or with control prostate. Another AR target gene-

probasin was lost at the area where β-Catenin was activated (panel 2, asterisk), while control 

prostate showed strong probasin staining. Scale bars represent 50 μm.
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Fig. 3. 
Activation of β-Catenin in adult prostate resulted in epithelial hyperplasia followed by 

progression to HGPIN. a, immunostaining for β-Catenin performed on a 12 week old 

PBCre4/ CatnbΔ(ex3) mouse prostate. With the deletion of exon 3, cytoplasmic/ nuclear β-

Catenin accumulated focally in prostate epithelial cells at 12 weeks. AP, anterior prostate; 

DP, dorsal prostate; LP, lateral prostate; VP, ventral prostate. b, H&E staining performed on 

a 12 week old PBCre4/ CatnbΔ(ex3) mouse prostate. The accumulation of β-Catenin in 

cytoplasm/nucleus resulted in prostatic hyperplasia at 12 weeks. c, histology of PBCre4/ 

CatnbΔ(ex3) mouse prostate at 9 months. 1-2: H&E staining of a 9 month old control or 

PBCre4/ CatnbΔ(ex3) mouse prostate. 3-4: β-Catenin staining performed on serial sections 

from the above mouse prostates. At this age, prostatic epithelial cells displayed extensive 

cytoplasmic and nuclear β-Catenin (panel 4), which resulted in HGPIN to develop. Highly 

proliferating epithelial cells expanded and filled prostatic acini but were still restricted 

within stroma, and prostate basement membranes were still intact. d, BrdU staining. BrdU 

staining was performed on a 23 week old PBCre4/ CatnbΔ(ex3) (panel 2) or an age matched 

control mouse prostate (panel 1). BrdU incorporation in active β-Catenin prostate was 

significantly increased compared with control prostate (p<0.01). Scale bars represent 50 μm.
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Fig. 4. 
Activation of β-Catenin caused continuous prostate growth after castration. PBCre4/ 

CatnbΔ(ex3) and litter mate control mice were castrated at 22-23 weeks and sacrificed 5 days 

or 2 weeks later. a, histology of control and PBCre4/ CatnbΔ(ex3) mouse prostates without 

castration. 1 and 2: BrdU staining; 3 and 4: TUNEL staining. Arrow heads indicate positive 

staining. b, histology of control and PBCre4/ CatnbΔ(ex3) mouse prostates 5 days or 2 weeks 

post castration. 1-4, serial sections from a control mouse prostate 5 days after castration; 5-8, 

serial sections from a PBCre4/ CatnbΔ(ex3) mouse prostate 5 days after castration; 9-12, 

serial sections from a control mouse prostate 2 weeks after castration; 13-16, serial sections 

from a PBCre4/ CatnbΔ(ex3) mouse prostate 2 weeks after castration. Panel 1, 5, 9, and 13: 

H&E staining. Activation of β-Catenin resulted in HGPIN in PBCre4/ CatnbΔ(ex3) mouse 

prostates. Panel 2, 6, 10, and 14: β-Catenin staining. While β-Catenin can only be detected 

on cell membranes of control prostates (panel 2 and 10), β-Catenin accumulated in 

cytoplasm/nucleus of PBCre4/ CatnbΔ(ex3) mouse prostates (panel 6 and 14). Panel 3, 7, 11, 

and 15: BrdU staining. While control prostate stopped grow after 5 days and 2 weeks 

castration, activation of β-Catenin enabled PBCre4/ CatnbΔ(ex3) mouse prostate to 

continuously proliferate after castration as marked by the extensive BrdU incorporation in 

panel 7 and 15. Panel 4, 8, 12, and 16: TUNEL assay by ApopTag staining (inset for higher 

magnification). Both control and PBCre4/ CatnbΔ(ex3) mouse prostates showed apoptosis 

after castration. c, quantification of BrdU and TUNEL staining. column 1: prostate from 

control mouse without castration; 2: prostate from PBCre4/ CatnbΔ(ex3) mouse without 

castration; 3: prostate from control mouse 5 days post castration; 4, prostate from PBCre4/ 

CatnbΔ(ex3) mouse 5 days post castration; 5, prostate from control mouse 2 weeks post 
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castration; 6, prostate from PBCre4/ CatnbΔ(ex3) mouse 2 weeks post castration. * p< 0.01; 

** p< 0.05, # p> 0.05. Scale bars represent 50 μm.
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Fig. 5. 
AR signaling in PBCre4/ CatnbΔ(ex3) mouse prostate. a, immunofluorescence staining 

performed on prostate sections from a 12 week old PBCre4/ CatnbΔ(ex3) mouse prostate. 

1-3: dual staining of β-Catenin and AR. 4-6: dual staining of β-Catenin and Nkx3.1. 7-9: 

dual staining of β-Catenin and probasin (Pb). β-Catenin was in red; AR, Nkx3.1 and 

probasin were in green. At the areas where β-Catenin accumulated in cytoplasm/nucleus 

(indicated by asterisks), AR was up-regulated compared with other areas that showed only 

membrane β-Catenin staining. Concurrently, AR target genes-Nkx3.1 and probasin were up-

regulated with the activation of β-Catenin. b, immunostaining performed on prostate 

sections from 22 week old intact (panel 1-3) or castrated (panel 4-6) control and PBCre4/ 

CatnbΔ(ex3) mice. At this age, AR level was slightly decreased in PBCre4/ CatnbΔ(ex3) 

mouse prostates compared with control under both intact and castration condition. c, 

probasin staining. d, western blot to analyze the AR level in intact or castrated control and 

PBCre4/ CatnbΔ(ex3) mouse prostates. e, quantification of western blot results. Scale bars 

represent 50 μm.
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Fig. 6. 
genes altered in PBCre4/ CatnbΔ(ex3) mouse prostates. a, immunostaining performed on 

sections from intact (1-3) or castrated (4-6) mouse prostates. 1 and 4: Foxa2 staining 

performed on control prostates. Foxa2 was not detected in these prostates under either intact 

or castration condition. 2 and 3: serial sections from intact PBCre4/ CatnbΔ(ex3) mouse 

prostates. 5 and 6: serial section from castrated PBCre4/ CatnbΔ(ex3) mouse prostates. With 

the activation of β-Catenin, Foxa2 was induced under both intact and castration condition. b, 

western blot. Protein lysis was prepared from intact or castrated control and PBCre4/ 

CatnbΔ(ex3) mouse prostates. The deletion of exon 3 of β-Catenin resulted in truncated β-

Catenin protein that was labeled as D.A. beta-Catenin. The endogenous β-Catenin band was 

labeled as endo. beta-Catenin. With the accumulation of D.A. β-Catenin, endogenous β-

Catenin level was decreased. The induction of Foxa2 in PBCre4/ CatnbΔ(ex3) mouse 

prostates was confirmed in western blot. Protein levels of cMyc and βTrCP increased with 

the activation of β-Catenin. c, real-time RT-PCR to analyze βTrCP level.
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Table I

Wnt PCR primer sequence

Gene PCR primer sequence PCR product

Wnt1 F: GTGCAAATGGCAATTCCGAAACCG
R: AAATCGATGTTGTCACTGCAGCCC

252bp

Wnt2 F: AACTGCAACACCCTGGACAGAGAT
R: CTACAAAGGCACGGGCAAACTTGA

262bp

Wnt2b F: TGAAGCTGCAGGGTGAGGATGAA
R: TGTCTGGGTAGCGTTGACACAACT

264bp

Wnt3 F: TTCATGATCGCCGGCAAACTTCCT
R: ACGCTGGGCATGATCTCGATGTAA

247bp

Wnt3a F: TCTGCAGGAACTACGTGGAGATCA
R: TCCCGAGAGACCATTCCTCCAAAT

340bp

Wnt4 F: ATGCAGCAGTGGAGAACTGGAGAA
R: GCCAGCCTCGTTGTTGTGAAGATT

202bp

Wnt5a F: TCGCCATGAAGAAGCCCATTGGAA
R: TGTCCTTGAGAAAGTCCTGCCAGT

241bp

Wnt5b F: AGCTCCGCTTTGGAAGATGTTGGT
R: AACTGACACAGCTTTCTCTGGCCT

246bp

Wnt6 F: TGTCAGTTCCAGTTCCGTTTCCGA
R: GCTTGTGCTGCGCATCCATAAAGA

352bp

Wnt7a F: AGGCTGCCTTCACCTATGCGATTA
R: ACACACCATGGCACTTACACTCCA

309bp

Wnt7b F: TACGTGAAGCTCGGAGCATTGTCA
R: ACAGCCACAATTGCTCAGATTGCC

342bp

Wnt8a F: TGCCTGGTCAGTGAACAACTTCCT
R: TCTGGCATCCTTCCCTTTCTCCAA

409bp

Wnt8b F: TCGGAGACTTTGACAACTGTGGCT
R: GCACTTACACGTGCGTTTCATGGT

230bp

Wnt9a F: ACTGCTTTCCTCTACGCCATCTCT
R: TTTGCAAGTGGTTTCCACTCCAGC

294bp

Wnt9b F: ATGTCAGTTCCAGTTCAGGCAGGA
R: TTCAGATTGTCACCACACACACCC

237bp

Wnt10a F: CATCCATGAGTGCCAGCATCAGTT
R: TTTGCACTTACGCCGCATGTTCTC

514bp

Wnt10b F: TCCGTGAGAGTGCTTTCTCCTTCT
R: TCCCTGGAATCCAAGAAATCCCGA

313bp

Wnt11 F: GCCTGTGAAGGACTCAGAACTTGT
R: CACCAGTGGTACTTGCAGTGACAT

210bp

Wnt16 F: ACTGTATGGTCGCCACTACCACTT
R: AACTTTCTGCTGAACCACATGCCG

271bp
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Table II

Histology of PBCre4/ CatnbΔ(ex3) mouse prostates at different age

age Mouse number histology

11-12 weeks 5 hyperplasia

6 months 7 HGPIN

9 months 5 HGPIN

1 year 2 HGPIN
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Table III

Mice used in castration study

castration Control mouse number PBCre4/ CatnbΔ(ex3) mouse number

5 days 5 5

≥2 weeks 7 7
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