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Abstract

Background—Wnt/β-catenin signaling is important for prostate development and cancer in

humans. Activation of this pathway in differentiated luminal cells of mice induces high-grade

prostate intraepithelial neoplasia (HGPIN). Though the cell of origin of prostate cancer has yet to

be conclusively identified, a castration-resistant Nkx3.1-expressing cell (CARN) may act as a cell

of origin for prostate cancer.

Methods—To activate Wnt/β-catenin signaling in CARNs, we crossed mice carrying tamoxifen-

inducible Nkx3.1-driven Cre to mice containing loxP sites in order to either conditionally knock

out adenomatous polyposis coli (Apc) or constitutively activate β-catenin directly. We then

castrated and hormonally regenerated these mice to target the CARN population.

Results—Loss of Apc in hormonally normal mice induced HGPIN; however, after one or more

rounds of castration and hormonal regeneration, Apc-null CARNs disappeared. Alternatively,

when β-catenin was constitutively activated under the same conditions, HGPIN was apparent.

Conclusion—Activation of Wnt/β-catenin signaling via Apc deletion is sufficient to produce

HGPIN in hormonally normal mice. Loss of Apc may destabilize the CARN population under

regeneration conditions. When β-catenin is constitutively activated, HGPIN occurs in hormonally

regenerated mice. A second genetic hit is likely required to cause progression to carcinoma and

metastasis.
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Introduction

Prostate cancer is the most diagnosed non-skin cancer and is responsible for the second-most

cancer-related deaths in U.S. men [1]. Many prostate cancer cases are relatively indolent,

resulting in a 5-year survival rate approaching 100% [1]. However, once prostate cancer

becomes metastatic, 5-year survival rates are an abysmal 30% [1]. There is no cure for

metastatic prostate cancer, and few experimental models accurately recapitulate the

tumorigenic progression and the metastatic cascade that is seen in human patients. While the

number of genetically engineered mouse models is growing [2, 3], better experimental

prostate cancer models are needed to represent both indolent and aggressive prostate cancer.

Prostate cancer is a genetically and etiologically heterogeneous disease [4, 5]. Wnt/β-catenin

signaling is crucial for regulating prostate development and is generally inactive in normal

differentiated prostate cells [6-9]. Active Wnt/β-catenin signaling is associated with human

prostate cancer, and correlates with prostate cancer progression [10, 11]. Elevated nuclear β-

catenin expression is found in approximately 20% of advanced prostate tumors and 85% of

skeletal bone metastases [12]. We have previously shown that prostate-specific activation of

β-catenin in mouse models causes high grade prostate intraepithelial neoplasia (HGPIN), the

precursor to prostate cancer [13], and the activation of both SV40 large T-antigen and Wnt

signaling induces carcinoma [14]. In addition, while it is well known that inactivation of

APC causes intestinal tumors [15], it is also associated with prostate cancer [16-19]. Most of

the evidence linking APC to human prostate cancer is that of promoter hypermethylation

and subsequent reduced expression [19, 20]. We have previously shown that deleting Apc in

murine prostate epithelial cells induces β-catenin signaling, leading to high-grade

intraepithelial neoplasia (HGPIN) with infrequent micro-invasive characteristics and

castration resistance [21].

The prostate comprises three main epithelial cell types: basal, luminal, and neuroendocrine.

The development and growth of the prostate gland is regulated by androgen signaling,

primarily through the androgen receptor (AR). Prostate cancer generally depends on

androgen signaling as well, hence the use of androgen deprivation therapy (ADT) as a

treatment for advanced prostate cancer. Prostate cancer can become resistant to ADT

(castration resistance). A definitive cell of origin for human prostate cancer has not been

identified. In mice, models exist that suggest that prostate cancer can arise from either basal

or luminal cells [22-25]. A population of luminal epithelial cells has been identified in the

mouse that is castration resistant and is able to differentiate into both luminal and basal cells

[23]. These cells express the homeobox gene, Nkx3.1, and are referred to as castration

resistant Nkx3.1-expressing cells (CARNs) [23]. The Nkx3.1 gene promoter was used to

drive Cre recombinase expression and conditionally delete phosphatase and tensin homolog

(Pten) in the CARN population, which resulted in HGPIN and carcinoma, suggesting that

the CARN population is a cell of origin for prostate cancer [23].
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We utilized either floxed Apc mice [21] or mice carrying an allele of the β-catenin gene

(Ctnnb1) in which the third exon was flanked by loxP sites (floxed) [26]. After exposure to

Cre recombinase, this latter allele expressed a non-degradable version of the β-catenin

protein. These alleles were individually crossed to Nkx3.1-driven Cre transgenic mice [23]

to activate β-catenin in the luminal population, and then specifically in the CARN

population through castration and hormonal regeneration. We show that this resulted in

accumulation of β-catenin, hyperplasia, and regions of carcinoma that are castration

resistant. Interestingly, we also show that one or more rounds of castration and hormonal

regeneration in the Apc conditional knockout resulted in loss of this phenotype.

Materials and methods

Generation of mice

Apcflox [21], Ctnnb1lox(ex3) [26], Nkx3.1CreERT [23], mT/mG [27], and PBCre4 mice [28] have

all been previously described. All animals were used in protocols that were reviewed and

approved by Institutional Animal Care and Use Committees of the Van Andel Research

Institute and Vanderbilt University. To generate ApccKO mice, we crossed Nkx3.1CreERT

heterozygous mice (transgenic allele plus wild-type allele, or tg/+) with mice homozygous

for a floxed allele of Apc (flox/flox) to generate Nkx3.1CreERTtg/+;Apcflox/+ mice. We then

crossed these mice together to generate homozygous mutant Nkx3.1CreERTtg/+;Apcflox/flox

mice. Mice wild-type for Cre (Nkx3.1CreERT+/+;Apcflox/flox) were subjected to the same

experimental conditions as the mutant mice and were used as controls. To generate BcatcAct

mice, we crossed Nkx3.1CreERTtg/+ with mice homozygous for a floxed allele of Ctnnb1

(exon 3 flox/flox) to generate Nkx3.1CreERTtg/+;Ctnnb1lox(ex3) mice. To generate

Nkx3.1CreERTmT/mG mice, we crossed Nkx3.1CreERTtg/+ mice with mT/mG mice

homozygous for the knock-in mT/mG allele (ki/ki) to generate mice heterozygous for both

Cre and mT/mG (Nkx3.1CreERTtg/+;mT/mGki/+). The same strategy was used to generate

PBCre4mT/mG mice. For genotyping of all mice, DNA was prepared from tail biopsies using

sodium hydroxide extraction [29]. PCR-based strategies were then used to genotype these

mice [28, 30].

Tamoxifen administration

Tamoxifen (Sigma T5648) was dissolved at 20 mg/mL in a 9:1 mixture of corn oil and

ethanol the same day of administration to mice. This tamoxifen mixture (500 μL) was

administered to mice via oral gavage once per day for 2 consecutive days.

Allele-specific and quantitative reverse transcriptase PCR

To confirm that exon 14 of Apc had been deleted in the prostate of mutant NKAP mice,

DNA was isolated from whole prostate lobes using the Qiagen DNeasy kit (69504), and

PCR amplification was done to amplify wild-type, floxed, or deleted alleles using previously

described primers [30]. For qualitative or quantitative RT-PCR, RNA was removed from

mouse prostate using Trizol, centrifuged with chloroform to separate out the aqueous RNA

phase, and then RNA was ethanol precipitated and purified using the Qiagen RNeasy kit

(74034).
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Histology and immunohistochemistry

For hematoxylin (Sigma MHS16) and eosin (Sigma HT110216) staining and

immunohistochemistry, tissues were fixed in 10% neutral buffered formalin (NBF) for

24-48 hours, embedded in paraffin, and sectioned at 5 μm thickness. Immunohistochemical

staining was optimized using the Discovery XT System (Ventana, Tuscon, AZ). The

following antibodies were used for immunohistochemistry: β-catenin (Cell Signaling

Technology 9562), activated β-catenin (Cell Signaling 8814), Ki67 (Spring Biosciences

M306), Apc (Santa Cruz sc-896 C-20), cyclin D1 (Thermo Scientific RM-9104-R7), Foxa2

(HNF-3β, Santa Cruz sc-9187), p63 (Santa Cruz sc-8343), cleaved caspase 3 (Cell Signaling

9664), AR (Abcam ab133273), cytokeratin 14 (Covance PRB-155P), cytokeratin 8 (Spring

Biosciences E18400 for IHC or Developmental Studies Hybridoma Bank for IF), c-myc

(Epitomics 1472-1), and Taz (Abcam ab110239).

Hormone ELISA

Upon dissection of mice, approximately 500 μL of blood was removed via intracardiac

puncture, mixed with 5 μL of 0.5 M EDTA, pH 8.0, and then centrifuged at 6,000×g for 6

minutes. Approximately 200 μL of serum was removed from the top layer and stored at

−80°C. This serum was used in the Cayman Chemical testosterone EIA kit or estradiol EIA

kit to determine hormone levels. The student’s T-test was used to assess potential statistical

differences between groups.

Castration and testosterone re-administration

For surgical castration, a single 1 cm longitudinal incision was made in the skin and

peritoneum anterior to the preputial gland. The epididymal fat pad, vas deferens, and both

testes were removed via cauterization. The peritoneal incision was sutured shut, and the skin

was closed with wound clips. Wound clips were removed 14 days post-surgery. Post-

castration mice showed no signs of infection. Testosterone (Sigma T1500) was administered

to mice via semipermeable silastic tubes subcutaneously inserted into the dorsal mid-trunk

region of the mice. This method has been previously described [31]. These tubes were

removed when required for testosterone removal.

Imaging and counting of GFP-positive cells in mT/mG mice

Tissues were removed from mT/mG mice, fixed in 10% NBF overnight, and then placed in

30% sucrose at 4 °C overnight to extract any remaining water. Tissues were then cryo-

embedded in OCT medium, frozen at −80 °C, and subsequently cryo-sectioned at 5 to 10 μm

thickness. Tissues were stained with DAPI for 10 minutes at room temperature prior to

cover-slipping and imaging on a Zeiss 410 or Nikon A1 confocal microscope. GFP-positive

cells in the confocal images were counted using FIJI software. The student’s T-test was used

to assess potential statistical differences between groups.

Nuance microscopy quantification

Images were taken on a Nuance microscope, and were un-mixed for brown stain and blue

(hematoxylin) stain. Identical thresholds were used to quantify the number of positively

stained pixels for either the IHC stain (e.g. Ki67) or hematoxylin. Hematoxylin-positive
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nuclei represented the denominator, and IHC-stained nuclei represented the numerator. The

student’s T-test was used to assess potential statistical differences between groups.

Results

HGPIN in the ApccKO model

In our previous study, we conditionally deleted Apc in luminal cells of the murine prostate

using the ProbasinCre4 transgene (PBCre4) [21, 28]. The Apcflox mouse has been described

previously (Supplemental Figure 1a) [21]. When exon 14 of the Apc gene, which is flanked

by loxP sites (“floxed”) is deleted, Apc is rendered inactive. In the present study, we

induced recombination of Apc with Nkx3.1CreERT [23]. In this model, the Cre recombinase

gene is fused to a mutated version of the estrogen receptor (ER) ligand-binding domain that

encodes a protein that no longer responds to endogenous estradiol and is only activated by

tamoxifen (Supplemental Figure 1b). We crossed Nkx3.1CreERT mice with Apcflox mice to

generate Nkx3.1CreERTApcflox mice, which we will refer to as either Apcflox

(Nkx3.1CreERTwtApcflox/flox) or ApccKO (Nkx3.1CreERTtg/+Apcflox/flox) throughout the

remainder of this paper. We treated these mice with tamoxifen via oral gavage at 12 weeks

of age (Figure 1a) and showed via allele-specific PCR that the Apc gene was indeed deleted

in the prostate, but not in any of the non-prostatic tissues we tested (Figure 1b). We showed

via immunohistochemistry (IHC) and real-time PCR (RT-PCR) that Apc is lost at the

protein and RNA level in ApccKO mice and that β-catenin protein levels increase in response

to Apc deletion (Figures 1c-d). In the same samples, we performed quantitative RT-PCR

(qRT-PCR) and found that the gene encoding β-catenin (Ctnnb1) and the Wnt target genes

Axin2, and c-Myc were all significantly up-regulated upon Apc loss (Figure 1e).

Surprisingly, the gene encoding Cyclin D1 (Ccnd1) was down-regulated in the ApccKO

prostate cells relative to Apcflox cells (Figure 1e). To determine the specificity of

Nkx3.1CreERT recombinase activity, we crossed Nkx3.1CreERT mice to double fluorescent

reporter mT/mG mice [27]. This mouse ubiquitously expresses the red fluorescent protein

Tomato in the membrane of cells. Upon Cre activation, Tomato is excised and green

fluorescent protein (GFP) expression is induced via the excision of a lox-stop-lox site

upstream of GFP (Supplemental Figure 1c). We saw GFP expression in whole prostates

from Nkx3.1CreERTtg/+mT/mGki/ki mice (Supplemental Figure 1d) and following cryo-section

(Figure 1f). To determine whether Nkx3.1CreERT recombinase was active in any other tissues

after tamoxifen treatment, we cryosectioned tissues from throughout the body and found

GFP expression only in the bulbourethral gland (Supplemental Figures 1e-f); Nkx3.1

expression in this gland had been reported previously [32]. We did not, however, find a

phenotype in these glands (data not shown). We quantified the percentage of GFP-positive

cells in a representative portion of prostate tissue and found that Nkx3.1CreERT was active

one day after tamoxifen treatment in an average of 22% of luminal cells in the anterior

prostate of tamoxifen-treated mice, versus an average of 59% in PBcre4mT/mG anterior

lobes by 4 weeks of age (Figure 1g, Supplemental Figures 1g-h). We found GFP expression

in the oldest mice we assessed, 7 months after tamoxifen treatment (data not shown),

indicating that once recombination occurs in a cell, as expected, its progeny retain the

recombined portion.
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HGPIN in tamoxifen-treated, hormonally normal ApccKO mice

We treated mice with tamoxifen at 3 months of age, and we monitored them to 4 months, 7

months, 10 months, or 13 months of age. In these hormonally normal mice, we assumed that

CARNs were present within the luminal population, but that these would not be the only

cells in which Apc was deleted (as Nkx3.1 is expressed in both CARN and non-CARN

luminal cells under hormonally normal conditions). At 4 months of age, ApccKO mice

displayed regional hyperplasia, increased β-catenin expression, and an increase in Ki67

staining (data not shown). We did more analysis at 7 months of age, to compare them to the

PBCre4Apcflox model that we had previously published [21]. At this and other time points,

the most severe phenotype was restricted to the anterior lobe of the prostate; the ventral and

dorsolateral lobes showed little evidence of hyperplasia or any aspects of PIN (Supplemental

Figure 2a). Because the Nkx3.1CreERT construct is a knock-in that creates one null Nkx3.1

allele, we checked Nkx3.1CreERTtg/+Apcwt prostate tissue and found no evidence of

hyperplasia or PIN (Supplemental Figure 2b). However, it is possible that the combination

of loss of one Nkx3.1 allele along with homozygous deletion of Apc contributes to the

phenotype [33]. ApccKO mice at 7 months of age displayed glandular hypercellularity in

which gland lumens were often completely filled with cells with mild nuclear enlargement

and occasional mild nucleolar enlargement, but no areas of invasion or metastasis, consistent

with a diagnosis of HGPIN (Figure 2) [34]. These mice also showed increased cytoplasmic

and nuclear β-catenin staining, as well as increased nuclear activated β-catenin (non-

phosphorylated Ser33/37/Thr41 residues) with a correlative increase in the proliferation

marker Ki67 and cell cycle marker cyclin D1 (Figure 2). Unexpectedly, cyclin D1 RNA

levels decrease while protein levels increase (see Figure 1e and Figure 2). ApccKO mice also

expressed more nuclear and cytoplasmic c-myc relative to Apcflox mice (Figure 2). In

control mice, β-catenin was only detected in the cellular membrane, and very few cells were

positive for Ki67, cyclin D1 or c-myc. The increase in Ki67 was quantified and found to be

statistically significantly higher in ApccKO mice (Supplemental Figure 3a).

There was a modest increase in cleaved caspase 3 expression, indicative of a higher rate of

apoptosis in regions of ApccKO mice (Figure 3). To determine the epithelial nature of the

affected cells in ApccKO mice, we stained for luminal marker cytokeratin 8 (CK8), which

was confined to the luminal compartment in both Apcflox and ApccKO (Figure 3). We also

stained for androgen receptor (AR) and found it to be expressed primarily in the luminal

compartment of both Apcflox and ApccKO mice and in a small percentage of basal cells

(Figure 3). Surprisingly, AR expression was present in a higher percentage of nuclei from

ApccKO mice relative to Apcflox, although the amount of AR protein decreased over time

(Supplemental figure 3b). We also stained for the basal cell markers cytokeratin 14 (CK14)

and p63, which were localized nearly exclusively (CK14) and exclusively (p63) to basal

cells as expected. The vast majority of the atypical β-catenin nuclear positive PIN lesional

cells were luminal in location and stained positively for CK8 and negatively for CK14.

However, a small percentage (~4%) of presumed lesional cells co-expressed CK8 and CK14

in small clusters (Figure 3 and Supplemental figure 3c), similar to what was found in the

PBCreApcflox mice [21]. We also found that ApccKO cells had increased Foxa2 expression,

which is up-regulated by β-catenin [14, 35] (Figure 3). Foxa2 and Wnt/β-catenin signaling

are active in early embryonic buds of the prostate [8, 36], and Foxa2 is also active in
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prostatic neuroendocrine cells. Finally, we found that ApccKO cells had increased Taz

expression (Figure 3), which could indicate a reduction of Hippo signaling and concurrent

tissue growth [37], or could simply be a marker of increased β-catenin expression [38].

Either way, Taz activity is an indicator of increased cellular proliferation and growth [39].

To assure that estrogen levels were not being affected by addition of tamoxifen, we

performed an estradiol ELISA and found no significant change (Supplemental Figure 3d).

We also performed a testosterone ELISA and found no significant change between

tamoxifen-treated mice relative to control mice (Supplemental Figure 3e).

In ApccKO mice at 10 and 13 months, HGPIN was apparent but did not seem to progress to

invasive disease (data not shown). However, ApccKO mice developed large liver tumors at

10 months of age with 100% penetrance (Supplemental Figure 4a). We conducted allele-

specific PCR on liver tumor tissue and found no evidence of Apc deletion; the same assay

was performed on lung, lymph node, and bone marrow tissue found no evidence of deletion

(Supplemental Figure 4b). AR IHC on these tissues showed no evidence of AR expression

anywhere but the prostate (Supplemental Figure 4c). These observations are cinsistent with

previous observations in our PBCreApcflox model [21]. These data indicate that no secondary

tumor sites were present in ApccKO mice.

A small population of ApccKO cells survived castration but did not proliferate

We castrated mice at 2 months of age and then treated them with tamoxifen at 3 months to

determine whether tumorigenesis could occur from the CARN population without hormonal

regeneration (Figure 4a). Prostates in castrated mice shrunk to approximately 1/10th the size

of a normal prostate (Figure 4b), and testosterone in the sera of castrated mice was

negligible (Supplemental figure 3e). PCR for Apc showed deletion did indeed occur in

castrated and tamoxifen-treated mice, though at a lesser level than in tamoxifen-only mice

(data not shown). Upon mT/mG analysis, recombination still took place in approximately

12% of luminal cells (Figures 4c and 1g). There was no discernible difference in AR

staining, and no detectable phenotype by histological analysis of tissues from the mutant

mice (Figures 4c-d). There were few cells that showed cytoplasmic β-catenin staining in the

mutants (we concluded that these cells were CARNs), but no difference was seen in Ki67 or

AR staining (Figures 4d). These data indicate that while Apc is being deleted in a small

population of luminal cells of castrated mice (likely CARNs), the loss of Apc is insufficient

to drive tumorigenesis in these cells.

Cells in ApccKO mice continue to proliferate upon castration after tamoxifen treatment

To determine whether the HGPIN phenotype seen in ApccKO mice would persist following

castration, we treated mice at 3 months of age with tamoxifen, and then castrated them three

months later (Figure 5a). mT/mG analysis showed that recombination took place in

approximately 7% of luminal cells following castration (Figures 5b and 1g). ApccKO

prostates appeared larger upon dissection than their Apcflox counterparts (data not shown). A

small population of cells retained β-catenin cytoplasmic staining, and there was significantly

more Ki67 staining in the ApccKO mice relative to Apcflox controls (Figures 5b-c). These

data suggest that tamoxifen treatment causes Apc deletion associated with β-catenin

accumulation and nuclear localization (as seen in hormonally normal tamoxifen-only mice),
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and that castration causes these phenotypes to deteriorate. This process takes time, as

evidenced by higher proliferative rate of cells in ApccKO mice, indicating slight castration

resistance.

HGPIN phenotype disappears after one or more cycles of hormonal regeneration in
ApccKO mice

In the Wang et al. paper that first reported the use of Nkx3.1CreERT mice, they selected for a

CARN-rich population by castrating mice, treating with tamoxifen, and then readministering

testosterone to expand a CARN population that had the tumor suppressor phosphatase and

tensin homolog (Pten) deleted [23]. We followed a similar strategy with our model (Figure

6a). Following hormonal regeneration, prostates were the same size as a tamoxifen-only,

hormonally normal prostate (Figure 6b). Testosterone levels in regenerated mice increased

approximately 20-fold over hormonally normal mice (Supplemental Figure 3e). Upon

mT/mG analysis, there were significantly more GFP-positive luminal cells in the

regenerated mice relative to the tamoxifen-only group (Figures 6c and 1g). However, this

expansion of the CARN population did not translate to the ApccKO mice. After one round of

castration and regeneration, there was no evidence of hyperplasia or HGPIN, cytoplasmic or

nuclear β-catenin expression, or differential Ki67 expression (Figure 6c). The prostates from

these ApccKO mice appeared normal. To determine whether multiple rounds of castration

and regeneration expand the ApccKO CARN population, we castrated, regenerated, removed

testosterone, and then regenerated again in a cyclic fashion (Figure 6d). In the mT/mG mice,

GFP-positive cells decreased (Figures 6e and 1g) and the prostate once again appeared

normal, similar to the mice that had undergone one cycle of regeneration (Figure 6e). The

ApccKO cell population appeared to disappear after one or more cycles of castration and

hormonal regeneration. These data suggest that although the ApccKO CARN population is

indeed resistant to apoptosis under castration conditions, increased proliferation is not

associated with androgen-mediated regeneration.

HGPIN in tamoxifen-treated, hormonally regenerated BcatcAct mice

We also bred the Nkx3.1CreERT mice with Ctnnb1lox(ex3) mice. In this model, exon 3 of β-

catenin is floxed, and after Cre recombination occurs, a constitutively active version (which

is unable to be phosphorylated and degraded) is expressed at high levels. We will refer to

this mouse model as BcatcAct. Previously, we have shown that activation of Ctnnb1lox(ex3)

using the PBCre4 promoter resulted in HGPIN [13]. Similar to the ApccKO mice, no

hyperplastic phenotype was observed in the castrated BcatcAct mice after treatment with

tamoxifen or hormonal regeneration alone (Figure 7), following the timeline shown in

Figure 4a. There was also no observed phenotype in Nkx3.1creERTtg/+Ctnnb1wt (Bcatwt) mice

treated with tamoxifen and hormonal regeneration (Figure 7). Prostates from hormonally

regenerated BcatcAct mice displayed HGPIN histology (Figure 7), with evidence of

nucleolar enlargement in a subset of cells, as well as more nuclear atypia relative to the

ApccKO mice (data not shown). Prostates from hormonally regenerated BcatcAct mice also

displayed nuclear and cytoplasmic accumulation of β-catenin (Figure 8). As a result of

androgen supplement to the control and BcatcAct mice, prostates derived from these

hormonally regenerated mice displayed nuclear staining of AR (Figure 8). Active cell

proliferation was observed in the prostatic epithelial cells as shown by Ki67 IHC (Figure 8).
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While only a few cells (~1%) in control mice showed positive Ki67 staining, significantly

more proliferating cells were seen in prostates derived from hormonally regenerated

BcatcAct mice (Ki67-positive cells: 43% in AP and 15% in DLP). The differences seen in

Ki67 positivity between the ApccKO and BcatcAct mice (18% versus 43% respectively) may

be due to a higher level of active β-catenin in the BcatcAct mice.

Discussion

In metastatic castration-resistant prostate cancer, mutations have been detected in multiple

genes of the Wnt/β-catenin signaling pathway [40]. Studies indicate that Wnt/β-catenin

signaling can be activated in prostate cancer via a number of mechanisms in addition to

mutation, such as cross-talk with the PTEN/Akt, COX-2/PGE2, TGF-β, and NF-κB

pathways [41-43]. Furthermore, reactive stroma is associated with prostate cancer in the

microenvironment, and there is increasing evidence indicating that Wnt/β-catenin can also

be activated by growth factors and inflammatory factors secreted by fibroblasts and

macrophages from the tumor microenvironment [42, 44]. Thus, in addition to the presence

of activating mutations in the β-catenin gene and hypermethylation of the Apc gene

promoter, a variety of mechanisms can result in activation of β-catenin in human prostate

cancer. Consistent with this, human studies found that increased nuclear β-catenin, an

indicator of active Wnt signaling, is strongly correlated with advanced-stage prostate cancer

and recurrence [45], suggesting that active Wnt/β-catenin signaling would endow prostate

cancer cells with a selective advantage during tumor progression.

In this study, we investigated the role of Wnt/β-catenin activation via Apc knockout or

constitutive activation of β-catenin in a luminal epithelial prostate cell population. This

differs from our previous studies due to the Cre strategy we used (Nkx3.1CreERT versus

PBCre4), as well as the hormonal stages we investigated. We show here that loss of Apc in

tamoxifen treated, hormonally normal mice induces HGPIN, correlating with increased

active cytoplasmic and nuclear β-catenin levels. These findings are consistent with our

previous publication [21], even though Apc is being knocked out in fewer luminal cells (see

Figure 1g). Furthermore, these studies show that loss of Apc in prostate luminal cells from

sexually mature mice can drive tumorigenesis (as opposed to the Probasin-Cre model in

which deletion begins upon the initial exposure to androgen during puberty).

We show that loss of Apc in castrated and hormonally regenerated mice has little effect,

which is different than what was observed after loss of Pten in the same model system. The

differences could be due to the tumor suppressor being knocked out, rather than the model

being used. While loss of Pten in the CARN population causes proliferation and carcinoma,

loss of Apc does not increase proliferation after hormonal regeneration, while not reversing

the inherent castration resistance. However, we also show that upon constitutive activation

of β-catenin under hormonal regeneration conditions, proliferation and PIN result. This

could be due to the levels of active β-catenin in the two models, as it was apparent that there

was considerably more β-catenin in BcatcAct mice than in ApccKO mice. It is also possible

that the difference seen between the two models is due to non-β-catenin-related events, such

as the interaction and stabilization of microtubule ends by Apc [46]. This will be important

to determine, as the CARN provides a paradigm-shifting idea about prostate stem cells. The
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role of Wnt signaling, as a primarily developmental pathway in the CARN population, may

have far-reaching implications.

Conclusions

We conclude that activation of Wnt/β-catenin signaling alone cannot cause prostate cancer

in mice, particularly in the CARN population. Wnt/β-catenin signaling activation alone does

cause HGPIN, however, either in a model of Apc deletion or by direct β-catenin activation.

A second genetic hit is likely necessary to cause progression to carcinoma and metastasis.

Wnt/β-catenin signaling activation acting as a second genetic hit could also cause

progression to carcinoma and metastasis, as has been shown previously [14]. In addition, it

is possible that repeated rounds of castration and hormonal regeneration could result in loss

of Apc-null CARN cells, as shown in our data. What this means in the clinical setting is

unclear.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of Apc induced β-catenin and Axin2 expression
(a) Timeline of tamoxifen treatment for the Tam-only group. (b) Apc-allele-specific PCR on

tissue from control mice without Cre expression - Nkx3.1CreERT+/+;Apcflox/flox (Apcflox) or

Nkx3.1CreERTtg/+;Apcflox/flox (ApccKO) mice. DLP: dorsolateral prostate; VP: ventral

prostate; AP: anterior prostate; SV: seminal vesicle. (c) Apc and β-catenin IHC on anterior

prostate tissue from Apcflox or ApccKO mice. (d) Apc qualitative RT-PCR on anterior

prostate tissue from Apcflox or ApccKO mice. (e) Quantitative RT-PCR on anterior prostate

tissue from Apcflox or ApccKO mice; * p <0.0003. (f) Confocal imaging of
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Nkx3.1CreERTmT/mG anterior prostate. (g) Quantification of GFP-positive cells from

PBCre4mT/mG (left bar) or Nkx3.1CreERTmT/mG (remaining bars) anterior prostate. * p

<0.05.
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Figure 2. Prostate tissue from ApccKO mice displayed HGPIN with increased proliferation
correlated with increased cytoplasmic and nuclear levels of β-catenin
H&E and IHC staining of anterior prostate tissue from Apcflox and ApccKO mice at 7

months of age (4 months post-tamoxifen treatment). H&E: hematoxylin and eosin; B-cat: β-

catenin IHC; Active B-cat: activated β-catenin IHC (stains for non-phosphorylated version

of β-catenin); Ki67; Cyclin D1; and Myc.
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Figure 3. The luminal compartment of ApccKO mice expressed increased AR and both luminal
and basal markers
Staining of anterior prostate tissue from Apcflox and ApccKO mice at 7 months of age (4

months post-tamoxifen treatment). Cleaved Caspase 3; AR: androgen receptor; CK8:

cytokeratin 8; CK14: cytokeratin 14; p63; Foxa2; and Taz.

Valkenburg et al. Page 16

Prostate. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. A small population of ApccKO cells survived castration but did not proliferate
(a) Timeline of tamoxifen treatment and castration for the Cas-Tam group. (b) Anterior

prostate lobes from castrated and non-castrated mice. (c) AR IHC on prostate tissue from

Apcflox and ApccKO mice in the Cas-Tam group. (d) Confocal mT/mG imaging of Cas-Tam

mice, as well as H&E and β-catenin and Ki67 immunostaining of prostate tissues from

Apcflox and ApccKO mice in the Cas-Tam group.
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Figure 5. Increased proliferation in ApccKO mice when castrated after Tamoxifen-induced Cre
induction
(a) Timeline of tamoxifen treatment and castration for the Tam-Cas group. (b) Confocal

mT/mG imaging for Cas-Tam mice, as well as H&E and β-catenin and Ki67

immunostaining of prostate tissues from Apcflox and ApccKO mice in the Tam-Cas group.

(c) Quantification of Ki67-positive cells in anterior prostate sections from Apcflox and

ApccKO mice; * p = 0.003.
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Figure 6. A single or multiple rounds of castration and hormonal regeneration eliminated the
ApccKO cell population
(a) Timeline of tamoxifen treatment, castration, and testosterone treatment for the

Regenerated group. (b) Anterior prostate lobes from regenerated and non-castrated mice. (c)

Confocal mT/mG imaging for Cas-Tam mice, as well as H&E and β-catenin and Ki67

immunostaining of prostate tissues from Apcflox and ApccKO mice in the Regenerated

group. (d) Diagram of the timeline of tamoxifen treatment, castration, and testosterone

treatment for the Cyclic group. (e) Confocal mT/mG imaging for Cas-Tam mice, as well as
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H&E and β-catenin and Ki67 immunostaining of prostate tissues from Apcflox and ApccKO

mice in the Cyclic group.
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Figure 7. Prostate tissue from BcatcAct mice displayed PIN after castration and hormonal
regeneration
H&E stained prostates from Nkx3.1CreERTtg/+;Ctnnb1+/+ (Bcatwt) and

Nkx3.1CreERTtg/+;Ctnnb1lox(ex3) (BcatcAct) mice. All of the mice were castrated. Bars = 100

μm.
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Figure 8. Prostate tissue from BcatcAct mice displayed HGPIN with increased proliferation
correlated with increased cytoplasmic and nuclear levels of β-catenin
Staining of anterior prostate tissue from Bcatwt and BcatcAct mice at 7 months of age (3

months post-tamoxifen treatment).
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