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Abstract

Polyglutamine (polyQ) tract polymorphism within the human androgen receptor (AR) shows 

population heterogeneity. African American men possess short polyQ tracts significantly more 

frequently than Caucasian American men. The length of polyQ tracts is inversely correlated with 

the risk of prostate cancer, age of onset, and aggressiveness at diagnosis. Aberrant activation of 

Wnt signaling also reveals frequently in advanced prostate cancer, and an enrichment of androgen 

and Wnt signaling activation has been observed in African American patients. Here, we assessed 

aberrant expression of AR bearing different polyQ tracts and stabilized β-catenin in prostate 

tumorigenesis using newly generated mouse models. We observed an early onset oncogenic 

transformation, accelerated tumor cell growth, and aggressive tumor phenotypes in the compound 

mice bearing short polyQ tract AR and stabilized β-catenin. RNA sequencing analysis showed a 

robust enrichment of Myc-regulated downstream genes in tumor samples bearing short polyQ AR 

versus those with longer polyQ tract AR. Upstream regulator analysis further identified Myc as the 

top candidate of transcriptional regulators in tumor cells from the above mouse samples with short 

polyQ tract AR and β-catenin. Chromatin immunoprecipitation analyses revealed increased 

recruitment of β-catenin and AR on the c-Myc gene regulatory locus in the tumor tissues 

expressing stabilized β-catenin and shorter polyQ tract AR. These data demonstrate a promotional 

role of aberrant activation of Wnt/β-catenin in combination with short polyQ AR expression in 

prostate tumorigenesis and suggest a potential mechanism underlying aggressive prostatic tumor 

development, which has been frequently observed in African American patients.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed malignancy and the second leading cause 

of cancer-related death among men in the United States 1. Importantly, African American 

men have been shown to have the highest risk in both prostate cancer incidence and 

mortality 2. Although socio-economic status and other environmental and cultural factors 

may contribute to this racial disparity, emerging evidence has shown an important role of 

genetic and epigenetic factors in the pathogenesis of African American prostate cancer 2.

Androgen signaling, mediated through the androgen receptor (AR) and its ligands, 

testosterone and 5a-dihydrotestosterone (DHT), plays a central role in prostate 

tumorigenesis 3, 4. The AR is a ligand-induced transcriptional factor 5, and contains an N-

terminal transactivation domain (NTD), a central DNA-binding domain (DBD), a C-terminal 

ligand-binding domain (LBD), and a hinge region between the DBD and LBD 6. The NTD 

of human AR is encoded by exon 1, containing a variable region of different length CAG 

(cytosine, adenine, guanine) triplet repeats that codes the polyglutamine (PolyQ) tract. The 

length of CAG repeats has been shown to inversely correlate with the transcriptional activity 

of the AR 7, 8. Expansion of the CAG repeats length within the AR directly associates with 

spinal and bulbar muscular atrophy and Kennedy’s disease 9, 10. Intriguingly, it has been 

shown that African American men bear short CAG repeats significantly more frequently 

than Caucasian American men 11, 12. Moreover, the length of CAG repeats in the AR gene 

are inversely correlated with the risk of developing prostate cancer, age of onset, and risk of 

advanced disease at diagnosis 7, 8, suggesting a potential link between the length of polyQ 

tracts and the pathogenesis and aggressiveness of prostate cancer in African American men.

Aberrant activation of Wnt signaling pathways was revealed as one of the most frequent 

abnormalities in advanced human prostate cancer and directly contributes to prostate 

tumorigenesis 13, 14. An increase in nuclear β-catenin expression has been shown to promote 

prostate cancer cell proliferation 15. Conditional expression of stabilized β-catenin in 

prostate epithelium induces the development of squamous metaplasia and prostate 

intraepithelial neoplasia (PIN) 16, 17. An interaction between the AR and β-catenin proteins 

has been identified in prostate cancer cells 18–20. Co-expression of AR and stabilized β-

catenin in the mouse prostate results in accelerated prostate tumor development with 

aggressive tumor invasion and a decreased survival rate 21. A significant enrichment of the 

androgen and Wnt signaling pathways was observed in patients with fast growing and early 

onset prostate cancer 22. Intriguingly, this enrichment was also identified in prostate cancer 

samples isolated from African American men 23.

To recapitulate aberrant Wnt and androgen activation in human prostate cancer 

tumorigenesis, particularly in those aggressive diseases observed in African American men, 

we generated a series of mouse strains, in which humanized AR bearing different lengths of 

CAG repeats and stabilized β-catenin are co-expressed in mouse prostatic epithelia. An early 
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onset oncogenic transformation, accelerated tumor development, and more aggressive tumor 

invasion phenotypes were observed in the prostates of the mice with the expression of short 

polyQ AR and stabilized β-catenin. Castration of these mice bearing prostatic tumors 

showed significant tumor regression. RNA sequence analysis showed a robust enrichment of 

Myc regulated downstream target genes in the differentially expressed genes (DEGs) of 

tumor samples of short polyQ AR versus those with longer polyQ tracts. Upstream 

Regulator Analysis identified Myc as the top candidate of transcriptional regulators in tumor 

cells isolated from mice with short polyQ tract AR proteins and stabilized β-catenin 

expression. Using chromatin immunoprecipitation (ChIP) analyses, we further identified 

increased recruitment of β-catenin and AR on the c-Myc gene regulatory locus in tumor 

tissues from the compound mice expressing stabilized β-catenin and short polyQ AR. These 

data demonstrate a promotional role of short polyQ AR expression in enhancing aberrant 

activation of Wnt/β-catenin induced prostate tumorigenesis, suggesting a potential 

mechanism underlying aggressive prostatic tumor development that has been frequently 

observed in African American patients.

RESULTS

Conditional expression of stabilized β-catenin in the prostate of humanized AR knock-in 
mice

The dysregulation of Wnt and androgen signaling pathways co-occurs in human prostate 

cancer 14 (Supplemental Fig. 1 and Supplemental Table 1). African American men bearing 

short polyQ tract AR proteins appeared more frequently and revealed higher incidence and 

greater lethality of prostate cancer than Caucasian American men 11, 12. To assess aberrant 

Wnt and androgen activation in prostate tumorigenesis, we developed a series of compound 

mice, in which conditional expression of stabilized β-catenin is activated by probasin 

promoter-driven Cre activity in prostatic epithelia of humanized AR knock-in mice bearing 

different length polyQ tracts 24–26 (Fig. 1A). Using genomic PCR approaches, we confirmed 

humanized AR bearing different length of CAG repeats, Ctnnb1 exon 3 floxed, and PB-Cre4 
alleles (Fig. 1B). Western blotting analyses further demonstrated the expression of 

humanized AR with different lengths of polyQ tracts and stabilized β-catenin proteins in 

mouse prostatic tissues (Fig. 1C). The expression of both humanized AR and stabilized β-

catenin was further assessed using immunohistochemistry (IHC) analyses in adjacent tissue 

sections. Uniform nuclear staining of humanized AR proteins with the antibody against the 

amino terminal region of the human AR protein was revealed in prostate tissues isolated 

from each of the three compound mouse lines (Fig. 1D2–4). Cytoplasmic and nuclear β-

catenin expression was also confirmed in adjacent tissue sections (Fig. 1E2–4). In contrast, 

cellular membrane staining of endogenous β-catenin, but no staining for human AR 

antibody was revealed in prostate tissues of wild type controls (Fig. 1D1 and 1E1). These 

results demonstrated the co-expression of humanized AR and stabilized β-catenin in the 

compound mouse prostatic tissues.
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Expression of humanized AR bearing shorter polyQ tracts enhances β-catenin-mediated 
oncogenic transformation and tumor development in the mouse prostate

All experimental mice, including ArhAR12Q:Ctnnb1L(ex3)/+:PB-Cre4, 
ArhAR21Q:Ctnnb1L(ex3)/+:PB-Cre4, and ArhAR48Q:Ctnnb1L(ex3)/+:PB-Cre4 mice were born 

at the expected Mendelian ratios and appeared normal with no obvious difference from their 

wild type littermates at birth. We systematically examined male mice at 2, 4, 6, 9, and 12 

months of age adhering to recommendations of the Mouse Models of Human Cancers 

Consortium Prostate Pathology Committee 27. We identified pathologic changes featuring 

low grade prostatic intraepithelial neoplasia (PIN) in all prostate tissues isolated from the 

three different compound mouse strains at 2 months of age (Supplemental Fig.2A1–3‘, 2B1–

3‘ and 2C1–3‘). Over time, these low-grade mPINs progressed towards more severe lesions. 

Gross examination showed abnormal growth appearance in the prostate of all 4-month-old 

mice (Fig. 2A1, 2B1, and 2C1). Histologically, ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4, and 

ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice showed similar prostatic adenocarcinoma 

development at four-months of age (Supplemental Fig.3 A1–2 and 3B1–2), while 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 only revealed less severe lesions, similar to high grade 

PIN (Supplemental Fig. 3C1–2). Nuclear staining for both stabilized β-catenin and 

humanized AR proteins was revealed in tumor or atypical cells within prostatic 

adenocarcinoma or PIN lesions in all of the compound mouse samples, respectively 

(Supplemental Fig. 3A3–4, 3B3–4 and 3C3–4). In contrast, untransformed luminal epithelial 

cells showed only membrane staining of endogenous β-catenin (red arrows, Supplemental 

Fig. 3C3). The cellular properties of the above prostatic adenocarcinomas and PIN lesions 

were further assessed using IHC approaches. Positive staining for E-cadherin, CK8, and 

mouse AR antibody appeared in most tumor and atypical cells (Supplemental Fig. 3A5–7, 

3B5–7 and 3C5–7). Only very few scattered cells showed positive staining for CK5 or p63, 

but no cells showed staining for synaptophysin in the above sections (Supplemental Fig. 

3A8–10, 3B8–10 and 3C8–10). These data demonstrate the luminal cell origin of prostatic 

adenocarcinomas and PIN from the humanized AR and stabilized β-catenin knock-in mice.

The above mice were monitored continuously as their age progressed. Gross examination of 

aged mice revealed ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice showed faster tumor growth 

and more severe phenotypes than other genotype mice (Fig. 2A2–4, 2B2–4, 2C2–4, and 2H). 

The average weight of prostate tumor masses isolated from 12 month-old 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice was significantly higher than those from age-

matched ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4, or ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice 

(Fig. 2D). Histologically, large and aggressive adenocarcinoma lesions appeared in prostate 

tissues of both ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 (Fig. 2E1), and 

ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 2F1). They were predominantly intracystic, 

typically filling and markedly distending the lumen (Fig. 2E1–2 and 2F1–2). In some areas, 

neoplastic glandular structures invaded the prostatic stroma (arrows, Fig. 2E3). Irregular 

outpouchings of the intracystic carcinoma suggested incipient stromal invasion (Arrows, Fig. 

2F3). In contrast, ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice showed variably sized cystically 

dilated glands with prominent squamous differentiation in the prostates (red arrows, Fig. 

2G2 and Supplemental Fig. 4A). There was an abrupt transition from glandular epithelium 

to lamellar keratin (Fig. 2G1–3), and from columnar cyst lining to squamous metaplastic 
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epithelium with prominent keratinization as well as calcification (Supplemental Fig. 4A1–2, 

respectively). The association between keratin and metaplastic squamous epithelium also 

appeared (Arrows, Fig. 2G2). Overall, tumor lesions in both Ar hAR12Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 and ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice appeared much more aggressive than 

those in ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. A significant increase in Ki67 positive 

tumor cells was revealed in tumor lesions of both ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 and 

ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice in comparison to those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 2E4–5 and 2F4–5 vs 2G4–5 and Fig. 2I). 

However, there is no significant difference of Ki67 positive cells between tumor samples of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 and ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. Taken 

together, the above data demonstrate a robust effect of humanized AR proteins bearing 12 

and 21 polyQ tracts in cooperatively enhancing stabilized β-catenin mediated mouse 

prostatic tumor development, growth, and progression.

AR proteins bearing short PolyQ tracts enhance prostatic epithelia growth, oncogenic 
transformation, and PIN and prostatic tumor development and progression

In our compound mouse model, humanized AR proteins were expressed systematically 24. 

To directly assess the biological role of these AR proteins in prostatic epithelial cells, we 

used organoid culture assays to specifically evaluate the role of polyQ tract length in the fate 

and growth of prostatic epithelial cells. Since both humanized AR proteins bearing 12 and 

21 polyQ tracts showed a significant role in enhancing stabilized β-catenin mediated 

prostatic tumor development, growth, and progression in comparison to AR48Q (Fig. 2), we 

analyzed prostatic epithelial cells isolated from 6 month old ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 and ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice in organoid culture experiments. 

Prostatic organoids were formed from prostatic epithelial cells sorted by CD24 antibody and 

cultured in Matrigel for 7 days (Fig. 3A). The number and size of organoids from prostatic 

epithelial cells of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice were significantly greater than 

those from ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 cells (Fig. 3B1–2 versus Fig.3C1–2, and Fig. 

3D). Histologically, organoids from prostatic epithelial cells of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice showed much severer pathological lesions 

featuring multilayer atypical cells grown into lumen (Supplemental Fig. 5A1) or grown as 

cribriform structure (Supplemental Fig.5A5), whereas those from prostatic epithelial cells of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice only revealed a few bridging structures with one or 

two layers of atypical cells (Supplemental Fig. 5B1 and 5B5). Expression of stabilized β-

catenin (Supplemental Fig. 5A2, 5A6, 5B2 and 5B6) and AR (Supplemental Fig. 5A3 and 

5B3) appeared in the above prostatic organoids from both genotypes. The majority of cells 

in organoids showed positive staining for CK8 but negative staining for CK5, suggesting 

their glandular cell origin (Supplemental Fig. 5A7–8 and 5B7–8), although a few cells were 

reactive to both CK5 and CK8 antibodies (Supplemental Fig. 5B7–8). There was no cell 

staining positively with synaptophysin (Supplemental Fig. 5A4 and 5B4). Additionally, 

organoids from prostatic epithelial cells of ArhAR12Q and ArhAR48Q mice were also 

examined (Supplemental Fig. 5C1 and 5D1). The organoids showed single layer epithelial 

cells and no pathological lesions, such as cribriform (Supplemental Fig. 5C1 and 5D1), and 

the expression of AR (Supplemental Fig. 5C2 and 5D2) and β-catenin (Supplemental Fig. 

5C4 and 5D4) appeared in the above prostatic organoids. The organoids also showed 
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positive staining for CK8, CK5 or both (Supplemental Fig. 5C3, 5C5, 5D3, and 5D5), but 

showed negative staining to synaptophysin (Supplemental Fig. 5C6 and 5D6). The above 

data recapitulate oncogenic transformation and abnormal cell growth mediated through the 

expression of stabilized β-catenin, and further demonstrate a strong effect of humanized AR 

proteins with the short length of polyQ tracts in enhancing stabilized β-catenin mediated 

prostatic cell oncogenic transformation and growth in the organoid cultures.

To further assess the biological role of humanized AR proteins bearing different polyQ 

tracts, we performed tissue implantation experiments using prostate tissues of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. Similar 

sizes of prostatic anterior lobe tissues that were isolated from the different genotype mice at 

postnatal day 14 were grafted under the renal capsule of the same NOD/SCID mice, and 

harvested and analyzed 12 weeks post-implantation (Fig. 3E). The grafted implants from 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 were grossly bigger and heavier than those isolated from 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 (Fig. 3F–2 and Fig.3G left panel). Histological analysis 

showed typical adenocarcinoma lesions in graft tissues of ArhAR12Q:Ctnnb1L(Ex3)/wt :PB-
Cre4 mice (Fig.3H1–3). The large tumor glands were composed of markedly atypical cells 

with enlarged, hyperchromatic nuclei and a high nucleus to cytoplasm ratio (Fig. 3H1–3). In 

contrast, grafts of Ar hAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice implanted in the same SCID 

mice showed smaller glandular structures with a preserved basal cell layer featuring HGPIN 

lesions (Fig. 3I1–3 and Supplemental Fig. 6B7). Strong nuclear and cytoplasmic staining for 

stabilized β-catenin and nuclear staining of humanized AR proteins were revealed in both 

atypical and tumor cells with the above lesions (Fig. 3H4–7, and 3I4–7), providing a direct 

link between the expression of humanized AR and stabilized β-catenin and the development 

of prostatic adenocarcinoma and PIN lesions. More Ki67 positive cells appeared in graft 

tissues of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 than those of ArhAR48Q:Ctnnb1L(Ex3)/wt :PB-
Cre4 mice (Fig. 3G, right panel; Supplemental Fig. 6A3–4 vs 6B3–4). The majority of 

tumor or atypical cells were stained with CK8, only scattered cells were positive staining for 

CK5, but no cell positively staining for synaptophysin within prostatic adenocarcinoma or 

PIN lesions from the above mice, respectively (Supplemental Fig. 6A5–10 and B5–10). 

These data provide an additional line of evidence to demonstrate the faster growing and 

more aggressive tumor phenotypes in prostatic implants of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 mice.

The promotional role of short polyQ containing AR in inducing PIN and prostatic tumor 
growth and progression is androgen dependent

The activation of AR through androgens plays a central role in prostate tumorigenesis 3, 4. 

We observed a promotional role of the AR bearing short lengths of polyQ tracts in 

enhancing stabilized β-catenin mediated prostate cancer growth and progression, which is 

consistent with the previous observations that the length of polyQ tracts of AR is inversely 

correlated with AR transcriptional activity. High levels of androgens have also been linked 

to increased risk of prostate cancer development 28. To determine a direct role of androgens 

in the AR bearing short polyQ tracts in prostate cancer development and progression, we 

castrated 4-month-old mice, following prostatic tumor development, and analyzed them at 9 

months of age (Fig. 4A). Significant tumor regression was revealed in prostatic tissues 
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isolated from the above mice (Fig. 4B1–2, 4C1–2, and 4D1–2), but atypical and tumor cells 

still remained in regressed prostatic glands with strong cytoplasmic and nuclear β-catenin 

staining (Fig. 4B3–3’, 4C3–3’ and 4D3–3’). Interestingly, these atypical and tumor cells 

showed weak AR staining (Fig. 4B4–4’, 4C4–4’ and 4D4–4’). These observations implicate 

the growth of these prostatic tumors in the above compound mice is dependent on 

androgens, recapitulating abnormal activation of androgen and Wnt signaling pathways in 

human prostate cancer pathogenesis.

The expression of stabilized β-catenin was controlled by ARR2PB, a modified probasin 

promoter-driven Cre activity in the above compound mice 25. An increase in endogenous 

probasin mRNA levels was observed in prostate tissues of ArhAR12Q knock-in mice in 

comparison to those of ArhAR48Q mice 24. To exclude the possibility that the aggressive 

tumor phenotypes was due to increased expression of stabilized β-catenin by elevating 

ARR2PB promoter activity through short polyQ tract containing AR proteins, we performed 

a set of proof-in-principle experiments using newly generated 

ArhAR12Q:Ctnnb1L(Ex3)/wt:K8-CreERT2 and ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice 

(Fig. 5A), in which conditional expression of stabilized β-catenin is temporally controlled 

through Krt 8 promoter-driven Cre-ER activation in prostatic luminal epithelial cells 29. 

Tamoxifen (TM) was administrated at 8 weeks, prostate tissues were collected at 12 weeks 

and implanted under the kidney capsule of SCID mice, and the grafts were then harvested 8 

weeks after implantation (Fig. 5A). Gross analysis showed greater size and increased weight 

of grafts of ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2 than those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice (Fig. 5B and 5C). In addition, HGPIN and 

prostatic tumor lesions were present in the graft tissues from 

ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2, featuring atypical cells with high nuclear 

cytoplasmic ratio (Fig. 5E1–2 and 5F1), whereas only LGPIN lesions were present in the 

graft tissues from ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice (Fig. 5G1–2 and 5H1). Both 

atypical and tumor cells showed strong nuclear and cytoplasmic staining for stabilized β-

catenin (Fig. 5F3 and 5H3). IHC analyses showed the cellular properties of prostatic luminal 

cells within both PIN lesions of ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2 and 

ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 grafts. Atypical cells showed positive staining for 

AR and CK8 (Fig. 5E3, 5F2, 5G3 and 5H2), but very few cells appeared to be positive for 

CK5 and no cells were positive for synaptophysin (Fig. 5E4–5 and 5G4–5). Increased Ki67 

staining was revealed in HGPIN lesions in grafts of ArhAR12Q:Ctnnb1fl(Ex3)/wt:K8CreERT2 
in comparison to those of ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice (Fig. 5F4 vs 5H4 and 

Fig. 5D). The expression of CyclinD1, a downstream target for β-catenin, was also elevated 

in ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2 grafts in comparison with the counterparts 

bearing Q48 AR, implicating a link between higher proliferation status and stabilization of 

β-catenin in ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2 grafts (Fig 5F5 vs 5H5). Using RT-

qPCR approaches, we further assessed the activation of stabilized β-catenin in grafted 

prostate tumor tissues. Increased expression of β-catenin target genes, including Axin2, 
Cd44, Myc and Egr1, were revealed in grafted tumor tissues of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:K8CreERT2 in comparison with those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice (Fig. 5I). These data demonstrate a direct role 

He et al. Page 7

Oncogene. Author manuscript; available in PMC 2020 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of AR proteins bearing short lengths of polyQ tracts in enhancing stabilized β-catenin 

mediated transcriptional activity.

Enrichment of cell signaling pathways related to aggressive tumor phenotypes and 
disease progression in prostate tumors of AR bearing shorter length of polyQ tracts

In search of the molecular mechanism by which AR bearing shorter polyQ tracts promotes 

tumorigenesis mediated by stabilization of β-catenin, we performed RNA sequencing 

(RNAseq) to examine the global transcriptome profiles using prostatic tumor tissues of 

ArhAR12Q:Ctnnb1L(Ex3)/wt :PB-Cre4 and ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice, 

representatively. We identified 1917, 2301, and 1818 differentially expressed genes (DEGs), 

with FDR<0.01 and fold change >1.5 by comparing RNAseq samples between 

ArhAR12Q:Ctnnb1fl(Ex3)/wt :PB-Cre4 versus ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4, and 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus wildtype 

(WT), respectively (Fig. 6A–B and Supplemental Table 2). To assess β-catenin mediated 

transcription, we compared gene sets from the samples of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 or ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice and identified a group of 

overlapping DEGs (n=1064) between these two groups (Fig. 6A). GSEA analysis showed a 

significant enrichment of Wnt/β-catenin target genes in pre-ranked gene lists of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 and ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT 

mice (Fig. 6C, Supplemental Table 3), implicating a dominant role of stabilized β-catenin in 

prostatic tumor development in these mice. Significant enrichment of other signaling 

pathways was also observed in hallmark gene sets using pre-ranked gene lists of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice 

(Fig. 6D, Supplemental Table 4). Among them, E2F mediated signaling, G2/M checkpoint, 

IL2-Stat5, and IL6-Jak-Stat3 signaling and inflammatory response signaling were enriched 

in both the gene sets of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice (Fig. 6D). While E2F mediated 

signaling and G2/M checkpoint showed higher enrichment score in the gene list of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice, IL2-Stat5, and IL6-Jak-Stat3 signaling 

and inflammatory response signaling showed higher enrichment score in the gene list of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice (Fig. 6D). Interestingly, the signaling 

pathways related to tumor progression, including Myc targets V1, Hypoxia and MTORC1 

signaling pathways were only significantly enriched in the gene list of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus WT mice, providing evidence of molecular 

mechanisms for the development of aggressive prostatic tumor phenotypes in 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice, with humanized AR bearing the short length of 

polyQ tract.

Elevated Myc expression and activation in prostate tumors mediated by stabilization of β-
catenin and AR bearing shorter length of polyQ tracts

To assess the molecular mechanism for the promotional role of AR bearing shorter length of 

polyQ tracts on β-catenin mediated tumorigenesis, we searched for the potential regulators 

in the DEGs of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 mice using Ingenuity Upstream Regulator analysis in IPA combined with the ChIPseq 

database from Enrichr (Fig. 7A). Five transcription factors were identified, and, among 
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them, MYC was shown to regulate 185 of the DEGs when comparing 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 

7B Supplemental Tables 5 and 6). Using RT-qPCR approaches, we validated an increase in 

the expression of Myc, E2f1, and Foxm1 in prostatic tumor samples of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 in comparison with those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 7C). IHC analyses also showed increased 

expression of MYC proteins in prostatic tumor cells from samples of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice in comparison to those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 7D–D’ vs Fig.7E–E’). GSEA analyses with 

hallmark gene sets, using a pre-ranked gene list comparing ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-
Cre4 versus ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice, revealed significant enrichment in 

Myc downstream target genes (Fig. 7F). A significant increase in the expression of Myc 

downstream targets, including Cd44, Mcm5, Birc5, Cnna2, Tpi-1 and Plk1 was also shown 

in the tumor samples of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 in comparison with those of 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 (Fig. 7G). These data demonstrate a direct role of Myc 

in promoting fast growing and aggressive tumor phenotypes in 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice, which also implicates that stabilized β-catenin and 

short polyQ AR proteins contribute to elevating Myc expression in the tumor cells. 

Intriguingly, co-occurrence of aberrant genetic alterations between the Myc and CTNNB1 or 

APC genes was also detected in human prostate cancer samples (Supplemental Fig. 7). To 

further search for the regulatory mechanism for elevated Myc expression in 

ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 mice, we performed chromatin immunoprecipitaion 

(ChIP) analyses with the immunoprecipitated genomic DNA samples isolated from prostatic 

tumor cells to examine the mouse c-Myc locus (Fig. 7H) 30. Increased recruitment of β-

catenin was observed in the both β-catenin /TCF4-binding sites in tumor samples isolated 

from ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice in comparison to those from 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice (Fig. 7I). We further assessed the occupancy of the 

AR in the above loci to determine the involvement of AR in β-catenin mediated Myc 

expression. Interestingly, although both 12Q and 48Q AR proteins were recruited on the two 

TCF/β-catenin binding sites in c-Myc loci, 12Q AR proteins showed increased occupancies 

compare to their 48Q counterparts (Fig. 7J). Taken together, these results demonstrate a 

molecular mechanism underlying AR bearing shorter length of polyQ tracts in enhancing 

stabilized β-catenin regulated Myc expression in prostatic tumor cells, which directly 

contributes to fast growing and aggressive tumor phenotypes in the mouse prostate.

DISCUSSION

Although recent studies have shown significant improvements in overall survival in African 

American prostate cancer patients 31–33, African American men still possess the highest risk 

in both prostate cancer incidence and mortality 2. Therefore, there is an urgent need for 

identifying the molecular mechanisms underlying aggressive prostate tumor phenotypes and 

developing more effective and specific treatment for African American patients. Emerging 

evidence has shown a central role of the AR in prostate development and tumorigenesis 34. 

The polyQ tracts are located within exon 1 of human AR proteins, and their length is 

inversely correlated to AR transcriptional activity and associated directly with the risk of 
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developing prostate cancer and aggressive phenotype of prostate cancer 8, 35. Intriguingly, 

African American men carry shorter length of polyQ tracts more frequently and show higher 

risk of prostate cancer development in comparison with Caucasian American men 35. 

Dysregulation of Wnt signaling pathways has been shown to contribute to prostate 

tumorigenesis 13. Aberrant activation of both androgen and Wnt signaling pathways were 

revealed in prostate cancer samples isolated from African American patients 23. Given the 

significance and clinical relevance of aberrant androgen and Wnt signaling pathways in 

prostate tumorigenesis as elucidated above, we directly assessed a collaborative role of 

aberrant AR and β-catenin signaling pathways using a series of newly generated mouse 

models in this study. The mouse models used in this study possess the conditional 

expression of stabilized β-catenin in prostatic epithelia of humanized AR knock-in mice 

bearing different length polyQ tracts, mimicking what happens in prostate cancer patients 24. 

The compound mice, which bear humanized AR proteins with short polyQ tracts, displayed 

an earlier onset of oncogenic transformation, an accelerated tumor development, and 

aggressive tumor phenotypes in the prostate in comparison to their counterparts with the 

longer polyQ tract AR proteins. These results provide the scientific evidence to recapitulate 

the collaborative role of β-catenin and AR proteins bearing short lengths of polyQ tracts in 

prostate tumorigenesis, and implicate the new mechanistic insight for fast growing and 

aggressive tumor phenotypes of prostate cancer that have been observed frequently in 

African American patients.

Emerging evidence has explored an important role of the Wnt/b-catenin signaling pathway 

in prostate tumorigenesis 13. However, since mutations in β-catenin and the destruction 

complex are rare in prostate cancer cells, other regulatory mechanisms have been implicated 

in regulating β-catenin mediated prostate tumorigenesis. The interaction between b-catenin 

and AR has been identified in prostate cancer cells 18–20. Through the interaction, β-catenin 

enhances AR mediated transcription as a transcriptional co-activator, and promotes prostate 

cell growth 19, 21. Since aberrant activations of androgen and Wnt signaling pathways 

frequently occur in prostate cancer, we assessed the effect of humanized AR proteins 

bearing 12, 21, and 48 polyQ tracts in enhancing aberrant β-catenin activation in prostate 

tumorigenesis. Although these humanized AR knock-in mice showed no pathologic 

abnormality 24, the compound mice with the expression of both humanized AR and 

stabilized β-catenin developed PIN and prostatic tumors. Interestingly, the compound mice 

bearing 12Q and 21Q humanized AR proteins showed fast growing and aggressive prostatic 

tumor phenotypes as well as severer pathologic lesions in comparison to their counterparts 

with humanized 48Q AR proteins. It should be noted that the humanized AR 48Q mice 

failed to develop muscle weakness and other abnormalities as observed in human Kennedy 

disease 24, 36. Our observations in the above compound mice suggest a distinct role of AR 

protein with a longer polyQ tract in β-catenin mediated prostate tumorigenesis. In addition, 

significant regression of prostatic tumors was observed in the above castrated compound 

mice with different AR polyQ proteins and stabilized β-catenin, which further implicates 

that stabilized β-catenin induced prostate tumorigenesis relies on AR and androgen 

medicated signaling pathways in the current mouse models.

In this study, we further examined the activity of AR bearing 12Q and 48Q tracts in prostate 

tumor development using the mouse models in which stabilized β-catenin expression is 
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regulated by Krt8 promoter 29, a non-androgen regulated promoter. We observed an 

accelerated prostatic tumor development and aggressive tumor phenotypes in 

ArhAR12Q:Ctnnb1L(Ex3)/wt:K8-CreERT2 mice in comparison to the counterparts with AR 

48Q proteins, which is very similar to what we saw in the compound mice with probasin 

promoter driven Cre. These lines of evidence further indicate a direct role of AR proteins 

with 12 polyQ tracts in enhancing stabilized β-catenin initiated prostate tumor growth and 

progression. The co-occurrence of short polyQ AR expression and aberrant activation of 

Wnt signaling pathways has been observed in prostate cancer samples of African American 

patients 11, 12, 23. Thus, our current compound mouse models provide the clinically relevant 

tools for further assessing the molecular mechanisms underlying aberrant AR polyQ proteins 

and stabilized β-catenin expression in prostate cancer development and progression.

Using RNAseq analysis, we searched for the molecular mechanisms underlying short polyQ 

tract-containing AR and stabilized β-catenin -induced prostate tumorigenesis. GSEA 

analyses with pre-ranked gene lists showed significant enrichment in the signaling pathways 

related to E2F targets, G2/M checkpoint, IL2-Stat5, and IL6-Jak-Stat3 in samples from 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or ArhAR48Q :Ctnnb1L(Ex3)/wt :PB-Cre4 mice in 

comparison to WT mice. Interestingly, significant enrichment in Myc-mediated gene sets 

was observed in the DEGs of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 or wildtype control mice, suggesting a collaborative role 

of stabilized β-catenin and short polyQ tract AR proteins in regulating Myc activity. Using 

IPA upstream regulator analyses, we further identified five master transcriptional regulators 

based on the above DEGs, which have been shown to play a direct role in prostate 

tumorigenesis 37–41. Among them, the MYC oncoprotein was on the top of the list and 

reveled to regulate more DEGs than other regulators. Using IHC analyses, we further 

validated increased MYC expression in prostatic tumor cells in 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. Elevated expression of MYC downstream target 

genes, such as Mcm5, Ccna2 and Birc5, was also observed in the above tumor tissues. These 

data demonstrate increasing expression and activity of MYC in prostate tumors of 

ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. Myc is one of β-catenin downstream target genes 

and its expression is regulated by activation of Wnt/β-catenin signaling 42. The amplification 

of the MYC gene has been frequently observed in human prostate cancer samples harboring 

genomic alterations and mutations in CTNNB1 and/or APC, resulting the upregulation of 

Myc expression in prostatic tumor cells 43. Intriguingly, aberrant expression and activation 

of Myc also appeared to be enriched in African American prostate cancers 44. Using ChIP 

analyses, we further demonstrate a collaborative role of stabilized β-catenin and short polyQ 

tract containing AR on binding to two β-catenin/TCF4-binding regions on the mouse c-Myc 

loci, which leads to increasing Myc expression in prostate tumor cells. These results 

implicate a novel molecular insight into the AR proteins bearing shorter length of polyQ 

tracts in enhancing β-catenin-induced prostate tumorigenesis, which also provide scientific 

evidence for MYC inhibition in treating aggressive prostate cancer that frequently occurs in 

African American patients.
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MATERIALS AND METHODS

Mouse mating, genotyping, and castration

All animal experiments performed in this study were approved by the Institutional Animal 

Care and Use Committee at Beckman Research Institute/City of Hope. All mice used in this 

study were from a C57BL/6 background. The Ctnnb1(Ex3)fl (Ctnnb1(Ex3)L)mice 26 were first 

crossed with the humanized AR mice 24 to generate Ctnnb1(Ex3)L/L:ArhAR12Q/hAR12Q, 

Ctnnb1(Ex3)L/L:ArhAR21Q/hAR21Q and Ctnnb1(Ex3)L/L:ArhAR48Q/hAR48Q mice. The above 

homozygous females were then crossed with PB-Cre4 males 25 to generate the following 

male mice: ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4, ArhAR21Q:Ctnnb1L(Ex3)/wt:PB-Cre4, and 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice. The male K8-CreERT2 mice 29 were crossed with 

either Ctnnb1(Ex3)L/L:ArhAR12Q/hAR12Q or Ctnnb1(Ex3)L/L:ArhAR48Q/hAR48Q female mice to 

generate ArhAR12Q:Ctnnb1L(Ex3)/wt:K8-CreERT2 and ArhAR48Q:Ctnnb1L(Ex3)/wt:K8-
CreERT2 male mice. Mice were genotyped by PCR using specific primers (Supplemental 

Table 7). Three or more mice of each genotype were analyzed at different time points, as 

indicated in each experiment. Castration of adult male mice was performed 45. Briefly, the 

mice were anesthetized by intraperitoneal injection of ketamine and xylazine. Both testicles 

and epididymis were removed through a scrotal approach. The distal end of the spermatic 

cord was ligated with silk thread.

Pathological analyses

The guidelines recommended by The Mouse Models of Human Cancers Consortium 

Prostate Pathology Committee in 2013 were used for the pathological analyses in this study 
27. Mouse tissues were processed and Hematoxylin-eosin staining (H&E) was performed as 

described previously 46.

Immunohistochemistry (IHC) and microscope image acquisition

IHC was performed as previously described 46. Tissue sections were treated by boiling in 

0.01M citrate buffer (pH 6.0) for antigen retrieval, blocked in 5% normal goat serum, and 

incubated with primary antibodies (see Supplemental Table 8) diluted in 1% normal goat 

serum at 4°C overnight. Slides were incubated with biotinylated secondary antibodies for 1 

hour then with horseradish peroxidase streptavidin (SA-5004, Vector Laboratories, 

Burlingame, CA, USA) for 30 min, visualized by DAB kit (SK-4100, Vector Laboratories), 

then counterstained with 5% (w/v) Harris Hematoxylin, and subsequently mounted with 

Permount Mounting Medium (SP15–500, Thermo Fisher Scientific, Waltham, MA, USA). 

Images of H&E and IHC were acquired on an Axio Lab A1 microscope using 10x and 40x 

Zeiss A-Plan objectives with a Canon EOS 1000D camera and using Axiovision software 

(Carl Zeiss, Oberkochen, Germany).

Prostate regeneration and organoid culture assays

Mouse prostatic tissues were collected from male mice with desired genotypes and ages and 

portions of dissected prostatic lobes were implanted under the renal capsule of SCID mice 2. 

Twelve weeks after the implantation, the SCID mice were euthanized and the grafts were 

collected for further analyses. Organoid culture with prostatic epithelial cells was performed 
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as previously described 47. The prostatic tissue were collected, minced and subjected to 

single cell dissociation through collagenase and TrypLE treatment (Gibco). Dissociated cells 

were stained with anti-mouse CD24 antibody and sorted with an AriaIII. The single cells 

were then mixed with Matrigel, and cultured for 7 days.

Immunoblotting

The mouse prostate tissues were isolated and the whole cell lysates were prepared and 

applied for SDS-PAGE gels 46. The proteins were then transferred to nitrocellulose 

(Schleicher & Schüll, Keene, NH, USA) and blocked in TBS-T (50 mM Tris-HCl, 150 mM 

NaCl and 0.08% Tween 20) with 5% dry skim milk. Membranes were probed with desired 

primary antibodies, followed by anti-rabbit or mouse immunoglobulin G conjugated to 

horseradish peroxidase secondary antibodies (Promega, Madison, WI, USA). Detection was 

performed with enhanced chemiluminescence reagents (Amersham Biosciences, Pittsburgh, 

PA, USA).

RNA isolation, reverse transcription-Quantitative PCR (RT-qPCR), and RNA sequencing

RNA samples were isolated from fresh mouse tissues using RNA-Bee (TEL-TEST, Inc., 

Friendswood, TX, USA) for preparing RNA sequencing libraries with Kapa RNA 

HyperPrep Kit (Kapa Biosystems, Cat KK8581). Sequencing runs were performed on 

Illumina Hiseq 2500 in the single read mode of 51 cycles of read 1 and 7 cycles of index 

with V4 Kits. Real-time analysis (RTA) 2.2.38 software was used to process the image 

analysis and base calling. Reverse transcription was performed as described previously 21, 

and RT-qPCR assays were carried out using SYBR GreenER qPCR Super Mix Universal 

(11762, Invitrogen) with specific primers (Supplemental Table 9) on the 7500 Real-Time 

PCR system (Thermo Fisher Scientific).

Chromatin immunoprecipitation (ChIP) Assays

ChIP assays were performed as described previously 48. Briefly, mouse tissues were minced 

and incubated with 1% formaldehyde for 15 min and quenched with 0.150 M glycine for 10 

min. Samples were washed sequentially with cold PBS, and resuspended in cell lysis buffer 

(50 mM Tris-HCl (pH 8.0), 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP-40, and 

0.25% Triton X-100), and then homogenized. The chromatin was sheared in nuclear lysis 

buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, and 0.2% SDS) to an 

average size of 200–500 bp by sonication, and then diluted 3-fold in ChIP dilution buffer 

(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, and 167 mM 

NaCl), and was subjected to immunoprecipitation by magnetic protein G beads (Invitrogen) 

conjugated with AR (ab74272, abcam) or β-catenin antibody (610154, BD Biosciences). 

Cross-links were reversed and chromatin DNA fragments were analyzed by real-time qPCR 

with specific primers (Supplemental Table 9).

Data preprocessing, normalization, and analyses

Reads were aligned against the mouse genome (mm10) using TopHat2 (v.2.0.14) 49. Read 

counts were tabulated using HTSeq-count (v0.6.0) 50, with UCSC known gene annotations 

(TxDb. Mmusculus. UCSC. Mm10. knownGene) 51. Fold-change values were calculated 
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from Fragments Per Kilobase per Million reads (FPKM) 52 normalized expression values, 

which were also used for visualization (following a log2 transformation). Aligned reads 

were counted using GenomicRanges 53. False discovery rate (FDR) and P values were 

calculated using the method of Benjamini and Hochberg 54 and from raw counts using 

DEseq2 (v1.14.1) 52. Prior to p-value calculation, genes were filtered to only include 

transcripts with an FPKM expression level of 0.1 (after a rounded log2-transformation) in at 

least 50% of samples as well as genes that are greater than 150 bp. Genes were defined as 

differentially expressed if they had a | fold-change|>1.5 and FDR<0.01. Using pre-ranked 

gene lists, enriched hallmark gene sets were identified as having nominal P<0.05 from gene 

set enrichment analysis (GSEA). GSEA analysis with Wnt/β-catenin signaling pathways 

was performed using a Wnt target gene list (http://web.stanford.edu/group/nusselab/cgi-

bin/wnt/). IPA upstream analysis and Erichr ChEA2016 were used to identify the upstream 

regulators based on the DEGs of ArhAR12Q:Ctnnb1L(Ex3)/wt:PB-Cre4 versus 

ArhAR48Q:Ctnnb1L(Ex3)/wt:PB-Cre4 mice.

Statistical Analysis

Data are shown as the mean ± SD. Differences between groups were examined by 2-tailed 

Student’s t test or 2-way ANOVA for comparisons among multiple groups. For all analyses, 

P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of mouse models with stabilized β-catenin in the prostates of mice with 
humanized AR alleles bearing different length of CAG repeats.
A. Schematic of human AR (hAR) knock-in alleles and Ctnnb1 exon3-floxed allele, as well 

as the recombined allele. B. Genomic PCR was used to confirm the hAR knock-in (upper 

panel), Ctnnb1 exon3-floxed and wild type alleles (middle panel), as well as PB-Cre4 allele 

(bottom panel) in the indicated mouse models. C. Immunoblotting showing protein 

expression of humanized AR, endogenous β-catenin, and stabilized β-catenin (Ex3 deleted 

protein) (n=3). D. Representative IHC images of adjacent prostate tissue sections from 

different mouse tissues as labeled. IHC staining were performed with the indicated 

antibodies: h-AR (D) and β-catenin (E). The scale bar represents 10 μm.
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Figure 2. Humanized AR bearing shorter polyQ tracts enhances β-catenin-mediated oncogenic 
transformation and prostatic tumor development.
A-C. Gross images of prostates with seminal vesicles and urinary bladders from each 

different genotype mice at indicated ages. A1–4: Ar hAR12Q:Ctnnb1L(ex3)/+:PB-Cre4; B1–4: 
Ar hAR21Q:Ctnnb1L(ex3)/+:PB-Cre4; C1–4:Ar hAR48Q:Ctnnb1L(ex3)/+:PB-Cre4. The scale bar 

represents 5 mm. D. Graphical representation of the ratio of prostate wet weight/body 

weight. The prostate tissues were isolated from mice with indicated genotype at 12M of age. 

*P<0.05; **P<0.01. (n=6). E-G. Histological and immunohistochemistry analysis of 
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prostate tissues isolated from mice with indicated genotype at 12M of age. E1–3, F1–3 and 

G1–3: Low and high magnification of representative H&E images for the prostatic tissues 

isolated from Ar hAR12Q:Ctnnb1L(ex3)/+:PB-Cre4, Ar hAR21Q:Ctnnb1L(ex3)/+:PB-Cre4 and Ar 
hAR48Q:Ctnnb1L(ex3)/+:PB-Cre mice, respectively. The scale bars represent 200 μm or 50 μm. 

E4–5, F4–5 and G4–5: Low and high magnification of representative IHC images were 

shown for Ki67 expression in prostate tissues isolated from Ar hAR12Q:Ctnnb1L(ex3)/+:PB-
Cre4, Ar hAR21Q:Ctnnb1L(ex3)/+:PB-Cre4 and Ar hAR48Q:Ctnnb1L(ex3)/+:PB-Cre mice, 

respectively. The scale bar represents 50 μm or 12.5 μm. H. Summary of pathological 

abnormalities in the prostates of mice with indicated genotype. I. Quantification of Ki67 

positive cells per 1000 epithelial cells from prostate tissues of each genotype, as indicated 

(n=3). **P<0.01.

He et al. Page 20

Oncogene. Author manuscript; available in PMC 2020 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Humanized AR bearing shorter polyQ tracts enhances prostatic organoid formation 
and accelerates tumor development and progression.
A. Schematic representation of experimental design. Prostatic epithelial cells were 

dissociated from prostates of either Ar hAR12Q:Ctnnb1L(ex3)/+:PB-Cre4 or Ar 
hAR48Q:Ctnnb1L(ex3)/+:PB-Cre mice at 6M of age, and sorted based on CD24 staining. The 

same number of CD24+ cell from each genotype was used for organoid culture. 7 days after 

the culturing, organoids were collect and subjected to further analysis. B-C. Gross images of 

organoids derived from prostatic epithelial cells of each genotype (n=3). The scale bar 
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represents 400μm. D. Quantification of organoids after culture for 7days (n=3). E. 
Schematic representation of experimental design. The anterior prostate lobes of either Ar 
hAR12Q:Ctnnb1L(ex3)/+:PB-Cre4 or Ar hAR48Q:Ctnnb1L(ex3)/+:PB-Cre mice at 2W of age 

were isolated and implanted under the kidney capsule of SCID mice. 12W after 

implantation, the xenografts were collected and subjected for further analysis. F. Gross 

image of xenografts derived from prostatic tissues of each genotype. (n=6) The scale bar 

represents 5 mm. G. Weight of xenografts (left panel) (n=6) and quantification of Ki67+ 

cells in graft tissues (right panel) (n=3). H and I. Histological and immunohistochemistry 

analysis of graft tissues with indicated genotype. H1-H3 and I1-I3. Representative H&E 

images were shown for the xenograft tissues isolated from different genotype mice as 

labeled. H4–7 and I4–7. Representative IHC images of adjacent xenograft tissue sections 

with indicated genotypes were shown. The prostate tissue sections were stained with 

different antibodies as labeled. The scale bar represents 200 μm, 50 μm or 12.5 μm.
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Figure 4. The promotional role of short polyQ containing AR in inducing PIN and prostatic 
tumor growth and progression is androgen dependent.
A. Schematic representation of experimental design. The mice with indicated genotypes 

were castrated at 4 months of age and analyzed at 9 months of age (n=3). B-D. Histological 

and immunohistochemistry analysis of prostate tissues with indicated genotype. B-B2, C-
C2, and D-D2: Representative H&E images of prostatic tissues from Ar 
hAR12Q:Ctnnb1L(ex3)/+:PB-Cre4, Ar hAR21Q:Ctnnb1L(ex3)/+:PB-Cre4, or Ar 
hAR48Q:Ctnnb1L(ex3)/+:PB-Cre mice, respectively. The scale bar represents 200 μm or 40 μm, 

respectively. B3–4, C3–4, and D3–4: Immunohistochemistry analysis of prostate tissues 

with indicated genotype. Representative IHC images of adjacent prostatic tissue sections 

with indicated antibodies. The prostate tissues from different genotypes of mice were stained 

with β-catenin antibody. The scale bar represents 40 μm or 20 μm.
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Figure 5. Humanized AR bearing shorter polyQ tracts enhances β-catenin-mediated oncogenic 
transformation in CK8 expressing prostatic cells.
A. Schematic representation of experimental design. The male 

ArhAR12Q :Ctnnb1L(Ex3)/wt :K8CreERT2 and ArhAR48Q:Ctnnb1L(Ex3)/wt:K8CreERT2 mice 

were generated. Tamoxifen (TM) was administrated at 8 weeks and prostate tissues were 

collected at 12 weeks and implanted under the kidney capsule of SCID mice. The prostatic 

xenografts were harvested 8 weeks after implantation (n=5). B. Representative gross images 

of xenografts derived from prostatic tissues of each genotype, as labeled. The scale bar 
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represents 2 mm. C. Weight of xenografts derived from prostatic tissues of each genotype 

(n=5). D. Quantification of Ki67+ cells in graft tissues derived from prostatic tissues of each 

genotype (n=3). E-H. Histological and immunohistochemistry analysis of xenograft tissues 

with indicated genotype. E1–2 and F1: Representative H&E images of xenograft tissues 

derived from prostate of ArhAR12Q :Ctnnb1L(Ex3)/wt :K8CreERT2 mice. The scale bar 

represents 50 μm and 12.5 μm, respectively. E3–5: Representative IHC images of adjacent 

xenograft tissue sections (ArhAR12Q :Ctnnb1L(Ex3)/wt :K8CreERT2) with CK8, CK5 and 

Synaptophysin antibodies, respectively. F2–5: Representative IHC images of adjacent 

xenograft tissue sections (ArhAR12Q :Ctnnb1L(Ex3)/wt :K8CreERT2) with hAR, β-catenin, 

Ki67 and CyclinD1, respectively. The scale bar represents 12.5 μm. G1–2 and H1: 

Representative H&E images of xenograft tissues derived from prostate of 

ArhAR48Q :Ctnnb1L(Ex3)/wt :K8CreERT2 mice. The scale bar represents 50 μm and 12.5 μm, 

respectively. G3–5: Representative IHC images of adjacent xenograft tissue sections 

(ArhAR48Q :Ctnnb1L(Ex3)/wt :K8CreERT2) with CK8, CK5 and Synaptophysin antibodies, 

respectively. H2–5: Representative IHC images of adjacent xenograft tissue sections 

(ArhAR48Q :Ctnnb1L(Ex3)/wt :K8CreERT2) with hAR, β-catenin, Ki67 and CyclinD1, 

respectively. The scale bar represents 12.5 μm. I. RT-qPCR analysis shows fold changes of 

the genes as labeled. Significance was determined by Students’ T test and data were 

represented as + SD (n=3 replicated per data point); * p<0.05; ** p<0.01.
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Figure 6. Determining the signaling pathways in mouse prostate tissues using RNA-seq analysis.
A. Venn diagram depicts the number of differentially expressed genes by different genotype 

mice as labeled above. B. Heatmap shows differential expression patterns of DEGs from the 

three comparisons as indicated in the figure. Red and blue indicates up- and downregulation, 

respectively. C. GSEA results show a significant enrichment of Wnt/β-catenin target genes 

in pre-ranked gene lists of ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 or 

ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 versus WT mice, respectively. D. Radar chart displays 

differential enrichment of ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 and 

ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 in comparison with wildtype. Blue and yellow lines 

indicate enriched hallmark gene sets in ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 and 

ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 models, respectively.

He et al. Page 26

Oncogene. Author manuscript; available in PMC 2020 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Investigating the molecular mechanisms for prostate tumors mediated by stabilization 
of β-catenin and AR bearing shorter length of PolyQ tracts.
A. Heatmap shows differential expression level of indicated transcriptional regulators. B. 
Bar plot displays the number of DEGs being regulated by the indicated transcriptional 

regulator (ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 vs ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4). C. 
RT-qPCR analysis shows fold changes of the genes as labeled. Significance was determined 

by Students’ T test and data were represented as + SD (n=3 replicated per data point); * 

p<0.05; ** p<0.01. D-E. Representative IHC images with MYC antibody in prostatic tumor 

samples of different genotype mouse models as labeled in the Figure. The scale bar 
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represents 50 μm or 12.5 μm. F. GSEA results show significant enrichment of hallmark gene 

sets, MYC target V1 and MYC target V2, in pre-ranked gene lists of samples from 

ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 vs. that from ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4 mice. 

G. RT-qPCR analysis of alterations in genes comparing from ArhAR12Q:Ctnnb1fl(Ex3)/wt:PB-
Cre4 vs ArhAR48Q:Ctnnb1fl(Ex3)/wt:PB-Cre4. * p<0.05, ** p<0.01. H. Schematic diagram 

showing the mouse c-Myc locus containing two β-catenin/TCF4 binding sites. I. β-catenin 

ChIP-qPCR (left graph) and AR ChIP-qPCR (right graph) shown as percent input of c-Myc 
gene on its binding sites A and B. Significance was determined by Students’ T test and data 

were represented as ± SD (n=3 replicated per data point); * p<0.05, ** p<0.01.
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