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SUMMARY
Both the canonicalWnt and androgen receptor (AR) signaling pathways are important for prostate organogenesis and homeostasis. How

they crosstalk to regulate prostate stem cell behaviors remains unclear. Here, we show in lineage-tracingmousemodels that althoughWnt

is essential for basal stem cellmultipotency, ectopicWnt activity promotes basal cell over-proliferation and squamous phenotypes, which

are counteracted by elevated levels of androgen. In prostate basal cell organoids, dihydrotestosterone (DHT) antagonizes R-spondin-

stimulated growth in a concentration-dependent manner. DHT down-regulates the expressions of a Wnt reporter and target genes,

and RNA sequencing (RNA-seq) analyses identify Wnt signaling as a key altered pathway. Mechanistically, DHT enhances AR and b-cat-

enin protein binding, andCUT&RUNanalyses reveal that ectopic AR sequesters b-catenin away from itsWnt-related cistrome.Our results

suggest that an intermediate level of Wnt activity in prostate basal stem cells, achieved via AR-b-catenin interaction, is essential for

normal prostate homeostasis.
INTRODUCTION

Signaling crosstalk is crucial for regulating adult stem cell in

an organ. The canonical Wnt signaling pathway is a key

player in stem cell self-renewal and differentiation in

multiple tissues (Holland et al., 2013; Clevers et al., 2014).

Its interaction with hormone signals may be important for

orchestrating the behaviors of adult stem cells in tissues un-

der hormonal regulation. In the prostate gland, both Wnt

and androgen receptor (AR) signaling pathways are essential

fordrivingorganogenesis (ToivanenandShen, 2017). Specif-

ically, stromalWnt secretion promotes prostate bud branch-

ing morphogenesis and expression of the prostate-specific

transcription factor Nkx3.1 in the epithelium (Simons

et al., 2012; Francis etal., 2013; Julio etal., 2013).Classical tis-

sue recombination experiments and conditional knockout

experiments have revealed the requirement of stromal AR

in instructing the specification of prostate epithelium

through paracrine signals (Cunha et al., 1992; Lai et al.,

2012). However, how Wnt and androgen signals interact to

regulate prostate development and whether the interaction

affects prostate stem cells remain unclear.

Basal and luminal cells are the twomajor cell types lining

the prostate epithelium. Lineage-tracing analysis showed

that during prostate organogenesis, basal cells behave as

stem cells to rapidly proliferate and generate luminal cells

(Ousset et al., 2012). Using organoid culture, basal cells

were found to bemore efficient than luminal cells in gener-

ating prostate organoids (Karthaus et al., 2014). The stan-

dard organoid culture medium contains R-spondin, an
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agonist of the canonical Wnt pathway (Binnerts et al.,

2007), indicating a role of Wnt signaling for enhancing

prostate basal stem cell functions. In support of this, condi-

tional knockout of b-catenin in basal cells during prostate

postnatal development appeared to negatively affect their

luminal differentiation (Lu and Chen, 2015). However,

basal stem cells display high plasticity, as they become

more restricted in the adult prostate, with basal-to-luminal

differentiation occurring infrequently during homeostasis

(Choi et al., 2012; Wang et al., 2013) and reactivated only

in epithelium injury repair (Toivanen et al., 2016; Horton

et al., 2019). It was reported that epithelial b-catenin was

not required for maintaining the overall normal

morphology of the adult prostate (Francis et al., 2013),

but whether/how Wnt signaling regulates adult prostate

basal stem cells has not been specifically examined.

Recently, our lab performed basal cell lineage tracing

with AR conditional knockout in long-term prostate ho-

meostasis, and demonstrated that AR within adult basal

cells is dispensable for their maintenance, but required

for basal-to-luminal cell differentiation in vivo (Xie et al.,

2017). This led us to ask whether Wnt signaling in adult

basal cells plays similar roles. In addition, it remains to be

studied whether crosstalk between the Wnt and AR

signaling pathways is involved in regulating the plasticity

of basal stem cells. In this study, we show that Wnt activity

levels in prostate basal cells need to be tightly controlled in

prostate homeostasis, and that androgen signaling can

down-regulateWnt activity through AR sequestering b-cat-

enin away from its Wnt target genes.
orts j Vol. 18 j 1355–1370 j June 13, 2023 j ª 2023 The Author(s). 1355
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS

Canonical Wnt activity is essential for prostate basal-

to-luminal cell differentiation in homeostasis but not

in cancer initiation

Given that basal stem cells show plasticity as prostate

matures, we examined Wnt signaling activities at develop-

mental and adult stages using the TCF/Lef-H2B.GFP re-

porter mice (Ferrer-Vaquer et al., 2010). At postnatal day

20 (P20), we observed robust GFP expression in stromal

cells as well as basal cells at the ductal tips (Figure S1A).

In contrast, by P50, GFP was absent in basal cells and spo-

radic in stromal cells, but highly turned on in luminal cells

(Figure S1B). Therefore, restriction of basal stem cells in the

adult prostate coincides with their decreased Wnt activ-

ities. To functionally test the role of Wnt signaling in adult

prostate basal cells, we performed b-catenin deletion in

basal cells during long-term homeostasis. CK5-CreERT2

and R26R-CAG-YFP/+ mouse lines were used to lineage-la-

bel all prostate basal cells, as shown previously (Xie et al.,

2017). We tamoxifen-induced CK5-CreERT2; Ctnnb1fl/fl;

R26R-CAG-YFP/+ male mice (termed Basbcat�/�) and CK5-

CreERT2; R26R-CAG-YFP/+ controls (termed BasWT) at

2 months of age and waited 6 months before analysis (Fig-

ure 1A). As b-catenin is expressed on the membrane of

luminal cells, which contact the basal layer, its loss in

individual basal cells could not be easily identified by

immunofluorescence (IF) staining (Figure S2A). Neverthe-

less, efficient b-catenin deletion by CK5-CreERT2 was

confirmed by flow sorting of YFP+ prostate basal cells

from Basbcat�/� mice (Figure S2B) for qRT-PCR analysis

(Figure S2C), inferred by observing hair loss through time

(Figure S2D) (Kishimoto et al., 2000), and observed in

basal-derived bcat�/�Pten�/� luminal cells described

below (Figure 1H). Six months after induction, basal-to-

luminal cell differentiation was significantly reduced in

the Basbcat�/� group compared with BasWT (Figures 1B

and 1C), while basal cell proliferation rates were un-

changed asmeasured by Ki67 staining and BrdU incorpora-

tion assay (Figures 1D and 1E). These data suggest that the

canonical Wnt signaling activities are dispensable for adult

prostate basal cell maintenance but necessary for basal-to-

luminal cell differentiation.

We next tested whether Wnt activities in basal cells

are important for prostate cancer initiation by analyzing CK5-

CreERT2; Ptenfl/fl; R26R-CAG-YFP/+ (BasPten�/�) and CK5-

CreERT2; ctnnb1fl/fl; Ptenfl/fl; R26R-CAG-YFP/+ (Basbcat�/�Pten�/�)
tumors at 3 and 6 months after tamoxifen induction (Fig-

ure 1A).We found that b-catenin deletion did not attenuate

the progression of basal-derived Pten-null tumors, as

Basbcat�/�Pten�/� were morphologically indistinguishable

from the previously described BasPten�/� tumors (Wang

et al., 2013) (Figure 1F). Thedouble knockout tumors clearly
1356 Stem Cell Reports j Vol. 18 j 1355–1370 j June 13, 2023
displayed cribriform pattern and abundant basal-to-

luminal cell differentiation (Figure 1G), despite their lack

of b-catenin expression (Figure 1H), suggesting that loss of

Pten can override the requirement of b-catenin in promot-

ing basal-to-luminal cell differentiation.

EctopicWnt activity promotes prostate basal cell over-

proliferation

To assess whether gain of Wnt signaling activity could

enhance basal stem cell functions, we tamoxifen-induced

CK5-CreERT2; APCfl/fl; R26R-CAG-YFP/+ mice (termed

BasAPC�/�) and analyzed the prostate morphology 2 weeks

later (Figure 2A), at which time these mice usually suc-

cumbed to rapidly developing tumors growing elsewhere

because of the widespread activity of the CK5 promoter.

At this early time point, the morphology of the prostate

epithelium appeared largely normal. However, we observed

clones of prostate basal cells forming continuous sheets or

stackingwith each other, resembling squamous tumor phe-

notypes (Figure 2B). This is consistentwith previous studies

that showed squamous metaplasia foci in mice with acti-

vated Wnt signaling throughout the prostate epithelium

by Pb-Cre4 (Bruxvoort et al., 2007; Yu et al., 2009). Notably,

the YFP+ cells were strictly basal and did not express the

luminal marker CK18 (Figure 2C), indicating no basal-to-

luminal differentiation. IF staining with Ki67 antibody

showed that basal cells of BasAPC�/� mice were more prolif-

erative than those of wild-type (Figures 2D and 2E). To

assess the long-term effects of ectopic Wnt activity in basal

cells, we isolated BasAPC�/� basal cells by flow sorting of

YFP+ cells and recombined them with rat urogenital

mesenchyme cells before grafting the tissue recombinants

under the kidney capsule of immunodeficient mice (Fig-

ure 2A). Three months after renal grafting, we observed

large prostatic tissues grown on the kidney, which were

YFP positive (Figure 2F), and IF staining again revealed

squamous basal cell phenotypes (Figure 2G). Taken

together, our results suggest that canonical Wnt signaling

activities in prostate basal cells are tightly controlled in

the normal prostate in vivo and that intermediate Wnt

activity levels are favorable for basal-to-luminal cell

differentiation.

DHT antagonizes Wnt-stimulated basal stem cell

activities in organoids and in vivo

Given the pivotal role of AR signaling in prostate functions,

we next investigated how AR and Wnt signaling pathways

crosstalk to regulate prostate basal stem cells using a

defined organoid culture protocol (Drost et al., 2016). We

flow-sorted prostate basal cells from BasWT mice and

cultured them under 6 conditions: (1) ‘‘basementmedium’’

(BM) containing all the factors as described in the protocol

except for dihydrotestosterone (DHT) and the Wnt



Figure 1. Lineage-tracing analysis of bcat�/� basal cells during homeostasis and cancer initiation
(A) Timeline for lineage tracing experiments.
(B) Comparing percentages of YFP+ luminal cells from total YFP+ cells in BasWT (N = 4 animals) and Basbcat�/� mice (N = 5 animals) at
6 months post-induction.
(C) Representative IF images of YFP+ luminal cells (arrowheads) in the BasWT and Basbcat�/� prostate 6 months post-induction.
(D and E) Bar graphs showing no differences in proliferation rates between BasWT and Basbcat�/� basal cells by Ki67 (D) and BrdU
(E) staining. N = 4 BasWT animals and 5 Basbcat�/� animals.
(F) Representative H&E images of BasPten�/� and BasPten�/�;bcat�/� prostate at 3 months and 6 months after tamoxifen induction.
(G and H) IF images showing increased basal-to-luminal differentiation (G) and loss of b-catenin (H) in BasPten�/�;bcat�/� tumor regions at
3 months post-induction.
Scale bars, 50 mm (C) and 20 mm (F–H). Data were analyzed using Student’s t test. Error bar denotes one SD.
potentiator R-spondin, (2) BM plus R-spondin (R), (3) BM

plus 10�9 M DHT (DHT-9), (4) BM plus 10�7 M DHT

(DHT-7), (5) BM plus R-spondin and 10�9 M DHT (RD-9),

and (6) BM plus R-spondin and 10�7 MDHT (RD-7). Repre-

sentative images of organoids growing for 7 days under

different conditions are shown in Figure 3A. These organo-

ids typically exhibit p63-expressing basal cells on the
outskirt with intermediate and luminal cells in the center

(Figure 3A). Organoids of R condition were more abundant

than those of BM (Figure 3A), significantly larger (Fig-

ure 3B), and contained increased buds and surface

complexity (Figure 3C), consistent with the notion that

Wnt activity enhances basal stem cell activities and

branching morphogenesis during organogenesis (Julio
Stem Cell Reports j Vol. 18 j 1355–1370 j June 13, 2023 1357



Figure 2. APC�/� basal cells show over-proliferation and squamous phenotypes
(A) Timeline of experiments for lineage tracing and renal grafting of APC�/� basal cells.
(B) Representative IF image showing squamous basal cell phenotype (arrows) in BasAPC�/� mice at 2 weeks post-induction.
(C) IF staining showing the strict basal cell identity of the YFP+ cells in BasAPC�/� mice at 2 weeks post-induction.
(D) Over-proliferation of APC�/� basal cells shown by Ki67 staining.
(E) Bar graph comparing percentage of Ki67+ basal cells between BasAPC�/� mice and BasWT mice. N = 3 animals for each. Data were
analyzed using Student’s t test. Error bar denotes one SD.
(F) Overlay image of white-field and YFP channels showing prostatic tissues attached to a piece of kidney.
(G) IF showing BasAPC�/� basal squamous phenotype in the renal graft tissues.
Scale bars, 20 mm (B–D and G).
et al., 2013). Interestingly, adding DHT suppressed basal

stem cell activities in organoid culture in a concentration-

dependent manner, as DHT-9 organoids showed signifi-

cantly reduced number, sizes, and complexity compared

with BM, while DHT-7 further exacerbated such pheno-

types (Figures 3A–3C). DHT also antagonized the

growth-promoting effects of R-spondin in a concentra-

tion-dependent manner, as the inhibitory effects

were more prominent in RD-7 than RD-9 (Figures 3A–

3C). These data imply that Wnt and androgen signaling

pathways have opposite effects on prostate basal stem cell

activities and that their combined effects may be

subtractive.

To corroborate this finding in vivo, we implanted testos-

terone pumps onto tamoxifen-induced BasAPC�/� mice to

assess the effects of ectopic androgen on Wnt-activated

basal cells (Figure 3D). We analyzed the prostate tissues
1358 Stem Cell Reports j Vol. 18 j 1355–1370 j June 13, 2023
twoweeks later and noticed a significant rescue of the squa-

mous phenotype compared with control BasAPC�/� mice

without pump implantation, as many basal cells were scat-

tered and appeared normal in morphology (Figures 3E and

3F). Those basal cells also showed reduced proliferation

(Figures 3E and 3G). Collectively, our data suggest that in

both prostate organoids in vitro and homeostasis in vivo,

androgen can antagonize Wnt-stimulated basal stem cell

activities. Notably, despite this negative effect, androgen it-

self is required for basal-to-luminal cell differentiation (Xie

et al., 2017). In both BasWT and Basbcat�/� mice that were

castrated and lineage traced (Figure 3H), no YFP+ luminal

cell was observed after prostate regression (Figure 3I), and

basal cell proliferation rates were significantly reduced

to almost zero compared with hormonal-intact state

(Figures 3J and 3K), consistent with early reports (English

et al., 1987; Evans and Chandler, 1987).



(legend on next page)
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DHT down-regulates Wnt signaling activities in

prostate basal organoids

We hypothesized that DHT inhibits basal stem cell

activities through inhibiting the canonical Wnt signaling

pathway directly. To test it, we used cell surface markers

Lin�CD49fhiSca-1+ to isolated basal cells (Xie et al., 2017)

from the TCF/Lef-H2B.GFP reporter mice, and cultured

them as organoids under BM, R, DHT-9, DHT-7, RD-9, and

RD-7 conditions. Seven days later, we found that the GFP

signals weremost prominent in the R group, but almost ab-

sent in theDHTgroups (Figure 4A). Quantitationof the per-

centage of GFP area of the organoids revealed the following

trend: R > BM > RD-9 > RD-7 > DHT-9 > DHT-7 (Figure 4B),

suggesting DHT down-regulatesWnt activities in a concen-

tration-dependentmanner. In further support, qRT-PCRan-

alyses of severalWnt target genes Axin2, Lef1, Ccnd2, Cd44,

and Myc showed lower expressions in RD-7 organoids

compared with R (Figure S3A). These findings corroborate

a previous study showing that androgen deprivation

enhanced theWnt reporter in LNCaP cells (Lee et al., 2015).

Next, we performed RNA sequencing (RNA-seq) for BM,

R, and RD-7 organoids that had grown for 5 days. Prin-

cipal-component analysis (PCA) and unsupervised hierar-

chical clustering analysis demonstrated the consistency

of the samples within each group and the distinct tran-

scriptomes of the RD-7 group from the BM and R groups

(Figures 4C and 4D). Gene expression differential analysis

revealed the numbers of up-regulated and down-regulated

genes between each group (Figure S3B, Table S1). Many

genes, including Wnt targets Lgr5, Tcf7, and Wif1, were

up-regulated in R compared with BM but down-regulated

in RD-7 compared with R (Figure S3C). Notably, the

luminal marker gene Nkx3.1 was highly up-regulated in

RD-7, while the basalmarker gene Krt5was down-regulated

(Figure S3C), consistent with DHT’s role in promoting

basal-to-luminal differentiation. Gene Ontology (GO)

analysis (Huang da et al., 2009) of differentially expressed
Figure 3. DHT suppresses Wnt-induced basal stem cell activities
(A) Representative IF images showing organoid morphology and bar
conditions (n = 6 wells from 3 batches cultured at different times for
****p < 0.0001, Student’s t test. Error bar denotes one SD.
(B) Violin plot comparing relative organoid sizes under various condi
(C) Quantification of organoid budding under various conditions. Exa
(D) Timeline of experiment for lineage tracing of APC�/� basal cells
(E) Representative IF images comparing morphology and Ki67 positiv
20 mm.
(F and G) Bar graphs comparing the percentages of basal cells with sq
with or without pump. N = 3 animals for each group. *p < 0.05 and *
(H) Timeline of experiment for lineage tracing of castrated basal cell
(I and J) Representative IF images showing no luminal YFP+ cells in re
Scale bars, 20 mm.
(K) Bar graph comparing basal cell proliferation before and after ca
****p < 0.0001, Student’s t test. Error bar denotes one SD.

1360 Stem Cell Reports j Vol. 18 j 1355–1370 j June 13, 2023
genes between R and RD-7 identified key pathways

involved, among which were cell cycle regulation and

Wnt signaling pathway (Figure 4E), supporting our

hypothesis that the inhibitory effects of androgen on basal

organoids were mediated through modulation of the ca-

nonical Wnt activity, and corroborate a previous study

comparing gene profiles of enzalutamide versus DHT-

treated LNCaP cells (Guerrero et al., 2013). Moreover,

gene set enrichment analysis (GSEA) (Subramanian et al.,

2005) showed that genes that were up-regulated in RD-7

vs. R were highly enriched in two androgen-induced gene

signatures published previously (Schaeffer et al., 2008;

Mulholland et al., 2011) (Figure 4F). In contrast, genes

that were down-regulated in RD-7 vs. R were highly en-

riched in the GO terms ‘‘Wnt receptor signaling pathway’’

and ‘‘organ morphogenesis’’ (Figure 4G). These findings

support that androgen inhibits the canonical Wnt

signaling activities in prostate basal stem cells.

DHT increased AR and b-catenin protein binding in

prostate organoid cells

Previous studies using prostate cancer cell lines have shown

that AR can compete with TCF for b-catenin binding in the

presence of androgen, and that the binding of b-catenin to

AR can enhance AR signaling output (Terry et al., 2006).

How AR and b-catenin binding affects Wnt signaling activ-

ity is unclear. We hypothesize that DHT inhibition of Wnt

signaling activity in prostate basal cell organoids may be

mediated through increased AR binding to b-catenin in

the nucleus to sequester b-catenin away from carrying

out its function as a Wnt pathway transcription factor

(Figure 5A). To test this hypothesis, we first analyzed

endogenous AR and b-catenin interactions by performing

the Duolink Proximity Ligation Assay (PLA) (Fredriksson

et al., 2002; Soderberg et al., 2008) in prostate basal

organoids under different conditions. In PLA, antibodies

recognizing two proteins that are in close proximity are
in vitro and in vivo
graph showing organoid number per well under different culturing
each condition). Scale bar, 200 mm. *p < 0.05, ***p < 0.001, and

tions. ***p < 0.001 and ****p < 0.0001, Mann-Whitney U test.
mples of different numbers of buds shown on the right.
under androgen pump.
ity of APC�/� basal cells with or without androgen pump. Scale bar,

uamous phenotype (F) and Ki67 signal (G) between BasAPC�/� mice
*p < 0.01, Student’s t test. Error bar denotes one SD.
s.
gressed BasWT and Basbcat�/� mice (I) and no Ki67+ basal cells (J).

stration. N = 4, 5, 3, and 3 animals for each group, respectively.



Figure 4. DHT decreases Wnt signaling activities in prostate basal cell organoids
(A) Representative IF images showing TCF/Lef-H2B.GFP reporter signals in basal-derived organoids cultured under different conditions.
Scale bar, 200 mm.
(B) Violin plot showing GFP area percentages for different treatment conditions. Over 300 organoids cultured at 3 distinct batches were
quantified for each condition. ****p < 0.0001, Mann-Whitney U test.
(C) Scatterplot of the two main components from a principal-component analysis of the BM (purple), R (blue), and RD-7 (orange) samples.
n = 3 organoid samples in each group.
(D) Unsupervised hierarchical clustering analysis showing distinct transcriptomes of RD-7 from BM and R.
(E) GO analysis showing the enriched pathways in the comparison of R vs. RD-7, with the number of genes in each pathway.
(F and G) GSEA comparison of RD-7 vs. R showing androgen-responsive genes enriched in the up-regulated genes in the RD-7 group (F), and
Wnt pathway genes and organ morphogenesis genes enriched in the down-regulated genes of the RD-7 group (G).
labeled with oligonucleotides and undertake rolling circle

amplification to yield a specific fluorescent signal in situ

(Figure 5B). In quality check experiments, we confirmed

that PLA signals could only be detected when both AR

and b-catenin antibodies were applied to the prostate orga-

noids (Figure 5C). We then cultured the basal organoids for

7 days under BM, R, RD-9, and RD-7 conditions before per-
forming Duolink PLA. The RD organoids clearly contained

more signal dots than BM or R organoids (Figure 5D), and a

positive correlation of the average number of signal dots

per nucleus or per cell with the concentration of DHT

was noted (Figure 5E). These data suggest that DHT pro-

motes AR translocation into the nucleus and increases

direct AR and b-catenin protein-protein interaction.
Stem Cell Reports j Vol. 18 j 1355–1370 j June 13, 2023 1361



Figure 5. Increased AR and b-catenin protein binding upon DHT treatment
(A) Model of how AR and b-catenin interaction affects AR and Wnt signaling transcriptional output, respectively.
(B) Schematic diagram of the Duolink PLA for detecting protein interactions in situ.
(C and D) Representative IF images of prostate basal cell organoids showing positive Duolink PLA signals (red dots) only in the presence of
both b-catenin and AR antibodies (C), and different signal densities under R, BM, RD-9, and RD-7 conditions (D). Insets show zoom-in
views. Cyan represents nuclear DAPI staining. Scale bars, 50 mm.

(legend continued on next page)
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Analyses of AR and b-catenin cistromes under R and

RD conditions

In order to test the model in Figure 5A and determine how

Wnt signaling output was modified by increased AR-b-cat-

enin binding, we next performed CUT&RUN (Skene and

Henikoff, 2017) to characterize the AR and b-catenin cis-

tromes in basal organoids cultured under the R and RD-7

conditions, resulting in 4 samples: R_AR, R_Bcat, RD_AR,

and RD_Bcat. We called the peaks for each sample (Fig-

ure S4) and summarized the number of different and

overlapping peaks among these samples in a Venn diagram

(Figure 6A). These data showed that DHT shifted the bind-

ing patterns for both AR and b-catenin. Notably, when we

ran the MEME motif analysis (Bailey et al., 2009; Macha-

nick and Bailey, 2011) for the new AR binding peaks that

were present in RD_AR but not R_AR (named Peak Set

NewAR), the consensus AR binding motif was significantly

enriched (Figure 6B), suggesting DHT promoted AR bind-

ing to androgen-responsive genes. We then performed

GO pathway analysis for various b-catenin peak sets.

Consistent with the role of R-spondin in promoting Wnt-

induced basal stem cell activities, we found Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) pathway ‘‘Wnt

signaling pathway’’ and GO term ‘‘multicellular organism

development’’ to be among the top enriched pathways in

R_Bcat peaks (Figure 6C). In contrast, for new b-catenin

peaks that were present in RD_Bcat but not R_Bcat (named

Peak Set NewBcat), GO terms ‘‘cell-cell adhesion’’ and

‘‘negative regulation of canonicalWnt signaling pathway,’’

as well as KEGG pathway ‘‘cellular senescence’’ were signif-

icantly enriched (Figure 6C). Importantly, when we exam-

ined a subset of NewBcat that also contained AR co-local-

izing peaks in RD (named Peak Set NewCobind), the GO

term ‘‘cell differentiation’’ was enriched, and ‘‘negative

regulation of canonical Wnt signaling pathway’’ was en-

riched with an even greater enrichment score and a lower

p value than in NewBcat (Figure 6C). These data support

that DHT induced AR and b-catenin co-localization to

regulatory genomic regions that negatively affected the ca-

nonical Wnt signaling activity.

To further test our model that AR sequesters b-catenin

uponDHT treatment, we next compared b-catenin binding

signals under R and RD conditions at defined AR peak sets.

At those AR peaks that were present in R_AR but not RD_AR

(named Peak Set OldAR, Figure 6B), there was no difference

in b-catenin binding intensities between RD and R condi-

tions (Figure 6D). This is consistent with our model, given

that OldAR consists of AR binding sites that are not regu-
(E) Violin plots showing quantitation of average dots per nucleus (left)
conditions. Experiments were run in 3 independent batches, and the t
shown. p values were determined using the Mann-Whitney U test.
lated by DHT but likely promoted by R-spondin. In

contrast, across peaks in the NewAR set, we observed stron-

ger b-catenin binding signals under RD condition

compared with R (Figure 6E), suggesting that DHT-bound

AR recruited b-catenin to the regulatory regions of those

androgen-responsive genes. For example, RD_Bcat peaks

co-localized with RD_AR peaks for AR target genes Mme

and Fkbp5, while no R_Bcat peaks were present at those

loci (Figure 6F). Furthermore, sequestration of b-catenin

led to lower expressions of Wnt target genes such as stem

cell markers Cd44 and Lgr5, as the b-catenin peaks in R

were lost in RD at those loci (Figure 6G). Taken altogether,

our CUT&RUN data strongly support the model that

androgen down-regulates Wnt signaling activity via AR

sequestering b-catenin.
DISCUSSION

Wnt signals have been shown to regulate epithelial stem

cells in diverse tissues such as the intestine, mammary

gland, and hair follicle (van Amerongen et al., 2012; Choi

et al., 2013; Farin et al., 2016). The canonicalWnt signaling

pathway is also essential for driving prostate branching

morphogenesis (Francis et al., 2013; Julio et al., 2013),

possibly through increasing basal stem cells. Indeed, pros-

tate organoid growth frombasal cells, a process thatmimics

early development, often entails adding the Wnt potenti-

ator R-spondin in the culture medium (Drost et al., 2016).

However, the adult prostate is a quiescent organ. During

normal homeostasis, basal stem cells as illustrated by

luminal differentiation capability only represent �0.05%

of the basal cells (Wang et al., 2013), and the basal stem

cell program is reactivated in tumor initiation or in

response to epithelium injury (Choi et al., 2012; Wang

et al., 2013; Toivanen et al., 2016; Horton et al., 2019).

This raises the question as to whether alteredWnt activities

may underlie the plasticity of prostate basal stem cells. One

piece of evidence comes from our observation comparing

early and adult prostate using a Wnt reporter mouse line.

Lineage-tracing analysis of b-catenin-null basal cells

further supports this notion. Notably, our conclusion that

Wnt is necessary for basal-to-luminal cell differentiation

but not basal cell maintenance agrees with a previous

linage-tracing study performed at postnatal stage (Lu and

Chen, 2015). This suggests that Wnt activities are required

for basal stem cell multipotency regardless of develop-

mental stages, and that higher activities in early develop-

ment are associated with more robust luminal cell
and dots per cell (right) in each organoid under different treatment
otal numbers of organoids and cells analyzed for each condition are
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Figure 6. CUT&RUN analyses of AR and b-catenin cistromes under R and RD conditions
(A) Venn diagram showing the numbers of called peaks for each sample and peak overlaps among samples.
(B) Enrichment of the AR consensus motif in the NewAR peak set.

(legend continued on next page)
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production. Such requirement can be overridden by activa-

tion of the PI3K pathway though, as our data showed

no difference in luminal differentiation and tumor grades

between BasPten�/� and Basbcat�/�Pten�/�mice, contradicting

the Lu study but consistent with another study knocking-

out b-catenin and Pten using the Pb-Cre (Francis

et al., 2013).

Although loss of Wnt activities hampers basal stem cell

multipotency, ectopic Wnt through loss of APC induced

basal cell over-proliferation and squamous phenotypes.

This contrastswith the Pten-loss induced basal stemcell reac-

tivation, where basal cell proliferation and basal-to-luminal

differentiation dominate. We therefore propose that the be-

haviors of prostate basal stem cells can be regulated byWnt

signalingactivities at three levels.LowlevelsofWntactivities

restrict basal stem cell proliferation and luminal differentia-

tion in the adult prostate, while intermediate levels promote

their stemness during prostate organogenesis and perhaps

epithelium injury repair as well. Extreme high levels of

Wnt activities, on the other hand, reprogram the normal

basal cell identity to the one resembling squamous carci-

noma. A recent study examining Wnt ligands expression in

situ showed that stromal cells are a major source of various

Wnts in both the early and adult prostate (Wei et al., 2022).

Although the relative expression levels of Wnts could be a

factor contributing to the distinct basal cell behaviors be-

tween developmental and adult stages, we provide evidence

that AR signaling activities play an important role in modu-

lating Wnt activities within basal cells. We show that DHT

not only inhibited Wnt transcriptional output in basal cell

organoids, but implanting testosterone pumps was able to

reduce the squamous phenotypes induced by APC loss

in vivo. In further support of our model, it has been reported

that serum testosterone levels in mice greatly increase from

birth onward and peak at P40 (Jean-Faucher et al., 1978;

Poling and Kauffman, 2012). Such curvature overlaps with

thedecreasing stemness andWntactivitiesofbasal stemcells

during prostate postnatal development. We also note that

the apparent negative role of DHT on prostate organoid

budding is not contradictory to the well-established notion

that androgen signaling promotes prostate branching

morphogenesis, because DHT directly works on basal cells

in our organoid culture, while normal prostate epithelium

development is promoted by stromal AR (Toivanen and

Shen, 2017).
(C) GO analysis showing selected enriched pathways for genes locate
(D and E) Heatmaps and density plots comparing b-catenin binding
NewAR (E) binding peaks.
(F) Co-localization of AR and b-catenin binding peaks under RD condit
The upper two rows showing higher gene expression in RD vs. R by R
(G) Presence of b-catenin binding peaks in R but absence in RD at th
expression in RD vs. R by RNA-seq.
Mechanistically, we propose a model in which DHT-

bound AR sequesters b-catenin away from activating Wnt

target genes. Early studies in prostate cancer cell lines

showed that b-catenin can bind to ligand-engaged AR pro-

tein and enhance the transcription of androgen-sensitive

genes (Truica et al., 2000; Chesire et al., 2002; Mulholland

et al., 2002; Pawlowski et al., 2002; Yang et al., 2002; Ma-

siello et al., 2004). How this interaction affects the canoni-

cal Wnt signaling output has been less studied, but AR can

compete with TCF for b-catenin binding, raising the possi-

bility of suppressing Wnt target gene transcription (Amir

et al., 2003; Mulholland et al., 2003; Song et al., 2003). For

example, AR and LEF1 expressions were found to be mutu-

ally exclusive during branching morphogenesis and treat-

ment with an AR antagonist resulted inWnt/LEF1-positive

basal progenitor repopulation of the luminal compartment

(Wu et al., 2011). Recently, it was shown that androgen

deprivation enhanced aWnt reporter by increasingbinding

of b-cateninwith TCF4 in LNCaP cells (Lee et al., 2015).Our

findings extend on these prior studies, and provide new ev-

idence in the prostate basal stem cell context. In particular,

our CUT&RUN data indicated stronger b-catenin binding

across the AR binding peaks of androgen-responsive genes

in the presence of DHT, and weaker b-catenin binding at

Wnt target genes including those involved in stem cell

functions. Combined with our in vivo data, we propose

that a relatively high Wnt/moderate androgen environ-

ment is permissible for prostate basal cells to function as

active stem cells, low Wnt/high androgen for maintaining

the quiescent basal cell state, and extreme high Wnt for

altering the basal cell identity to a squamous cell type (Fig-

ure 7). In this model, the abundance of b-catenin and AR

proteins in the basal cell nuclei regulates basal cell behav-

iors. More b-catenin will elevate the transcription of both

ARandb-catenin target genes important for basal cell prolif-

erationand luminal differentiation, until it reaches extreme

where ectopic b-catenin target genes may be activated. On

the other hand,more ARprotein keeps basal cells in a quies-

cent state by activating genes for basal cell identity and

sequestering b-catenin from turning on its normal targets.

This model also explains the requirement of both AR (Xie

et al., 2017) and b-catenin (this study) for basal-to-luminal

differentiation, because complete loss of either one will

lead to a subset of genes important for basal cell stemness

being turned off.
d in the peak sets R_Bcat, NewBcat, and NewCobind, respectively.
intensities between R and RD conditions across the OldAR (D) and

ion at the Mme and Fkbp5 gene loci (lower three rows by CUT&RUN).
NA-seq.
e Cd44 and Lgr5 gene loci. The upper two rows showing lower gene
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Figure 7. Model of AR and b-catenin interaction in regulating prostate basal cell behaviors
See text for details of the model. Different categories of transcriptional target genes are color-coded. For clarity, other transcription co-
factors such as TCF/Lef are not shown. Size of the protein indicates its amount at the gene locus. Thickness of the arrow indicates target
gene expression level.
Our findings were obtained from studying basal stem

cells of the normal prostate, but may nevertheless have

implications for prostatic diseases. It has been postulated

that androgen signaling inhibits the transcription of

Wnt target genes in hormone treatment naive prostate

cancer (Yokoyama et al., 2014), while Wnt pathway acti-

vating mutations were found in 18% of the metastatic

castration-resistant prostate cancer cases (Robinson

et al., 2015). In an earlier disease context, reactivation

of basal stem cells was found under the inflammatory

condition (Kwon et al., 2013, 2016), and prostatitis is a

significant etiologic factor in prostate cancer (De Marzo

et al., 2007; Sfanos et al., 2018). We noticed that AR

expression is often down-regulated in the inflammatory

prostate epithelium (unpublished observation). It will

be interesting to investigate whether the Wnt-AR cross-

talk mechanism also applies under this scenario, as

elevated Wnt activities could underlie the plasticity of

basal stem cells in prostatitis. If so, it may provide new

mechanistic insights into the link between prostatitis

and prostate cancer.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Zhu A. Wang (zwang36@ucsc.edu).

Materials availability
This study did not generate new unique reagents.
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Data and code availability

All data reported in this paper will be shared by the corresponding

author upon request. The prostate organoid RNA-seq data and CU-

T&RUN data are deposited in the Gene Expression Omnibus data-

base with accession numbers GEO: GSE220499 and GEO:

GSE220500, respectively.

This paper does not report original code.

Any additional information required to reanalyze the data re-

ported in this paper is available from the corresponding author

upon request.

Mouse strains and genotyping
The CK5-CreERT2, Ptenflox, and R26R-CAG-YFP lines were used pre-

viously (Xie et al., 2017). The Ctnnb1flox (Brault et al., 2001) and

APCflox (Cheung et al., 2010) lines were obtained from JAX. The

TCF/Lef-H2B.GFP line (Ferrer-Vaquer et al., 2010) was obtained

from Dr. Hadjantonakis. Animals were maintained in C57BL/6N

background. Genotyping was performed by PCR using tail

genomic DNA, with the primer sequences listed in Table S2.

Mouse procedures
Tamoxifen induction, BrdU labeling, and androgen pump implan-

tation procedures were performed as described previously (Wang

et al., 2013), and detailed in supplemental information. All animal

experiments received approval from the Institutional Animal Care

and Use Committee at the University of California, Santa Cruz

(UCSC).

Tissue collection and flow cytometry
Mouse prostate tissue dissection and flow cytometry were per-

formed as previously described (Xie et al., 2017), and detailed in

supplemental information. Lineage-marked basal cells were sorted

on the basis of YFP positivity. Antibodies (Table S3) were used for

mailto:zwang36@ucsc.edu


sorting Lin�Sca-1+ CD49fhi basal cells fromTCF/Lef-H2B.GFPmice.

Cell sorting was performed on a BD FACS Aria II instrument in the

Flow Cytometry Facility of UCSC.
Renal grafting assay
Renal grafting was performed as previously described (Horton

et al., 2019), and detailed in supplemental information. Grafts

were collected after 3 months of growth and embedded in OCT.
Prostate organoids culture
Mouse prostate organoid culture medium was prepared according

to a previous protocol (Drost et al., 2016), and detailed in supple-

mental information. Organoidswere grown for 5–7 days before an-

alyses to minimize the effects contributed by differentiated

luminal cells. In situ organoid images and IF images were taken us-

ing a Keyence microscope and Zeiss AxioImager in the UCSC Mi-

croscopy Facility. For counting of organoid number, a minimum

organoid diameter of 40 mm was considered. Organoid sizes and

GFP area percentage were quantified using ImageJ.
Histology and immunofluorescence staining
H&E and IF staining was performed using standard protocols as

previously described (Xie et al., 2017) and detailed in supplemental

information. Images were taken using a Zeiss AxioImager and a Le-

ica TCS SP5 confocal microscope in the UCSCMicroscopy Facility.

All primary antibodies and dilutions used are listed in Table S3.
qRT-PCR
Quantitative real-time PCR was carried out using Power SYBR

Green PCR Master Mix (Life Technology) in the ViiA 7 Real-Time

PCR instrument. Expression values were obtained using the

DDCT method and normalized to b-actin (Actb) expression;

average values are shown as mean ± SD. Primer sequences are pro-

vided in Table S2.
Duolink Proximity Ligation Assay
Duolink PLAwas performed as per the kit instruction (DUO92101;

Sigma-Aldrich), and repeated twice with consistent results. The

antibodies used were AR (A9853; Sigma-Aldrich; rabbit, 1:500

dilution) and b-catenin (610153; BD Bioscience; mouse, 1:500

dilution). Images were taken using the Zeiss AxioImager. Quantita-

tion of PLA signals was performed by manual counting the total

number of dots in an organoid, the total number of dots within

the nucleus (overlapping with DAPI), and the number of cells in

an organoid. Average dots per cell/nucleus in an organoid were

calculated and dozens of randomly selected organoids from each

condition were imaged and counted.
Lineage analysis and statistics
Identification of basal and luminal cells in lineage analysis was

described previously (Xie et al., 2017) and detailed in supplemental

information. Statistical analyses for lineage tracing and organoids

experiments were performed using the two-sided Student’s t test or

the Mann-Whitney U test as appropriate. At least three biological

replicates for each experiment or genotype were analyzed.
Organoid bulk RNA-seq and analysis
OrganoidmRNAwas isolated using the RNeasyMicro Kit (Qiagen).

RNAwas reverse transcribed and amplified into cDNAusing the Ta-

kara SmartSeq kit at the University of California (UC), Berkeley,

QB3Genomics Center, where library construction and sequencing

were performed. See supplemental information for details.
Principal-component analysis and clustering analysis
PCA and gene hierarchical clustering analysis were performed

using R version 3.5.0, and described in detail in supplemental

information.
CUT&RUN
Organoids cultured under R and RD-7 conditions were harvested

5 days after initial plating. CUT&RUN was performed on the basis

of the published protocol (Skene et al., 2018) with modifications.

See supplemental information for details of procedures and library

preparation. Sampleswere sequencedon theNextSeq345 systemat

the UC Davis Genomics Center.
CUT&RUN analysis
Raw CUT&RUN reads were checked by FastQC version 0.11.8 for

quality control to ensure the high-quality of data. Fastq files of

the three biological replicates for each treatment condition and

antibody pair were merged for downstream analyses. Peak calling,

motif analysis, and visualization were performed as described in

supplemental information.
Functional enrichment analyses
Enriched biological themes from RNA-seq and CUT&RUN data

were identified using the DAVID website (https://david.ncifcrf.

gov). Gene set enrichment analysis was performed using GSEA

software version 4.0.3. See supplemental information for details.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.04.003.
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