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SUMMARY
Androgen receptor (AR) is expressed in both the prostate epithelium and the prostate stroma and plays
diverse roles in prostate physiology. Although low expression of stromal AR is clinically associated with
advanced cancer stage and worse outcome, whether stromal AR inhibits or promotes prostate cancer pro-
gression remains controversial. Here, we specifically delete AR in smooth muscle cells of the adult mouse
prostate under two tumorigenic conditions, namely, theHi-Myc genetic model and the T + E2 hormonal carci-
nogenesis model. Histology analyses show that stromal AR deletion exacerbates tumor progression pheno-
types in both models. Furthermore, single-cell analyses of the tumor samples reveal that secretory luminal
cells are the cell population particularly affected by stromal AR deletion, as they transition to a cellular state
of potentiated PI3K-mTORC1 activities. Our results suggest that stromal AR normally inhibits prostate cancer
progression by restraining secretory luminal cells and imply possible unintended negative effects of
androgen deprivation therapy.
INTRODUCTION

Most prostate cancers (PCas) are adenocarcinomas that origi-

nate from the epithelial cells of the gland (Shen and Abate-

Shen, 2010). Both basal and luminal cells, the two major cell

types of the prostate epithelium, can serve as cells of origin for

PCa (Choi et al., 2012; Wang et al., 2013). On the other hand,

the stromal compartment, which is composed of smooth muscle

cells (SMCs), fibroblasts, endothelial cells, immune cells, and

neurons, provides the crucial microenvironment for prostate

development and cancer progression. Classic tissue recombina-

tion experiments have demonstrated the essential role of stro-

mal-epithelial interactions in prostate organogenesis (Cunha

et al., 1987; Hayward, 2002). In PCa, the altered stromal micro-

environment, named reactive stroma, can promote cancer pro-

gression (Tuxhorn et al., 2001). For example, cancer-associated

fibroblasts (CAFs) send paracrine signals, including growth fac-

tors and interleukins, to promote epithelial transformation

(Sasaki et al., 2017).

Androgen is one of the key signals regulating prostate devel-

opment and cancer (Murashima et al., 2014; Watson et al.,

2015). The androgen receptor (AR) is expressed in both the pros-

tate epithelium and the prostate stroma. In the epithelium, recent

lineage-tracing analyses showed that ARs in basal and luminal

cells play distinct roles in maintaining adult prostate homeosta-

sis (Xie et al., 2017; Chua et al., 2018). In the stroma, classic
This is an open access article under the CC BY-N
experiments showed that AR-deficient urogenital sinus mesen-

chyme (UGSM) was unable to induce prostate budding when re-

combined with wild-type epithelium, suggesting that the stromal

AR is essential for prostate organogenesis (Cunha and Lung,

1978). Consistent with this finding, genetic deletion of stromal

AR in the developing mouse prostate inhibited epithelial cell

growth and the differentiation of prostatic ducts and glandular

acini (Welsh et al., 2011; Yu et al., 2011, 2012; Lai et al.,

2012b; Lee et al., 2021).

How stromal cells and stromal AR affect PCa has been contro-

versial (Singh et al., 2014;Wen et al., 2015; Leach andBuchanan,

2017). Early studies using epithelial-stromal cell co-culture

conflicted regarding the role of stromal cells in epithelial cancer

cell growth, with some favoring a negative role (Konig et al.,

1987; Degeorges et al., 1996; Kooistra et al., 1997) and others

a positive one (Kabalin et al., 1989; Lang et al., 2000; Castellon

et al., 2005). Clinically, lower expression of stromal AR is associ-

ated with advanced PCa and worse patient outcome (Olapade-

Olaopa et al., 1999; Henshall et al., 2001; Ricciardelli et al., 2005;

Wikstrom et al., 2009; Leach et al., 2015). Paradoxically, AR-defi-

cient mouse stromawas less capable of promoting tumor forma-

tion than wild-type stroma in epithelial co-culture assays and tu-

mor cell renal grafts (Lai et al., 2012b; Ricke et al., 2012; Yu et al.,

2012). In genetic mouse models, a study comparing AR deletion

in the epithelium versus the entire organ in the TRAMP PCa

model suggested a tumor-promoting role for stromal AR (Niu
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et al., 2008). Similarly, stromal AR deletion by FSP1-Cre and

Tgln-Cre in the Pten�/+ cancer model was reported to diminish

prostatic intraepithelial neoplasia (PIN) development (Lai et al.,

2012a). In contrast, Welsh and colleagues used SMH-Cre to

ablate AR in SMCs and found stromal AR to play a tumor-sup-

pressing role in a hormonal carcinogenesis model (Welsh et al.,

2011).

A possible cause of the discrepancy may be the different ap-

proaches used and their associated caveats. Renal grafting

assay, and stromal-epithelial co-culture in particular, may not

faithfully recapitulate actual cancer progression due to a lack

of orthotopic microenvironment. On the other hand, previous

studies of conditional stromal AR knockout utilized Cre lines

that were not inducible, potentially complicating data interpreta-

tion by having AR loss during development. To date, no stromal

AR ablation experiment has been rigorously performed in adult

prostate carcinogenesis in vivo. Here, we used an inducible

SMC-specific CreER line to delete AR at the adult stage in two

distinct PCa mouse models. We show that stromal AR deletion

accelerated PCa progression for both, and such effect mostly

worked through secretory luminal cells by altering their molecu-

lar program to a PI3K-activated state.

RESULTS

Stromal AR maintains normal prostate epithelial
homeostasis and morphology
To delete AR in the adult prostate stroma, we obtained the

Myh11-CreERT2 transgenic mouse, in which the inducible Cre

is driven by the promoter of the gene smooth muscle myosin

heavy polypeptide 11 (Wirth et al., 2008). To test its specificity,

we generated Myh11-CreERT2; R26R-CAG-EYFP/+ (denoted

wt) mice, induced them with tamoxifen at 7 weeks of age, and

analyzed the prostate 2 weeks later (Figure 1A). Immunofluores-

cence (IF) staining showed that YFP+ cells were in the stromal

layer and did not express basal marker CK5 or luminal marker

CK18 (Figure 1B). Instead, staining with a smooth muscle actin

(SMA) antibody showed that over 99%of the SMCswere labeled

by YFP (Figure 1C). The vast majority of the YFP+ cells were AR

positive, with slightly varying proportions in different lobes (ante-

rior lobe [AP] 92.7%; ventral lobe [VP] 88.4%; dorsal-lateral lobe

[DLP] 83.3%) (Figures 1D and 1F). We then tested the efficiency

of stromal AR deletion by tamoxifen induction of Myh11-

CreERT2; ARflox/Y; R26R-CAG-EYFP/+ (denoted strAR�) mice at

7 weeks of age (Figure 1A). Two weeks later, the proportions

of AR+ cells in the YFP+ population (SMCs) significantly

decreased for all the lobes (AP 16.3%; VP 13.6%; DLP 13.0%)

(Figures 1E and 1F). In contrast, epithelial AR expression was

not affected (Figure 1E). Therefore, we achieved AR deletion in

SMCs with high efficiency and specificity.

We then characterized the long-term effects of stromal AR

deletion in the strAR� mice by analyzing the prostate phenotypes

9 months after tamoxifen induction (11 months of age) (Fig-

ure 1A). Prostate weight was reduced in the strAR� mice

compared with age-matched wt mice for all lobes (Figure 1G),

consistent with the notion that stromal AR mediates androgen-

dependent prostate epithelial growth (Yu et al., 2011). Size

reduction was also observed for seminal vesicles and testes,
2 Cell Reports 39, 110848, May 24, 2022
since AR was deleted in SMCs of other urogenital organs as

well (Figure S1). However, no difference in overall body weight

or reproductive capability was noticed between strAR� and wt

mice. The proportions of AR+ SMCs in the prostate remained

constant from 2 weeks to 9 months after induction (Figure 1F),

and BrdU incorporation assay at 9 months after induction

showed that AR+ and AR� SMCs proliferated at similar rates

(Figure 1H). No significant differences in luminal and basal cell

proliferation were detected between strAR� and wt mice at this

stage, either (Figure S2). Notably, hematoxylin and eosin (H&E)

staining showed that strAR� prostate at 9 month after induction

contained smaller lumens compared to wt and displayed hyper-

trophy and foci of epithelial hyperplasia (Figure 1I), suggesting

that stromal AR regulates the normal morphology and epithelial

cell integrity in the adult prostate.

Loss of stromal AR enhances Hi-Myc tumor progression
To test the role of stromal AR in PCa progression, we first utilized

the ARR2/probasin-Myc (Hi-Myc) model (Ellwood-Yen et al.,

2003), in which Myc overexpression mimics one of the frequent

oncogenic events in human PCa (Fraser et al., 2017). Myh11-

CreERT2; R26R-CAG-EYFP/+; Hi-Myc (denoted Myc) and

Myh11-CreERT2; ARflox/Y; R26R-CAG-EYFP/+; Hi-Myc (denoted

strAR� Myc) male mice were generated, induced with tamoxifen

at 7 weeks of age, and analyzed at different time points later (Fig-

ure 2A). Onemonth after induction, IF staining confirmed that AR

was absent in over 90% of SMCs in the strAR� Myc group (Fig-

ure 2B). H&E staining at 3 and 9 months post induction revealed

frequent hyperplasia and PIN lesions in both groups. However,

the strAR� Myc group contained more high-grade PINs

compared with the Myc group, and often displayed dilated

ducts, cribriform patterns, and inflammation (Figure 2C and

Table S1). To rigorously compare the histology between the

two groups, we quantified tumor grades by evaluating each sam-

ple and assigning a histology score using a predefined formula in

a double-blind setting (see STAR Methods). Our results (Fig-

ure 2D and Table S1) showed that stromal AR deletion promoted

PCa progression from the Hi-Mycmodel. Indeed, BrdU incorpo-

ration assay showed that luminal cells were more proliferative in

the strAR� Myc group compared with the Myc group (Figures 2E

and 2F), whereas no significant difference was found for basal or

stromal cells between the two groups (Figure 2F). These data

demonstrate that AR in the prostate SMCs plays a tumor-sup-

pressing role in the Hi-Myc model.

Stromal AR inhibits PCa progression during hormonal
carcinogenesis
Given that the Hi-Myc model relies on the probasin promoter,

which is turned on at the neonatal stage, we next set out to

test whether our conclusion could be extended to other PCa

models where tumor initiates strictly at the adult stage. In ro-

dents, combined treatment of testosterone and estradiol-17b

(named the T + E2 model) has been used to mimic the hormonal

change in aging men (Ricke et al., 2008; Wang et al., 2014),

whose relative increase in estrogen and decrease in androgen

levels are associated with increased PCa incidence (Wilson,

1980). We therefore induced Myh11-CreERT2; R26R-EYFP/+

and Myh11-CreERT2; ARfl/Y; R26R-EYFP/+ mice with tamoxifen



Figure 1. AR deletion in SMCs of the normal adult prostate

(A) Timeline of experiments for the wt and strAR� mice.

(B and C) IF staining showing YFP-marked cells present only in the stroma (B) and positive for SMA (C).

(D and E) IF staining showing loss of AR expression in YFP+ cells from wt (D) to strAR� (E). Zoom-in views of the boxed areas are shown on the right.

(F) Quantitation of the proportions of AR+ SMCs in different prostate lobes before and after AR deletion through time.

(G) Quantitation of prostate lobe weights in wt and strAR� mice 9 months after induction.

(H) Representative IF staining of BrdU (left) and quantitation of the proportions of BrdU+ cells in AR+ and AR� SMCs (right). Arrowhead points to an AR�BrdU+

SMC and arrow to an AR+BrdU+ SMC.

(I) H&E staining showing prostate morphology of strAR� mice 9 months after induction. Arrows point to regions of hyperplasia. *p < 0.05 and **p < 0.001 by

Student’s t test. Scale bars, 20 mm.
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at 7 weeks of age, implanted T and E2 tubes subcutaneously to

induce tumor initiation (denoted T + E and strAR� T + E, respec-

tively), and analyzed prostate histology 4 and 8 months later

(Figure 2G). ELISA confirmed that serum estrogen levels were

significantly enhanced after T + E2 treatment for both groups

of mice (Figure S3). We found that, compared with the T + E

group, the strAR� T + E group contained more prominent high-

grade PIN lesions, with some regions displaying cribriform pat-

terns and epithelial cells filling into the lumen (Figure 2H and

Table S2). Double-blind quantification of the histology scores

showed that strAR� T + E tumors were significantly more aggres-

sive than the T + E tumors (Figure 2I and Table S2), in agreement
with the previous report using SMH-Cre (Welsh et al., 2011).

BrdU incorporation assay again revealed higher proliferation of

luminal cells, but not basal and stromal cells, in the strAR� T +

E group compared with the T + E group (Figures 2J and 2K).

Taken together, we conclude that stromal AR deletion induced

more aggressive PCa phenotypes in both the genetic and the

hormonal carcinogenesis models.

Loss of stromal AR primarily affects secretory luminal
tumor cells
To understand how stromal AR deletion promotes PCa

progression, we next performed single-cell RNA sequencing
Cell Reports 39, 110848, May 24, 2022 3



Figure 2. Stromal AR loss promotes tumor progression in the Hi-Myc and T + E models

(A) Timeline of experiments for the Myc and strAR� Myc mice.

(B) IF showing efficient stromal AR deletion in strAR� Myc mice.

(C) Representative H&E images of different prostate lobes of Myc and strAR� Myc mice 3 and 9 months post induction.

(D) Quantitation of H&E scores.

(E) Representative IF staining of BrdU in Myc and strAR� Myc mice 9 months post induction.

(F) Quantitation of the proportions of BrdU+ cells in the basal, luminal, and stromal layers of Myc and strAR� Myc mice 3 and 9 months post induction.

(G) Timeline of experiments for the T + E and strAR� T + E mice.

(H) Representative H&E images of different prostate lobes of T + E and strAR� T + E mice 4 and 8 months post treatment.

(I) Quantitation of H&E scores.

(J) Representative IF staining of BrdU in T + E and strAR� T + E mice 8 months post treatment.

(K) Quantitation of the proportions of BrdU+ cells in the basal, luminal, and stromal layers of T + E and strAR� T + Emice 4 and 8months post treatment. Each dot in

(D) and (I) represents a mouse in the group. *p < 0.05 by Student’s t test. Scale bars in (B), (E), and (J), 20 mm, and in (C) and (H), 100 mm.
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(scRNA-seq) for the 8-month T + E and strAR� T + E tumors by

103 Genomics Drop-seq. We profiled 3,373 T + E and 2,689

strAR� T + E prostate cells that passed quality control, and

�1,500 genes were detected per cell. Based on known marker

expression, we assigned cell-type identities in the t-distributed

stochastic neighbor embedding (t-SNE) plots (Figure 3A),
4 Cell Reports 39, 110848, May 24, 2022
including basal cells, secretory luminal cells, the recently iden-

tified proximal luminal cells (Karthaus et al., 2020; Kwon et al.,

2020), SMCs, fibroblasts, leukocytes, endothelial cells, erythro-

cytes, and seminal vesicle cell contaminants. Notably, in both

samples, secretory luminal cells (identified by markers Krt8,

Krt18, Nkx3.1, and Pbsn) contained multiple cell clusters,



Figure 3. scRNA-seq analysis of T + E and strAR� T + E prostate

(A) t-SNE plots showing various cell populations (identifiable by markers listed on the right) in the T + E and strAR� T + E prostate.

(B) UMAP showing color-coded cell clusters of integrated samples using scVI tools.

(C) UMAP showing alignment of cell types between the T + E and the strAR� T + E samples.

(D) Volcano plot showing up- and downregulated genes in strAR� T + E versus T + E.

(E–H) GSEA comparing differentially expressed genes in secretory luminal cells of strAR� T + E versus T + E against GO pathways and published gene signatures.
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indicating that they became highly heterogeneous during tumor

progression. The two samples were then integrated with single-

cell variational inference (scVI) tools (Gayoso et al., 2021) and

re-clustered (Figure 3B). Differentially expressed genes in

each cluster are listed in Table S3. This analysis showed that

the two samples were similar on a global level, as most clusters

aligned well between them, except for the secretory luminal cell

clusters (clusters 1, 3, 4, and 6) (Figure 3C). Specifically, in uni-

form manifold approximation and projection (UMAP), clusters 1

and 3 mostly belong to the T + E sample, whereas clusters 4

and 6 belong to the strAR� T + E sample (Figures 3B and 3C).

We hypothesized that these four secretory luminal cell clusters

were responsible for the phenotypic differences observed be-

tween the two groups of mice, and therefore focused on

them for further analyses.

Gene expression differential analysis comparing all secretory

luminal cells (clusters 1, 3, 4, and 6) between the two samples

showed that 677 genes were upregulated and 111 downregu-
lated in strAR� T + E relative to T + E (false discovery rate

[FDR] < 0.05 and log fold change > 1 or < �1) (Figure 3D,

Tables S4 and S5). Gene set enrichment analysis (GSEA) (Subra-

manian et al., 2005) showed that genes overexpressed in the

strAR� T + E sample were enriched in a previously published

AR-repressed-gene signature obtained via mouse castration

(Mulholland et al., 2011) (Figure 3E), indicating that stromal AR

deletion has effects similar to those of castration. GSEA further

showed that genes overexpressed in strAR� T + E were enriched

in the Gene Ontology (GO) male gonad development (Figure 3F),

in genes upregulated in a PSA-Cre; Ptenfl/flmodel relative to wild

type (Korsten et al., 2016) (Figure 3G), as well as genes upregu-

lated in a Smad4-Pten-null model relative to Pten-null alone

(Ding et al., 2011) (Figure 3H). GSEA of downregulated genes

in the strAR� T + E sample showed that the reverse trend

was also true (Figure S4). These data demonstrate that the

strAR� T + E tumor is molecularly more aggressive than the

age-matched T + E tumor.
Cell Reports 39, 110848, May 24, 2022 5



Figure 4. Luminal tumor cell heterogeneity in the T + E and strAR� T + E prostate

(A) UMAP plots showing the expression of luminal marker genes in secretory luminal clusters 1, 3, 4, and 6.

(B and C) GSEA showing that upregulated genes in cluster 4 versus 6 are enriched in KEGG pathway chemical carcinogenesis (B) and in the top 300 upregulated

genes in cluster 3 versus 1 (C).

(legend continued on next page)
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Subpopulation of luminal tumor cells shows enhanced
PI3K-mTORC1 activity
We next examined the heterogeneity within the secretory luminal

cells. Clusters 3 and 4 corresponded to the subpopulation of

secretory luminal cells with lower luminal marker expression

than clusters 1 and 6 in the T + E and strAR� T + E samples,

respectively (Figures 4A and S5). They also appeared to repre-

sent more advanced-stage tumor cells compared with clusters

1 and 6. For example, GSEA showed that genes downregulated

incluster 6 relative to4werehighly enriched in theKEGGpathway

chemical carcinogenesis (Figure 4B). Furthermore, the progres-

sion of these luminal tumor cells was similar between the strAR�

T + E and the T + E samples, since GSEA showed that upregu-

lated genes in cluster 4 versus 6 were significantly enriched in

the top 300 upregulated genes in cluster 3 versus 1 (Figure 4C).

When we compared the advanced-stage tumor cells between

the two samples (cluster 4 in strAR� T + E versus cluster 3 in T +

E), we found that genes downregulated in cluster 4 versus 3

were enriched in two published signatures of genes downregu-

lated in Pten-null tumors versus wild-type tissues (Ding et al.,

2011; Korsten et al., 2016) (Figures 4D and 4E). These data

suggest that the advanced-stage luminal tumor cells in the strAR�

T + E prostate were more aggressive than their counterparts in

the T + E prostate and that stromal AR deletion elicited a tumor

progression program resembling PI3K pathway activation in the

secretory luminal cells. Consistent with this notion, we found

that, after excluding cells below a minimal detection threshold,

Pten expression in clusters 3 and 4 was lower than in clusters 1

and 6 (Figures 4F and 4G). Between clusters 3 and 4, cluster 3

also contained more cells with relatively high Pten expression

(Figure 4G), suggesting that the loss of stromal AR may downre-

gulate Pten in luminal tumor cells to accelerate their progression.

To further validate this finding, we performed immunohisto-

chemistry (IHC) to detect Pten in T + E and strAR� T + E tissues

(n = 3 animals each). While the vast majority of the T + E epithelial

cells showed positive signals, Pten staining was significantly

decreased in many PIN foci of the strAR� T + E epithelium

(Figures 4H and 4I). To evaluate the PI3K signaling downstream

effectors, we performed IHC to detect phospho-Akt Ser473

(pAkt-S473), an mTORC2 target, as well as mTORC1 signaling

components phospho-Akt Thr308 (pAkt-T308), ribosomal pro-

tein S6 phosphorylated at Ser235/236 (pRPS6), and 4e-binding

protein 1 phosphorylated at Thr37/46 (p4E-BP1) (Pearson

et al., 2018). We did not detect pAkt-S473-positive epithelial

cells in either group (Figure S6A), suggesting no activation of

the mTORC2 pathway. However, clusters of pAkt-T308-positive

epithelial cells were present in all the samples, and its percent-

age significantly increased in the strAR� T + E tissues compared

with T + E (Figures 4J and 4K). Moreover, strAR� T + E epithelium

contained significantly higher percentages of p4E-BP1-positive

(Figures S6B and S6C) and pRPS6-positive cells (Figures S6D
(D and E) GSEA showing that downregulated genes in cluster 4 versus 3 are enr

(F and G) UMAP (F) and violin plots (G) showing Pten expression in clusters 1, 3,

(H and J) Representative IHC images showing Pten (H) and pAkt-T308 (J) staining

insets, 10 mm.

(I and K) Quantitation of percentages of Pten-positive (I) and pAkt-T308-positive

Student’s t test.
and S6E). Taken together, these results are consistent with the

scRNA-seq finding, and indicate that stromal AR loss stimulated

the PI3K-mTORC1 signaling activity in a subpopulation of

luminal tumor cells.

Enhanced PI3K activity in a luminal subpopulation of the
strAR� Myc tumor
Since the T + E model tends to capture an earlier window of

tumorigenesis, while the Hi-Myc model offers a wider spectrum

of pathological stages, we next asked whether similar mecha-

nisms could also explain the more aggressive phenotypes in

the strAR� Myc tumors. To this end, we performed scRNA-seq

comparing Myc and strAR� Myc tumors that had progressed

for 12 months, with 1,749 cells and 1,713 cells profiled at

�1,200 genes per cell, respectively. Integration of the two sam-

ples and re-clustering by scVI showed that, while most of the cell

clusters aligned well betweenMyc and strAR� Myc samples, dif-

ferences again existed in the secretory luminal cell populations

(identified by Pbsn+ Krt8+) (Figures 5A and 5B). We assigned

cell types to different clusters based on marker expression (Fig-

ure 5C and Table S6) and noticed that various stromal cell

populations, including leukocytes, weremore prominently repre-

sented compared with the previous single-cell analysis of the T +

E model. Importantly, we found that, while cluster 1 contained

secretory luminal cells that overlapped between the two sam-

ples, clusters 6 and 11 contained secretory luminal cells specific

to strAR�Myc (Figures 5A and 5C). GSEA showed that genes up-

regulated in cluster 6 relative to cluster 1 were highly enriched in

two aforementioned upregulated gene signatures of Pten-null

prostate tumors (Ding et al., 2011; Korsten et al., 2016)

(Figures 5D and 5E). Conversely, genes downregulated in cluster

6 versus 1 were significantly enriched in the downregulated

Pten-null gene signature (Ding et al., 2011) (Figure 5F). These

data suggest that, similar to the T + E model, strAR� Myc tumors

also harbored more aggressive luminal tumor cells with

enhanced PI3K activity. In further support, scRNA-seq data

showed lower Pten expression in cluster 6 versus cluster 1

(Figures 5G) and IHC showed significantly higher proportions

of pAkt-T308-positive epithelial cells in the strAR� Myc tumors

compared with theMyc tumors (Figures 5H and 5I). On the other

hand, no Pten-related gene signature was significantly enriched

in a GSEA comparison between clusters 11 and 1. Instead,

genes upregulated in cluster 11 versus 1 were highly enriched

in a gene signature induced by interferon g (IFNg) (Jehl et al.,

2012) (Figure 5J), as well as several upregulated gene signatures

of lipopolysaccharide (LPS) treatment (Shell et al., 2005; Kita-

mura et al., 2008; Bonow et al., 2009) (Figures S7A–S7C). Given

the high frequency of inflammatory foci in strAR� Myc tumors

(Table S1), cluster 11 likely represented luminal cells receiving

immune cell signals in an inflammatory microenvironment. Over-

all, upregulation of PI3K activity in luminal tumor cells appears to
iched in two downregulated gene signatures of Pten-null tumors.

4, and 6.

in T + E (left) and strAR� T + E (right) tissues. Scale bars, 50 mm. Scale bars in

(K) epithelial cells. n = 3 animals per group. The p values were calculated by

Cell Reports 39, 110848, May 24, 2022 7



Figure 5. Single-cell analysis comparing Myc and strAR� Myc prostate

(A) UMAP showing alignment of cell types between the Myc and the strAR� Myc prostate.

(B) Identification of secretory luminal clusters based on Pbsn expression.

(C) UMAP showing color-coded cell clusters of integrated samples using scVI tools and assignment of cell types based on marker expression.

(D–F) GSEA comparing differentially expressed genes in cluster 6 versus 1 against published Pten-null tumor gene signatures.

(G) Violin plot showing Pten expression in clusters 1 and 6.

(H) Representative IHC images showing pAkt-T308 staining in Myc (left) and strAR� Myc (right) tissues. Scale bars, 50 mm. Scale bars in insets, 10 mm.

(I) Quantitation of percentages of pAkt-T308-positive epithelial cells. n = 3 animals per group. The p value was calculated by Student’s t test.

(J) GSEA showing enrichment of upregulated genes in cluster 11 versus 1 in a published IFNg-induced gene signature.
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be a shared feature between the T + E and the Hi-Myc models

after stromal AR deletion.

DISCUSSION

The role of stromal AR in PCa has been controversial. Experi-

ments recombining AR-deficient mouse stromal cells with trans-

formed prostate epithelial cells in renal grafts suggested that

stromal AR promotes PCa progression (Ricke et al., 2012). How-

ever, the renal grafting assay mimics prostate organogenesis

(Wang and Shen, 2011; Wang et al., 2014), and therefore the

requirement of stromal AR for epithelial cell growth in prostate

development (Cunha and Lung, 1978; Yu et al., 2011) may

have contributed to the outcomes of those studies. Using ge-

netic approaches, AR has been deleted in the stroma, epithe-

lium, or whole prostate via different Cre drivers, and the findings

regarding the role of the stromal AR were still contradictory (Niu

et al., 2008; Welsh et al., 2011; Lai et al., 2012a). One possibility
8 Cell Reports 39, 110848, May 24, 2022
underlying the discrepancy is the timing of AR deletion, since

various Cre drivers may be turned on at different developmental

stages. The inducible Myh11-CreERT2 driver used here ensures

stromal AR deletion in the adult prostate. Our results obtained

from both genetic and chemical-induced models pointed to a

role for stromal ARs in inhibiting PCa progression, explaining

the clinical observation that lower stromal AR expression is asso-

ciated with advanced PCa stages and worse outcomes (Ola-

pade-Olaopa et al., 1999; Henshall et al., 2001; Ricciardelli

et al., 2005; Wikstrom et al., 2009; Leach et al., 2015).

SMCs and fibroblasts are the two major stromal cell types in

the prostate. In scRNA-seq analysis of the T + E model, SMCs

and fibroblasts were clustered together (Figure 3C) and shared

marker geneMyh11, Acta2, and Tagln expression to variable de-

grees, consistent with a recent study (Kwon et al., 2019). Pre-

sumably, AR could also have been deleted in some fibroblasts

due to their low Myh11 expression. Therefore, our conclusion

drawn from SMC AR deletion is likely extendable to the whole
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stroma. For the Hi-Mycmodel, although graph-based clustering

assigned SMCs and fibroblasts into one cluster, we could distin-

guish them into clusters 10 and 8 in Figure 5C, respectively,

based on their UMAP spatial distance and distinct expression

levels ofMyh11 andCol1a2 (Figure S7D). In this analysis, the dif-

ference in AR expression was evident between Myc and strAR�

Myc SMCs, but hardly detectable between Myc and strAR�

Myc fibroblasts (Figure S7E), suggesting that accelerated tumor

progression wasmainly due to AR loss in SMCs. Future research

deleting AR using a fibroblast-specific CreER driver should help

assess the relative contribution of these two stromal cell types.

We note that AR deletion in SMCs resulted in subtle changes in

the SMCs themselves, as reflected by no difference in SMC pro-

liferation as well as the overall alignment of strAR� and control

SMCs in the UMAP. Such cell overlap suggests that the changes

in SMCs were masked by the greater differences among

different cell types on the global level. Indeed, secretory luminal

cells appeared to be the cell population most affected by stromal

AR deletion under tumorigenic conditions, suggesting that AR-

null SMCs modulate paracrine signals to promote luminal tumor

cell progression. A spectrum of growth factors and cytokines has

been implicated as under the regulation of stromal ARs in the

prostate (Konig et al., 1987; Li et al., 2008; Wen et al., 2015).

We observed the expression of factors such as IGF1, HGF,

VEGFb, and FGF2 in both SMCs and fibroblasts in scRNA-seq.

However, changes in their expression after AR deletion may

not be discernable due to low data resolution. Nevertheless,

TGFb2 appeared to be an interesting candidate, since it was

downregulated in the strAR� SMCs of both tumor models (Fig-

ure S7F), and TGFb signaling was shown to play a cytostatic

role in normal prostate epithelial cells (Salm et al., 2005; Valdez

et al., 2012) and serves as a barrier to PCa progression (Ding

et al., 2011). We caution that our scRNA-seq samples were ac-

quired from progressed tumors, and the stromal cells may

have changed since the onset of AR deletion. Future research

with an SMC-enriched single-cell analysis at different time points

may clarify key paracrine signals.

The finding that stromal AR deletion has distinct impacts on

normal and malignant prostate luminal cells is intriguing. One

possibility is that the oncogenic stimuli altered the properties

of SMCs. Another model we speculate is that stromal AR dele-

tion may result in changes in multiple paracrine signals with

opposing roles. In the normal prostate, the tumor-promoting sig-

nals may not be sufficient to overcome the growth-inhibitory sig-

nals, resulting in overall reduced prostate size but sporadic foci

of hyperplasia as seen in Figure 1I. Under tumorigenic condi-

tions, the oncogenic stimuli may cooperate with the tumor-pro-

moting signals to become the dominant force. Regardless of

the cause, the combinatory effects appear to potentiate PI3K-

mTORC1 activity in at least a subset of secretory luminal cells,

as revealed by our bioinformatics and IHC data. This mechanism

is conserved in the two PCa models we tested, but additional

mechanisms may exist. For example, we discovered a cluster

of strAR� Myc-specific luminal cells under the influence of an in-

flammatory microenvironment, and tumor cells are known to be

capable of taking advantage of cytokine signals such as IFNg to

acquire immune evasion and/or high invasiveness (Jorgovanovic

et al., 2020).
Our findings could have important implications for PCa treat-

ment. Androgen deprivation therapy (ADT) remains a widely

usedmethod for treating advanced PCa. However, despite initial

tumor shrinkage after ADT, virtually all patients relapse. Multiple

molecular alteration mechanisms have been discovered to

explain the castration-resistant PCa, including AR amplification

and hypersensitivity, gain-of-function mutations in the AR

gene, AR coactivator/corepressor mutations, and intratumoral

androgen production (Chandrasekar et al., 2015). These discov-

eries highlight the importance of continued AR signaling within

cancer cells, which are of epithelial origin. Our study suggests

that stromal AR signaling plays an opposite role in PCa progres-

sion, at least in the early stages. If such mechanism persists in

late-stage tumors, ADT may thereby have unintended negative

effects in promoting epithelial cancer cell progression through

decreased stromal AR signaling. If so, therapies that target

epithelial ARs locally or enhance stromal AR downstream signals

during ADT may achieve more favorable clinical outcomes.

Limitations of the study
We report the antitumor effects of stromal AR signaling using two

distinct mouse PCamodels. While our findings suggest elevation

of the PI3K signaling pathway in secretory luminal cells as the

key mechanism, other mechanisms cannot be ruled out, espe-

cially under different oncogenic conditions. More models are

needed to assess the conservation of such mechanism. Due to

the limited scope of the scRNA-seq experiments, we were not

able to pinpoint the key paracrine factors under stromal AR regu-

lation, and ARs in SMCs and fibroblasts could have different

roles. Finally, although low stromal AR is associated with poorer

clinical outcome, findings in mouse models may not be fully

transferrable to humans, and we do not knowwhether themech-

anism discovered here persists in advanced-stage human PCa.
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rat anti-BrdU (1:500) Bio-Rad Cat# MCA2060; RRID: AB_323427

rabbit anti-CK5 (1:1000) Covance Cat# PRB-160P-100; RRID: AB_291581

mouse anti-CK18 (1:100) Abcam Cat# ab668; RRID: AB_305647

mouse anti-SMA (1:500) Sigma-Aldrich Cat# A2547; RRID: AB_476701

chick anti-YFP (1:2000) Abcam Cat# ab13970; RRID: AB_300798

rabbit anti-Pten (1:100) Cell Signaling Technology Cat# 9559; RRID: AB_390810

rabbit anti-pAkt(Ser473) (1:50) Cell Signaling Technology Cat# 4060; RRID: AB_2315049

rabbit anti-pAkt(Thr308) (1:100) Cell Signaling Technology Cat# 13038; RRID: AB_2629447

rabbit anti-pRPS6(Ser235/236) (1:400) Cell Signaling Technology Cat# 2211; RRID: AB_331679

rabbit anti-p4E-BP1(Thr37/46) (1:1600) Cell Signaling Technology Cat# 2855; RRID: AB_560835

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat#T5648-5G

BrdU Sigma-Aldrich Cat#5002-5G

Testosterone Sigma-Aldrich Cat#T1500-1G

Estradiol-17b Sigma-Aldrich Cat#E8875-1G

Critical commercial assays

DetectX Serum 17b-Estradiol Enzyme Immunoassay Kit Arbor Assays Cat#KB30-H1

Vectastain Elite ABC HRP Kit Vector Labs Cat#PK-6101

Vector NovaRED Substrate Kit Vector Labs Cat#SK-4800

Chromium Single Cell 30 Reagent Kits (v3.1 Chemistry) 10x Genomics Cat#1000121, 1000127

Deposited data

scRNA-seq raw data This paper GEO: GSE186114

Experimental models: Organisms/strains

Tg(Myh11-icre/ERT2)1Soff Jackson Laboratory

(Wirth et al., 2008)

Strain # 019079

B6.Cg-Gt(ROSA)26Sortm3(CAG�EYFP)Hze/J Jackson Laboratory

(Madisen et al., 2010)

Strain #007903

ARflox/Y De Gendt et al. (2004) Kindly provided by Dr. Michael Shen

Hi-Myc Ellwood-Yen et al. (2003) Kindly provided by Dr. Michael Shen

Oligonucleotides

Genotyping primer for Myh11-CreERT2 forward:

TGACCCCATCTCTTCACTCC

This paper N/A

Genotyping primer for Myh11-CreERT2 reverse:

AGTCCCTCACATCCTCAGGTT

This paper N/A

Genotyping primer for ARflox forward:

GTTGATACCTTAACCTCTGC

This paper N/A

Genotyping primer for ARflox reverse:

CTTCAGCGGCTCTTTTGAAG

This paper N/A

Genotyping primer for Hi-Myc forward:

AAACATGATGACTACCAAGCTTGGC

This paper N/A

Genotyping primer for Hi-Myc reverse:

ATGATAGCATCTTGTTCTTAGTCTTTTTCTTAATAGGG

This paper N/A

Genotyping primer for R26R-CAG-EYFP wt forward:

AAGGGAGCTGCAGTGGAGTA

This paper N/A
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Genotyping primer for R26R-CAG-EYFP wt reverse:

CCGAAAATCTGTGGGAAGTC

This paper N/A

Genotyping primer for R26R-CAG-EYFP mutated forward:

ACATGGTCCTGCTGGAGTTC

This paper N/A

Genotyping primer for R26R-CAG-EYFP mutated reverse:

GGCATTAAAGCAGCGTATCC

This paper N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad RRID: SCR_002798

10x Genomics Cell Ranger pipeline v5.0.1 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/

software/pipelines/latest/installation

Scanpy v1.7.1 Wolf et al. (2018) RRID: SCR_018139

Scrublet v0.2.1 Wolock et al. (2019) RRID: SCR_018098

scVI-tools v0.7.0 Gayoso et al. (2021) https://scvi-tools.org

GSEA v4.1.0 Subramanian et al. (2005) RRID: SCR_003199
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhu A.

Wang (zwang36@ucsc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. Tumor scRNA-seq data are deposited in the Gene

Expression Omnibus database under GSE186114.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Adult male mice (7–60 weeks old) were used in this study in accordance with protocols approved by the Institutional Animal Care and

UseCommittee at UCSC. Themicewere housed in an animal facility with a regular 12-h light/dark cycle with ad libitum access to food

and water. The ARflox (De Gendt et al., 2004), Hi-Myc (Ellwood-Yen et al., 2003), and R26R-CAG-EYFP (Madisen et al., 2010) lines

were used previously. The Myh11-CreERT2 line (Wirth et al., 2008) was obtained from JAX. All animals used were maintained in

C57BL/6N or mixed background, including theHi-Myc allele (originally FVB background), which has been continuously backcrossed

to C57BL/6N mice in the lab for over 15 generations. Genotyping was performed by PCR using tail genomic DNA, with the primer

sequences listed in the key resources table.

METHOD DETAILS

Tamoxifen induction
Mice were administered 9 mg per 40 g body weight tamoxifen (Sigma) suspended in corn oil by oral gavage once daily for 4 consec-

utive days.

BrdU incorporation assay
BrdU (Sigma) was dissolved in PBS (10 mg/mL) and administered by intraperitoneal injection twice daily (0.1 mL per dose) for 7

consecutive days to label proliferating cells.

T + E2 treatment
A 1.0 cm Silastic capsule (No. 602–305 Silastic tubing; 1.54 mm inside diameter, 3.18 mm outside diameter; Dow-Corning

#2415569) filled with testosterone (Sigma) and a 0.4 cm Silastic capsule filled with estradiol-17b (Sigma) were implanted
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subcutaneously. Mice were treated with hormones for 4 months, and tubes were replenished at that time if the treatment would be

extended to 8 months.

Serum estradiol ELISA
Blood sampling was performed by venipuncture from the facial vein and allowed to clot for at least 30 min at 4�C in a BDMicrotainer

MAP microtube (BD cat #363706). The blood was then centrifuged for 15 min at 2000g, and the serum was collected and stored at

�80�C. Serum levels of estradiol were determined using the DetectX serum 17b-estradiol enzyme immunoassay kit, as per the man-

ufacturer’s instructions (Arbor assays). Values for the samples were derived via interpolation using standards provided with the kit.

Tissue collection and dissociation
Mouse prostate tissues were dissected and fixed in 4% paraformaldehyde for subsequent cryo-embedding in OCT compound

(Sakura), or fixed in 10% formalin followed by paraffin embedding. For dissociation, prostate tissues were dissected and minced

to small clumps, followed by enzymatic dissociation with 0.2% Collagenase/Hyaluronidase (StemCell Technologies) in DMEM/

F12 media with 5% FBS for 3 h at 37�C. Tissues were digested with 0.25% Trypsin-EDTA (StemCell Technologies) for 1 h at 4�C,
passed through 21- to 26-gauge syringes and filtered through a 40-mm cell strainer to obtain single-cell suspensions. Dissociated

prostate cells were suspended in Hanks’ Balanced Salt Solution Modified/2% FBS.

Immunofluorescence staining
Immunofluorescence staining was performed using 6 mmcryo sections. Samples were incubated with 10%normal goat serum (NGS)

and primary antibodies diluted in 10%NGS overnight at 4�C. Samples were then incubated with secondary antibodies (diluted 1:500

in PBST) labeled with Alexa Fluor 488, 555, or 647 (Invitrogen/Molecular Probes). Slides were mounted with VectaShield mounting

mediumwith DAPI (Vector Labs), and images were taken on a Leica TCS SP5 spectral confocal microscope in the UCSCMicroscopy

Shared Facility. Primary antibodies and dilutions used are listed in the key resources table.

Tumor histology
For immunohistochemical staining, the procedures followed the instructions of the Vectastain Elite ABC Kit (PK-6101) and Vector

NovaRED Substrate Kit (SK-4800). Briefly, 5 mm paraffin sections were deparaffinized and hydrated through xylenes and graded

alcohol series, followed by antigen retrieval through boiling in antigen unmasking solution (Vector Labs). Slides were blocked in

blocking serum (1.5% normal serum), and incubated with primary antibodies diluted in blocking serum overnight at 4�C. Biotinylated
secondary anti-rabbit antibody from Vectastain Elite ABCKit was diluted 1:200 in blocking serum. The signal was enhanced using the

Vectastain Elite ABC system and visualized with the NovaRed Substrate Kit. The slides were counterstained with Harris Modified

Hematoxylin (1:10 diluted in H2O) and mounted with Clearmount (American MasterTech). Primary antibodies and dilutions used

are listed in the key resources table. H&E staining was performed using standard protocols as previously described. Histology slides

were visualized using a Zeiss AxioImager.

Single cell RNA-seq
Approximately 16,000 dissociated cells were obtained from each prostate sample. Library preparation was performed using Chro-

mium Single Cell 30 Solution with v3.1 chemistry following the manufacturer’s protocol (10x Genomics). The library purity, size, and

quantity were validated by capillary electrophoresis using 2100 Bioanalyzer (Agilent Technologies). The libraries were sequenced at

the UC Davis Genome Center with a NovaSeq 6000 S4 instrument (Illumina) to a depth of �225k reads per cell.

Single cell data pre-processing and analyses
Raw sequencing data were processed using the 10x Genomics Cell Ranger pipeline (version 5.0.1) to generate FASTQ files and

aligned to the mm10 genome (version 2020-A) to generate gene expression counts and quality control metrics. The count matrices

were read into AnnData objects and concatenated using Scanpy (version 1.7.1) (Wolf et al., 2018). Genes that were not detected in

any cells were removed and cells with genes<200 were removed. The quality of the scRNA-seq dataset was assessed by plotting the

numbers of unique molecular identifiers (UMIs), genes, total counts, and mitochondrial gene percentage per cell. The cutoffs for the

above metrics were manually determined. Specifically, cells with detected genes >10,000 or UMI counts >150,000 or mitochondrial

UMI ratio >15% were excluded. After quality control filtering, the concatenated object was split into objects corresponding to each

sample. Cell doublets were removed from the objects using Scrublet (version 0.2.1) (Wolock et al., 2019) with default parameters,

while the doublet score thresholds were set by inspecting the simulated doublet score histograms. Then all the objects were concat-

enated and genes not detected in any cells were filtered again, normalized to 10,000 reads per cell, logarithmized, scaled and

centered.

To integrate different samples, top3000 highly variable genes were selected. Sample batches were registered with scvi-tools

(version 0.7.0) (Gayoso et al., 2021), and a deep generative modeling was trained (with n_latent set to 30 and n_layers set to 2).

Then data imputation and integration were carried out to impute dropout events and correct batch effects. The latent variables

obtained from the model were stored as annotations of observations (obsm). A nearest-neighbor graph using the 30 dimensions

of the latent space was calculated using ‘pp.neighbors()’, followed by clustering using leiden algorithm ‘tl.leiden()’ with a resolution
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adopting from prior knowledge on prostate cell population composition. Then uniform manifold approximation and projection

(UMAP) dimension reduction was performed for visualizing high-dimensional data.

Scanpy rank_genes_groups() and Wilcoxon rank-sum test were used to compute the statistical significance of differential genes

expression between any groups and identify marker genes of each cluster.

Gene set enrichment analysis
The significantly differentially expressed genes (FDR <0.01) were ranked by their log-transformed fold change value. Gene Set

Enrichment Analysis (GSEA) (Subramanian et al., 2005) was conducted using GSEA software (Version 4.1.0). The pre-ranked

gene list and MousePath_All_gmt-Format.gmt or MousePath_GO_gmt.gmt gene set (both were downloaded from http://ge-lab.

org/gskb/) were used for running the tool ‘‘Run GSEA Preranked’’ with default parameters.

Comparing transition between samples
To investigate the molecular transition from cell cluster 1 to 3 in the T + E sample and cluster 6 to 4 in the strAR- T + E sample, we

compared the cluster 3 vs cluster 1 signature with cluster 4 vs cluster 6 signature. Only significant differentially expressed genes be-

tween the clusters were kept (FDR<0.01). Then the query signature was defined as a list of top300 positive changed genes ranked by

logfoldchange in cluster 3 compared to cluster 1 in sample T + E (higher in 3 than 1). The target signature was defined as a list of genes

ranked by logfoldchange in cluster 4 compared to cluster 6 in sample strAR- T + E. Statistical significance of the enrichment between

the query signature and the target signature was computed using GSEA.

QUANTIFICATION AND STATISTICAL ANALYSIS

For tumor H&E evaluation, samples were deidentified and scoring was performed in a double-blinded setting. Each sample was as-

signed a histology score (highest 10 and lowest 0) using the following formula: score = % area of low/moderate-grade PIN X 5 + %

area of high-grade PIN X 10. PIN subtype classification was described previously (Berman-Booty et al., 2012). For BrdU and IHC

quantification, the investigators were blinded to the ID/genotype of the mice before performing cell counting. Numbers of positive

cells were counted manually across tissue sections.

Statistical analyses for IF and IHC staining images and H&E scores were performed using the two-sided student’s t-test. At least

four animals for each IF staining quantification, three animals for each IHC staining quantification, and at least five animals per cohort

for H&E scoringwere used. The variances were similar between the groups that were being statistically compared. Specific details for

these statistical tests are listed in figure legends.
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Supplemental Figures 

 

 

 

Figure S1. Myh11-CreERT2 deletes stromal AR in other tissues. Related to Figure 1. IF 

staining showing that AR (red) was deleted in SMCs (green) of the seminal vesicle, testis, 

epididymis, and bladder in strAR- mice. Scale bar, 20 μm. 

 

 

 



 

 

 
 
 
Figure S2. BrdU assay comparing epithelial cell proliferation between strAR- and wt prostate 

at 11 months of age. Related to Figure 1. (A) Representative IF images with each individual 

channel. CK18 and CK5 mark luminal and basal cells, respectively. (B) Quantitation of the 

proportions of BrdU+ cells in luminal or basal cells of each sample. n.s., not significant by 

student t-test. 

 

 

 

 



 

 

 

Figure S3. ELISA measurement of serum estrogen levels after T+E treatment. Related to 

Figure 2. (A) Standard curve created by the Arbor Assays Estradiol Serum EIA kit. (B) 

Quantitation of serum estradiol levels in age-matched wt, strAR-, and T+E and strAR- T+E mice 8 

months after tube implantation. N=2 biological replicates in each group. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S4. GSEA comparing differentially expressed genes in secretory luminal cells of 

strAR- T+E vs T+E prostate. Related to Figure 3. (A-C) Genes downregulated in strAR- T+E vs 

T+E are enriched in two independent published gene signatures of downregulated genes of Pten-

null tumors vs. wt (A, B) and a published gene signature of AR-responsive genes (C). 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

Figure S5. Violin plots showing expression of luminal marker genes Krt8, Krt18, and Nkx3.1 

in clusters 1, 3, 4, and 6. Related to Figure 4. Clusters 1 and 6 include cells that failed to pass 

the minimal detection threshold at the base, but generally have cells with higher luminal marker 

expression levels than clusters 3 and 4. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S6. Higher PI3K-mTORC1 activity in strAR- T+E tumors. Related to Figure 4. 

(A,B,D) Representative IHC images showing pAkt(S473) (A), p4E-BP1 (B), and 

pRPS6(S235/236) (D) staining in T+E (left) and strAR- T+E (right) tissues. Scale bars, 50 μm. 

Scale bars in inset, 10 μm. (C,E) Quantitation of percentages of p4E-BP1 positive cells (C) and 

pRPS6(S235/236) positive cells (E) in the tumor epithelium. N=3 animals per group. P values 

calculated by student’s t-test. 

 

 

 



 

 

Figure S7. GSEA analyses of clusters 11 and 1 and marker expressions in SMCs and 

fibroblasts. Related to Figure 5. (A-C) GSEA showing enrichment of upregulated genes in 

cluster 11 vs cluster 1 in three published LPS-induced gene signatures. (D) Violin plots showing 

expression of Myh11 (middle panel) and Col1a2 (right panel) in clusters 10 and 8 of the UMAP 

(left panel). (E) Violin plots comparing AR expression in SMCs (left) and fibroblasts (right) 

between the Myc and strAR- Myc samples. (F) Violin plots comparing TGFβ2 expression in SMCs 

between the Myc and strAR- Myc samples (left) and between the T+E and strAR- T+E samples 

(right). 



Supplemental Tables 

Table S1. Hi-Myc model H&E scores and histology. Related to Figure 2. 

Mouse ID Experiment Score Histology 
425 ctl-3m 5.04 PIN1, dilated ducts, papillary and cribiform structures 
426 ctl-3m 4.74 hyperplasia 
427 ctl-3m 3.82 hyperplasia 
2370 ctl-3m 2.25 overall normal, hyperplasia 
2806 ctl-3m 3.22 overall normal, hyperplasia 
2878 ctl-3m 3.81 hyperplasia 
9018 ctl-3m 1.03 overall normal, some autolysis 
9074 ctl-3m 2.14 overall normal, hyperplasia 
9076 ctl-3m 2.86 overall normal, hyperplasia 
 
401 AR-3m 3.28 hyperplasia, inflammation 
402 AR-3m 5.42 PIN1 
1494 AR-3m 4.15 hyperplasia 
1496 AR-3m 4.73 hyperplasia, focal PIN1 
2919 AR-3m 5.87 PIN2, atypia 
2923 AR-3m 4.20 hyperplasia 
2975 AR-3m 5.35 PIN3, dilated ducts, atypia in cribiform area 
9136 AR-3m 3.06 overall normal, hyperplasia 
9165 AR-3m 3.41 hyperplasia 
9166 AR-3m 3.93 hyperplasia 
9167 AR-3m 6.31 focal PIN3, atypia,cribiform, columnar cells,pleomorphism 
9168 AR-3m 3.90 hyperplasia 
 
1101 ctl-9m 4.01 PIN1 
2369 ctl-9m 3.97 hyperplasia 
2371 ctl-9m 3.77 hyperplasia 
2372 ctl-9m 4.39 focal PIN1 
2460 ctl-9m 3.22 hyperplasia 
2519 ctl-9m 3.61 hyperplasia 
 
1103 AR-9m 4.46 PIN1, focal proliferation to focal cribiform, mild atypia 

2337 AR-9m 6.14 
PIN3, dilated ducts, proliferation, mild atypia, periductal 
inflammation 

2368 AR-9m 5.43 
PIN1, focal thick bridges of epithelium across glands, 
hyperplasia, marked atypia, cribiform 

9045 AR-9m 6.57 PIN2 
9046 AR-9m 4.58 focal PIN1, proliferation to cribiform, columnar cells 
9047 AR-9m 4.57 PIN1, focal proliferation, mild atypia 



Table S2. T+E2 model H&E scores and histology. Related to Figure 2. 

 

Mouse ID Experiment Score Histology 
293 ctl-4m 7.0 PIN1 
330 ctl-4m 5.0 hyperplasia 
1198 ctl-4m 5.5 hyperplasia 
2736 ctl-4m 3.5 overall normal, hyperplasia 
9384 ctl-4m 3.0 overall normal, hyperplasia 
9437 ctl-4m 3.0 overall normal, hyperplasia 
9625 ctl-4m 4.5 hyperplasia 
 
1092 AR-4m 5.5 hyperplasia 
1123 AR-4m 6.5 PIN1, inflammation 
1125 AR-4m 7.0 PIN1, inflammation 
1134 AR-4m 6.5 PIN1 
1135 AR-4m 5.5 hyperplasia, necrosis 
1136 AR-4m 7.5 PIN3, epithelial hyperplasia 
1201 AR-4m 7.5 focal PIN3, cribiform, columnar and atypical cells 
1203 AR-4m 6.0 hyperplasia, focal PIN1 
9446 AR-4m 3.0 overall normal, hyperplasia 
9612 AR-4m 5.0 hyperplasia 
9615 AR-4m 7.0 hyperplasia, focal PIN1 
 
251 ctl-8m 4.0 overall normal, hyperplasia 
1283 ctl-8m 4.5 hyperplasia 
1483 ctl-8m 5.5 hyperplasia 
1485 ctl-8m 6.0 hyperplasia, focal PIN1 
5436 ctl-8m 6.0 PIN1 
 
451 AR-8m 6.5 PIN1, epithelial hyperplasia 
579 AR-8m 9.0 PIN3, epithelial filling gland, gland enlargement 

1087 AR-8m 6.0 
focal PIN3, hyperplasia, gland filled with 
epithelial cells 

1279 AR-8m 4.5 hyperplasia, focal PIN1, inflammation 
5419 AR-8m 7.0 PIN1, epithelial hyperplasia, gland enlargement 
5421 AR-8m 7.5 PIN2, epthelial hyperplasia 
5423 AR-8m 8.0 PIN2 
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