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Stromal androgen signaling acts as tumor
niches to drive prostatic basal epithelial
progenitor-initiated oncogenesis

Alex Hiroto1,4, Won Kyung Kim1,4, Ariana Pineda1, Yongfeng He1, Dong-Hoon Lee1,
Vien Le1, Adam W. Olson1, Joseph Aldahl1, Christian H. Nenninger1,
Alyssa J. Buckley1, Guang-Qian Xiao2, Joseph Geradts3 & Zijie Sun 1

The androgen receptor (AR)-signaling pathways are essential for prostate
tumorigenesis. Although significant effort has been devoted to directly tar-
geting AR-expressing tumor cells, these therapies failed in most prostate
cancer patients. Here, we demonstrate that loss of AR in stromal sonic-
hedgehog Gli1-lineage cells diminishes prostate epithelial oncogenesis and
tumor development using in vivo assays and mouse models. Single-cell RNA
sequencing and other analyses identified a robust increase of insulin-like
growth factor (IGF) binding protein 3 expression in AR-deficient stroma
through attenuation of AR suppression on Sp1-regulated transcription, which
further inhibits IGF1-induced Wnt/β-catenin activation in adjacent basal epi-
thelial cells and represses their oncogenic growth and tumor development.
Epithelial organoids from stromal AR-deficient mice can regain IGF1-induced
oncogenic growth. Loss of human prostate tumor basal cell signatures reveals
in basal cells of stromal AR-deficient mice. These data demonstrate a distinct
mechanism for prostate tumorigenesis and implicate co-targeting stromal and
epithelial AR-signaling for prostate cancer.

The prostate is an androgen-regulated organ1. The activation of the
androgen receptor (AR) through direct binding of androgens con-
tributes to prostate tumorigenesis2,3. Over the past decades, significant
effort has been devoted to determining the intrinsic mechanism
underlying AR action in prostate tumor cells4–6. Androgen deprivation
therapy (ADT) directly targeting AR-expressing prostate tumor cells
fails in most prostate cancer patients who consequently develop
castration-resistant prostate cancer (CRPC), an incurable disease2,3.
Therefore, the role of AR in prostate tumorigenesis needs to be re-
evaluated for designing effective therapeutic strategies.

Emerging evidence has shown that the dynamic interactions of
prostate cancer cells with their surrounding stroma are essential in
tumor initiation, progression, and hormone refractoriness7–10. The AR
is also expressed in prostate stromal cells11–13. However, the regulatory

role of stromal AR in facilitating prostate epithelial oncogenesis
remains largely unknown. Additionally, the presence and identity of
prostate stromal cells acting as a tumor niche are also unclear. An
indispensable role of stromal AR action in sonic hedgehog (Shh)
responsive Gli1-lineage cells in prostate development, pubertal
growth, and regeneration has been reported14, implicating the critical
role of paracrine interactions between prostatic epithelia and stroma
during prostate development and growth.

In this study, using in vivo tissue recombination assays and newly
generated mousemodels, we examined if stromal AR signaling in Gli1-
lineage cells acts as tumor niches in prostate oncogenesis. We
demonstrate that loss of AR in stromal Shh-responsive Gli1-lineage
cells diminishes prostate epithelial oncogenesis and tumor develop-
ment. Single-cell RNA sequencing analyses and other experimental
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approaches identify robust increased expression of insulin-like growth
factor binding protein 3 (IGFBP3) in AR-deficient Gli1-lineage stromal
cells through attenuation of AR suppression on Sp1-regulated tran-
scription. Aberrantly increased IGFBP3 impairs IGF1-induced Wnt sig-
naling activation in subsets of basal epithelial cells, directly inhibiting
prostatic epithelial oncogenic growth and tumor development. Incu-
bation of IGFBP3 with IGF1 also showed to significantly attenuate IGF1-
induced oncogenic growth of prostatic organoids derived frommouse
basal epithelia. Loss of human prostate tumor basal cell signatures was
identified in basal cells of stromal AR-deficient mice. These data
demonstrate the critical role of stromal AR in Gli1-lineage cells, acting
as a tumor niche to support prostate epithelial tumorigenesis and
implicate the underlying mechanisms for hormone refractoriness and
CRPC development through dysregulation of stromal AR on IGFBP3-
IGF1 signaling during ADT therapies. Therefore, further investigation
of therapeutic strategies by co-targeting reciprocal interactions of AR
and IGF1 pathways between epithelial tumor cells and surrounding
tumor niches may improve clinical outcomes for advanced prostate
cancer.

Results
Loss of stromal AR in Gli1-lineage cells diminishes prostatic
epithelial oncogenesis
Using in vivo tissue recombination assays, we first examined if stromal
AR action inGli1-lineage cells acts as a tumor niche to support prostate
epithelial oncogenesis15. The urogenital sinus mesenchyme (UGM) of
either ArL/Y:Gli1CreER/+ (ARKO) mice14, with tamoxifen (TM) induced Ar
deletion in Gli1-expressing cells, or Gli1CreER/+ controls, and the uro-
genital sinus epithelium (UGE) of Ctnnb1L(ex3)/+:PBCre4 mice, a prostate
cancer model, with stabilized β-catenin expressed in prostate epithe-
lium were isolated at E16.5, and transplanted together under the renal
capsule of NOD/SCID mice (Fig. 1a). Gross analyses after 12-week
implantation showed noticeable impaired growth in grafts combined
with AR-deficient UGM and Ctnnb1L(ex3)/+:PBCre4 UGE in comparison to

counterparts with control UGM, which were transparent and sig-
nificantly heavier (p =0.012) and larger than the ARKO grafts (left
panel, Fig. 1b, c, d vs 1h, i). Pathological lesions resembling typical
mouse prostatic intraepithelial neoplasia 3–4 (mPIN3 to 4)16 appeared
in the control UGM combined grafts (Fig. 1e). Immunohistochemical
analyses (IHC) showed positive nuclear and cytoplasmic β-catenin in
atypical cells within PIN lesions, implicating the oncogenic role of
stabilized β-catenin in PIN formation (red arrows, Fig. 1f). Positive
nuclear AR staining appeared in both atypical epithelial and stromal
cells (pink and blue arrows, respectively, Fig. 1g). In contrast, grafts
derived from ARKO UGM with Ctnnb1L(ex3)/+:PBCre4 UGE showed mild
pathological lesions resembling prostatic hyperplasia and PIN1 (Fig. 1j).
Accordingly, very few cells showed positive β-catenin nuclear staining
(p < 0.001; red arrow, Fig. 1k; Supplementary Fig. 1a). Positive nuclear
AR staining mainly appeared in epithelial cells but was lacking in
stromal cells (pink arrows, Fig. 1l). Significantly fewer Ki67+ cells
(p = 0.001) appeared in the above grafts than those derived from
control UGM (right panel, Fig. 1b). In this study, we also performed
tissue recombination assays using AR-deficient and control UGMs as
described above with UGEs isolated from another prostate cancer
mouse model, PtenL/L:PBCre4 mice17, and observed mild pathologic
changes and impaired oncogenic growth in the samples recombined
with AR-deficient UGMs (Supplementary Fig. 1b, c). Altogether, these
data demonstrate a promotional role of stromal AR signaling in Gli1-
expressing cells to support prostate epithelial oncogenesis and tumor
initiation.

Deletion of stromal AR in Gli1-lineage cells impairs prostatic
epithelial oncogenesis and tumor development
To evaluate intrinsic stromal AR signaling in prostatic epithelial
oncogenesis, we developed Hi-Myc:ArL/Y:Gli1CreER/+ mice, in which the
human c-Myc transgene (hMycTg) expression controlled by the mod-
ified probasin promoter in prostate epithelium18 co-occurs with stro-
mal Ar deletion regulated by Gli1-driven CreER in prostate stroma14
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Fig. 1 | Deletion of AR in Gli1-expressing cells in the UGM impairs UGE onco-
genic xenograft growth. a Schematic of the experimental timeline for tissue
recombination and kidney capsule transplantation. Urogenital sinus epithelium
(UGE) from Ctnnb1L(ex3)/+:PBCre4 embryos and urogenital sinus mesenchyme (UGM)
fromGli1CreER/+ or ArL/Y:Gli1CreER/+ embryos after activation ofGli1CreER/+ are recombined
and grown under the renal capsule of host mice. DOC, day of conception; TM,
tamoxifen; KCT, kidney capsule transplantation. b Weights of xenograft recombi-
nants from the indicatedUGE andUGMcombinations (left panel). Quantification of
the percentage of Ki67+ cells per total cells (right panel). Data are represented as

mean ± SD of five biological replicates. Two-sided Student’s t test, *p <0.05,
**p <0.01. Source data and the exact p-values are provided as a Source Data file.
c–l Representative gross (c–d, h–i), hematoxylin-eosin (H&E) (e, j), and immuno-
histochemistry (IHC) for β-catenin (β-cat) and androgen receptor (AR) (f–g, k–l)
images of xenograft tissues from the indicated UGE and UGM combinations. Scale
bars, 2mm(c–d,h–i), 100μm(e, j), and 20μm(f–g, k–l). The nuclear expression of
β-cat in the epithelium is indicated by red arrows. Pink and blue arrows indicate
epithelial and stromal AR+ cells, respectively.
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(Fig. 2a). A significant impairment of mPIN and adenocarcinoma
development was observed in Hi-Myc:ArL/Y:Gli1CreER/+ mice in compar-
ison with Hi-Myc:Gli1CreER/+ controls when they both received TM at
postnatal day 14, P14 (Fig. 2b). Grossly, prostates of 2- and 6-month-old
Hi-Myc:ArL/Y:Gli1CreER/+ mice were significantly smaller and weighed less
(p = 3.97 × 10−8 and p =0.003, respectively; Fig. 2c) than those of age-
matched Hi-Myc:Gli1CreER/+ littermates (Figs. 2d and 2e vs 2f and 2g).
Pathological analyses showed mPIN3 and 4 as well as prostatic ade-
nocarcinoma lesions in 2- and 6-month-old Hi-Myc:Gli1CreER/+ mice,
respectively, similar to the lesions reported in original Hi-Myc mice18

(Fig. 2d, e, h). In contrast, only prostatic hyperplasia and PIN1 or 2
lesions revealed in prostate tissues of age-matched Hi-Myc:ArL/Y:
Gli1CreER/+ counterparts (Fig. 2f–h). IHC analyses showed specific nuclear
Myc staining in atypical and tumor cells in prostate tissues of both 2-
and 6-month-old HiMyc mice (red arrows, Fig. 2d, e), demonstrating
Myc-induced oncogenesis. Positive AR staining appeared in both epi-
thelial and stromal cells in the above samples (pink and blue arrows,

Fig. 2d, e). In contrast, in samples of age-matchedHi-Myc:ArL/Y:Gli1CreER/+

mice, few atypical cells showedpositiveMyc, andAR staining appeared
in epithelial cells but not in stromal cells (p <0.01; pink arrows, Fig. 2f,
g; Supplementary Fig. 1d). Additionally, less Ki67+ cells appeared inHi-
Myc:ArL/Y:Gli1CreER/+ mice than in Hi-Myc:Gli1CreER/+ counterparts (p <0.01;
Fig. 2d, e vs f, g; Supplementary Fig. 1e). In this study,we also examined
stromal AR action in Gli1-lineage cells to promote PIN and tumor
progression by injecting TM to 2-month-old Hi-Myc:ArL/Y:Gli1CreER/+ and
Hi-Myc:Gli1CreER/+ mice and analyzed them at 6-months of age (Supple-
mentary Fig. 1f).Mild pathological changes reflecting impaired PIN and
prostate tumor development revealed in Hi-Myc:ArL/Y:Gli1CreER/+ mice in
comparison with the age-matched Hi-Myc:Gli1CreER/+ counterparts
(Supplementary Fig. 1g–j). Taken together, these results demonstrate a
promotional role of stromal AR signaling in Gli1-lineage cells to sup-
port prostatic epithelial oncogenesis and tumor development, which
also provides experimental evidence to use these relevant models for
in-depth molecular analyses.
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Fig. 2 | Deletion of AR in Gli1-expressing cells impairs prostate epithelial
oncogenic transformation and growth in vivo. a Schematic for generating Hi-
Myc:Gli1CreER/+ and Hi-Myc:ArL/Y:Gli1CreER/+ mice. b Schematic of experimental timeline
for tamoxifen (TM) injection and analysis. c Ratio of prostate weight (PW) versus
whole body weight (BW) as percentages of 2-month-old mice (left panel; n = 5
biological replicates) and 6-month-old mice (right panel; n = 8 biological repli-
cates). Data are represented as mean ± SD of indicated biological replicates. Two-
sidedStudent’s t test, **p <0.01. Sourcedata and the exactp values are provided as a

Source Data file. d–g Representative images of gross urogenital tissues, H&E, and
IHC staining for Myc, AR, and Ki67 in adjacent prostate tissue sections of Hi-Myc:-
Gli1CreER/+ and Hi-Myc:ArL/Y:Gli1CreER/+ mice. Red arrows indicate nuclear Myc+ cells.
Epithelial and stromal AR+ cells are indicated by pink and blue arrows, respectively.
h Table summarizing the pathological abnormalities in the prostates of 2- and
6-month-old Hi-Myc:Gli1CreER/+ and Hi-Myc:ArL/Y:Gli1CreER/+ mice after activation of
Gli1CreER/+ at 2 weeks of age. PIN prostatic intraepithelial neoplasia.
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Deletion of AR in stromal Gli1-lineage cells impairs prostatic
basal epithelial cell-mediated oncogenesis
We developed Hi-Myc:R26mTmG/+:Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:
Gli1CreER/+ mice, further referred to as HiMyc and HiMyc-ARKO mice
later, respectively (Supplementary Fig. 2a, b), which showed similar
pathological lesions as observed in Hi-Myc:ArL/Y:Gli1CreER/+ and Hi-Myc:-
Gli1CreER/+ counterparts but express CreER activated membrane green
fluorescent protein (mGFP) in Gli1-lineage cells19. Given HGPIN lesions
and prostatic adenocarcinoma lesions developed in 2- and 6-month-
old Hi-Myc:Gli1CreER/+ mice, we performed single-cell RNA sequencing
(scRNA-seq) using prostate tissues of 3-month-old HiMyc and HiMyc-
ARKO mice to assess the molecular mechanisms for stromal AR sig-
naling in early prostate epithelial tumorigenesis. After the data pro-
cessing (Supplementary Fig. 2c–j; also see “Methods”), bothHiMyc and
HiMyc-ARKO samples were visualized individually using the uniform
manifold approximation and projection (UMAP) and thenmerged and
clustered for analysis of molecular changes induced by stromal AR
deletion Gli1-lineage cells20 (Fig. 3a). A total of 8 cell subsets were

identified based on their transcriptomic profiles21–24 (Fig. 3b; Supple-
mentary Fig. 2k–l) and aligned in separated UMAP plots of HiMyc and
HiMyc-ARKO samples (Fig. 3c), demonstrating their comparable cel-
lular properties. UMAP expression plots showed that hMycTg expres-
sion was comparable in luminal epithelial cell sets of both samples but
reduced in basal epithelial cell sets in ARKO samples in comparison
with HiMyc samples (pink and green arrows, Fig. 3c). Gli1-CreER acti-
vated mGFP expression was observed in fibroblasts and smooth mus-
cle cell subsets of both samples, further confirming the stromal cell
properties of Gli1-lineage cells (blue arrows, Fig. 3c). Reduction of Ar
expression appeared in stromal cell subsets ofHiMyc-ARKOmice (grey
arrows, Fig. 3c). To gain higher resolution of hMycTg expression
induced cellular and molecular changes, we separated epithelial cells
from other non-epithelial cells, and re-clustered them. Ten epithelial
cell clusters were identified, including 3 basal, 6 luminal, and 1 other
epithelial cluster, OE (Fig. 3d; Supplementary Fig. 3a, b). The expres-
sion of hMycTg appeared comparable in luminal epithelial cells with
high Krt8 expression in both HiMyc and HiMyc-ARKO samples, but
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Fig. 3 | Loss of AR in Gli1-lineage stromal cells impacts the basal epithelial
compartment at a single cell resolution. aUniformManifold Approximation and
Projection (UMAP) visualization of 10,810 individual cells from Hi-Myc:R26mTmG/+:
Gli1CreER/+ prostates (top left, gray), 6849 individual cells from Hi-Myc:R26mTmG/+:ArL/Y:
Gli1CreER/+ prostates (top right, dark blue), and integrated cells (bottom). b UMAP
representation showing cell-type cluster identities based on gene expression pro-
files. The dotted line delineates the prostatic epithelial cells. c UMAP plots sepa-
rated by indicated genotype from b (Far left) and gene expression levels in Hi-
Myc:R26mTmG/+:Gli1CreER/+ (top) and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ (bottom). Color
intensity indicates the scaled expression level in each cell. Pink and green arrows
indicate luminal and basal epithelial cell clusters, respectively, and blue and grey
arrows indicate stromal fibroblast and smooth muscle cell clusters, respectively.

d UMAP visualization of epithelial cells sub-clustered, re-clustered, and labeled by
cell type. BE, basal epithelial cells; LE, luminal epithelial cells; OE, other epithelial
cells. e Gene expression levels of markers for human Myc transgene (hMycTg), LE
(Krt8), and BE (Krt14). f Graph showing the percentage of hMycTg+ cells per total
basal or luminal cells in each genotype. Source data are provided as a Source Data
file. g Representative images of H&E and IHC staining forMyc, cytokeratin 8 (CK8),
and cytokeratin 14 (CK14) in adjacent prostate tissue sections of 3-month-old Hi-
Myc:R26mTmG/+:Gli1CreER/+ (top) and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ (bottom) mice.
Scale bars, 20 μm. Red arrows indicate CK14+ cells infiltrating towards the lumen.
h Colocalization of Myc with either AR, CK8, or CK14 from indicated prostate
tissues. Yellow arrows indicate Myc+CK14+ cells. Scale bars, 20μm.
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reduced in Krt14+ basal epithelial cells in HiMyc-ARKO samples
(arrows, Fig. 3e). Specifically, the percentage of hMycTg+ basal cells
was significantly higher in HiMyc than in HiMyc-ARKOmice (p < 0.01;
Fig. 3f). IHC analyses showed Myc+ cells were clearly overlaid with
CK8+ cells in PIN lesions on adjacent prostate tissues sections of both
HiMyc and HiMyc-ARKO mice (top panel, Fig. 3g). However, notice-
able overlays between Myc+ and CK14+ cells only appeared in PIN
lesions of HiMyc mice (red arrows, Fig. 3g). In contrast, CK14+ cells
weremainly localized in basal cell layers in HiMyc-ARKO samples. Co-
immunofluorescent analyses (Co-IF) further identified a significant
increase of CK14+Myc+ atypical cells in PIN lesions of HiMyc samples
(p < 0.01; yellow arrows, Fig. 3h; Supplementary Fig. 3c). Myc+
luminal cells overlaying with AR and CK8 staining also appeared in
both HiMyc and HiMyc-ARKO samples (Fig. 3h). Using triple-IF
approaches, we further identifiedCK8+CK14+ andCK8+CK14+Myc+
cells in HiMyc samples, indicating the intermediate cell properties
of some CK14+ cells in the samples (white arrows, Supplementary
Fig. 3d). Prostatic basal epithelial cells are directly adjacent to stro-
mal cells and possess progenitor properties23,25. Specifically, Myc+
basal epithelial cells have been shown to function as prostate tumor-
initiating cells in Hi-Myc mice26. Therefore, our data of identifying
reduced atypical Myc+ basal cells in PIN tissues of HiMyc-ARKO
mice implicate an underlying mechanism by which stromal AR
deletion in Gli1-lineage cells impairs prostatic oncogenesis and
tumor development.

Deletion of AR in stromal Gli1-lineage cells impedes IGF1-
induced Wnt/β-catenin activation in prostatic basal epithelia
To assess stromal AR-induced molecular changes in prostatic basal
epithelium, we performed gene set enrichment analysis (GSEA) using
the differentially expressed genes (DEGs) identified in hMycTg+ basal
cells between HiMyc and HiMyc-ARKO samples (Supplementary
Data 1). Significantly enriched IGF1 receptor (IGF1R), Wnt, and other
signaling pathways directly related to prostate tumorigenesis were
identified in hMycTg+ basal epithelial cells of HiMyc samples (Fig. 4a;
Supplementary Fig. 3e). Emerging evidence has shown a prominent
role of IGF1/IGF1R signaling activation in inducing prostate cancer
development and progression in both mouse models and clinical
studies27. IGF1R activation can induce Wnt/β-catenin signaling to pro-
mote prostate tumorigenesis28–30. Importantly, IGF1 andWnt/β-catenin
signaling activation directly contributes to androgen-induced prostate
oncogenesis and tumor development31. Given these lines of relevant
scientific evidence, we examined transcriptomic changes and identi-
fied increased expression of Igf1r and its downstreamgenes,Hras, Irs2,
andAkt1 (p <0.01; toppanel, Fig. 4b), aswell asWnt signaling effectors
and targets, Ctnnb1, Ccnd1, Cd44, and Tcf7l2 in hMycTg+ basal epithe-
lial cells of HiMyc samples in comparison to HiMyc-ARKO samples
(p < 0.01; bottompanel, Fig. 4b; Supplementary Fig. 3f, g). A significant
positive correlation between the expression of Igf1r and its down-
stream target genes, Hras, Irs2, and Akt1 as well as Wnt signaling
effectors, Ctnnb1, and targets, Ccnd1, Cd44, and Tcf7l2 (Spearman
r =0.3, 0.2, 0.3, 0.4, 0.2, 0.3, and 0.3, respectively; p = 1.44 × 10−29,
6.27 × 10−18, 7.15 × 10−35, 1.42 × 10−63, 2.93 × 10−5, 3.12 × 10−23, and
5.14 × 10−42, respectively) was identified in hMycTg+ basal epithelial
cells of HiMyc mice but not in the counterparts of HiMyc-ARKO mice
(Fig. 4c), demonstrating the specific activation of IGF1R and Wnt sig-
naling pathways induced by stromal AR in prostatic basal cells. Real-
timequantitative reverse transcriptionPCR (qRT-PCR) analyses further
identified upregulated expression of hMycTg, Igf1r, and its down-
stream genes, Hras, Grb2, Irs2, and Akt1, as well as Ctnnb1 and its
downstream targets, Cd44, Tcf7l2, and Ccnd1 in sorted prostatic basal
epithelial cells of HiMyc mice versus those of HiMyc-ARKO mice
(p < 0.05; Fig. 4d). It has been shown that aberrant activation of
IGF1 signaling can either directly or via activating AKT and GSK3β axes
stabilize cellular β-catenin to augment its activity for prostate tumor

growth28,29,32. We, therefore, assessed the effect of IGF1 signaling in
activating Wnt/β-catenin axes in prostatic atypical basal cells. IHC
analyses further detected positive staining for IGF1R, phosphorylated
IGF1R (pIGF1R), and CyclinD1, a downstream target of β-catenin, in
atypical cells of PIN lesions in HiMyc mouse tissues (Supplementary
Fig. 3h1–4 vs 3i1–4), suggesting activated IGF1R and Wnt signaling
pathways. Using triple-IF approaches, we further identified co-
expression of Myc and CK14, as well as pIGF1R, phosphorylated AKT,
phosphorylated GSK3β, cytoplasmic and nuclear β-catenin, CyclinD1,
or TCF7L2 in atypical basal cells in PIN lesions of HiMyc mice
but not those of HiMyc-ARKO mice (p <0.01; yellow arrows, top
panel, Fig. 4e; Supplementary Fig. 3j). The above regulatory loop was
further validated with co-IF analyses in HGPIN tissues of HiMyc mice
(Supplementary Fig. 3k). These data demonstrate the impairment of
IGF1R and canonical Wnt signaling pathways in prostatic basal cells of
HiMyc-ARKO mice, providing mechanistic insight into stromal AR in
Gli1-lineage cells to regulate prostatic epithelial tumorigenesis.

Deletion of AR expression induces robust IGFBP3 expression in
stromal Gli1-lineage cells
To gain in-depth insight into prostatic Gli1-lineage cells as stromal
niches, we separated stromal cells from other types of cells and re-
clustered them intofivefibroblast (FB) and smoothmuscle cell clusters
(Fig. 5a, b; Supplementary Fig. 4a–b). Reduced Ar expression was
detected in stromal cell clusters of HiMyc-ARKO mice while compar-
able Gli1-CreER driven mGFP expression appeared in stromal cells of
both samples, demonstrating selective deletion of Ar expression in
Gli1-lineage stromal cells (Fig. 5c–d). We then analyzed the DEGs of
mGFP+ FB between HiMyc and HiMyc-ARKO samples to explore their
role as cancer-associated fibroblasts (CAF)33 (Supplementary Data 2).
Intriguingly, we identified the Igfbp3, insulin-like growth factor-binding
protein 3, as one of the most highly expressed genes in FB of HiMyc-
ARKO (the bottom panel, Fig. 5d, e). IGFBP3 is a key regulator of IGF1
pathways and can bind IGF1/2 to block their access to their receptors
for activation34. Increased Igfbp3 expression was further identified
inmGFP+ FB of HiMyc-ARKO samples (Fig. 5f). Intriguingly, an inverse
correlation between Ar and Igfbp3 expression was identified inmGFP+
FB (middle and bottom panels, Fig. 5d; Supplementary Fig. 4c, d).
A significant increase in Igfbp3 alongside reduced Ar expression was
further confirmed in sorted mGFP+ cells from HiMyc-ARKO prostate
tissues in comparison to those from HiMyc counterparts using qRT-
PCR analyses (p = 1.09 × 10−6 and p = 3.36 × 10−6, respectively; Fig. 5g).
In alignment with the above results, co-IF analyses showed the sig-
nificant co-occurrenceof reducedARand increased IGFBP3expression
in mGFP+ and VIM+ fibroblasts of HiMyc-ARKO prostate tissues
(p = 3.35 × 10−6 and p = 1.09 × 10−6, respectively; left vs. right panel,
Fig. 5h; Supplementary Fig. 4e). These data demonstrate an inverse
relationship between AR and IGFBP3 expression in prostatic stromal
Gli1-lineage cells, implicating a regulatory mechanism by which stro-
mal AR regulates IGF1 signaling to facilitate prostatic epithelial onco-
genesis and tumor development.

Stromal AR in Gli1-lineage cells represses Sp1-mediated Igfbp3
expression
Regulation of Igfbp3 transcription is mediated mainly through Sp1
transcription factor35. Previous studies have demonstrated that the AR
can interfere Sp1 binding to the target promoters and repress Sp1-
mediated transcription36,37. To examine the regulatory role of AR on
IGFBP3 expression, we performed chromatin immunoprecipitation
(ChIP) assays to assess the direct involvement of AR on Sp1-mediated
IGFBP3 transcription. We observed increased recruitment of Sp1
within the Igfbp3 promoter regions (p =0.002) in sorted AR-deficient
mGFP+ cells from HiMyc-ARKO mice in comparison to the samples
from HiMyc mice, but no difference in the control Untr4 locus38

(Fig. 5i). Accordingly, less AR occupancy on the Igfbp3 promoter
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regions revealed in samples of HiMyc-ARKO mice compared to those
of HiMyc and wild-type control mice (p =0.011 and p =0.003,
respectively; Supplementary Fig. 4f). These data implicate that AR
deletion attenuates the repression of Sp1 recruitment on the Igfbp3
promoter in Gli1-lineage FB, augmenting Igfbp3 transcription.
Increased IGFBP3 expression was also identified in prostatic stromal
cells of HiMyc-ARKOmice when the Arwas deleted at 2 months of age
(Supplementary Fig. 4g1–i3), corresponding to the impaired PIN and
prostate tumor development in these mice (Supplementary Fig. 1f–j).
Taken together, these data uncover a regulatory mechanism by which
ARdeletion induces IGFBP3 expression inGli1-lineage FB to block IGF1-
signaling activation, further hindering prostatic basal epithelial cell-
mediated oncogenesis and tumor development.

Stromal AR in Gli1-lineage FB converts the cellular properties
of CAF
To assess the role of stromal AR in Gli1-lineage FBs, we analyzed DEGs
between FBs of HiMyc and HiMyc-ARKO samples and identified

expression of CAF cellular markers33, including Pdgfrβ, Twist1, Sox9,
Foxf1, Il11, andCxcl10 (Supplementary Fig. 4j). UsingqRT-PCRanalyses,
we further demonstrated reduced expression of those CAF markers in
sortedmGFP+ cells fromHiMyc-ARKO samples in comparison to those
of HiMyc counterparts (p <0.001; Fig. 5j). Triple-IF analyses also
showed the specific co-localization between PDGFRβ or Twist1 with AR
andGli1-CreER activatedmGFP expression in PIN tissues ofHiMycmice
(blue arrows in the top panel, Fig. 5k; Supplementary Fig. 4k1–4), but
not in ones of HiMyc-ARKO mice (p <0.01; bottom panel, Fig. 5k;
Supplementary Fig. 4l1–4m). Significantly up-regulated expression
of CAF cellular markers, including Pdgfrβ (p = 9.13 × 10−7), Twist1
(p = 2.05 × 10−32), Sox9 (p = 2.05 × 10−32), Foxf1 (p = 8.40 × 10−37), Il11
(p = 3.24 × 10−36), and Cxcl10 (p = 3.38 × 10−50) was further identified
in the FB1 cell cluster of HiMyc samples (Fig. 5l; Supplementary
Fig. 4n, o). Analyses of transcriptomic changes in FB1 cluster between
mGFP+Ar+ FB of HiMyc andmGFP+Ar- FB of HiMyc-ARKO showed up-
regulation of Ar, AR downstream target genes, and Wnt ligands, and
down-regulation of P53 and Sp1 downstream targets as well as IGFBP3

Fig. 4 | Loss of AR in Gli1-lineage cells reduces IGF and Wnt signaling in basal
epithelial cells. aGene Set Enrichment Analysis (GSEA) enrichment plots depicting
insulin-like growth factor 1 receptor (IGF1R) and Wnt signaling pathways sig-
nificantly up-regulated in hMycTg+ basal epithelial cells inHi-Myc:R26mTmG/+:Gli1CreER/+

versus Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+. See also “Methods” section. NES, normalized
enrichment score; FDR, false discovery rate. b Box plots representing scaled
expression data for IGF1R (top) or Wnt (bottom) downstream genes in hMycTg+

basal cells from indicated genotypes (HiMyc, n = 1363; HiMyc-ARKO, n = 36). Pink
linesmark themedian; top andbottom lines of boxes indicate theboundariesof the
first and third quartiles, respectively; the top and bottom whiskers show the
maximum and minimum values, respectively, excluding outliers. c Heatmap of

pairwise Spearman correlation between the indicated gene expression in hMycTg+

basal cells from indicated genotypes. Colors reflect the level of the correlation
coefficient. Numbers show the correlation coefficient. d qPCR analysis of gene
expression as indicated in the figure shown as fold change in sort-purified basal
cells from indicated genotypes. Data are represented as mean ± SD of three bio-
logical replicates. Two-sided Student’s t test, *p <0.05, **p <0.01. The exact p values
and related source data are provided as a Source Data file. e Representative images
of triple-immunofluorescent (IF) staining for indicated antibodies onprostate tissue
sections from Hi-Myc:R26mTmG/+:Gli1CreER/+ (top) and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+

(bottom). Yellow arrows indicate triple-positive stained cells. Scale bars, 25μm.
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Fig. 5 | Identifying AR loss-induced molecular changes in Gli1-lineage stromal
cells. a–b UMAP plots of stromal fibroblast (FB) and smooth muscle (SM) cell
clusters from Hi-Myc:R26mTmG/+:Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+. c Gene
expression levels ofmGFP and Ar in UMAP plots separated by indicated genotypes.
Color intensity indicates the scaled expression level in each cell. Blue arrow indi-
cates Ar-expressing cells from FB1 in Hi-Myc:R26mTmG/+:Gli1CreER/+. d Violin plots
visualizing the expression levels ofmGFP, Ar, and insulin-like growth factor binding
protein 3 (Igfbp3) in stromal clusters of each genotype. e Gene expression levels of
Igfbp3 inUMAPplots of stromal FBand SMcells. Color intensity indicates the scaled
expression level in each cell. f Violin plots ofmGFP+ FB cells. g qPCR analysis of Ar
and Igfbp3 expression shown as fold change in FACs-sorted mGFP+ cells from
prostate tissues of indicated genotypes. hCo-localization of IGFBP3with either AR,
mGFP, or Vimentin (Vim) from indicated prostate tissues. Yellow and pink arrows
indicate AR+ epithelial and stromal cell, respectively. Blue arrows indicate IGFBP3+

stromal cells co-expressing with either mGFP or Vim. Scale bars, 20μm. i Sp1

Chromatin immunoprecipitation qPCRanalysis of the Igfbp3promoter regions, and
negative control (Untr4) shown as percent input. j qPCR analysis of cancer-
associated fibroblast (CAF) markers shown as fold change in sort-purified mGFP+

cells. k Representative images of triple-IF staining for indicated antibodies on
prostate tissue sections from indicated genotypes. Blue arrows indicate cells
showing double- or triple-positive with the indicated proteins. Scale bars, 20μm.
l Heatmap displaying gene expression of Ar, Vim, and CAF markers across FB
clusters of Hi-Myc:R26mTmG/+:Gli1CreER/+. m Heatmap depicting expression of genes
associated with indicated pathways. n GSEA showing the enrichment of indicated
gene signatures in mGFP+Ar+ FB1 cells from Hi-Myc:R26mTmG/+:Gli1CreER/+ versus
mGFP+Ar- FB1 cells fromHi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+. See also “Methods” section.
NES, normalized enrichment score; FDR, false discovery rate. In g, i, and j, data are
represented as mean ± SD of three biological replicates. Two-sided Student’s t test,
**p <0.01. The exact p values and related source data are provided in the “Source
Data file”.
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and 7 (Fig. 5m; Supplementary Data 3). GSEA based on the above DEGs
identified the enrichment in upregulated pathways that promote
prostate cancer (p =0.006) and androgen signaling activation
(p = 0.016), and downregulated pathways related to cell hypoxia
(p = 0.019), negative responses to insulin and IGF1 (p = 0.015), and P53-
mediated signaling (p =0.025) in themGFP+Ar+ FB1 of HiMyc samples
(Fig. 5n). These data provide in-depth mechanistic insight into the
regulatory role of stromal AR in Gli1-lineage FB acting as CAF to sup-
port prostate epithelial tumor cell growth and progression.

IGFBP3 represses IGF1/IGF1R signaling-induced prostate epi-
thelial cell growth
Identifying the regulation of stromal AR in IGFBP3 expression in Gli1-
lineage FB is intriguing, suggesting an underlying mechanism for
androgen-mediated IGF1 signaling activation in prostate oncogen-
esis. To directly assess the effect of IGF1 on prostatic basal epithe-
lium, we developed organoid cultures using enriched basal epithelial
cells through cell sorting frommicroscopically confirmed PIN tissues
of HiMyc and HiMyc-ARKO mice (see the “Methods”39,40; Supple-
mentary Fig. 5a–c). Organoids derived from HiMyc-ARKO mice
showed retarded growth in comparison with those from HiMyc mice
at earlier culture time points (p = 7.36 × 10−5, p = 0.004, and p = 0.25,
respectively; Supplementary Fig. 5d). However, the growth differ-
ence gradually diminished at day 6, implicating the effects of
microenvironment on their growth. To mimic the niche effects as
observed in our in vivo models, we treated epithelial organoids with
IGF1, IGF1 + IGFBP3, or vehicle. Measuring organoid forming effi-
ciency and average sizes of individual organoids showed significant
increases in IGF1-treated samples compared to IGF1 + IGFBP3-treated
counterparts in both HiMyc and HiMyc-ARKO mice (p < 0.001),
demonstrating the critical role of IGFBP3 in neutralizing IGF1 activity
(Fig. 6a–c; Supplementary Fig. 5e1, 5f1). There is no significant dif-
ference between IGF1-treated epithelial organoids derived from
HiMyc and HiMyc-ARKO samples (forming efficiency, p = 0.590 and
organoid size, p = 0.658). Histologically, IGF1-treated groups in
both genotypes showed severe pathological lesions featuring multi-
layer atypical cells growing into the lumen and as cribriform struc-
tures, whereas IGF1 + IGFBP3- or vehicle-treated groups displayed
mild pathologic changes (bottom panel, Fig. 6a; Supplementary
Fig. 5e2–3, 5f2–3). These results suggest epithelial organoids derived
from atypical basal cells of HiMyc and HiMyc-ARKO samples, after
growing in a newmicroenvironment, possessing comparable abilities
in response to IGF1-induced cell growth. IHC analyses showed more
Myc+ atypical cells in IGF1-treated organoids than in IGF1 + IGFBP3-
treated or vehicle-treated counterparts in both genotype samples
(p < 0.001; top panel, Fig. 6d; Supplementary Fig. 5g1, h1, i). In the
IGF1-treated organoids, CK14+ cells appear to overlay withMyc+ cells
and infiltrate in PIN lesion, in contrast to CK14+ cells only localized on
the basal layers in the IGF1 + IGFBP3 treated organoids (middle panel,
Fig. 6d). Both AR and CK8 positive cells were also observed in the
above basal cell derived organoids (Fig. 6d), demonstrating the
ability of CK14+ cells to differentiate into luminal cells. Positive
staining for pIGF1R and cytoplasmic and nuclear staining of β-catenin
revealed in atypical cells in the above IGF1-treated organoids from
HiMyc and HiMyc-ARKO epithelia, but negative or reduced staining
of those proteins appeared in IGF1 + IGFBP3- or vehicle-treated
counterparts (bottom panels, Fig. 6d; Supplementary Fig. 5g3–4,
5h3–4). The above data of identifying increased cytoplasmic and
nuclear β-catenin expression in IGF1-treated organoid samples fur-
ther demonstrates the promotional role of Wnt/β-catenin activation
in prostatic epithelial growth.

To directly assess the effect of Wnt/β-catenin in IGF1-induced
prostatic basal epithelial growth, we treated organoids with Wnt inhi-
bitors, ICG-00141 and iCRT342 in combination with IGF1 (Fig. 6e, f;
Supplementary Fig. 6a–c). It has been shown that iCRT3 can disrupt

the interaction between AR and β-catenin and inhibit AR-mediated
transcription and cell growth in prostate cancer cells42. We observed
more and larger organoids in IGF1-treated samples than those treated
with IGF1 and Wnt inhibitors (Top panel, Fig. 6e, f). Measuring orga-
noid forming efficiency and average size of individual organoids
showed a significant decrease in samples treated with IGF1 and Wnt
inhibitors, ICG-001 or iCRT3, in comparison to those treated with IGF1
only (p <0.001; Supplementary Fig. 6a, b). Histological analyses also
showed minor pathological changes in the former but typical HGPIN
lesions in the latter (bottom panels, Fig. 6e, f). IHC further showed
decreased expression of cytoplasmic and nuclear β-catenin, β-catenin
downstream targets, Myc, Cyclin D1, and Ki67 in samples treated with
Wnt inhibitors and IGF1 compared to those treated with IGF1 only
(Supplementary Fig. 6c). Taken together, these data demonstrate the
promotional role of Wnt/β-catenin activation in IGF1-induced prostate
tumor cell growth.

Stromal AR promotes prostatic basal epithelial oncogenesis
through the IGFBP3-IGF1/IGF1R and Wnt/β-catenin reg-
ulatory loop
To directly examine the regulatory role of increased IGFBP3 on IGF1 in
prostate stromal cells, we isolated mGFP+ stromal cells from both
HiMyc and HiMyc-ARKO mice through cell sorting and measured the
level of IGF1 in the stromal cell-conditioned medium. Higher levels of
secreted IGF1 were detected in the stromal cell-conditioned medium
prepared from HiMyc mice (p = 1.79 × 10−6; Fig. 7a). Prostate epithelial
organoids treatedwith the stromal cell-conditionedmediumprepared
from HiMyc samples showed a significant increase in cell growth in
comparison with those treated with the conditioned medium of
HiMyc-ARKO stromal cells (Fig. 7b). Pre-incubation of IGFBP3 with the
conditioned medium reduced its effects in inducing organoid cell
growth when both organoid forming efficiency and average sizes of
individual organoids were measured (p <0.001; Supplementary
Fig. 6d, e). IHC analyses showed positive staining for phosphorylated
IGF1R, cytoplasmic and nuclear β-catenin, Myc, and Cyclin D1 in sam-
ples treated with the conditioned medium from HiMyc stromal cells
but not in other samples (Supplementary Fig. 6f), directly demon-
strating IGF1 activity in the above-conditioned medium. Specifically,
positive staining for cytoplasmic and nuclear β-catenin and its down-
stream target, Cyclin D1 in the above samples further demonstrate the
regulatory mechanisms for IGF1-induced Wnt/β-catenin activation in
prostate epithelial cells. Altogether, these data provide additional
evidence to demonstrate the role of stromal AR in Gli1-lineage cells,
acting as a niche to support prostate epithelial cell growth through
IGF1-induced Wnt signaling activation.

Using triple-IF analyses, we further assessed the reciprocal reg-
ulation between prostatic stromal IGFBP3 expression and epithelial
IGF1R activation. Multilayered atypical Myc+CK14+ basal epithelial
cells were observed adjacent to mGFP+ Gli1-lineage cells within PIN
lesions of HiMyc samples in contrast to the single layer of Myc+
CK14+ basal epithelial cells in HiMyc-ARKO samples (yellow arrows,
Fig. 7c), in which IGFBP3+mGFP+ Gli1-lineage cells were mainly
observed (blue arrows, Fig. 7c). Accordingly, positive staining of
pIGF1R only appeared in HiMyc but not in HiMyc-ARKO samples
(white arrows, Fig. 7c). Increased Ki67+ staining also appeared in
prostatic basal epithelium in HiMyc versus HiMyc-ARKO samples,
indicating the promotional role of IGF1R activation in prostatic
tumor epithelia (p = 5.66 × 10−5; Fig. 7c; Supplementary Fig. 6g).
These similar results were also observed in prostate tissues of 6-
month-old HiMyc and HiMyc-ARKO mice when they received TM at
2 months of age (Supplementary Fig. 6h), validating the regulatory
role of IGFBP3 on IGF1R1 signaling. Taken together, these data in
combination with other results elucidate that AR loss attenuates the
repression on Sp1-mediated IGFBP3 transcription resulting in ele-
vated IGFBP3 in Gli1-lineage FB, which reduces IGF1 binding to IGF1R
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on adjacent prostatic basal epithelial cells and diminishes IGF1R-
mediated Wnt/β-catenin activation (Fig. 7d).

Emerging evidence has shown the prostatic stem/progenitor cell
properties of human prostatic basal epithelial cells1. Human prostatic
cancer cells with basal cell gene signatures are also linked to
advanced, metastatic, and castration-resistance tumor phenotypes43.
To explore the clinical relevance of stromal AR action as a tumor
niche, we compared GSEA based on DEGs of basal versus luminal
cell in human prostate tumors with those in our mouse models,
and identified similar enriched signaling pathways between human
samples and HiMyc mice. Specifically, both IGF1 and canonical Wnt
signaling pathways were significantly enriched (Fig. 7e and Supple-
mentaryData 4). These data provide additional and clinically relevant
evidence demonstrating the critical role of reciprocal interactions
between stromal AR signaling in Gli1-lineage cells and prostatic basal
epithelial tumorigenesis.

Discussion
Prostate tumorigenesis is solely governed through AR-mediated sig-
naling pathways44,45. However, most previous studies were mainly
focused on prostate tumor cell-intrinsic mechanisms4–6. The roles and
underlying mechanisms for stromal AR action in promoting prostate
epithelial oncogenesis are largely unknown. Additionally, the cellular
identity of prostate stromal cells that act as tumor niches is also
unclear. Data from this study provide multiple lines of scientific evi-
dence demonstrating a critical role of AR signaling in stromal Gli1-
lineage cells in supporting prostate epithelial cell tumorigenesis,
leading to the development of different therapeutic strategies for
treating advanced prostate cancer.

In this study, we identified a critical role of AR in stromal Gli1-
lineage cells to regulate IGF1 signaling pathways through IGFBP3. Using
scRNA-seq and other experimental analyses, we observed a robust
increase in Igfbp3 expression in AR-deficient stromal Gli1-lineage cells,
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Fig. 6 | Identifying the reciprocal effect of stromal AR action on prostatic
epithelial organoid oncogenic transformation and growth. a Organoid culture
of prostatic epithelial cells from 12-week-old Hi-Myc:R26mTmG/+:Gli1CreER/+ and Hi-
Myc:R26mTmG/+:ArL/Y:Gli1CreER/+mice, following treatmentwith vehicle, IGF1 (100ng/ml),
or IGF1 (100 ng/ml) + IGFBP3 (1μg/ml). Representative of brightfield images and HE
staining showing organoidmorphology and structureobserved in indicated groups.
Scale bars, 400μm and 25μm. b Quantification of individual organoid size. Orga-
noids (n = 100) per group examined over three independent experiments. The
center line represents the median value in each group. cQuantification of organoid
forming efficiency showing the percentage of organoids above 50μmdiameter per
total cells seeded at day 0 in a well. The center line represents themedian value, the
box borders represent the lower and upper quartiles (25% and 75% percentiles,

respectively) and the ends of the bottom and top whiskers represent the minimum
and maximum values, respectively, for eight independent samples over three bio-
logical replicates. d Representative images of IHC staining with the indicated anti-
bodies. Scale bars, 25μm. e–f Organoid culture of prostatic epithelial cells from
12-week-old Hi-Myc:R26mTmG/+:Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ mice,
following treatment with IGF1 (100ng/ml), IGF1 (100 ng/ml) + ICG-001 (5μM), or
IGF1 (100 ng/ml) + iCRT3 (5μM). Representative brightfield images and HE staining
showing organoid morphology and structure observed in indicated groups. Scale
bars, 400μm and 25μm. b, c Two-sided Student’s t-test for IGF1-treated groups
versus IGF1 + IGFBP3-treated groups in HiMYC or HiMYC-ARKO, **p <0.01. Source
data and the exact p-values are provided in the “Source Data file”.
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especially in AR-deficient fibroblasts in HiMyc-ARKO samples. Analyses
of adjacent basal epithelial cells further showed a specific impairment
of IGF1R signaling pathways in atypical basal epithelial cells in HiMyc-
ARKO samples in comparison to HiMyc counterparts. Earlier studies
have shown that the transcription of Igfbp3 ismediatedmainly through
Sp1 transcription factor35 and the AR can repress Sp1-mediated tran-
scription by interfering with its binding to the target promoters36,37.
Using ChIP assays, we further demonstrated increased recruitment of
Sp1 within the Igfbp3 promoter regions in sorted AR-deficient mGFP+
cells from HiMyc-ARKO mice in comparison to those of HiMyc coun-
terparts. Because IGFBP3 is an IGF1 binding protein and can block IGF1
access to its receptors and inhibit IGF1 signaling activation34, our data
provide distinctmechanistic insight for stromal AR to support prostate
basal epithelial cell oncogenesis through the regulation IGF1/IGFBP3
axes by reciprocal stromal-epithelial interactions.

Prostatic basal epithelial cells are directly adjacent to stromal cells
and possess progenitor properties23,25. Specifically, Myc+ basal epi-
thelial cells have been shown to function as prostate tumor-initiating
cells in Hi-Myc mice26. Significant reduction of Myc+ atypical and
tumor cells with basal cell properties was identified in prostatic tissues
ofHiMyc-ARKOmice. Accordingly, scRNA-seq analyses further showed

reduced Myc+ basal atypical and tumor epithelial cells but not Myc+
luminal counterparts in HiMyc-ARKO mice. Given the proximity of
prostatic Gli1-lineage FB and basal cells, these data demonstrate a
specific role for stromal AR in Gli1-lineage cells in regulating onco-
genesis and tumor development initiated by prostatic basal epithelial
cells. Interestingly, the expression of Igf1 transgene inmouse prostatic
basal cells initiates prostate oncogenesis and PIN development46.
Activation of IGF1 axes further stabilizes cellular β-catenin and
enhances its activity to directly promote prostate tumor development
and growth28,29,47. In this study, we characterized the regulatory role of
IGF1/IGF1R signaling in activating Wnt/β-catenin pathways in prostatic
basal epithelial cells andpromoting their oncogenic growth. Given that
both IGF1 and Wnt/β-catenin signaling pathways have been shown to
directly regulate androgen-induced prostate cancer development and
progression31, our current data implicate an underlying mechanism by
which stromal AR regulates prostatic epithelial oncogenic transfor-
mation and tumor development.

In this study, we further examined the underlying mechanism for
stromal AR in regulating prostatic basal epithelial oncogenesis using
human clinical samples and data. To further address the clinical rele-
vance of our analyses, we specifically selected human prostate cancer

Fig. 7 | Stromal AR in Gli1-lineage cells induces basal epithelial IGF and Wnt
pathways to promote oncogenic growth through paracrine action. a IGF1
concentration in conditioned media (CM) from 12-week-old Hi-Myc:R26mTmG/+:
Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ GFP+ cells. Data are represented as
mean ± SDof four independent samples over two biological replicates. Two-sided t
test, **p <0.01. Source data and the exactp values are provided as a SourceData file.
b Organoid culture of prostatic epithelial cells from 12-week-old Hi-Myc:R26mTmG/+:
Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ mice, following treatment with Hi-
Myc:R26mTmG/+:Gli1CreER/+ CM, Hi-Myc:R26mTmG/+:Gli1CreER/+ CM+ IGFBP3 (1μg/ml), or Hi-
Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ CM. Representative brightfield images and HE staining
showing organoid morphology and structure observed in indicated groups. Scale

bars, 400μmand 25μm. c Representative images of triple-IF staining for indicated
antibodies on prostate tissues fromHi-Myc:R26mTmG/+:Gli1CreER/+ andHi-Myc:R26mTmG/+:
ArL/Y:Gli1CreER/+ mice. Yellow or white arrows indicate CK14+Myc+ or CK14+pIGF1R+

basal epithelial cells respectively. Blue arrows indicate IGFBP3+mGFP+ stromal cells.
Scale bars, 20μm. d Schematic of hypothetic models by which stromal AR in Gli1-
lineage cancer-associated fibroblast (CAF) cells regulate prostate tumorigenesis via
IGF, Wnt, and other signaling pathways in prostatic basal epithelial cells. e GSEA
results from pre-ranked differentially expressed genes list comparing basal cells
versus luminal cells in human prostate cancer samples, Hi-Myc:R26mTmG/+:
Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ mice. See also “Methods” section.
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specimens isolated either from primary prostate cancer patients who
received no hormone treatment or from patients who only received
Lupron treatment for 3 months in effort to reduce tumor volumes to
achieve tumor-negative surgical margins. Positive staining for phos-
phorylated IGF1R only appeared in prostate tumor epithelial cells of
untreated samples. In contrast, increased IGFBP3 staining and no
phosphorylated IGF1R staining appeared in Lupron-treated samples
(Supplementary Fig. 7a, b). These observations confirm the repressive
role of androgen/AR signaling on IGFBP3 expression in human pros-
tate stroma. To further explore the correlation of IGFBP3 status to IGF1
activation in humanprostate cancer samples, we employedHiSeq RNA
sequencing data from TCGA (The Cancer Genome Atlas) and GEO
(GSE197780) datasets. IGFBP3 expression was significantly reduced in
the naïve samples compared to the normal prostates (p = 4.70 × 10−6)
and the ADT-treated samples (p = 3.01 × 10−7), suggesting a link
between ADT and IGFBP3 expression. Moreover, GSEA using pre-
ranked gene lists of naïve versus ADT-treated samples showed sig-
nificant enrichment in the IGF1 signalingpathway, indicating an inverse
correlation between IGFBP3 expression and IGF1signaling activation
(Supplementary Fig. 7c, d). We also observed similar results for
increased IGFBP3 expression and reduced IGF1 activation using
GSE197780 datasets, in which the patient samples were isolated after
ADT in comparison to samples from the same patients before the
treatment (Supplementary Fig. 7e, f). Whereas these data are suppor-
tive of our current results, we are also aware these samples contained
both prostatic epithelial and stromal compartments. In order to fully
understand the effect of ADT on stromal AR action in prostate cancer
progression and CRPC development, more in-depth analyses should
be carried out using clinically relevant clinical cohorts and datasets to
assess cellular and molecular changes in both epithelial and stromal
compartments.

Using organoid culture systems, we characterized the effect of
stromal AR signaling in prostatic basal epithelial oncogenic growth.
Interestingly, in earlier culture time points, we observed retarded
growth in epithelial organoids derived from prostate basal cells of
HiMyc-ARKO in comparison with those of HiMyc mice. However, the
growth difference was gradually reduced at later time points. Addi-
tionally, IGF1 treatment of epithelial organoids derived from HiMyc
and HiMyc-ARKO mice at late time points showed similar inducible
growth. These data suggest that impaired epithelial tumor growth due
to stromal AR loss in HiMyc-ARKO may be able to be reversed by
microenvironment changes. Given that current ADT can systematically
affect AR signaling in both AR-expressing tumor cells and surrounding
stromal cells, our data implicate an underlying mechanism for
IGF1 signaling forgoing the reliance on AR-mediated regulation in
prostate tumor cells to induce hormone refractoriness and CRPC
development. Therefore, further investigation of co-targeting reci-
procal interactions of AR and IGF1 pathways between epithelial tumor
cells and surrounding tumor niches may provide insight into potential
therapeutic strategies for treating advanced prostate cancer.

In this study, we also tested the effect of androgen withdraw on
both HiMyc and HiMyc-ARKOmice. We castrated 6-month-old HiMyc-
ARKOandHiMycmice that receivedTMat 2weeks of age and analyzed
them 4 weeks post castration (Supplementary Fig. 8). A regression of
PIN and prostatic tumor growth was grossly and histologically appar-
ent in both genotypes of mice. IHC analyses showed reduced Ki67 in
PIN and prostatic tumor cells in castratedmice in comparison to intact
counterparts of both genotypes of mice, indicating the promotional
role of androgens in prostate epithelial growth. Interestingly, com-
parison of prostate weights before and after castration of both geno-
typemice showed greater reductions in prostate weight in HiMycmice
than HiMyc-ARKO mice, further suggesting the role of stromal AR in
androgen-dependent prostate epithelial growth. The critical role of
prostatic CAFs in tumor progression and CRPC development has been
implicated recently48. Thus, further investigation of stromal AR action

in Gli1-lineage CAFs during ADT will help us better understand the
molecular mechanisms underlying prostate cancer progression and
hormone refractoriness, providing further insight into the develop-
ment of potential and effective therapeutic strategies to co-target both
tumor stromal and epithelial cells.

Methods
Ethics statement
All experimental procedures and care of animals in this study
were carried out according to the Institutional Animal Care and
Use Committee (IACUC) at Beckman Research Institute of City of
Hope (California, US) and approved by the IACUC. Euthanasia was
performed by CO2 inhalation followed by cervical dislocation.

Human subjects and clinical data
Specimens of primary prostate cancer used in this study were isolated
from either patients without hormonal treatment or patients who
received Lupron treatment for 3 months in reducing the tumor
volumes to achieve tumor-negative surgical margins. The study was
approved by the Institutional Review Board (IRB)-approved protocol
(IRB # HS-16-00817) at the University of Southern California, and
informed Consent was obtained from all participants in this study.

RNA-seq data for prostate adenocarcinoma patients were
downloaded from TCGA database at UCSC Xena49. The gene
expression was determined experimentally using the Illumina HiSeq
2000 RNA Sequencing platform by the University of North Carolina
TCGA genome characterization center. Drug treatment status per
sample was downloaded from the cBioportal website (http://www.
cbioportal.org/). IGFBP3 gene-levels were shown as in log2(x + 1)
transformed RSEM normalized count. DEGs were considered using
Wilcoxon Rank Sum test and a value of |log(Fold Change)| > 0.1 and
adjusted p values < 0.01. The GSE197780 dataset from the GEO
database was used for validation.

Mouse generation and experiments
All mice used in this study were from a C57BL/6 background, and
housed in ventilated cage racks with free access to food and water
under a 12 h light/dark cycle at 20–24 °C and 30–70% humidity at City
of Hope Parvin Animal Facility. Mice containing the conditionalCtnnb1
allele (Ctnnb1L(ex3)) were kindly gifted from Dr. Makoto M. Taketo50.
PtenL/L mice were kindly provided by Dr. Hong Wu51, respectively. PB-
Cre4 (PBCre4)micewere obtained from theNCImouse repository (strain
#: 01XF5). Gli1CreER/+ and ROSAmTmG (R26mTmG/+) reporter mice were
obtained from Jackson Laboratories (stocks 18867 and 7676). ArLox/Y

(ArL/Y) andHi-Myc transgenic (Hi-Myc)micewere kindly provided byDr.
Guido Verhoeven52 and as reported earlier18, respectively. Ctnnb1L(ex3)/+:
PBCre4 were generated by intercrossing Ctnnb1L(ex3)/L(ex3) females with
PBCre4 male mice. PtenL/+: PBCre4 mice were first generated by inter-
crossing PtenL/L females with PBCre4 males and then used to generate
PtenL/L:PB Cre4. ArL/X female mice were mated with Gli1CreER/+ male mice to
generate Gli1CreER/+ and ArL/Y:Gli1CreER/+ littermates. Experimental mice
were generated by intercrossing ArL/X:R26mTmG/+:Gli1CreER/+ females with
Hi-Myc males (Fig. 2a). Similar mating procedures were used to gen-
erate Hi-Myc:R26mTmG/+:Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+

mice (Supplementary Fig. 2a). Genomic DNA samples isolated from
mouse tail tips or embryo yolk sacs were used for genotyping with
appropriate primers (Ctnnb1 allele, forward: 5′-AACTGGCTTTTGGTGT
CGGG-3′, reverse: 5′-TCGGTGGCTTGCTGATTATTTC-3′; Pten allele,
forward: 5′-TCCCAGAGTTCATACCAGGA-3′, reverse: 5′-AATCTGTGCA
TGAAGGGAAC-3′; PB Cre4 allele, forward: 5′-GATCCTGGCAATTTCGGC
TAT-3′, reverse: 5′-GCAGGAAGCTACTCTGCACCTTG-3′;Gli1CreER alleles,
forward: 5′-GCAGATCTACATTCCTTTC-3′, reverse: 5′-AAGAGAGACA
GCTGGAGCC-3′ and 5′-AATCGCGAACATCTTCAGGTT-3′; Ar alleles,
forward: 5′-AGCCTGTATACTCAGTTGGGG-3′, reverse: 5′-AATGCATC
ACATTAAGTTGATACC-3′; Hi-Myc alleles, forward: 5′-CAATGTCTGTG
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TACAACTGCCAACTGGGATGC-3′, reverse: 5′-TTACGCACAAGAGTTCC
GTAGCTGTTC-3′; R26mTmG/+ alleles, forward: 5′-TCAATGGGCGGGGG
TCGTT-3′, reverse: 5′-CTCTGCTGCCTCCTGGCTTCT-3′ and 5′-CGAG
GCGGATCACAAGCAATA-3′)14,18,50,51. For tissue recombination assays,
timed pregnancy was done with PBCre4 male mice mated with
Ctnnb1L(ex3)/L(ex3) female mice and PtenL/+:PBCre4 male mice mated with
PtenL/L female mice to generate urogenital sinus epithelium (UGE) tis-
sues. Gli1CreER/+ male mice were mated with ArL/X female mice for timed
pregnancy to generate UGM tissues. ArL/X Pregnant females were
injected with TM (125 µg/g body weight, Sigma) suspended in corn oil
(Sigma) at embryonic day 13.5 (E13.5) and euthanized on E16.5. The
urogenital sinus (UGS) was separated into UGE and UGM by treatment
with 1% trypsin (Gibco) at 4 °C for 90min, followed by mechanical
dissociation. Combinations of Ctnnb1L(ex3)/+:PB Cre4 or PtenL/L:PBCre4 UGE
and Gli1CreER/+ or ArL/Y:Gli1CreER/+ UGM were generated as indicated in
Fig. 1a. The dissociated UGE and UGM were recombined on 0.4% agar
plates containing Dulbecco’s Modified Eagle’s Medium (DMEM, Corn-
ing) with 10% fetal bovine serum (FBS, HyClone) supplementation,
then incubated at 37 °C for overnight. The tissue recombinants were
implantedunder the renal capsule of 8-week-oldmaleSCIDmicewith a
supplement of testosterone pellet (12.5mg, Innovative Research of
America) placed in the back subcutaneously, and the grafts were
analyzed 3 months later. All experimental mice received a single
intraperitoneal injection of TM (1mg) on postnatal day 14 (P14) or
125 µg/g body weight at 2 months of age for activation of Gli1CreER/+. All
mice-bearing tumors were closely monitored during the entire course
of the study, and maximal tumor sizes (1.5 cm in diameter) were not
exceeded based on the guidelines of IACUC in our institution.

Pathological analyses and immunostaining
Mouse tissues were fixed in 10% neutral-buffered formalin (American
Master Tech Scientific) and processed into paraffin. Following embed-
ding in paraffin, tissue blocks were cut to 5μm serial sections. For his-
tological assessment, hematoxylin and eosin (H&E) staining18,50,51 was
performed and used in accordance with the guidelines recommended
by The Mouse Models of Human Cancers Consortium Prostate
Pathology Committee in 201316. For immunohistochemistry (IHC), tis-
sue sections were rehydrated through a decreasing ethanol gradient,
treatedbyboiling in0.01Mcitratebuffer (pH6.0)orTris-EDTA (pH9.0)
for antigen retrieval, incubated in 0.3% H2O2 for 15min, blocked by 5%
normal goat/donkey serum (Gibco) in phosphate-buffered saline (PBS)
for 1 h at room temperature, and incubated with indicated antibodies
diluted in 1% normal goat/donkey serum at 4 °C overnight. Next, the
slides were then incubated with biotinylated secondary antibodies for
1 h followed by horseradish peroxidase streptavidin (Vector Labora-
tories) for 30min at room temperature and visualized using a DAB kit
(Vector Laboratories). Counterstaining was performed with 5% (w/v)
Harris Hematoxylin (Thermo Scientific) and dehydrated through an
increasing ethanol gradient, and coverslips were mounted with Per-
mountMedium (Fisher Scientific). For immunofluorescent (IF) staining,
tissue sections were treated for antigen retrieval as described above,
blocked in 5% normal goat/donkey serum for 1 h, and incubated with
primary antibodies diluted in 1% normal goat/donkey serum at 4 °C
overnight. Slides were washed in PBS then incubated with fluorescent-
conjugated secondary antibodies for 1 h, and then mounted using
VECTASHIELD Mounting Medium with DAPI (Vector Laboratories). For
IF staining of sorted single cells, the same procedures as described
above were used but replaced antigen retrieval step with a fixation step
in 4% paraformaldehyde for 30min and with blocking in 0.04% Triton
X-100- 5%donkey serum inPBS. Bothprimary and secondary antibodies
used in this study were listed in Supplementary Table 1.

Preparation of dissociated prostate cells
Mouse prostate tissues were collected, minced into small pieces, and
digested with 10mg/mL collagenase (StemCell Technologies) in

DMEM/Ham’s F-12 50/50 Mix (DMEM/F12, Corning) supplemented
with 10% FBS, 10 nM dihydrotestosterone (DHT, Sigma) and 10μM
Y-27632 (StemCell Technologies) at 37 °C for 90min. Tissues were
then digested with TrypLE (Gibco) supplemented with 1 nM DHT,
10μM Y-27632 dihydrochloride at 37 °C for 15min. Cell suspensions
were passed through a 37-μm cell strainer (StemCell Technologies).
Cell viability and concentration were detected using a TC Automated
Cell Counter (Bio-Rad Laboratories) after Trypanblue (Gibco) staining,
and cells at least 80% viability were processed. Similar experimental
procedures were also described in the previous studies21–24.

Library preparation and single-cell RNA sequencing
Approximately 13,000 and 7,100 cells from 3-month-old Hi-
Myc:R26mTmG/+:Gli1CreER/+ and Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ littermates,
respectively, were used for sequencing (Supplementary Fig. 2b).
Library preparation was performed using 10× Genomics Chromium
Single Cell 3′ Solution with v3 chemistry following the manufacturer’s
protocol (10× Genomics). Capillary electrophoresis using 2100 Bioa-
nalyzer (Agilent Technologies) was used for validation of the library
purity and size. The library quantity was measured using Qubit dsDNA
HS Assay Kit (Invitrogen). cDNA libraries were sequenced on Illumina
Novaseq 6000 S4 flow cell (Illumina) to a depth of 60–70K reads per
cell. Processing of raw sequencing data, including FASTQ file genera-
tion and Unique Molecular Identifiers (UMI) counting, was conducted
using the 10× Genomics Cell Ranger pipeline (3.1.0). Reads were then
aligned to the mm10 reference genome with addedmGFP and human
c-Myc transgene (hMycTg) sequences18,53 for gene expression count.
A total of 12,903 and 7,144 cells from Hi-Myc:R26mTmG/+:Gli1CreER/+ and
Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ prostate tissues, respectively, were
uploaded, as filtered feature bar coded metrics, to R (4.2.1) using the
Seurat package (3.2.1)20 for the subsequent data analysis. For a quality-
control step, potential empty droplets andmultiplets were filtered out
and dead cells or low-quality cellswith a fraction ofmitochondrial RNA
higher than 15% were eliminated (Supplementary Fig. 2c, e, g, i). After
this final filtering step, 10,810 Hi-Myc:R26mTmG/+:Gli1CreER/+ cells with an
average of 2,950 genes per cell and 15,736 UMI counts per cell, and
6,848 Hi-Myc:R26mTmG/+:ArL/Y:Gli1CreER/+ cells with an average of 1,342
genes per cell and 5,041 UMI counts per cell were conserved for future
analyses. For the UMAP visualization and analysis, normalized and
scaled data were clustered using the top significant principal compo-
nents of 5,000 highly variable genes with 0.5 resolution and 20
dimensions in Seurat (Supplementary Fig. 2d, f, h, j). Pathway analysis
was performed using Gene Set Enrichment Analysis (GSEA 4.1.0).
Spearman pairwise correlation matrices as the measure of association
between IGF and Wnt axes genes were analyzed and plotted using
the ggcorr function from the GGally package R (https://www.
rdocumentation.org/packages/GGally/versions/1.5.0/topics/ggcorr)
in R. Two individual sets of single-cell RNA sequencing experiments
were performed using different littermates in this study.

Cell sorting
Upon dissociation, cells were resuspended with 0.5% (w/v) Bovine
serum albumin in PBS and sorted for mGFP+tdTomato- cells, or basal
epithelial (CD24lowCD49fhigh)39,40. All cell sorting experiments were car-
ried out using an Aria Cell Sorter (BD Biosciences). After sorting, cells
were dissolved in DMEM/F12 with 10% FBS and counted using Trypan
blue. Purity of mGFP+ cells was confirmed by counting the number of
mGFP+ cells compared to total number of cells stained negative for
Trypan blue. Sorted prostatic basal cells were also validated by co-IF
staining using antibodies against CK14, p63, and CK8 (Supplementary
Fig. 5b, c). All of the samples used in the study possessed > 95% purity.

RNA extraction and qRT-PCR
mRNA was extracted and purified from sorted cells using TRIZOL
(Zymo Research) and reverse-transcribed using SuperScript IV First-

Article https://doi.org/10.1038/s41467-022-34282-w

Nature Communications |         (2022) 13:6552 12

https://www.rdocumentation.org/packages/GGally/versions/1.5.0/topics/ggcorr
https://www.rdocumentation.org/packages/GGally/versions/1.5.0/topics/ggcorr


Strand Synthesis System (Fisher Scientific) according to the manu-
facturer’s protocol. qRT-PCR reactions were performed in triplicate
using SYBR Green PCR master mix (Applied Biosystems) with specific
primers (Supplementary Table 2) on the 7500 Real-time PCR system
(Thermo Fisher Scientific).

Chromatin immunoprecipitation (ChIP)-qPCR
ChIP-DNA from sortedmGFP+ cellswas obtainedbyChIP assay. Briefly,
cells were fixed with formaldehyde, cross-linked with glycine, and
lysed in cold lysis buffer (0.2% SDS, 10mM Tris-HCl [pH 8.0], 1mM
EDTA, and 0.5mM EGTA). The chromatin was sheared in a range
between 100–500bp by sonication and diluted in ChIP dilution buffer
(0.01% SDS, 167mMNaCl, 16.7mMTris-HCl [pH 8.1], 1.1% Triton X-100,
and 1.2mM EDTA), and then subjected to immunoprecipitation by
magnetic proteinGbeads (Invitrogen) conjugatedwith anAR antibody
(Abcam, ab74272), SP1 antibody (Novus, NB600-233), or normal IgG
(Cell Signaling) at 4 °C for 4 h. Crosslinks were reversed, and then
chromatin DNA fragments were analyzed by real-time qPCR with
specific primers (Supplementary Table 2).

Conditional medium (CM) preparation
Following cell dissociation, mGFP+ cells were sorted and seeded in
DMEM/Ham’s F-12 50/50 Mix (DMEM/F12, Corning) supplemented
with 10% FBS, 10 nM dihydrotestosterone (DHT, Sigma) and 10μM
Y-27632 (StemCell Technologies). After 12 h, culture media was then
replacedwith serum-freemedia afterwashingwith PBS. Themediawas
collected after 24 h for IGF1 concentration measurement and for
treatment to organoids. IGF1 levelsweremeasured in the above serum-
free conditioned media using a Mouse/Rat IGF-1/IGF-1 Quantikine
ELISA kit (R&D Systems). The samples were collected from two bio-
logically different mice and measured in duplicate and tested and
calculated following the manufacturer’s protocol.

Organoid culture
Following cell dissociation, cells were incubated in DMEM/
F12 supplemented with 10% FBS and 10 nM DHT at 37 °C for 3 h. Basal
epithelial cells (CD49fhigh) were collected from suspended media, and
approximately 2,000 cells per well were seeded in 20μL of Matrigel
(BD Biosciences) onto 24-well plates. Cells were cultured in serum-free
DMEM/F12 containing 1× B27 (Life Technologies), 1.25 mM
N-acetylcysteine (Sigma), 10 ng/mL EGF (PeproTech), 0.1μg/mL Nog-
gin (PeproTech), 0.1μg/mL R-spondin1 (R&D Systems), 0.25μM A83-
01 (R&D Systems), 100μM Y-27632, and 1 nM DHT54. After incubation
for six days, organoids were treated with vehicle, 0.5% dimethyl sulf-
oxide (Sigma), 100 ng/mL insulin-like growth factor 1 (IGF1, R&D Sys-
tems), 100 ng/mL IGF1 + 1μg/mL insulin-like growth factor binding
protein 3 (IGFBP3, R&DSystems), IGF1 plusWnt inhibitor ICG-001 5μM
(HY-14428, MedChem Express), IGF1 plus Wnt inhibitor iCRT3 5μM
(HY-103705, MedChem Express), Hi-Myc:R26mTmG/+:Gli1CreER/+ CM only,
Hi-Myc:R26mTmG/+:Gli1CreER/+ CM+ IGFBP3 1μg/mL, or Hi-Myc:R26mTmG/+:
ArL/Y:Gli1CreER/+ CM only twice for four days and were fixed in 10%
neutral-buffered formalin. Fixed cells were subjected to embedding
into Histogel (Fisher Scientific) followed by paraffin embedding for
histological analysis. All experiments were repeated three times in
triplicates using three different mice. Organoid forming efficiency was
determined by quantification of the percentage of organoid structure
above 50μm diameter per total cells seeded at day 0 in a well. The
individual organoid size was quantified with the Image J (NIH) using at
least90organoids per group. All experimentswere replicatedwith two
different mice in triplicate.

Microscope image acquisition
H&E and IHC images were acquired on an Axio Lab A1 microscope
using 10×, 20× and 40× Zeiss A-Plan objectives and captured using a
Canon EOS 1000D camera and AxioVision software (Carl Zeiss,

AxioVision Rel. 4.8 Ink.). Images of IF staining and organoids were
taken using a Nikon ECLIPSE E800 epifluorescence microscope using
×5, ×20, and ×40 Nikon Plan Fluor objectives using a QImaging RETGA
EXi camera and QCapture software (QImaging).

Statistics and reproducibility
Data are presented as themean values ± SD for the indicated number
of independently performed experiments. The significance of the
differences between data (*p < 0.05, **p < 0.01) was measured using
two-sided t test. Adjusted p values were corrected for multiple test-
ing using Benjamini–Hochberg’s procedure. Differentially expressed
gene (DEG) lists were determined using a Wilcoxon Rank Sum test,
with genes showing adjusted p value < 0.05 defined to be significant.
Spearman’s correlation coefficient > 0.3 and p value < 0.05 were
considered to indicate statistical significance. Enrichment scores (ES)
for each gene set in the ranked list of genes were calculated by a
running-sum statistic using GSEA. Nominal p values of ES were esti-
mated using an empirical phenotype-based permutation test and
corrected for multiple hypothesis testing using FDR. As recom-
mended by the GSEA User Guide, pathways with FDR < 0.25
were considered significant in exploratory GSEA pathway analysis.
All representative images with consistent results from at least three
biological replicates are shown.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Raw data of single-cell RNA sequencing have been deposited in Gene
Expression Omnibus (GEO) under accession number GSE174471.
Human data and datasets were obtained from TCGA database, cBio-
portal, and from GSE 197780 dataset from GEO as detailed in the
“Methods” section. Source data are provided with this paper.

Code availability
The bioinformatics analyses were conducted using open-source soft-
ware, including Cell Ranger version 3.1.0, Seurat version 3.2.120, R
version 4.2.1, GSEA version 4.1.0. R scripts used to process sequencing
data are available in “GitHub repository [https://github.com/wk-kim/
HiMYC-ARKO-Gli1_Stromal_AR_Prostate_Tumorigenesis]”55.

References
1. Toivanen, R. & Shen, M. M. Prostate organogenesis: tissue induc-

tion, hormonal regulation and cell type specification. Dev. (Camb.,
Engl.) 144, 1382–1398 (2017).

2. Culig, Z., Klocker, H., Bartsch, G., Steiner, H. & Hobisch, A.
Androgen receptors in prostate cancer. J. Urol. 170, 1363–1369
(2003).

3. Gelmann, E. P. Molecular biology of the androgen receptor. J. Clin.
Oncol. 20, 3001–3015 (2002).

4. Abida, W. et al. Genomic correlates of clinical outcome in
advanced prostate cancer. Proc. Natl Acad. Sci. USA 116,
11428–11436 (2019).

5. Robinson, D. et al. Integrative clinical genomics of advanced
prostate cancer. Cell 161, 1215–1228 (2015).

6. Wu, H. C. et al. Derivation of androgen-independent human LNCaP
prostatic cancer cell sublines: role of bone stromal cells. Int. J.
Cancer 57, 406–412 (1994).

7. Olumi, A. F. et al. Carcinoma-associated fibroblasts direct tumor
progression of initiated human prostatic epithelium. Cancer Res.
59, 5002–5011 (1999).

8. Placencio, V. R. et al. Stromal transforming growth factor-beta
signaling mediates prostatic response to androgen ablation by
paracrine Wnt activity. Cancer Res. 68, 4709–4718 (2008).

Article https://doi.org/10.1038/s41467-022-34282-w

Nature Communications |         (2022) 13:6552 13

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174471
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197780
https://github.com/wk-kim/HiMYC-ARKO-Gli1_Stromal_AR_Prostate_Tumorigenesis
https://github.com/wk-kim/HiMYC-ARKO-Gli1_Stromal_AR_Prostate_Tumorigenesis


9. Levesque C., Nelson P. S. Cellular constituents of the prostate
stroma: key contributors to prostate cancer progression and
therapy resistance. Cold Spring Harb. Perspect. Med. 8,
a030510 (2018).

10. Franco, O. E. & Hayward, S. W. Targeting the tumor stroma as a
novel therapeutic approach for prostate cancer. Adv. Pharmacol.
65, 267–313 (2012).

11. Ricke, E. A. et al. Androgen hormone action in prostatic carcino-
genesis: stromal androgen receptors mediate prostate cancer pro-
gression, malignant transformation and metastasis. Carcinogenesis
33, 1391–1398 (2012).

12. Singh,M. et al. Stromal androgen receptor in prostate development
and cancer. Am. J. Pathol. 184, 2598–2607 (2014).

13. Vickman, R. E. et al. The role of the androgen receptor in prostate
development and benign prostatic hyperplasia: a review. Asian J.
Urol. 7, 191–202 (2020).

14. Le, V. et al. Loss of androgen signaling in mesenchymal sonic
hedgehog responsive cells diminishes prostate development,
growth, and regeneration. PLoS Genet. 16, e1008588 (2020).

15. Cunha, G. R. & Chung, L. W. Stromal-epithelial interactions–I.
Induction of prostatic phenotype in urothelium of testicular fem-
inized (Tfm/y) mice. J. Steroid Biochem. 14, 1317–1324 (1981).

16. Ittmann, M. et al. Animal models of human prostate cancer: the
consensus report of the New York meeting of the Mouse Models
of Human Cancers Consortium Prostate Pathology Committee.
Cancer Res. 73, 2718–2736 (2013).

17. Wang, S. et al. Pten deletion leads to the expansion of a prostatic
stem/progenitor cell subpopulation and tumor initiation. Proc. Natl
Acad. Sci. USA 103, 1480–1485 (2006).

18. Ellwood-Yen, K. et al. Myc-driven murine prostate cancer shares
molecular features with human prostate tumors. Cancer Cell 4,
223–238 (2003).

19. Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. A global
double-fluorescent Cre reporter mouse. Genesis 45,
593–605 (2007).

20. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177, 1888–1902.e1821 (2019).

21. Kwon, O. J. et al. Functional heterogeneity of mouse prostate
stromal cells revealed by single-cell RNA-seq. iScience 13,
328–338 (2019).

22. Joseph,D. B. et al. Urethral luminal epithelia arecastration-insensitive
cells of the proximal prostate. Prostate 80, 872–884 (2020).

23. Toivanen, R., Mohan, A. & Shen, M. M. Basal progenitors contribute
to repair of the prostate epithelium following induced luminal
anoikis. Stem Cell Rep. 6, 660–667 (2016).

24. Lee D. H., et al. Androgen action in cell fate and communication
during prostate development at single-cell resolution. Develop-
ment 148, dev196048 (2021).

25. Ousset, M. et al. Multipotent and unipotent progenitors contribute
to prostate postnatal development. Nat. Cell Biol. 14,
1131–1138 (2012).

26. Saha, A., Blando, J., Fernandez, I., Kiguchi, K. & DiGiovanni, J. Linneg
Sca-1highCD49fhigh prostate cancer cells derived from theHi-Myc
mouse model are tumor-initiating cells with basal-epithelial char-
acteristics and differentiation potential in vitro and in vivo. Onco-
target 7, 25194–25207 (2016).

27. Biernacka, K. M., Perks, C. M. & Holly, J. M. Role of the IGF axis in
prostate cancer.Minerva Endocrinol. 37, 173–185 (2012).

28. Verras, M. & Sun, Z. Roles and regulation ofWnt signaling and beta-
catenin in prostate cancer. Cancer Lett. 237, 22–32 (2006).

29. Playford, M. P., Bicknell, D., Bodmer, W. F. & Macaulay, V. M.
Insulin-like growth factor 1 regulates the location, stability, and
transcriptional activity of beta-catenin. Proc. Natl Acad. Sci. USA
97, 12103–12108 (2000).

30. Chen, J. et al. Functional significance of type 1 insulin-like growth
factor-mediated nuclear translocation of the insulin receptor
substrate-1 and beta-catenin. J. Biol. Chem. 280,
29912–29920 (2005).

31. Kim, W. K. et al. Aberrant androgen action in prostatic progenitor
cells induces oncogenesis and tumor development through IGF1
and Wnt axes. Nat. Commun. 13, 4364 (2022).

32. Sharma, M., Chuang,W.W. & Sun, Z. Phosphatidylinositol 3-kinase/
Akt stimulates androgen pathway through GSK3beta inhibition and
nuclear beta-catenin accumulation. J. Biol. Chem. 277,
30935–30941 (2002).

33. Sasaki, T., Franco, O. E. & Hayward, S. W. Interaction of prostate
carcinoma-associated fibroblasts with human epithelial cell lines
in vivo. Differentiation 96, 40–48 (2017).

34. Baxter, R. C. IGF binding proteins in cancer: mechanistic and clin-
ical insights. Nat. Rev. Cancer 14, 329–341 (2014).

35. Choi, H. S., Lee, J. H., Park, J. G. & Lee, Y. I. Trichostatin A, a histone
deacetylase inhibitor, activates the IGFBP-3 promoter by upregu-
lating Sp1 activity in hepatoma cells: alteration of the Sp1/Sp3/
HDAC1 multiprotein complex. Biochem. Biophys. Res Commun.
296, 1005–1012 (2002).

36. Curtin, D. et al. Androgen suppression of GnRH-stimulated rat
LHbeta gene transcription occurs through Sp1 sites in the distal
GnRH-responsive promoter region. Mol. Endocrinol. 15,
1906–1917 (2001).

37. Verras, M. et al. The androgen receptor negatively regulates the
expressionof c-Met: implications for a novelmechanismof prostate
cancer progression. Cancer Res. 67, 967–975 (2007).

38. Wyce, A., Bai, Y., Nagpal, S. & Thompson, C. C. Research resource:
the androgen receptor modulates expression of genes with critical
roles in muscle development and function. Mol. Endocrinol. 24,
1665–1674 (2010).

39. Karthaus, W. R. et al. Identification of multipotent luminal pro-
genitor cells in human prostate organoid cultures. Cell 159,
163–175 (2014).

40. Lawson,D. A., Xin, L., Lukacs, R. U., Cheng,D. &Witte,O.N. Isolation
and functional characterization of murine prostate stem cells. Proc.
Natl Acad. Sci. USA 104, 181–186 (2007).

41. Eguchi, M., Nguyen, C., Lee, S. C. & Kahn, M. ICG-001, a novel small
molecule regulator of TCF/beta-catenin transcription. Med. Chem.
1, 467–472 (2005).

42. Lee, E. et al. Inhibition of androgen receptor and beta-catenin
activity in prostate cancer. Proc. Natl Acad. Sci. USA 110,
15710–15715 (2013).

43. Zhang, D. et al. Stem cell and neurogenic gene-expression profiles
link prostate basal cells to aggressive prostate cancer. Nat. Com-
mun. 7, 10798 (2016).

44. Kyprianou, N. & Isaacs, J. T. Activation of programmed cell death in
the rat ventral prostate after castration. Endocrinology 122,
552–562 (1988).

45. Abate-Shen, C. & Shen, M. M. Molecular genetics of prostate can-
cer. Genes Dev. 14, 2410–2434 (2000).

46. DiGiovanni, J. et al. Deregulated expression of insulin-like growth
factor 1 in prostateepithelium leads to neoplasia in transgenicmice.
Proc. Natl Acad. Sci. USA 97, 3455–3460 (2000).

47. Verras, M. & Sun, Z. Beta-catenin is involved in insulin-like growth
factor 1-mediated transactivation of the androgen receptor. Mol.
Endocrinol. 19, 391–398 (2005).

48. Zhang, Z. et al. Tumor microenvironment-derived NRG1 promotes
antiandrogen resistance in prostate cancer. Cancer Cell 38,
279–296.e279 (2020).

49. Goldman, M. J. et al. Visualizing and interpreting cancer
genomics data via the Xena platform. Nat. Biotechnol. 38,
675–678 (2020).

Article https://doi.org/10.1038/s41467-022-34282-w

Nature Communications |         (2022) 13:6552 14



50. Harada, N. et al. Intestinal polyposis in mice with a dominant stable
mutation of the beta-catenin gene. EMBO J. 18, 5931–5942 (1999).

51. Wang, S. et al. Prostate-specific deletion of the murine Pten tumor
suppressor gene leads tometastatic prostatecancer.CancerCell4,
209–221 (2003).

52. De Gendt, K. et al. A Sertoli cell-selective knockout of the androgen
receptor causes spermatogenic arrest in meiosis. Proc. Natl Acad.
Sci. USA 101, 1327–1332 (2004).

53. Zhang, G., Gurtu, V. & Kain, S. R. An enhanced green fluorescent
protein allows sensitive detection of gene transfer in mammalian
cells. Biochem. Biophys. Res Commun. 227, 707–711 (1996).

54. Drost, J. et al. Organoid culture systems for prostate epithelial and
cancer tissue. Nat. Protoc. 11, 347–358 (2016).

55. Hiroto, et al. Stromal tumor niche drives prostatic basal epithelial
progenitor-mediated oncogenesis. Zenodo 10, 69–76 (2022).

Acknowledgements
This work was supported by NIH grants R01CA070297, R01CA166894,
R01DK104941, and R01CA233664.

Author contributions
A.H., W.K.K., and Z.S. conceived the project and designed the experi-
ments. Y.H., A.H., A.P., W.K.K., D.H.L., C.H.N., A.J.B., and A.W.O. gener-
ated mouse colonies and performed genotyping and tissue collection
experiments. A.H.,W.K.K., Y.H., A.P., D.H.L., V.L., J.A., andZ.S. performed
related mouse works and collected RNA, DNA, and single-cell samples
for the analyses. A.H., W.K.K., A.P., and A.W.O. performed sequence
experiments and analyzed sequencingdata. A.H.,W.K.K., D.H.L., G-Q. X.,
J.G., and Z.S. conducted ex vivo and in vivo experiments and performed
staining and analyses. All authors were involved in analyses and con-
firmed data. A.H., W.K.K, A.W.O., and Z.S. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34282-w.

Correspondence and requests for materials should be addressed to
Zijie Sun.

Peer review information Nature Communications thanks Ping Mu, Alejo
Rodriguez-Fraticelli, and the other, anonymous, reviewer(S) for their
contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34282-w

Nature Communications |         (2022) 13:6552 15

https://doi.org/10.1038/s41467-022-34282-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Stromal androgen signaling acts as tumor niches to drive prostatic basal epithelial progenitor-initiated oncogenesis
	Results
	Loss of stromal AR in Gli1-lineage cells diminishes prostatic epithelial oncogenesis
	Deletion of stromal AR in Gli1-lineage cells impairs prostatic epithelial oncogenesis and tumor development
	Deletion of AR in stromal Gli1-lineage cells impairs prostatic basal epithelial cell-mediated oncogenesis
	Deletion of AR in stromal Gli1-lineage cells impedes IGF1-induced Wnt/β-catenin activation in prostatic basal epithelia
	Deletion of AR expression induces robust IGFBP3 expression in stromal Gli1-lineage cells
	Stromal AR in Gli1-lineage cells represses Sp1-mediated Igfbp3 expression
	Stromal AR in Gli1-lineage FB converts the cellular properties of CAF
	IGFBP3 represses IGF1/IGF1R signaling-induced prostate epithelial cell growth
	Stromal AR promotes prostatic basal epithelial oncogenesis through the IGFBP3-IGF1/IGF1R and Wnt/β-catenin regulatory loop

	Discussion
	Methods
	Ethics statement
	Human subjects and clinical data
	Mouse generation and experiments
	Pathological analyses and immunostaining
	Preparation of dissociated prostate cells
	Library preparation and single-cell RNA sequencing
	Cell sorting
	RNA extraction and qRT-PCR
	Chromatin immunoprecipitation (ChIP)-qPCR
	Conditional medium (CM) preparation
	Organoid culture
	Microscope image acquisition
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




