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Prostate epithelium develops from multipotent stem cells, which are

replaced in adult life by different lineage-restricted basal and luminal
unipotent stem cells. Deletion of Pten re-induces multipotency in basal

cells (BCs); however, the molecular mechanisms regulating BC plasticity
and tumor initiation are poorly understood. Here we showed that Pten
deletionin BCsled to distinct cell fate reprogramming and tumor initiation
inaregionalized manner. Single-cell RNA sequencing, ATAC-seq and in situ
characterization revealed that following Pten deletion in anterior and
dorsolateral prostates, BCs were highly plasticand reprogrammedintoa
hillock-like state, progressing into a proximal-like luminal state before giving
rise to invasive tumors. This BC reprogramming was associated with the
activation of innate immunity. Pharmacological targeting of interleukin-1,
JAK-STAT and NF-kB as well as genetic deletion of Nfkb inhibit Pten-induced
cell plasticity and reprogramming in a cellular autonomous manner,
opening new opportunities for prevention and treatment of prostate cancer.

The prostate epithelium is composed of basal cells (BCs), luminal
cells (LCs) and rare neuroendocrine cells'. It develops from multipo-
tent basal stem cells (SCs), which are largely replaced in adult life by
distinct pools of unipotent basal and luminal stem cells®°. Adult uni-
potentbasal SCs can reactivate multipotency in response to prostate
inflammation, LC ablation and oncogenic mutations* . The mouse
prostate epitheliumis composed by three lobes: the anterior prostate
(AP), the dorsolateral prostate (DLP) and the ventral prostate (VP).
These different prostate regions expressed different transcriptional
program and are maintained by their own pool of progenitors®2.
The proximal prostate at the junction with the urethrais sustained by
Trop2/Krt4 expressing LCs whereas the distal prostate is sustained by
LC expressing Nkx3.1 (ref. 9-13).

Prostate cancer is one of the most frequent cancers and the
second-highest cause of death in men'*", Most prostate tumors are
acinar adenocarcinoma-expressing androgen receptor (AR)". The
most frequently mutated genes in prostate cancer consist of differ-
ent gene fusions activating ETS transcription factors and deletion
of the tumor suppressor gene Pten**". Pten deletion in mouse pros-
tate leads to similar tumors as found in human and that progress
from prostate intraepithelial neoplasia lesions (PINs) into invasive
adenocarcinoma*®"", Genetic lineage tracing and transplantation
experiments have demonstrated that both BCs and LCs can serve as
the cell of origin of prostate cancer* **'®?', Conflicting findings have
been reported as to whether BCs or LCs lead to the most aggressive
prostate tumors*®; however, how the spatially distinct prostate SC
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statesidentified by single-cell RNA sequencing (scRNA-seq) contribute
to prostate tumor initiation is currently unknown. Transplantation
experiments have shown the greater potential of BCs over LCs to serve
asthe cells of origin of prostate cancer'®?, Pten deletionin BCs giverise
toLCsbefore progressing into prostate cancer* ®. The mechanisms by
which Pten deletion activates cell plasticity in BCs and consequently
lead to tumor initiation is not well understood.

In this study, we combined mouse genetic lineage tracing,
single-cell transcriptional, chromatin profiling and functional experi-
mentsinmiceinvivoandinorganoidsin vitrotoinvestigate the impor-
tance of the cells of origin in controlling tumor heterogeneity and the
mechanisms regulating oncogene-induced SC plasticity and transcrip-
tional reprogramming during prostate tumor initiation.

Results

Region-dependent BC plasticity and tumor progression

To define the mechanisms regulating basal to luminal transition upon
Pten deletion in BCs, we first assessed the temporal kinetics of LC
appearance, by monitoring with flow cytometry (FACS), the propor-
tion of yellow fluorescent protein (YFP)* BCs (CD49f"€"EpCAM") and
LCs (CD49f***EpCAM"*)** following tamoxifen (TAM) administration to
K5CreER/Pten™/RosaYFP mice (Fig. 1a) in the different prostate lobes.
At1week following TAM administration, only BCs were YFP*, demon-
strating the specific targeting of BCs by the K5CreER. The first YFP* LCs
appeared between 4-6 weeks and gradually increased over time. This
cell fate switch occurred more rapidly in the AP and DLP compared
to VP (Fig. 1a-d and Extended Data Fig. 1a-e). Immunofluorescence
of prostate with basal (K14) and luminal (K8) markers demonstrated
the presence of large patches of YFP* LCs and the existence of basal/
luminal hybrid cells coexpressing basal and luminal markers within
the same cells, supporting the notion that basal to luminal transition
passes through a hybrid state (Fig. 1e,f). 5-ethynyl-2’-deoxyuridine
(EdU) pulse-chase experiments following Pten deletion in BCs showed
that symmetric BC division (BC-BC EdU doublets) and asymmetric
BCdivision (BC-LC EdU doublets) occurred with the same frequency,
suggesting that BCs balance self-renewal and LC differentiation upon
Pten deletion (Extended Data Fig. 1f,g). Histological characteriza-
tion of tumor initiation showed that the first signs of high-grade PINs
(HGPINs) occurred concomitantly to the hybrid state and basal to
luminal transition and the first signs of invasive adenocarcinoma
(ADC) transition were visible at 12 weeks following Pten deletionin
AP and DLP (Fig.1g,h). In contrast, at the same time point, only atypi-
calintraductal cribriform proliferations of the prostate (AIP) and
focalintraductal carcinoma of prostate (IDC-P) with no invasive ADC
were observed in the VP, suggesting that tumor progression occurs
more slowly in VP compared to DLP and AP upon Pten deletionin BC
(Fig.1g,h). At 6 months, invasive ADC showed a more homogeneous
patternin AP and DLP, whereas in VP foci of invasive ADC alternate
with HGPIN, AIP and IDC-P lesions (Fig. 1g,h), further showing the

delay in tumor progression in BC-derived tumorigenic lesions in the
VP compared to the DLP and AP.

RNA-seq of FACS-isolated LCs of different lobes at 6 months fol-
lowing Pten deletion in BC showed a strong upregulation of collagen,
extracellular matrix (ECM), metalloprotease and innate immunity/
inflammatory signaling pathways including many chemokines and
cytokines inthe AP/DLP compared to the VP in BC-derived LC tumors
(Fig. 1i,j). In situ characterization of the tumors showed a major dif-
ference in the stromal composition across the different lobes with a
much stronger inflammatory/immune and fibroblastic/desmoplastic
infiltration as well as collagen (Collal) deposition in the AP/DLP com-
paredto the VP (Fig. 1k-n).

Of note, deletion of Pten in LC using K8CreER/Pten™"/RosaYFP
mice did not promote luminal SC plasticity and multipotency (Fig.2a-d
and Extended Data Fig. 1h,i). In AP and DLP, tumor progression was
slowerinLCs derived tumors compared to BC-derived tumors as shown
by the absence of high-grade lesions in K8CreER/Pten mice at 6-8
weeks and the paucity of florid IDC-P at 12 weeks. In contrast, tumors
progressed faster following Pten deletion in LCs compared to BCs in
the VP (Fig. 2e,f).

To understand the reasons for the difference in tumor progres-
sionin BC-and LC-derived tumors in AP/DLP, we performed RNA-seq
of FACS-isolated LCs at 6 months following Pten deletion in BCs or in
LCs (Fig.2g). Of note, we observed astrong decrease in collagen, ECM,
cellcycle andinnateimmunity/inflammatory signaling pathwaysin AP/
DLP tumors originating from LCs as compared to BCs (Fig. 2h,i). The
difference in gene expression between BC- and LC-derived tumors in
AP/DLP was associated witha decrease in stromalinfiltration, collagen
depositionand Ly6G* myeloid cell recruitment with decrease in tumor
cell proliferation (Fig. 2j-o).

Altogether these data indicate that the cells of origin of prostate
tumors control SC plasticity and tumor progression upon Pten deletion.

Combined oncogenic hits increase BC plasticity
Activating mutationsin PIK3CA have been found in human prostate can-
cersand Pten deletiontogether with oncogenic Pik3ca expressionaccel-
erate prostate cancer formationin mice”. To assess whether increasing
the strength of PI3K signaling accelerates basal to luminal transition,
we generated adouble-mutant mouse expressing Pik3ca"'**"® together
with Pten deletion (K5CreER/Pten™"/Pik3ca™*®/RosaYFP) (Fig. 3a).
We found that basal to luminal transition was dramatically accelerated
in these double-mutant mice (Fig. 3b-d). Immunostaining analysis
revealed the presence of large patches of YFP* LCs and hybrid BC/LCs
at3 weeks following TAM administrationin AP and DLP (Fig. 3e,f). This
major acceleration in basal to luminal transition was accompanied by
adramatic acceleration of tumorigenesis in DLP and AP (Fig. 3g,h).
Deletion of Trp53 and Pten is found in human prostate cancers
and accelerate prostate tumorigenesis in mice?*”. The co-deletion of
Trp53and Ptenin BC and LC using Probasin-Cre led to the occurrence of

Fig.1| Pten deletion induced BC plasticity and tumor initiationin a cell of
origin and region-specific manners. a, Genetic strategy to lineage trace BC
following Pten deletion. b,c, Representative FACS plot of CD49fand EpCAM
expression in YFP* prostate epithelial cells from K5CreER/Pten™/RosaYFP
mice (K5-PTEN) (b) and quantification of the % of YFP* LCs in total YFP* cells

(c) atindicated time after TAM administration. n = 3 mice (1w, 4w, 7w, 8w and
20w), n =4 mice (6w and 12w). d, Quantification of the % of YFP* BCs and LCs
intotal BCs and LCs in K5-PTEN mice. n = 6 mice (1w), n =9 mice (6-8w).e,f,
Representative images of immunostaining (e) and quantification of the % of
YFP'K14"in total K14 cells, hybrid cells in total YFP* cells, YFP*K8" in total K8"
cells (f) using indicated antibodies. Arrows indicate hybrid cells (YFP*K14'K8").
Scale bar, 50 pm (up), 10 pm (down). n = 3 mice. g,h, H&E-stained histological
sections (g) and quantification of different types of tumorigenic lesions (h) along
prostate tumor progression in KSCreER/RosaYFP (CTL) and K5-PTEN mice at 8
weeks and at indicated time after TAM administration, respectively. Scale bar,

50 pm. Arrows indicate HGPIN, and arrowheads indicate invasive ADC. Number
of mice (n) isindicated. i, GO analysis of genes upregulated by more than twofold
in FACS-isolated YFP* LCs arising from Pten-deleted BCs from AP/DLP compared
to VP in K5-PTEN mice 6 months following TAM administration. j, Relative mRNA
expression from bulk RNA-seq of FACS-isolated LCs from AP/DLP versus VP (n=3
for AP/DLP, n =2 for VP).k,I, H&E-stained (up) and Collal immunostaining (down,
red) (k) and quantification stromal histological appearance (I). S, stromaregion.
Scale bar, 50 pm. Number of mice (n) is indicated. m,n, Representative images

of immunostaining of the prostate stroma using anti-green fluorescent protein
(GFP) (green), anti-CD45 (red) (m) and quantification of CD45-positive cells
(n)ina0.1-mm?prostate section area. Scale bar, 20 um. n = 5mice. Graphs are
mean + s.e.m. Pvalues are derived from two-tailed modified Fisher’s exact test
with Benjamini-Hochberg correction (i), two-way (d) and one-way (n) ANOVA
with Tukey’s test.
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Fig.2 | Pten deletionin LCs does not promote multipotency and is associated
with slower tumor progression in AP/DLP compared to BC-derived tumors.
a,b, Representative FACS plot of CD49f and EpCAM expressionin YFP* prostate
epithelial cells from K8-PTEN mice (a) and quantification of the % of YFP* BCs
and LCsintotal YFP* cells (b) atindicated times after TAM administration.n=3
mice. ¢,d, Representative prostate immunostaining (c) and quantification of the
% of YFP*K14" in total K14 cells, and YFP'K8" in total K8" cells (d) from K8-PTEN
mice 4 weeks after TAM administration using the indicated antibodies. Scale bar,
50 pm. n =2 mice. e,f, H&E-stained histological sections (e) and quantification
of different types of tumorigenic lesions along prostate tumor progression

(). Scale bar, 50 pm. Arrows indicate HGPIN, and arrowheads indicate invasive
ADC. Number of mice (n) is indicated. g, FACS-isolated of YFP* LC tumors in
AP/DLP from BC- and LC-derived tumors 6 months after TAM administration.

h, GO term of genes upregulated more than twofold in FACS-isolated YFP* LCs
arising from BC versus LC derived tumors in AP/DLP. i, Relative mRNA expression

from bulk RNA-seq of FACS-isolated YFP* LCs arising from BC versus LC derived
tumorsin AP/DLP. n =3 mice.j,k, H&E-stained (up) and Collalimmunostaining
(down, red) (§) and quantification of stromal histological appearance from BC-
and LC-derived AP tumors (k) 6 months after TAM administration. Scale bar,

50 um. S, stroma region. Number of mice (n) isindicated. I, m, Representative
immunostaining of the myeloid infiltration (I) and quantification of Ly6G-
positive cells (m) from BC- and LC-derived AP tumors 6 months after TAM
administration using anti-GFP and anti-Ly6G antibodies. Scale bar, 50 pm.n=3
mice. n,0,Immunostaining of EdU and GFP (n) and quantification of EdU-positive
cells (0) in YFP* cells from control, BC- and LC-derived AP/DLP tumors 3 months
after TAM administration 24 h following EdU injection. Scale bar,20 ym.n=3
mice. Graphs show mean * s.e.m. Pvalues are derived from two-tailed modified
Fisher’s exact test with Benjamini-Hochberg correction (h), two-sided unpaired
t-test (m) and one-way ANOVA with Tukey’s test (o).

hybrid BCs and LCs found mainly in early PIN lesions and progression
of tumors with epithelial-mesenchymal transition features®. Trp53
deletiontogether with Pten deletion greatly accelerated BC plasticity
and the differentiation of BCinto LCs in the DLP and AP and not in the
VP (Fig. 3i-1). Immunostaining analysis showed the presence of large
patches of YFP+ LCs and hybrid BC/LCs at 4 weeks following TAM
administrationin AP and DLP (Fig.3m,n).

These two mouse models exhibited severe hyperplasticgrowthinthe
facialskinandeyelids, leading to poor general health that required termi-
nation of the experiments 6 weeks after TAM administration, preventing
studying the long-term consequence of these double-mutant mice.

To exclude that the phenotypes observed using K5CreER was
not due to a noncellular mechanism related to the expression of the
K5CreER in other epithelia such as the skin and the esophagus, we
performed co-deletion of Pten/Pik3ca and Pten/Trp53 using intrapro-
static injection of adenovirus expressing Cre under the K5 promoter
(AdeK5Cre) in Pten"/Pik3ca™°*®/RosaYFP and Pten""/P53"1/RosaYFP
mice. Immunostaining revealed that 1 week after intraprostatic injec-
tion of AdeK5Cre only BCs were YFP labeled, showing the specificity of
theinitial BC targeting by the adenovirus-Cre (Fig.30,p). Two months
following oncogenic recombination in BCs, BCs massively differenti-
ated into LCs with the presence of basal/luminal hybrid cells in both
mouse models (Fig. 3q-t), demonstrating that prostate SC plasticity
is not mediated by inflammationinduced in other organs targeted by
the K5CreER.

Altogether, these results demonstrate that BC plasticity and the
generation of hybrid cells following oncogenic hits in prostate BCs
is associated with tumorigenesis in a region-specific and oncogenic
dosage-dependent manner.

mTOR inhibition blocks BC plasticity and tumor initiation

Pten deletion and oncogenic Pik3ca have been shown to activate Akt,
whichin turnactivates mTOR signaling”. Inhibition of Akt and mTOR
signaling has been used in combination with anti-androgen therapy

to treat castration-resistant prostate cancer in preclinical models”?%;
however, the role of mTOR signaling in the regulation of cell plasticity
and the activation of BC multipotency and prostate tumor initiation is
currently unknown. To assess whether mTOR signaling canregulate BC
multipotency and the early step of prostate tumor initiation, we treated
K5CreER/Pten™?/RosaYFP mice with rapamycin, the first developed
mTOR inhibitor®, after oncogenic recombination and assessed basal
to luminal transition 6 weeks after TAM administration. Rapamycin
administration dramatically decreased the proportion of YFP*LCs aris-
ing from the differentiation of BCs following Pten deletion (Extended
DataFig.2a-c). Rapamycin treatment also strongly inhibited BC multi-
potency, basal-luminal hybrid state and the differentiation of BCsinto
LCs following combined Pten deletion and Pik3ca activation (Extended
Data Fig. 2d-f).

Notably, the stronginhibition of BC multipotency following Pten
deletion was accompanied by a major reduction in tumorigenesis
(Extended Data Fig. 2g,h). Altogether, these results show that mTOR
signaling is critical for the activation of BC multipotency following
oncogenic hitsand inhibition of mTOR signaling by rapamycin blocks
the early step of prostate tumor initiation.

Regionalization of BC reprogramming upon Pten deletion

To decipher the molecular mechanisms associated with the basal to
luminal transition that accompanies prostate tumorigenesis, we per-
formed scRNA-seq of FACS-isolated epithelial cells 6 weeks following
Pten deletion in K5CreER/Pten™"/RosaYFP. Unsupervised clustering
of wild-type (WT) prostate epithelial cells showed the presence of well
separated BC and LC clusters (Fig. 4a), corresponding to the differ-
ent prostate lobes (dorsal, lateral and ventral) and different regions
within the prostate (proximal and distal), the anterior and dorsal distal
lobes give rise to one cluster called anterodorsal (AD), whereas the
proximal, lateral and ventral lobes give rise to three additional clus-
ters as previously reported (Extended Data Fig. 3a-g)°". In contrast,
upon Pten deletion, we found a continuum of cells between the BC

Fig. 3| Pten Deletion together with oncogenic Pik3ca expression or p53
deletion accelerate BC plasticity. a, Genetic strategy to lineage trace BC with
Pten deletion and oncogenic Pik3ca expression. b-d, Representative FACS

plot of CD49f and EpCAM expression in YFP* prostate epithelial cells (b) and
quantification of the % of YFP* BCs (c) in total BCs and YFP*LCs (d) in total LCs in
K5-PTEN (n =3) and K5-PTEN-PIK mice (n = 5) 3 weeks after TAM administration.
e f, Representative prostate immunostainings of K5-PTEN-PIK 3W mice (e) and
quantification of the % of hybrid cells in total YFP* cells, YFP'K8" in total K8 cells
(f) using indicated antibodies. Arrows indicate hybrid cells (YFP*K14"K8"). Scale
bar, 50 pm (up), 20 pm (down). n =3 mice. g,h, H&E-stained histological sections
(g) and quantification of different types of tumorigenic lesions (h) along prostate
tumor progression. Scale bar, 50 pm. n =5 mice. i, Genetic strategy to lineage
trace BC with Pten and p53 deletion. j-1, Representative FACS plot of CD49fand
EpCAM expression in YFP* prostate epithelial cells (j) and quantification of the

% of YFP*BCsin total BCs (k) and YFP* LCs (I) in total LCs in K5-PTEN (n =3) and
K5-PTEN-P53 mice (n = 5) 4 weeks after TAM administration. m,n, Representative
prostate immunostainings of K5-PTEN-P53 4w mice (m) and quantification of
the % of hybrid cells in total YFP* cells and YFP*K8" cells in total K8" cells (n) using
indicated antibodies. Arrows indicate hybrid cells. Scale bar, 20 pm. n = 3 mice.
o,p, Representative immunostaining 1 week after AdeK5Cre injection in AP (0)
and quantification of YFP'K14" and YFP*K8" (p) in total YFP* cells using anti-GFP,
anti-K8 and anti-K14 antibodies. Scale bar, 20 um. n = 3 mice. q-t, Representative
immunostaining of Pten™"/Pik3ca"°*’*/RosaYFP (q) and Pten™/P53"1/RosaYFP
mice (s) 2months after AdeK5Cre injection. Scale bar, 50 pm. Quantification of
the % of hybrid and YFP*K8" cells in total YFP* cells in Pten/Pik (n = 3) (r) and Pten/
P53 mice (t) (n =2). Graphs show mean * s.e.m. Pvalues are derived from two-way
(d,1) and one-way (f,n) ANOVA with Tukey’s test.
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Fig. 4 |Region-dependent BC reprograming following Pten deletion.

a,b, UMAP dimensionality reduction of scRNA-seq data shows unsupervised
clustering of FACS-isolated prostate epithelial cells from WT (CTL) (a) and YFP*
(b) epithelial cells from K5-PTEN 6w mice. Black arrows indicate two possible
trajectories of basal-to-luminal cell reprogramming. c-e, Expression of Krt13
(c),Agp3(d) and Krt4 (e) in CTL and K5-PTEN 6w. Color bar indicates gene
expression level. f, Slingshot pseudotime trajectory analysis illustrating the
lineage trajectory from BCs to proximal-like LCs. g-i, Quantitative assessment
of LC and BC marker gene expression for all clusters (g), hybrid BC proximal-like
(HY BC Prox) (h) and HY Nkx3.1 (i) in K5-PTEN 6w. Scatter-plot with the x axis
representing the adjusted proportion of BC-specific marker genes and the y axis
representing the adjusted proportion of LC-specific markers. j-0, Representative
immunostaining of the VP, DLP, AP proximal (AP prox) and AP distal of CTL and
K5-PTEN 6w using anti-GFP, anti-K13 (j), anti-Aqp3 (I) and anti-K4 (n) antibodies.

Scale bar, 50 pm. Quantification of the % of K13" cells (k), Aqp3* cells (m) and

K4* cells (o) in total YFP* cells in CTL and K5-PTEN 6w mice. n =3 mice. p, UMAP
plots colored by normalized gene expression values for Nkx3.1gene expression
in CTLand K5-PTEN 6w. Red outlines show BC expressing Nkx3.1in CTL, whereas
it highlights BCs expressing Nkx3.1that pass through a hybrid cluster and end in
ventral LCs in K5-PTEN 6w. q, Slingshot pseudotime trajectory analysis for the
trajectory from BCs to ventral LCs. r, Representative immunostaining of GFP,
Nkx3.1and K14 in VP, DLP, AP prox and AP distal of CTL and K5-PTEN prostate 6w
after Pten deletion. Scale bar, 20 um. s, Quantification of the % of Nkx3.1" cells in
total YFP* cells in CTL and K5-PTEN 6w mice. n =3 mice. t, Cell plasticity, lineage
infidelity and tumor progression following Pten deletion in BC occurs inaregion-
specific manner during the early stage of prostate cancer initiation. Graphs show
mean +s.e.m. Pvalues are derived from a two-way ANOVA with Tukey’s test.

clusters and LC clusters with a major expansion of the proliferative
BC cluster and the proximal prostate cluster (Fig. 4b and Extended
DataFig.3h-o0). Lineage trajectory analysis using Slingshot revealed
thatupon Pten deletion, there was a stepwise reprogramming of BCs
into hillock-like cells characterized by the expression of Krt13, previ-
ously described in the human healthy prostate and in human prostate
cancers®®'*, then hybrid BCs and proximal LCs (Ly6d and Krt6a) that
finally gave rise to proximal LCs (Krt4, Psca, Clu, Wfdc2, Pigr and Ltf)
(Fig. 4c-fand Extended DataFig. 3h-k). Analysis of the proportion of
expressed basal and luminal marker genes during the lineage trajec-
tory showed a progressive decrease of BC genes and a progressive
increase of LC genes along the differentiation pathway (Extended
Data Fig. 4a-d). By analyzing the proportion of BC and LC marker
expression across the different cluster cell populations®*, we found
that the hybrid cell cluster coexpressed a high proportion of basal
and luminal genes within the same cells, confirming their hybrid state
(Fig. 4g-i). To visualize the spatial localization of the hillock, hybrid
and proximal-like LC that appears following Pten deletion, Pten/p53
deletionand Pten/Pik3ca"'®*’®, we performed co-immunofluorescence
using representative markers of these three states: hillock (Krt14, Krt13
and Aqp3), hybrid (Krt14,Krt4 and Aqp3) and LC proximal state (Krt8,
Krt4 and Trop2) (Extended Data Fig. 4e-h). Of note, this first cellular
reprogramming into hillock and proximal-like states first occurred
inthe APand DLP and notin the VP and the spatial localization of the
different cell states identified by in situ characterization was consist-
ent with the pseudotime ordering predicted by the computational
lineage trajectory analysis (Fig. 4j-0).

We found asecond continuum of cells spanning from BCs express-
ing high levels of Nkx3.1 toward ventral LCs expressing Spink1, Sbp
or Shpl passing through a hybrid state, coexpressing both basal and
luminal markers (Fig. 4i,p and Extended DataFig. 3m). Slingshot lineage
trajectoryinferred asecond differentiation trajectory from BC express-
ing Nkx3.1toward VP LCs (Fig. 4q and Extended Data Fig. 5a-d). Insitu
characterization of this second lineage trajectory showed that this

cellular reprogramming and differentiation into Nkx3.1LCs occurred
inthe VP (Fig.4r,s). Asthese lesions progressed into adenocarcinoma,
Nkx3.1 was progressively lost (Extended Data Fig. 5e). Like the can-
cers arising from VP BCs, LCs did not give rise to hillock-like cells and
less Krt4 expressing proximal states following Pten deletion in LCs
(Extended Data Fig. 5f).

To gain furtherinsightsinto the molecular mechanisms that pro-
mote BC reprogramminginto the hillock-like/hybrid/proximal-like LC
differentiation path or BC Nkx3.1toward the ventral LC differentiation
path, we performed differential gene expression analysis between the
hybrid cells and the BCs or their respective LC population. Compared
to BCs, the hybrid basal/luminal proximal population expressed
higher levels of Krt4, Psca, Wfdc2 or Clu (Extended Data Fig. 5g), in
concordance with the high expression of these genes within the proxi-
mal prostate cluster’'®, When compared to the proximal LCs, this
hybrid cluster presented anincreased expression of many genes of the
BCidentity such as Krt5, Krti4,Krt15,Krt17 or Coll7al (Extended Data
Fig.5h). The overlapping upregulated genes, including Agp3, Ly6d and
Krtéa, exhibitadistinct hybrid gene signature (Extended Data Figs. 3k
and5g,h).Inthe other trajectory, when comparing the gene expression
ofthe hybrid Nkx3.1with BCs, we found a higher level of expression of
Clrb, Nkx3.1, Fgll and Tgm4 (Extended Data Fig. 5i). Conversely, when
compared to ventral LCs, this second hybrid population expressed
higher level of basal genes such as Krt14 or Krt5 (Extended Data Fig. 5j).
Altogether, these data show that the two different BC populations
targeted by Pten deletion will undergo distinct reprogramming, giving
risetotwo distinct lineage differentiation trajectories toward different
LClineages in aregion-specific manner (Fig. 4t).

BC plasticity is associated with innate immunity activation

To gain further insights into the gene regulatory networks control-
ling the two differentiation paths, we performed regulatory network
analysis using SCENIC*®, which infers the transcription factors (TFs)
and their downstream target genes (regulons) that are active in the

Fig. 5| BC plasticity following Pten deletion is associated with the activation
of interferon and TNF pathways in epithelial cells. a, Regulatory network
analysis using SCENIC. UMAP plots representing regulon activity (top) and
corresponding transcription factor expression (bottom) in K5-PTEN 6w mice.
Color scales represent SCENIC AUC scores for regulon activity and normalized
gene expression levels of each transcription factor. Exp, expression. b, GO
analysis of genes upregulated more than twofold on bulk RNA-seq of FACS-
isolated YFP* BCs from K5-PTEN mice 5 weeks after TAM administration
compared (BCPTEN) to WT BCs (BC CTL). ¢, GO analysis of genes upregulated
more than twofold in FACS-isolated YFP* LCs arising from Pten-deleted BCs from
K5-PTEN mice 5 weeks after TAM injection (LC PTEN) compared to WT LCs
(LCCTL).d,e, Relative mRNA expression (bulk RNA-seq) of BCCTL, LCCTL,
BCPTEN and LC PTEN (data for genes regulating inflammation, and
reprogramming and cell proliferation are shownind and e, respectively) (n =2
samples). f, Representative examples of ATAC-seq peaks of inflammatory-

related genes from FACS-isolated BC CTL, LC CTL and BC PTEN from K5-PTEN
mice 6 weeks after TAM administration. The 100,000 cells pooled from at

least three mice. Scale for visualization, /l1r1 (0-21), Cd52 (0-13), Cd55 (0-24),
Cd83(0-13), Ifit1 (0-13) and Cxcl5(0-18). g, TF motif enrichment analysis of
peaks upregulated in BC PTEN compared to BC CTL. Pvalues were calculated
using a binomial test. h, Western blot of FACS-isolated LIN" epithelial cells

from CD1mice (CTL epi) and Lin"YFP* epithelial cells of K5-PTEN mice 6 weeks
after TAMinjection (PTEN YFP*) using the indicated antibodies. n =3 mice.

ij, Representative immunostaining of myeloid cells in the prostate (i) and
quantification of Ly6G-positive cells (j) from KSCreER/RosaYFP (n =3 mice) and
K5CreER/Pten™"/RosaYFP mice (n =4 mice) 6 weeks after TAM administration
using anti-GFP and anti-Ly6G antibodies. Scale bar, 20 pm. Graphs are

mean + s.e.m. Pvalues are derived from two-sided unpaired ¢-test. Pvalues were
derived from two-tailed modified Fisher’s exact test with Benjamini-Hochberg
correction (b,c).
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different cell clusters corresponding to the different differentiation
paths. Inthefirst differentiation path, we found that many TFsrelaying
inflammation and innate immunity pathways such as Irf6, Irf7, Stat1,
Stat2, Nfkb2 or Relb were active in the hillock and hybrid cells (Fig. 5a).
Inaddition, we found that lineage determinant TFs such as Elf3, Creb5

Irfé Irf7 Irfo

AUC

or Grhl3were more active in these two cell lineages as well as in the
proximal LCs (Extended Data Fig. Sk-m).

To investigate further the molecular mechanisms that lead to
the cell fate changes upon Pten deletion in BCs, we performed bulk
RNA-seq of FACS-isolated BCs and LCsin WT mice and 5 weeks following
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Fig. 6 | Regional reprogramming and activation of innate immunity persist
inmouse prostate tumors and human prostate cancers. a, Cell populations
identified by scRNA-seq of FACS-isolated LIN"YFP* epithelial cells from K5-PTEN
mice 10 months after TAM administration: UMAP plots with different colors
representing unsupervised clustering. b, Regulatory network analysis using
SCENIC. UMAP dimensionality reduction plots with color scaling representing
the SCENIC AUC values for transcription factor activation (top) and normalized
gene expression (bottom). c-e, UMAP plots colored by normalized gene
expression values of canonical cell markers of BC (Krt14) (c), hillock and hybrid-
like (Krt13and Agp3) (d) and proximal LCs (Krt4, Clu, Wfdc2, Pigr and Ppp1rib) (e).
f, Cell populations on ERG-driven human prostate cancer cells®: basal epithelial
cells (BEs), nonmalignant luminal epithelial cells (LEs), ERG-positive tumor cells
(ERG" T) and ERG-negative tumor cells (ERG™ T); human prostate cancer atlas™:

BEs, hillock epithelial cells (HEs), club epithelial cells (CEs); KLK3-high LEs
(LE-KLK3) and KLK4-high luminal epithelial cells (LE-KLK4); treatment-naive
prostate adenocarcinoma*’: BEs, HEs, CEs and LEs; invasive cribriform carcinoma
and intraductal carcinoma data*: basal and hillock cells (BC/hillock), club

cells and ductal cells (club/ductal), nonmalignant luminal epithelial with low
expression of AR (LC_ARIow) and nonmalignant luminal epithelial with high
expression of AR (LC_ARhigh). g, UMAP dimensionality reduction plots with
color scaling representing enrichment score for the reprogramming markers.

h, UMAP dimensionality reduction plots for AQP3 and PIGR with color scaling
representing the level of gene expression. i-1, IHC of PIGR, AQP3 and STAT1 (i) and
IHC score of PIGR (j), AQP3 (k) and STAT1 (I) in PC with different GGs. Scale bar,

50 pm. Number of patients (n) isindicated. Pvalues are derived from two-sided
Fisher’s exact test. Pos, positive; Neg, negative.

Ptendeletionin BC. Bulk RNA-seqis more sensitive than scRNA-seq to
detect low-abundant RNA and changes in gene expression. We found
that1,067 genes were upregulated more than twofold between WT and
Pten-deleted BCs and 2,844 genes were upregulated in LCs following
Pten deletion. Gene set enrichment analysis revealed the enrichment
of genes regulating ECM, EGF-like domain, neutrophil chemotaxis,
inflammatory response and innate immunity in BCs, as well as angio-
genesis, mitosis and cell cycle in LCs upon Pten deletion (Fig. 5b,c).
Genes regulating inflammation such as /l1a, Ilir1, OaslI and Cd74,
interferon-responsive genes such as /fit1 and Tnfaip2, chemokines
such as Cxcl2, Cxcli3and Cxcli5as well as genes associated with the cell
fate change such asKrt4, Krt6a, Grhi3, Ly6d, Wfdc2 and Clu were upregu-
lated in BCs and even further in LCs upon Pten deletion (Fig. 5d,e).
Proliferation genes were moderately upregulated in BCs but more
strongly in LCs upon Pten deletion (Fig. 5e). Toinvestigate the onset of
innateimmune gene activation, we FACS-isolated BCs at different time
points after Pten deletion in BCs and performed quantitative reverse
transcription PCR (qQRT-PCR) analysis of inflammatory genes. Our
results showed that /l1a and Cxcl2 started to be upregulated 4 weeks
after Pten deletion at the same time that basal-luminal transition began
to be observed (Extended Data Fig. 6a).

To unravel the chromatin remodeling and gene regulatory net-
works associated with oncogenic hit-induced BC multipotency inthe
prostate, we performed bulk ATAC-seq of FACS-isolated BCs and LCs
from WT mice and BCs 6 weeks following Pten deletion in BCs. We
foundthat 1,974 peaks were more accessible and 1,942 peaks were less
accessible in BCs upon Pten deletion (Fig. 5f). Motif discovery analysis
of the peaks upregulated in BCs following Pten deletion revealed the
increase of AP-1TF motif, P63 and Nfkb/p65/Rel motif (Fig. 5g), ingood
accordance with the SCENIC analysis and the activation of Nfkb/innate
inflammation transcription program found by bulk and scRNA-seq. The
expression and the active phosphorylation of Statl and p65 protein
were increased after Pten deletionin BCs (Fig. 5h).

To assess whether the lack of expression of hillock-like state fol-
lowing Pten deletionin BCs from VP is the consequence of adecrease

of chromatin accessibility of the regulatory regions of the genes
associated with hillock-like state, we performed ATAC-seq on YFP*
FACS-isolated Pten-deleted BCs specifically from the VP, DLP and
AP lobes. Our data show that BCs from VP presented a decrease in
the chromatin accessibility at the enhancers remodeled following
Pten deletion of hillock associated genes such as Krt13 and Agp3
compared to BCs of AP/DLP (Extended Data Fig. 6b,c), supporting
the notion that hillock associated genes are epigenetically primed
to get upregulated following Pten deletion in AP/DLP compared to
VP. Motif discovery of these different upregulated peaks in AP and
DLP versus VP showed enrichmentin AP-1, KLF and ETS family of TFs
(Extended DataFig. 6d).

It hasbeen shown that ETS transcription factor ERG (ERG) acts as
amaster regulator of luminal differentiation in Pten-deleted tumors™.
The ETS motifwas enriched in ATAC-seq peaks upregulatedin BCs fol-
lowing Pten deletionin AP/DLP versus VP. ERG messenger RNA expres-
sion was upregulated in BCs and even more strongly in LCs arising
from BCs from AP/DLP versus VP following Pten deletion (Extended
Data Fig. 6e,f), supporting the notion that ERG can promote LC fate
differentiation from BCs following Pten deletionin AP and DLP.

As rapamycin treatment strongly inhibits the activation of BC
multipotency and the initiation of prostate tumorigenesis, we per-
formed bulk-RNA-seqin BCs 3 weeks following Pten deletion and Pik3ca
activation. The deletion of Pten and expression of oncogenic Pik3ca
induced the upregulation of1,594 genesin BCs (Extended DataFig. 7a).
Geneset enrichmentanalysis of these upregulated genes revealed the
strong upregulation of genesregulating DNA replication and cell cycle
progressionaswell as genesinvolved ininnate immunity and inflamma-
tion (Extended Data Fig. 7b). Rapamycin administration inhibited the
upregulation of about 50% of the genes upregulated by Pten deletion
and expression of oncogenic Pik3ca and prevented the upregulation
of many genes regulating cell proliferation, cell reprogramming and
innateimmunity (Extended Data Fig. 7a-d). The secretion of leukocyte
chemoattractant such as Cxcl2, Cxcl13and Cxcli5following Pten dele-
tion in BCs was accompanied by the recruitment of neutrophils and

Fig. 7| Pharmacological inhibition of Nfkb, JAK/STAT and Il1 inhibits SC
plasticity induced by Pten deletion. a, Experimental design. b, Representative
FACS plot of CD49f and EpCAM expressionin YFP* prostate epithelial cells from
dimethylsulfoxide- (DMSO0), JSH-23- and ruxolitinib-treated K5-PTEN 6w and
K5-PTEN-PIK 3w mice. ¢, Quantification of % of YFP* LCs in total YFP* cells of whole
prostate in DMSO-, JSH-23- and ruxolitinib-treated K5-PTEN 6w mice, n = 14 mice
(DMSO0), n=12 mice (JSH-23), n =13 mice (ruxolitinib) and K5-PTEN-PIK 3w mice,
n=8mice (DMSO), n =7 mice (JSH-23), n =7 mice (ruxolitinib). d, Representative
FACS plot of CD49f and EpCAM expression in YFP* prostate epithelial cells from
saline- (i.p.) and anakinra- (i.p., 10 mg kg™, three injections per week) treated
K5-PTEN 6w mice and K5-PTEN-PIK 3w mice. e, Quantification of % of Lin"YFP*LCs
intotal YFP* cells of whole prostate in K5-PTEN 6w, n = Smice (saline), n = 6 mice
(anakinra) and K5-PTEN-PIK 3w mice, n =4 mice (saline), n = 6 mice (anakinra).

f, Representative immunostainings of AP of DMSO-, JSH-23- and ruxolitinib-

treated K5-PTEN-PIK 3w mice using anti-GFP (green), anti-K8 (red), anti-K13 (red)
and anti-K4 (red) antibodies. Scale bar, 50 pm. n =3 mice. g,h, Quantification
ofthe % of YFP*K8" in total K8" cells, YFP*K13*and YFP'K4" in total YFP* cells of
DLP/AP in DMSO-,JSH-23- and ruxolitinib-treated K5-PTEN 6w mice (g) and K5-
PTEN-PIK 3w mice (h). n=3mice. i,j, Quantification of YFP'K8" in total K8 cells,
YFP'K13*and YFP'K4" in total YFP* cells of DLP/AP in saline- and anakinra-treated
KS5-PTEN 6w mice (i) andK5-PTEN-PIK 3w mice (j). n =3 mice. k, Representative
immunostainings of myeloid cell infiltration of AP in DMSO-,JSH-23-and
ruxolitinib-treated K5-PTEN-PIK 3w mice using anti-GFP (green), anti-Ly6G and
anti-K14 antibodies. Scale bar, 50 pm. n = 3 mice.l,m, Quantification of Ly6G-
positive cells in the DLP/AP from DMSO-,JSH-23- and ruxolitinib-treated (I) and
saline- and anakinra-treated (m) K5-PTEN-PIK 3w mice. n = 3 mice. Graphs show
mean +s.e.m. Pvalues are derived from two-sided unpaired ¢-test (e,ij,m) and one-
way ANOVA with Dunnett test (c,g,h,I). Ruxo, ruxolitinib; Sal, saline; Ana, anakinra.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-00994-3

a b Gateon LINYFP*
DMSO JSH-23 Ruxolitinib
5
DMSO (vehicle control) 3 R ;
venicle control = 4
JSH-23, 6 mg kg™, i.p. o <§( 10" 4 3
Ruxolitinib, 10 mg kg™, i.p. Analysis o (é)z 10° 4 3 A
AR AR Qu , BC
K5-PTEN 6w 10° o 3
TAM i e s —
) 10> 10° 10" 10° 10* 10° 10* 10° 10 10° 10* 10°
Analysis
v 10° 4 10° 4 10° 4
t + 1t Ks-PTEN-PIK3W a ! B 4
TAM = Z 104 10* 4 10* 4
™ SQ 10° 4 10° 4 10° 4 5
: i BC BC
2 107 BC| 107 4 10 4
ST L et e e LU AL el e
10? 10° 10" 10° 10? 10° 10* 10° 10? 10° 10* 10°
CD49of CD49of CD49f
d  Gate on LINYFP*
K5-PTEN K5-PTEN-PIK
Saline Anakinra Saline Anakinra
10° 4 10° 4
LC, LC L 3
<§E 10" 4 : 10" 4 10° 4 10" 4 LC
I3} 3 3 E| 3
2 10° 4 10° 4 10° 4 10° 4 .
w E BC E BC E E BC
107 4 10% 4 10° 4
v L v T
10> 10° 10 10° 10> 10° 10 10° 10> 10° 10 10° 10> 10° 10* 10°
CD49of CD4of CD49f CD49f
f Ruxolitinib g K8
25, P=0.003
© P=0.006
Y ;\? 201 o
& o
Ho2 157
5 3
%) 10 1
X & .
> 5 .
o 04
. h
P=0.0008
401 $-0.0006
.
z &7
z =
W o
= 0o
N &
~ | B
o>
.
i K8 K13 K4 k
20 P=0.001 20, P=0.04 60 . P=0.0001 .
— L] [ ] ol
£ 15 15 4 s
g o 0 g
a g 107 101 >
2o | 20
L 5 . 5
0- 0 - o-
Sal  Ana Sal Ana Sal Ana
i l
P=0.003 P=0.0004 P=0.004 P=0.0002
30 60 80 40 —_—
- P =0.0002
< R 60 4 Be 307
& 3 204 40 2
z = [
w g 40 ©E
= 0 =
&5 & 104 20 . 2 30
X > 3 3
0- 0 - 0 - -
Sal Ana Sal  Ana Sal Ana O S
N <

YFP LC/total YFP (%)

YFP LC/total YFP (%)

20 4

15

K5-PTEN
P=0.0006
25 P=0.006
.
20
.
L
. .
10 e H
5
© O
NS o
RS
Q
K5-PTEN
20 P=0005 .
[

P=0.0001
P=0.0001

m
40
S
@ 30
T E
CE 20
O
o
L= 10
—
o

Sal

80

60

40

20

80

60

Ana

K5-PTEN-PIK
P=0.02
30, P=0.001

.

[

K5-PTEN-PIK
P=0.01

Sal Ana

K4
P=0.0002
P=0.0007

P=0.0002
P=0.0002

.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-00994-3

myeloid-derived suppressor cells surrounding the BCs and LCs arising
from the multipotent BCs, which was prevented by rapamycin admin-
istration (Fig. 5i,j and Extended Data Fig. 7e,f). Altogether, these data
show that Pten deletion in BCs activates the innate immune pathway
inanmTOR dependent manner.

Regional reprogramming in mouse prostate cancers

To assess whether the regional reprogramming and the activation of
theinnateimmunity pathway observed during the early stages of tumor
initiation persist in more advanced prostate tumor, we performed
scRNA-seq 10 months following Pten deletion in BC when almost the
whole prostate presents signs of tumorigenesis. Unsupervised cluster-
ing analysis revealed the presence of different basal, hybrid and LC
clusters (Fig. 6a and Extended Data Fig. 8a—e), reminiscent of the dif-
ferent clusters found 6 weeks following Pten deletion. Strong activation
of innate immunity was observed in some BC, hybrid and LC clusters
with the upregulation of Irf6, Irf7, Irf9, Stat1 and Rela expression and
regulonactivity (Fig. 6b and Extended Data Fig. 8f-h). Markers of hill-
ock/hybrid-like cells (Krt13and Agp3) and proximal LC differentiation
suchasKrt4, Clu, Wfdc2, Pigrand Ppp1r1b, were expressed in hybrid and
LCs at10 months following Pten deletion (Fig. 6¢c—e). Immunostaining
of Krt13, Aqp3 and Krt4 revealed that these markers were still expressed
inmoreadvanced tumorsin APand DLP and muchlessin VP (Extended
DataFig.8i-0).Similarly, adenovirus mediated Pten/Pik3caor Pten/P53
recombination in BCs presented increased expression of Krt13, Aqp3
and Krt4 and myeloid cell infiltration in prostate tumors (Extended
DataFig. 8p-r). Altogether, these dataindicate that the region-specific
differentiation into hillock and LC proximal-like states as well as the
activation of the innate immunity pathway persist at the later stages
of mouse prostate tumorigenesis.

Regional reprogramming in human prostate cancers

To investigate whether similar reprogramming also occurs in human
prostate cancers, we assessed the expression of markers defining
hillock, hybrid and proximal-like states identified from scRNA-seq
data from K5-PTEN mice, 6 weeks after TAM administration (K5-PTEN
6w) across four different types of human prostate cancer scRNA-seq
data®*~* (Fig. 6f).

Using these four human prostate cancer single-cell datasets, we
quantitatively assessed the enrichment of mouse reprogramming
gene signatures in human samples. In the ERG-driven prostate cancer
dataset®®, we observed a progressive enrichment of the reprograming
signature, increasing from basal epithelial cells to club cells, followed
by a decrease in signature gene expression toward luminal epithelial
cells. In the Prostate Cell Atlas dataset®, the reprogramming signa-
ture genes showed the highest enrichment in hillock and club epi-
thelial cells. A similar pattern was observed in a dataset derived from
treatment-naive patients with prostate adenocarcinoma*’, where

hillock and club epithelial cells also showed the highest enrichment
score. Finally, in adataset composed of invasive cribriform carcinoma
andintraductal carcinomasamples*, reprogramming signature enrich-
mentwas observedinboth BC/hillock and club/ductal cell populations
(Fig. 6g). Furthermore, the levels of the markers associated with the
different cell states during BC reprograming, including AQP3, PIGR,
KRT13and WFDC2, were higher in hillock and club epithelial cells com-
paredtoother cell typesacross all the different human prostate cancer
scRNA-seq datasets, as found for the combined signature (Fig. 6h and
Extended Data Fig. 9a-f). Pseudotime lineage trajectory in human
prostate cancer datasets showed that BCs differentiated into hillock or
club-like cells before differentiating into luminal tumor cells (Extended
Data Fig. 9g-i). These results show that the expression of the gene
signature associated with the reprogramming of BCs into LCs follow-
ing Pten deletion in mouse prostate tumor initiation is also found in
human prostate cancers.

To further strengthen our analysis on human prostate cancer
scRNA-seq datasets, we performed immunohistochemistry (IHC)
staining of the selected reprogramming markers on 136 human pros-
tate cancer specimensacross various Gleason groups (GGs), including
low-grade (GG1), intermediate-grade (GG2-3) and high-grade (GG4-5)
prostate cancers. The hillock/hybrid marker AQP3, the proximal marker
PIGR and theinflammatory marker STAT1 were expressed at higher level
and in more tumor cells in patients with high-grade prostate cancers
(Fig. 6i-land Extended DataFig. 9j). Altogether, these findings support
the notion that cell fate reprogramming occurs in a subset of human
prostate cancers withthe most invasive features and that lineage repro-
gramming could serve as a predictive marker for aggressive disease.

Targeting innate immunity inhibits BC plasticity

Toassess the functional consequences of the activation of innate immu-
nity occurring following Pten deletion on SC plasticity, we pharma-
cologically inhibited these pathways and assessed the impact of their
inhibition on basal to luminal transition (Fig. 7a). Administration of JSH-
23, asmall molecule inhibitor of NF-kB and ruxolitinib, a Janus kinase
(JAK1andJAK?2)inhibitor 6 weeks following Pten deletionin BCs and 3
weeks after targeting Pten-Pik3cain BCs decreased the differentiation
of BCsinto LCs (Fig. 7b,c). To assess whether the increased expression
of Il1 following Pten deletion in BC promotes the activation of innate
immunity and cell plasticity in prostate epithelial cells, we treated
the mice with anakinra, an IL-1R inhibitor*>. Targeting IL-1 decreased
Pten-induced cell plasticity and basal-luminal cell transition (Fig. 7d e).
Inaddition, these treatments also prevented the reprogramming of BCs
into hillock and proximal-like statesin AP and DLP (Fig. 7f-j). Notably,
targeting IL-1, NF-kB and JAK-STAT signaling also decreased myeloid cell
infiltration following Pten deletion and Pik3ca activation (Fig. 7k-m).
These data demonstrate that targeting innate immunity inhibits the
BC plasticity and reprogramming that occur following Pten deletion.

Fig. 8| Cellular autonomous activation of Nfkb mediates BC plasticity and
regional reprogramming following Pten deletion. a,b, Representative images
and H&E staining of prostate organoids (a) and quantification of hyperplastic
organoids after 5 days with or without TAM administration (b). Organoids

are established from indicated mice. Scale bar, 50 pm. n =4 independent
experiments. c¢,d, Representative images of immunostaining of indicated
prostate organoids (c) and quantification of % of YFP*K8" (d) in total YFP* cells
after TAM 5 days administration using indicated antibodies. Scale bar, 50 pm
(up),20 pm (down). n =3 independent experiments. e-g, Representative images
and immunostaining of DMSO-,JSH-23- (1 pM) and ruxolitinib-treated (10 pM)
prostate organoids from K5-PTEN mice 5 days following TAM administration (e)
and quantification of hyperplastic organoids (f) and YFP'K8" (g) in total YFP*
cells using indicated antibodies. Scale bar, 500 pm (up), 50 um (down).n =3
independent experiments. h,i, Representative FACS plot of CD49f and EpCAM
expression in YFP* prostate epithelial cells (h) and quantification of the % of
YFP*LCs (i) in total LCs in K5-PTEN and K5-PTEN-P65 mice 6 weeks after TAM

administration. n =7 mice.j, Representative prostate immunostainings of K5-
PTEN 6w and K5-PTEN-P65 6w mice using indicated antibodies. Scale bar, 50 pm.
n=3mice.Kk, Quantification of the % of YFP*K8" in total K8* cells, YFP'K13",
YFP*Aqp3*and YFP*K4" in total YFP* cells (n=3) and Ly6G" cells (n =4) in DLP/AP.
1, GO analysis of genes downregulated more than twofold in RNA-seq from FACS-
isolated YFP* BCs from K5-PTEN-P65 6w mice compared to BCs from K5-PTEN
6w mice. m,n, Relative mRNA expression from bulk RNA-seq of FACS-isolated
YFP*BCs from K5-PTEN 6w and K5-PTEN-P65 6w mice (data for genes regulating
reprogramming, and cytokine/chemokine, interferon and NF-kB/TNF signaling
pathways are showninmand n, respectively). n = 2. 0,p, H&E-stained histological
sections of DLP (0) and quantification of the different histological lesions of
prostate tumorigenesis (p) from K5-PTEN 6w and K5-PTEN-P65 6w mice. Scale
bar, 50 pm. Number of mice (n) is indicated. Graphs show mean + s.e.m. Pvalues
are derived from two-way (b) ANOVA with Tukey’s test, one-way ANOVA with
Dunnett test (d,f,g), two-sided unpaired t-test (i,k) and two-tailed modified
Fisher’s exact test with Benjamini-Hochberg correction (I).
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Cell autonomous role of innate immunity in BC plasticity

As Pten deletion and Pten/Pik3ca oncogenic hits promote the activa-
tion of innate immunity in prostate epithelial cells and the recruit-
ment of innate immune cells in the prostate during prostate tumor
initiation, we assessed whether these oncogenic stimuli promote
cell plasticity and oncogenic induced reprogramming in vitro in
the absence of stromal cells. To this end, we generated epithelial
prostate organoids and assessed the impact of Pten or Pten/Pik3ca
recombination on prostate epithelial cell states in vitro. Whereas in
the absence of oncogenic hits, prostate organoids were composed
of crowned of basal and luminal layers surrounding alumen (hollow
organoid), following Pten deletion and even faster following Pten/
Pik3carecombination in BCs, these organoids became hyperplastic
with their lumensfilled of cells (opaque organoid) (Fig. 8a,b). Immu-
nostaining for YFP and K8 revealed that the hyperplastic organoids
observed following Pten and Pten/Pik3ca recombination were filled
with LCs coexpressing YFP and K8 (Fig. 8c,d). Treatment of these
organoids with JSH-23 and ruxolitinib decreased the proportion
of hyperplastic organoids and basal to luminal transition in vitro
(Fig. 8e-g). These data demonstrate that BC SC plasticity following
Pten deletion occurs in prostate organoid in vitro in the absence of
stromal and immune cells and can be blocked by pharmacological
inhibition of NF-kB and JAK-STAT pathways.

To assess that the cellular reprogramming of BCs into hillock cells
and proximal-like LCs following Pten deletionin vivois mediated by the
activation of NF-kB in a cellular autonomous manner as suggested by
the RNA-seqand ATAC-seqinvivo and by the organoidin vitro data, we
performed the co-deletion of Rela/p65 subunit of the NF-kB complex
together with Ptenin BC (K5CreER/PTEN"1/P65V/RosaYFP) and assess
itsimpact on the BC plasticity and cellular reprogramming. The dele-
tion of P65 in BCs together with Pten deletion strongly inhibited BC
plasticity and the differentiation of BCs into LCs, the reprogramming of
BCsinto hillock and proximal LC-like states, as well as the recruitment
of myeloid cells (Fig. 8h-k).

To define the role of p65 in Pten deletion mediated BC plasticity,
we performed bulk RNA-seq of FACS-isolated BCs after Pten or Pten/p65
deletionin BCs. Gene set enrichment analysis revealed the enrichment
of genes regulating innate immunity, cytokine, chemokine, interferon
and TNF/NF-kB signaling pathways in genes downregulated following
Pten/p6S5 deletion as well as genes associated with the hillock/hybrid/
proximal-like reprogramming such as Krt13, Agp3, Krt4, Krt6a, Lyéd,
Wfdc2, Pigr and Clu (Fig. 81-n). Of note, genes of the distal luminal like
state such as Nkx3.1, CIrb and Tgm4 were upregulated upon Pten/p65
deletion (Fig. 8m,n). Of note, the strong inhibition of BC reprogram-
ming and activation of inflammation/innate immunity following p65
deletion was accompanied by a major reduction in prostate tumori-
genesis (Fig. 80,p).

Altogether these data demonstrate that the Pten-induced BC plas-
ticity is mediated by the activation of innate immunity and the NF-kB
signaling pathway in prostate epithelial cellsina cellular autonomous
manner.

Discussion

In this study, we uncovered the importance of the cells of origin and
regionalization in regulating prostate tumor heterogeneity and the
molecular mechanisms controlling SC plasticity and lineage infidelity
following oncogenic hits during the early stage of prostate tumorigen-
esis (Extended DataFig. 10).

Ourresultsreconcile conflicting findings regarding the differential
tumor phenotypes arising from BCs and LCs* . We demonstrate that
BCsfromthe AP and DLP give rise to more invasive tumors compared
to BCs from the VPs and LCs; however, tumorigenesis is more rapid
when initiated in VP-derived LCs. The observation that BC-derived
tumors are more aggressive in AP and DLP aligns with the findings of
Lu et al.*. Our findings emphasize that tumor progression is strongly

influenced by the prostate lobe from which the tumor originates, an
aspect often overlooked in previous studies potentially explaining
the discrepancies between the different studies>°. Notably, this varia-
tionintumor phenotype correlates with different patterns of cellular
reprogramming following Pten deletion.

We identify a previously unexplored reprogramming trajectory
in BCs from AP and DLP upon Pten deletion, which undergoes a step-
wise transition through hillock cells and a hybrid basal-luminal state
before differentiating into proximal-like LCs. Hillock cells, marked by
Krt13expression, have beenreportedinthe human proximal prostate
near the prostate-urethrajunction® >, but their role in tumor initia-
tion remains unexplored. These different cell states that arise follow-
ing Pten deletion in BCs from AP and DLP persist in more advanced
tumors and maintain their proximal luminal differentiation features.
As proximal LCs were proposed to present increased self-renewing
potential®'>*7*¢ it is possible that this proximal luminal state con-
fers stemness and multilineage differentiation to the cells of origin of
prostate cancer that boost their tumorigenic potential. In contrast, VP
BCs follow a distinct differentiation pathway, transitioning directly
into distal-like LCs with lower plasticity and slower tumor progression.
Unlike BCs, LCs fail to reactivate multipotent programs following Pten
deletion, and their tumors exhibit reduced immune infiltration and
collagen deposition. Due to health issues linked to the expression of
K5CreER in other tissues, the long-term consequences of these histo-
logical differences in prostate tumor progression, such as metastasis
or animal survival, could not be assessed in our model.

Our findings have important implications for human prostate
cancer. Like the mouse prostate, the human prostate consists of three
distinct zones: the peripheral, transition and central zones***. Notably,
approximately 70% of prostate cancersarise inthe peripheral zone, where
tumors exhibit more aggressive features and worse clinical outcomes
compared to transition zone derived tumors*~*’, Transcriptomic analy-
sesindicate that the human peripheral zone resembles the mouse DLP"°,
suggesting conserved regional influences on prostate tumorigenesis.

The difference in BC plasticity and cellular reprogramming
across the different lobes are accompanied by different remodeling
of the tumor microenvironment (TME). BC-hillock-hybrid-proximal
reprogramming in AP/DLP is associated with extensive ECM remod-
eling, desmoplastic stroma formation and enhanced myeloid cell
recruitment. This correlates with elevated expression of collagens,
ECM components, metalloproteases and inflammatory mediators.
These results indicate that the cellular origin and regional context
of oncogene-driven reprogramming control the remodeling of TME,
reinforcing cell plasticity and accelerating tumor progression.

Atthe mechanisticlevel, our transcriptomic and chromatin profiling
show thatupononcogenic hits, BCs activate innate immunity including
NF-kB,JAK-STAT and interferon. Previous studies have linked Pten dele-
tioninprostatic epitheliumtothe activation of asenescence-associated
secretory phenotype® >, which has been shown to recruit myeloid cells
that, inturn, inhibits senescence, promotes tumor progressionand the
development of castration-resistant tumors® . Our data show that
inhibition of JAK-STAT and NF-kB decreases SC plasticity and basal to
luminal transition following Pten deletion in BCs. Increased JAK-STAT
inflammatory signals have been observed during the development of
androgen-resistant prostate cancer and the switch from prostate adeno-
carcinoma to neuroendocrine cancer, suggesting that the emergence
of tumor plasticity at the later state of prostate cancer also depends on
anincreased inflammatory state®-®, JAK-STAT signals have recently
been found to sustain Nkx3.1-expressing BCs during homeostasis®’.
Pten deletion induces the upregulation of /l1a and its receptor /lIrl in
BCs, activating theinnateimmune pathway in hybrid cells. Inhibition of
IL-1IR decreases basal SC plasticity, supporting the notion that IL-1/IL-1IR
expression in BC following Pten deletion mediates an autocrine loop
that sustains BC plasticity, and the cellular reprogramming associated
with tumor initiation. Pten deletion in vitro in prostate organoid BCs
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promotes BC plasticity and luminal differentiation and deletion of p65/
Rela in BCs demonstrate that this activation of the immune immunity
pathway in Ptentargeted epithelial cells is mediated by a cellular autono-
mous mechanism. Taken together, our study demonstrates thatinnate
immunity activation in BCs is essential for cell plasticity, inflamma-
tionand tumor initiation, revealing key molecular mechanisms linking
Pten-driveninflammation to prostate cancer initiation and progression.
These mechanisms that promote SC plasticity may also be relevant to
theinitiation of other cancers.

Our study establishes that reprogramming signatures and the
hillock-like state identified in Pten-deleted mouse BCs are also present
cells in human prostate cancer across four independent single-cell
RNA-seq datasets®®*, These cells display transcriptomic profiles
resembling castration-resistant prostate cancer”****° and are linked
to inflammation and myeloid infiltration®*2. The presence of hillock
and club-like cells in later stages of human prostate may reflect either
their progressive accumulation over time during tumorigenesis as
the lineage trajectory analysis suggests or indicate the activation of
lineage plasticity at later stages of tumor progression. Furthermore,
IHC analyses of a large human prostate cancer cohort reveal that the
expression of hillock marker AQP3, club-like marker PIGR and inflam-
matory marker STAT1 correlates with high-grade tumors. This suggests
that BC plasticity and differentiation trajectories are not uniformacross
all prostate cancers, and that lineage reprogramming could serve asa
predictive biomarker for aggressive disease.

In conclusion, our study uncovers a fundamental link between
the cells of origin, regional influences and tumor plasticity in prostate
cancer initiation. We demonstrate that innate immunity activationin
BCsis crucial for SC plasticity, inflammation and tumor progression. By
identifying reprogramming-associated immune pathways as key driv-
ersof tumor initiation, our findings open new avenues for therapeutic
interventions targeting inflammation-induced plasticity in prostate
cancer and potentially other malignancies.

Methods

Ethical statement

Mice colonies were housed in a certified animal facility in compliance
with European guidelines. The room temperature was maintained
between 20 and 24 °C, with relative humidity kept at 55 +10%. Food,
water and two types of nesting material were provided in each cage. A
semi-natural light 12-h light-dark cycle was implemented. All animal
experiments were approved by the ethical committee (Commission
d’Ethique et du Bien Etre Animal; CEBEA) of the Faculty of Medicine,
Université Libre de Bruxelles under protocols 673N, 854N and 914N.
CEBEA follows the European Convention for the Protection of Verte-
brate Animals used for Experimental and other Scientific Purposes. As
prostate tumors grow intra-abdominally, humane end points based on
general health and a20% body weight loss limit, approved by CEBEA,
were not exceeded in this study. Male mice were used at adult age (over
8 weeks) for the prostate analysis.

Mouse genetic lineage tracing

Thegeneration of KSCreER and K8-CreERT2 was previously described®.
Rosa26-YFP and Pten™" mice were obtained from the Jackson Labora-
tory. Pik3caH1047R knock-in mice, in which WT exon 20 is replaced by
H1047R mutant exon 20 upon Cre recombination, were described previ-
ously®*. P53 mice® were obtained from the National Cancer Institute at
Frederick.P65""mice®® wereimported from M. Pasparakis’s laboratory.
Male mice with a mixed genetic background were used in this study.
Micewere induced with15 mg of TAM (T5648; diluted in sunflower seed
oil, Sigma) byi.p. injection (threeinjections of 5 mgevery 2 days). Fora
long trace (over 12 weeks) of K5CreER/Pten™?/RosaYFP mice, the TAM
injection was reduced to 6-10 mg. For K5CreER/Pten™"/Pik3ca™4’®/
RosaYFP mice and K5CreER/Pten™/P5371/RosaYFP mice, the TAM
injectionreduced to 10 mg (three injections of 3.3 mg every 4 days).

Intraprostatic adenoviral infection

Intraprostatic adenoviral infection was performed as previously
described® . In brief, AdeK5Cre (Ad5-bK5-Cre) (A. Berns, Nether-
lands Cancer Institute) were obtained at high titer (8 x 10 to 2 x 10%°
plaque-forming units per ml) from Viral Vector Core at University of
lowa. Then, 1 pl of AdeK5Cre was mixed with 9 pl of organoid medium
containing 16 ug ml™ Polybrene (Millipore Sigma). A total of 10 pl of
thisadenoviral solution wasinjected into the AP of transgenic mice as
describedin the figure legends.

Immunostaining

Prostate tissue from adult mice was micro-dissected under a stereo-
scopetoisolate the different prostate lobes. The dissected lobes were
fixedin 4% PFA atroom temperature (RT) for 2 h. Tissues were washed
with PBS and thenincubated overnightat4 °Cin30% sucrose. Samples
were subsequently embedded in OCT and stored at —-80 °C. Prostate
organoids were collected in cold basal medium, washed with cold PBS
and then fixed in 4% PFA for 30 min. After washing, organoids were
embedded in OCT and stored at —80 °C.

Cryosections of 5 pm were cut using an HM560 Microm cryostat
(Mikron Instrument). Sections were blocked in buffer containing 1%
BSA, 5% HS, 0.2% Triton X-100 in PBS for 1 h at RT. Primary antibod-
ies, diluted in blocking buffer, were incubated overnight at 4 °C. The
sections were then washed three times in PBS and incubated with
secondary antibodies diluted in blocking buffer for 1 h at RT. Detailed
antibody informationis provided in Supplementary Table. Nuclei (blue)
were stained using Hoechst solution (1:1,000 dilution), and slides were
mounted with DAKO mounting medium (Sigma). Images were acquired
atRT usingaZeiss Axioscan 7,an LSM780 confocal microscope fitted on
anAxiovert M200 inverted microscope equipped witha C-Apochromat
(x40,A =1.2) waterimmersion objective and using a Zeiss Axio Imager
M2 fluorescence microscope with a Zeiss Axiocam MR3 camera using
Axiovisionv.4.8 software. Brightness, contrast, picture size and analy-
ses were performed using ZEN software and Adobe Photoshop CSé.

EdU experiments

Male mice were injected with asinglei.p. injection of EAU (2.5 mg ml™
in PBS) 24 h before killing. EAU staining was performed according to
the manufacturer’s instructions (Thermo Fisher Scientific, c10340).
For co-expression with EdU, the K14 or K8 primary antibody staining
was performed first, and then the EdU protocol was followed.

H&E staining and prostate tumor classification

Hematoxylin & eosin (H&E) staining was performed on
paraffin-embedded sections using standard laboratory protocols.
Histological assessments of mice prostate samples were performed
by an expert uropathologist by assimilating the histological criteria
observed in human prostate according to the 2022 WHO classifica-
tion°. Lesions were categorized as normal, HGPIN, atypical intraductal
proliferation (AIP), intraductal carcinoma of the prostate (IDC-P)
and invasive adenocarcinoma (ADC). As defined in the 2022 WHO
classification, HGPIN is considered to be the earliest histologically
recognizable precursor of ADC (exhibiting only a tufting, micropapil-
lary or flat pattern), whereas AIP is characterized by atypical cribriform
proliferations that do not reach the threshold for IDC-P. To approach
tumor formation heterogeneity across samples, IDC-P was categorized
as focal or florid based on the percentage of IDC-P observed (<50%
or >50%). The morphological appearance of the tumor stroma was
characterized as normal, slightly inflammatory (edematous), highly
inflammatory or desmoplastic.

Pharmacological treatments in vivo

Mice over 8 weeks old were injected with TAM as described previously.
After that, rapamycin (i.p., 6 mg kg™ body weight, MedChemExpress,
HY-10219), JSH-23 (i.p., 6 mg kg™ body weight, MedChemExpress,
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HY-13982), ruxolitinib (i.p., 10 mg kg™ body weight, MedChemExpress,
HY-50856) and Anakinra (i.p., 10 mg kg™ body weight, Sobi, Kineret)
were injected into mice. Rapamycin was dissolved in ethanol to get
40 mg ml"and then diluted in buffer (10% PEG400 and 10% Tween 80)
toreach1 mg ml™ rapamycin. As a control, the same amount of ethanol
diluted in buffer wasinjected into the mice. JSH-23 and ruxolitinib were
first dissolved in dimethylsulfoxide (DMSO) to get 40 mg ml™and then
diluted in buffer (50% saline, 45% PEG400 and 5% Tween 80).As a con-
trol, the same amount of DMSO was diluted in buffer and theninjected
into the mice. Anakinra (100 mg per 0.67 ml) was diluted in saline to get
2mg ml™. Asacontrol, the same amount of saline was injected into the
mice. For K5CreER/Pten™/RosaYFP mice, the rapamycin, JSH-23 and
ruxolitinibinjection started 1 week after the TAM injection for 5 weeks
continuously (three injections per week, every 2 days). Anakinra was
injected 4 weeks after the TAM injection continuously for 2 weeks (three
injections per week, every 2 days). For K5CreER/Pten™"/Pik3ca"'%7®/
RosaYFP mice, the rapamycin,JSH-23, ruxolitinib and anakinrainjection
started after the first TAM injection for 3 weeks continuously (three
injections per week, every 2 days).

Celllabeling, flow cytometry and sorting

The mouse prostate single cell preparation was obtained as previ-
ously described®. In brief, prostate tissues, including the VP, DLP
and AP were isolated from indicated mouse lines at indicated time
points after TAM injection. Tissues were minced in a 6-cm culture
plate and digested in 5 mg ml™ collagenase type Il (Life Technologies,
17101-015) with 10 uM Y-27632 dihydrochloride (Abmole Bioscience,
M1817) for 1.5-2 h at 37 °C on a shaking platform. Glandular struc-
tures were then washed with Advanced DMEM/F12 and centrifuged at
150g for 5 min at 4 °C. Structures were further digested in trypsin for
10-20 min at 37 °C and trypsin activity was quenched using 2% FBS in
PBS. Cells were passed through a40-pm cell strainer and incubated with
fluorochrome-conjugated primary antibodies for 30 min on ice with
shaking every 10 min. Detailed antibody informationis providedin Sup-
plementary Table. Cells were washed with 2% FBS/PBS and resuspended
in 4,6-diamidino-2-phenylindole (DAPI) or Hoechst before analysis.
Data analysis and cell sorting were performed on a FACSAria sorter
or LSRFortessausing FACS DiVasoftware (BD Biosciences). Dead cells
(DAPIY)and Lin* (CD45%,CD31" and CD140a") cells were excluded before
analysis. Due to technical challenges in obtaining enough BC-derived
LCsfromadult WT mice, LCsisolated from adult CD1 mice were used to
compareto LCs arising from Pten-deleted BCs. The following popula-
tions were analyzed and sorted: DAPI"LIN"YFP*CD49f""s"EpCAM" (for
BCs) and DAPI'LIN"YFP*CD49f°*EpCAM" (for LCs).

Western blot

Prostate epithelial cells were FACS-isolated as described in the sec-
tion ‘Cell labeling, flow cytometry and sorting’. To obtain sufficient
protein, around 500,000 DAPI'LIN" epithelial cells from CTL mice and
DAPI'LIN"YFP" epithelial cells from K5CreER/Pten™1/RosaYFP mice 6
weeks after TAM administration were FACS-isolated from the whole
prostate of at least three mice. Cells were lysed in cell lysis buffer (Cell
Signaling, 9803) supplemented with a phosphatase inhibitor cocktail
(CellSignaling, 5870) and 1 mM phenylmethyl sulfonyl fluoride (PMSF)
(Sigma, P7626) onice for 5 min. The lysates were sonicated (5 x 10 s) and
centrifuged at 14,000g for 10 min at 4 °C. Cell lysate mixed with load-
ing buffer were heated at 99 °C for 5 min, then loaded in NuPage 10%
Bis-Tris gel (Invitrogen, NPO315BOX) and separated by electrophoresis.
Proteins were transferred to PVDF membranes, blocked in 5% milk for
1h and incubated overnight with primary antibodies (details are in
Supplementary Table). The membrane was re-probed after incuba-
tion in stripping buffer (Invitrogen, 46430) for 15 min. Anti-rabbit
IgG conjugated with horseradish peroxidase (HRP) (1:5,000 dilution,
Sigma-Aldrich, Gena9340) was used as the secondary antibody. Blots
were developed using aniBright 1500 (Invitrogen).

Prostate organoids experiments

Prostate organoids experiments were performed as previously
described’”. Inbrief, whole prostate tissues were collected fromindi-
cated mouse lines. Tissues were minced in a 6-cm culture plate and
digestedin 5 mg ml™ collagenase type llwith 10 uM Y-27632 for1-1.5 hat
37°Conashaker.Glandular structures were then washed with Advanced
DMEM/F12 and centrifuged at150g for 5 minat4 °C. After that, the struc-
tures were digested in 1 ml TrypLE (Life Technologies, 12605-010) with
Y-2763210 pM at 37 °C for 10 min. Structures were washed and mixedin
Matrigel (Corning, 356231) atadilution of 2:1 (Matrigel:basal medium).
A 40-pl drop of this mixture was plated in the center of 24-well plate.
The plate was turned upside down in a CO, incubator (5% CO,, 37 °C)
for 15 min to allow the Matrigel to solidify. Organoids were cultured in
Advanced DMEM/F12 supplemented with B27 (Life Technologies, 17504-
044),10 mM HEPES (Life Technologies, 15630-056), GlutaMAX (Life
Technologies, 35050-068), penicillin-streptomycin (Life Technologies,
15140-122),1.25 mM N-acetylcysteine (Sigma-Aldrich, A9165),100 ng mI™?
recombinant Noggin (Peprotech, 250-38), 100 ng ml™ recombinant
R-spondinl (R&D Systems, 3474-RS-250), 50 ng mI™ EGF (PeproTech,
AF-100-15),1 nM dihydrotestosterone (Sigma, A8380),200 nM A83-01
(Tocris Bioscience, 2939) and 10 pM ROCK inhibitor Y-27632 (only for the
first week). To activate Cre recombinase and trace BCs, fully established
organoids (after 5-7 days) were treated with 1 uM of 4-OH-TAM for 48 h.
Afterwards, the medium was refreshed every 2-3 days without TAM.
DMSO (0.1%),JSH-23 (1 uM) and ruxolitinib (10 pM) were maintainedin
the medium before collection for analysis.

RNA sequencing

Mouse prostate BCs and LCs were FACS-isolated as described in
‘Cell labeling, flow cytometry and sorting’. RNA was extracted from
FACS-isolated cells using the RNeasy Micro kit (QIAGEN), following the
manufacturer’sinstructions. Before sequencing, the quality of RNAwas
evaluated by Bioanalyzer 2100 (Agilent). Indexed complementary DNA
libraries were prepared using the Ovation Solo RNA-seq System (NuGEN)
according to the manufacturer’s instructions. Multiplexed libraries
were loaded onto flow cells and sequenced using the NovaSeq 6000 S2
Reagentkit (200 cycles) onaNovaSeq 6000 System (Illumina). Sequenc-
ing generated approximately 25 million paired-end reads per sample.

RNA-seq analysis
The quality of each raw dataset was assessed using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). Theadaptor
sequences and low-quality regions were trimmed by TrimmomaticPE
(v.0.39)”. Trimmed reads were aligned to the mouse reference genome
(Grcm38.87) using the STAR aligner (v.2.7.5a)™*. Genome annotations
for Grcm38.87 were obtained from Ensembl (ftp.Ensembl.org). Dupli-
catereads wereremoved using the Picard (v.2.1.1; http://broadinstitute.
github.io/picard/) MarkDuplicates. Following transcript assembly,
gene-level counts were generated with HTSeq (v.0.11.1)” and normal-
ized toacountper20 million. The average gene expression of each gene
was calculated for each cell population using at least two biological
replicates and fold changes were computed between subpopulations.
For the differentially regulated genes across the conditions, genes
withafold change > 2 were classified as upregulated, while those with
afold change < 0.5 were classified as downregulated. Genes with fewer
than ten counts in any individual sample were excluded from the dif-
ferential expression analysis. Genes upregulated in each signature
were tested for enrichment in each Gene Ontology (GO) class using
the DAVID”v.2023q4 web server.

ATACsequencing

For ATAC-seq, 100,000 BCs and LCs were FACS-isolated from pooled
mouse prostate lobes (>3 mice). For lobe-specific analysis, BCs were
separately FACS-isolated from the VP, DLP and AP. Sorted cells were
collected in 1 ml PBS with 3% FBS on ice. Cells were centrifuged and
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cell pellets were resuspended in 100 pl lysis buffer (Tris-HCI 10 mM,
NaCl10 mM, MgCl,3 mM and Igepal 0.1%). Following centrifugation at
500gfor25 minat4 °C, nucleiwere resuspended in 50 pl tagmentation
mix (Nextera DNA Sample Preparationkit, [llumina). The reaction was
performed at 37 °C for 30 min and DNA was purified using the MiniE-
lute purification kit (QIAGEN) following the manufacturer’s protocol.
DNA libraries were PCR amplified (Nextera DNA Sample Preparation
kit, Illumina) and size selected from 200 to 800 bp (BluePippin, Sage
Sciences), following the manufacturer’s recommendations.

ATAC-seq analysis

Adaptor sequences were trimmed using TrimmomaticPE
(v.0.39)” with the following parameters: HEADCROP:10 CROP:70
ILLUMINACLIP:adaptor file:2:30:10 LEADING:3 TRAILING:3 SLIDING-
WINDOW:4:15 MINLEN:36. ATAC-seq paired-end reads were then aligned
to mouse reference genome (Grcm38) using Bowtie2 (v.2.2.6)” with
the parameters: X 2,000 --fr --very-sensitive --no-discordant --no-unal
--no-mixed --nondeterministic. Mitochondrial reads, reads mapped
to unmapped or random contigs and those with a mapping quality
below 20 were removed using SAMtools’. Duplicate reads were sup-
pressed by the Picard (v.2.1.1) MarkDuplicates module. Peak on each
individual sample were called using MACS2 (v.2.1.0.20151222)” with the
parameters:-f BAMPE -g mm --nomodel --shift 0 -q 0.01. Peaks from the
different subpopulations were merged for downstream analysis. Reads
counts for each merged peak in individual samples were calculated by
HTSeq-count” usingthe options‘-fbam-r pos-mintersection-nonempty’.
These counts were normalized to one million mapped reads in merged
peaks and fold change was calculated compared to the control. Peaks
were associated with genes using GREAT software (v.4.0.4)%° with the
following parameters: 5.0 kb in proximal upstream, 1.0 kb in proximal
downstream and 100.0 kb in distal. For further analysis, the peaks that
were not annotated to any of genes were excluded. Differential peaks
are defined as peaks having at least a twofold change compared to the
control and being called peak in the expanded condition.

De novo motif search was performed using findMotifsGenome.pl
toolinthe HOMER suite®, searching for motifs 6-12 bp within £250 bp
fromthe peak center. For motif prediction, differently regulated peaks
are given as targets, while nonregulated peaks from the merged peak
set, identified using the intersect function of BEDTools (v.2.27.0)%,
were used as the background.

Single-cell RNA sequencing
For CD1 mice, all epithelial cells, including BCs and LCs (LIN" and
EpCAM") were FACS-isolated. For KSCreER/Pten™"/RosaYFP mice after
a 6-week TAM induction, BCs (LIN"'YFP*CD49f"¢"EpCAM®), LCs (LIN
YFP*CD49f°*EpCAM®) and intermediated cells were FACS-isolated.
For K5CreER/Pten™"/RosaYFP mice after a 10-month TAM induction,
LIN"YFP*EpCAM’ cells were FACS-isolated.

Single cells were dissociated and loaded onto Chromium Single
Cell 3’ microfluidic chips (V2-chemistry, PN-120232,10x Genomics) and
barcoded with a10x Chromium controller according to the manufac-
turer'srecommendations. RNA wasreverse transcribed, amplified and
processed for 5’ adaptor ligation and index attachment. Libraries were
generated with the Chromium Single Cell 3’ Library kit (V3-chemistry,
PN-120233, 10x Genomics) and sequenced on an [llumina Novaseq
6000 (paired-end, 100-bp reads).

Single-cell transcriptomic data analysis

Sequencing reads were aligned and annotated with the mm10-2020-A
reference dataset as provided by 10x Genomics and demultiplexed
using Cell Ranger (v.6.0.0)** using default parameters.

Quality control and downstream analysis were performed
using the Seurat R package (v.4.2.0)%*. For each sample, cells were
retained if they expressed between 2,500 and 7,500 unique genes
and had less than 15% of total unique molecular identifier counts

derived from mitochondrial transcripts. Read counts were normal-
ized with the NormalizeData() function of Seurat, with parameter
‘normalization.method =logNormalize’ and ‘scale.factor =10,000’.
Principal-component analysis (PCA)* were performed for each sam-
ple was calculated using the scaled expression data of the 2,000 most
variable genes, identified as outliers on a mean-variability plot via
the FindVariableGenes() function. Uniform Manifold Approximation
and Projection (UMAP)® and graph-based clustering were carried
out using Seurat with default parameters, using the first 30 principal
components asinput.

Clusters showing high expression of stromal (Vim, Zeb2 and Fscn),
fibroblast (Pdgfra, Fnl, Collal and FbnI) and macrophage markers
(Ptprc, Cd86,Cd68 and Ccrl) were excluded. Dimensionality reduction
wasrecalculated after removal of these nonepithelial cell populations.
The final clustering resolution was selected based on epithelial het-
erogeneity, including BCs (Krt14, Krt5 and Trp63), proximal prostate
(Krt4, Psca, Wfdc2, Clu, Pppirib and Ltf), anterior-dorsal (Nkx3.1, Tlgm
and Gsdma), ventral (Sbp, Sbpland SpinkI) and lateral lobes (Msmb and
Cldn10).Upon Pten deletion, additional cell populations composed of
hillock (Krt13), hybrid (Krt6a, Lyé6d, C1rb and Renl), chemokine-enriched
LCs (Cxcl1, Cxcl2, Cxcl5and Cx3crl), interferon-enriched LCs (/rf7, Ifit1,
Ifitm1, Ifitm2, Ifi202b and Irf6) and major histocompatibility complex
class Il antigen-enriched LCs (Cd74, H2-Aa, H2-Ab1 and H2-DMb1) had
emerged. Cell cycle phases were inferred using CellCycleScoring() in
Seurat, based on S phase and G2/M gene expression.

Marker genes for each cluster were identified using the Wilcoxon
rank-sumtestimplemented in the FindAlIMarkers() functionin Seurat.
Pvalues were adjusted using the Benjamini-Hochberg false discovery
rate (FDR)* method in R. Genes expressed in >25% of cells within a
cluster and with an average log, fold change > 0.25 were retained.
Differentially expressed genes in the hybrid and hillock populations
were identified using the FindMarkers() function in Seurat (param-
eters, logfc.threshold = 0.25, min.pct = 0.25, only.pos = T). Genes with
FDR-adjusted P < 0.01 were considered significant.

BC/LC-specific markers were defined from the WT dataset as genes
withanaveragelog, fold change > 0.5,adjusted P < 0.01and expression
in 235% of the respective population. For each cell, the proportion of
expressed markers was adjusted by modeling its linear relationship
with the total number of genes detected, to correct the differences in
sensitivity due to the different sequencing depth per sample.

Generegulatory network analysis was performed using pySCENIC
(v.0.11.2)*with default parameters. To correct for stochastic variation,
the pipeline was run ten times for the dataset and the average AUC
(areaunder the curve) scores were calculated for downstream analysis.
Differentially activated regulons for each cluster were identified by a
Wilcoxon rank-sum test of AUC values across clusters. Regulons with
anadjusted P< 0.01were considered significantly activated.

Lineage trajectory inference was performed using Slingshot
(v.2.0.0)%. To reduce pseudotime distortions from proliferative
states, cells and clusters with high expression of proliferation or
metabolism-related genes were excluded. Trajectory robustness was
confirmed by consistent results across PCA-and UMAP-based embed-
dings and multiple permutations.

Quantitative RT-PCR

Total RNA of FACS-isolated BCs was extracted using the Direct-zol
RNA Microprep kit (Zymo) following the manufacturer’sinstructions.
Genomic DNA was removed by on-column DNase treatment. Com-
plementary DNA was synthesized using the RevertAid First Strand
c¢DNA Synthesis kit (Thermo Fisher). Quantitative reverse transcription
PCR (QRT-PCR) was performed using SYBR Green Supermix (Applied
Bioscience) onaLight Cycler 96 system (Roche). Relative gene expres-
sion was normalized to the housekeeping gene Gapdh. The following
probes from Eurogentec were used: Gapdh forward: AGGTCGGTGT-
GAACGGATTTG, Gapdhreverse: TGTAGACCATGTAGTTGAGGTCA, llal
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forward: CGAAGACTACAGTTCTGCCATT, /lal reverse: GACGTTTCA-
GAGGTTCTCAGAG, Cxcl2 forward: CCAACCACCAGGCTACAGG and
Cxcl2reverse: GCGTCACACTCAAGCTCTG.

Human public single-cell data analysis

Processed human prostate cancer datasets were downloaded from
the GitHub repository of the author®, the Prostate Cell Atlas* and the
Gene Expression Omnibus (GEO) database under accession numbers
GSE181294 (ref.40) and GSE185344 (ref. 41). For datasets not originally
provided as Seurat objects, data were imported and converted using
the Seurat R package (v.4.2.0)* to enable downstream analysis.

Reprogramming gene signatures were derived from our PTEN 6w
scRNA-seq dataset using a Wilcoxon rank-sum test via the FindAlIMark-
ers() function in Seurat. P values were adjusted with the Benjamini-
Hochberg FDR method® using the p.adjust() function in R. Genes
expressed in BC hillock, hybrid BC proximal-like (HY BC prox), or proxi-
mal populations in >35% of cells, with average log, fold change > 0.85
and adjusted P value < 0.01 were retained. The top 16 differentially
expressed genes per cluster were selected for downstream analysis.
Mouse-to-human orthologs were identified using Ensembl BioMart
by aligning Grcm38.87 (mouse) to GRCh38 (human).

Gene set enrichment analysis across four public human datasets
was performed using AddModuleScore() in Seurat (default param-
eters). Module scores and marker gene expression were visualized
with ggplot2 (v.3.5.1) and viridis R package (v.0.6.5).

IHC staining on human prostate cancer sections

Formalin-fixed, paraffin-embedded human prostate cancer samples
representing different GGs were collected from the Centre Universi-
taire inter Regional d’Expertise en Anatomie Pathologique Hospital-
iére (CurePath), Jumet, Belgium. Histopathological diagnoses were
reviewed according to the 2022 WHO Classification’. For each patient,
onerepresentative paraffin was used forimmunohistochemical analy-
ses. IHC for STAT1 and PIGR was performed on 4-um formalin-fixed,
paraffin-embedded sections using the Ventana Discovery ULTRA (Ven-
tanaMedical Systems) and the ChromoMap detection systemaccording
to the manufacturer’s protocols. Tissue sections were deparaffinized,
rehydrated and subject to antigen retrieval using Discovery Cell Condi-
tioner1(Tris—EDTA, pH7.8;Roche) for 40 minat 95 °C.Slides wereincu-
bated with peroxidase blocking solution for 16 min. Primary antibodies
weredilutedinDiscovery Antibody Diluent and incubated withanti-PIGR
at60 °Cfor 60 minand anti-STAT1at 37 °C for 60 min. Tissues were then
incubated EnVision Flex-HRP (Agilent, K400311-2) at 37 °Cfor 2 h. AQP3
immunostaining was performed on the Autostainer Link 48 (Agilent
Technologies). Tissue sections were deparaffinized, rehydrated and
subject to antigen retrieval using EnVision FLEX Target Retrieval High
pH Solution (EDTA, pH9; Agilent, K800421-2), for 30 minat 97 °Conthe
PT Link (Agilent Technologies). Peroxidase blocking was performed for
5min, followed by incubation with anti-AQP3 at RT for 30 min. The slides
were washed and incubated with the EnVision+System-HRP labeled
polymer anti-rabbit Ig antibody for 20 min (Agilent, K400311-2). The
signal was developed using diaminobenzidine and hydrogen peroxi-
dase, followed by hematoxylin staining, dehydration and mounting.
Whole-slide imaging was performed using a NanoZoomer S360 (x20
magnification, 0.46 um per pixel, Hamamatsuy).

Statistical analysis and reproducibility

Statistical analyses based on biological replicates or independent
experiments were performed using GraphPad Prismv.8.00, R (v.4.2.0)
and Excel, with the methods and exact P values indicated in each fig-
ure and legend. Two-sided unpaired ¢-tests were used for two-group
comparisons, while analysis of variance (ANOVA) followed by post hoc
tests was used for comparisons involving more than two groups. No
statistical methods were used to predetermine sample sizes, but our
samplesizes are similar to those reported in previous publications®’.

Mice with low induction efficiency were excluded from the analysis
and no other data were excluded. Individual data points were shown
and were assumed to be normal, but this was not formally tested. Data
collection and analysis were not performed blind to the conditions of
the experiments. For the drug treatment, male mice were randomly
dividedinto different treatment groups at the same age and genotype.

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

Data availability

All raw sequencing datasets that support the findings of this study
have been deposited in the GEO under accession number GSE270187
(scRNA-seq), GSE270189 (bulk RNA-seq, rapamycin treated),
GSE270190 (bulk RNA-seq, cell fate upon PTEN deletion in BC),
GSE286018 (bulk RNA-seq of P65/Pten knock BCs), GSE286019 (bulk
RNA-seq of basal-derived and luminal-derived luminal tumors),
GSE270191 (ATAC-seq of pooled BC/LC of WT and PTEN-deleted
cells) and GSE288787 (ATAC-seq of BCs from different lobes upon
PTEN deletion). Previously published human prostate cancer
datasets re-analyzed in this study were available from GitHub
repository of the author (https://github.com/franklinhuanglab/
scRNA-seq-Analysis-of-Prostate-Cancer-Samples)*, the Prostate Cell
Atlas (https://www.prostatecellatlas.org)* and GEO GSE181294 (ref.
40) and GSE185344 (ref. 41). The data that support the findings of
thisstudy are available from the corresponding author uponrequest.
Source data are provided with this paper.

Code availability

The codes used for data processing, downstream analysis and plotting
for this paper are available on GitHub at https://github.com/yurasong/
PTEN_codes.
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Extended Data Fig. 1| Pten deletioninduced BC plasticity and tumor initiation
ina cell of origin and region-specific manners. (a) FACS gating strategy to
analyze and isolate BCs and LCs from K5CreER/Pten™"/RosaYFP mice 6 weeks
after TAM injection. Same strategy for all lineage tracing mice in this study.
(b) Quantification of the % of Lin- YFP+ LCs in total YFP+ cells in VP and DLP

at different time points after TAM injection in K5SCreER/Pten™®/RosaYFP mice.
n=3mice forlw, 4w, 7w, 8w and 20w, n =4 mice for 6w and 12w.

(c) Representative FACS plot of CD49fand EpCAM expressionin Lin- YFP+
prostate epithelial cells from K5CreER/RosaYFP mice 6 week after TAM
administration. (d) Quantification of the % of Lin” YFP+ BCs and LCs in total
BCsand LCsin VP, DLP and AP inin KSCreER/RosaYFP mice after 6-8 weeks
TAM administration. n = 6 mice. (e) Quantification of the % of YFP + K14+ and

YFP + K8+ intotal K14+ and K8+in VP, DLP and AP in K5CreER/RosaYFP mice after
4 weeks TAM administration. n = 2 mice. (f) Immunostainings of EdU (Red), GFP
(Green), K14 (Grey) and K8 (Grey) in the prostate of K5CreER/Pten™/RosaYFP
at4w, 6w and 12-week after TAM administration 24 h after EdU injection. Scale
bar, 10 pm. n = 3 mice. (g) Quantification of percentage of EAU doublet following
basal cell division giving rise BC-BC, BC-LC and LC-LC doublets. n =152 EdU
doublets (4w), n=65EdU doublets (6w) and n =142 EdU (12w) doublets pooled
from 3 mice. (h) Genetic strategy to lineage trace LC following Pten deletion

(i) Quantification of Lin- YFP+ BCs and LCs in total BCsand LCs in VP, DLP and AP
at different time points after TAM administration in KS8CreER/Pten™/RosaYFP
mice.n=3mice. Graphsare mean £s.e.m.
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Extended Data Fig. 2| mTOR inhibition blocks multipotency and tumor
initiation. Representative immunostaining of the prostate from (a) K5CreER/
Pten"/RosaYFP mice 6 weeks after TAM administration (K5-PTEN 6w) and

(d) K5CreER/Pten™"/Pik3ca"'®**/RosaYFP mice 3 weeks after TAM administration
(K5-PTEN-PIK 3w) treated with EtOH or Rapamycin (6 mg/kg, three injections

per week) using anti-GFP (green), anti-K8 (red) and anti-K14 (grey) antibodies.
Arrows indicate hybrid cells (YFP + K14 + K8 +). Scale bar, 20 pm (upper row),

10 um (lower row). n =3 mice. Representative FACS plot of CD49fand EpCAM
expressionin Lin- YFP+ prostate epithelial cells of (b) K5-PTEN 6w mice and (e)
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6w mice, n =4 for K5-PTEN-PIK 3w mice. (g) H&E-stained histological sections
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tumor progressionin DLP of K5-PTEN 6w mice treated with EtOH (n =7 mice)
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Graphs are mean +s.e.m. p values are derived from two-sided unpaired t-test.
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| Marker genes for each cell type in control and inK5-
PTEN 6w prostate epithelial cells. Cell populations found by scRNA-seq in
CTL prostate epithelial cells: (a) UMAP dimensionality reduction plots of CTL
prostate epithelial cells with colors representing unsupervised clustering.
(b-g) UMAP plots colored by normalized gene expression for (b) BC marker
genes, (c) Proximal marker genes, (d) Ventral marker genes, (e) Lateral marker
genes, (f) Antero-Dorsal marker genes and (g) Proliferative marker genes.

(h) UMAP dimensionality reduction plots for K5-PTEN 6w using Seurat:

UMAP dimensionality reduction plots with colors representing unsupervised
clustering. (i-0) UMAP plots colored by normalized gene expression for (i) BC
marker genes, (j) Proximal marker genes, (k) HY BC Prox marker genes, (I) HY
Nkx3.1 marker genes, (m) Ventral marker genes, (n) Antero-Dorsal marker genes
and (o) Proliferative marker genes.
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Extended DataFig. 4| Cellular trajectory and in situ characterization of
Hillock, Hybrid and proximal-like LCs. (a) Cell populations of K5-PTEN 6w,
whichare used for trajectory inference: UMAP dimensionality reduction plots
with different colors representing unsupervised clustering. (b) UMAP plot for
the K5-PTEN 6w dataset showing the trajectory from BC to proximal LCs.

(c-d) UMAP plot colored by the adjusted proportion of (c) BC-specific marker
genes and (d) LC-specific marker genes. (e-h) Representative immunostaining

of AP/DLP of CTL, K5CreER/Pten™"/RosaYFP mice 6 weeks after TAM
administration, K5CreER/Pten™/Pik3ca™*’?/RosaYFP mice 3 weeks after TAM
administration and K5CreER/Pten/P53%"%/RosaYFP mice 4 weeks after TAM
administration using (e) anti-K13, (f) anti-Aqp3, (g) anti-K4, (h) anti-Trop2 and
anti-GFP (green), anti-K14 (grey) and anti-K8 (grey) antibodies. Arrows indicate
Hillock cells, Hybrid cells and Proximal LCs as indicated markers. n = 3 mice. Dash
lines marked the expanded LCs. L: prostate lumen. Scale bar, 20 um.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| scRNA-seq characterize hybrid basal-luminal cell
states and lineage trajectory in K5-PTEN 6w prostate epithelial cells. (a) Cell
populations of K5-PTEN 6w, which are used for trajectory inference: UMAP
dimensionality reduction plots with different colors representing unsupervised
clustering. (b) UMAP plot for the K5-PTEN 6w dataset showing the trajectory
from BC to ventral LCs. (c-d) UMAP plot colored by the adjusted proportion of (c)
BC-specific marker genes and (d) LC-specific marker genes. (e) Representative
images ofimmunostaining of the VP of K5CreER/Pten™"/RosaYFP mice 6 months
after TAM administration using anti-GFP (green), anti-Nkx3.1 (red). Scale bar, 50
pm. n =3 mice. (f) Representative images ofimmunostaining of the VP, DLP and
AP of K8CreER/Pten™"/RosaYFP mice 6 months after TAM administration using
anti-GFP (green), anti-K13 (red), anti-K4 (red) and anti-K14 (grey) antibodies.

Scale bar, 50 pm. n = 3 mice. (g) Genes significantly upregulated on HY BC

Prox compared to BC p63 low and BC p63 high in K5-PTEN 6w scRNA dataset.

(h) Genes significantly upregulated in HY BC Prox compared to proximal luminal
cells. (i) Genes significantly upregulated on HY Nkx3.1 compared to the BC
Nkx3.1. (j) Genes significantly upregulated in HY Nkx3.1 compared to the ventral
prostate. (k-m) UMAP plots colored by (Left) SCENIC AUCs for regulon activation
and (Right) normalized gene expression of the TF for (k) Elf3, (I) Grh{3and (m)
CrebS.For gtoj, red dots are significantly differentially expressed genes (FDR-
adjusted Pvalue < 0.01) and blue-labeled genes are uniquely expressed on hybrid
population. P values were calculated using the Wilcoxon rank-sum test and
adjusted using the Benjamini-Hochberg FDR method.
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Extended Data Fig. 6 | Temporal analysis of the activation of innate immunity atleast 2-fold on AP and DLP compared to VP are highlighted with orange box.
and ATAC-seq and bulk RNA-seq on different lobes after Pten deletionin (d) TF motif enrichment analysis of peaks upregulated in BCs of AP/DLP
BC. (a) Relative mRNA expression levels of /lIa and Cxcl2 were determined by compared to BCs of VP in K5-PTEN 6w. P values were calculated using a binomial
quantitative RT-PCRin FACS-isolated BCs of AP/DLP from CD1 mice and YFP+ test. (e) Relative £rg expression from bulk RNA-seq in FACS-isolated CTL BC,

BCs from of K5CreER/Pten™"/RosaYFP mice at indicated time after TAM injection. CTLLC from CTL mice and YFP+BCs (BC_PTEN) and YFP+LCs arising from Pten
mean +s.e.m.n =3 mice. p values are derived from one-way ANOVA with Dunnett deleted BCs (LC_PTEN) from K5CreER/Pten"/RosaYFP mice 5 weeks after TAM
test. ATAC-seq peaks of (b) Krt13and (c) Agp3 genes from FACS-isolated BCs of VP, injection. n =2. (f) Relative Erg expression from bulk RNA-seq of FACS-isolated
DLP and AP of K5CreER/Pten™"/RosaYFP mice 6 weeks after TAM administration. LCs from AP/DLP versus VP in K5CreER/Pten™"/RosaYFP mice 6 months following
Scale for visualization: 0-52 (Krt13) and 0-30 (Agp3). Peaks which are upregulated TAM administration. (n = 3 for AP/DLP, n =2 for VP).

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-00994-3

a b

Up BC_PTEN-PIK Down BC_PTEN-PIK Rap
vs BC_CTL vs BC_PTEN-PIK

Inflammation
BC_CTL
== BC_PTEN-PIK
== BC_PTEN-PIK Rap

5-PTEN-PIK 3W

Extended Data Fig. 7| Activation of innate immunity isamTOR dependent.
(a) Venn diagramiillustrating the number of 2-fold upregulated genesin
FACS-isolated LIN- YFP+BCs of K5CreER/Pten/Pik3ca''*’*/RosaYFP mice

3 weeks after TAM injection (vehicle treated, BC_PTEN-PIK) compared to
FACS-isolated LIN- BCs of CD1 mice (vehicle treated, BC_CTL) and the number
of2-fold downregulated genes in FACS-isolated LIN- YFP+ BCs of K5CreER/
Pten™"/Pik3ca™°**/RosaYFP mice 3 weeks after TAM injection treated with
Rapamycin (BC_PTEN-PIK Rap) compared to BC_PTEN-PIK. (b) GO analysis of
genes upregulated more than 2-fold in FACS-isolated BC_PTEN-PIK compared to
FACS-isolated BC_CTL. (c) GO analysis of genes downregulated more than 2-fold
in FACS-isolated BC_PTEN-PIK Rap compared to FACS-isolated BC_PTEN-PIK.
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(d) Expression of genes on bulk RNA-seq in FACS-isolated BC_CTL, BC_PTEN-PIK
and BC_PTEN-PIK Rap. n =2 samples. (e) Representative immunostaining of
myeloid cells within AP from K5CreER/Pten™"/Pik3ca™**’*/RosaYFP mice treated
with EtOH or Rapamycin 3 weeks after TAM injection using anti-GFP (green), anti-
Ly6G (red) antibodies. Scale bar, 20 pm. (f) Representative immunostaining of
myeloid cells within the DLP from K5CreER/Pten™"/RosaYFP mice and K5CreER/
Pten""/P53"1/RosaYFP mice 4 weeks after TAM injection using anti-GFP (green),
anti-Ly6G (red) antibodies. Scale bar, 50 um. For b and ¢, P values were derived
from two-tailed modified Fisher’s Exact Test and adjusted using the Benjamini-
Hochberg method.
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Extended DataFig. 8 | Regional reprogramming and activation ofinnate
immunity in BC-derived mouse prostate tumors. (a) UMAP dimensionality
reduction plots with different colors representing unsupervised clustering of
scRNA-seq of FACS-isolated LIN- YFP+ epithelial cells from K5CreER/Pten™"/
RosaYFP mice 10 months after TAM administration: (b-h) UMAP plots colored

by normalized gene expression for (b) Proximal marker genes, (c) Proliferative
marker genes, (d) HY BC Prox marker genes, (e) Distal LC marker genes, (f)
Chemokine marker genes, (g) Interferons marker genes, (h) MHC Class Il antigens
marker genes. (i-n) Representativeimmunostaining and quantification of (i, )
K13, (k,1) Agp3 and (m, n) K4 in VP, DLP and AP of K5CreER/Pten™"/RosaYFP mice

6 months following TAM administration. Scale bar, 50 pm. n = 4 mice for K13 and
Aqp3, n=3 mice for K4. (0) Relative mRNA expression from bulk RNA-seq of the
indicated genesin FACS-isolated YFP+LCs from AP/DLP and VP in K5CreER/Pten™"/
RosaYFP mice 6 months following TAM administration. (n =3 for AP/DLP,n=2

for VP). Representative immunostainings of AdeK5Cre infected AP of (p) Pten™/
P53/RosaYFP mice and (q) Pten™"/Pik3ca™'°’*/RosaYFP mice 2 months after virus
injection using the indicated antibodies. Scale bar, 50 pm. (r) Quantification of
the % of K13 +, Aqp3+and K4+ in total YFP+and Ly6G+ cellsin AdeK5Cre injected
AP of Pten/Pik3ca"'°*/RosaYFP mice. n = 3 infections. Graphs are mean +s.e.m.
p values are derived from one-way ANOVA with Tukey’s test.
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Extended Data Fig. 9| Regional reprogramming in human prostate tumors.
(a) Cell populations on ERG-driven human prostate cancer cells, human prostate
cancer atlas, treatment-naive prostate adenocarcinoma and invasive cribriform
carcinoma and intraductal carcinoma data. (b) UMAP dimensionality reduction
plots for KRT13and WFDC2 with color scaling representing the level of gene
expression. (c-f) Heatmap of reprogramming marker genes defined on K5-PTEN
6 W scRNA-seq data on (c) ERG-driven human prostate cancer cells, (d) human
prostate cancer atlas, (e) treatment-naive prostate adenocarcinoma and (f)

invasive cribriform carcinoma and intraductal carcinoma data. (g-i) Slingshot
pseudotime trajectory analysis illustrating the lineage trajectory on (g) ERG-
driven human prostate cancer cells, (h) human prostate cancer atlas and (i)
invasive cribriform carcinoma and intraductal carcinoma data. (j) Summary

of IHC staining results for PIGR and AQP3 in prostate tumor samples from 136
patients, categorized by GG groups of prostate cancer. Green boxes indicate co-
staining of PIGR and AQP3.
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Extended Data Fig. 10 | Model of the early step of prostate tumor initiation. Cell plasticity, lineage infidelity and tumor progression following Pten deletion occursin
aregion-specific manner during the early stage of prostate cancer initiation and are mediated by the activation of innate immunity in prostate basal stem cells.
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Software and code

Policy information about availability of computer code

Data collection  FACS ARIAIII
LSRFortessa
Confocal (LSM 780)
Axiovision realease 4.8
ZEISS Axioscan 7
Zen Blue 3.9 (ZEISS)
Illumina Novaseq 6000
The codes used for data process, downstream analysis and plotting for this manuscript is available at https://github.com/yurasong/
PTEN_codes.

Data analysis For RNA sequencing, raw RNA-seq data quality was assessed using FastQC, and adaptor trimming was performed with TrimmomaticPE
(v0.39). Reads were aligned to the mouse reference genome (GRCmM38.87) using STAR (v2.7.5a), with annotations from Ensembl. Duplicate
reads were removed using Picard (v2.1.1) MarkDuplicate module. Gene-level counts were generated with HTSeq (v0.11.1) and normalized to
20 million aligned reads per sample. Average gene expression was calculated per cell population using at least two biological replicates, and
fold changes were computed between subpopulations. Differentially expressed genes were defined as those with >2-fold increase
(upregulated) or <0.5-fold decrease (downregulated); genes with <10 counts in any sample were excluded. Gene Ontology (GO) enrichment of
upregulated genes was assessed using DAVID (v2023g4), with significant categories defined by a Benjamini-adjusted p-value <0.01.

For ATAC-seq, adaptor trimming was performed using TrimmomaticPE (v0.39) with parameters including HEADCROP:10, CROP:70, and
SLIDINGWINDOW:4:15. Paired-end ATAC-seq reads were aligned to the mouse genome (GRCm38) using Bowtie2 (v2.2.6) with —very-sensitive,
—no-discordant, and —no-mixed options. Reads mapping to mitochondrial DNA, random or unmapped contigs, or with MAPQ <20 were




removed using SAMtools. Duplicates were removed with Picard (v2.1.1) MarkDuplicate. Peaks were called on individual samples using MACS2
(v2.1.0.20151222) with -f BAMPE, --nomodel, --shift 0, and -q 0.01. Peaks across subpopulations were merged, and read counts per peak were
quantified using HTSeg-count with normalization to one million reads. Peaks were linked to genes using GREAT (v4.0.4) with association
parameters of 5 kb upstream, 1 kb downstream, and 100 kb distal. Peaks not associated with genes were excluded from further analysis.
Differential peaks were defined by a >2-fold change over control and presence in the expanded condition. De novo motif analysis was
performed with HOMER findMotifsGenome.pl tool, scanning +250 bp from peak centers for 6-12 bp motifs. Background peaks were defined
as non-differential peaks using BEDTools (v2.27.0) intersect.

For single-cell transcriptomics, sequencing reads were aligned to the mm10-2020-A reference genome (10X Genomics) and demultiplexed
using CellRanger (v6.0.0). Quality control and analysis were performed in Seurat (v4.2.0), retaining cells with 2500 to 7500 genes and <15%
mitochondrial UMIs. Data were normalized using LogNormalize with a scale factor of 10000. Dimensionality reduction (PCA, UMAP) and
clustering used the top 2000 variable genes and the first 30 PCs. Non-epithelial clusters were excluded before re-clustering. Final annotation
was based on marker genes reported in prostatic epithelium. Cluster marker genes were detected using the Wilcoxon rank-sum test and FDR
correction; criteria included >25% expression, log, fold change >0.25, and adjusted p-value <0.01. Hybrid and Hillock-specific genes were
identified with FindMarkers() (logfc >0.25, min.pct 20.25). BC/LC markers (from wild-type) required log2 fold change >0.5, adjusted p-value
<0.01, and >235% expression, with correction for sequencing depth. Gene regulatory networks were inferred using pySCENIC (v0.11.2),
repeated 10 times per dataset, with differentially activated regulons defined by FDR-adjusted p <0.01. Lineage trajectories were inferred using
Slingshot (v2.0.0), excluding proliferative/metabolic clusters, and confirmed across PCA and UMAP embeddings.

Processed human prostate cancer datasets were downloaded from: GitHub repository of the author (https://github.com/franklinhuanglab/
scRNA-seg-Analysis-of-Prostate-Cancer-Samples, Song et al., Nat Commun, 2022), the Prostate Cell Atlas (https://www.prostatecellatlas.org,
Tuong et al., Cell reports, 2021), and the GEO database linked to the publications (GSE181294, Hirz et al., Nat Commun, 2023; GSE185344,
Wong et al., Nat Commun, 2022). Mouse-to-human orthologs for reprogramming genes were mapped using Ensembl BioMart, aligning the
Grcm38.87 (mouse) and GRCh38 (human) reference genomes. Geneset enrichment analysis of reprogramming features on four human public
datasets was performed using the AddModuleScore() embedded in Seurat R package, with default parameters. Module scores and marker
gene expression were visualized with ggplot2 (v. 3.5.1) and viridis R package (version 0.6.5).

For Flow cytometry: FACS ARIA Il (for FACS sorting), LSRFortessa (for FACS analysis) and FACSDiva software (v9.1) (for FACS data analysis).

Images were acquired at RT using a ZEISS Axioscan 7, a LSM780 confocal microscope fitted on an Axiovert M200 inverted microscope
equipped with a C-Apochromat (40X, A.=1.2) water immersion objective and using a Zeiss Axio Imager M2 fluorescence microscope with a
Zeiss Axiocam MR3 camera using Axiovision release 4.8 software. Brightness, contrast, picture size and analyses were performed using ZEN
software and Adobe Photoshop CS6.

Statistical analyses based on biological replicates or independent experiments were performed using GraphPad Prism v.8.00, R (v.4.2.0) and
Excel, with the methods and exact P values indicated in each figure and legend.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All raw sequencing datasets that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE270187
(scRNA-seq), GSE270189 (bulkRNA-seq, rapamycin treated), GSE270190 (bulkRNA-seq, cell fate upon PTEN deletion in BC), GSE286018 (bulkRNA-seq of P65/Pten
knock BCs), GSE286019 (bulkRNA-seq of basal-derived and luminal-derived luminal tumors), GSE270191 (ATAC-seq of pooled BC/LC of WT and PTEN-deleted cells)
and GSE288787 (ATAC-seq of BCs from different lobes upon PTEN deletion).

Previously published human prostate cancer datasets re-analysed in this study were available from GitHub repository of the author (https://github.com/
franklinhuanglab/scRNA-seg-Analysis-of-Prostate-Cancer-Samples, Song et al., Nat Commun, 2022), the Prostate Cell Atlas (https://www.prostatecellatlas.org,
Tuong et al., Cell reports, 2021) and GSE181294 (Hirz et al., Nat Commun, 2023), GSE185344 (Wong et al., Nat Commun, 2022).

The data that support the findings of this study are available from the corresponding author upon request. Source data are provided with this paper.

Data supporting the findings of this study are available within the article. All materials are readily available from the authors or from standard commercial sources.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Samples size for each experiment is indicated in the figures or corresponding figure legends. The sample size was chosen based on previous
experience in the lab (Jiang et al. Nature Comm 2024, Van Keymeulen et al Nature 2015 and Centonze et al Nature 2020). No statistical
methods were used to predetermine sample size. All experiments were repeated at least three times with similar results, except for bulk
RNAseq for which some experiments was repeated twice, and single-cell RNAseq, for which experiment was repeated one time, but each
sequence we sorted and pooled the cells from at least three mice.

Data exclusions  Mice with low induction efficiency were excluded from the analysis and no other data were excluded.
Replication All the experiments were performed in at least 3 biologically independent replicates (mice) or independent experiments. All replicates
reported in the manuscript and on which statistics are based are these replicates. No technical replicates were used to calculate statistics. All

attempts at replication of the results were successful.

Randomization  Only males are used in this study. The mice in this study were used according to their correct genotype. For the drug treatment, the mice are
randomly divided into different treatment groups (littermate controls) at the same age and genotype.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments, as identification of the correct mouse genotype
was necessary.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used For FACS, PE-conjugated anti-CD45 (1:100, clone 30-F11, BioLegend, 103106), PE-conjugated anti-CD31 (1:100, clone MEC 13.3,
BioLegend, 102508), PE-conjugated anti-CD140a (1:100, clone APAS5, Thermo, 12-1401-81), APC conjugated anti-CD49f (1:100, clone
GoH3, eBiosciences, 17-0495), APC-Cy7-conjugated anti-EpCAM (1:100, clone G8.8, BioLegend, 118218).

For IF staining, anti-K8 (rat, 1:500, Troma-I, Developmental Studies Hybridoma Bank, University of lowa), anti-GFP (Goat, 1:500,
abcam, cat. no. ab6673), anti-GFP (rabbit, 1:500, Invitrogen, cat. no. A11122), Rabbit or chicken anti-K14 (1:1000, Thermo, Custom
Product), anti-Ly6G (Rat, 1:200, Biolegend, cat. n0.127602). anti-Krt4 (Rabbit, 1:200, Proteintec, cat. n0.16572-1-AP), anti-Krt13
(Rabbit, 1:200, Abcam, cat. no. ab92551), Anti-Agp3 (Rabbit, 1:200, Abcam, cat. no. ab125219), anti-Collal antibody (1:200, Cell
Signaling Technology, cat. n0.72026S), anti-CD45 antibody (Rat, 1:200, Biolegend, cat. no. 103106) and anti-Trop2 (Goat, 1:200, RD,
cat. no. AF1122). The following secondary antibodies, Cy5-anti-chicken (1:400, JacksonimmunoResearch, 703-175-155), Cy5-anti-




Validation

Rabbit (1:400, JacksonimmunoResearch, 711-175-152), AlexaFluor 488-conjugated anti-goat (1:400; Invitrogen, cat. no. A-11055),
AlexaFluor 488-conjugated anti-rabbit (1:400; Invitrogen, cat. no. A-21206), Rhodamine Red RRX-anti-rat (1:400,
JacksonlmmunoResearch, 712-296-153), Rhodamine Red RRX-anti-rabbit (1:400, JacksonlImmunoResearch, 711-295-152),
Rhodamine Red RRX-anti-goat (1:400, JacksonimmunoResearch, 705-295-003).

For WB, anti-phospho-p65 (Ser536, Rabbit, 1:1000, Cell Signaling, cat#3033), anti-p65 (Rabbit, 1:1000, Cell Signaling, cat#8242), anti-
phospho-Stat1 (Ser727, Rabbit, 1:1000, Cell Signaling, cat#8826), anti-Stat1 (Rabbit, 1:1000, Cell Signaling, cat#9172), anti-phospho-
Akt (Ser473, Rabbit, 1:1000, Cell Signaling, cat#4060), anti-Akt (Rabbit, 1:1000, Cell Signaling, cat#9272) and anti—B-actin (1:2000,
Abcam, Cat#ab8227). Anti-rabbit 1gG conjugated with horseradish peroxidase (HRP) (1:5000; Sigma Aldrich, Gena9340)

For immunohistochemistry on human, anti-PIGR (Rabbit, 1:100, Sigma, cat. no. HPA012012), anti-STAT1 (Rabbit, 1:400, Cell Signaling,
cat. no. #14994S), Anti-AQP3 (Rabbit, 1:1000, Sigma, cat. No. HPA014924), EnVision+System-HRP labelled Polymer anti-rabbit Ig
antibody (Agilent, cat. No. K400311-2).

Antibodies are available commercially. We used protocols and dilution recommandations of the manufacturer on validated species.
Antibodies used in this study were previously described in Jiang et al. Nature Comm 2024, Van Keymeulen et al, Nature 2015 and
Centonze et al, Nature 2020.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

All the animals used were grown in mixed background. The generation of K5CreER and K8-CreERT2 was previously described (Van
Keymeulen et al, Nature 2011). Rosa26-YFP and Ptenfl/fl mice were obtained from the Jackson laboratory. Pik3caH1047R knock-in
mice, in which wild-type exon 20 is replaced by H1047R mutant exon 20 upon Cre recombination. P53fl/fl mice were obtained from
the National Cancer Institute at Frederick (Jonkers, J. et al 2021). P65fl/fl mice were imported from Dr. Manolis Pasparakis lab
(Luedde, T. et al 2008). Male mice with a mixed genetic background were used in this study. All the experiments strictly complied
with the protocols approved by ethical committee. Mice were induced and analyzed at adult age (over 8-weeks old), as indicated in
the figure legends and methods.

No wild animals were used in this study.
Males have been used in this study.
No field collected sample were used in this study.

Mice colonies were housed in a certified animal facility in compliance with European guidelines. The room temperature was
maintained between 20 and 24°C, with relative humidity kept at 55+10%. Food, water and two types of nesting material were
provided in each cage. A semi-natural light 12-hour light/dark cycle was implemented. All animal experiments were approved by the
ethical committee (Commission d’Ethique et du Bien Etre Animal, CEBEA) of the Faculty of Medicine, Université Libre de Bruxelles
under protocols #673N, #854N, #914N. CEBEA follows the European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes. As prostate tumors grow intra-abdominally, humane endpoints based on general health
and a 20% body weight loss limit, approved by CEBEA, were not exceeded in this study. Male mice were used at adult age (over 8
weeks) for the prostate analysis.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Prostate tissue including ventral, dorso-lateral and anterior prostate were isolated from indicated mouse lines at indicated
time points after TAM injection. Tissues were minced in a 6-cm culture plate and digested in 5Smg/ml collagenase type Il (Life
Technologies, cat. no. 17101-015) with 10 uM Y-27632 dihydrochloride (Abmole Bioscience, cat. no. M1817) for 1.5-2 h at
37°C on a shaking platform. Glandular structures were then washed with Advanced DMEM/F12 and centrifuged at 150g for 5
mins at 4°C. Structures were further digested in Trypsin for 10-20 min at 37°C and Trypsin activity was quenched using 2%
FBS in PBS. Cells were passed through a 40um cell strainer and incubated with fluorochrome-conjugated primary antibodies
for 30 mins on ice with shaking every 10 min. Detailed antibody information was provided in supplementary tables. Cells
were washed with 2% FBS/PBS and resuspended in DAPI or Hoechst before analysis. Data analysis and cell sorting were
performed on a FACSAria sorter using the FACS DiVa software (BD Biosciences). Dead cells (DAPI+) and Lin+ (CD45+, CD31+
and CD140a+) cells were excluded before analysis. Due to technical challenges in obtaining enough BC-derived LCs from adult
wild-type mice, we compared LCs isolated from adult CD1 mice with LCs arising from Pten-deleted BCs. The following
populations were analyzed and sorted BCs: DAPI- LIN- YFP+ CD49fhigh EpCAM+ and LCs: DAPI- LIN- YFP+ CD49flow EpCAM+.

FACSAria and LSRFortessa (BD Bioscience)
FACSDiva and FACSAria Software (BD Bioscience)

The proportion of YFP+ PTEN deleted cells in Lin- population varied from 5% to 20%. This proportion varies depending on the
different genetic mouse lines and induction deficiency.

Living cells were selected by forward and side scatter, doublets discriminating and DAPI dye exclusion. CD45+, CD31+ and
CD140a+ cells were excluded (Lin+) before analysis. For CD1 mice cell sorting, we sorted BC: DAPI- LIN- CD49fhigh Epcam+,
we sorted LC: DAPI-, LIN- CD49flow Epcam+. For above genetically lineage tracing mice, we analyzed and sorted BC: DAPI-
LIN- YFP+ CD49fhigh Epcam+ and LC: DAPI- LIN- YFP+ CD49flow Epcam+.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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