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Ectopic JAK-STAT activation enables the
transition to a stem-like and multilineage state
conferring AR-targeted therapy resistance
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Emerging evidence indicates that various cancers can gain resistance to targeted therapies by acquiring lineage plasticity.
Although various genomic and transcriptomic aberrations correlate with lineage plasticity, the molecular mechanisms enabling
the acquisition of lineage plasticity have not been fully elucidated. We reveal that Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) signaling is a crucial executor in promoting lineage plasticity-driven androgen receptor
(AR)-targeted therapy resistance in prostate cancer. Importantly, ectopic JAK-STAT activation is specifically required for the
resistance of stem-like subclones expressing multilineage transcriptional programs but not subclones exclusively expressing
the neuroendocrine-like lineage program. Both genetic and pharmaceutical inhibition of JAK-STAT signaling resensitizes resis-
tant tumors to AR-targeted therapy. Together, these results suggest that JAK-STAT are compelling therapeutic targets for

overcoming lineage plasticity-driven AR-targeted therapy resistance.

directed toward driver oncogenes, resistance to these thera-

pies often emerges quickly, resulting in poor clinical out-
comes. One of the most salient examples of this phenomenon is
metastatic castration-resistant prostate cancer (mCRPC), whereby
resistance to androgen receptor (AR)-targeted therapies occurs rap-
idly, and subsequent disease progression is often inevitable'. Several
mechanisms have been revealed to confer resistance to AR-targeted
therapy, such as restoration of the AR-driven transcriptional pro-
gram or bypass of AR signaling through the activation of other
transcription factors'. Emerging evidence has demonstrated a third
mechanism called lineage plasticity, whereby luminal prostate epi-
thelial cells transition to a lineage-plastic state where survival is
no longer dependent on AR’. The acquisition of lineage plasticity
may result in cells transitioning to a stem cell-like and multilineage
state followed by redifferentiation to new lineages or possibly direct
transdifferentiation to a different lineage, such as a neuroendocrine
(NE)-like lineage’.

Lineage plasticity has been observed in mCRPC and is character-
ized by various genomic and transcriptional aberrations*", which
parallels examples documented in EGFR-mutant lung adenocarci-
noma, estrogen receptor-positive breast cancers and BRAF-mutant
melanoma'*'°. One example of lineage plasticity-driven resistance
occurs in mCRPC with concurrent loss of function of TP53 and

D espite the clinical success surrounding targeted therapies

RB1, which is then accompanied by ectopic activation of SOX2
(refs. “>171%). However, the molecular mechanism that promotes
lineage plasticity in many mCRPC subtypes, especially in the con-
text of TP53/RB1 deficiency, is not fully understood. Furthermore,
although heterogenous subpopulations have been connected to
prostate cancer (PCa) progression and AR therapy resistance'**,
the key survival factor of lineage-plastic and stem-like cells has
yet to be defined. Finally, therapeutic approaches targeting lineage
plasticity-driven resistance are not currently available, underscoring
the unmet clinical urgency to identify druggable targets that drive
lineage plasticity.

Here, we reveal that the ectopic activation of Janus kinase
(JAK)-signal transducer and activator of transcription (STAT)
signaling is required for lineage plasticity-driven AR-targeted
therapy resistance in mCRPC with TP53/RBI1 deficiency and
SOX2 upregulation. Single-cell RNA-sequencing (scRNA-seq)
analysis revealed that JAK-STAT signaling is specifically required
for AR therapy resistance of subclones expressing stem-like and
multilineage transcriptional programs but not for AR therapy
resistance of subclones exclusively expressing the NE-like lineage
program. We demonstrate that both genetic and pharmaceuti-
cal inactivation of key components of the JAK-STAT pathway,
including JAK1/JAK2 and STAT1/STATS3, resensitize resistant
mCRPC to AR-targeted therapy. Collectively, these findings
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suggest that JAK-STAT signaling is a crucial executor driv-
ing lineage plasticity and could be a potential therapeutic target
designed to overcome AR-targeted therapy resistance.

Results

The JAK-STAT pathway is altered concomitantly with TP53,
RB1 and SOX2. To investigate the mechanisms of lineage plasticity
in TP53/RB1-deficient mCRPC with SOX2 upregulation, we first
inquired which transcriptional programs were altered concomi-
tantly with both the loss of TP53 and RB1 and the upregulation of
SOX2. By leveraging a series of LNCaP/AR cell lines we have pre-
viously- generated’, we profiled transcriptomic changes induced
by TP53/RB1 deficiency and overexpression of SOX2 in four cell
lines (control non-targeting short hairpin RNA (shNT), shTP53/
RB1, shTP53/RB1/SOX2 and SOX2 overexpression (SOX2-OE))
before exposure to the AR therapy drug enzalutamide (Enz)*. As
expected, these genetic modifications led to global transcriptomic
changes, and gene set enrichment analysis (GSEA) revealed signifi-
cantly altered pathways (Fig. la and Supplementary Tables 1-6),
including the duality of specific pathways, where they demonstrated
upregulation in TP53/RB1 double-knockdown (shTP53/RB1) and
SOX2-OE cells and, by contrast, downregulation in TP53/RB1/SOX2
triple-knockdown cells (Fig. 1a). To further decipher which of these
transcriptional changes specifically contribute to AR therapy resis-
tance, we investigated signaling pathways enriched following treat-
ment with Enz compared to vehicle (Extended Data Fig. 1a and
Supplementary Tables 1-6). Notably, the JAK-STAT signaling path-
way was the sole cancer-related pathway that was concomitantly
altered with TP53/RBI loss and SOX2 upregulation (Extended
Data Fig. 1b) and was also consistently upregulated in the sgTP53/
RB1 Enz-resistant cells (Extended Data Fig. l1c-g). Interestingly,
the JAK-STAT pathway was not significantly altered in shNT cells
treated with Enz compared to cells treated with vehicle, suggesting
that the JAK-STAT pathway has a specific role in the context of
TP53/RBI deficiency (Extended Data Fig. 1a).

JAK-STAT signaling regulates various biological processes,
such as embryonic development, immune response, inflammation,
cell fate decision, differentiation and hematopoiesis***’. Notably,
numerous lines of evidence implicate JAK-STAT signaling in the
regulation of stem cell self-renewal and multilineage differentia-
tion*. The consequence of JAK-STAT activation on tumorigenesis
is complicated and considered a ‘double-edged sword’ On one hand,
JAK-STAT signaling promotes antitumor immune surveillance
and therapy-induced cell death and is associated with a favorable
clinical outcome in various cancers**’. On the other hand, consti-
tutive activation of JAK-STAT signaling has been correlated with
poor clinical outcomes in hematological malignancies and many
solid tumors, including PCa*~**. In addition, JAK-STAT activation
promotes epithelial-to-mesenchymal transition (EMT), invasion
and metastasis of PCa*~*, further indicating its role in regulating
PCa lineage transition. Thus, the observed ectopic upregulation of
JAK-STAT signaling in the TP53/RB1-deficient and SOX2-OE PCa
cells raises the intriguing possibility that it may play a crucial role in
acquiring lineage plasticity-driven AR therapy resistance.

JAK-STAT signaling is required for lineage plasticity and resis-
tance. To examine the role of JAK-STAT signaling in Enz resistance,
we first surveyed a series of PCa cell lines and determined the pro-
tein levels of TP53, RB1 and JAK1. Here, we observed a substantial
accumulation of JAKI1 in all three Enz-resistant cell lines (DU145,
PC3 and H660; Extended Data Fig. 2a), which are all character-
ized by TP53/RB1 deficiency (deletion/mutation), compared to
in Enz-sensitive cell lines (LNCaP/AR, CWR22P¢c, MDA-PCa-2b,
VCaP and CWR22Rv). To further dissect the role of JAK-STAT sig-
naling, we generated a stable sgTP53/RB1 clone by knocking out
TP53 and RBI in LNCaP/AR cells with CRISPR guides cis linked
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with red fluorescent protein (RFP). These sgTP53/RB1 cells prolif-
erated significantly quicker after exposure to Enz than sgNT cells
expressing green fluorescent protein (GFP; Extended Data Fig. 2b,c
and Supplementary Fig. 1). sgTP53/RB1 cells displayed clear lineage
plasticity, as they express significantly decreased levels of luminal
lineage genes and increased levels of non-luminal lineage genes
(Extended Data Fig. 2d). We also observed significant upregula-
tion in the expression of canonical JAK-STAT signaling genes in
sgTP53/RB1 cells, which was comparable to the levels of JAK-STAT
signaling genes induced by SOX2 OE (Fig. 1b). Interestingly, only
double knockout (KO) of TP53/RB1, but not individual KO of either
TP53 or RBI, led to significant JAK-STAT activation and lineage
plasticity (Extended Data Fig. 2e,f), suggesting that TP53 and RB1
cooperatively suppress ectopic JAK-STAT activation.

To determine whether sustained JAK-STAT signaling is required
to maintain resistance, we knocked out key JAK-STAT signaling
genes in sgTP53/RB1 cells and observed that only KO of JAKI and
STAT1 significantly blunted resistant growth of sgTP53/RB1 cells
(Fig. 1c and Extended Data Fig. 3a—c). However, these results did
not preclude the possibility that different JAK and STAT proteins
may function within a cooperative network to regulate AR-targeted
therapy resistance. Therefore, we knocked out various combina-
tions of JAK and STAT proteins in the TP53/RBI double-KO cells
and observed that KO of JAKI and JAK2 had a significantly more
profound effect on inhibiting Enz-resistant growth of PCa cells than
KO of JAK1 alone, suggesting a cooperative function of JAK2 and
JAK1 in conferring Enz resistance (Fig. 1d). Similarly, KO of STAT1
and STAT3 had a significantly more profound effect on inhibiting
Enz-resistant growth than KO of STATI alone (Fig. 1d), demon-
strating how STAT3 and STAT1 function cooperatively to regulate
resistance. These results were further validated in an additional
Enz-sensitive PCa cell line, CWR22Pc (Extended Data Fig. 3d,e).
Interestingly, KO of JAK-STAT genes in wild-type sgNT cells or in
sgTP53/RB1-KO cells treated with vehicle did not influence tumor
cell survival (Extended Data Fig. 3f,g), suggesting a specific role of
JAK-STAT signaling in lineage plasticity-driven AR therapy resis-
tance. These findings were validated in vivo in castrated severe
combined immunodeficient (SCID) mice treated with Enz, where
the depletion of JAK1 and STAT1 largely resensitized sgTP53/RB1
xenografted tumors to Enz (Fig. 1e,f).

To determine the connection between JAK-STAT signaling and
lineage plasticity, we examined the expression of canonical lin-
eage markers in sgTP53/RB1/JAK1 cells, which have suppressed
JAK-STAT signaling (Extended Data Fig. 4a,b). We observed
that JAK1 depletion largely attenuated the downregulation of AR
signaling and the expression of luminal lineage genes (Fig. 2a,b)
and upregulation of the expression of stem-like, basal, EMT and
NE-like marker genes (Fig. 2c-e), which reinforces its crucial
role in the acquisition of non-luminal and multilineage transcrip-
tional programs. Immunofluorescence (IF) staining validated
this transition from an exclusively AR-driven luminal lineage to
an AR-independent, multilineage state after TP53/RB1 deple-
tion (Extended Data Fig. 4c), which was largely reversed follow-
ing JAK1 KO (Extended Data Fig. 4c). JAKI KO also reversed the
increased migratory and invasive abilities of sgTP53/RB1 cells
(Fig. 2f-1), supporting the necessity of JAK-STAT signaling in the
maintenance of an EMT lineage program. Furthermore, JAKI or
STATI KO also reversed the enhanced prostasphere formation
of sgTP53/RB1 cells (Fig. 2j,k), which corroborates the role of
JAK-STAT signaling in promoting a stem-like state.

JAK-STAT activation correlates with poor clinical outcomes.
Given the prominent role of JAK-STAT signaling in promoting
EMT and AR therapy resistance in our preclinical model, we exam-
ined the impact of JAK-STAT upregulation in various clinically rel-
evant models and scenarios. We performed immunohistochemistry
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Fig. 1| JAK-STAT signaling is required for Enz resistance in TP53/RB1-deficient mCRPC. a, Heat map representing the significantly changed signaling
pathways in LNCaP/AR cell lines transduced with annotated shRNAs based on GSEA analysis. Three comparisons are presented. Reads from n=3
independently treated cell cultures in each group were used for analysis. Signaling pathways concomitantly altered with TP53/RBT loss and SOX2 upregulation
are labeled with a red bracket. b, Relative gene expression of canonical genes activated in the JAK-STAT signaling pathway in LNCaP/AR cells transduced

with Cas9 and annotated guide RNAs; n=3 independently treated cell cultures. P values were calculated using a two-way ANOVA with a Bonferroni
multiple-comparison test. ¢, Relative cell numbers of LNCaP/AR cells transduced with Cas9 and annotated CRISPR guide RNAs. Cells were treated with 10 uM
Enz for 8d, and cell numbers (viability) were measured using a CellTiter-Glo assay, with all values normalized to the sgTP53/RB1 group; n=3 independently
treated cell cultures. P values were calculated by one-way ANOVA with a Bonferroni multiple-comparison test; RLU, relative light units. d, Relative cell
numbers of LNCaP/AR cells transduced with Cas9 and annotated CRISPR guide RNAs. Cells were treated with 10uM Enz for 8d, and cell numbers (viability)
were measured using a CellTiter-Glo assay, with all values normalized to the sgTP53/RB1 group; n=3 independently treated cell cultures. P values were
calculated by one-way ANOVA with a Bonferroni multiple-comparison test; NS, not significant. e, Tumor growth curve of xenografted LNCaP/AR cells
transduced with Cas9 and annotated guide RNAs in castrated mice. Cas denotes castration 2 weeks before grafting. Enz denotes Enz treatment at 10 mg kg™
from day 1 of grafting; n=number of independent xenografted tumors in each group (two tumors per mouse); sgNT, n=_8 tumors; sgTP53/RB1, n=12 tumors;
sgTP53/RB1/JAKT, n=8 tumors; sgTP53/RB1/STAT1, n=12 tumors. P values were calculated by two-way ANOVA with a Bonferroni multiple-comparison
test. f, IHC staining of JAK-STAT proteins on annotated xenografted tumor slides showing representative images of n=2 independent tumors.

(IHC) staining of key JAK-STAT proteins in a collection of dei-
dentified human PCa samples and matched benign prostate tissues
and validated the substantial augmentation of JAK-STAT signal-
ing in human PCa samples, especially CRPC samples, compared to
matched benign tissue (Fig. 3a). Consistent with the IHC results,

human PCa tumor samples exhibited a significant enhancement
in the expression of JAK1 and STAT1 compared to that observed
in benign tissues (Fig. 3b,c). We then treated seven independent
human-derived explants (PDE) and observed an upregulation of
JAK1 and STAT1 following Enz treatment (Fig. 3d-f)***, further
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Fig. 2 | JAK1 KO stagnates the lineage transition to a stem-like and multilineage state. a-e, Relative expression of canonical AR target genes and lineage
marker genes in LNCaP/AR cells transduced with Cas9 and annotated guide RNAs; n=3 independently treated cell cultures. P values were calculated by
two-way ANOVA with a Bonferroni multiple-comparison test. f, Representative images of an LNCaP/AR cell transwell migration assay of three independent
treated cell cultures. g, Quantification of the migrated cell numbers of nine representative images taken from three independent treated cell cultures for each of
the cell lines. P values were calculated by one-way ANOVA with a Bonferroni multiple-comparison test. h, Representative images of an LNCaP/AR cell invasion
assay of three independent treated cell cultures. i, Quantification of the numbers of invading cells of nine representative images taken from three independent
treated cell cultures for each of the cell lines. P values were calculated by one-way ANOVA with a Bonferroni multiple-comparison test. j, Representative
images of an LNCaP/AR cell prostasphere formation assay of three independent treated cell cultures. k, Quantification of the prostaspheres formed from three
independent treated cell cultures for each of the cell lines. P values were calculated by one-way ANOVA with a Bonferroni multiple-comparison test. Unless

otherwise noted, data are represented as mean+s.e.m.

demonstrating their role in mediating AR therapy resistance. Next,
we investigated two human PCa cohorts (The Cancer Genome
Atlas (TCGA) and SU2C) and hypothesized that reduced sensitiv-
ity to AR-targeted therapy would correlate with a higher frequency
of copy number variations of JAK-STAT genes in mCRPC tumors
than in hormone-sensitive primary tumors**->2. Indeed, the frequen-
cies of copy number amplifications and somatic mutations in JAK-
STAT signaling genes were significantly higher in mCRPC (SU2C)
than in hormone-naive PCa (TCGA; Extended Data Fig. 5a,b).
Finally, we examined both the pathological characteristics and the
expression of JAK-STAT signaling genes in the TCGA cohort and
discovered that individuals with regional lymph node metastasis
(N1) or high-grade tumors (Gleason score of >8) had significantly
higher JAK-STAT signaling gene expression than individuals lack-
ing regional lymph node metastasis (NO) or with low-grade tumors
(Gleason score of <7; Extended Data Fig. 5¢,d).

To determine whether JAK-STAT signaling is specifically
upregulated in human PCa with reduced TP53/RBI expres-
sion, we performed transcriptomic analysis of an existing human
CRPC scRNA-seq dataset. Among the six individuals of this
cohort, we identified two major clusters of PCa cell subpopula-
tions expressing either high or low levels of both TP53 and RBI
in participant 1 (CRPC-adeno) and participant 5 (CRPC-NE;
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Fig. 3g). Transcriptomic analysis revealed increased expression of
JAK-STAT signaling genes, such as JAKI, STAT1 and IL6ST, in the
TP53/RB1-low subpopulation compared to in the TP53/RBI-high
subpopulation in both individuals (Fig. 3gh). Strikingly, the
TP53/RB1-low subpopulations displayed substantially higher
expression of stem-like (TACSTD2, ATXNI, KRT4 and CD55)
and EMT (VIM, SNAI2 and CDHI11) gene and lower AR target
(KLK3, PTGER4 and ACSL3) gene (Fig. 3g,i-k), which is consistent
with the role of JAK-STAT signaling in promoting the transition
from an AR-dependent state to an AR-independent, multilin-
eage and stem-like state. Interestingly, an increase in NE-like lin-
eage in the TP53/RB1-low cells was only observed in participant 1
(CRPC-adeno) but not in participant 5 (CRPC-NE; Fig. 3g,1). These
data indicate that JAK-STAT may be dispensable for tumor cells
exclusively expressing NE-like lineage. To further validate whether
ectopic JAK-STAT is required for resistance in human PCa, we sur-
veyed a series of three-dimensional (3D)-cultured human-derived
organoid (PDO) models (Extended Data Fig. 6a)*~*> and observed
ectopic upregulation of JAK-STAT signaling genes in PDOs with
TP53/RB1 deficiency (Extended Data Fig. 6b). Among those PDOs,
MSKPCa8 and MSKPCa9 belong to a subclass defined by increased
stem-like, EMT-like and interferon response-related transcrip-
tional programs®®. Strikingly, JAK-STAT signaling inhibition
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Fig. 3 | Ectopic JAK-STAT activation correlates with poor clinical outcomes. a, IHC staining of annotated JAK-STAT proteins on benign prostate tissues
or PCa samples; n=2 independent tumors in each group. b,¢, Relative expression of JAKT (b) and STATT (¢) in benign prostate tissues or PCa samples.
The center line indicates the median, the box limits indicate upper and lower quartiles and the whiskers indicate maximum and minimum values. P values
were calculated by a two-sided Mann-Whitney test; n=10 benign prostate samples; n=11 PCa tumors. d, Schematic figure representing the generation
and examination of the PDE model. The figure was created with BioRender.com; Veh, vehicle. e, Relative expression of JAKT in a series of PDEs treated
with vehicle (DMSO) or Enz (10 uM) for 24 h. f, Relative expression of STATT in a series of PDEs treated with vehicle (DMSO) or Enz (10 uM) for 24 h.

For e and f, n=7 independent PDEs, and data show mean +s.e.m. P values were calculated by two-sided t-test. g, Principal-component analysis (PCA)
plots of human CRPC biopsy samples; participant 1, n=2,691 cells, CRPC-adeno; participant 5, n=2,123 cells, CRPC-NE. For each sample, single-cell
transcriptomic profiles are colored by the expression (log, CPM) of selected genes representing canonical signaling pathways and lineage-related
transcriptional programs. The schematic figure was created with BioRender.com. h-l, Violin plots representing the expression scores of canonical JAK-
STAT signaling, AR signaling and lineage marker genes in subclones with high versus low TP53/RB1 expression in both participants 1and 5. The center line
indicates the median, upper and lower lines indicate upper and lower quartiles and violin limits indicate maximum and minimum values; TP53/RBI1-high:
participant 1n=2,215 cells and participant 5 n=1,796 cells; TP53/RB1-low: participant 1n=476 cells and participant 5 n=327 cells. P values were
calculated by two-sided Mann-Whitney test.

by the JAK1 inhibitor filgotinib (Filg) largely resensitized these ~JAK1 inhibition reverses lineage plasticity and resistance.
Enz-resistant PDOs (Extended Data Fig. 6¢,d), supporting the cru-  Identification of JAK-STAT signaling as a crucial executor of lin-
cial role of JAK-STAT in mediating AR therapy resistance. eage plasticity-driven resistance raises the hope that appropriate
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therapeutic approaches targeting this pathway could overcome
AR-targeted therapy resistance. Indeed, in vitro cell viability assays
demonstrated that combination treatment of Filg and Enz signifi-
cantly inhibited the growth of Enz-resistant sgTP53/RB1 LNCaP/
AR cells (Fig. 4a). Dose-response measurements (half-maximum
inhibitory concentration (IC,)) validated that sgTP53/RB1 cells
exhibit less sensitivity to Enz than sgNT cells (Extended Data
Fig. 7a), while the sgTP53/RB1 cells are more susceptible to Filg
than sgNT cells (Extended Data Fig. 7b). These results were again
validated in CWR22Pc cells, where Filg significantly inhibited
the growth of Enz-resistant cells and attenuated the upregula-
tion of non-luminal lineage programs (Extended Data Fig. 7c,d).
Furthermore, Filg impaired the growth of DU145 and PC3 cells,
two Enz-resistant PCa cell lines expressing ectopic levels of JAK1
(Extended Data Fig. 7e,f). These in vitro results are further sup-
ported by in vivo xenograft experiments, as the combination treat-
ment of Enz and Filg stagnated the growth of Enz-resistant sgTP53/
RB1 tumors and induced more tumor regression than either drug
alone (Fig. 4b).

To further explore the effect of JAK1 inhibition in a geneti-
cally defined model, we used the previously established mouse
prostate organoids derived from Trp53PRp]PP mice, fol-
lowed by infection with Cre or empty lentivirus’. In contrast to the
typical lumen structure, which the Trp530lFRp /PP 4 empty
(Trp53/Rb1-wildtype (WT)) organoids formed in 3D culture, Trp53
loxPlloxP Rp JoxPloxP 4 Cre (Trp53/Rb1-KO) organoids displayed a hyper-
plastic morphology, where the organoid cells formed a solid ball with
protrusive structures invading the surrounding Matrigel (Fig. 4c,d).
The Trp53/Rb1-KO organoids expressed significantly elevated levels
of JAK-STAT proteins compared to Trp53/Rb1-WT organoids (Fig. 4c
and Extended Data Fig. 8a). Although these Trp53/Rb1-KO organoids
were significantly more resistant to Enz than Trp53/Rb1-W'T controls
(Fig. 4d,e), they responded well to the combination of Enz and Filg
(Fig. 4d,e). Remarkably, we also observed that a substantial number
of Trp53/Rb1-KO organoids reestablished a classic lumen-like struc-
ture when treated with Filg (Fig. 4d,f), indicating that JAK1 inhibi-
tion impairs the acquisition of non-luminal programs and restores
the luminal program. Consistent with this hypothesis, the percent-
age of lumen-like organoids in the Trp53/RbI-KO group signifi-
cantly receded when treated with Enz and Filg (Fig. 4d,f), suggesting
that Enz sensitivity was restored in those lumen-like organoids.
The reversal of the lineage plasticity within Filg-treated organoids
is supported by quantitative PCR (qQPCR) results and IF staining,
which demonstrated attenuated downregulation of AR and luminal
gene expression and upregulation of non-luminal gene expression
(Fig. 4g,h and Extended Data Fig. 8b).

As JAK1/JAK2 and STAT1/STAT3 may cooperatively medi-
ate lineage plasticity and resistance (Fig. 1d), we examined the

inhibitory effects of various pharmaceutical inhibitors targeting
different JAK and STAT proteins, including ruxolitinib (JAK1/
JAK2 inhibitor), fludarabine (STAT1 inhibitor) and niclosamide
(STAT3 inhibitor). Interestingly, the dual JAK1/JAK2 inhibi-
tor ruxolitinib had a greater inhibitory effect on TP53/RB1-KO
cells than Filg (Extended Data Fig. 8c). Similarly, combined
administration of fludarabine and niclosamide achieved a more
profound inhibitory effect on Enz-resistant growth than fludara-
bine or niclosamide alone (Extended Data Fig. 8c), supporting
the cooperative roles of both JAK1/JAK2 and STAT1/STAT3. To
further examine whether JAK-STAT signaling mediates lineage
plasticity-driven resistance in a broader fashion, we surveyed a
series of xenograft-derived, Enz-resistant cell lines with CHDI
loss, which display clear lineage plasticity'’, and identified three
cell lines with ectopic JAK-STAT signaling (Extended Data
Fig. 8d). JAK-STAT inhibition through both Filg and ruxoli-
tinib largely resensitized xenograft-derived resistant cells to Enz
(Extended Data Fig. 8e-g), suggesting that PCa cells may hijack
JAK-STAT signaling as a general avenue to promote lineage
plasticity and resistance.

SOX2 promotes JAK-STAT signaling in a positive feedback fash-
ion. We next sought to reveal the mechanism through which JAK-
STAT signaling is upregulated. Interestingly, SOX2 KO in the TP53/
RB1-deficient cells impaired the upregulation of JAK-STAT signal-
ing genes (Fig. 1b), indicating a critical role of SOX2 in activation
of JAK-STAT signaling. SOX2 chromatin immunoprecipitation
(ChIP)-qPCR analysis supports this hypothesis by demonstrating
a significant augmentation of SOX2 binding at JAK-STAT gene loci
in cells with TP53/RB1 KO or ectopic SOX2 expression (Fig. 5a-d).
Consistent with these SOX2 ChIP-qPCR results, an increase in
histone 3 lysine 27 (H3K27) acetylation (H3K27ac) and a decrease
in H3K27 trimethylation (H3K27me3) at the JAKI gene locus fol-
lowing TP53/RBI KO or SOX2 OE were also identified, indicating
a transcriptional upregulation of JAK1 by SOX2 (Extended Data
Fig. 9a,b). This hypothesis was further supported by analyzing an
existing SOX2 ChIP-seq dataset generated from another mCRPC
cell line with ectopic SOX2 expression®*, CWR-R1, which demon-
strated PCa-specific SOX2 binding sites in JAK-STAT genes com-
pared to canonical SOX2 binding sites in the embryonic stem cell
line WAO1 (Extended Data Fig. 9¢,d). To explore whether JAK and
STAT are required for SOX2-promoted lineage plasticity and resis-
tance, we knocked out JAKI and STAT]I in the SOX2-OE cells and
observed significantly impaired resistant growth of those cells, as
shown in cell proliferation assays (Fig. 5¢) and CellTiter-Glo viability
assays (Fig. 5f). Furthermore, JAKI and STATI KO in the SOX2-OE
cells largely attenuated the acquisition of lineage plasticity (Fig. 5g).
JAK1 inhibition by Filg significantly resensitized SOX2-OE cells to

3>
>

Fig. 4 | JAK1 inhibitor restores Enz sensitivity. a, Relative cell number of LNCaP/AR cells transduced with Cas9 and annotated CRISPR guide RNAs and
treated with annotated treatments in CSS medium and normalized to the vehicle group; Enz, 10 uM Enz; Filg, 5 pM Filg; Enz + Filg, combination of Enz and
Filg; vehicle, DMSO treatment with equal volume as Enz. Cells were treated for 8d, and cell numbers were measured by a CellTiter-Glo assay. b, Waterfall
plot displaying changes in tumor size of xenografted LNCaP/AR-sgTP53/RB1 cells after 2 weeks of treatments. All animals were treated with Enz at 10 mg
kg™ orally 1d after grafting. Beginning from week 3 of xenografting, animals were randomized into three groups and treated with Enz only at 10 mg kg™
orally, Filg only at 20 mg kg™ orally twice daily or a combination of Enz plus Filg; n=the number of independent xenografted tumors in each group (two
tumors per mouse); Enz, n=10 tumors; Filg, n=10 tumors; Enz + Filg, n=10 tumors. P values were calculated by one-way ANOVA with a Bonferroni
multiple-comparison test. ¢, IF staining of the Trp530#x*Rp1x710* + empty (Trp53/RBT-WT) and Trp53#1xPRp1#1® 4 Cre (Trp53/RB1-KO) organoids in 3D
with annotated antibodies; representative images of n=2 independent treated cell cultures are shown. d, Brightfield images of annotated organoids treated
with DMSO (vehicle), TpM Enz, 5uM Filg or Enz and Filg (Enz + Filg) for 6 d; representative images of n=3 independent treated cell cultures are shown.

e, Relative cell numbers of annotated organoids treated with annotated treatments for 6 d normalized to the vehicle group. Treatments are the same as
described in d. f, Percentage of organoids that display lumen or hyperplasia morphology. Treatments are the same as described in d. g, Relative expression
of JAK-STAT and lineage marker genes in organoids treated with the treatments annotated in d. h, IF staining of the annotated organoids with antibodies
targeting the proteins encoded by AR target genes and lineage marker genes; representative images of n=2 independent treated cell cultures are shown.
Unless otherwise noted, n=3 independent treated cell cultures, and data represent mean +s.e.m. P values were calculated by two-way ANOVA with a

Bonferroni multiple-comparison test.
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Enz (Extended Data Fig. 9¢) and attenuated the acquisition of lin-
eage plasticity in these cells (Extended Data Fig. 9f).

To reveal whether JAK-STAT activation is sufficient to promote
lineage plasticity, we overexpressed JAKI and STAT1 (JAK1-OE and
STAT1-OE) in LNCaP/AR cells and observed significantly upregu-
lated expression of stem-like, EMT, basal and NE-like marker genes
(Fig. 5h). Notably, the observed upregulation of SOX2 in JAKI-OE
and STATI-OE cells (Fig. 5h) suggests positive feedback regula-
tion between SOX2 and JAK-STAT activation. Consistent with this
feedback model, JAK1 inhibition through either CRISPR-mediated
KO or Filg treatment in sgTP53/RB1 cells led to a ~30% reduc-
tion of SOX2 expression (Fig. 5i,j). Furthermore, combination of
KO or pharmaceutical inhibition of various JAK and STAT pro-
teins led to a more profound downregulation of SOX2 expression
(Fig. 5i,j), suggesting that various JAK and STAT proteins coopera-
tively regulate SOX2 in a similar feedback fashion. Finally, to fur-
ther decipher the dynamic of this SOX2- and JAK-STAT-regulated
lineage plasticity, we used an inducible shRNA-transduced LNCaP/
AR model, where doxycycline (Dox)-inducible TP53/RB1 knock-
down led to upregulation of JAK-STAT signaling genes as soon as
12h following Dox administration (Fig. 5k). Remarkably, stem-like
and EMT-like programs were spontaneously upregulated with
JAK-STAT signaling as soon as 12h after Dox induction, while
NE-like programs were not upregulated until 24 h after Dox admin-
istration (Fig. 5k). Furthermore, although stem-like and EMT-like
programs were simultaneously reversed to wild-type levels follow-
ing the downregulation of JAK-STAT signaling after Dox removal,
NE-like programs were not fully restored (Fig. 5k), suggesting that
NE-like programs were retained in a subset of cells. These results
may suggest that JAK-STAT signaling is required for therapy resis-
tance of stem-like and multilineage cells rather than cells exclusively
expressing NE-like lineage.

Single-cell transcriptomics reveal lineage heterogeneity. To
examine the role of JAK-STAT in heterogeneous cell subpopula-
tions, we performed scRNA-seq and transcriptomic analysis using
the series of LNCaP/AR cell lines treated with Enz or vehicle. As
expected, clustering of the sequenced cells was primarily driven
by genetic and treatment perturbations (Fig. 6a-c). Interestingly,
the majority of both the sgNT and sgTP53/RB1/JAKI cells were
clearly separated by different treatments (Fig. 6a,c), while sgTP53/
RB1 cells did not display a similar separation (Fig. 6b). These data
support the observation that a majority of the sgTP53/RB1 cells
exhibit Enz resistance. Because AR antagonists can promote PCa
cell cycle arrest”’, we performed cell cycle prediction analysis and
observed a dramatically increased cell cycle arrest occurring in the
sgNT cells treated with Enz (Fig. 6a,d). By contrast, Enz treatment
did not increase the population of sgTP53/RB1 cells in G1 phase,
suggesting that the majority of sgTP53/RBI cells are resistant to Enz
(Fig. 6b,d). Remarkably, JAKI KO substantially increased the
percentage of cells entering G1 after Enz treatment compared to

that observed in the vehicle-treated group (Fig. 6¢,d). These data
validate the specific role of JAK-STAT in mediating AR-targeted
therapy resistance. To further assess the dynamics of resistance,
we investigated whether AR signaling was restored in resistant
subclones. Not surprisingly, the sgNT + vehicle group consisted of
the greatest number of cells expressing canonical AR score genes
(Supplementary Table 7), and inhibition of their expression was sub-
sequently verified after Enz exposure (Extended Data Fig. 10a-f).
By contrast, both sgTP53/RB1 vehicle and sgTP53/RB1 Enz
groups lacked expression of AR genes, supporting the emergence
of AR-independent transcriptional programs (Extended Data
Fig. 10a—f). The expression of AR targets was largely reestablished
in many cells belonging to the sgTP53/RB1/JAK1 + vehicle group
(two-thirds of AR score genes; Supplementary Table 7) compared
to that observed in the sgTP53/RB1 + vehicle group (Extended Data
Fig. 10a-f). These data suggest a partial restoration of AR signaling
and AR dependency among the sgTP53/RB1/JAK1 cells.

To characterize lineage-specific tumor heterogeneity in resistant
PCa cells, we performed unsupervised graph clustering (uniform
manifold approximation and projection (UMAP))** and identified
six distinct cell subsets labeled as clusters 0-5, with further parti-
tioning to 13 subclusters (Fig. 6e,f). Consistent with transcriptomic
changes caused by TP53/RB1/JAK1 modification, five of the six
clusters (clusters 0-4) predominantly overlapped with the clusters
identified by genetic and treatment perturbations (Fig. 6g), while
cluster 5 is a mixture of a small fraction of cells from five groups
(Fig. 6e-g). To examine the cell proliferation state of these clusters,
we overlapped the transcriptomic-based clustering with cell cycle
prediction (Fig. 6h). Interestingly, cells within clusters 0, 1, 3 and 5
remain proliferative (termed the ‘winner’ clusters; Fig. 6i), whereas
cluster 2 contains a much higher percentage of cells in cell cycle
arrest (termed the ‘loser’ cluster; Fig. 61). Lastly, cells within cluster
4 express elevated levels of cell cycle phase heterogeneity (Fig. 6h), a
finding that will be expounded on later.

JAK-STAT signaling is required for stem-like and multilineage
clones. We next probed the well-established AR score and five
lineage-specific gene signatures (Supplementary Table 7)>***-'and
analyzed the expression of genes (z score) comprising these signa-
tures across all clusters and samples (Fig. 7a-c). In congruence with
the luminal epithelial cell lineage of LNCaP/AR cells, cluster 2 and
cluster 3, which consist of cells originating from the sgNT groups,
represent the two clusters expressing the highest level of luminal
genes (Fig. 7a—d). Most of cluster 2 cells, while retaining their lumi-
nal lineage, displayed loss of AR signaling gene expression and
entered cell cycle arrest following Enz administration (Fig. 7a-e).
Notably, the most substantial proportions of clusters 0 and 1, con-
sisting primarily of cells originating from the sgTP53/RB1 groups,
expressed the lowest levels of the luminal gene signature and rela-
tively high levels of non-luminal and multilineage gene signatures
(Fig. 7a-1). Surprisingly, clusters 0 and 1 also contained a proportion

>
>

Fig. 5| SOX2 enables JAK-STAT activation in a positive feedback fashion. a-d, SOX2 ChIP-gPCR of JAKT (a,c) and STATT (b,d) genomic loci in LNCaP/
AR cells transduced with annotated CRISPR guide RNAs or overexpressing constructs. e, Relative cell numbers of LNCaP/AR cells transduced with
annotated constructs and treated with Enz or vehicle, normalized to the vehicle group; Enz, 10 uM Enz; vehicle, DMSO treatment with equal volume as Enz.
Cells were treated for 6d, and cell numbers were measured by cell proliferation assay. f, Relative cell number fold change of LNCaP/AR cells transduced
with annotated constructs. Data are normalized to the SOX2-OE + sgNT group; Enz, 10 pM Enz treatment for 8 d. Cell numbers were measured by a
CellTiter-Glo assay. P values were calculated by one-way ANOVA with a Bonferroni multiple-comparison test. g, Relative expression of canonical lineage
marker genes in LNCaP/AR SOX2-OE cells transduced with annotated constructs. h, Relative expression of canonical lineage marker genes in LNCaP/AR
cells transduced with JAKT or STATT cDNA constructs. SOX2 expression is highlighted in red. i, Relative expression of SOX2 in LNCaP/AR cells transduced
with annotated guide RNAs. j, Relative expression of SOX2 in LNCaP/AR cells treated with 5uM Filg or 5 uM ruxolitinib (Rux) or DMSO for 8d. P values in

i and j were calculated by one-way ANOVA with a Bonferroni multiple-comparison test. k, Relative gene expression levels of canonical JAK-STAT signaling
and lineage marker genes in the inducible shTP53/RB1 LNCaP/AR cells treated with Dox for various lengths of time. Data are normalized to O h. Unless
otherwise noted, n=3 independent treated cell cultures, and data represent mean +s.e.m. P values were calculated by two-way ANOVA with a Bonferroni

multiple-comparison test.
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Fig. 6 | JAK-STAT is required for AR therapy resistance of heterogenous subclones. a-¢, UMAP plots of single-cell transcriptomic profiles of LNCaP/AR

cells transduced by annotated CRISPR guide RNAs and treated with vehicle (DMSO) or 10uM Enz for 5d; sgNT (Veh, n=14,268 cells; Enz, n=15,149 cells;

a); sgTP53/RB1 (Veh, n=12,267 cells; Enz, n=9,850 cells; b); sgTP53/RB1/JAKT (Veh, n=25,200 cells; Enz, n=11,096 cells; ¢). Cells on the left are colored
according to sample origin, while cells on the right are colored by predicted cell cycle phase. d, Bar plot presenting the percent distribution of single cells

in different cell cycle phases in each sample. The numbers of cells (n) are the same as in a-c. P values were calculated by two-sided Fisher's exact test.

e, Single-cell profile of LNCaP/AR cells based on clustering. A UMAP plot of single cells colored by unsupervised clustering of six subsets is presented; cluster
0 (C0), n=26,944 cells; C1,n=15,994 cells; C2, n=14,029 cells; C3, n=14,278 cells; C4, n=10,025 cells; C5, n=6,560 cells. f, Single-cell profile of LNCaP/AR
cells based on subclustering. A UMAP plot of single cells colored by unsupervised clustering of 13 subclusters is presented; CO, n=26,944 cells; C1, n=15,994
cells; C2-1,n=9,513 cells; C2-2, n=2,402 cells; C2-3, n=2114 cells; C3-1, n=2,578 cells; C3-2, n=6,079 cells; C3-3, n=5,621 cells; C4-1, n=3,680 cells; C4-2,
n=3,459 cells; C4-3,n=2,886 cells; C5-1,n=4,775 cells; C5-2, n=1,785 cells. g, Single-cell profile of LNCaP/AR cells transduced with annotated CRISPR guide
RNAs and treated with vehicle or Enz. A UMAP plot of single cells colored by samples is represented. The area and number of clusters in e are highlighted with
colored circles. h, Single-cell profile of LNCaP/AR cells based on cell cycle states. A UMAP plot of single cells colored by cell cycle prediction is presented. The
area and number of clusters in e are highlighted with colored circles. i, Bar plot presenting the percent distribution of single cells in different cell cycle phases in
each of the six clusters. The number of cells (n) in each sample is the same as in e. P values were calculated by two-sided Fisher's exact test.

1080 NATURE CANCER | VOL 3 | SEPTEMBER 2022 | 1071-1087 | www.nature.com/natcancer


http://www.nature.com/natcancer

NATURE CANCER

Q.

Gene signature expression score (z score)

co 1.00
&
C1 0.75 =
c2 2
D
o3 0.50
ca 0.25
C5 0.00
2
&

Luminal signature

ARTICLES

(]

~ 1.00 AR score - 1.00
N
L 0.75 % - 0.75
=
=}
- 0.50 - 0.50
- 0.25 - 0.25
-0 umap1 - ©

b Gene signature
expression score
1.0

f EMT signature g
i — 1.00 — 1.00
Luminal Stem-like N I o I
o o
< <
= - 0.75 = - 0.75
=) =)
—— co - 0.50 - 0.50
—— C1
— C2
—Cc3
—Ca - 0.25 - 0.25
NE-like — 5
EMT
0 0
€ Gene signature Basal
expression score asa
h Basal signature i NE-like signature
— 1.00 — 1.00
[\ q
Stem-like & o
g -o7s S L 0.75
=) =)
- 0.50 - 0.50
= sgNT + Enz
sgNT + Veh
~—— sgTP53/RB1 + Enz - 0.25 - 0.25
sgTP53/RB1 + Veh
——— sgTP53/RB1/JAK1 + Enz
NE-like EMT sgTP53/RB1/JAK1 + Veh L o Lo

Fig. 7 | JAK-STAT is required for stem-like and multilineage subclones. a, Heat map representing the lineage scores of canonical lineage marker gene
signatures in cell clusters. Winner clusters (without increased cell cycle arrest) are highlighted in green, and the loser cluster (with increased cell cycle
arrest) is highlighted in red. b, Radar plot representing the lineage scores and distribution of different cell clusters. €, Radar plot representing the lineage
scores and distribution of different samples. In a-¢, lineage scores were scaled from O to 1across all clusters. d, UMAP plot of single-cell transcriptomic
profiles colored by luminal gene signature score (z score) for each cell (dot). e, UMAP plot of single-cell transcriptomic profiles colored by AR gene
signature score (z score) for each cell (dot). f, UMAP plot of single-cell transcriptomic profiles colored by EMT gene signature score (z score) for each
cell (dot). g, UMAP plot of single-cell transcriptomic profiles colored by stem cell-like gene signature score (z score) for each cell (dot). h, UMAP plot of
single-cell transcriptomic profiles colored by basal gene signature score (z score) for each cell (dot). i, UMAP plot of single-cell transcriptomic profiles
colored by NE-like gene signature score (z score) for each cell (dot). In d-i, distribution areas of each cluster are labeled in color circles. The color density
of each cell is scaled by the color bar. For all data, the numbers (n) of cells in each sample and cluster are the same as in Fig. 6, and lineage scores were

scaled from O to T across all cells.

of cells from the sgTP53/RB1/JAK1 + vehicle group, which main-
tained non-luminal programs (Fig. 7b-i), supporting the hypoth-
esis that JAK-STAT inhibition does not impair the survival of those
subclones in the absence of Enz (Figs. 6i and 7b,c). However, Enz
dramatically diminished the survival of sgTP53/RB1/JAKI sub-
clones and the expression of stem-like and multilineage programs,
suggesting that JAK-STAT inactivation restored AR dependency
and impaired lineage plasticity (Fig. 7b,c). This hypothesis is further
supported by restored AR signaling in sgTP53/RB1/JAKI subclones
(Extended Data Fig. 10a—f). Interestingly, JAK1 KO did not substan-
tially impair the resistance of subclones only expressing an NE-like
lineage program (Fig. 7b,c,i), indicating that JAK-STAT signaling
is specifically required for the transition to a stem-like and multi-
lineage state rather than the transition to an exclusive NE-like state.

To decipher the dynamics of lineage plasticity, we performed
pseudotime reconstructing trajectory analysis (Fig. 8a—c). We started
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with the transcriptional landscape of the only loser cluster, cluster 2,
and tracked the changes of cell proliferation and lineage states. The
increased pseudotime correlated with cell fitness, as reflected by
an increased percentage of cells with active cell cycle and prolif-
eration (Fig. 8c,d). Because clusters 2 and 3 predominantly contain
wild-type sgNT cells (Fig. 7e,f), Enz treatment caused a substan-
tial decrease of both cell fitness and pseudotime of the luminal and
AR-dependent cells in those two clusters (Fig. 8c,d). Genetic per-
turbation of TP53/RB1 KO (clusters 0 and 1) led to the transition
to a multilineage and stem-like state, which confers an increase in
cell fitness and pseudotime (Fig. 8a—d,f~h). Interestingly, JAKI KO
did not immediately impair fitness nor reduce pseudotime of mul-
tilineage subclones but rather restored AR signaling in those cells
(Fig. 8e). Indeed, Enz substantially impaired the fitness of those JAKI
KO subclones and led to a decrease in pseudotime (Fig. 8c,d), support-
ing the hypothesis that JAK-STAT inhibition restored AR dependency

1081


http://www.nature.com/natcancer

ICLES NATURE CANC

a b c d o
203 203 2.0 2012
3 5
1.0 1.0 1.0 ¢ 1.0
0 0 04 - 0
® co T-
® C1 o
® C2-1 2
® C22 3
® C23 &
-1.0 -1.0q2 %) 1.0 |« -1.0-.,
: sgm«\ésn ® C33 2|30 B0
© SQTPSIRB1 + Ve o H R E :
§ R gt L B . G §
—-2.0 e SRk < ar —2.0 @ cs2 2.0 W Pseudotime UMAP 1 2.0 -02
T T T T T T T T
-5 0 5 -5 0 5 -5 0 5 -5 0 5
e f
201z 2.0%
% 1
1.0 - 1.0
0] - o]
~1045 ~10 1
1.0 :;)TI‘ 00 10 S
ot 1075 2170
%Io.so élo,so
00 5o 0.0 45M®  Luminal e 1 NE-like
T T T T T
— 0 5 -5 0 5 0 5
i |
2.0 4 N 2.0 43
3 H
1.0 1.0
o
o
< 0+ 0
=
o)
e S 1.00 S 1
k3 gr-075 3
Kl S -050 2 ot
& EIo_zs 4-2 EIozs % Ca-2
—2.0 2, Luminal UMAP 1 —2.0-{2M, - : NElike UMAP 1
T T T T T T T T T T T
-3 -2 —1 0 1 -3 -2 -1 0 1 -3 -2 -1 0 1 -3 -2 —1 0 1
m

Deficiency

”

ck

? Feedba

NE-like state

of those cells. Notably, the subclones only expressing NE-like lineage
maintained both high fitness and pseudotime (Fig. 8h), suggesting
that JAK-STAT signaling is inessential for those subclones.

We continued to explore the lineage heterogeneity of the sub-
clusters of cluster 4 (Fig. 6f and Extended Data Fig. 10g), which

1082

Lineage-plastic transcriptional program

.

Multilineage and stem-like (lineage-plastic) state

JAK-STAT
inhibitors

JAK-STAT inhibition i

JAK-STAT activation

AR-dependent, luminal state

contain cells originating from the sgTP53/RB1/JAK1 +Enz group
(Fig. 6e,2). The three subclusters of cluster 4 expressed diverse levels
of the JAK-STAT signaling genes (Extended Data Fig. 10i-r), pre-
sumably because JAK-STAT signaling was not fully deactivated in a
proportion of JAKI-KO cells due to compensatory signaling driven
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Fig. 8 | Dynamics of lineage plasticity driven by ectopic JAK-STAT activation. a, UMAP plots represent the reconstructive trajectory of single cells in each
of the samples. b, UMAP plots represent the reconstructive trajectory of single cells in each of the subclusters. ¢, UMAP plots represent the pseudotime
reconstructive trajectory of single cells. Color intensity represents the pseudotime estimation of each single cell. Arrows and the dotted line represent

the direction of pseudotime flow. d, UMAP plots represent the S phase score per cell in each single cell within the pseudotime reconstructive trajectory.
e-h, UMAP plots represent the AR signaling and lineage scores per cell in each single cell within the pseudotime reconstructive trajectory. i, UMAP plots
represent the pseudotime reconstructive trajectory of single cells of cluster 4. Color intensity represents the pseudotime estimation of each single cell.
Arrows and the dotted line represent the direction of pseudotime flow. j-I, UMAP plots represent lineage scores per cell in each single cell within the
pseudotime reconstructive trajectory of single cells of cluster 4. m, Schematic figure illustrating that SOX2 ectopically activates JAK-STAT signaling, which
enables the transition of MCRPC to a stem-like and multilineage state. Figure created with BioRender.com. The numbers (n) of cells in each sample and

cluster are the same as in Fig. 6.

by JAK2 (Extended Data Fig. 10j). Cluster 4-3 contained the ‘outlier’
cells, which partially maintain JAK-STAT signaling, likely driven by
JAK2 (Figs. 6f and 8i and Extended Data Fig. 10j). Remarkably, the
cells within cluster 4-3 maintained expression of multilineage pro-
grams as well as the highest level of cell fitness, regardless of treat-
ment conditions (Fig. 8i-k and Extended Data Fig. 10h). The other
two subclusters of cluster 4 demonstrated two contrasting fates fol-
lowing deactivation of JAK-STAT signaling. Cluster 4-1 cells, which
lose the multilineage and stem-like programs, restored the exclu-
sive expression of the luminal program (Fig. 8j). Thus, cells of this
subcluster were highly responsive to Enz (Extended Data Fig. 10h),
which caused a substantial diminishment in cell fitness (Fig. 8i). By
contrast, the cells of cluster 4-2, which exclusively express NE-like
lineage programs, maintained cell fitness even in the absence of
JAK-STAT signaling (Fig. 8] and Extended Data Fig. 10h), sup-
porting the hypothesis that JAK-STAT signaling is not required for
the cells fully differentiated to an NE-like state. The juxtaposition
between different subclusters of cluster 4 further supports the cru-
cial role of ectopic JAK-STAT signaling in maintaining AR ther-
apy resistance of stem-like and multilineage subclones rather than
subclones exclusively expressing an NE-like lineage (Fig. 8m).

Discussion

Emerging evidence demonstrates that lineage plasticity repre-
sents an important mechanism for conferring targeted therapy
resistance in various cancers, particularly prominent in cancers
where the molecular target of therapies are lineage-specific sur-
vival factors®. In the case of PCa, however, it is not fully under-
stood whether differentiated luminal tumor cells acquire lineage
plasticity through reverting back (dedifferentiating) to a multilin-
eage, stem cell-like state and then redifferentiating to alternative
lineages or through direct transdifferentiation to a distinctively
new lineage. Another intriguing feature of lineage plasticity-driven
resistance is the elevated levels of intratumoral heterogeneity®,
which increases the difficulty to dissect the molecular mediators
required either for multilineage plasticity or for a specific lineage
program, such as NE-like lineage, through the analysis of bulk
cell population. Thus, the identification of lineage heterogeneous
TP53/RB1-deficient tumor cell subpopulations through single-cell
transcriptomic analyses illuminates these once hidden details and
represents a major insight into this work. Here, we showed that a
vast majority of the TP53/RB1-deficient tumor cells acquire lin-
eage plasticity by transitioning to a stem-like, multilineage and
AR-independent state. Importantly, our data acquired from the
Dox-inducible model, as well as the pseudotime trajectory analy-
sis, suggested that ectopic JAK-STAT activation is required for AR
therapy resistance of those stem-like cells expressing multilineage
programs rather than cells having undergone complete transition
to an exclusive NE-like lineage.

Various genetic and transcriptional aberrations have been con-
nected to lineage plasticity in PCa®5~%!>!>!%%! Interestingly, many
of those cases involve the ‘hijacking’ of stem-like, pluripotency or
epigenetic regulation programs®>”%!%%. Although the role of the
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JAK-STAT signaling pathway in regulating cell fate decision, stem
cell self-renewal and multilineage differentiation has been well
documented®*, its potential function in mediating lineage plas-
ticity remains largely unclear. Furthermore, the consequence of
constitutive activation of STAT proteins in tumorigenesis is highly
context specific**’. Our results revealed that SOX2 regulates the
ectopic induction of JAK-STAT signaling in a positive feedback
and cell-autonomous fashion. Consequently, JAK-STAT activa-
tion, in a JAK1/JAK2- and STAT1/STAT3-dependent manner, is
required for the transition to a stem-like, multilineage and EMT
state but not for the tumor cells that have completely redifferenti-
ated to an NE-like lineage. The results of combinatorial KO and
pharmaceutical inhibition of various JAK-STAT signaling proteins
suggests that those proteins, specifically JAK1/JAK2 and STAT1/
STAT3, may function in a collaborative and compensatory network
to confer lineage plasticity. Our results also reveal that ectopic JAK-
STAT expression enables an EMT lineage program that promotes a
metastatic phenotype.

Despite the clinical success of AR-targeted therapies, resistance
to these treatments universally develops and largely impairs the
clinical outcome of individuals with mCRPC. Although lineage
plasticity has been suggested as a substantial mechanism confer-
ring resistance, effective therapeutic approaches targeting lineage
plasticity are still not available>. Here, we demonstrated that vari-
ous pharmaceutical inhibitors targeting different JAK and STAT
proteins have combinatorial effects when administered with
Enz. These results may provide a rationale for future clinical tri-
als designed to target JAK-STAT signaling for overcoming lin-
eage plasticity-driven AR-targeted therapy resistance. Finally, it is
crucial to place our model of how JAK-STAT signaling promotes
lineage plasticity-driven resistance within the context of TP53 and
RB1 deficiency. Although the connection between JAK-STAT acti-
vation and TP53/RBI alterations are well documented in various
cancers®®, an inverse correlation between wild-type TP53 and
JAK-STAT activation is also widely reported®®. These results are
consistent with our finding that the inactivation of JAK-STAT sig-
naling impairs proliferation of resistant cells with TP53/RB1 defi-
ciency while not affecting cells with intact TP53/RB1. Therefore, it
is critical to consider the genomic state of TP53/RBI when correlat-
ing JAK-STAT activation with the clinical outcome of AR therapy
responses, as JAK-STAT activation in individuals with wild-type
TP53/RB1 may not be a consequence of lineage hijacking but rather
a cytokine-induced immune response.

Methods

Ethics statement. All animals were housed under humidity- and temperature-
controlled conditions with a 12-h light/12-h dark cycle in the pathogen-free
facilities at UT Southwestern Medical Center by the Animal Resource Center and
were monitored closely to minimize discomfort, distress, pain or injury throughout
the course of the in vivo experiments. Animals were removed from the study and
killed if any signs of pain and distress were detected or if the tumor volume reached
2,000 mm?. The maximal tumor size was not exceeded in all reported studies.

All procedures were performed in accordance with the recommendations of the
Panel on Euthanasia of the American Veterinary Medical Association, and the
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animal protocol was approved by Institutional Animal Care and Use Committee
of UT Southwestern Medical Center (protocol 2019-102493). Male C.B-Igh-1%/
lerTac-Prkdc<® SCID mice were obtained from Taconic Biosciences.

Cell lines and organoid culture. Information and requests for resources and
reagents should be directed to and will be fulfilled by the corresponding author.
All cell lines, plasmids and other reagents generated in this study are available
from the corresponding author with a completed materials transfer agreement if
there is potential for commercial application. Parental LNCaP/AR and CWR22Pc
PCa cell lines were obtained from the laboratory of C. Sawyers at Memorial Sloan
Kettering Cancer Center (MSKCC)’, and Dul45 (HTB-81) and PC3 (CRL-1435)
cell lines were purchased from ATCC. LNCaP/AR, CWR22Pc and PC3 cells were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS),
1% L-glutamine, 1% penicillin-streptomycin, 1% HEPES and 1% sodium pyruvate.
DU145 cells were cultured in DMEM high-glucose medium supplemented with
10% FBS, 1% L-glutamine and 1% penicillin-streptomycin. LNCaP/AR, PC3 and
DU145 cells were passaged at a 1:6 ratio every 3-5d, and CWR22Pc cells were
passaged at a 1:3 ratio every 3-5d. When treated with 10 uM Enz and/or 5uM
Filg, LNCaP/AR cells were cultured in RPMI 1640 medium supplemented with
10% charcoal-stripped serum (CSS medium). All cell cultures were assessed for
mycoplasma monthly via a MycoAlert Plus Mycoplasma Detection kit (Lonza,
LT07-710), and all results were negative. Cell line identification was validated
through human short tandem repeat profiling cell authentication and was
compared to ATCC cell line profiles every year. Trp53 1 Rp x> mouse
organoids were generated from Trp53' 1P Rp 1xPlo? mijce’. Human organoids
were obtained from the laboratory of Y. Chen at MSKCC****. Organoids were
cultured in 3D Matrigel according to the previously described protocol™.
Organoids were split at a 1:10 (mouse) or 1:3 (human) ratio every 5d.

CRISPR and shRNA. Lentiviral-based constructs were used for CRISPR-based KO
or shRNA-based knockdown of all genes modified in the manuscript'>. LNCaP/
AR cells were seeded at 400,000 cells per well in 2 ml of medium in six-well plates.
Medium was replaced with medium containing 50% virus, 50% fresh culture
medium and 5pg ml™ polybrene the next day. The lentiviral virus-containing
medium was replaced with normal culture medium after 24 h. Cells were selected
with 2 pg ml™! puromycin for 4d or 5pg ml™! blasticidin for 5d. For cells with
double colors, transduced cells were further sorted with a flow cytometer.

Human DYKDDDDK (Flag)-tagged SOX2 expression lentivirus (337402) was
purchased from Qiagen and used for direct cell transduction, following the
manufacturer’s instruction. The All-In-One lentiCRISPRv2 (Addgene plasmid
52961), LentiCRISPRv2GFP (Addgene plasmid 82416), LentiCRISPRv2-mCherry
(Addgene plasmid 99154), pLKO5.sgRNA.EFS.RFP (Addgene plasmid 57823),
pLKO5.sgRNA.EFS.GFP and lentiCas9-Blast (Addgene plasmid 52962) plasmids
were used to generate the CRISPR and guide RNAs. Guide RNA constructs with
an empty space holder served as the sgNT control. Guide RNAs were designed
using the Benchling guide RNA designing tool (https://benchling.com). shRNA
constructs SGEP (pRRL-GFP-miRE-PGK-PuroR) and LT3GEPIR (pRRL-TRE
3G-GFP-miRE-PGK-PuroR-IRES-rtTA3) were originally obtained from the
laboratory of J. Zuber at the Research Institute of Molecular Pathology. Sequences
of sgRNAs and shRNAs are listed in Supplementary Table 8.

In vivo xenograft experiment. All animal experiments were performed

in compliance with the guidelines of the Animal Resource Center of UT
Southwestern. LNCaP/AR in vivo xenograft experiments were performed by
subcutaneous injection of 2 10° cells, which were suspended in 100 pl in 50%
Matrigel and 50% growth medium, into the flanks of castrated male C.B-Igh-1b/Icr
Tac-Prkdc¢ SCID mice on both sides. For the experiment depicted in Fig. le,
daily gavage treatment with 10 mg kg! Enz or vehicle (1% carboxymethyl cellulose,
0.1% Tween 80 and 5% DMSO) was started 1d after the injection. Tumor size

was measured weekly by digital caliper because tumors were noticeable. For
experiments depicted in Fig. 4b, 10mg kg' Enz (daily) and/or 20 mg kg™! Filg
(twice daily) were given after 3 weeks of Enz-only administration when tumors
averaged around 200 mm’ in size.

Cell dose-response curve, growth, viability and fluorescence-activated cell
sorting-based competition assays. For the viability assay and dose-response
curve, 4,000 LNCaP/AR cells were seeded in each well of a 96-well plate and
treated with the annotated treatments for 8 d before conducting the assay. Cell
viability was then measured by CellTiter-Glo luminescent cell viability assay
(Promega, 7570) according to manufacturer’s protocol by using a SpectraMax

iD3 automatic plate reader’”. For the cell growth assay, LNCaP/AR (10,000 cells
per well) or CWR22Pc (50,000 cells per well) cells were seeded in a 24-well plate

in FBS medium (CWR22Pc) or CSS medium (LNCaP/AR) and treated with

Enz (10 uM for LNCaP/AR and 1 uM for CWR22Pc) or vehicle (DMSO) for 7d
(LNCaP/AR) or 4d (CWR22Pc). Cell numbers were counted by a Countess II

FL automatic cell counter (Invitrogen). For the organoid growth assay, 2,000
mouse organoid cells were seeded in 3D Matrigel (per 50-pl sphere) in murine
organoid medium with Enz and/or Filg for 6 d. Matrigel was washed away with cell
recovery medium (Corning, 354253), and organoids were separated into single-cell
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suspensions by treatment with trypsin. Cell numbers were counted, and the
relative cell growth (treatments/vehicle) was calculated. For fluorescence-activated
cell sorting (FACS)-based competition assays, the competition cell mixture of
sgTP53/RB1-RFP cells and sgNT-GFP cells was treated with Enz (10 pM), and

the percentages of RFP-positive cells were measured on day 0, day 4 and day 8 by
FACS. LNCaP/AR cells were first gated based on SSC-H/FSC-A—FSC-H before
measuring the RFP/GFP signals. Relative cell number fold change was calculated
and normalized to the vehicle-treated group, as previously described'”. Attune Nxt
(version 4.2.1627.1) and FlowJo (version 10.8.0) were used for FACS data analysis.

Chemicals. Enz was purchased from the Organic Synthesis Core Facility at MSKCC.
Filg and ruxolitinib are commercially available from MedChem Express (Filg,
HY-18300; ruxolitinib, HY-50856). Fludarabine and niclosamide are commercially
available from Selleck Chemicals (fludarabine, S1491; niclosamide, S3030).

Migration, invasion and prostasphere assays. For the migration assay, 20,000
LNCaP/AR cells were resuspended in serum-free RPMI and seeded in the upper
transwell insert (Corning, 353097)*. RPMI with 10% serum was added to the lower
chamber as a chemoattractant. After 60 h of incubation, cells that migrated to the
lower side of the transwell insert were fixed with paraformaldehyde and stained
with 1% crystal violet. Images were acquired on a Leica DMi8 inverted microscope.
Nine representative images of each group were used to quantify the migrated cell
numbers. For the invasion assay, inserts were coated with extracellular matrix gel
(Corning, 354234) before plating. Stock Matrigel (10 mg ml™') was thawed overnight
at 4°C and diluted in serum-free RPMI to 30 pg per insert. Each insert was then
coated with 100 pl of diluted Matrigel and incubated for 1h at 37°C with 5% CO,.
Cells were then seeded at the same density as the migration assay. Cells were fixed
and stained with 1% crystal violet after 60 h, and the invading cell numbers were
quantified by using Image], as in the migration assay. The prostasphere assay
method was adapted from previous reports™. Two hundred cells were seeded into
each well of a 96-well ultralow attachment plate. For each condition, three wells
were prepared for statistical analysis. Prostaspheres were imaged at one picture/
well and quantified 7 d after seeding. Culture medium used in this experiment was
basic organoid medium supplemented with 20 ng ml™' epidermal growth factor
and 10ng ml™' basic fibroblast growth factor. All images were quantified by using
Image] (version 2.0.0).

PDE and PDO experiments. PDE models were established in the Raj laboratory,
as previously described***. PDEs of ~1 mm® were cultured in a sponge with RPMI
1640 medium with 10% FBS, 1x penicillin-streptomycin (PS) solution, 0.01 mg
ml™ hydrocortisone and 0.01 mg ml™ insulin. PDEs were treated with 10 uM Enz
or DMSO for 24 h before RNAs were collected. PDO models were established in
the Chen laboratory™—*. PDOs were cultured in 3D Matrigel with typical human
organoid medium according to the previously published protocol*’. Organoids
were split at a 1:3 ratio every 7 d by using trypsin or a sterile glass pipette. When
treated with 1 uM Enz and/or 5 uM Filg, these organoids were cultured in typical
human organoid medium supplemented with drugs.

Gene and protein expression detection by qPCR and western blotting. Total
RNA from cells was extracted by using Trizol (Ambion, 15596018), and cDNA
was made using SuperScript IV VILO Master Mix with ezDNase enzyme (Thermo
Fisher, 11766500) with 200 ng pl-! RNA template. cDNA was amplified with 2x
PowerUp SYBR Green Master Mix (Thermo Fisher, A25778). For western blotting,
proteins were extracted from cell lysates using RIPA buffer and measured with

a Pierce BCA Protein Assay kit (23225). Protein lysates were boiled at 95°C for
5min and run on NuPAGE 4-12% Bis-Tris gels (Invitrogen, NP0323). Transfer
was conducted for 1h at 100V at 4°C. Membranes were then blocked for 15min
in 5% non-fat milk before incubation with primary antibody and washed with

1x TBST (10X stock from Teknova, T9511). The following antibodies were used
for western blotting: JAK1 (Cell Signaling Technology, 3332S), STAT1 (Cell
Signaling Technology, 9172S), p-STAT1(58D6) (Cell Signaling Technology, 9167S),
Rb1(4H1) (Cell Signaling Technology, 5230), P53(DO1) (Leica Biosystems,
NCL-p53-DO1), actin(8H10D10) (Cell Signaling Technology, 3700). JAK2(C-10)
(Santa Cruz, sc-390539), JAK3 (Cell Signaling Technology, 3775), STAT2(D9J7L)
(Cell Signaling Technology, 72604), STAT3(D1B2]) (Cell Signaling Technology,
30835), vimentin(D21H3) (Cell Signaling Technology, 5741), ASCL1(EPR19840)
(Abcam, ab211327), peroxidase AffiniPure goat anti-mouse IgG (H+L)
(AB_10015289; Jackson ImmunoResearch, 115-035-003) and peroxidase
AffiniPure goat anti-rabbit IgG (H+ L) (AB_2313567; Jackson ImmunoResearch,
111-035-003). Dilutions of all primary antibodies were 1:1,000. Dilutions of all
secondary antibodies were 1:5,000. Human and mouse qPCR primers are listed in
Supplementary Table 9.

IF and IHC staining. Tumors were collected and fixed in 4% paraformaldehyde
and embedded in paraffin by the UT Southwestern Tissue Management Shared
Resource core. Tumors were then sectioned at 5 um, and hematoxylin and

eosin and IHC staining were performed using standard protocols. Images were
acquired on a Leica DMi8 microscope. Deidentified human PCa formalin-fixed
paraffin-embedded slides were purchased from the UT Southwestern Tissue
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Management Shared Resource core, and IHC staining was performed using a
standard protocol. Three-dimensional cultured organoids were washed with PBS
and fixed in 4% paraformaldehyde for 90 min. Organoids were embedded in 2%
agarose, and the agarose plug was sent to the UT Southwestern Tissue Management
Shared Resource core for paraffin embedding. The paraffin-embedded organoids
were then sectioned at 5um and stained following a standard IHC protocol. For
3D-cultured organoid IF staining’', organoids were fixed in 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, blocked with 3D blocking buffer (2%
bovine serum albumin, 0.1% Triton X-100 and 0.05% Tween 20) and incubated
with Alexa Fluor 647-conjugated or unconjugated primary antibody at 37 °C for
48h. Organoids were then washed in 3D IF buffer (PBS, 0.1% Triton X-100 and
0.05% Tween 20) and incubated with Alexa Fluor 647-conjugated secondary
antibody and DAPI at 37 °C overnight. After washing with PBS, stained organoids
were placed on slides, and images were acquired on a confocal microscope.

For LNCaP/AR cell IF staining, cells were seeded on round glass coverslips.
Twenty-four hours after seeding, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100. After blocking with 3% bovine serum
albumin/PBS, cells were incubated with primary antibody at 4 °C overnight, and
Alexa Fluor-labeled secondary antibodies were incubated with cells for 1h at
room temperature. DAPI was used for nuclei staining. Images were captured on

a Zeiss LSM 700 confocal laser-scanning microscope. The following antibodies
were used for IHC and IF staining: Jakl (Cell Signaling Technology, 3332), Stat1l
(Cell Signaling Technology, 14994), Stat3(D1B2J) (Cell Signaling Technology,
30835), Alexa Fluor 647 anti-cytokeratin 8(EP1628Y) (Abcam, ab192468), Alexa
Fluor anti-cytokeratin 18(E431-1) (Abcam, ab194125, GR-200266-1), Alexa Fluor
647 anti-cytokeratin 5(EP1601Y) (Abcam, ab193895, GR-219431-2), Alexa Fluor
647 anti-cytokeratin 14(EP1612Y) (Abcam, ab192056), Nkx3.1(4H4) (Abcam,
ab96482), PSA/KLK3(D6B1) (Cell Signaling Technology, 5365), NDRG1(D8G9)
(Cell Signaling Technology, 9485), vimentin(D21H3) (Cell Signaling Technology,
5741), synaptophysin(D8F6H) (Cell Signaling Technology, 36406), Alexa Fluor
647-conjugated AffiniPure goat anti-mouse IgG (H+ L) (AB_2338902; Jackson
ImmunoResearch, 115-605-003), Alexa Fluor 647-conjugated AffiniPure goat
anti-rabbit IgG (H+L) (AB_2338078; Jackson ImmunoResearch, 111-605-144),
donkey anti-mouse IgG antibody (biotin-SP (long spacer)) (AB_2307438; Jackson
ImmunoResearch, 715-065-150) and donkey anti-rabbit IgG antibody (biotin-SP
(long spacer)) (AB_2340593; Jackson ImmunoResearch, 711-065-152). Dilutions
of all primary antibodies were 1:200 except for JAK1 (1:100). Dilutions of all
secondary antibodies were 1:1,000.

ChIP-qPCR and SOX2 ChIP-seq. Cultured cells were cross-linked with 1%
formaldehyde and quenched with 0.125 M glycine. Cells were then rinsed with
cold 1x PBS twice and lysed in 1% SDS containing buffer supplemented with 1x
protease and phosphatase inhibitors. Chromatin was sonicated to an average length
of 500 base pairs and centrifuged at 14,000 r.p.m. to remove debris. One percent
of the supernatant was saved as input, and the rest was added with ChIP-grade
antibody overnight. Then, 20 ul of agarose/protein A or G beads was added

and incubated for 4 h. Beads were washed with standard wash buffers (low-salt,
high-salt and LiCl) and finally with TE. The immunoprecipitated chromatin was
eluted in elution buffer and decross-linked by NaCl at 65 °C overnight. Proteins
were then digested by proteinase K, and DNA was purified with a MinElute
PCR purification kit (Qiagen, 28006) and eluted with 10 ul of water. Antibodies
used included Sox2(D9B8N) (Cell Signaling Technology, 23064S), anti-histone
H3 (acetyl K27) antibody ChIP-grade (Abcam, ab4729) and tri-methyl-histone
H3 (Lys27) (C36B11) rabbit monoclonal antibody (Cell Signaling Technology,
97338). Dilutions of all antibodies were 1:100. Primer sequences are listed in
Supplementary Table 9. SOX2 ChIP-seq data generated from the CWR-R1 and
WAOLI cells were described in Wet et al., and the SOX2 ChIP-seq data were
downloaded from GSE166185 (ref. *°).

Bulk RNA-seq preparation and analysis. LNCaP/AR cells were treated with
Enz or vehicle for 6 d before total RNA was extracted using Trizol (Ambion,
15596018). RNA-seq libraries were prepared using the stranded Illumina TruSeq
mRNA kit starting from 500 ng of total RNA with 10 cycles of PCR amplification.
Barcoded RNA-seq libraries were run as paired-end, 50-nucleotide reads on an
lumina HiSeq 2500 and filtered by poly(A) selection. Alignment, quantification
and differential analysis were performed using the QBRC_BulkRnaSeqDE
pipeline (https://github.com/QBRC/QBRC_BulkRnaSeqDE). Briefly, alignment
of reads to the human reference genome (GRCh38, https://www.ncbi.nlm.
nih.gov/assembly/ GCF_000001405.26) was done using STAR (v2.7.2b)".
FeatureCounts (v1.6.4)” was used for gene counts, biotype counts and rRNA
estimation. Differential expression analysis was performed using the R package
DEseq2 (v1.26)™. Cutoff values of an absolute fold change greater than 2 and a
false discovery rate of <0.1 were used to select for differentially expressed genes.
GSEA was performed with the R package fgsea (v1.14.0) using the ‘'KEGG’ and
‘Hallmark’ libraries from MsigDB.

scRNA-seq preparation and analysis. LNCaP/AR cells were treated with Enz
or vehicle for 5d before the cells were collected. Single cells were sorted into

1.5-ml tubes, and the concentration was adjusted to 900-1,100 cells per pl.
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Cells were loaded between 10,000 and 17,000 cells per chip position using the
Chromium Single Cell 5’ Library, Gel Bead & Multiplex kit and Chip kit (10x
Genomics, V1 barcoding chemistry). Single-cell gene expression libraries were
generated according to the manufacturer’s instructions, and single-cell expression
sequencing was run on a NovaSeq 6000 (Novogene). The 10x scRNA-seq data were
preprocessed using Cell Ranger software (5.0.0). We used the ‘mkfastq, ‘count’

and ‘aggr’ commands to process the 10x scRNA-seq output into one cell by gene
expression count matrix using default parameters. scRNA-seq data analysis was
performed with the Scanpy (1.6.0) package in Python™. Genes expressed in fewer
than three cells were removed from further analysis. Cells expressing less than 100
and more than 7,000 genes were also removed from further analysis. In addition,
cells with a high (>0.15) mitochondrial genome transcript ratio were removed. For
downstream analysis, we used count per million (CPM) normalization to control
for library size differences in cells and transformed those into log (CPM + 1) values.
After normalization, we used the ‘pp.highly_variable_genes’ command in Scanpy
to find highly variable genes across all cells using default parameters except for
‘min_mean = 0.01’. The data were then z-score normalized for each gene across

all cells. We then used the ‘tl.pca (n_comps=50, use_highly_variable=True)’, the
‘pp.neighbors (n_pcs=25, n_neighbors=15)’ and the ‘tLleiden (resolution=0.75)’
commands in Scanpy to partition the single cells into six distance clusters. Briefly,
these processes first identified 50 principal components in the data based on the
previously found highly variable genes to reduce the dimensions in the original
data and built a nearest neighbor graph based on the top 25 principal components,
and a partition of the graph that maximizes modularity was found with the Leiden
algorithm’. To evaluate the activity of lineage-specific transcriptional programs

in those cells, we used a custom library of genes based on the well-established
gene signatures for AR target genes (AR score) and NE, luminal, basal, stem-like
and EMT lineages. The AR score gene signature was adapted from Hieronymus

et al.”’, and luminal, basal and NE gene signatures were defined by combining

the signature genes from refs. >*****', EMT and stem-like gene signatures were
adapted from the signature genes of Dong et al.”* plus canonical lineage marker
genes (Supplementary Table 7). The activation score was calculated based on the
overall expression of genes in each gene list using the ‘tl.score_genes’ function of
the Scanpy package. To evaluate and model lineage plasticity as a function of cell
genotype, we performed trajectory analysis using the R package ‘Monocle 3'77. We
provided the single-cell gene expression matrix containing only the highly variable
genes defined as previously discussed as input and used principal-component
analysis and UMAP during preprocessing steps. The trajectory was built using
default parameters, with the root defined from the loser cluster. Human CRPC
tumor biopsy single-cell data were downloaded from GSE137829 (ref. **). We
analyzed these data in a similar manner using the ‘scanpy’ Python package. Briefly,
we kept only epithelial cells from the data, performed CPM normalization and

a principal-component analysis and evaluated gene expression representing key
signaling pathways and lineage-specific translational programs.

Statistics and reproducibility. Statistical details of all experiments can be found
in the respective figure legends. A two-sided t-test was used and adjusted for
multiple comparisons (Welch’s correction) when applicable when two groups of
independent datasets that fit normality and homoscedasticity were compared.
When normality and homoscedasticity were not satisfied, a Mann-Whitney
U-test (non-parametric Wilcoxon rank-sum test) was used when comparing gene
expressions between two groups. For in vitro cell line studies, data distribution
was assumed to be normal, but this was not formally tested. One-way or two-way
analysis of variance (ANOVA) and Kruskal-Wallis non-parametric ANOVA were
used as appropriate to compare more than two groups. The mean + s.e.m. values
were reported, and P values were calculated and adjusted for multiple comparisons
(Bonferroni or Benjamini correction) when applicable. P values were calculated by
non-linear regression with an extra sum-of-squares F-test for the dose-response
curve. A two-sided Fisher’s exact test was used to compare the numbers of tumors
with genomic alterations between different groups and the percentages of cell
populations. A two-sided chi-squared test with Yates correction was used to
compare the exact cell numbers of different clusters of single-cell subclones. For

in vivo experiments, no statistical method was used to predetermine sample size,
but our sample sizes were selected based on and are similar to those reported

in previous studies™'>’**", No data were excluded from the analyses. For in vivo
studies, the tumor xenografting, measurement and analysis were performed by
different researchers to ensure that the studies were run in a blinded manner. Mice
were randomized into each group. For in vitro studies, randomization and blinding
of cell lines was not possible; however, all cell lines were treated identically without
prior designation. Graph Pad Prism (V9.3.1) was used for data graphing and
statistical analysis.

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

Data availability

All the described bulk and scRNA-seq data that support the findings of this study
have been deposited in the Gene Expression Omnibus under the accession number
GSE175975. The human CRPC tumor biopsy single-cell data were downloaded
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from and are available in the Gene Expression Omnibus under the accession
number GSE137829 (ref. **). Human genomic and transcriptomic data were derived
from the TCGA research network and the SU2C cohort, which were queried using
cbioportal (http://www.cbioportal.org/study/summary?id=prad_su2c_2019)

and the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/).
SOX2 ChIP-seq data were downloaded from and are available under the accession
number GSE166185 (ref. °°). RNA-seq reads were aligned to the human reference
genome (GRCh38, https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.26/).
Source data are provided with this paper. All other data supporting the findings of
this study are available from the corresponding author on reasonable request.

Code availability

All analyses in this work were done using open-source software. Bulk RNA-seq
analysis was done using the QBRC Bulk RNA-seq pipeline (https://github.
com/QBRC/QBRC_BulkRnaSeqDE). Briefly, reads were aligned to a reference
(GRCh38) with ‘STAR’ (v2.7.2b). Gene counts were quantified with ‘FeatureCounts’
(v1.6.4). Differential gene expression analysis was performed using the R package
‘DEseq2’ (v1.26). GSEA statistical analysis was performed with the R package
‘fgsea’ (v1.14.0). Demultiplexing, alignment and read counting of the scRNA-seq
data were performed using the 10x Genomics Cell Ranger 5.0.0 software.
scRNA-seq data analysis was performed with the ‘Scanpy’ (v1.6.0) package in
Python. Custom codes for the analysis in the paper have been deposited to GitHub
and can be accessed at https://doi.org/10.5281/zenodo.6888969.
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Extended Data Fig. 1| JAK-STAT signaling pathway is enriched in Enz resistant mCRPC with TP53/RB1-deficiency. a, Heat map represents the
significantly changed signaling pathways in LNCaP/AR cell lines transduced with annotated shRNAs and treated with Enz or vehicle, based on GSEA
analysis. Signaling pathways specifically enriched in shTP53/RB1 Enz-resistant cells are labeled with red bracket. Three comparations are presented and
reads from n=3 independently treated cell cultures were used for analysis. b, Venn diagram represents the signaling pathways concomitantly altered with
TP53/RB1-Loss and SOX2-OE, while also specifically enriched in in shTP53/RB1 Enz-resistant cells. c-g, GSEA analysis of JAK-STAT signaling pathway
(KEGG_JAK_STAT _Signaling_Pathway) expression in: (c) SOX2-OE group compared to shNT group; (d) shTP53/RB1 group compared to shNT group;

(e) shTP53/RB1 group compared to shTP53/RB1/SOX2 group; (f) shTP53/RB1+ Enz group compared to shNT-Veh group; (g) shTP53/RB1+ Enz group
compared to shTP53/RB1+ Veh group. For panel c-g, reads from n=3 independently treated cell cultures were used for analysis. GSEA p-values were

calculated with two-sided permutation test by simulations.
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Extended Data Fig. 2 | LNCaP/AR-sgTP53/RB1 is a highly resistant and lineage plastic cell line model. a, Western Blot represents the level of RB1, TP53,
JAK1 and ACTIN proteins in a series of human PCa cell line models; representative pictures of 2 repeats with similar results were shown. b, Fluorescence
microscope imaging shows the cell mixtures of sgTP53/RB1-RFP cells (red) and sgNT-GFP cells (green) on Day O and Day 8 of the competition assay cultured
in CSS medium and 10 uM Enz; representative pictures of n=4 independently treated cell cultures were shown. ¢, Relative cell number fold change of LNCaP/
AR cells transduced with Cas9 and annotated guide RNAs measured in the competition assay. The cell mixtures of sgNT-GFP and sgTP53/RB1-RFP were
treated in CSS medium with 10 uM Enz for 8 days and the number of GFP/RFP positive cells were measured by FACS on Day O, 4 and 8. n=4 independently
treated cell cultures. d, Relative expression of canonical lineage marker genes in LNCaP/AR cells transduced with Cas9 and annotated guide RNAs. For panel
(c-d), p-values were calculated using two-tailed multiple t-test with Welch's correction and annotated in figure. e, Western Blot represents the level of RBT,
TP53, JAK1, p-STAT1 and ACTIN proteins in LNCaP/AR cells transduced with Cas9 and annotated guide RNAs; representative of 2 repeats with similar results
were shown. f, Relative expression of canonical JAK-STAT signaling and lineage marker genes in LNCaP/AR mCRPC cells transduced with Cas9 and annotated
guide RNAs. p-values were calculated using two-way ANOVA with Bonferroni multiple-comparison test and annotated in figure. For all panels unless
otherwise noted, n=3 independently treated cell cultures and mean +s.e.m. is represented.
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Extended Data Fig. 3 | JAK-STAT signaling is specifically required for AR therapy resistance. a, Relative expression of JAK-STAT genes in LNCaP/
AR-sgTP53/RB1 cells transduced with Cas9 and annotated guide RNAs. p-values were calculated using two-tailed multiple t-test with Welch's correction.
b, Western blot of JAK1-3 and STAT1-3 proteins in LNCaP/AR cells transduced with Cas9 and annotated guide RNAs; representative pictures of 2

repeats with similar results were shown. ¢, Relative cell number of LNCaP/AR cells transduced with annotated CRISPR guide RNAs. Cells were treated
with 10 uM enzalutamide (Enz) for 8 days, and cell numbers (viability) were measured using CellTiter-Glo assay, all normalized to sgTP53/RB1 group.
p-values were calculated using one-way ANOVA with Bonferroni multiple-comparison test. d, Relative cell number of CWR22Pc cells transduced with
annotated shRNAs. g, Relative cell number of CWR22Pc cells transduced with annotated shRNAs and/or Cas9 and CRISPR guide RNAs. For panel d-e, cell
numbers were measured by cell proliferation assay, normalized to Veh condition, and p-values were calculated using two-way ANOVA with Bonferroni
multiple-comparison. f, Relative cell number of LNCaP/AR-sgNT cells transduced with Cas9 annotated CRISPR guide RNAs. Cells were treated with 10 uM
enzalutamide (Enz) for 8 days and cell number was measured using CellTiter-Glo assay, all normalized to sgNT group. p-values were calculated using
one-way ANOVA with Bonferroni multiple-comparison test. g, Relative cell number of LNCaP/AR-sgTP53/RB1 cells transduced with Cas9 annotated
CRISPR guide RNAs. Cells were treated with DMSO for 8 days and cell number was measured using CellTiter-Glo assay, all normalized to sgTP53/

RB1 group. p-values were calculated using one-way ANOVA with Bonferroni multiple-comparison test. For all panels unless otherwise noted, n=3
independently treated cell cultures and mean +s.e.m. is represented. p-values were annotated in figures.
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Extended Data Fig. 4 | JAK1-KO reversed the acquisition of lineage plasticity. a, Western blot of JAK1, pSTAT1 and lineage marker proteins in LNCaP/
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | JAK1 and STAT1 genomic alterations is correlated with poor outcome of patients with mCRPC. a, Number of PCa cases with
genomic alterations (amplification or mutation) in the loci of key JAK-STAT signaling genes in the mCRPC tumors of the SU2C cohort, compared to

the number in the primary tumors of the TCGA PanCancer cohort. TCGA PanCancer =489 tumors, SU2C =444 tumors. b, Number of PCa cases with
genomic alterations (amplification or mutation) in the loci of key JAK-STAT signaling genes in the mCRPC tumors of the SU2C cohort, compared to

the frequency in the primary tumors of the TCGA Cell 2015 cohort. TCGA Cell 2015=333 tumors, SU2C =444 tumors. For panel (a-b), p-values were
calculated using two-tails Fisher's exact test and annotated in figures. ¢, Expression (RSEM) of JAK-STAT signaling genes in patients with regional lymph
nodes metastasis (N1, n=80 tumors) compared to patients without regional lymph nodes metastasis (NO, n=345 tumors). d, Expression (RSEM) of
JAK-STAT signaling genes in the high-grade tumors (Gleason score > 8, n=206 tumors) compared to the low-grade tumors (Gleason score <7, n=292
tumors). For panel (c-d), mean +s.d. is represented and p-values were calculated using two-sided Mann-Whitney test and annotated in figures.
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Extended Data Fig. 6 | JAK-STAT inhibition reversed the lineage plasticity-driven AR therapy resistance in PDO. a, Schematic figure represents the
generation and examination of patient-derived organoid (PDO) model. Figure was created with BioRender.com. b, Relative expression of JAK-STAT genes
in a series of PDOs based on RNA-seq results (see Methods). ¢, Bright field pictures of PDO MSKPCa8 and MSKPCa9 cultured in 3D matrigel and treated
with DMSO (Veh), 10 pM enzalutamide (Enz), 5 uM filgotinib (Filg) or the combination of Enz and Filg (Enz+ Filg) for 6 days, representative pictures of
n=3 independent treated cell cultures. d, Relative cell number of PDO MSKPCa8 and MSKPCa9 treated with annotated treatments for 6 days, normalized
to “Veh" group. Treatment's denotation is same as panel (c). n=3 independently treated cell cultures and mean +s.e.m. is represented. p-values were
calculated using two-way ANOVA with Bonferroni multiple-comparison test and annotated in figure.
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Extended Data Fig. 7 | JAK inhibitor impairs lineage plasticity and restores Enz sensitivity. a, Enz dose-response curve of LNCaP/AR cells transduced
with Cas9 and annotated CRISPR guide RNAs. b, Filg dose-response curve of LNCaP/AR cells transduced with annotated Cas9 and CRISPR guide RNAs.
For panel (a-b), p-values were calculated by non-linear regression with two-sided extra sun-of-squares F test. ¢, Relative cell number of CWR22Pc cells
transduced with annotated shRNAs and treated with various treatments, normalized to “Veh” group. Enz denotes 1pM Enz, Filg denotes 5 pM filgotinib,
Enz + Filg denotes the combination of Enz and Filg and Veh denotes DMSO treatment with equal volume as Enz. Cells were treated for 4 days and cell
numbers were counted. d, Relative expression of canonical lineage marker genes in CWR22Pc cells transduced with annotated shRNAs and treated with
vehicle or Filg, normalized to “shNT + Veh" group. Filg denotes 5 pM filgotinib, and Veh denotes DMSO treatment with equal volume as Filg. e, Cell number
of DU145 cells upon treatment administration, measured by cell proliferation assay. f, Cell number of PC3 cells upon treatment administration, measured
by cell proliferation assay. For e-f panels, Filg denotes 5uM Filgotinib and Veh denotes DMSO treatment for 9 days. For all panels unless otherwise
noted, n=3 independently treated cell cultures and mean +s.e.m. is represented; p-values were calculated using two-way ANOVA with Bonferroni
multiple-comparison test and were annotated in figures.
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Extended Data Fig. 8 | JAK-STAT inhibitors have combined inhibitory effect on PCa cells with lineage plasticity. a, IHC of the Trp53'>”/ox® Rb1'ox¥
® 1 Empty (TP53/RB1-WT) and Trp53°®'>? Rb1x/l® 4 Cre (TP53/RB1-KO) organoids cultured in 3D, with annotated antibodies. b, IF of annotated
organoids cultured in 3D, with annotated antibodies targeting canonical AR target genes and lineage marker genes. For panels a and b, representative
pictures of n=2 independent treated cell cultures were shown. ¢, Relative cell number of LNCaP/AR cells treated with annotated treatment: 10 uM
enzalutamide (Enz), 5uM filgotinib (Filg), 5uM ruxolitinib (Ruxo), TuM fludarabine (Flu), 0.2 uM niclosamide (Nic) and DMSO for 8 days and cell
numbers (viability) were measured using CellTiter-Glo assay, all normalized to vehicle group. p-values were calculated using one-way ANOVA with
Bonferroni multiple-comparison test. d, Relative gene expression of JAK-STAT genes in xenograft-derived Enz resistant cell lines with CHD1-deficiency.
e-g, Cell number of xenografted-derived Enz resistant cells upon treatment administration, measured by cell proliferation assay. For panels (e-g), Enz
denotes 10 uM enzalutamide, Filg denotes 5uM filgotinib, Rux denotes 5uM ruxolitinib and Veh denotes DMSO treatment for 7 days. For all panels
unless otherwise noted, n=3 independently treated cell cultures and mean +s.e.m. is represented. p-values were calculated using two-way ANOVA with
Bonferroni multiple-comparison test and annotated in figures.
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Extended Data Fig. 9 | Canonical JAK-STAT genes are among the prostate cancer-specific gene targets of SOX2 in mCRPC. a, H3K27ac ChIP-gPCR of
the JAK1 genomic locus in LNCaP/AR cells transduced with annotated constructs. b, H3K27me3 ChIP-gPCR of the JAK1 genomic locus in LNCaP/AR cells
transduced with annotated constructs. For panels (a,b), p-values were calculated using one-way ANOVA with Bonferroni multiple-comparison test. c,
Representative SOX2 binding sites in the genomic loci of JAK-STAT signaling genes in the mCRPC CWR-R1 cell line based on ChIP-seq analysis. d, SOX2
binding peak score in the genomic loci of JAK-STAT signaling genes in the mCRPC CWR-R1 cell (prostate cancer specific binding) compared to human
ESC cell line WAOT. Reads from n=3 independent cell cultures and matching input controls were used for analysis. e, Relative cell numbers of LNCaP/AR
cells transduced with annotated constructs and treated with various treatments in CSS medium for 8 days, normalized to “Veh" group. Enz denotes 10 uM
enzalutamide, Filg denotes 5 pM filgotinib, Enz + Filg denotes the combination of Enz and Filg, Veh denotes DMSO treatment with equal volume as Enz,
for 8 days and cell numbers were counted, normalized to Veh group. f, Relative expression of canonical lineage marker genes in LNCaP/AR-SOX2-OE cells
treated with annotated treatments. Filg denotes 5 puM filgotinib, and Veh denotes DMSO treatment with equal volume as Filg. Cells were treated for 6 days.
p-values were calculated using two-way ANOVA with Bonferroni multiple-comparison test. For all panels unless otherwise noted, n=3 independently
treated cell cultures and mean +s.e.m. is represented; p-values were annotated in figures.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | AR signaling partially restored in the subclones with TP53/RB1/JAK1-KD and vehicle treatment. a, Bar plot presents the number
of single cells expressing high level (expression level in the top 20% of all single cells of all samples) of AR targeted genes (partial AR Score genes as
shown in Supplemental Table). p-values are calculated with two-sided Chi-square test with Yates correction and annotated in figure. (Veh n=14268

cells, Enz n=15149 cells), sgTP53/RB1 (Veh n=12267 cells, Enz n=9850 cells), sgTP53/RB1/JAKT (Veh n=25200 cells, Enz n=11096 cells). b-f, UMAP
plot of single cell transcriptomic profiles colored by expression of selected AR target genes (z-score, AR Score genes) for each cell (dot). LNCaP/AR cells
were transduced with Cas9 and annotated CRISPR guide RNAs and treated with vehicle or Enz for 5 days. Fields of different sample groups are labeled
with different color. g, UMAP plot of single cells in cluster 4, colored by unsupervised clustering of 3 sub-clusters. h, Bar plot presents the percentage
distribution of each single cell in different cell cycle phases from subcluster 4-1, 4-2 and 4-3. n of cells in each cluster: C4-1 n=3680 cells, C4-2 n=3459
cells, C4-3 n=2886 cells. p-values are calculated with two-sided Fisher's Exact Test. i-r, UMAP plot of single cell transcriptomic profiles colored by
expression of canonical JAK-STAT target genes (z-score) for each cell (dot) of LNCaP/AR cells in Cluster 4. For panel i-r, distribution area of subcluster 4-1,
4-2, 4-3 are labeled with red, blue, and black. For all panels, color density of each cell is scaled by the color bar and p-values were annotated in figures.
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Data collection Benchling guide RNA designing tool was used for CRISPR guide RNA sequences. Attune Nxt software (version 4.2.1627.1) was used for
collecting FACS-based competition assay data.

Data analysis All analysis in the work was done using open-source software.
Bulk RNA-seq analysis was done using the QBRC Bulk RNA-seq pipeline (https://github.com/QBRC/QBRC_BulkRnaSeqDE). Alignment,
quantification, and differential analysis were performed using the QBRC_BulkRnaSeqDE pipeline (https://github.com/QBRC/
QBRC_BulkRnaSeqDE). Briefly, Alignment of reads to human reference genome (GRCh38, https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001405.26) was done using STAR (v2.7.2b)60. FeatureCounts (v1.6.4)61 was used for gene counts, biotype counts, and rRNA
estimation. Differential expression analysis was performed using the R package DEseq?2 (v1.26)62. Cutoff values of absolute fold change
greater than 2 and FDR<0.1 were used to select for differentially expressed genes. Gene Set Enrichment Analysis (GSEA) was carried out with
the R package fgsea (v1.14.0) using the ‘KEGG’ and ‘Hallmark’ libraries from MsigDB.
10x scRNA-seq data was preprocessed using the Cell Ranger software (5.0.0). Demultiplexing, alignment and read counting of the single-cell
RNA-seq data were carried out using the 10x Genomics Cell Ranger 5.0.0. scRNA-seq data analysis was performed with the ‘Scanpy’ (v1.6.0)
package in Python. To evaluate and model lineage plasticity as a function of cell genotype, we performed trajectory analysis using the R
package ‘Monocle 3. We provided the single cell gene expression matrix containing only the highly variable genes defined as previously
discussed as input and used PCA and UMAP during preprocessing steps. The trajectory was built using default parameters with the root
defined from the ‘loser’ cluster. Custom codes for the analysis in the paper have been deposited to Github and can be accessed at https://
doi.org/10.5281/zenodo.6888969.
Graph Pad Prism (V9.3.1, Graph Pad) is used for data graphing and statistical analysis.
ImageJ (version 2.0.0) was used to quantify images of organoids, migration, invasion and prostasphere formation assay.
FlowJo (version 10.8.0) software was used for the analysis of FACS result.

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 manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All the described bulk and single cell RNA-seq data that support the findings of this study have been deposited in the Gene Expression Omnibus under the accession
numbers GSE175975. The human CRPC tumor biopsies single cell data was downloaded from and available in the Gene Expression Omnibus (GEO) under the
accession number GSE137829. Patients genomic and transcriptomic data were derived from the TCGA research network and SU2C cohort, which were queried
using cbioportal (http://www.cbioportal.org/study/summary?id=prad_su2c_2019) and the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/).
SOX2 ChIP-Seq data were downloaded from and available under GSE166185. Source data for Fig. 1-6 and Extended Data Fig. 2-10 have been provided as Source
Data files. Source data for Extended Fig 1 has been provided in Supplementary Table. RNA-seq Alignment of reads to human reference genome (GRCh38, https://
www.nchi.nlm.nih.gov/assembly/GCF_000001405.26/). All other data supporting the findings of this study are available from the corresponding author on
reasonable request. Custom codes for the analysis in the paper have been deposited to Github and can be accessed at https://doi.org/10.5281/zenodo.6888969.
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Life sciences study design

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

Sample size Sample sizes are described in the methods and/or figure legends. The selection of sample sizes were described in Methods:"Statistics &
Reproducibility" section. Specifically, for all in vitro experiments, three biological triplicates were used, no statistical method was used to
predetermine sample size, but our sample sizes were similar to those reported in previous studies using those cell lines. For in vivo
experiments, no statistical method was used to predetermine sample size, but our sample sizes were selected based on and similar to those
reported in previous studies using the same LNCaP/AR xenograft models (Arora et al., Cell 2013, PMID 24315100; Mu et al., Science 2017,
PMID 28059768; Zhang et al., Cancer Cell 2020, PMID 32220301). Based on those previous studies, sample size of 8-10 tumors per group
would be sufficient to detect xenograft tumor growth differences.

Data exclusions  No excluded data points

Replication All'in vitro experiments were repeated at least 2 times and achieved similar conclusions. Replicates are described in methods and/or figure
legends, and the representative results are shown. All attempts at replication were successful. For in vivo experiment, the LNCaP/AR
xenograft model is a highly well-credential model from which enzalutamide and apalutamide were originally discovered, demonstrating its
clinical relevance (Tran et al., 2009, PMID: 19359544; Arora et al., Cell 2013, PMID 24315100; Mu et al., Science 2017, PMID 28059768;
Zhang et al., Cancer Cell 2020, PMID 32220301). However, due to the time-consuming nature of this model, and budget/time limitation, in
vivo xenograft studies using LNCaP/AR xenograft model were only performed once.

Randomization  All 6-7 weeks old SCID mice were purchased from Taconic Biosciences and separated into each experimental group randomly, without prior
designation. For in vitro experiments, randomization of cell lines was not possible. However, all cell lines were transduced with guide RNAs
either targeting the gene of interest, or non-targeting sgNT control. All comparisons were between sgGeneX and sgNT to control the
covariates. All cell lines were treated and analyzed in an identical fashion and the results of three biological replicates were analyzed
concurrently.

Blinding For all in vivo studies, the tumor cell injection and followup tumor treatment was performed by one researcher, while tumor measurement
and data analysis were performed by a different researcher to ensure the studies were run in a blinded manner. For all in vitro experiments,
blinding is impossible as the same researcher need to treat the cells and run the analysis. However, the cell numbers were automatically
measured by FACS in the competition assay or by SpectraMax iD3 automatic plate reader in cell viability assay to ensure prior knowledge of
the treatment groups had no impact on results. For the quantification of migration, invasion and prostasphere assays, as well as IHC and IF
staining, the pictures were coded to blind researchers to treatment or genotype groups prior to data analysis to avoid bias.

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 used For western blot, antibodies used are JAK1 (Cell Signaling Technology, Cat # 3332S, Lot#6), STAT1 (Cell Signaling Technology, Cat
#9172S, Lot#26), p-STAT1(58D6) (Cell Signaling Technology, Cat #9167S, Lot#25), Rb1(4H1) (Cell Signaling Technology, Cat #5230,
Lot#11), P53(DO1) (Leica Biosystems, Cat# NCL-p53-DO1,Lot#6023804), Actin(8H10D10) (Cell Signaling Technology, Cat #3700,
Lot#20). JAK2(C-10) (Santa Cruz, Cat# sc-390539, Lot#C0822), JAK3 (Cell Signaling Technology, Cat# 3775, Lot#6), STAT2(D9J7L) (Cell
Signaling Technology, Cat# 72604, Lot#4), STAT3(D1B2J) (Cell Signaling Technology, Cat# 30835, Lot#4), Vimentin(D21H3) (Cell
Signaling Technology, Cat# 5741, Lot#8), ASCL1(EPR19840) (Abcam, Cat# ab211327, Lot#GR3368513-4), Peroxidase AffiniPure Goat
Anti-Mouse 1gG (H+L)(AB_10015289) (Jackson ImmunoResearch, Cat# 115-035-003), Peroxidase AffiniPure Goat Anti-Rabbit 1gG (H
+L)( AB_2313567) (Jackson ImmunoResearch, Cat# 111-035-003).
Dilutions of all primary antibodies are 1:1000 and secondary antibodies are 1:5000.

For ChIP-gPCR experiment, antibodies used are Sox2 (D9B8N) (Cell Signaling Technology, Cat #23064S, Lot #1), Anti-Histone H3
(acetyl K27) antibody-ChIP Grade (Abcam, Cat# ab4729, Lot# GR3357415-1) and Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb
(Cell Signaling Technology, Cat #9733S, Lot #8). Dilutions of all antibodies are 1:100.

For IHC and IF antibodies used are: Jak1 (Cell Signaling Technology, Cat #3332, Lot#6), Stat1 (Cell Signaling Technology, Cat #14994,
Lot#26), Stat3(D1B2J) (Cell Signaling Technology, Cat #30835, Lot#4), Alexa Fluor® 647 Anti-Cytokeratin 8(EP1628Y) (Abcam, Cat
#ab192468, Lot#GR198609-1), Alexa Fluor® Anti-Cytokeratin 18(E431-1) (Abcam, Cat #ab194125, Lot#GR-200266-1), Alexa Fluor®
647 Anti-Cytokeratin 5(EP1601Y) (Abcam, Cat #ab193895, Lot#GR-219431-2), Alexa Fluor® 647 Anti-Cytokeratin 14(EP1612Y)
(Abcam, Cat #ab192056, Lot#GR-201705-1), Nkx3.1(4H4) (Abcam, Cat #ab96482, Lot#GR-165836-2), PSA/KLK3(D6B1) (Cell Signaling
Technology, Cat #5365, Lot#4), NDRG1(D8G9) (Cell Signaling Technology, Cat #9485, Lot#4), Vimentin(D21H3) (Cell Signaling
Technology, Cat #5741, Lot#8), Synaptophysin(D8F6H) (Cell Signaling Technology, Cat #36406, Lot#1), Alexa Fluor® 647-conjugated
AffiniPure Goat Anti-Mouse 1gG (H+L)(AB_2338902) (Jackson ImmunoResearch, Cat# 115-605-003), Alexa Fluor® 647-conjugated
AffiniPure Goat Anti-Rabbit 1gG (H+L)(AB_2338078) (Jackson ImmunoResearch, Cat# 111-605-144), Donkey Anti-Mouse 1gG Antibody
(Biotin-SP (long spacer))(AB_2307438) (Jackson ImmunoResearch, Cat# 715-065-150), Donkey Anti-Rabbit 1gG Antibody (Biotin-SP
(long spacer))( AB_2340593) (Jackson ImmunoResearch, Cat# 711-065-152).

Dilutions of all primary antibodies are 1:200 except for JAK1 (1:100). Dilutions of all secondary antibodies are 1:1000

Validation All antibodies were recommended for the specific application by the manufacturer or had previously been published for the
application used in this study. Relevant validation/manufacturer/citation information:
Jak1: Cell Signaling Technology, Cat # 3332S, Lot#6; Citation: PMID: 34556638; PMID: 35024200
REACTIVITY: H M; SENSITIVITY: Endogenous; MW (kDa): 130; SOURCE: Rabbit
Application-Dilution: Western Blotting-1:1000
Jak1 Antibody detects endogenous levels of total Jak1 protein. Polyclonal antibodies are produced by immunizing animals with a
synthetic peptide corresponding to residues surrounding Tyr1022/1023 of human Jak1. Antibodies are purified by protein A and
peptide affinity chromatography.
https://www.cellsignal.com/products/primary-antibodies/jak1-antibody/3332
STAT1: Cell Signaling Technology, Cat #9172S, Lot#26; Citation: PMID: 34925319; PMID: 34724828
REACTIVITY: H M R Mk; SENSITIVITY: Endogenous; MW (kDa): 84, 91; SOURCE:Rabbit
Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:50; Chromatin IP-1:50
Stat1 Antibody detects endogenous levels of total Stat1 protein. The antibody detects both Statlalpha (91kDa) and Statlbeta (84
kDa) isoforms. Polyclonal antibodies are produced by immunizing animals with a synthetic peptide corresponding to the sequence of
human Stat1. Antibodies are purified by protein A and peptide affinity chromatography.
https://www.cellsignal.com/products/primary-antibodies/stat1-antibody/9172
p-STAT1(Tyr701) (58D6): Cell Signaling Technology, Cat # 9167S, Lot#25; Citation: PMID: 34992585; PMID: 34420035
REACTIVITY: H M; SENSITIVITY: Endogenous; MW (kDa): 84, 91; Source/Isotype:Rabbit IgG
Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:100; Immunohistochemistry (Paraffin)-1:400 - 1:1600;
Immunofluorescence (Immunocytochemistry)-1:200 - 1:800; Flow Cytometry-1:100 - 1:400; Chromatin IP-1:100; Chromatin IP-
seq-1:100
Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb detects endogenous levels of Stat1 only when phosphorylated at tyrosine 701. The
antibody detects phosphorylated tyrosine 701 of p91 Stat1 and also the p84 splice variant. It does not cross-react with the
corresponding phospho-tyrosines of other Stat proteins.
https://www.cellsignal.com/products/primary-antibodies/phospho-stat1-tyr701-58d6-rabbit-mab/9167
Rb1(4H1): Cell Signaling Technology, Cat #5230, Lot#11, Citation: PMID: 8939849; PMID: 9315635; PMID: 11134518
REACTIVITY: H Mk B Pg; SENSITIVITY: Endogenous; MW (kDa): 110; Source/Isotype: Mouse 1gG2a
Application-Dilution: Western Blotting-1:2000; Immunoprecipitation-1:100; Immunohistochemistry (Paraffin)-1:400 - 1:1600;
Immunofluorescence (Immunocytochemistry)-1:800 - 1:3200; Flow Cytometry-1:200 - 1:800; Chromatin IP-1:200
Rb (4H1) Mouse mAb can be used in high throughput kinase assays and drug discovery applications. It detects Rb but does not
recognize the Rb homologues p107 or p130. Monoclonal antibody is produced by immunizing animals with a fusion protein (Rb-C
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Fusion Protein #6022) containing residues 701-928 of human Rb.
https://www.cellsignal.com/products/primary-antibodies/rb-4h1-mouse-mab/5230

P53 (DO1): Leica Biosystems, Cat# NCL-p53-DO1, Lot#6023804; Citation: PMID: 28059768;PMID: 21533191

This monoclonal antibody recognizes both wild type and mutant forms of human p53 protein under denaturing and non-denaturing
conditions. The epitope recognized by clone DO-7 can be destroyed by prolonged fixation in buffered formalin. The heat induced
epitope retrieval technique may improve staining in some cases.
https://shop.leicabiosystems.com/us/ihc-ish/ihc-primary-antibodies/pid-p53-protein

B-Actin (8H10D10): Cell Signaling Technology, Cat #3700, Lot#20; Citation: PMID: 35301087; PMID: 35387176

REACTIVITY: H M R Hm Mk Dg; SENSITIVITY: Endogenous; MW (kDa): 45; Source/Isotype:Mouse 1gG2b

Application-Dilution: Western Blotting-1:1000; Immunohistochemistry (Paraffin)- 1:8000 - 1:32000; Immunofluorescence
(Immunocytochemistry)- 1:2500 - 1:10000; Flow Cytometry (Fixed/Permeabilized) 1:200 - 1:800

B-Actin (8H10D10) Mouse mAb detects endogenous levels of total B-actin protein. Due to the high sequence identity between the
cytoplasmic actin isoforms, B-actin and cytoplasmic y-actin, this antibody may cross-react with cytoplasmic y-actin. It does not cross-
react with a-skeletal, a-cardiac, a-vascular smooth, or y-enteric smooth muscle isoforms.
https://www.cellsignal.com/products/primary-antibodies/b-actin-8h10d10-mouse-mab/3700

Stat3(D1B2J): Cell Signaling Technology, Cat #30835, Lot#4; Citation: PMID: 35326545; PMID: 35151317; PMID: 35157848
REACTIVITY:H M R; SENSITIVITY: Endogenous; MW (kDa): 79, 86; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:200; Immunohistochemistry (Paraffin)-1:100 - 1:400;
Immunofluorescence (Immunocytochemistry)-1:400 - 1:800

Stat3 (D1B2J) Rabbit mAb recognizes endogenous levels of total Stat3 protein. Some unclear staining has been observed in rodent.
Species reactivity for IHC-P and IF-IC is human preferred. Monoclonal antibody is produced by immunizing animals with a synthetic
peptide corresponding to residues surrounding Pro695 of human Stat3 protein.
https://www.cellsignal.com/products/primary-antibodies/stat3-d1b2j-rabbit-mab/30835https://www.cellsignal.com/products/
primary-antibodies/stat3-d1b2j-rabbit-mab/30835

JAK2(C-10): Santa Cruz, Cat# sc-390539, Lot#C0822; Citation: PMID: 35455080; PMID: 35265208

JAK2 (C-10) is recommended for detection of JAK2 of mouse, rat and human origin by Western Blotting (starting dilution 1:100,
dilution range 1:100-1:1000), immunoprecipitation [1-2 ug per 100-500 ug of total protein (1 ml of cell lysate)], immunofluorescence
(starting dilution 1:50, dilution range 1:50-1:500) and solid phase ELISA (starting dilution 1:30, dilution range 1:30-1:3000).

JAK2 (C-10) is a mouse monoclonal antibody specific for an epitope mapping between amino acids 752-780 of JAK2 of mouse origin.
https://www.scbt.com/p/jak2-antibody-c-10?requestFrom=search

JAK3: Cell Signaling Technology, Cat# 3775, Lot#6; Citation: PMID: 34286840; PMID: 32639993

REACTIVITY: H; SENSITIVITY: Endogenous; MW (kDa): 115; SOURCE: Rabbit

Application-Dilution: Western Blotting-1:1000

Jak3 Antibody detects endogenous levels of total Jak3 protein. No cross-reactivity was detected with other family members at
physiological conditions. Polyclonal antibodies are produced by immunizing animals with a synthetic peptide corresponding to
residues at the carboxy-terminus of Jak3. Antibodies are purified by protein A and peptide affinity chromatography.
https://www.cellsignal.com/products/primary-antibodies/jak3-antibody/3775

STAT2(D9J7L): Cell Signaling Technology, Cat# 72604, Lot#4; Citation: PMID: 34725437; PMID: 35301282

REACTIVITY:H M; SENSITIVITY: Endogenous; MW (kDa): 97, 113; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:50; Immunofluorescence (Immunocytochemistry)-1:100 -
1:400; Flow Cytometry-1:50 - 1:200; Chromatin IP-1:50; Chromatin IP-seg-1:50; CUT&RUN-1:50

Stat2 (D9J7L) Rabbit mAb recognizes endogenous levels of total Stat2 protein. Monoclonal antibody is produced by immunizing
animals with a synthetic peptide corresponding to residues surrounding Leu706 of human Stat2 protein.
https://www.cellsignal.com/products/primary-antibodies/stat2-d9j7I-rabbit-mab/72604

ASCL1(EPR19840): Abcam, Cat# ab211327, Lot#GR3368513-4; Citation: PMID: 31883968; PMID: 33547076

Host species: Rabbit; Suitable for: IHC-P, WB, ICC/IF, IP; Reacts with: Mouse, Human

Immunogen: Recombinant full length protein. This information is proprietary to Abcam and/or its suppliers.
https://www.abcam.com/mashlachaete-scute-homolog-1-antibody-epr19840-ab211327.html

Sox2(D9B8N): Cell Signaling Technology, Cat #23064S, Lot#1; Citation: PMID: 34934057; PMID: 34619150; PMID: 34686327
REACTIVITY: H M; SENSITIVITY: Endogenous; MW (kDa): 35; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:100; Immunofluorescence (Frozen)-1:400;
Immunofluorescence (Immunocytochemistry)-1:400; Flow Cytometry-1:100; Chromatin IP-1:50; Chromatin IP-seq-1:50;
CUT&RUN-1:50

Sox2 (D9B8N) Rabbit mAb recognizes endogenous levels of total Sox2 protein. The abundant nonspecific cytoplasmic labeling was
observed in adult brain by immunofluorescence (IF). However, the specific staining was observed in embryonic tissue, including
brain, by IF. Monoclonal antibody is produced by immunizing animals with a synthetic peptide corresponding to residues surrounding
Ala188 of human Sox2 protein.
https://www.cellsignal.com/products/primary-antibodies/sox2-d9b8n-rabbit-mab/23064 ?site-search-
type=Products&N=4294956287&Ntt=23064s&fromPage=plp& requestid=659745

Anti-Histone H3 (acetyl K27) antibody-ChIP Grade, Abcam, Cat# ab4729, Lot# GR3357415-1; Citation: PMID: 33147444; PMID:
32592040

Rabbit polyclonal to Histone H3 (acetyl K27) - ChIP Grade; Host species: Rabbit; Suitable for: ICC/IF, WB, IHC-P, ChIP, PepArr; Reacts
with: Mouse, Rat, Cow, Human, Recombinant fragment

Predicted to work with: Chicken, Xenopus laevis, Arabidopsis thaliana, Drosophila melanogaster, Monkey, Zebrafish, Plasmodium
falciparum, Rice, Cyanidioschyzon merolae

Immunogen

Synthetic peptide corresponding to Human Histone H3 aa 1-100 (acetyl K27) conjugated to keyhole limpet haemocyanin.

(Peptide available as ab24404)

https://www.abcam.com/Histone-H3-acetyl-K27-antibody-ChIP-Grade-ab4729.html?gclsrc=aw.ds|
aw.ds&gclid=CjOKCQjwtvqVBhCVARIsAFUxcRscatj6ayli9g1JB61bfrTKabsO7yOQ1HOcOblwUsuUgPcd9DQwZfcaAkrLEALW_wcB
Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb, Cell Signaling Technology, Cat #9733S, Lot #8; Citation: PMID: 35399730; PMID:
35405016

REACTIVITY: H M R Mk; SENSITIVITY: Endogenous; MW (kDa): 17; Source/lIsotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; IHC-Leica® Bond™-1:200 - 1:800; Immunohistochemistry (Paraffin)-1:100 - 1:400;
Immunofluorescence (Immunocytochemistry)-1:800 - 1:3200; Flow Cytometry-1:100 - 1:400; Chromatin IP-1:50; Chromatin IP-
seg-1:50; CUT&RUN-1:50
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Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb detects endogenous levels of histone H3 only when tri-methylated on Lys27. The
antibody does not cross-react with non-methylated, mono-methylated or di-methylated Lys27. In addition, the antibody does not
cross-react with mono-methylated, di-methylated or tri-methylated histone H3 at Lys4, Lys9, Lys36 or Histone H4 at Lys20.
Monoclonal antibody is produced by immunizing animals with a synthetic peptide corresponding to the amino terminus of histone
H3 in which Lys27 is tri-methylated.
https://www.cellsignal.com/products/primary-antibodies/tri-methyl-histone-h3-lys27-c36b11-rabbit-mab/9733?
Ntk=Products&Ntt=9733&gclid=CjOKCQjwtvqVBhCVARIsAFUxcRtK6k55Qe_aQaKRlyDOgapNftlhMm9xuWelLglhGzwS)7IctyCFRvVoaAq
ENEALw_wcB&gclsrc=aw.ds

Alexa Fluor® 647 Anti-Cytokeratin 8(EP1628Y): Abcam, Cat #ab192468, Lot#GR198609-1; Citation: PMID: 29096715

Host species: Rabbit; Conjugation: Alexa Fluor® 647. Ex: 652nm, Em: 668nm; Suitable for: ICC/IF, Flow Cyt (Intra); Reacts with: Human
Immunogen: Synthetic peptide. This information is proprietary to Abcam and/or its suppliers.
https://www.abcam.com/alexa-fluor-647-cytokeratin-8-antibody-ep1628y-ab192468.html

Alexa Fluor® Anti-Cytokeratin 18(E431-1): Abcam, Cat #ab194125, Lot#GR-200266-1; Citation: PMID: 23966837

Host species: Rabbit; Conjugation Alexa Fluor® 647. Ex: 652nm, Em: 668nm; Suitable for: Flow Cyt, ICC/IF; Reacts with: Human
Immunogen: Full length native protein (purified) corresponding to Human Cytokeratin 18.
https://www.abcam.com/cytokeratin-18-antibody-e431-1-alexa-fluor-647-ab194125.htmi

Alexa Fluor® 647 Anti-Cytokeratin 5(EP1601Y): Abcam, Cat #ab193895, Lot#GR-219431-2; Citation: PMID: 31839569; PMID:
33025905; PMID: 32747751

Host species: Rabbit; Conjugation: Alexa Fluor® 647. Ex: 652nm, Em: 668nm; Suitable for: Flow Cyt (Intra), ICC/IF; Reacts with: Human
Immunogen: Synthetic peptide. This information is proprietary to Abcam and/or its suppliers.
https://www.abcam.com/alexa-fluor-647-cytokeratin-5-antibody-ep1601y-ab193895.html

Alexa Fluor® 647 Anti-Cytokeratin 14(EP1612Y): Abcam, Cat #ab192056, Lot#GR-201705-1; Citation: PMID: 27762336

Host species: Rabbit; Conjugation: Alexa Fluor® 647. Ex: 652nm, Em: 668nm; Suitable for: ICC; Reacts with: Human Does not react
with: Mouse, Rat

Immunogen:Synthetic peptide. This information is proprietary to Abcam and/or its suppliers.
https://www.abcam.com/alexa-fluor-647-cytokeratin-14-antibody-ep1612y-ab192056.html

Nkx3.1(4H4): Abcam, Cat #ab96482, Lot#GR-165836-2

Host species:Mouse; Suitable for: WB, ELISA, IHC-P, Flow Cyt; Reacts with: Human

Immunogen Recombinant fragment, corresponding to amino acids 1-234 of Human Nkx3.1
https://www.abcam.com/nkx31-antibody-4h4-ab96482.html

PSA/KLK3 (D6B1): Cell Signaling Technology, Cat #5365, Lot#4; Citation: PMID: 34698359; PMID: 35402240

REACTIVITY: H; SENSITIVITY: Endogenous; MW (kDa): 29; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:50; Immunofluorescence (Immunocytochemistry)-1:200; Flow
Cytometry-1:50

PSA/KLK3 (D6B1) XP® Rabbit mAb recognizes endogenous levels of total PSA/KLK3 protein. Monoclonal antibody is produced by
immunizing animals with a synthetic peptide corresponding to residues surrounding Phe165 of human PSA/KLK3 protein.
https://www.cellsignal.com/products/primary-antibodies/psa-klk3-d6b1-xp-rabbit-mab/5365

NDRG1 (D8G9): Cell Signaling Technology, Cat #9485, Lot#4; Citation: PMID: 33499898; PMID: 33334021

REACTIVITY:H Mk; SENSITIVITY: Endogenous; MW (kDa): 46, 48; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunoprecipitation-1:100; Immunohistochemistry (Paraffin)-1:800;
Immunofluorescence (Immunocytochemistry)-1:200

NDRG1 (D8G9) XP® Rabbit mAb recognizes endogenous levels of total NDRG1 protein. Monoclonal antibody is produced by
immunizing animals with a synthetic peptide corresponding to residues near the carboxy terminus of human NDRG1 protein.
https://www.cellsignal.com/products/primary-antibodies/ndrg1-d8g9-xp-rabbit-mab/9485

Vimentin (D21H3): Cell Signaling Technology, Cat #5741, Lot#8; Citation: PMID: 35428310; PMID: 35414768

REACTIVITY: H M R Mk; SENSITIVITY: Endogenous; MW (kDa):57; Source/Isotype: Rabbit IgG

Application-Dilution: Western Blotting-1:1000; IHC-Leica® Bond™-1:200 - 1:800; Immunohistochemistry (Paraffin)-1:100 - 1:400;
Immunofluorescence (Immunocytochemistry)-1:50 - 1:200; Flow Cytometry-1:50 - 1:200

Vimentin (D21H3) XP® Rabbit mAb detects endogenous levels of total vimentin protein. Monoclonal antibody is produced by
immunizing animals with a synthetic peptide corresponding to residues surrounding Arg45 of human vimentin protein.
https://www.cellsignal.com/products/primary-antibodies/vimentin-d2 1h3-xp-rabbit-mab/5741

Synaptophysin (D8F6H): Cell Signaling Technology, Cat #36406, Lot#1; Citation: PMID: 34572962; PMID: 34671017

REACTIVITY: H M R; SENSITIVITY: Endogenous; MW (kDa): 38; Source/Isotype: Rabbit 1gG

Application-Dilution: Western Blotting-1:1000; Immunohistochemistry (Paraffin)-1:200; Immunofluorescence (Frozen)-1:100
Synaptophysin (D8F6H) XP® Rabbit mAb recognizes endogenous levels of total Synaptophysin protein. Monoclonal antibody is
produced by immunizing animals with a synthetic peptide corresponding to residues surrounding Gly299 of human Synaptophysin
protein.

https://www.cellsignal.com/products/primary-antibodies/synaptophysin-d8f6h-xp-rabbit-mab/36406

Peroxidase AffiniPure Goat Anti-Mouse 1gG (H+L)(AB_10015289): Jackson ImmunoResearch, Cat# 115-035-003 Citation: PMID:
35240918;PMID: 35017439

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also reacts with the light
chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody may
cross-react with immunoglobulins from other species.

Whole IgG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
the most cost effective.

https://www.jacksonimmuno.com/catalog/products/115-035-003

Peroxidase AffiniPure Goat Anti-Rabbit 1gG (H+L)(AB_2313567): Jackson ImmunoResearch, Cat# 111-035-003 Citation: PMID:
35017439;PMID: 35761940

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody may
cross-react with immunoglobulins from other species.

Whole IgG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
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the most cost effective.

https://www.jacksonimmuno.com/catalog/products/111-035-003

Alexa Fluor® 647-conjugated AffiniPure Goat Anti-Mouse 1gG (H+L)(AB_2338902): Jackson ImmunoResearch, Cat# 115-605-003
Citation: PMID: 35310356;PMID: 35595807

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also reacts with the light
chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody may
cross-react with immunoglobulins from other species.

Whole 1gG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
the most cost effective.

https://www.jacksonimmuno.com/catalog/products/115-605-003

Alexa Fluor® 647-conjugated AffiniPure Goat Anti-Rabbit 1gG (H+L)(AB_2338078): Jackson ImmunoResearch, Cat# 111-605-144
Citation: PMID: 35442190; PMID: 35721135

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with human, mouse and rat serum proteins, but
it may cross-react with immunoglobulins from other species.

Whole 1gG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
the most cost effective.

https://www.jacksonimmuno.com/catalog/products/111-605-144

Donkey Anti-Mouse IgG Antibody (Biotin-SP (long spacer))(AB_2307438): Jackson ImmunoResearch, Cat# 715-065-150 Citation:
PMID: 35402512;PMID: 35579705

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule mouse IgG. It also reacts with the light
chains of other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, rabbit and sheep serum proteins, but it may cross-react with immunoglobulins from other species.

Whole IgG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
the most cost effective.

https://www.jacksonimmuno.com/catalog/products/715-065-150

Donkey Anti-Rabbit IgG Antibody (Biotin-SP (long spacer))( AB_2340593): Jackson ImmunoResearch, Cat# 711-065-152 Citation:
PMID: 35530297;PMID: 35521515

Based on immunoelectrophoresis and/or ELISA, the antibody reacts with whole molecule rabbit IgG. It also reacts with the light
chains of other rabbit immunoglobulins. No antibody was detected against non-immunoglobulin serum proteins. The antibody has
been tested by ELISA and/or solid-phase adsorbed to ensure minimal cross-reaction with bovine, chicken, goat, guinea pig, syrian
hamster, horse, human, mouse, rat and sheep serum proteins, but it may cross-react with immunoglobulins from other species.
Whole 1gG antibodies are isolated as intact molecules from antisera by immunoaffinity chromatography. They have an Fc portion and
two antigen binding Fab portions joined together by disulfide bonds and therefore they are divalent. The average molecular weight is
reported to be about 160 kDa. The whole 1gG form of antibodies is suitable for the majority of immunodetection procedures and is
the most cost effective.

https://www.jacksonimmuno.com/catalog/products/711-065-152
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Parental LNCaP/AR and CWR22Pc prostate cancer cell lines were obtained from Dr. Charles Sawyers’ laboratory at MSKCCS5,
Dul45 (#HTB-81) and PC3 (#CRL-1435) cell lines were purchased from ATCC. CWR-R1 and WAO1 cells were maintained in the
Donald J. Vander Griend laboratory and were not directly used in this study. The existing SOX2 ChIP-Seq data generated from
those two cell lines were downloaded from GSE166185. Trp53loxP/loxP, Rb1loxP/loxP murine organoids were generated
from Trp53loxP/loxP, Rb1loxP/loxP mice. Human organoids were obtained from Dr. Yu Chen’s laboratory at MSKCC (Tang et
al., 2020,https://doi.org/10.1101/2020.10.26.355925; Mao et al., PMID: 202134417459). The organoids are cultured in 3D
Matrigel according to protocol previously described (Gao et al., 2014, PMID: 25201530). Further information and requests for
resources and reagents should be directed to and will be fulfilled by the corresponding author, Dr. Ping Mu
(ping.mu@utsouthwestern.edu). All cell lines, plasmids and other reagents generated in this study are available from the
corresponding author with a completed Materials Transfer Agreement if there is potential for commercial application.

Authentication STR analysis (DNA fingerprinting) were performed to validate the identity of the cell lines every year and compared to ATCC
cell line profiles to ensure that all the cell identities remain stable throughout the entire proposed studies. For all prostate
organoids, the morphologies were assessed under microscope and their growth and mycoplasma contamination were also
be tested monthly.

Mycoplasma contamination All cell cultures were assessed for mycoplasma monthly via the highly sensitive MycoAlertTM PLUS Mycoplasma Detection kit
(Lonza, Cat #L.T07-710) and all results were negative.
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Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male C.B-lgh-1bflcr Tac-Pridescid SCID (Severe Combined Immunodeficient) mice of 6-7 week-old were used for xenograft
experiments, which were purchase from Taconic Blosciences. All animals were housed in humidity and temperature-controlled
conditions with a 12h light 12h dark eycle in the pathogen free facilities at the University of Texas, Southwestern by the Anirmal
Resource Center (ARC), and monitored cosely to minimize discomfort, distress, pain or injury throughout all the course of in viva
experiments, Animal would be remaved from the study and euthanized if any signs of pain and distress were detected, or the tumor
volume reaches 2000mm3, The maximal tumar slze was not exceeded in all reported studies.

Wild animals This study did not use wild animals

Field-collected samples | This study did not use filed collected samples
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Ethics oversight Ml procedures were performed in accordance with the recommendations of the Panel on Euthanasia of the American Veterinary
Medical Association and the animal protocol was approved by Institutional Animal Care and Use Committee {IACUC) of UT
Southwestern Medical Center (protocol #2019-102433),

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

Flow Cytometry

Plots
Caonfirm that;
[ The axis labels state the marker and flucrochrome used (e.g. CD4-FITC).

[#] 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).
E] 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 Far FACS-based competition assay, the LNCaP/AR cells from different genotypes were digested to single cells, then were
washed with PES by centrifugation. Then the competition cell mixture of sgTPS3/RE1-RFP cells and sgT-GFP cells were
previcusly cultured in vitro before starting the competition assay.

Instrument Attune NxT Acoustic Focusing Cytometer by Therma Fisher

Software Altune Nxt software [version 4.2.1627.1) and Flowlo software [version 10.8.0) .

Cell population abundance The cell mixtures of sgNT-GFP and sgTP53/RE1-RFP were treated in €55 medium with 10pM enzalutamide for 8 days and the
number of GFR/RFP positive cells were measured by FACS an Day0, 4 and 8. Relative cell number fold change was calculated
and normalized to veh treated group as previously described (Zhang et al., 2020,PMID: 32220301).

Gating strategy LMCaP/AR cells were first gated based on S5C-H/FSC-AEFSC-H before measuring the RFP/GFP signals for the percentage of

positive cells

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