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Lineage transitions are a central feature of prostate development,
tumourigenesis and treatment resistance. While epigenetic changes are
well known to drive prostate lineage transitions, it remains unclear how
upstream metabolic signalling contributes to the regulation of prostate
epithelial identity. To fill this gap, we developed an approach to perform
metabolomics on primary prostate epithelial cells. Using this approach,
we discovered that the basal and luminal cells of the prostate exhibit
distinct metabolomes and nutrient utilization patterns. Furthermore,
basal-to-luminal differentiation is accompanied by increased pyruvate
oxidation. We establish the mitochondrial pyruvate carrier and subsequent
lactate accumulation as regulators of prostate luminal identity. Inhibition
of the mitochondrial pyruvate carrier or supplementation with exogenous
lactate results in large-scale chromatin remodelling, influencing both
lineage-specific transcription factors and response to antiandrogen
treatment. These results establish reciprocal regulation of metabolism and
prostate epithelial lineage identity.

Prostate epithelium contains basal and luminal cells as well as rare
neuroendocrine cells'. Adult mouse prostate basal and luminal cells are
predominantly self-sustained under physiological conditions® Luminal
differentiation from basal progenitors occurs during development™*,
tissue regeneration’, inflammation® and prostate cancer initiation>’.
Epigenetic changes facilitate the establishment and maintenance of
prostate epithelial identity® ™. How upstream signalling contributes
to the downstream epigenetic regulation of prostate lineage identity
remains poorly understood. Metabolism is a key upstream regulator
ofthe epigenome. Most chromatin-modifying enzymes require inter-
mediates of cellular metabolism as substrates or cofactors'>*, While
metabolic rewiring can modulate differentiation in a wide variety of

tissue systems' ¢, the interplay between metabolic signalling and
lineage identity in the prostate remains to be elucidated.

To fill this gap, we sought to understand prostate epithelial
cell-type-specific metabolic features. We developed an approach to
performmetabolic profiling and heavy isotope nutrient tracing on pri-
mary prostate epithelial cells, finding that basal and luminal cells have
distinct metabolic signatures. We demonstrate that basal-to-luminal
differentiationis associated with increased pyruvate oxidation. Phar-
macologicalinhibition of mitochondrial pyruvate transport, or genetic
deletion of Mpc1, antagonizes luminal features. Both lactate supple-
mentation and inhibition of lactate efflux block luminal differentiation,
suggesting thatintracellular lactate accumulation mediates the effect
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on lineage identity. Inhibition of the mitochondrial pyruvate carrier
(MPC) and supplementation with exogenous lactate reprogramme the
chromatinlandscape of key lineage-specific transcription factors and
modulate response to antiandrogen treatment. Our results indicate
that prostate epithelial cells have lineage-rooted metabolic features
and that modulation of metabolism cangovern prostate lineage transi-
tions through epigenetic mechanisms.

Results

Basal and luminal cells have distinct metabolic features
Wefirst soughttoinvestigate the relationship between prostate epithe-
lial celltype and metabolicidentity. We analysed adult murine prostates
using fluorescence-activated cell sorting (FACS) toisolate primary basal
(EpCAM"* CD49f"€" and luminal (EpCAM* CD49f"") cells (Extended
DataFig.1a). Wefirstinterrogated previous RNA-sequencing (RNA-seq)
results” and then performed metabolic profiling and glucose tracing
(Fig.1a). Transcriptional analysis of canonical lineage markers validated
isolation of epithelial cell populations (Extended Data Fig.1b). Gene set
enrichment analysis (GSEA) demonstrated appropriate enrichment of
the Smith etal.® basal and luminal signatures (Extended DataFig. 1c,d
and Supplementary Table 1). Of the 30 pathways most statistically
enrichedindifferentially abundant genes, 12 were metabolism-related
(Extended Data Fig. 1e and Supplementary Table 2). We performed
GSEA onallHallmark, Reactome and Kyoto Encyclopedia of Genes and
Genomes (KEGG) metabolism gene sets and identified enrichment of
MYCtargetsinbasal cells and enrichment of pyruvate metabolism and
oxidative phosphorylation in luminal cells (Fig. 1b and Supplemen-
tary Table 3). We also found that basal cells exhibit elevated RNA and
protein abundance of several glycolytic enzymes and transporters,
while luminal cells exhibit elevated levels of many key tricarboxylic
acid (TCA) cycle enzymes (Fig. 1c and Extended Data Fig. 1f). Analysis
of mouse prostate single-cell RNA-sequencing (scRNA-seq) data'**°
corroborated differential expression of metabolic enzymesindistinct
epithelial subsets (Extended Data Fig. 2a,b).

Afteridentifying candidate cell-type-specific metabolic features,
we established an approach that enabled us to perform metabolic char-
acterization of distinct prostate epithelial cell types using metabolic
profiling and nutrient tracing. Primary cells isolated by FACS were
cultured overnightto enhance cell attachment and enable equilibration
before metabolite extraction. Annexin V and 7-Aminoactinomycin D
(7-AAD) analysisillustrated that adherent basal and luminal cells both
exhibit greater than 80% viability after overnight culture (Extended
DataFig.2c), validating that metabolomics was performed on healthy
cellpopulations. Basal cells have elevated levels of key glycolytic metab-
olites including PEP, 3PG and F6P, while luminal cells have elevated
levels of TCA cycle intermediates including isocitrate, aKG and suc-
cinate (Fig.1d and Supplementary Table 4).

[U-2Clglucose tracing revealed a reduction in incorporation of
glucose-derived carbon from citrate to aconitate specifically in luminal
cells, but not in basal cells (Fig. 1e and Supplementary Table 4). This
metabolic wiring may enable luminal cells to secrete high levels of cit-
rate found in seminal fluid® or to utilize citrate for lipid synthesis. Con-
sistent with this hypothesis, we observedincreased RNA abundance of
genesinvolved in de novo lipogenesis in luminal cells relative to basal
cells (Fig. 1f). Previous studies have reported that zinc accumulation
inthe prostate epitheliuminhibits aconitase activity to prevent citrate
oxidation and promote citrate secretion®’. We evaluated expression
of zinc transporters and found that several are elevated in luminal
cells relative to basal cells (Fig. 1g). [U-*Clglucose tracer analysis also
illustrated that basal cells preferentially generate M2 citrate through
pyruvate dehydrogenase activity (Fig. 1h and Supplementary Table 4),
while luminal cells preferentially generate M3 citrate through pyruvate
carboxylase activity (Fig. 1li and Supplementary Table 4). These data
indicate that basal and luminal cells have distinct metabolite abun-
dance profiles and nutrient utilization patterns.

We next asked whether cell-type-specific metabolic features are
conserved across species. We used a dataset of RNA-seq of benign
prostatic basal and luminal epithelial populations from three human
prostates®. All glycolytic enzymes and transporters evaluated, except
HK2,wereenriched inbasal cells, while many TCA cycle enzymes were
enriched in luminal cells (Fig. 1j). Our data provide the most compre-
hensive evidence to date that distinct prostate epithelial cell types
contain unique metabolic features.

Increased pyruvate oxidation with luminal differentiation

We next sought to investigate whether there is in vivo evidence of
metabolic reprogramming during basal-to-luminal differentiation.
Wetook advantage of the spatial restriction of multipotent basal cells
at the distal region (tip to 100 pm from the distal tip) of the develop-
ing prostate at postnatal day (P)10 (ref. 24) (Fig. 2a). Comparing RNA
expression in multipotent basal cells and basal-derived luminal cells
isolated by FACS, we found 15 of the 30 most enriched pathways identi-
fied by KEGG pathway analysis are metabolism-related (Extended Data
Fig.3aand Supplementary Table 5). GSEA revealed negative enrichment
of genesin KEGG oxidative phosphorylationin multipotent basal cells
relative to basal-derived luminal cells (Fig. 2b).

Features of basal-to-luminal differentiation have beenreportedin
prostate organoid culture; however, the induction kinetics of luminal
marker expression were previously poorly defined”. Western blot
analysis revealed that basal-derived organoids initially express high
levels of the basal marker Trp63 (p63) but low levels of the luminal
marker cytokeratin 8 (KRT8) (Fig. 2c,d). By day 5 in ex vivo culture,
KRT8is elevated and p63is reduced (Fig. 2d). Using intracellular flow
cytometry, we established that there is gradual upregulation of KRT8
that continues between days 6 and 9 (Extended Data Fig. 3b).

We performed metabolic profilingand [U-*C]glucose tracer analy-
sis3,5and 7 d after plating into organoid culture. Principal component
analysis (PCA) of both metabolic profiling data and glucose tracer
analysis data illustrates that each timepoint clusters independently
(Fig. 2e and Extended Data Fig. 3¢). Heatmap visualization also dem-
onstrates that primary basal-derived organoids have differences in
their metabolite abundance profiles at each timepoint (Extended Data
Fig.3d and Supplementary Table 4). Incorporation of glucose-derived
carboninto glycolytic metabolites does not substantially change from
day3today7 (Fig.2fand Supplementary Table 4).In contrast, fractional
contribution to TCA cycle intermediates increases as basal-derived
organoids acquire luminal features (Fig. 2g, Extended Data Fig. 3e
and Supplementary Table 4). Both fractional contribution to nucleo-
tide intermediates and expression of the proliferation marker PCNA
decrease between days 5 and 7 (Fig. 2h, Extended Data Fig. 3f and
Supplementary Table 4). These data suggest that increased pyruvate
oxidationis unlikely to be driven predominantly by organoid growth,
but rather represents a shift in metabolism with luminal differentia-
tion. Collectively, our data indicate basal-to-luminal differentiation
is associated with metabolic rewiring, which includes a shift towards
increased glucose oxidation.

The MPCregulates cell fate
The MPC transports pyruvate from the cytosol to the mitochondria,
where it can be oxidized to fuel the TCA cycle”. As basal-to-luminal
differentiation is associated with increased pyruvate oxidation, we
investigated the effects of inhibiting the MPC with the small-molecule
MPC inhibitor UK5099. [U-®*Clglucose tracer analysis confirmed that
UKS5099 significantly reduces incorporation of glucose-derived
carboninto TCA cycle intermediates in mouse basal-derived orga-
noids, consistent with its on-target effect (Fig. 3a and Supplementary
Table 4). UK5099 does not significantly influence organoid-formation
rate (Fig. 3b) or organoid size (Fig. 3¢) of basal-derived organoids.
Western blot analysis and immunofluorescence illustrate that
UK5099 treatment reduces the expression of KRT8 and increases
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Fig.1|Primary basal and luminal prostate cells have distinct metabolic
features. a, Schematic of RNA-seq, metabolic profiling and glucose tracing
performed on primary basal and luminal cells isolated from mouse prostate.

Luminal

b, GSEA of all KEGG, Hallmark and Reactome metabolism gene sets in basal and
luminal cells. ¢, Heatmap of glycolytic and TCA cycle enzymes from RNA-seq of
three biological replicates of basal and luminal cells. d, Heatmap of metabolite
abundancein primary basal and luminal mouse prostate cells with three
technical replicates for each of the three biological replicates. e, Aconitate-to-
citrate fractional contribution ratio in primary basal and luminal mouse prostate
cells fed [U-*C]glucose tracer for 16 h. f,g, Heatmaps of genes involved in

denovo lipogenesis (f) and zinc transport (g) from RNA-seq of primary basal and
luminal mouse prostate cells. h,i, Percentage M2 citrate (h) and percentage M3
citrate (i) from [U-2C]glucose in basal and luminal cells (n = 3 technical replicates
for each of the 3 biological replicates).j, Fold change in glycolytic and TCA cycle
enzymes from RNA-seq of basal and luminal cells from three human prostates.
Shaded grey rectangles indicate genes that have statistically significant (P < 0.05)
differential abundance. For all panels, data are shown as mean + s.e.m. Pvalues
were calculated using a paired two-tailed ¢-test. Bas, basal; Bio rep, biological
replicate; Lum, luminal.
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Fig. 2| Basal-to-luminal differentiation is accompanied by increased
pyruvate oxidation. a, Schematic of in vivo model of basal-to-luminal
differentiation in P10-P12 murine prostate. b, GSEA showing enrichment of KEGG
oxidative phosphorylation in basal-derived luminal cells relative to multipotent
basal cells in vivo. ¢, Schematic of lineage marker analysis, metabolic profiling
and glucose tracing performed on primary basal-derived mouse organoids
3,5and 7 d after plating into organoid culture. d, Western blot analysis of the
luminal marker KRT8 and the basal marker p63 in basal-derived organoids.

Day 3 Day5 Day7

Day 3 Day5 Day7

e, PCA of fractional contribution from [U-C]glucose metabolic tracing data of
basal-derived organoids with three technical replicates per timepoint. Organoids
were cultured with [U-®Clglucose 48 h before collecting metabolites at each
timepoint. f-h, Fractional contribution from [U-*C]glucose to glycolytic (f), TCA
cycle (g) and nucleotide intermediates (h) in basal-derived organoids with three
technical replicates per timepoint. For all panels, data are shown as mean + s.e.m.
NES, normalized enrichment score; PC1, principal component 1; PC2, principal
component 2.

the expression of p63 (Fig. 3d,e). We evaluated KRT8 expression at
single-cell resolution using intracellular flow cytometry and found
downregulation of KRT8 with UK5099 treatment (Fig. 3f,g). UK5099
treatment reduces KRT8 protein abundance in a dose-dependent
manner without altering the rate of organoid formation (Extended
Data Fig. 4a,b). UK5099 does not modulate the organoid-forming
rate (Extended Data Fig. 4c) or the expression of proliferation and
death markers (Extended Data Fig. 4d) in luminal-derived organoids,
and thus does not appear to be toxic to them. These dataindicate that
MPC inhibition is antagonizing luminal differentiation rather than
selectively killing cells with aluminal identity.

To complement small-molecule-mediated MPC inhibition, we
used agenetics approach to block pyruvate oxidation. [U-*Clglucose
tracer analysis revealed that MpcI knockout (Mpc1-KO) basal-derived
organoids have reduced incorporation of glucose-derived carbon
into TCA cycle intermediates (Fig. 3h and Supplementary Table 4).
We also performed correlation analysis on [U-*Clglucose fractional
contribution data from 10 pM UK5099-treated and MpcI-KO orga-
noids, whichiillustrates that MPC inhibition and MpcI knockout have
asimilar effect onglucose utilization (Extended Data Fig. 4e). Western
blot analysis demonstrated that MpcI-KO, as observed with UK5099,

reduces luminal lineage markers (Fig. 3i). RNA-seq and GSEA revealed
negative enrichment of the luminal signature and positive enrichment
of the basal signature in UK5099-treated (Extended Data Fig. 4f,g)
and Mpc1-KO organoids (Fig. 3j and Extended Data Fig. 4h) relative to
control organoids.

Tofurther evaluate the role of MPC inhibition in governing prostate
lineage identity, we performed scRNA-seq on basal-derived organoids
that were passaged weekly for 1 month (quaternary organoids). Only
1% of cellsin primary basal-derived organoids are Epcam Krt§™ (Fig. 3k
and Extended DataFig. 5a). In contrast, quaternary organoids that are
maintained inthree-dimensional culture for 1 month display features
of epithelial-mesenchymal transition, illustrated by anincrease in the
percentage of Epcam Krt8 cells (Fig. 3k and Extended Data Fig. 5a). To
understand how MPCinhibitionalters lineage identity in a context with
greater cellular heterogeneity, we performed scRNA-seq on quaternary
organoids treated with vehicle or UK5099 for 3 d. Clustering analysis
and annotation of canonical lineage marker expression were used to
classify cells into six different cell types (Fig. 31,m and Extended Data
Fig. 5b). The percentage of cells in the phenotypic luminal popula-
tion (Krt8" Krt18* Krt5 Trp637) decreases with MPC inhibition, while
the percentage of cells in the epithelial-mesenchymal transition-like
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mouse prostate organoids treated with vehicle or 10 uM UK5099 for 5 d.

b, Heatmap of canonical basal and luminal markers from RNA-seq of vehicle-
and 10 pM UK5099-treated DKO organoids. ¢,d, Correlation analysis of
luminal signature score and MPCI (c) or MPC2 (d) z-scores in treatment-naive
prostate cancer samples from the SMMU dataset”. e,f, Correlation analysis
of luminal signature score and MPCI (e) or MPC2 (f) z-scores in metastatic

castration-resistant prostate cancer samples from the Beltran et al. dataset™.

g h, RNA abundance of MPCI (g) or MPC2 (h) in adenocarcinoma (adeno) or
neuroendocrine prostate cancer (NEPC) samples from the Beltran et al. dataset™.
ij, RNA abundance of MPCI (i) or MPC2 (j) in adeno or NEPC samples from the
Nguyen et al. PDX dataset™. Correlation analysis was performed using Spearman’s
correlation with a two-tailed Pvalue. For all panels, error bars represent s.e.m.
Pvalues in g-jwere calculated using an unpaired two-tailed ¢-test with Welch'’s
correction.mCRPC, metastatic castration-resistant prostate cancer.

population (Epcam” Cdhl” Vim') increases with MPC inhibition (Fig. 3n).
UK5099 treatment altered gene expression of cells in the luminal
population, reducing luminal marker expression while increasing
expression of basal markers, glycolytic enzymes and inflammatory

signalling genes (Extended DataFig. 5¢). Apoptosis analysisillustrates
that UK5099 treatment of quaternary organoids does notincrease the
percentage of Annexin V* cells (Extended Data Fig. 5d,e), suggesting
that MPC inhibition alters lineage identity rather than selects against
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specific phenotypic populations. Taken together, these dataillustrate
that modulating metabolism can alter prostate epithelial identity and
that the MPC is a key regulator of lineage identity in benign prostate
epithelial cells.

MPCis aregulator of lineage identity in prostate cancer

Loss of tumour suppressor genes Pten and Rb1iscommon in prostate
cancer'®, and genetically engineered mouse models of Pten loss and
combined Pten;Rbl1 loss recapitulate key features of prostate adeno-
carcinoma?®. Western blot analysis validated tumour suppressor loss
in Pten single knockout (SKO) and Pten;RbI double knockout (DKO)
basal-derived organoids (Extended Data Fig. 6a). Both SKO and DKO
organoids had significantly larger diameters than benign control
organoids (Extended Data Fig. 6b), consistent with a transformed
phenotype.RNA-seq data from Ku et al.” illustrate that SKO and DKO
mouse prostates have increased expression of canonical luminal
markers whereas only DKO prostates have increased expression of
neuroendocrine markers relative to wild-type prostates (Extended
Data Fig. 6¢). We found that both SKO and DKO organoids retain the
lineage features of their respective primary tissues (Extended Data
Fig. 6d). UK5099 treatment of SKO and DKO organoids reduces the
expression of luminal markers KRT8 and KRT18 (Fig. 4a). RNA-seq
analysis confirmed reduced expression of canonical luminal mark-
ers and increased basal marker expression in UK5099-treated DKO
organoids (Fig. 4b). We discovered that UK5099 treatment reduces
expression of canonical luminal markers and increases expression
of stem-like and neuroendocrine markers in several human prostate
cancer models, including 16D cells, LuCaP35 cells, LAPC4 cellsand MDA
PCa183-A patient-derived xenograft (PDX) organoids (Extended Data
Fig. 6e-h). We also discovered that MPCinhibition antagonizes luminal
lineage identity in subcutaneous 16D tumoursin vivo (Extended Data
Fig. 6i,j). Collectively, these data establish the MPC as a regulator of
lineage identity in transformed mouse prostate organoids and human
prostate cancer models.

Next, we investigated the relationship between MPC expression
and lineage identity in samples from patients with prostate cancer.
Correlation analysis of RNA-seq of 499 primary prostate carcinomas
from The Cancer Genome Atlas (TCGA)* revealed that abundance levels
of MPC1and MPC2RNA are positively correlated with RNA abundance
of the luminal markers KRT8 and KRT18 (Extended Data Fig. 6k-n).
Furthermore, we calculated luminal signature scores using the Second
Military Medical University (SMMU) dataset”, which contains RNA-seq
oftreatment-naive adenocarcinoma prostate tumours, and the Beltran
etal. dataset®®, which contains metastatic castration-resistant adeno-
carcinoma and neuroendocrine prostate tumours. Abundance levels
of MPCI and MPC2 transcripts are positively correlated with luminal
signature score in both datasets (Fig. 4c-f). Furthermore, MPCI RNA
abundanceis notsignificantly differentin adenocarcinoma compared
withneuroendocrine prostate cancer samplesin the Beltran etal. data-
set (Fig.4g). However, MPC2RNA abundance s significantly decreased

inneuroendocrine tumours compared with adenocarcinoma tumours
(Fig. 4h). Similarly, in the Nguyen et al. dataset™, MPC2 is decreased
in neuroendocrine compared with adenocarcinoma PDX models
(Fig.4i,j). Importantly, since the MPC complex functions as a heterodi-
mer, loss of MPC2 would yield the complex nonfunctional®’. These data
illustrate that MPC RNA abundance positively correlates with luminal
lineage identity across disease states.

Lactate accumulation results in chromatin remodelling

We next sought to elucidate the mechanism by which MPC inhibi-
tion antagonizes luminal lineage identity. We hypothesized that MPC
inhibition may result in lactate accumulation due to increased
availability of pyruvate in the cytosol. Metabolic footprinting and
metabolic profiling revealed that both extracellular and intracellu-
lar lactate abundance levels are increased with UK5099 treatment
(Fig. 5a, Extended Data Fig. 7a and Supplementary Table 4). There-
fore, we asked whether lactate supplementation would be sufficient
toreduce luminal features in basal-derived prostate organoids. We
first validated that20 mM sodium lactate supplementationincreased
extracellular andintracellular lactate abundance levels (Extended Data
Fig.7b,cand Supplementary Table 4). Lactate supplementation reduces
theproteinabundanceof KRT8andincreasestheproteinabundanceofp63
(Fig. 5b). Touncouple the effects of extracellular and intracellular lac-
tate accumulation, we used a monocarboxylate transporter 1 (MCT1)
inhibitor, AZD3965. As expected, AZD3965 treatment reduces extracel-
lularlactate abundance and resultsinintracellular lactate accumulation
(Extended Data Fig. 7d,e and Supplementary Table 4). Western blot
analysis revealed that AZD3965 treatment reduces luminal features
(Extended DataFig. 7f), suggesting that intracellular lactate accumula-
tion drives the effect on lineage identity.

To understand how prostate organoid cells are utilizing
supplemented lactate, we performed heavyisotope nutrient tracing on
organoids cultured with 20 mM [U-*C]lactate. Heavy isotope carbons
were detected in metabolites representing various pathwaysincluding
choline metabolism, pyrimidine synthesis and glutathione metabolism
(Extended Data Fig. 7g and Supplementary Table 4). Supplemented
lactate fuels the TCA cycle through conversion to pyruvate and entry
into the mitochondria (Extended Data Fig. 7h and Supplementary
Table4).Since MPCinhibition and lactate supplementation antagonize
luminalidentity but have largely opposing effects on metabolism, we
hypothesized that the mechanism may be epigeneticin nature. Lactate
hasbeen reported toinhibit histone deacetylase (HDAC) activity®. We
validated the on-target effect of two HDAC inhibitors, Trichostatin A
and sodium butyrate (Extended Data Fig. 7i), and found that inhibition
of HDAC activity antagonizes luminal identity and enhances basal
featuresin prostate organoids (Fig. 5¢,d).

To determine whether HDAC inhibition and MPC inhibition have
similar effects on gene expression, we performed RNA-seq on primary
mouse prostate organoids treated with vehicle, UK5099, sodium
butyrate, or UK5099 and sodium butyrate in combination (Extended

Fig. 5| Intracellular lactate accumulation results in large-scale chromatin
remodelling of key lineage-specific transcription factors. a, Extracellular
lactate abundance in primary basal-derived mouse organoids treated with
vehicle or 10 pM UK5099 for 7 d (n = 6 independent biological replicates).
Error bars represent s.e.m. Pvalue was calculated using an unpaired two-tailed
t-test with Welch’s correction. b-d, Western blot analysis of the luminal marker
KRT8 and the basal marker p63 in basal-derived organoids treated with vehicle
or 20 mMsodium lactate (b), 10 nM Trichostatin A (TSA) (¢) or1 mM sodium
butyrate (d) for 7 d. e, Spearman’s correlation between log,Coefficients of
UK5099 and Butyrate effects for each gene (r=0.58, P <2.2 x107*¢). Each
hexagonal bin represents aregion of the plot with the colour denoting the
number of genes that fall within that region. The red dotted line represents x =y.
f, Heatmap of 1,712 hyper-accessible genes and 766 hypo-accessible genes (fold
change >1.5or fold change < 0.5) in basal-derived mouse organoids treated

with vehicle or 10 pM UK5099 for 7 d. g, Heatmap of 1,147 hyper-accessible
genes and 336 hypo-accessible genes (fold change > 1.5 or fold change < 0.5) in
basal-derived mouse organoids treated with vehicle or 20 mM sodium lactate
for 7 d. h,i, Seven most significantly enriched transcription factor binding
motifsin more accessible regions in organoids treated with 10 uM UK5099

(h) or 20 mM sodium lactate (i). The FDR was controlled using the Benjamini-
Hochberg method.j, Venn diagram depicting overlap in significantly enriched
transcription factor binding motifs in more accessible regions in UK5099-treated
and lactate-supplemented organoids. k, Browser track depicting ATAC-seq
peaksin p63genein vehicle-treated, UK5099-treated and lactate-supplemented
organoids. I, Heatmap of chromatin accessibility of 2,000 basal signature genes
invehicle-treated, UK5099-treated and lactate-supplemented organoids.

TSS, transcription start site.
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Fig. 6| Modulation of lactate metabolism alters antiandrogen responsein
prostate cancer. a,b, RNA abundance of MPCI (a) or MPC2 (b) in nonresponders
(NR) or exceptional responders (ER) from the Tewari et al. dataset*®, which
contains RNA-seq of pre-treatment localized prostate cancer biopsies from 43
patients enrolled in neoadjuvant trials of androgen pathway inhibition.

¢,d, mRNA abundance of MPCI (c) or MPC2(d) in NR or ER from the Alumkal et al.
dataset”, which contains RNA-seq of metastatic castration-resistant prostate
cancer biopsies from 25 patients enrolled in neoadjuvant trials of androgen
pathway inhibition. e, Representative phase contrast images of MDA PCa

203-A PDX-derived organoids treated with vehicle, 10 uM UK5099 or 20 mM
sodium lactate for 7 d. f, Percentage change in luminescence signal with 10 pM
enzalutamide treatment from CellTiter-Glo assay in castration-resistant MDA
PCa203-A PDX-derived organoids treated with vehicle, 10 pM UK5099 or

20 mM sodium lactate for 7 d before beginning 10 pM enzalutamide treatment
(n=4independentbiological replicates). For all panels, error bars represent
s.e.m. Pvalues were calculated using an unpaired two-tailed ¢-test with Welch’s
correction.

Data Fig. 8a). Using two-factor, two-level general linear models, we
identified genes influenced by each treatment alone and evaluated
potential synergy between them. More genes were influenced by sodium
butyrate than UK5099 (1,120 versus 674), and there were few interac-
tions, mostly of small effect size (Extended Data Fig. 8b) and reflecting
saturation effects rather than synergy (Extended Data Fig. 8c). We
found that 60% of genes affected by UK5099 were also affected by
sodium butyrate (Extended Data Fig. 8d) and with very similar effect
sizes (Fig. 5e). The 25 genes most associated with basal phenotypes and
the 25 most associated with luminal phenotypes strongly distinguished
the groups, with basal genes such as p63 and Krt5 being upregulated
after both treatments (Extended Data Fig. 8e). Genes upregulated by
either treatment were preferentially involved in development and
differentiation (Extended Data Fig. 8f,h,i) while those downregulated
tendedbeinvolved inimmune pathways (Extended Data Fig. 8g). Taken
together, these data suggest that MPC inhibition and the subsequent
accumulation oflactate may modulate lineage identity through altera-
tions to histone acetylation. Therefore, we performed the assay for
transposase-accessible chromatin using sequencing (ATAC-seq) on
organoids treated with UK5099 or lactate to elucidate how these meta-
bolic manipulations alter chromatin accessibility. We identified 1,712
geneswithincreased accessibility and 766 genes with decreased accessi-
bility in UK5099-treated organoids (Fig. 5f and Supplementary Table 6).
Lactate-supplemented organoids contain1,147 hyper-accessible genes
and 336 hypo-accessible genes (Fig. 5g and Supplementary Table 7). The
globalincreasein chromatin accessibility observed with UK5099 treat-
ment and lactate supplementation is consistent with the phenotype
being mediated by inhibition of HDAC activity.

To identify potential regulators of the shift in lineage identity
following lactate accumulation, we performed HOMER transcription
factor motif analysis on differentially accessible regions in organoids
treated with UK5099 or supplemented with lactate. Of the 47 transcrip-
tionfactor motifs significantly less accessible after lactate supplemen-
tation, 44 were also significantly less accessible with UK5099 treatment
(Extended Data Fig. 9a-c and Supplementary Table 8). HOXB13, a
master regulator of prostate luminal identity**, is one of the most
significantly less accessible binding motifs in both UK5099-treated
and lactate-supplemented organoids (Supplementary Table 8).
Furthermore, we found that the promoter of the luminal marker Prom1
ishypo-accessiblein both UK5099-treated and lactate-supplemented
organoids (Extended Data Fig. 9d). We also identified transcription
factor binding motifs in regions that become hyper-accessible after
UK5099 treatment and lactate supplementation (Fig. 5h,i). We found
that36 of the 40 transcription factor motifs significantly more accessi-
blewith lactate supplementation are also significantly more accessible
with UK5099 treatment (Fig. 5j and Supplementary Table 9). One such
motif is p63, a master regulator of basal identity®. The p63 promoter
itself is also more accessible in organoids treated with UK5099 and
exogenous lactate (Fig. 5k). From RNA-seq data, we generated a set of
2,000 genes that are most enriched in primary mouse prostate basal
cellsrelative to luminal cells (Supplementary Table 10). We found that
1,507 of the 2,000 basal-cell-enriched genes are more accessible in
both UK5099-treated and lactate-supplemented prostate organoids
(Fig.51). Collectively, these datasuggest that MPC inhibition and lactate
supplementation facilitate large-scale chromatin remodelling of key
lineage-specific transcription factors and genes.
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Lactate metabolism modulation alters antiandrogen response
Given that plasticity from aluminal lineage to a cell state with stem-like,
basal and/or neuroendocrine features is associated with resistance
to androgen pathway inhibitors?, we evaluated whether MPC expres-
sion s also associated with response to therapy. We used the Tewari
et al. dataset®, which contains RNA-seq of pre-treatment localized
prostate cancer biopsies from 43 patients enrolled in neoadjuvant
trials of androgen pathway inhibition, and the Alumkal et al. dataset™,
which contains RNA-seq of metastatic castration-resistant prostate
cancer biopsies from 25 patients enrolled in a clinical trial of andro-
gen pathway inhibition. Exceptional responders to therapy exhibit
increased RNA abundance of KRT8 and KRT18relative to nonrespond-
erstotherapy (Extended DataFig.10a,b), consistent with exceptional
responders to therapy having tumours with luminal features. Excep-
tional responders exhibitincreased RNA abundance of both MPC1 and
MPC2relative to nonresponders (Fig. 6a-d). Taken together, these
dataillustrate that high MPC RNA abundance is positively correlated
with increased luminal features and better response to androgen
pathway inhibition.

Since lactate accumulation antagonizes luminal lineage iden-
tity, we hypothesized that metabolic manipulations that increase
lactate abundance would lead to increased resistance to the antian-
drogen enzalutamide. We first confirmed that MPC inhibition or
lactate supplementation does not alter proliferation or apoptosis in
the castration-resistant 16D prostate cancer cell line. (Extended Data
Fig.10c-f). We discovered that vehicle-treated cells exhibit sensitivity
toenzalutamide, but pre-treatment with UK5099 significantly reduces
enzalutamide sensitivity (Extended Data Fig. 10g). Furthermore, the
reductionin proliferation and increase in apoptosis induced by enza-
lutamide is dampened with lactate accumulation (Extended Data
Fig. 10h,i). In organoids derived from the castration-resistant MDA
PCa203-APDX model (Fig. 6e), treatment with UK5099 and treatment
with lactate reduce androgen receptor signalling, increase expression
of neuroendocrine-like markers (Extended Data Fig. 10j) and reduce
enzalutamide sensitivity (Fig. 6f). These data suggest thatincreasing
intracellular lactate abundance can modulate response to antiandro-
gen treatment.

Discussion

Recent work has implicated the epigenome in the establishment and
maintenance of prostate epithelial cell fate® ¥, Metabolism is a key
upstream regulator of the epigenome®'¢; however, the interplay
between metabolic signalling and lineage identity in the prostate was
previously poorly understood. Previous studies have demonstrated
that modulation of pyruvate and lactate metabolism mediates dif-
ferentiation phenotypes through a metabolic-epigenetic axis®**.
We discovered that both MPC inhibition and exogenous lactate sup-
plementation promote increased chromatin accessibility and global
chromatin remodelling of lineage-specific transcription factors in
prostate epithelial cells (Fig. 5). We also illustrated that inhibition of
HDAC activity antagonizes luminal identity (Fig. 5). Future experiments
will be necessary to elucidate which specific epigenetic modifications
are responsible for antagonizing luminal differentiation.

At diagnosis, most prostate tumours rely on androgen receptor
signalling to promote proliferation*’. As a result, therapies targeting
the androgen receptor signalling axis are initially effective and extend
patientsurvival*. The loss of luminal identity is associated with resist-
ance to androgen receptor inhibition***>, We established that MPC
inhibition and intracellular lactate accumulation antagonize luminal
differentiation (Figs. 3-5). It remains unclear whether metabolic regula-
tion of lineage identity can be exploited to promote the reacquisition of
luminal features and restore sensitivity to androgenreceptor inhibition
in prostate cancer.

Low oxygen, or hypoxia, is a common feature of prostate
tumours and is associated with poor outcome*®, Furthermore, lactate

accumulation in prostate tumours increases with Gleason grade*.
Hypoxiahasalso beenshown toinduce prostate cancer plasticity and
neuroendocrine differentiation®. Under hypoxic conditions, cellular
metabolismis rewired towards aglycolytic programme with increased
lactate production*®. Therefore, our work may provide insight into one
potential mechanism by which hypoxiaand lactate accumulation could
promote lineage plasticity.

Distinct cancer types have differing dependencies on the MPC
and glycolytic metabolism**%, In prostate cancer, high MPC activ-
ity is required for lipogenesis and oxidative phosphorylation, while
MPCinactivation suppresses tumour growth*’. Furthermore, disrupt-
ing lactate-dependent lipid rewiring in prostate cancer cells reduces
growth and metastasis®. Our data suggest MPC inhibition and lactate
accumulation may make prostate tumours more resistant to androgen
receptor inhibition (Fig. 6). It will be critical to consider how targeting
metabolic enzymes and transporters may influence prostate cancer
plasticity and response to therapy.
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Methods

All experiments, including animal studies, were conducted in com-
pliance with federal and state government guidelines and followed
approved protocols by the Institutional Biosafety Committee and the
Institutional Animal Care and Use Commiittee (IACUC) at the University
of California, Los Angeles.

Animal work

Allmice are housed under 12 h:12 h light-dark cycle, with room tem-
perature maintained at 23 °C and relative humidity level of 30-70%.
Mouse cages include clean bedding and enrichment materials con-
sistent with IACUC regulations. According to the Animal Research
Committee policy on humane treatment and endpoints, mice must
be killed if tumours become ulcerated or necrotic, and/or impair
normal function. All experiments were terminated before tumours
reached this stage.

For experiments described below, animals were housed under
the care of the Division of Laboratory Animal Medicine at the Uni-
versity of California, Los Angeles, using protocols approved by the
Animal Research Committee (ARC no. 2017-020). Prostates from
3-6-month-old immunocompetent male C57BL/6) mice from Jackson
Laboratories were used for primary basal and luminal cell experi-
ments. Mpcl floxed male mice were of mixed C57BI/6N and C57BI/6)
genetic background®. Forinvivo UK5099 experiments, 12 million 16D
cells were subcutaneously implanted with 100 pl of Matrigel (Corn-
ing) into the right flank of NOD-scid-IL2Rg™" male mice through a
25-gauge needle under inhalation anaesthesia with 2-3% isoflurane.
The mice were fed with either control chow or chow containing
0.08 mg kg™ UK5099 (OpenStandard Diet with 15 kcal% Fat with
Blue Dye Irradiated (10-20 kGy), Research Diets) until tumours
were formed and collected. PDX MDA PCa203-A and MDA PCa183-A
tumours were obtained from the MD Anderson Cancer Center*. Both
203-A and 183-A PDX models were derived from 58-yr-old males.
When these PDX models were originally generated, written, informed
consent was obtained from patients before sample acquisition, and
allsamples were processed according to a protocol approved by the
Institutional Review Board of the University of Texas MD Anderson
Cancer Center. The studies were conducted in accordance with the
Belmont Report and the US Common Rule. Patients were not com-
pensated, and they cannot be identified from data provided in this
manuscript. A tumour tissue piece of 50-200 mg was implanted in
the right flank of NOD-scid-IL2Ry™" mice subcutaneously through
a5-mmskinincision under inhalation anaesthesia with 2-3% isoflu-
rane. After closing the wound with a surgical clip, 100 ml of Matrigel
(Corning 354234) was injected at the implantation site. Carprofen
was administered subcutaneously at adose of 5 mg kg™ after surgery.
The surgical clip was removed 1-2 weeks later. When the tumour
had grown larger than 500 mm?, the mouse was euthanized and
the tumour was excised and trimmed and then processed for the
experiments, re-implanted or cryopreserved. Cryopreservation
of the tissue was done in media with 50% FBS, 40% DMEM and 10%
dimethylsulfoxide.

Theexperiments described below were conducted incompliance
with European guidelines regarding animal research and ethical pro-
tocols (under protocol numbers 671N and 673N) and approved by the
local ethical committee for animal welfare, Comité Ethique du Bien-Etre
Animal (CEBEA). All animals were housed under standard laboratory
conditions in a certified animal facility, receiving food and water ad
libitum. Prostates used for isolation of multipotent basal cells and
basal-derived luminal cells were collected from CD1 mice purchased
fromtheJackson Laboratory. The experimental mice used were males
of mixed background and at P10-P12 age.

Pten floxed and Pten;Rb1 floxed 3-month-old male mice were of
mixed C57BL/6:129/Sv:FVB genetic background” and were housed at
Harvard Medical School under IACUC-approved protocols.

Mouse prostate dissociation to single cells

Using a razor blade, individual mouse prostates were mechanically
dissociated in dissociation media composed of RPMI 1640 (Gibco)
containing 10% FBS (Corning), 1 x penicillin-streptomycin (P/S)
(Gibco),1 mg ml™ collagenase typel (Gibco), 1 mg mI™ dispase (Gibco),
0.1 mg ml™ deoxyribonuclease (Gibco) and 10 pM of the pl60ROCK
inhibitorY-27632 dihydrochloride (RI) (Tocris Bioscience). When
chunks were no longer visible, the samples were incubated at 37 °C
on a nutating platform for 1.5 h in 10 ml of dissociation media. After
centrifugation at 800g for 5 min, the pellet was washed with 1 x PBS.
Thecell pellet was resuspended in 2.7 ml of 0.05% Trypsin-EDTA (Gibco)
andincubated at 37 °C for 5 min. Trypsin was inactivated with 300 ml of
dissociation media. Cells were further dissociated by pipetting with a
P-1000 pipette and an18 G syringe. Cells were passed through a100-pm
cell strainer (Corning).

Staining and sorting cells from mouse prostate for isolation of
primary basal and luminal cells

Dissociated cells were stained with directly conjugated primary anti-
bodies rat anti-CD49f-PE (BioLegend 313612, 1:100), rat anti-CD326
(EpCAM)-APC (BioLegend 324207, 1:100), rat anti-CD31-FITC (BioLe-
gend 102405, 1:100), rat anti-CD45-FITC (BioLegend 103108, 1:100),
ratanti-Ter119-FITC (BioLegend 116205,1:100) and rat anti-ESAM-FITC
(BioLegend 136205,1:100) for 20 min onice. Cells were stained in media
containing RPMI1640 (Gibco),10% FBS (Corning),1x P/Sand 10 pMRI.
Sorting was performed on a BD FACSAria Il (BD Biosciences).

Bulk RNA-seq

These methods apply to Figs. 1b,c,f,g, 3j and 4b and Extended Data
Figs. 1b-e, 4f-h, 6d and 8. RNA was extracted from the cells using
the RNeasy Mini Kit (QIAGEN) following the manufacturer’s instruc-
tions. Libraries for RNA-seq were prepared with the KAPA Stranded
mRNA-Seq Kit (Roche). The workflow consists of messenger RNA
enrichment, complementary DNA generation, end repair to generate
bluntends, A-tailing, adaptor ligation and PCR amplification. Different
adaptorswere used for multiplexing samplesinone lane. Sequencing
was performed on an lllumina HiSeq 3000 for single-end 1 x 50 runs
(Figs.1b,c, 3jand 4b and Extended Data Figs. 1b-e, 2d,e, 4f-h and 6d)
and paired-end 2 x 50 runs (Extended Data Fig. 8).

Bulk RNA-seq analysis

These methods apply to Figs. 1b,c,f,g, 3j and 4b and Extended Data
Figs. 1b-e, 4f-h and 6d. Sequencing quality metrics were generated
during sequencing runs using lllumina Sequencing Analysis Viewer.
Demultiplexing was performed with Illumina Bcl2fastq (v.2.19.1.403)
software. The reads were mapped by STAR 2.7.9a (ref. 53) and read
counts per gene were quantified using the mouse Ensembl GRCm39.105
GTFfile.InPartek Flowv.7.0, read counts were normalized by counts per
million (CPM) 1.0 x 107*, All results of differential expression analysis
used the statistical analysis tool DESeq2 (v.1.40.2)°*. KEGG pathway
analysis was performed using DAVID Bioinformatics®~¢. GSEA was
performed as described previously using GSEA_4.0.3 software®”*S,

Significance testing of RNA-seq of UK5099- and sodium
butyrate-treated organoids

These methods apply to Extended Data Fig. 8. To measure the RNA abun-
dance, RNA-seq reads were trimmed using fastp (v.0.20.1)*° with default
parameters, then mapped to the mouse Ensembl GRCm38-EBI102
using STAR (v.2.7.10a)>’. STAR alignment was carried out using default
settings with an additional argument to include the minimum length
of 10 base pairs (bp) for the chimeric junction segment. Aligned
reads were quantified using the rsem-calculate-expression program
(v.1.3.3)°° for transcripts per million (TPM) calculation with default
settings. We also assessed read-level quality control metrics using
FastQC (v.0.11.8).
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To test the combination effect of UK5099 and butyrate, we
constructed the following two-factor, two-level linear model:

Y =ag + a; x UK5099 + a, x Butyrate + a3 x UK5099 : Butyrate

Here, Y refers to the abundance level of a gene, which is log,
transformation of TPM values; aj, refers to the basal abundance level
of that gene; ‘UK5099’ indicates ‘UK5099-dependent, Butyrate-
independent’ abundance changes; ‘Butyrate’ indicates ‘Butyrate-
dependent, UK5099-independent’ abundance changes; ‘UK5099:
Butyrate’ captures ‘UK5099-dependent, Butyrate-dependent’ abun-
dance changes.

We used R package limma (v.3.17)* in R (v.4.2.2) to fit each gene
inthe RNA-seqto the model. The model was adjusted using empirical
Bayes moderation for standard error, and the false discovery rate (FDR)
was controlled using the Benjamini-Hochberg method®. Genes exhib-
iting significant changes were identified based on the adjusted P < 0.01
and |log,(Coefficient)| >1threshold. Venn diagrams representing the
overalland directional effects were generated using the VennDiagram
package in R (v.1.7.3)%’. The hierarchical clustering heatmap of gene
TPM was constructed using R package BoutrosLab.plotting.general
(v.7.0.8)%.

Functional enrichment analysis

These methods apply to Extended Data Fig. 8. For genes with differential
mRNA abundance calculated based on the coefficient from the general
linear model, we ranked the genes according to their log,(Coefficient)
from high tolow. GSEA was then performed using the R package cluster-
Profiler (v.3.17)%. Gene ontology enrichment analysis was conducted
for bothupregulated genes (log,(Coefficient) > 1,-log,,(FDR) > 1) and
downregulated genes (log,(Coefficient) < -1, —log,,(FDR) >1) using
the R package clusterProfiler (v.3.17). The results of both GSEA and
gene ontology enrichment analyses were visualized using BoutrosLab.
plotting.general (v.7.0.8)%*.

ScRNA-seq

Basal cells were isolated from Pten™™;Rb1"" mouse prostates and
infected with FU-CRW (red fluorescent protein, RFP) lentivirus. Lenti-
viral spinfections were done by culturing the cells with virus in 200 pl
of RPMI1640 (Gibco) containing 10% FBS (Corning), 1 x (P/S) (Gibco)
and 10 pM RI (RPMI, 10% FBS, 1% P/S + RI) plus 8 pg ml™ polybrene
for 30 min at 37 °C, then spinning at 300g for 90 min. After spinfec-
tion, growth factor reduced Matrigel (Corning) was added to the cell
suspension at a final concentration of 75% before plating into rings
in 24-well plates. Organoids were cultured as previously described®®
and passaged every 7-10 d. After >4 passages, organoids were treated
with vehicle (dimethylsulfoxide) or 10 uM UK5099 for 3 d. Organoids
were removed from Matrigel by incubating in Advanced DMEM/F-12
(Gibco) containing 1 mg ml™ dispase (Gibco) and 10 pM Rl for 1 h at
37 °C. After centrifugation at 800g for 5 min, the pellet was washed
with 1x PBS (Gibco). Organoids were resuspended in 800 pl of 0.05%
Trypsin-EDTA (Gibco) and incubated at 37 °C for 5 min. The trypsin was
quenched with200 pl of RPMI, 10% FBS, 1% P/S + Rland organoids were
pipetted up and down ten times to dissociate to single cells and passed
through a100-pum cell strainer (Corning). Samples were counted using
a Countess Il Automated Cell Counter (Thermo Fisher Scientific) and
haemocytometer for cell concentration and viability using Trypan Blue
stain 0.4% (Invitrogen). Cells were loaded to form gel beads in emulsion
(GEMs) and barcode individual cells. GEMs were treated according to
the manufacturer’sinstructions. Single-cell gene expression libraries
were created using Chromium Next GEM Single Cell 3’ (v.3.1 Chem-
istry) (10x Genomics), Chromium Next GEM Chip G Single Cell Kit
(10x Genomics) and Single Index Kit T Set A (10x Genomics) according
to the manufacturer’s instructions. Paired-end sequencing was done
using anllluminaNovaseq 6000 at asequencing depth 0f 492,915,641

and 555,876,242 read pairs for vehicle and UK5099 samples, respec-
tively, with read length of 151 for both read 1 and read 2, and with an
8 bpindex read for multiplexing. Basecalling was done using lllumina
Casava (v.1.7) software. CellRanger (v.5.1) count was used to create an
RNA abundance matrix with --expect-cells=1000 and Mus musculus
(mm10) from the Ensembl database as a reference genome®”. RNA
abundance matrices from vehicle-and UK5099-treated samples were
loaded into the Seurat (v.3.2.2) R package®®. DoubletDcon (v.1.1.2) was
used to remove potential doublets®’. Additionally, cells were filtered
based on the number of genes (>250), unique molecular identifiers
(=500) and percentage of mitochondrial genes (<20%). After qual-
ity control, log, normalization was performed within each sample
using NormalizeDatafunction with default parameters. The top 2,000
variable genes were selected using FindVariableFeatures. The two
samples were integrated together with FindIntegrationAnchors and
IntegrateData functions which incorporate canonical correlation
analysis to align cells with similar transcriptomic patterns across sam-
ples. PCA was performed after the integration. The top 20 principal
components were used to construct the k-nearest neighbour graph,
followed by Louvain algorithm to cluster cells based on similar gene
expression patterns. Cell clusters were visualized using ¢-distributed
stochastic neighbour embedding. After, markers for each cluster were
determined using FindAlIMarkers with average log, fold change > 0.25
and minimum percentage difference > 0.25. Cell types were determined
by comparing canonical markers with cluster-specific markers. After
celltypeidentification, cell type proportions were calculated with the
number of cellsineach cell type divided by the total number of cellsin
each sample. To see the effect of UK5099 in the luminal cluster, DotPlot
inSeurat was used to visualize the expression of luminal markers, basal
markers, glycolytic enzymes, lipid metabolism genes and inflamma-
tory signalling genes.

Cell lysis and western blot

Primary basal and luminal cells were sorted and immediately lysed
in RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, Fisher Scientific) containing a
cOmplete protease inhibitor cocktail tablet (Roche) and Halt Phos-
phatase Inhibitor (Fisher Scientific). Organoids were removed from
Matrigel by incubating in Advanced DMEM/F-12 (Gibco) contain-
ing 1 mg ml™ dispase (Gibco) and 10 pM Rl for 1 h at 37 °C. After cen-
trifugation at 800g for 5 min, the pellet was washed with 1 x PBS and
immediately lysed in RIPA buffer containing a cOmplete protease
inhibitor cocktail tablet and Halt Phosphatase Inhibitor. For tumour
lysis, tumour tissue was added to abead tube (Fisher, 15-340-153) con-
taining 1 ml of RIPA buffer containing a cOmplete protease inhibitor
cocktail tablet and Halt Phosphatase Inhibitor on ice. Samples were
homogenized for 1 min at maximum speed twice on a bead homog-
enizer (Fisher). Bead tubes were spunat17,000gat 4 °Cfor10 min. The
supernatant was transferred to an Eppendorftube and spunat17,000g
at4 °Cfor10 min. Each sample was sonicated for 40 sat 20 kHz witha
sonic dismembrator (Fisher Scientific) to improve membranous and
nuclear protein yield. Samples were run on NuPAGE 4-12% Bis-Tris
Gel (Invitrogen) and transferred onto PVDF membranes (Millipore
Sigma). Total protein was visualized using SYPRO RUBY protein blot
stain (Fisher Scientific) and membranes were blocked in PBS + 0.1%
Tween-20 (Fisher Scientific) + 5% milk (Fisher Scientific). Proteins were
probed with primary antibodies followed by chromophore-conjugated
anti-mouse (Invitrogen A21235,1:1,000) or anti-rabbit secondary anti-
bodies (Invitrogen A21244, 1:1,000) or HRP-conjugated anti-mouse
(Thermo 31430,1:10,000) or anti-rabbit secondary antibodies (Thermo
31463, 1:10,000) and detected by florescence or HRP chemilumines-
cence, respectively. Primary antibodies used were anti-Cytokeratin
5 (Biolegend 905504, 1:3,000), anti-Probasin (Santa Cruz sc-393830,
1:1,000), anti-Glutl (Abcam ab115730, 1:10,000), anti-Glut3 (Abcam
ab191071, 1:1,000), anti-Hexokinase 2 (Cell Signaling 28675, 1:1,000),
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anti-Phosphofructokinase (Abcam ab204131, 1:5000), anti-Pyruvate
carboxylase (Abcam ab128952, 1:1,000), anti-Pyruvate dehydroge-
nase E1 component subunit alpha (Proteintech 18068-1-AP, 1:1,000),
anti-Aconitase 2 (Abcam ab110321, 1:1,000), anti-Histone H3 (Cell
Signaling 9717S, 1:1,000), anti-Cytokeratin 8 (Biolegend 904804,
1:1,000), anti-p63 (Biolegend 619002, 1:1,000), anti-beta Actin
(Fisher MA1-140, 1:15,000), anti-Proliferating cell nuclear antigen
(Fisher 13-3900, 1:1,000), anti-Androgen receptor (Abcam ab133273,
1:1,000), anti-Mitochondrial pyruvate carrier 1 (Cell Signaling 14462,
1:1,000), anti-Ki-67 (Abcam ab15580, 1:1,000), anti-cleaved caspase-3
(Cell Signaling 9661L, 1:500), anti-Cytokeratin 18 (Fisher MA5-12104,
1:100), anti-Vinculin (Abcam Ab129002,1:1,000), anti-Phosphatase and
tensin homologue (Cell Signaling 9559, 1:1,000), anti-Retinoblastoma
protein1(Abcamab181616,1:1,000), anti-Acetyl-histone H3 (Lys9) (Cell
Signaling 9649,1:1,000), anti-Pan-acetyl histone H3 (Active Motif 61637,
1:1,000), anti-Histone H4 (Abcam ab10158, 1:1,000), anti-Pan-acetyl
histone H4 (Abcam ab177790, 1:1,000), anti-prostate-specific antigen
(CellSignaling 5877,1:1,000), anti-neuron-specificenolase (Proteintech
66150-1-1g,1:3,000), anti-synaptophysin (Cell Signaling 5461,1:1,000)
and anti-Sox2 (Cell Signaling 14962,1:1,000).

Apoptosis assay

Cell culture media and wash media were collected and pooled with
quenched trypsin-containing media containing cells and apoptosis
analysis was performed using an apoptosis detection kit (BioLegend,
640922) according to manufacturer instructions. Flow cytometry
was performed to quantify the percentage of annexin V-, 7-AAD" cells.

Primary cell metabolic profiling and nutrient tracing
Twelve-well plates were coated with a 1/80 dilution of growth fac-
tor reduced Matrigel (Corning) in RPMI 1640 (Gibco) to enhance cell
attachment. The 1/80 Matrigel coating was aspirated before primary
basal and luminal cells were seeded at a density of 200,000 cells per
welland 140,000 cells per well, respectively. Cells were cultured over-
nightinmouse organoid media® containing [U-*Clglucose (Cambridge
Isotope Laboratories). Before metabolite extraction, tracer-containing
mediumwas aspirated and cells were washed with cold150 mM ammao-
niumacetate pH7.3. Metabolite extractions were performed by adding
500 pl of cold 80% methanol to each well and removing cells using a
cellscraper. The cell suspension was transferred to an Eppendorftube
and 10 pl of 1 mM norvaline (Sigma) was added as aninternal standard.
Each sample was vortexed for 30 sand centrifuged at17,000gfor 5 min
at1°C. Then, 420 pl of the supernatant was transferred to an ABC vial
(Fisher Scientific) and evaporated using an EZ-2Elite evaporator (Gene-
vac).Samples were stored at -80 °C before analysis.

The liquid chromatography separation using an lon Chroma-
tography System (ICS) 5000 (Thermo Scientific) was performed on
a Dionex lonPac AS11-HC-4pm anion exchange column. The gradient
was 5-95 mM KOH over 13 min, followed by 5 min at 95 mM, before
re-equilibration to 5 mM. Other liquid chromatography parameters:
flow rate 350 pl min™, column temperature 35 °C, injection volume 5 pl.
The Q Exactive mass spectrometer (Thermo Scientific) was operated
innegativeionmode for detection of metabolites using a resolution of
70,000 atm/z200 and ascan range of 70-900 m/z. Data were extracted
using Tracefinder 3.1(Thermo Scientific). Metabolites were identified
based onaccurate mass (+5 ppm) and previously established retention
times of pure standards.

Normalization was performed by resuspending the cell pellet in
300 pl of lysis solution (0.1 M NaCl, 20 mM Tris-HCI, 0.1% SDS, 5 mM
EDTA in distilled water). Samples were syringed with a 25 G needle to
reduce viscosity and 50 pl of each sample was transferred to a 96-well
black-wall, clear-bottom tissue culture plate (Corning). We added 50 pl
of lysis solution to one well for ablank reading. Then, 100 pl of 5 pg mI™*
Hoechst 33342 (Invitrogen) in distilled water was added to each well
and 96-well plates were incubated for 30 mininthe dark at37 °Cbefore

measurement of DNA-based florescence using a Tecan Infinite M1000
plate reader with 355-nm excitation and 465-nm emission. The blank
reading was subtracted from each absorbance value to calculate
relative cellamount.

Invivo basal-to-luminal differentiation RNA-seq

Cell preparation from postnatal prostates. Prostate tissue of mice at
P10-P12 was microdissected under a stereoscope to separate the differ-
entlobes. The ventrallobe was used to further separate (by cutting) the
tips from the main ducts. The ventral lobes of 20 mice at P10-P12 were
used. Tissues were collected in 24-well plates and chopped. Minced
tissues were digested in 5 mg ml™ Collagenase Type I (Sigma-Aldrich,
diluted in HBSS) for 2 hat 37 °C under agitation. Physical dissociation
using a P-1000 pipette was performed every 20 min throughout the
enzymatic digestion. Collagenase activity was blocked by adding EDTA
(5 mM) for 2 min, followed by 0.25% Trypsin-EDTA for 5 min. Cells were
rinsed in HBSS supplemented with 10% FBS and the cell suspensions
were filtered through 70-um cell strainers (BD Bioscience), followed
by two successive washes in HBSS supplemented with 2% FBS.

Cell labelling, flow cytometry and sorting from postnatal
prostates. Samples were incubated in 200 pl of PBS supplemented
with 2% FBS with fluorochrome-conjugated antibodies for 30 min on
ice protected from light, with shaking every 10 min. Antibodies were
washed with 2% FBS/PBS and cells were resuspendedin 2.5 mg mI™ DAPI
(Invitrogen, D1306) before analysis. The following antibodies were
used: PE-conjugated anti-CD4S5 (rat, clone 30-F11, dilution 1:100, BD
Biosciences Cat.no.553081), PE-conjugated anti-CD31 (rat, clone MEC
13.3, dilution 1:100, BD Biosciences Cat. no. 553373), PE-conjugated
anti-CD140a (rat, clone APAS5, dilution 1:100, BD Biosciences Cat. no.
624049), APC-conjugated anti-CD49f (rat, clone GoH3, dilution 1:100,
eBioscience Cat. no. 17-0495), APC-Cy7-conjugated anti-EpCAM (rat,
clone G8.8, dilution1:100, BioLegend Cat. no.118218). Living cells were
selected by forward and side scatter, doublets discriminating and
DAPI dye exclusion. CD45%, CD31" and CD140a’ cells were excluded
(Lin*) before analysis of the epithelial basal (EpCam"€"/CD49f"&") and
luminal (EpCam"&"/CD49f"") cells. FACS and analysis were performed
using FACSAria and LSRFortessa, using FACSDiva software (BD Biosci-
ence). Sorted cells were collected in lysis buffer for RNA extraction
(RLT buffer, QIAGEN). The following samples were collected in repli-
cates from P10-P12 prostates: 1,702 basal cells and 1,626 luminal cells
fromthetips.

RNA extraction and RNA-seq. These methods apply to Fig. 2b and
Extended Data Fig. 3a. RNA extraction from FACS isolated cells
was performed using RNeasy micro kit (QIAGEN) according to the
manufacturer’s recommendations. Before sequencing, the quality
of RNA was evaluated by Bioanalyzer 2100 (Agilent). Indexed cDNA
libraries were obtained using the Ovation Solo RNA-seq Systems
(NuGen) following the manufacturer’s recommendations. The multi-
plexed libraries (11 pM/18 pM) were loaded on flow cells and sequences
were produced using aNovaSeq 6000 S2 Reagent Kit (200 cycles from
Novaseq 6000 System, [llumina) onaNovaSeq 6000 System (Illumina).
Reads were mapped against the mouse reference genome (Grcm38/
mm10) using STAR software to generate read alignments for each
sample. Annotations for Mus_musculus.GRCm38.87.gtf were obtained
from ftp.Ensembl.org. After assembling transcripts, gene level counts
were obtained using HTseq and normalized to 20 million aligned reads.
Genes withindividual sample expression levels lower than10 and rep-
licate average abundance levels lower than 20 were filtered out. The
fold changes of average gene abundance for the replicates were used
to calculate thelevel of differential gene abundance between different
cell populations. Genes with a fold change greater than or equal to 2
were considered upregulated and those with afold change lower than
orequalto 0.5were considered downregulated.
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Organoid culture of primary basal- and luminal-derived
mouse organoids

Basal cells were plated at a density of 1,000 cells per well and luminal
cells were plated at a density of 20,000 cells per well. Growth factor
reduced Matrigel (Corning) was added to the cell suspension at a final
concentration of 75% before plating into rings in 24-well plates.

Viral vectors

A Cre recombinase cassette was inserted into a red fluorescent
protein-expressing FU-CRW lentivirus vector” by restriction digestion
and ligation at the EcoRl site to make FU-Cre-CRW. Insertion of the Cre
cassette was confirmed by DNA sequencing. Concentrated viral preps
of FU-Cre-CRW and FU-CRW were made by the University of California,
Los Angeles Vector Core facility and the Cre recombinase activity was
validated by infecting HEK 293T cells transduced with a Cre-reporter
plasmid (Addgene no. 62732)".

Generation of Mpc1-KO, Pten SKO and Pten;Rb1 DKO organoids
Basal cells were isolated from MpcI™, Pten™" and Pten™";Rb1"" mouse
prostates and infected with RFP (FU-CRW) or Cre-RFP (FU-Cre-CRW)
lentivirus. Lentiviral spinfections were done by culturing the cells with
virus in 200 pl of RPMI 1640 (Gibco) containing 10% FBS (Corning),
1xP/Sand 10 pMRI(RPMI, 10% FBS, 1% P/S + RI) plus 8 pg mI™ polybrene
for 30 min at 37 °C then spinning at 300g for 90 min. After spinfec-
tion, growth factor reduced Matrigel (Corning) was added to the cell
suspension at a final concentration of 75% before plating into rings in
24-well plates. After 1 week of culture, organoids were dissociated to
single cells. Organoids were removed from Matrigel by incubating in
Advanced DMEM/F-12 (Gibco) containing 1 mg ml™ dispase (Gibco)
and 10 pM Rl for 1 h at 37 °C. After centrifugation at 800g for 5 min,
the pellet was washed with 1 x PBS. Organoids were resuspended in
800 plof 0.05% Trypsin-EDTA (Gibco) and incubated at 37 °C for 5 min.
The trypsin was quenched with 200 pl of RPMI, 10% FBS, 1% P/S + RI
and organoids were pipetted up and down ten times to dissociate
to single cells and passed through a 100-pum cell strainer (Corning).
After centrifugation at 800g for 5 min, the pellet was washed with
1x PBS and resuspended in RPMI, 10% FBS, 1% P/S + RI. RFP-positive
cellswereisolated by FACS. All prostate organoids were cultured based
on established protocols®®”% Single organoids were imaged on alight
microscope and organoid diameter was measured as a readout of
organoid size.

Organoid metabolic profiling and nutrient tracing
For glucose tracer analysis experiments, 17.5 mM [U-*C]glucose
(Cambridge Isotope Laboratories) was added to glucose-free SILAC
Advanced DMEM/F-12 Flex Media (Fisher Scientific). Arginine, lysine
and alanine were also added back to the SILAC base mediaat the same
concentrations found in Advanced DMEM/F-12 (Fisher Scientific).
Organoids were grown in mouse organoid mediamade with the SILAC
base media. For lactate tracer analysis experiments, organoids were
cultured with 20 mM [U-*C]Lactate (Cambridge Isotope Laborato-
ries, CLM-1579-0.5) for 24 h before metabolite extraction. To extract
metabolites, tracer-containing medium was aspirated. Organoids
were repeatedly blasted with cold 150 mM ammonium acetate pH 7.3
using a P-1000 pipette until the Matrigel ring was dislodged. The sus-
pensionwas transferred to an Eppendorftube and centrifuged at 800g
for5minat1°C.The supernatant was aspirated and 500 pl of cold 80%
methanol was added to the organoid pellet. We added 10 pl of 1mM
norvaline (Sigma) as an internal standard. Each sample was vortexed
for 30 s and centrifuged at 17,000g for 5 min at 1 °C. We transferred
420 plofthe supernatant to an ABC vial (Fisher Scientific) and evapo-
rated using an EZ-2Elite evaporator (Genevac). Samples were stored
at—80 °Cbefore analysis.

Dried metabolites were resuspended in 50% acetonitrile:water
and one-tenthwas loaded onto aLuna3pm NH2100A (150 x 2.0 mm?)

column (Phenomenex). The chromatographic separation was per-
formed on a Vanquish Flex (Thermo Scientific) with mobile phases
A (5mM NH,AcO pH 9.9) and B (acetonitrile) and a flow rate of
200 pl min™. A linear gradient from 15% A to 95% A over 18 min was
followed by 9 min of isocratic flow at 95% A and re-equilibration to
15% A. Metabolites were detected with a Thermo Scientific Q Exactive
mass spectrometer run with polarity switching (+3.5kV/-3.5kV) in
full scan mode with an m/z range of 70-975 and 70,000 resolution.
TraceFinder 4.1(Thermo Scientific) was used to quantify the targeted
metabolites by area under the curve using expected retention time and
accurate mass measurements (<5 ppm). For labelled datasets, relative
amounts of metabolites were calculated by summing up the values
for all isotopologues of a given metabolite. Metabolite isotopologue
distributions were corrected for natural C-13 abundance.
Normalization was performed by resuspending the cell pelletin
300 pl of lysis solution (0.1 M NaCl, 20 mM Tris-HCI, 0.1% SDS, 5 mM
EDTA, 500 pg ml™ Proteinase K (Fisher Scientific) in distilled water).
Samples were syringed witha25 G needletoreduce viscosity and 50 pl
of each sample was transferred to a 96-well black-wall, clear-bottom
tissue culture plate (Corning). We added 50 pl of lysis solution to
one well for a blank reading. Then, 100 pl of 5 ug mI™ Hoechst 33342
(Invitrogen) indistilled water was added to each well and 96-well plates
wereincubated for 30 minin the dark at 37 °C before measurement of
DNA-based florescence using a Tecan Infinite M1000 plate reader with
355-nm excitation and 465-nm emission. The blank reading was sub-
tracted from each absorbance value to calculate relative cellamount.

PCA

PCA was performed using metabolite abundance and fractional contri-
butiondatainthe Python programming language (v.3.9.12). Datawere
processed using the NumPy (v.1.22.4), pandas (v.1.4.2) and scikit-learn
(v.1.0.2) libraries and visualized using the Matplotlib library (v.3.5.1).
Feature scaling was done along the metabolite dimension using the
StandardScaler class from scikit-learn which employs z-score nor-
malization. The 95% confidence ellipses were generated with a script
provided by Matplotlib.

Intracellular flow cytometry

Organoids were removed from Matrigel by incubating in Advanced
DMEM/F-12 (Gibco) containing1 mg ml™ dispase (Gibco) and 10 uMRI
for 1hat 37 °C. After centrifugation at 800g for 5 min, the pellet was
washed with 1 x PBS. Organoids were resuspended in 800 pul of 0.05%
Trypsin-EDTA (Gibco) and incubated at 37 °C for 5 min. The trypsin
was quenched with200 pl of RPMI,10% FBS, 1% P/S + Rland organoids
were pipetted up and down ten times to dissociate to single cells and
passed through al100-pm cellstrainer (Corning). Dissociated cells from
mouse prostate organoids were washed with PBS and fixed in 1 ml of
2% paraformaldehyde made from 16% paraformaldehyde (Electron
Microscopy Sciences) in PBS for 15 minonice. For experimentsinclud-
ing EpCAM surface staining, cells were stained with EpCAM-APC/Cy7
(BioLegend 118218,1:100) inRPMI, 10% FBS, 1% P/S + RIfor 15 min before
fixation. Cells were then washed with PBS and permeabilized in1 ml of
permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corn-
ing) in PBS) for 15 min at room temperature in the dark. Cells were
resuspended in 100 ml of permeabilization buffer and stained with
rabbit anti-cytokeratin 5-Alexa Fluor 647 (Abcam Ab193895, 1:100)
andrabbit anti-cytokeratin 8-AlexaFluor 488 (Abcam Ab192467,1:100)
for 20 min at room temperature in the dark. Cells were washed with
permeabilization buffer and resuspended in PBS for analysis on a BD
FACS Canto (BD Biosciences).

Organoid immunofluorescence

Organoids were removed from Matrigel by incubating in Advanced
DMEM/F-12 (Gibco) containing 1 mg ml™ dispase (Gibco) and 10 pM
RIfor1hat 37 °C. After centrifugation at 800g for 5 min, the pellet
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was washed with1 x PBS three times. Organoids were then fixed in 4%
paraformaldehyde in PBS for 15 min. After fixation, organoids were
washed with PBS three times. Organoids were then blocked in 2% don-
key serumin 0.25% Triton X-100 for 1 h. Organoids were washed once
with PBS and stained with anti-Cytokeratin 8 (Biolegend 904804,
1:500) antibody and anti-p63 (Biolegend 619002, 1:500) antibody in
0.5% BSA, 0.25% Triton X-100 at 4 °C overnight. Organoids were then
washed with PBS three times, with the last wash lasting 6 h. Second-
ary antibody staining was performed overnight at 4 °C using goat
anti-rabbit IgG-AlexaFluor647 (Thermo Fisher 21245, 1:1,000) and
goat anti-mouse IgG-AlexaFluor488 (Thermo Fisher 11001, 1:1,000)
in 0.5% BSA, 0.25% Triton X-100 with one drop of NucBlue. Organoids
were washed with PBS three times and placed in PBS + 0.1% Tween-20
untilimaging onaNikon Ti-E Fluorescence Motorized DIC Microscope
(Nikon) with RCM1 confocal box (Confocal.nl) using Nikon NIS Elements
Imaging Software and Nikon CFIApo LWD Lambda S 20XC Wl objective,
material number MRD77200.

Celllines

Cell lines were routinely tested for mycoplasma and authentication
by short tandem repeat analysis (Laragen). Tissue culture plates were
coated with 0.01% (v/v) poly-L-lysine (Sigma, P4832) diluted 1/20 in
distilled water and washed with PBS to enhance cell attachment. 16D
cellswerereceived from Dr Amina Zoubeidiand cultured inRPMI base
media (Gibco) +10% FBS (v/v) +1 x P/S. LuCaP35 cells were received
from Dr Eva Corey and Dr Peter Nelson and cultured in DMEM base
media (Gibco, 11965-092) + 10% FBS (v/v) +1 x P/S and 1 x GlutaMAX.
LAPC4 cells were received from Dr Rob Reiter and cultured in IMDM
(Gibco, 31980-030) + 5% FBS (v/v) + 1x P/S.UK5099 treatment was per-
formed by adding 10 pM or 30 uM UK5099 (Sigma, PZ0160) every 48 h.

Histone extractions
Histone extractions were performed using a histone extraction kit
(Abcam, Ab113476) according to manufacturer instructions.

ATAC-seq

Cells were collected and frozen in culture media containing FBS and
5% dimethylsulfoxide. Cryopreserved cells were sent to Active Motif
to perform the ATAC-seq assay. The cells were then thawed in a 37 °C
water bath, pelleted, washed with cold PBS and tagmented as pre-
viously described”, with some modifications™. Briefly, cell pellets
were resuspended in lysis buffer, pelleted and tagmented using the
enzyme and buffer providedin the Nextera Library Prep Kit (Illumina).
Tagmented DNA was then purified using the MinElute PCR purification
kit (Qiagen), amplified with ten cycles of PCR and purified using Agen-
court AMPure SPRI beads (Beckman Coulter). The resulting material
was quantified using the KAPA Library Quantification Kit for Illumina
platforms (KAPA Biosystems) and sequenced with PE42 sequencing
ontheNovaSeq 6000 sequencer (lllumina). Reads were aligned using
the BWA algorithm (v.0.7.12; mem mode; default settings). Duplicate
reads were removed; only reads mapping as matched pairsand uniquely
mapped reads (mapping quality > 1) were used for further analysis.
Alignments were extended insilico at their 3’-ends toalength of 200 bp
and assigned to bins 32 nucleotides in size along the genome. The
resulting histograms (genomic ‘signal maps’) were stored in bigWig
files. Peaks were identified using the MACS 2.1.0 algorithm at a cutoff
of Pvaluel x 1077, without control file, and with the -nomodel option.
Peaks that were on the ENCODE blacklist of known false ChIP-seq peaks
were removed. Signal maps and peak locations were used as input
data to Active Motif’s proprietary analysis program, which creates
Excel tables containing detailed information on sample comparison,
peak metrics, peak locations and gene annotations. For differential
analysis, reads were counted in all merged peak regions (using Sub-
read), and the replicates for each condition were compared using
DESeq2 (v.1.24.0)*".

HOMER transcription factor motif analysis

Identification of sites with differential ATAC-seq signal. After
identifying merged regions as part of the standard analysis pipeline,
the DESeq2 software was run on the unnormalized BAM files (without
duplicates). In brief, the DESeq2 software generates normalized counts
specifically for the merged regions, and the shrunkenlog, fold change
and adjusted P values for each merged region are calculated. For the
subsequent steps of the analysis, we consider any region as differential
ifthe adjusted Pvalueislessthan 0.1.

HOMER-based motif analysis. BED files listing the significantly
increased (‘DESeq2_Up_difpeaks.bed’) and decreased (‘DESeq2_Down_
difpeaks.bed’) regions were generated for each comparison. Each
BED file was then sorted by the shrunken log, fold change and the
2,500 regions with the largest absolute fold changes were selected.
We then performed HOMER motifanalysis (findMotifsGenome.pl) on
the 200-bp sequence centred around the midpoint of the differential
region (+100 bp, -100 bp). During this analysis, common repeats are
masked as this can affect the discovery of de novo motifs. The analysis
identifies motifs that are enriched across all sequences; individual peak
regions are not annotated with specific motifs.

PDX enzalutamide sensitivity assay

Using a razor blade, MDA PCa 203-A PDX and MDA PCa 183-A PDX
tumours were mechanically dissociated in dissociation media com-
posed of RPMI 1640 (Gibco) containing 10% FBS (Corning), 1 x P/S,
1 mg ml™ collagenase type I (Gibco), 1 mg ml™ dispase (Gibco),
0.1 mg ml™ deoxyribonuclease (Gibco) and 10 uM RI. When large
chunks were no longer visible, the samples were incubated at 37 °C
onanutating platform for 15 minin 20 ml of dissociation media. After
centrifugation at 800g for 5 min, the pellet was washed with 1 x PBS
(Gibco). The cell pellet was resuspended in Advanced DMEM/F-12 and
passed througha100-pm cell strainer (Corning). After centrifugation
at800gfor5 min, the pellet was resuspended in human organoid media
and plated in 75% growth factor reduced Matrigel (Corning) based
on established protocols®®. After 7 d of culture with vehicle, 10 pM
UK5099 (Sigma, PZ0160) or 20 mM sodium lactate (Sigma, L7022-5G),
organoids were removed from Matrigel by incubating in Advanced
DMEM/F-12 containing 1 mg ml™ dispase and 10 uM of the p1l60ROCK
inhibitor Y-27632 dihydrochloride for1 hat 37 °C. After centrifugation
at800g for 5 min, the pellet was washed with 1 x PBS. Organoids were
thenplatedintoringsina96-well black-wall, clear-bottom plate (Fisher,
07-200-588) in 75% growth factor reduced Matrigel with or without
10 pM enzalutamide (Selleck Chemicals, S1250). After 5 d of culture,
a CellTiter-Glo assay (Promega, G7571) was performed according to
manufacturerinstructions and relative luminescence signal was quanti-
fied on a Tecan Infinite M100O plate reader.

Cell line enzalutamide sensitivity assays

After7 d of culture with vehicle, 10 uM UK5099 (Sigma, PZ0160), 30 pM
UK5099 or 20 mM sodium lactate (Sigma, L7022-5G), cells were plated
into a96-well black-wall, clear-bottom plate (Fisher, 07-200-588) with
orwithout10 pM enzalutamide (Selleck Chemicals, S1250). The 96-well
plate was coated with 0.01% (v/v) poly-L-lysine (Sigma, P4832) diluted
1/20 in distilled water and washed with PBS before plating cells to
enhance cell attachment. After 2 d of culture, a CellTiter-Glo assay (Pro-
mega, G7571) was performed according to manufacturer instructions
and relative luminescence signal was quantified on a Tecan Infinite
M1000 plate reader. For the 5-ethynyl-2’-deoxyuridine-based (EdU)
cell cycle assay, cells were seeded at 30% confluence and cultured in
6-well dishes for 72 h before cell cycle analysis. Media changes were
performed 48 h after plating. After 72 h of culture, cell cycle analysis
was performed using an EdU kit (Thermo Fisher Scientific, C10635)
according to the specified protocol. EdU labelling was performed for
2 h. For experiments that contained small-molecule inhibitors, fresh
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inhibitor(s) were adding during each media change. Flow cytometry
analysis identified the percentage EdU-positive.

Statistics and reproducibility

Prism v.8.3.0 (GraphPad) was used to generate graphs and perform
statistical analyses. All in vitro experiments shown were repeated at
least three times with similar results obtained, and representative data
areshownunless otherwise indicated. No statistical method was used
to predetermine sample size but our sample sizes are similar to those
reportedin previous publications®. Data distribution was assumed to
be normal but this was not formally tested. No data were excluded from
the analyses. Data collection and analysis were not performed blind
to the conditions of the experiments. For animal experiments, mice
were randomly divided into cages. For in vitro experiments, samples
were not randomized as this was not relevant for the individual assays.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Bulk RNA-seq, scRNA-seqand ATAC-seq data that support the findings
of this study have been deposited in the Gene Expression Omnibus
(GEO) under accession codes GSE221023, GSE222786, GSE236573,
GSE206555 and GSE221442. Previously published RNA-seq data that
werere-analysed here are available under accession codes GSE122367
and GSE67070. The SMMU, Beltran et al. and TCGA datasets were
accessed on cBioPortal (https://www.cbioportal.org/). Ensembl
databases were accessed from http://useast.ensembl.org/Mus_mus-
culus/Info/Index. An interactive scRNA-seq t-SNE plot is available
at: https://singlecell.broadinstitute.org/single_cell/study/SCP1234/
prostate-organoid-vehicle-uk5099.Source data are provided with this
paper. Allother data supporting the findings of this study are available
from the corresponding author on reasonable request.

Code availability
The code used to generate the PCA plots can be accessed at https://
github.com/Nick-Nunley/Metabolism-and-lineage-PCA.git.

References

51. Gray, L. R. et al. Hepatic mitochondrial pyruvate carrier 1is
required for efficient regulation of gluconeogenesis and
whole-body glucose homeostasis. Cell Metab. 22, 669-681(2015).

52. Navone, N. M. et al. Movember GAP1 PDX project: an
international collection of serially transplantable prostate cancer
patient-derived xenograft (PDX) models. Prostate 78, 1262-1282
(2018).

53. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21 (2013).

54. Love, M. ., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

55. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and
integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 4, 44-57 (2009).

56. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Bioinformatics
enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 37, 1-13 (2009).

57. Subramanian, A. et al. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide
expression profiles. Proc. Natl Acad. Sci. USA 102, 15545-15550
(2005).

58. Mootha, V. K. et al. PGC-1a-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 34, 267-273 (2003).

59. Chen, S. et al. fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics 34, 884-890 (2018).

60. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification
from RNA-seq data with or without a reference genome. BMC
Bioinform. 12, 323 (2011).

61. Ritchie, M. E. et al. limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic Acids Res.
https://doi.org/10.1093/nar/gkv007 (2015).

62. Efron, B. & Tibshirani, R. Empirical Bayes methods and false
discovery rates for microarrays. Genet. Epidemiol. 23, 70-86 (2002).

63. Chen, H. & Boutros, P. C. VennDiagram: a package for the
generation of highly-customizable Venn and Euler diagrams in R.
BMC Bioinform. 12, 35 (2011).

64. P'ng, C. et al. BPG: seamless, automated and interactive
visualization of scientific data. BMC Bioinform. 20, 42 (2019).

65. Wu, T. et al. clusterProfiler 4.0: a universal enrichment tool
for interpreting omics data. Innovation (Camb.) https://doi.
org/10.1016/j.xinn.2021.100141 (2021).

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

67. Yates, A.D.etal. Ensembl 2020. Nucleic Acids Res. 8, 682-688
(2020).

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

69. DePasquale, E. A. et al. DoubletDecon: deconvoluting doublets
from single-cell RNA-sequencing data. Cell Rep. 5, 1718-1727
(2019).

70. Liu, X. et al. Low CD38 identifies progenitor-like
inflammation-associated luminal cells that can initiate human
prostate cancer and predict poor outcome. Cell Rep. 17, 2596-
2606 (2016).

71. D'Astolfo, D. S. et al. Efficient intracellular delivery of native
proteins. Cell 161, 674-690 (2015).

72. Crowell, P. D. et al. Evaluating the differentiation capacity of
mouse prostate epithelial cells using organoid culture. J. Vis. Exp.
153, 60223 (2019).

73. Buenrostro, J. D. et al. Transposition of native chromatin for
fast and sensitive epigenomic profiling of open chromatin,
DNA-binding proteins and nucleosome position. Nat. Methods
https://doi.org/10.1038/nmeth.2688 (2013).

74. Corces, M. R. et al. Animproved ATAC-seq protocol reduces
background and enables interrogation of frozen tissues. Nat.
Methods https://doi.org/10.1038/nmeth.4396 (2017).

Acknowledgements

We thank T. Graeber, D. Braas, J. ten Hoeve-Scott and the UCLA
Metabolomics Core for guidance on metabolic profiling of small

cell populations and metabolomics services. We thank D. Cheng

for sorting of primary basal and luminal mouse prostate cells. We
acknowledge the UCLA Technology Center for Genomics and
Bioinformatics for assistance with RNA-seq, the UCLA Quantitative

& Computational Biosciences Collaboratory for assistance with
scRNA-seq analysis, the UCLA Broad Stem Cell Research Center for
flow cytometry services and Active Motif, Inc. for ATAC-seq services.
We thank B. Lowry and J. Rutter for Mpc1 floxed mouse prostate tissue.
We thank A. Zoubeidi for 16D cells and R. Reiter for LAPCA4 cells. The
UCLA Integrated Molecular Technologies Core is supported by grant
no. CURE/P30 DK041301. We acknowledge the support of the Hutton
Family Foundation. J.M.G. and P.D.C. acknowledge the support of the
Ruth L. Kirschstein National Research Service Award no. GM007185
and the UCLA Eli and Edythe Broad Center of Regenerative Medicine
and Stem Cell Research Training Program. P.D.C. is also supported
by the NIH grants no. TL1 DK132768 and no. U2C DK129496. N. M.
Navone is supported by NCI grant no. U01 CA224044-03. NY.C.L. is
supported by a Young Investigator Award from the Prostate Cancer

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221023
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222786
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE236573
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206555
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221442
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122367
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE67070
https://www.cbioportal.org/
http://useast.ensembl.org/Mus_musculus/Info/Index
http://useast.ensembl.org/Mus_musculus/Info/Index
https://singlecell.broadinstitute.org/single_cell/study/SCP1234/prostate-organoid-vehicle-uk5099
https://singlecell.broadinstitute.org/single_cell/study/SCP1234/prostate-organoid-vehicle-uk5099
https://github.com/Nick-Nunley/Metabolism-and-lineage-PCA.git
https://github.com/Nick-Nunley/Metabolism-and-lineage-PCA.git
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.4396

Article

https://doi.org/10.1038/s41556-023-01274-x

Foundation (Award ID no. 22YOUNZ28). P.S.N. is supported by NIH/NCI
awards no. P50CA097186, no. RO1CA234715 and no. R21CA277368.
E.T.is supported by a Fonds de la Recherche Scientifique (FNRS-FRIA)
fellowship. C.B. is supported by the WEL Research Institute, FNRS,
TELEVIE, Fondation Contre le Cancer, the ULB Foundation, EOS FNRS/
FWO and the European Research Council. P.C.B. is supported by

NIH grants no. PBOCA016042, no. U2CCA271894 and no. UO1CA214194,
and by a Prostate Cancer Foundation Special Challenge Award to
P.C.B. (Award ID no. 20CHASO1) made possible by the generosity of
Larry Ruvo. A.S.G. is supported by the National Cancer Institute of

the National Institutes of Health under Award Number RO1CA237191.
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health. A.M.L.D. is supported by an NCI/NIH supplement related to
grant no. RO1CA237191. A.S.G. is also supported by the American
Cancer Society award no. RSG-17-068-01-TBG, the Department of
Defense PCRP award no. HT94252310379, the UCLA Prostate Cancer
Specialized Programs of Research Excellence (SPORE) NCI grant no.
P50 CA092131, the UCLA Eli and Edythe Broad Center of Regenerative
Medicine and Stem Cell Research Rose Hills Foundation Innovator
Grant, the UCLA Jonsson Comprehensive Cancer Center and Eliand
Edythe Broad Center of Regenerative Medicine and Stem Cell Research
Ablon Scholars Program, the University of California Cancer Research
Coordinating Committee Faculty Seed Grant, the National Center for
Advancing Translational Sciences UCLA CTSI grant no. UL1ITRO01881,
STOP CANCER and the UCLA Institute of Urologic Oncology. The
funders had no role in study design, data collection and analysis,
decision to publish or preparation of the manuscript.

Author contributions

JMG., PDC., AM.L.D, TH., A.A. and J.A.D. conducted the
experiments. J.M.G., P.D.C. and A.S.G. designed the experiments.
S.M.H. performed scRNA-seq analysis and wrote the related methods
section. N. M. Nunley performed the principal component analysis
and wrote the related methods section. R.M.A.D. and M.T. performed
UK5099/butyrate RNA-seq analysis and wrote the related methods
section. ET. and C.B. performed in vivo basal-to-luminal differentiation

RNA-seq and wrote the related methods section. M.C.P. performed
organoid immunofluorescence. D.L.B. and L.E. provided Pten" and
Pten"™.Rb1"" mouse prostates. D.L., E.C. and P.S.N. provided LuCaP35
cells. N. M. Navone provided PDX models. J.M.G., P.C.B.and A.S.G.
wrote and edited the manuscript. N.Y.C.L., P.C.B. and A.S.G. supervised
experiments. A.S.G. procured funding. All authors edited and
approved the final version of the manuscript.

Competinginterests

P.C.B. sits on the Scientific Advisory Boards of Sage Bionetworks,
BioSymetrics Inc. and Intersect Diagnostics Inc. E.C. obtains

funding from Genentech, Sanofi, AbbVie, Astra Zeneca, Foghorn
Pharmaceuticals, Kronos Bio, MacroGenics, Janssen Research,

Bayer Pharmaceuticals, Forma Pharmaceuticals, Gilead and Zenith
Epigenetics, and is a consultant of DotQuant. P.S.N. has received
consulting fees from Janssen, Merck, Bristol Myers Squib and Venable
Fitzpatrick, and received research funding from Janssen for work
unrelated to the present study. All other authors declare no competing
interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41556-023-01274-x.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41556-023-01274-x.

Correspondence and requests for materials should be addressed to
Andrew S. Goldstein.

Peer review information Nature Cell Biology thanks Massimo Loda,
Luca Scorrano and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

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

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01274-x
https://doi.org/10.1038/s41556-023-01274-x
https://doi.org/10.1038/s41556-023-01274-x
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41556-023-01274-x

a
gg‘_g mg_é Basal
. gl
— ) ] —p'a';,,a_
mi: % "3 #Lurninal
E o
8‘ ! = ERCAM Neg
R ks s e Eaaaea s § Frrrremi—rrmr & Sty
200 250 S0 100 150 200 250 S0 100 150 200 250 a6 10 .2 0
e 1.000) SSC-H e FSC-H  wiom Lin (CD45, CD31, EpCAM-APC
Ter119, ESAM)-FITC
b c d
Luminal
p63 o CDA49f" basal signature o, . CDAgfe luminal signature
5071 NS TG
Krt5 Sall NG Bost \\\
Krt14 E.. ~ Eo Y {
o NES=1.96 N S,, NES=-1.64 Nl A
Trim29 E°° FDR=0.001 o £.. FDR=0.005
| 1] LA L
i Basal Luminal
P Basal Luminal
Krt18
Cd24a
Prom1
e ) f
KEGG pathway analysis ® Metabolism-related pathway
enriched in primary basal cells Basal Luminal
hd 1 8 [ ] Me!:aboli§m-r.elated pat!\way KRTS
. 12 g e tmialiels g, —
oo 6 pathway 28kba—] - PBSN
L4 TS5 49kpa— =
. T — [ GLum .
[-'4 —_—
° o 4 o aska— GLUT3 E
° =t 98kDa— HK2 |<
° % -3 L L4 8
ol R ~ e |7
° 2 . °
[ - ogkpa— T N PCX §
--------------- —4——————‘—.———‘-—-FDR=O.1 38kDa_‘- — PDHA1 %
- pa— S e ACO2 (@
r l Ll I T T I Ll l L] 17kDB—- HH3
-4 -2 0 2 4
Fold enrichment
Enriched in basal Enriched in luminal
Extended Data Fig. 1| Validation of basal and luminal mouse prostate cell enrichment of CD49f*" signature'® in luminal cells relative to basal cells.
isolation and evaluation of metabolic pathways. (a) Gating scheme for (e) 30 pathways most enriched in differentially abundant genes (log,(fold
isolating primary basal and luminal cells from mouse prostate. (b) Heatmap of change) >1, FDR < 0.2) in basal and luminal cellsidentified by KEGG pathway
select canonical basal and luminal markers from RNA sequencing of primary analysis. Metabolism-related pathways highlighted in green (basal-enriched) and
basal and luminal mouse prostate cells with three biological replicates. (c) blue (luminal-enriched). (f) Western blot analysis of select glycolyticand TCA
Gene set enrichment analysis (GSEA) showing positive enrichment of CD49f"e" cycle enzymes in basal and luminal cells.

signature in basal cells relative to luminal cells. (d) GSEA showing positive

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01274-x

Glycolysis

Crowley et al.
Dorsal Anterior

Karthaus et al.

b oot ®e |TTT [TTTT

b
TCA cycle
Karthaus et al. Crowley et al.
Dorsal Anterior
4 ) 9
el | | g, T

wer || | L T
L INEEY Y I N
i ¢ @oe®P (T [TTTT

sl 4 4 adae 1922222
ollillias 221209
riaz’| | o 4 b 177 222
wd’ | 4 L soa 192123

IR ) asdbao an

mlladiba (120122

a9 bdPe TTT | TTTT

i) ) | 00 2222 R 1

w2 l19¢49¢ Deed \IYYT

xxxxx
e””@@
S

ZAITIPCIN) ¢ odib & o & ARGy
wh'| ¢ > o P [TTT [TTTT

ane'| | 4 J@ [ LT e
Gpiflg_§4¢+ headbee ad

LQIF Y 28 2 \??T lttrf

o
& 5 -\7 > \'v
& @Q@\e/;\ Vv&&\?&(\ \)&N
Q& v
C
100- p =0.002
{ et
a 80 —
E |
.~ 60
>
£ i
3 40-
c
c p
<
X 204
0 1 1

Basal Luminal
Extended Data Fig. 2| Basal and luminal prostate epithelial cells have distinct
metabolic features. (a-b) Analysis of glycolytic (a) and TCA cycle (b) enzymes
inKarthaus et al®. and Crowley et al*’. mouse single cell RNA sequencing data.
(c) Percentage of Annexin V-, 7-AAD™ primary basal and luminal cells after

overnight culture (n =3 independent biological replicates). Error bars represent
SEM. p-values were calculated using an unpaired two-tailed t-test with Welch’s
correction.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-023-01274-x

KEGG pathway analysis Metabolic profiling
[ Day 3 Day 5 Day 7

12 ® Metabolism-related pathway
enriched in multipotent basal cells GlcN-6P
L X Propann¥|1-c§é
N ° 10 [ ] Megabollgm-related Qathway' Inosine
enriched in basal-derived luminal cells

8 ® Non-metabolism pathway Adening

Cys
4-OH-PheLac

Asn

Pro

Choline

2-HG

Xanthi

[ ] [ ] an gﬁ
Creatini
o® #° -2 Gycerst
—.!. FDR=0.1 s
_____________________ —————— =0. P-Choline
“- (\EIIan|

1T 7T 717 — 1 T 1 ' 1 Camifine
-2 0 2 4 6 o
. Succ

Fold enrichment Folie
Leu/lle

o

Pipecolate
His

Palmitate
5M-adenosine
Lys
8
GYc

Gl
W

Nicotinamide
GIcN
UDP

Enriched in Enriched in basal-
multipotent basal derived luminal

Day 6

105

10t

Thr

GlcNAc

2-AB

2-Oxoadipate
Ar

AT A

KRT8-488
KRT8-488

CTl
HS203
Ser
P-Creatine
CDP
5-Oxoproline

13

T T § S
1 P L d I L L 2-Oxosuccinamate

KRT5-647 KRT5-647 - KRT5-647 orceng
SN

Glycerol-3-P

: MGEoR

Metabolite abundance A\&cﬂ%{r’\s
¥

P-E'R
UDP-Glc
Mal

10

aDay5

Glu
Thymine
Fum

o

DMG

ADP/ATP

arc

UMP

1 Cituling
itrulline

= Day 7 R

I
EE——
. i |
S7P
$1 /% Day3  proOH —
Creatine/P-Creatine
AD?
107 T T T T T 1 Uric Acid
-15 10 -5 0 5 10 15 [
— n -

Arg-Succ

1
PC1 (63.72%) - >

SH/GSSG —><—
13BP
| .

PC2 (22.07%)

o
N
a
1
()
2_0%0
(7]
33238964

"
8
oo o3
ama
CUT;

3

20+ —o— M2 Citrate GlucA — —

Ornithine

1 -=— M3 Citrate Cyscathitﬁg\g T —
15 AMP/ATP

Ac-camitine
Sorbito]
DHAS
10+ UDP-GIcN‘éé:
a

- dTMP ]
Cytosine
5+ GSH
G3P
Lac
1 Orotate

- Row z-score

oV ont” oo’ B 1

-1 0 1 2

Fractional contribution

[XINot detected
f
Day3 Day5 Day7
-
28kDa— PCNA
oy S —— ACTIN
38kDa—
Extended Data Fig. 3 | Basal to luminal differentiationis associated with six and nine days after plating into organoid culture. (c) Principal component
metabolic reprogramming. (a) 30 pathways most enriched in differentially analysis of metabolic profiling data for basal-derived organoids with three
abundant genes (log,(fold change) >1) in multipotent basal cells and basal- technical replicates per timepoint. (d) Heatmap of metabolite abundance in
derived luminal cellsidentified by KEGG pathway analysis. Metabolism-related primary basal-derived mouse organoids (n =3 independent biological replicates
pathways highlighted in green (enriched in multipotent basal-enriched) per timepoint). (e) Fractional contribution from [U-2Clglucose to M2 and M3
and blue (enriched in basal-derived luminal-enriched). (b) Intracellular flow citrate in basal-derived organoids (n = 3 independent biological replicates per
cytometry analysis of the basal marker cytokeratin 5 (KRT5) and the luminal timepoint). Error bars represent SEM. (f) Western blot analysis of proliferation
marker cytokeratin 8 (KRT8) in primary basal-derived mouse organoids three, marker PCNA in basal-derived organoids.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01274-x

Vehicle 5pM UK5099 10puM UK5099 20pM UK5099 40pM UK5099
i %] ﬁ m_é w “_é 0.0% 0.1%
: © v—: 9% 0 V.‘E—g 0 v—:
g 0 7 0 7 0 7
T3 T by
0 =9 00 =7 00 =9
= 3 = 3 = 3
e ] ] e ]
2] SA Y ¥ o
I3 || PR LU R R IR g [ (PR PRALLL BRI PO g _§||m||[|uuu|| LRLLLLL PRLRLLL AL 7 3 e | PRARLLL PRALLLL NLEELL, U & _EIIHI”[IIIIW! WAL LRLLLUMRRLLL P
17 0 10° 2 10 476 010 10 10 g 0107?10 3 q0g 910 10 10 10 g 0107 0’ 0 3
) KRT5-647 KRT5-647 KRT5-647 KRT5-647 KRT5-647
b c d € [U-3C]glucose
Bas-derived Lum-derived Lum-derived fractional contribution
. . =f 10
_ 80 organoids s organoids organoids —_— 2‘1 4
S 704 =o0. o | . m .
2 70 =03l 2 p=057 Veh UK5099 ° p < 0.0001 :
g 60 p=006 g 6- = =4 % . ==,
Jp=02 L i :
8 7 a4 S 1950a— R B Kic7 2 —
safs v 7 1 o 4- o) , ;ﬁé‘
9 30 'g i 28KkDa— ‘- PCNA f PN T < N A
& 20 8 2- VIO — e CC3 s =
< "] S ] — s
& c-l T T T T BQG T T 38kDa— e g’
0 5 10 20 40 Veh UK5099 - = .
log,(UK5099/Vehicle)
f N g : h .
CD49f'° luminal signature » CD49fh basal signature CD49fh basal signature
037 p ~ .8 { W AO_G,
g g (4 !
~ . A 5.,
™ > ! 2o £°* NES=1.284
£ NES=-1.251 \ f g0z INES =1.722 fo T

a1 FDR = 0.001

0.0

%4/ FDR = 0.090

T T

UK5099 Vehicle UK5099

Extended Data Fig. 4 | Inhibition of the mitochondrial pyruvate carrier
antagonizes luminal lineage identity. (a) Intracellular flow cytometry of
KRT8 and KRTS5 in basal-derived organoids treated with 0-40 uM UK5099 for
seven days. (b) Percent organoid formation of basal-derived organoids treated
with 0-40 pM UK5099 (n =3 independent biological replicates). (c) Percent
organoid formation of vehicle- and 10 uM UK5099-treated luminal-derived
organoids (n =3 independent biological replicates). (d) Western blot analysis
of proliferation markers (Ki67 and PCNA) and apoptosis marker (CC3, cleaved
caspase-3) in vehicle- and 10 pM UK5099-treated luminal-derived organoids
seven days after plating. (e) Correlation analysis of [U-*C]glucose fractional

§,, FDR=0.175

W L

Vehicle Mpc1-KO Control

contribution comparing MpcI-KO and 10 pM UK5099-treated basal-derived
organoids (n =3 independent biological replicates). (f) GSEA showing negative
enrichment of CD49f*°" luminal signature'® in 10 uM UK5099-treated relative

to vehicle-treated basal-derived organoids. (g) GSEA showing enrichment of
CD49f"e" basal signature'® in vehicle-treated relative to 10 uM UK5099-treated
basal-derived organoids. (h) GSEA showing enrichment of CD49f"¢" basal
signature'®in control relative to MpcI-KO basal-derived organoids. For all panels,
error bars represent SEM. p-values were calculated using an unpaired two-

tailed t-test with Welch’s correction. Correlation analysis was performed using
Spearman’s correlation.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01274-x

a Primary organoids Primary organoids Quaternary.organoids Quaternary organoids
Vehicle UK5099 Vehicle UK5099
=3
0 ) 00 4 [
< © =] © =7 0 =3
Q g N . 3 i
n 00 00 00 = 00 ‘og
4 £ £ £, £
5] ~ 2] & o
3 = =
50 100 150 200 250 E | sl | T IIIII1Ig IIIII1IIA IIIII1I3 I Il I T IIIIIII| IIIIIII‘ IIIII]I:I I " I T llllllllal IIII:Igl‘I ”T;S | AI | T |||||1|gal IIII1IIA‘I IIIII‘s
FSC- EPCAM-APC/Cy7 EPCAM-APC/Cy7 EPCAM-APC/Cy7 EPCAM-APC/Cy7
b
Basal
% p63 3 5 Krti4 % Krt7
H A 35 H
r z‘ 3 i =
3
I :~:; i i
sy & R AR & $ v ﬁ@”@ﬁ I Vo@@ & Q”%\fi &
Ve & & \}0"29 V& <& \&“;0 Qo'?(\ Ve a & Q&“’Q 3 & Ng \g’-@
Luminal
@ Krt8 3 Krt18 5 Malat1 5 Top2a
8 85 s g,
19990 10000 [dyweTy 2 |||
2 2 2 2
g gg g0 £ 1
] V\@@@’z}s &0&1’ ‘b'”i'}@é;,@@ ] P @\Q V@ @0 ‘b"’&\g é\*@» w . f\(\i@"’@i@o o ‘5;?\,,\\ x@;ﬁd@% w V\@Q’b\\@’ﬁi@&@@ 0%0\@\"'{&0 ét\@@
Q\o\ \(g} RS \sb,,o Q@\‘ & o \»&é\ & & & @0,,0 & & & S
Epithelial Epithelial-Mesenchymal Transition (EMT-like)
3 Epcam 3 Cdhi 3 H19 3 Vim
L§ L L7 =4
53 5 53 53
Hoeee | | i HINNEN
g £ N 1 N 1 A
ul fs"% @i@ ey@ ‘bq;v"’\ \\,@f @\&’”\ . \,é@ 0\\40 ey@ Q,@o?\ \,\x@‘ 6\6@\ = §\<\°\ & ® eo‘?\ \\,{\‘5‘\ O&@"} t 0@\“& @*‘“0 & Qo‘y} \,\x\é\ c}ﬂé@\
V& @SS V& T F S Ve &S V& &S
LA W \gf’ & N4 RN W & RN W &
c . d
Luminal cluster .
Vehicle UK5099 o]
Slc2al - o Y T
Hk2 N o P
Pfkp 1 . ;i
Glycolysis Fhae. 2 E
ng1 i . . \;ABHILsIﬂIHIZUIGH‘ééD' IIH|VII\'A‘;HI‘S\‘;leéolllééu ¥ 3‘;]”“”“"' ||||III| ||||||||| |l||l|||| T
Pgam1 - Y @ FSC-A  wum FSC-A 1o Anneme—FITC
Aldoa - o 2]
Gpil [ ] ¢} € 10
L]
- 4 Average expression ¥
Lipid metabolism :p ‘Zd | & ; B-score) 2 8- Iy
o ] N K &+t
] 00 £ 64 ¢
Krt6a 1 o ;
Basal Trp63 @ 4
Trim29 ' %
i o -
Cd44 ; ety x 2
Col17a1 | * 25
Itghd A L 2 90 T
[
Nfkb1 . ® - S X9
Inflammatory SR X
Relb 1 » L N4 &
Cd24a ® [ X &
Krt8 e} © $ K
. . . Q QQ
| Krt18 S
Luminal | p. o A o ®
Cdol | L g
Folh1 ‘

Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Single cell RNA-sequencing illustrates that inhibition
of the mitochondrial pyruvate carrier reduces luminal marker expression
and increases expression of basal markers, glycolytic enzymes, and
inflammatory signaling genes in the luminal subpopulationin mouse
prostate organoids. (a) Representative flow cytometry plots illustrating
EPCAM'KRTS8" (red), EPCAM*KRT8 (green), and EPCAM™ KRT8" (blue)
populationsin primary and quaternary organoids. (b) Expression level (log,(read
count)) of canonical basal, luminal, epithelial and epithelial-mesenchymal

transition (EMT-like) markers in distinct cell populations from scRNA-seq

datato validate cluster identification. (c) Dot plot of glycolytic enzymes, lipid
metabolism genes, canonical basal markers, inflammatory genes and canonical
luminal markers with vehicle or UK5099 treatment within the phenotypic luminal
cluster. (d) Flow cytometry gating scheme for apoptosis analysis in panel (e).

(e) Quantification of percent of AnnexinV* cells in quaternary organoids treated
with vehicle, 10 pM UK5099 for one day, or 10 uM UK5099 for three days (n=3
independent biological replicates). Error barsin represent SEM.
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Extended DataFig. 6 | Inhibition of the mitochondrial pyruvate carrier
antagonizes luminal lineage identity in models of prostate cancer. (a)
Western blot validation of knockout of Ptenin single knockout (SKO) and double
knockout (DKO) mouse prostate organoids and validation of knockout of Rb1 in
DKO organoids. (b) Organoid diameter (micrometers) of wildtype (WT), SKO and
DKO organoids (n =25 independent biological samples). Error bars represent
SEM. (c) Heatmap of canonical luminal and neuroendocrine markers in WT, SKO
and DKO mouse prostates from RNA sequencing data published in Ku et al”’.

(d) Heatmap of canonical luminal and neuroendocrine markers in WT, SKO and
DKO mouse organoids from RNA sequencing data. (e-i) Western blot analysis
oflineage markers AR, PSA, KRT8, KRT18, NSE, SYP, and SOX2 in human 16D cell

line (e), LuCaP35 cell line (f), LAPC4 cell line (g), 183-A PDX organoids (h), and
16D subcutaneous tumours (i). (j) Quantification of Western blot in panel 1 (n =4
independent tumors). Data are shown as mean + SEM. (k-1) Correlation analysis
of z-score expression of the luminal marker KRT8 (k) or KRT18 (1) with MPC1 in
499 primary prostate carcinomas from The Cancer Genome Atlas (TCGA)*.
(m-n) Correlation analysis of z-score expression of the luminal marker KRT8

(m) or KRT18 (n) with MPC2in 499 primary prostate carcinomas from TCGA%.
Correlation analysis was performed using Spearman’s correlation with a two-
tailed p-value. p-values in (b) were calculated using an unpaired two-tailed t-test
with Welch’s correction.
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Fractional
contribution

20

15

10
5

[U-13C]Lactate tracing

80
-Ip =0.71

Fractional contribution
-y
o
L

p = 0.0004

p=0.0018

\;a° o P&o 3‘(‘63\‘(5’ V“'b\

14kDa—

14kDa—

[ TSA

Veh Butyrate

17kDa—

17kDa—

17kDa—

=

pan-acetyl HH4
HH4

H3K9Ac
pan-acetyl HH3

HH3

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01274-x

Extended DataFig. 7 | Intracellular lactate accumulation antagonizes
luminal lineage identity in mouse prostate organoids. (a-b) Intracellular
lactate abundance in primary basal-derived mouse organoids treated with
vehicle or 10 pM UK5099 (a) or 20 mM sodium lactate (b) for seven days (n=6
independent biological replicates). (c) Extracellular lactate abundance in
organoids treated with vehicle or 20 mM sodium lactate (n = 6 independent
biological replicates). (d-e) Intracellular (d) and extracellular (e) lactate
abundance in organoids treated with vehicle or 10 utM AZD3965 (n =6
independent biological replicates). Error bars in panels (a-e) represent SEM.
(f) Western blot analysis of the luminal marker KRT8 and the basal marker p63
in basal-derived organoids treated with vehicle or 10 uM AZD3965 for seven
days. (g) Heatmap of fractional contribution of [U-*C]lactate tracing data

from organoids treated with 20 mM sodium lactate for six days followed by
treatment with 20 mM [U-*C]lactate for 24 hours. (h) Fractional contribution
from [U-"Cllactate to TCA cycle intermediates in organoids treated with

20 mM sodium lactate for six days followed by treatment with 20 mM [U-*C]
lactate and vehicle or 10 pM UK5099 for 24 hours (n = 3 independent biological
replicates). Data are shown as mean + SEM. p-values were calculated using an
unpaired two-tailed t-test with Welch'’s correction. (i) Western blot analysis

of pan-acetyl histone H4 (pan-acetyl HH4), total histone H4 (HH4), H3K9Ac,
pan-acetyl histone H3 (pan-acetyl HH3) and total histone H3 (HH3) in histone
extracts from basal-derived organoids treated with vehicle, 1 mM sodium
butyrate or 10 nM TSA for seven days.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Histone deacetylase inhibition and mitochondrial
pyruvate carrier inhibition have similar effects on gene expressionin mouse
prostate organoids. (a) The distribution of gene abundance (n=13687) among
12samples. The primary heatmap color represents the Z-score normalized TPM
value of each gene. Missing values were omitted. Hierarchical clustering has
been applied to both samples (columns) and genes (rows). The top covariate
heatmap indicates the treatment status of each sample. (b) Genes with
significant differential RNA abundance were identified based on coefficient and
adjusted p-value values (|log,(Coefficient)| > 1, adjusted p-value < 0.01). Genes
with downregulated RNA abundance are denoted by blue dots, while genes with
upregulated RNA abundance are represented by red dots. Grey dots represent
genes without asignificant difference. Labeled genes have either the least
adjusted p-values or the greatest |log,(Coefficient)| values. (c) Significant genes
(adjusted p-value < 0.01) were selected to show univariate effects under different
treatments. The primary strip plot shows raw TPM distribution among selected
genes with dot colorsindicating treatment types. The dotmap above presents
the effect sizes and significance of each gene under different treatments.

The dot size represents log,Coefficient values, while background color is
indicative of the adjusted p-value. (d) The Venn diagramillustrates the overlap
between effects, as reflected by the number of significant genes (n =1,394;
|log,(Coefficient)| >1, adjusted p-value < 0.01). The model was adjusted using
empirical Bayes moderation for standard error, and the false discovery rate (FDR)

was controlled using the Benjamini-Hochberg method. (e) The distribution of
top basal and luminal gene abundance (n =50) among 12 samples. The colorin
the primary heatmap signifies the Z-score normalized TPM value for each gene.
Missing values were omitted. Hierarchical clustering has been applied to both
samples (columns) and genes (rows). The top covariate heatmap indicates the
treatment status for each sample, while the right covariate heatmap identifies
the canonical marker type for each gene. (f) Top 15 enriched gene ontology terms
in UK5099, Butyrate, and UK5099:Butyrate effects. The direction of regulation

is calculated by the normalized enrichment score and is denoted by different
colors: orange indicates upregulation, while blue represents downregulation.
The dot size corresponds to the number of genes enriched in each gene set, while
the background shading indicates the -log,,adjusted p-value. (g) Top 15 enriched
GSEA gene sets in UK5099, Butyrate, and UK5099:Butyrate effects. The direction
of regulation is calculated by the normalized enrichment score (NES) and
denoted by different colors: orange (upregulation), and blue (downregulation).
The dot size corresponds to the number of genes enriched in each gene set, while
the background shading indicates the -log,,p-value. (h) Epidermis development
gene set enrichment results. Genes were ranked from high to low based on
log,Coefficient of UK5099 or Butyrate effect in the general linear model. (i)
Keratinocyte differentiation gene set enrichment results. Genes were ranked
from high to low based on log,Coefficient of UK5099 or Butyrate effect in the
general linear model.
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Extended Data Fig. 9 | Analysis of less accessible transcription factor

binding motifsin mouse prostate organoids treated with UK5099 or lactate
supplementation. (a-b) Seven most significantly enriched transcription factor
binding motifs in less accessible regions in organoids treated with 10 uM UK5099
(a) or20 mM sodium lactate (b). The false discovery rate (FDR) was controlled

using the Benjamini-Hochberg method. (c) Venn diagram depicting overlap
insignificantly enriched transcription factor binding motifs in less accessible
regions in UK5099-treated and lactate-supplemented organoids. (d) Browser
track depicting ATAC-seq peaks in PromI gene in vehicle-treated, UK5099-
treated, and lactate-supplemented organoids.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig.10 | Modulation of lactate metabolism alters
antiandrogen response and lineage identity in human models of prostate
cancer. (a-b) RNA abundance of KRT8 (a) or KRT18 (b) in non-responders (NR)

or exceptional responders (ER) from the Tewari et al. dataset®®, which contains
RNA sequencing of pre-treatment localized prostate cancer biopsies from 43
patients enrolled in neoadjuvant trials of androgen pathway inhibition. p-values
were calculated using an unpaired two-tailed t-test with Welch’s correction.

(c) Flow cytometry gating scheme for datain panels (d,h). (d) Percentage of cells
EdU+in16D cells treated with vehicle, 10 pM UK5099, or 20 mM lactate for seven
days (n =4 independent biological replicates). (e) Flow cytometry gating scheme

for datain panels (f,i). (f) Percentage of cells AnnexinV+in 16D cells treated with
vehicle, 10 uM UK5099, or 20 mM lactate for seven days (n =4 independent
biological replicates). (g) Luminescence signal relative to respective control
from CellTiter-Glo assay in 16D cell line treated with vehicle, 10 pM UK5099, or

30 uM UK5099 for seven days before beginning 48 hours of 10 uM Enzalutamide
treatment (n = Sindependent biological replicates). (h-i) Percent change EdU+ (h)
and AnnexinV+ (i) with 10 pM Enzalutamide treatment relative to respective
controlin16D cellline (n =4 independent biological replicates). (j) Western blot
analysis of PSA and Synaptophysin (SYP) in 203-A PDX-derived organoids. For all
panels, error bars represent SEM.

Nature Cell Biology


http://www.nature.com/naturecellbiology

nature portfolio

Corresponding author(s): Andrew S. Goldstein

Last updated by author(s): Sep 13, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Data collection  For bulk RNA-seq, RNA was extracted from the cells using the RNeasy Mini Kit (QIAGEN) following the manufacturer’s instruction. Libraries for
RNA-seq were prepared with KAPA Stranded mRNA-Seq Kit (Roche). The workflow consists of mRNA enrichment, cDNA generation, and end
repair to generate blunt ends, A-tailing, adaptor ligation and PCR amplification. Different adaptors were used for multiplexing samples in one
lane. Sequencing was performed on lllumina HiSeq 3000. For single cell sequencing, samples were counted using Countess Il Automated Cell
Counter (Thermo Fisher Scientific) and hemocytometer for cell concentration and viability using Trypan Blue stain 0.4% (Invitrogen). Cells
were loaded to form GEMs and barcode individual cells. GEMs were treated according to manufacturer’s instructions. Single cell gene
expression libraries were created using Chromium Next GEM Single Cell 3' (v3.1 Chemistry) (10x Genomics), Chromium Next GEM Chip G
Single Cell Kit (10x Genomics), and Single Index Kit T Set A (10x Genomics) according to the manufacturer’s instructions. Paired-end
sequencing was done using lllumina Novaseq 6000.

For ATAC-seq, cell pellets were resuspended in lysis buffer, pelleted, and tagmented using the enzyme and buffer provided in the Nextera
Library Prep Kit (Illumina). Tagmented DNA was then purified using the MinElute PCR purification kit (Qiagen), amplified with 10 cycles of PCR,
and purified using Agencourt AMPure SPRI beads (Beckman Coulter). Resulting material was quantified using the KAPA Library Quantification
Kit for lllumina platforms (KAPA Biosystems) and sequenced with PE42 sequencing on the NovaSeq 6000 sequencer (Illumina).

For metabolomics on primary cells, cells were cultured overnight in mouse organoid media containing [U-13C]glucose (Cambridge Isotope
Laboratories). Prior to metabolite extraction, tracer-containing media was aspirated and cells were washed with cold 150mM ammonium
acetate pH 7.3. Metabolite extractions were performed by adding 500 pL cold 80% methanol to each well and removing cells using a cell
scrapper. The cell suspension was transferred to an Eppendorf tube and 10 uL 1mM norvaline (Sigma) was added as an internal standard.
Each sample was vortexed for 30 seconds and centrifuged at 17000g for 5 minutes at 1°C. 420 uL of the supernatant was transferred to an
ABC vial (Fisher Scientific) and evaporated using an EZ-2Elite evaporator (Genevac). Samples were stored at -80°C prior to analysis. The LC
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Data analysis

separation utilizing an lon Chromatography System (ICS) 5000 (Thermo Scientific) was performed on a Dionex lonPac AS11-HC-4um anion
exchange column. The gradient was 5-95 mM KOH over 13 minutes, followed by 5 minutes at 95mM, before re-equilibration to 5mM. Other
LC parameters: flow rate 350 pl/min, column temperature 35°C, injection volume 5 pL. The Q Exactive mass spectrometer (Thermo Scientific)
was operated in negative ion mode for detection of metabolites using a resolution of 70,000 at m/z 200 and a scan range of 70-900 m/z.For
metabolomics on organoids, For glucose tracer analysis experiments, 17.5mM [U-13C]glucose (Cambridge Isotope Laboratories) was added to
glucose-free SILAC Advanced DMEM/F-12 Flex Media (Fisher Scientific). Arginine, lysine and alanine were also added back to the SILAC base
media at the same concentrations found in Advanced DMEM/F-12 (Fisher Scientific). Organoids were grown in mouse organoid media made
with the SILAC base media. For lactate tracer analysis experiments, organoids were cultured with 20mM [U-13C]Lactate (Cambridge Isotope
Laboratories, CLM-1579-0.5) for 24 hours prior to metabolite extraction. To extract metabolites, tracer-containing media was aspirated.
Organoids were repeatedly blasted with cold 150mM ammonium acetate pH 7.3 using a P-1000 pipette until the Matrigel ring was dislodged.
The suspension was transferred to an Eppendorf tube and centrifuged at 800g for 5 minutes at 1°C. The supernatant was aspirated and 500uL
cold 80% methanol was added to the organoid pellet. 10uL 1mM norvaline (Sigma) was added as an internal standard. Each sample was
vortexed for 30 seconds and centrifuged at 17000g for 5 minutes at 1°C. 420ul of the supernatant was transferred to an ABC vial (Fisher
Scientific) and evaporated using an EZ-2Elite evaporator (Genevac). Samples were stored at -80°C prior to analysis. Dried metabolites were
resuspended in 50% ACN:water and 1/10th was loaded onto a Luna 3um NH2 100A (150 x 2.0 mm) column (Phenomenex). The
chromatographic separation was performed on a Vanquish Flex (Thermo Scientific) with mobile phases A (5 mM NH4AcO pH 9.9) and B (ACN)
and a flow rate of 200 pL/minute. A linear gradient from 15% A to 95% A over 18 minutes was followed by 9 minutes isocratic flow at 95% A
and reequilibration to 15% A. Metabolites were detection with a Thermo Scientific Q Exactive mass spectrometer run with polarity switching
(+3.5 kV/- 3.5 kV) in full scan mode with an m/z range of 70-975 and 70.000 resolution. The LC separation utilizing an lon Chromatography
System (ICS) 5000 (Thermo Scientific) was performed on a Dionex lonPac AS11-HC-4um anion exchange column. The gradient was 5-95 mM
KOH over 13 minutes, followed by 5 minutes at 95mM, before re-equilibration to 5mM. Other LC parameters: flow rate 350 pl/min, column
temperature 35°C, injection volume 5 plL. The Q Exactive mass spectrometer (Thermo Scientific) was operated in negative ion mode for
detection of metabolites using a resolution of 70,000 at m/z 200 and a scan range of 70-900 m/z.

For western blot readouts, each sample was sonicated for 40 seconds at 20kHz with a sonic dismembrator (Fisher Scientific) to improve
membranous and nuclear protein yield. Samples were run on NUPAGE 4-12% Bis-Tris Gel (Invitrogen) and transferred onto PVDF membranes
(Millipore Sigma). Total protein was visualized using SYPRO RUBY protein blot stain (Fisher Scientific) and membranes were blocked in PBS +
0.1% Tween-20 (Fisher Scientific) + 5% milk (Fisher Scientific). Proteins were probed with primary antibodies followed by chromophore-
conjugated anti-mouse (Invitrogen, A21235) or anti-rabbit secondary antibodies (Invitrogen, A21244) or HRP-conjugated anti-mouse (Thermo,
31430) or anti-rabbit secondary antibodies (Thermo, 31463) and detected by florescence or HRP chemiluminescence respectively. Samples
were acquired using the Invitrogen iBright FL1500 imaging system.

For immunofluorescence, organoids were fixed in 4% paraformaldehyde (PFA) in PBS for 15 minutes. After fixation, organoids were washed
with PBS three times. Organoids were then blocked in 2% donkey serum in 0.25% Triton X-100 for 1 hour. Organoids were washed once with
PBS and stained with anti-Cytokeratin 8 (Biolegend, 904804, 1:500) antibody and anti-p63 (Biolegend, 619002, 1:500) antibody in 0.5% BSA
0.25% Triton X-100 at 4°C overnight. Organoids were then washed with PBS three times, with the last wash lasting six hours. Secondary
antibody staining was performed overnight at 4°C using goat anti-rabbit IgG-AlexaFluor647 (1:1000) and goat anti-mouse 1gG-AlexaFluor488
(1:1000) in 0.5% BSA 0.25% Triton X-100 with one drop of NucBlue. Organoids were washed with PBS three times and placed in PBS + 0.1%
Tween-20 until imaging on a confocal microscope.

Flow cytometry was performed using a BD LSRFortessa and BD FACS Canto with FACSDiva software (8.0.2). Dissociated cells from mouse
prostate organoids were washed with PBS and fixed in 1mL of 2% paraformaldehyde made from 16% paraformaldehyde (Electron Microscopy
Sciences) in PBS for 15 minutes on ice. For experiments including EpCAM surface staining, cells were stained with EpCAM-APC/Cy7 (Abcam) in
RPMI 10% FBS 1% P/S + ROCK inhibitor for 15 minutes prior to fixation. Cells were then washed with PBS and permeabilized in 1 mL of
permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS) for 15 minutes at room temperature in the dark. Cells were
resuspended in 100 mL of permeabilization buffer and stained with rabbit anti-cytokeratin 5-Alexa Fluor 647 (Abcam) and rabbit anti-
cytokeratin 8-Alexa Fluor 488 (Abcam) for 20 minutes at room temperature in the dark. Cells were washed with permeabilization buffer and
resuspended in PBS for analysis.

For immunofluorescence, organoids were imaged on a Nikon Ti-E Fluorescence Motorized DIC Microscope (Nikon) with RCM1 confocal box
(Confocal.nl) using Nikon NIS Elements Imaging Software and Nikon CFl Apo LWD Lambda S 20XC WI objective, material number MRD77200.

For Bulk RNA sequencing, data quality check was done on Illumina SAV. Demultiplexing was performed with Illumina Bcl2fastq v2.19.1.403
software. The reads were mapped by STAR 2.7.9a and read counts per gene were quantified using the mouse Ensembl GRCm39.105 GTF file.
In Partek Flow v7.0, read counts were normalized by CPM 1.0 x 10-4. All results of differential expression analysis utilized the statistical
analysis tool, DESeq2 (v1.40.2). KEGG pathway analysis was performed using DAVID Bioinformatics. GSEA was performed using GSEA_4.0.3
software. For significance testing relevant to Extended Data Figure 8: To measure the RNA abundance, RNA-seq reads were trimmed using
fastp (v0.20.1) with default parameters, then mapped to the mouse Ensembl GRCm38-EBI102 using STAR (v2.7.10a). STAR alignment was
carried out using default settings with an additional argument to include the minimum length of 10 bp for chimeric junction segment. Aligned
reads were quantified using rsem-calculate-expression program (v1.3.3) for TPM calculation with default settings. We also performed read
level quality control metrics using FastQC (v0.11.8).

To test the combination effect of UK5099 and Butyrate, we constructed the following two-factor, two-level linear model:
Y~a_ O+a_1-UK5099 +a_2 - Butyrate + a_3 - UK5099:Butyrate

Here, Y refers to the abundance level of a gene, which is log2 transformation of TPM values; a_0 refers to the basal abundance level of that
gene; UK5099 indicates “UK5099-dependent, Butyrate-independent” abundance changes; Butyrate indicates “Butyrate-dependent, UK5099-
independent” abundance changes; UK5099-Butyrate captures “UK5099-dependent, Butyrate-dependent” abundance changes.

We used R package limma (v3.17) in R (v4.2.2) to fit each gene in the RNA sequencing to the model. The model was adjusted using empirical
Bayes moderation for standard error, and the false discovery rate (FDR) was controlled using the Benjamini-Hochberg method. Genes
exhibiting significant changes were identified based on the adjusted p-value < 0.01 and |log2(Coefficient)| > 1 threshold. Venn diagrams
representing the overall and directional effects were generated using the VennDiagram package in R (v1.7.3). The hierarchical clustering
heatmap of gene TPM was constructed using R package BoutrosLab.plotting.general (v7.0.8).
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Functional enrichment analysis: For genes with differential mRNA abundance calculated based on the coefficient from the general linear
model, we ranked the genes according to their log2(Coefficient) from high to low. Gene set enrichment analysis was then performed using the
R package clusterProfiler (v3.17). Gene ontology enrichment analysis was conducted for both up-regulated genes (log2(Coefficient) > 1, -
log10(FDR) > 1) and down-regulated genes (log2(Coefficient) < -1, -log10(FDR) > 1) using R package clusterProfiler (v3.17). The results of both
GSEA and GO enrichment analyses were visualized using the BoutrosLab.plotting.general (v7.0.8).

For single cell RNA sequencing, basecalling was done using lllumina Casava (v1.7) software. CellRanger (v5.1) count was used to create an RNA
abundance matrix and samples were loaded into the Seurat (v3.2.2) R package. DoubletDcon (v1.1.2) was used to remove potential doublets.
Additionally, cells were filtered based on the number of genes (>250), unique molecular identifiers (UMIs; >500) and percent of mitochondrial
genes (<20%). After quality control, log2 normalization was performed within each sample using NormalizeData function with default
parameters. The top 2,000 variable genes were selected using FindVariableFeatures. The two samples were integrated together with
FindIntegrationAnchors and IntegrateData functions which incorporate canonical correlation analysis to align cells with similar transcriptomic
patterns across samples. Principal component analysis (PCA) was performed after the integration. The top 20 PCs were used to construct the
k-nearest neighbor graph, followed by Louvain algorithm to cluster cells based on similar gene expression patterns. Cell clusters were
visualized using t-distributed stochastic neighbor embedding (tSNE). After, markers for each cluster were determined using FindAllMarkers
with average log2 fold change > 0.25 and minimum percent difference > 0.25. Cell types were determined by comparing canonical markers
with cluster-specific markers. After cell type identification, cell type proportions were calculated with the number of cells in each cell type
divided by the total number of cells in each sample. To see the effect of UK5099 in the luminal cluster, DotPlot in Seurat was used to visualize
the expression of luminal markers, basal markers, glycolytic enzymes, lipid metabolism genes, and inflammatory signaling genes.
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Metabolomics data were extracted using Tracefinder 3.1 and 4.1 (Thermo Scientific). Metabolites were identified based on accurate mass (+5
ppm) and previously established retention times of pure standards. For labeled datasets, relative amounts of metabolites were calculated by
summing up the values for all isotopologues of a given metabolite. Metabolite Isotopologue Distributions were corrected for natural C13
abundance.

Principal component analysis was processed using the NumPy (v1.22.4), pandas (v1.4.2), and scikit-learn (v1.0.2) libraries and visualized using
the Matplotlib library (v3.5.1). The code used to generate the PCA plots can be accessed at https://github.com/Nick-Nunley/Metabolism-and-
lineage-PCA.git

For ATAC-seq, Reads were aligned using the BWA algorithm (v0.7.12; mem mode; default settings). Peaks were identified using the MACS
2.1.0 algorithm. Signal maps and peak locations were used as input data to Active Motif's proprietary analysis program. For differential
analysis, reads were counted in all merged peak regions (using Subread), and the replicates for each condition were compared using DESeq2
(v1.24.0). HOMER motif analysis (findMotifsGenome.pl) identifies motifs that are enriched across all sequences.

Prism v8.3.0 (GraphPad) was used to generate graphs and perform statistical analyses.

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.

Data

Policy information about availability of data
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

Bulk RNA-seq, scRNA-seq and ATAC-seq data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession
codes GSE221023, GSE222786, GSE236573, GSE206555 and GSE221442. Previously published RNA-seq data that were re-analyzed here are available under
accession codes GSE122367 and GSE67070. The SMMU, Beltran et al., and TCGA datasets were accessed on cBioPortal (https://www.cbioportal.org/). Ensembl
database were accessed from http://useast.ensembl.org/Mus_musculus/Info/Index. An interactive scRNA-seq tSNE plot is available at: https://
singlecell.broadinstitute.org/single_cell/study/SCP1234/prostate-organoid-vehicle-uk5099. All other data supporting the findings of this study are available from the
corresponding author on reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender MDA-PCa 183-A was derived from a 58-year-old male. MDA-PCa 203-A was derived from a 58-year-old male.

Population characteristics Not applicable

Recruitment Written informed consent was obtained from patients before sample acquisition. Patients were not compensated, and they
cannot be identified from data provided in this manuscript.
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Ethics oversight All samples were processed according to a protocol approved by the Institutional Review Board of the University of Texas MD
Anderson Cancer Center. The studies were conducted in accordance with the Belmont Report and the US Common Rule.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Sample size was not pre-determined in this study but our sample sizes are similar to those reported in previous publications (Crowell et al,
2019). Each experiment included at least 2-3 technical and/or biological replicates, consistent with the standard for publications in our field.
Statistical tests were used to confirm that sample sizes were sufficient to support conclusions in this study. Results confirmed small variability
and a high degree of reproducibility between samples and independent experiments.
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Data exclusions  No data were excluded from the analyses in this study.
Replication Biological replicates were performed three times and confirmed the reproducibility of all experiments described in the manuscript.

Randomization  For animal treatment experiments, mice were divided randomly into cages. For in vitro experiments, samples were not randomized as this
was not relevant for the individual assays.

Blinding Blinding was not performed because the researchers performing experiments were also collecting data. When possible, blinded researchers
measured organoid number and size to reduce potential 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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq

Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data
X Dual use research of concern
Antibodies
Antibodies used Flow cytometry: rat anti-CD49f-PE (BioLegend 313612, 1:100), rat anti-CD326 (EpCAM)-APC (BioLegend 324207, 1:100), rat anti-

CD31-FITC (BioLegend 102405, 1:100), rat anti-CD45-FITC (BioLegend 103108, 1:100), rat anti-Ter119-FITC (BioLegend 116205,
1:100) and rat anti-ESAM-FITC (BioLegend 136205, 1:100).

Intracellular flow cytometry: rabbit anti-cytokeratin 5-Alexa Fluor 647 (Abcam Ab193895, 1:100) and rabbit anti-cytokeratin 8-Alexa
Fluor 488 (Abcam Ab192467, 1:100).

Western blotting: Proteins were probed with primary antibodies followed by chromophore-conjugated anti-mouse (Invitrogen
A21235, 1:1000) or anti-rabbit secondary antibodies (Invitrogen A21244, 1:1000) or HRP-conjugated anti-mouse (Thermo 31430,
1:10000) or anti-rabbit secondary antibodies (Thermo 31463, 1:10000) and detected by florescence or HRP chemiluminescence
respectively. Primary antibodies used were anti-Cytokeratin 5 (Biolegend 905504, 1:3000), anti-Probasin (Santa Cruz sc-393830,
1:1000), anti-Glut1 (Abcam ab115730, 1:10,000), anti-Glut3 (Abcam ab191071, 1:1000), anti-Hexokinase 2 (Cell Signaling 28675,
1:1000), anti- Phosphofructokinase (Abcam ab204131, 1:5000), anti-Pyruvate carboxylase (Abcam ab128952, 1:1000), anti- Pyruvate
dehydrogenase E1 component subunit alpha (Proteintech 18068-1-AP, 1:1000), anti-Aconitase 2 (Abcam ab110321, 1:1000), anti-
Histone H3 (Cell Signaling 97175, 1:1000), anti-Cytokeratin 8 (Biolegend 904804, 1:1000), anti-p63 (Biolegend 619002, 1:1000), anti-
beta Actin (Fisher MA1-140, 1:15000), anti-Proliferating cell nuclear antigen (Fisher 13-3900, 1:1000), anti-Androgen receptor
(Abcam ab133273, 1:1000), anti-Mitochondrial pyruvate carrier 1 (Cell Signaling 14462, 1:1000), anti-Ki-67 (Abcam ab15580,
1:1000), anti-cleaved caspase-3 (Cell Signaling 9661L, 1:500), anti-Cytokeratin 18 (Fisher MA5-12104, 1:100), anti-Vinculin (Abcam
Ab129002, 1:1000), anti-Phosphatase and tensin homolog (Cell Signaling 9559, 1:1000), anti-Retinoblastoma protein 1 (Abcam
ab181616, 1:1000), anti-Acetyl-histone H3 (Lys9) (Cell Signaling 9649, 1:1000), anti-Pan-acetyl histone H3 (Active Motif 61637,




Validation

1:1000), anti-Histone H4 (Abcam ab10158, 1:1000), anti-Pan-acetyl histone H4 (Abcam ab177790, 1:1000), anti-prostate-specific
antigen (Cell Signaling 5877, 1:1000), anti-neuron-specific enolase (Proteintech 66150-1-Ig, 1:3000), anti-synaptophysin (Cell
Signaling 5461, 1:1000), anti-Sox2 (Cell Signaling 14962, 1:1000).

For immunofluorescence: Primary antibodies mouse anti-Cytokeratin 8 (Biolegend 904804, 1:500) antibody and rabbit anti-p63
(Biolegend 619002, 1:500). Secondary antibodies goat anti-rabbit IgG-AlexaFluor647 (1:1000) and goat anti-mouse IgG-
AlexaFluor488 (1:1000).

All antibodies used in this study were purchased from commercial vendors who had validated specificity in human tissues/cells for
the specific assays (flow cytometry, western blot, immunofluorescence).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

For prostate cancer cell lines used in functional studies: 16D cells were received from Dr. Amina Zoubeidi. LuCaP35 cells were
received from Dr. Eva Corey and Dr. Peter Nelson. LAPC4 cells were received from Dr. Rob Reiter. HEK293T cells were
obtained from ATCC and used only to validate Cre activity, but were not used in any functional experiments.

None of the prostate cancer cell lines were authenticated because they are not commercially available.

Mycoplasma contamination Cell lines were routinely tested for mycoplasma and authentication by short tandem repeat analysis (Laragen).

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Animals were housed under the care of the Division of Laboratory Animal Medicine at the University of California, Los Angeles, using
protocols approved by the Animal Research Committee (ARC #2017-020). All mice are housed under 12h:12h light—dark cycle, with
room temperature maintained at 73°F and relative humidity level of 30-70%. Mouse cages include clean bedding and enrichment
materials consistent with Institutional Animal Care and Use Committee regulations. Prostates from 8-12 week old male C57BL/6J
mice from Jackson Laboratories were used for primary basal and luminal cell experiments. Prostates used for isolation of multipotent
basal cells and basal-derived luminal cells were collected from CD1 mice purchased from the Jackson Laboratory. The experimental
mice used were males of mixed background and at P10-P12 age. Mpc1 floxed mice were male, 2-12 months of age, and of mixed
C57BI/6N and C57BI/6J genetic background. Pten floxed and Pten;Rb1 floxed mice were male, aged 2-12 months, and of mixed
C57BL/6:129/Sv:FVB genetic background. PDX was grown in male 2-12 month old NOD-scid-IL2R-gamma-null mice.

This study does not involve wild animals
All mice were male as prostate cancer only occurs in males and only male mice have prostate tissue.
This study does not involve field-collected samples

All experiments, including animal studies, were conducted in compliance with federal and state government guidelines and followed
approved protocols by the Institutional Biosafety Committee and the Institutional Animal Care and Use Committee at the University
of California, Los Angeles.

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

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome 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).

IZ All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Mouse prostate tissues were dissociated to single cells, stained with directly conjugated primary antibodies: rat anti-CD49f-
PE (BioLegend), rat anti-CD326 (EpCAM)-APC (BioLegend), rat anti-CD31-FITC (BioLegend), rat anti-CD45-FITC (BioLegend),
rat anti-Ter119-FITC (BioLegend) and rat anti-ESAM-FITC (BioLegend) for 20 minutes on ice. Cells were stained in media
containing RPMI 1640 (Gibco), 10% FBS (Corning), 1x penicillin-streptomycin (Gibco), and 10uM of the p160ROCK inhibitor
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Instrument

Software

Cell population abundance

Gating strategy

Y-27632 dihydrochloride (Tocris Bioscience). For intracellular flow cytometry on organoids, Organoids were removed from
Matrigel by incubating in Advanced DMEM/F-12 (Gibco) containing 1 mg/mL dispase (Gibco) and 10uM of the p160ROCK
inhibitor Y-27632 dihydrochloride (Tocris Biosciences) for 1 hour at 37°C. After centrifugation at 800g for 5 minutes, the
pellet was washed with 1x phosphate buffered saline (PBS). Organoids were resuspended in 800 pL 0.05% Trypsin-EDTA
(Gibco) and incubated at 37°C for 5 minutes. The Trypsin was quenched with 200 uL RPMI 10% FBS 1% P/S +RI and organoids
were pipetted up and down ten times to dissociate to single cells and passed through a 100um cell strainer (Corning).
Dissociated cells from mouse prostate organoids were washed with PBS and fixed in 1mL of 2% paraformaldehyde made
from 16% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 minutes on ice. Cells were washed with PBS and
permeabilized in 1 mL of permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS) for 15 minutes at
room temperature in the dark. Cells were resuspended in 100 mL of permeabilization buffer and stained with rabbit anti-
cytokeratin 5-Alexa Fluor 647 (Abcam) and rabbit anti-cytokeratin 8-Alexa Fluor 488 (Abcam) for 20 minutes at room
temperature in the dark. Cells were washed with permeabilization buffer and resuspended in PBS for analysis on a BD FACS
Canto (BD Biosciences). For apoptosis analysis, Cell culture media and wash media were collected and pooled with quenched
trypsin-containing media containing cells and apoptosis analysis was performed using an apoptosis detection kit (BioLegend,
640922) according to manufacturer instructions. Flow cytometry was performed to quantify the percentage of annexin V-, 7-
AAD- cells. For EdU labeling assay, cells were seeded at 30 percent confluence and cultured in 6-well dishes for 72 hours prior
to cell cycle analysis. Media changes were performed 48 hours after plating. After 72 hours of culture, cell cycle analysis was
performed using a 5-ethynyl-2’-deoxyuridine-based (EdU) kit (Thermo Fisher Scientific, C10635) according to the specified
protocol. EdU labeling was performed for 2 hours. For experiments that contained small molecule inhibitors, fresh inhibitor(s)
were adding during each media change. Flow cytometry analysis identified the percentage of EdU-positive.

Analysis was performed using a BD LSRFortessa and BD FACS Canto. Sorting was performed on a BD FACS Aria Il (BD
Biosciences).

FACSDiva software (8.0.2)

Post-sort purity was assessed routinely by re-running sorted samples and confirming greater than 95% purity of the specific
epithelial population.

Forward and side scatter were used to identify cells of interest and exclude debris. Doublets were excluded by analyzing the
remaining cells by forward scatter height and forward scatter width. Gates and compensation were set by first running
negative or single color controls.

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