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Abstract: Benign prostate hyperplasia and prostate cancer are common diseases that involve the overgrowth of 
prostatic tissue. Although their pathologies and symptoms differ, both diseases show aberrant activation of pros-
tate progenitor cell phenotypes in a tissue that should be relatively quiescent. This phenomenon prompts a need to 
better define the normal prostate progenitor cell phenotype and pursue the discovery of causal networks that could 
yield druggable targets to combat hyperplastic prostate diseases. We used single-cell (sc) RNA-Seq analysis to con-
firm the identity of a luminal progenitor cell population in both the hormonally intact and castrated mouse prostate. 
Using marker genes from our scRNA-Seq analysis, we identified factors necessary for the regeneration phenotype 
of prostate organoids derived from mice and humans in vitro. These data outline potential factors necessary for 
prostate regeneration and utilization of scRNA-Seq approaches for the identification of pharmacologic strategies 
targeting critical cell populations that drive prostate disease.
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Introduction

The prostate is an accessory sex organ located 
beneath the bladder that is responsible for 
secreting prostatic fluid [1-3]. This organ has a 
high rate of neoplastic and hyperplastic dis-
ease, with prostate cancer being among the 
most common cancers in men, and benign 
prostate hyperplasia (BPH) affecting a majority 
of men over the age of 60 [4-6]. One mecha-
nism proposed to underlie this high rate of 
prostatic disease is aberrant prostate epithe- 
lial progenitor activity [7-9]. However, our knowl-
edge of these epithelial progenitors remains 
limited. Better understanding these cells, par-
ticularly both their biomarkers and the path-
ways necessary for their regenerative pheno-
type, may provide significant insight and phar- 
macologic strategies to target the initiation and 
progression of prostate disease. 

Mice provide a tractable model system for 
studying prostate epithelial progenitors due to 

their capacity for hormone-dependent rege- 
neration. After castration, the mouse prostate 
undergoes a wave of apoptosis, shrinking to 
approximately one-tenth its original size [10-
13]. Reintroduction of androgen, often through 
surgical implantation of a testosterone pellet, 
regenerates the prostate and recapitulates its 
original ductal architecture and secretory func-
tion [10, 11]. This hormonal modulation of pro-
genitor cell regenerative activity allows direct 
investigation of cells in the prostate epithelium 
that possess the capacity for glandular regen-
eration, enabling identification of optimal fac-
tors for targeted treatment. Using this model, 
researchers have found that mouse prostate 
regeneration is partially dependent upon the 
regenerative activity of cells located proximal to 
the urethral ducts and referred to as prostate 
epithelial progenitor cells [14]. Originally th- 
ought to only belong to the basal epithelial lin-
eage, cells demonstrating regenerative capaci-
ty in vivo also have been reported in the luminal 
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compartment of the prostate epithelium [7]. A 
rare subset of luminal epithelial cells also is bi-
potent when cultured as organoids in vitro [14]. 
Additionally, single-cell transcriptomics have 
identified numerous biomarkers for the luminal 
progenitor cell (LPC) population [15, 16]. 

Similar single-cell transcriptomic approaches 
can enable identifying candidate pathways and 
factors necessary for the regenerative pheno-
type in an unbiased way. Here, we used single-
cell RNA-sequencing (scRNA-Seq) data to ana-
lyze the intact and castrate prostate, quantify- 
ing the change in biomarkers after loss of 
androgen as well as identifying candidate path-
ways for progenitor cell ablation. These candi-
date pathways were chemically perturbed using 
in vitro organoid cultures of cells derived from 
mice as well as human patients to determine 
the necessity of these signaling pathways for 
regeneration and growth. These data provide 
new information on the behavior of prostate 
progenitor cells as well as unique candidates 
for future therapeutic targeting of prostate pro-
genitor cells in disease states. 

Methods

Single-cell RNA-Seq analyses of mouse pros-
tate tissue

Acquisition and analyses of all animal tissues 
were conducted in accordance with institution-
al guidelines and an IACUC-approved protocol. 
C57Bl6 mice were obtained from Harlan/Envigo 
(Indianapolis, IN) and castrated according to 
institutional guidelines at 8 weeks of age. A 
cohort of castrated mice was subcutaneously 
implanted with a 1.0-cm silastic implant pack- 
ed with powdered testosterone (Steraloids, 
Newport, RI) and sealed with silicone adhesive, 
providing a “hormone normal” condition [17]. 
Another cohort of mice were left without a tes-
tosterone implant, providing a “castrate” con- 
dition. After 3 weeks, mice were euthanized 
according to institutional guidelines before 
prostate removal and dissection. 

Dissected prostate lobes were dissociated en- 
zymatically using type I collagenase (Sigma-
Aldrich, St. Louis, MO) and dispase (STEMCELL 
Technologies, Vancouver, Canada). The result-
ing single-cell solution was counted using a  
cellometer (Nexcelom, Lawrence, MA). Using a 
threshold of 70% cell viability, viable samples 

were processed using our previously reported 
10X 3’ scRNA-Seq V2 protocol [18]. Briefly, 
cells were separated into individual microfluidic 
droplets along with an oligonucleotide-covered 
gel bead using the 10X Chromium Controller 
(10X Genomics, Pleasanton, CA). Cells were 
lysed in the presence of their respective beads 
to capture their transcripts. Captured tran-
scripts were converted to cDNA and eventually 
into an Illumina-compatible sequencing library 
according to the 10X protocol. The resulting 
library was sequenced at the University of 
Illinois at Urbana-Champaign on an Illumina 
NovaSeq (Illumina, San Diego, CA) at 100-bp 
paired-end read depth. Reads were aligned to 
the mm10 annotated reference genome using 
CellRanger v3.0.1 (10X Genomics). Quality con-
trol and clustering were performed in the R 
Package Seurat (Satija Lab, New York, NY) [19]. 
Downstream pathway analysis was performed 
with Ingenuity Pathway Analysis (IPA) (Qiagen, 
Hilden, Germany). 

Mouse and human organoid culture and 
colony forming unit assays

Prostates from three intact mice 8-12 weeks  
of age were enzymatically dissociated using 
type II collagenase (Sigma-Aldrich) and dispase 
(STEMCELL Technologies). The resulting single-
cell solution was re-suspended in 50% growth 
factor-reduced, phenol red-free Matrigel (Cor- 
ning, Corning, NY) and plated in serum-free 
advanced DMEM (Thermo Fisher Scientific, 
Waltham, MA) containing A83-01 (A.G. Scien- 
tific, San Diego, CA), y-27632 (STEMCELL Te- 
chnologies), R-Spondin (Peprotech, Rocky Hill, 
NJ), and Noggin (Peprotech, Rocky Hill, NJ) at 
previously published concentrations [20]. Mo- 
use organoids were plated into six technical 
replicates per treatment condition for each bio-
logical replicate. Small molecule inhibitors were 
administered upon plating of the organoids, 
and treatment proceeded for 72 h before imag-
ing wells on a Keyence BZ-X800 microscope 
(Keyence, Osaka, Japan). Wells were imaged at 
4x magnification, acquiring a 3D Z-stack of the 
entire well. Max projection images were creat-
ed from the Z-stacks, allowing viewing of all 
organoids in one 2D image. Stitched images 
were counted using the automated cell count-
ing function in the Keyence Image Analysis soft-
ware. To ensure counting of organoids spe- 
cifically and not individual cells or small cell 
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clumps, a perimeter size threshold of ≥ 200 µm 
was used for analysis. This threshold yielded 
counting results that most closely mirrored pre-
liminary hand-counted results, calibrating the 
software to the researcher’s definition of an 
organoid according to size and circularity. 
Organoid counts from individual wells were 
then divided by the total number of cells plated 
in that well, yielding a percentage of colony 
forming units (CFU) that could be used as a 
rough measurement of regenerative capacity. 
Percentage of CFU data were compared using a 
two-tailed student’s t-test with a significance 
threshold of t < 0.05. 

Human organoid culture was performed using  
a previously published protocol detailed in 
McCray et al. 2019 [18]. Briefly, biopsies 
obtained using IRB-approved guidelines from 
healthy regions of human prostates were dis-
sociated into single cells and cultured as 2D 
prostate epithelial cells before being trans-
ferred to 3D culture in 33% Matrigel and fed 
with KSFM media (Thermo Fisher Scientific). 
Human organoids were treated with drugs upon 
plating and imaged as previously described 
[18]. CFU were also determined and compar- 
ed between treatment conditions in the same 
manner as mouse organoid assays. 

Flow sorting and organoid culture of dissoci-
ated mouse prostates

Prostates from mice 8-12 weeks of age were 
dissociated using collagenase and dispase. 
The resulting single-cell solution was stained 
with conjugated antibodies targeting CD26 
(FITC) and TSPAN8 (PE) (Supplementary Table 
1). Samples were sorted on a MoFlo Astrios 
(Beckman Coulter Life Sciences, Indianapolis, 
IN) at the University of Illinois Chicago Flow 
Cytometry Core. The resulting sorted cells were 
re-suspended in 100% Matrigel and cultured 
similarly to our mouse organoid experiments 
detailed above. A higher percentage of Matrigel 
was used to improve initial survival for cells 
after the stress of flow sorting. Wells were 
imaged using the Keyence BZ-X800, and the 
number of organoids per well was divided by 
the number of cells plated initially to give a  
percentage of CFU for each sorted fraction. 
Statistical significance was determined using a 
two-tailed t-test. 

Imaging of mouse tissue sections and organ-
oids

Prostates from three castrated and hormone 
intact 11-week-old mice were dissected and 
cryoembedded in OCT (Sakura Finetek, Na- 
gano, Japan). Cryoembedded prostates were 
cut and placed on slides by the University of 
Illinois at Chicago Research Histology and 
Tissue Imaging Core. Sections were stained 
using primary and secondary antibodies at  
concentrations detailed in Supplementary 
Table 1. Stained slides were imaged on a 
Keyence BZ-X800 microscope. Images were 
analyzed using the accompanying Keyence 
Image Analysis software as well as FIJI. Images 
were adjusted for exposure and haze reduction 
using corresponding functions in the Keyence 
Image Analysis software and subsequently 
counted using a cell counting macro in FIJI. 
Three biological replicates were used for each 
staining, with four technical replicates within 
each biological replicate. Images provided in 
figures are representative of fluorescent stain-
ing observed in all biological replicates. 

Statistical analyses

Statistical analyses were performed in R. Sta- 
tistical tests for our scRNA-Seq dataset were 
performed using the Seurat add-on for R, and 
any reported p-values referring to scRNA-Seq 
expression are adjusted p-values that account 
for multiple sampling errors. These adjusted 
p-values are supplied by the program’s cluster-
ing algorithm, which is thoroughly explained by 
Butler et al. [21]. In our organoid drug treat-
ment experiments, conditions were compared 
to one another using a two-tailed student’s 
t-test with a threshold of P < 0.05. This analysis 
was performed using each of the six technical 
replicates as the dataset for the specific experi-
mental condition, and the analysis was per-
formed within each biological replicate for that 
particular drug experiment. Biological repli-
cates were not compared directly to one anoth-
er in an effort to avoid the confounding effects 
of stochastic differences in regenerative po- 
tential between individual replicates. A similar 
approach was undertaken with the human or- 
ganoid drug treatment conditions, with each 
drug treatment compared to the vehicle condi-
tion (DMSO alone) using a two-tailed t-test with 
a threshold of t < 0.05. 
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Figure 1. scRNA-Seq Uniform Manifold Approximation and Projection (UMAP) with Identified Cell Populations. A. 
UMAP for intact prostate depicting identified populations. B. UMAP for castrate prostate depicting identified popula-
tions.

Results

scRNA-Seq analyses of castrate and intact 
mouse prostates

We investigated unique cell populations of the 
mouse prostate to catalog their biomarkers 
and potential critical signaling pathways as well 
as to discern key changes to cellular composi-
tion and signaling during castration. We used 
single-cell RNA-Seq analysis of cells from both 
intact and castrate prostates of mice 8-12 
weeks of age (see Supplementary Table 2 for 
cell sample quality). Raw expression matrices 
from these data were run through a quality-
control workflow in Seurat, an R add-on used 
for dimensional reduction-based analysis of 
scRNA-Seq datasets [21]. Our quality-control 
workflow enabled removal from the dataset of 

cells with too few reads (indicating they were 
poorly captured), too many reads (indicating a 
doublet of two cells was captured), or > 10% of 
mitochondrial reads (indicating cells were dead 
or dying). This curated dataset was then sub-
jected to dimensional reduction analysis, pro-
ducing 17 clusters in the hormone intact condi-
tion and 18 clusters in the castrate condition. 
Due to the high level of diversity observed in 
our initial analysis, we performed a secondary 
supervised clustering step as well. This stage 
involved combining cryptically diverse clusters 
that have yet to be experimentally validated as 
well as clusters that are outside the research 
interests of this study, yielding supervised  
datasets consisting of 10 cell clusters in intact 
prostate (Figure 1A) and 9 cell clusters in cas-
trate prostate (Figure 1B).
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Figure 2. Expression Patterns Among Cell Populations in scRNA-Seq Data. A. Dotplot depicting expression of rel-
evant factors in the intact prostate condition. B. Dotplot depicting expression of relevant factors in the castrate 
prostate condition. C. Quantity of identified populations as a percentage of total plated cells in the intact prostate 
sample. D. Size of identified populations as a percentage of total plated cells in the castrate prostate sample.

In the intact condition, we identified a cluster  
of cells expressing statistically significant bio-
markers consistent with differentiated lumi- 
nal cells: cytokeratin 8 (Krt8), cytokeratin 18 
(Krt18), and prostate stem cell antigen (Psca) 
(Figure 2A). Differentiated luminal cells were 
61% of total cells in the intact prostate, consti-
tuting a majority of cells in the sample (Figures 
1A and 2C). In addition to differentiated lumi-
nal cells, we also identified a group of luminal 
cells expressing high Nkx3.1 as well as the nor-
mal luminal cell markers Krt8 and Krt18, which 
we designated as Nkx3.1Hi luminal cells. A pro-
liferating luminal cell population detected in 
the intact prostate expressed Ki67 as well as 
Krt8 and Krt18. Although the prostate is largely 
considered quiescent in the hormone normal 
state, there is a limited rate of epithelial turn-
over that could account for the observed pro- 
liferating luminal cell population [22]. Another 

cluster of cells were labeled as putative LPCs 
expressed Krt8 and Krt18 as well as putative 
progenitor cell markers, including SRY-box tran-
scription factor 2 (Sox2), tumor-associated cal-
cium signal-transducer 2 (Tacstd2, also referred 
to at Trop2), and prostate stem cell antigen 
(Psca) [23-25]. 

Three clusters were identified due to expres-
sion of stromal fibroblast markers. One cluster 
of cells expressing the stromal marker decorin 
(Dcn) as well as signaling ligand fibroblast 
growth factor 2 (Fgf2) was identified as Fgf sig-
naling fibroblasts (Figures 1A and 2A, 2C). 
Another signaling fibroblast cluster expressing 
Dcn as well as Wnt2 was referred to as Wnt sig-
naling fibroblasts. Both FGF and WNT signaling 
factors play a role in prostate development and 
epithelial regeneration [26-28]. Lastly, a group 
of cells expressing Dcn as well as Ki67 were 
identified as proliferating stromal cells. We also 
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identified a cluster of cells that expressed nu- 
merous immune cell markers, including Ccl6, a 
marker of T-cells. Endothelial cells also were 
present among the stromal populations identi-
fied in the intact condition, marked by expres-
sion of Cldn5. As a final cluster, basal epithelial 
cells were identified in the intact prostate, 
expressing Krt5, Krt14, and progenitor cell 
markers including Sox2 and Tacstd2. Other 
basal populations that were ostensibly more 
differentiated and did not express these pro-
genitor cell markers were not resolved within 
this dataset, likely owing to underrepresenta-
tion of the cell types after tissue digestion. 

Investigation of the castrate prostate identified 
numerous similar populations to those found  
in the intact prostate while also uncovering 
unique populations. Differentiated luminal cells 
were again identified, expressing Krt8, Krt18, 
and Pbsn (Figures 1B and 2B, 2D). The persis-
tence of differentiated luminal cells in the cas-
trate condition is interesting because these 
cells are considered androgen-dependent. Dif- 
ferentiated luminal cells are a much smaller 
percentage of total cells in the castrate pros-
tate (6.8%) compared to the intact prostate 
(61.1%), showing some adherence to predicted 
androgen dependence of these cells. The  
small population of surviving differentiated 
luminal cells in the castrate prostate may 
express a survival program that allows them to 
persist in the absence of androgen, although 
further experimentation is necessary to test 
this hypothesis. Nkx3.1Hi luminal cells also 
were identified in the castrate prostate, again 
expressing Krt8, Krt18, and Nkx3.1. An addi-
tional luminal population observed exclusively 
in the castrate condition expressed Krt8, 
Krt18, and Tacstd2. Interestingly, this popula-
tion did not significantly express the putative 
progenitor markers Psca and Sox2 that were 
observed in the LPC population in the intact 
condition. This led to identification of this clus-
ter as intermediate luminal cells, although their 
relationship to the LPC population requires fur-
ther investigation. 

LPCs also were identified in the castrate condi-
tion, once again expressing Krt8, Krt18, Sox2, 
Psca, and Tacstd2 (Figures 1B and 2B, 2D). 
Additionally, the proliferating luminal popula-
tion was notably absent from the castrate con-
dition, implying a lack of epithelial turnover in 
the absence of androgen signaling. Basal epi-

thelial cells were observed in the castrate pr- 
ostate, expressing Krt5, Krt14, Sox2, and 
Tacstd2 similar to the intact condition. Immune 
cells and endothelial cells also were observed 
in the castrate prostate, expressing markers 
similar to the intact condition. Signaling fibro-
blasts also were observed in the castrate con-
dition, including both Fgf signaling and Wnt  
signaling fibroblast populations. Importantly, 
however, the proliferating stromal population 
was absent from the castrate condition. The 
lack of proliferating luminal and stromal popu-
lations in the castrate condition implies that 
there was a lower rate of tissue turnover in the 
absence of androgen signaling. 

Identifying and defining LPCs 

LPCs are of particular interest given their role in 
both epithelial regeneration and disease inita-
tion [7, 15]. These cells are thought to contrib-
ute to disease initiation, yet there is little knowl-
edge of the mechanistic contributors to their 
specific phenotype [7, 9]. Our comparison of 
intact vs. castrate conditions enabled us to 
establish a marker profile for murine LPCs. This 
profile includes Krt8, Krt18, Psca, Tacstd2, and 
Sox2, as these factors are expressed by the 
LPC population in both intact and castrate hor-
mone conditions. These putative progenitor 
markers have been independently verified to 
enrich for progenitor cell phenotypes in the 
mouse prostate epithelium [23, 25, 29]. Al- 
though the LPC populations identified in the 
intact and castrate conditions shared numer-
ous similarities, they also had notable differ-
ences in expression patterns. Castrate LPCs 
expressed certain notable factors, including 
the morphogen sonic hedgehog (Shh) and a 
putative progenitor cell marker lymphocyte 
antigen 6 family member D (Ly6d). Further in- 
vestigation is required to understand the impli-
cations of these different expression patterns 
between host hormone states. Additionally, 
there was more than two-fold enrichment in the 
number of LPCs in the castrate condition (0.8%) 
compared to the intact condition (0.3%), in 
agreement with the observed enrichment of 
cells with a progenitor phenotype in the cas-
trate prostate (Figure 2B, 2D) [7, 16]. Overall, 
these data show that a suite of biomarkers cor-
responding to the LPC population can be identi-
fied using scRNA-Seq analysis, and that these 
cells can be discerned from more differentiated 
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luminal populations in both the castrate and 
intact conditions. 

Immunofluorescence and flow cytometry vali-
dation of LPC biomarkers

The LPC population is of particular interest in 
the field of prostate regeneration, specifically at 
the intersection of prostate regeneration and 
disease [7, 15]. Although these cells have been 
more clearly defined as experimental methods 
have become more precise, the mechanistic 
underpinnings and therapeutic vulnerabilities 
of these cells are not entirely understood. The 
similarities between the regenerative pheno-
type and the behaviors exhibited by cells in 
neoplastic and hyperplastic disease, along with 
cells of a luminal identity constituting the vast 
majority of cells in prostate cancer, makes 
understanding the signaling mechanisms that 
contribute to LPCs’ capacity for survival and 
regeneration an important clinical target. 

We thus validated our marker suite using immu-
nofluorescence microscopy and flow cytometry. 
Specifically, we were interested in validating 
expression patterns of the LPC population in 
intact and castrate conditions. This population 
is not only of interest due to a relative lack of 
study of its mechanistic underpinnings but also 
due to its possible role in prostate disease [7]. 
Immunofluorescence microscopy on cryo-em- 
bedded mouse prostates demonstrated over-
lap of Psca and Tspan8/Tacstd2, two signifi-
cant markers for the LPC population, in both 
intact and castrate conditions (Figure 3A).  
Flow cytometry targeting CD26+/Tspan8+ ce- 
lls showed the presence of candidate LPCs in 
the intact prostate at 0.5% of total live cells 
(Figure 3B). Although our flow cytometry app- 
roach yielded a higher percentage of LPCs in 
the dissociated prostate compared to our 
scRNA-Seq data, this may be due to lack of 
specificity in our gating approach; Tspan8 tran-
script expression may be an LPC marker ac- 
cording to our scRNA-Seq but also may mark a 
small population of cells other than LPCs. 
Future experimentation may require inclusion 
of additional markers in our flow cytometry 
panel to avoid impurities in sorted fractions 
and account for the differences between 
Tspan8 transcript and Tspan8 protein. Overall, 
these results validate the expression pattern of 

biomarkers identifying the LPC population in 
our scRNA-Seq dataset. 

Pathway analysis of candidate LPCs

We next wanted to understand the factors nec-
essary for the LPC phenotype in an effort to 
possibly perturb their regeneration. IPA was 
used to analyze gene lists generated from the 
LPC populations identified with scRNA-Seq 
from both intact and castrate conditions. The 
gene list was enriched for upregulation of gen- 
es associated with cell self-renewal (z-score = 
2.781), cell survival (z-score = 3.631), growth of 
organism (z-score = 2.738), colony formation 
(z-score = 2.13), and colony formation of cells 
(z-score = 2.31) (Figure 4A). De-enriched gene 
lists with a z-score less than -2 included con-
genital malformation of the urogenital system 
(z-score = -2.936), apoptosis of epithelial cells 
(z-score = -2.048), morbidity or mortality 
(z-score = -10.444), organismal death (z-score 
= -10.377), and apoptosis (z-score = -3.265). 
Additionally, upstream regulator analysis re- 
vealed a list of factors predicted to affect the 
LPC phenotype, including Yap1 (z-score = 
2.449), a transcription factor in the Hippo path-
way, as well as numerous upstream regulators 
of Bcl-2, a factor with anti-apoptotic activity 
(Supplementary Figure 1). Factors with an 
established role in regulating Bcl-2 that were 
identified by upstream analysis included posi-
tive regulators IL12 (z-score = 2.00), HIF1A 
(z-score = 2.027), ARNT (z-score = 2.156), 
MAPK9 (z-score = 3.020), and downregulation 
of negative regulator SATB1 (z-score = -2.121) 
(Supplementary Figure 1). Altogether, enrich-
ment of factors associated with functional out-
puts reinforces identification of the LPC cluster 
as well as possible mechanistic contributors for 
the maintenance of these progenitor cells. In 
particular, our analysis prioritized multiple fac-
tors, including Yap1, Bcl-2, p38 MAP kinase, 
Smo, Notch1, and negative control Nf-kB 
(Figure 4B). Preliminary testing using in vitro 
murine organoid models of these candidate 
factors narrowed our investigation down to 
Yap1, Bcl-2, p38 MAP kinase, and Nf-kB (data 
not shown). Although these factors have been 
investigated in some capacity in prostate can-
cer, investigation in the context of normal pros-
tate regeneration has been limited [30-33]. We 
therefore examined the necessity of these fac-
tors for the LPC regenerative phenotype.
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Small molecule inhibitors targeting LPC factors 
reduce the regenerative phenotype of mouse 
organoids

To both validate our IPA results and identify 
possible avenues to ablate the prostate’s re- 
generative phenotype, we tested small mole-
cule inhibitors targeting factors of interest 
using in vitro organoid culture. Mouse organ-
oids were plated at 1000 cells per well in the 

presence of drug and allowed to grow for 72 h 
before being imaged and counted. Treatment 
with CA3, a small molecule inhibitor targeting 
Yap1, significantly reduced organoid growth 
and regeneration as evidenced by a reduced 
percentage of CFU compared to controls (P = 
0.02, 0.004, 0.02 in biological replicates) 
(Figure 5A) [34]. These data implicate the 
Hippo signaling pathway in the regenerative 
phenotype of mouse progenitor cells in vitro. 

Figure 3. Immunofluorescence and Flow Cytometry 
Validation of Luminal Progenitor Cell Biomarker Ex-
pression. A. Immunofluorescence data including lu-
minal cells expressing Tspan8 and Psca (arrows) in 
mouse prostate tissues obtained from hormonally 
intact or castrated mice. B. Flow cytometry data for 
cells expressing both CD26 and Tspan8 from hor-
monally intact mouse prostate.
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Figure 4. Pathway Analysis of Luminal Progenitor Cell Expression Profile. A. 
Top five activated and top five deactivated diseases and functions accord-
ing to Z-score generated by Ingenuity Pathway Analysis (IPA). B. Prioritized 
pharmacologic targets in luminal progenitor cells. As a control for our bio-
informatic prioritization approach, we chose NF-kB, which was predicted to 
have low expression in luminal progenitor cells.

Inhibition of Bcl-2 using venetoclax also robust-
ly reduced organoid regeneration (P = 0.0004, 
0.002, 0.00005 in biological replicates) (Fi- 
gure 5B). This reduction in regenerative pheno-
type was mirrored in organoids treated with 
SB203580, an inhibitor of p38 MAPK, an 
upstream regulator of Bcl-2 (P = 0.03, 0.005, 
0.0008 in biological replicates) (Figure 5C) 
[35]. Due to the combination of predicted down-
regulation from IPA results as well as the role of 
NF-kB as a canonical activator of Bcl-2 expres-
sion, we used NF-kB as a negative control for 
our in vitro regeneration assay and bioinformat-
ic candidate approach [36]. As predicted, tre- 
atment with SC75741, an inhibitor targeting 
NF-KB, did not significantly reduce the regen-
erative phenotype of prostate cell organoids 

(Figure 5D). The lack of regen-
erative phenotype upon treat-
ment with SC75741 supports 
our candidate selection app- 
roach as capable of discerning 
critical pathways in LPCs. 

Targeting prioritized LPC 
regulators BCL-2 and HIPPO 
also ablates regeneration in 
human model systems

Finally, we wanted to investi-
gate whether these drug treat-
ments also ablated the pro-
genitor cell regeneration ph- 
enotype using human model 
systems. Cells from normal 
regions of human prostates 
were cultured as organoids as 
described by McCray et al. [18] 
Organoids were treated with 
venetoclax, SB203580, SC75- 
741, or CA3 to test the efficacy 
of these inhibitors to ablate 
human progenitor cell regen-
eration in vitro. Treatment with 
either CA3 (P = 2.3e-8) or 
venetoclax (P = 5.8e-5) signifi-
cantly reduced colony forma-
tion in vitro, similar to that 
observed in mouse organoids 
(Figure 6A, 6B). Treatment wi- 
th negative control SC75741 
did not significantly change co- 
lony formation, similar to the 
response observed in mouse 
organoids. Interestingly, treat-

ment with the p38 MAPK inhibitor SB203580 
also did not significantly change colony forma-
tion of human cells in vitro. This may be due to 
a differential requirement for p38 MAPK in the 
survival of human compared to mouse organ-
oids. The reduced regenerative phenotype also 
was mirrored in average organoid area, provid-
ing evidence that the proliferative activity of 
surviving progenitor cells also was reduced in 
the presence of CA3 (P = 4.8e-5) and veneto-
clax (P = 5.8e-5) in human organoids (Figure 
6C). 

Discussion

Here we used scRNA-Seq analysis and bioinfor-
matic prioritization to identify possible mecha-
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Figure 5. Inhibition of Candidate Factors Inhibits Mouse Prostate Regeneration In Vitro. Quantitation of results for 
colony forming assays in organoids treated with CA3 (A), venetoclax (B), SB203580 (C), or SC75741 (D). Data repre-
sent three sets of organoids from distinct murine hosts and six technical replicates of each set of mouse organoids. 
*P < 0.05.

nistic vulnerabilities to deplete luminal progeni-
tor cells and pharmacologically target prostate 
regeneration. We identified and validated the 
presence of LPCs in both the intact and cas-
trate hormone conditions as expressing the fol-
lowing biomarkers: Krt8, Krt18, Psca, Tacstd2, 
Sox2, and Tspan8. scRNA-Seq analysis identi-
fied an enrichment of total LPCs in the castrate 
prostrate, supporting their potential role in 
regeneration. Additionally, our scRNA-Seq anal-
ysis identified luminal diversity in the castrate 
condition that implies the appearance of inter-
mediate cell populations not present in the 
intact hormonal condition. Another unique lu- 
minal population was found to express Nkx3.1 
while not expressing other putative progenitor 
cell markers, providing evidence that Nkx3.1 
marks a population separate from LPC popula-
tions. Our method of leveraging gene lists gen-
erated by Seurat for candidate factors neces-

sary for the LPC phenotype implicated Bcl-2 
regulation of apoptosis and the YAP1/HIPPO 
signaling axis as key factors in maintaining 
LPCs. Additionally, further investigation of can-
didate factors upstream of Bcl-2 implies that 
the activation state of BCL-2 is more important 
than gene expression. The necessity of both 
BCL-2 and YAP1 for in vitro regeneration pheno-
types was validated in human-derived organ-
oids as well, yielding evidence that the effect of 
these factors upon prostate regeneration phe-
notypes is reproducible across different spe-
cies and culture conditions. 

Our scRNA-Seq analysis is in accordance with 
recently published scRNA-Seq analyses from 
other research groups. Crowell et al. observed 
an increased number of LPCs in the aging 
mouse prostate [15]. The genetic markers used 
in their analysis to denote LPCs significantly 
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Figure 6. Inhibition of BCL-2 and YAP1 successfully ablate human prostate regeneration in vitro. A. Representative 
images depicting wells of human prostate organoids treated with drugs at the specified doses. B. Colony-forming as-
say data comparing the regenerative phenotype of drug-treated human organoids to untreated and vehicle-treated 
controls. C. Measurements of average organoid area (in pixels), providing an orthogonal measurement of regenera-
tive response in drug-treated and control conditions. *P < 0.05.

overlap with the markers we used, including 
Tacstd2, Psca, and Krt6a [15]. Although Tspan8 
was not described as a genetic marker of pros-
tate LPCs in their study, this may be due to 
minor differences in analysis parameters. 
Additionally, the study reported expansion in 
the number of PSCA+ LPCs in the aging pro-
cess, mirroring our observation of expansion of 
the LPC population in the castrate prostate [4]. 
Both of these hormonal contexts are divergent 
from the hormone-normal environment of the 
healthy young mouse prostate and are marked 

by a decrease of androgen signaling [37, 38]. 
Further, Joseph et al. investigated the mouse 
prostate epithelium by probing specific loca-
tions in the prostate anatomy for a LPC signal. 
The study identified cells expressing a similar 
cadre of biomarkers to those outlined in our 
results, including Tacstd2, Psca, and Krt9 [24]. 
Joseph et al. also identified the location of LPCs 
as the proximal ducts next to the prostatic ure-
thra. Due to the similarity in biomarker profiles 
between our scRNA-Seq analysis and that of 
Joseph et al., it stands to reason that the LPCs 
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we identified are localized to the same region of 
the prostate anatomy. 

Finally, Karthaus et al. [16] also observed LPCs 
in their analysis, reporting similar markers to 
our analysis and Crowell et al. Additionally, 
Karthaus et al. acquired mouse samples from 
multiple time points during prostate involution 
post-castration and prostate regeneration af- 
ter reintroduction of androgen. These data indi-
cate an adaptation of stem-like gene expres-
sion phenotypes by the luminal cells surviving 
castration, regardless of their identity before 
castration [16]. This conclusion provides an 
explanation for our own observations, as we 
saw a significant increase in luminal cells 
expressing Tacstd2 and other stem markers in 
the castrate prostate. Karthaus et al. also were 
able to increase the organoid-forming potential 
of cells isolated from mouse prostates through 
the addition of FGF-10, ERG, and NRG to the 
culture media [16]. This approach is similar to 
the one we pursued in our analysis, although 
we tried to ablate cell regeneration in vitro with 
our additions to the organoid media. There is 
some evidence for overlap between the specific 
factors targeted in this paper and those target-
ed by Karthaus et al. For example, Fgf signaling 
induces a pro-survival effect in target cells and 
can directly upregulate expression of Bcl family 
member proteins including BCL-2 in certain 
contexts [39, 40]. Additionally, certain modali-
ties of YAP1 activity can lead to increased 
expression of FGF ligands [41]. Altogether, the- 
se data imply that our investigation and that of 
Karthaus et al. could be probing pieces of the 
same larger network of factors regulating the 
survival and regeneration phenotypes of pros-
tate epithelial cells. Further investigation is 
required to understand the full breadth of 
involved factors and identify specific contribu-
tors that are uniquely necessary for the pros-
tate progenitor phenotype. 

The drugs we used in our organoid studies have 
been employed to varying degrees in the pros-
tate context. To date, CA3 has not been used in 
preliminary studies to treat prostate disease, 
although the HIPPO pathway contributes to 
prostate cancer progression, and YAP1 contrib-
utes to cancer cell growth and invasion in vitro 
[33, 42]. Additionally, treatment of TRAMP can-
cer model mice with verteporfin, a different 
YAP1 inhibitor, significantly reduces cancer 
recurrence [43]. Overall, verteporfin is a more 

commonly used inhibitor of YAP1, but we used 
CA3 due to its higher specificity in targeting 
YAP1. Verteporfin has a much lower target affin-
ity for YAP1 compared to CA3, and we chose to 
use CA3 to avoid decoupling the possible off-
target effects of verteporfin from its effect on 
YAP1 [34]. Although research into YAP1’s role in 
prostate cancer has been extensive, little is 
known about its role in BPH. Identification of 
YAP1 as a possible necessary factor in the nor-
mal prostate regeneration phenotype warrants 
potential further investigation of YAP1 in the 
benign disease context. 

Modulation of MAPK signaling has shown prom-
ise as a treatment for prostate cancer (PCa), 
although these pathways have not been in- 
vestigated as deeply in the context of BPH. 
SC203580 has been tested in vitro on prostate 
cancer cells in monolayer culture, yielding a 
decrease in salinomycin-regulated autophagy 
in cells treated with LY294002 [44]. More 
broadly, p38 MAPK signaling has been of great 
interest in the field of prostate disease due to 
its known dysregulation in PCa as well as data 
implying possible tumorigenic and tumor sup-
pressor effects of this dysregulation in the PCa 
context [45]. As of now, this is the first study to 
test the effectiveness of SB203580 in ablating 
normal prostate organoid growth in vitro. Simi- 
larly, NF-kB also has been a target of interest in 
the field of prostate disease due to its role in 
the IL-6 signaling pathway and its observed 
activation in some prostate cancers [46-48]. 
SC75741 specifically has not been tested in  
the context of normal prostate regeneration or 
prostate disease, and in our experience was 
not effective in reducing organoid regeneration. 
The BCL-2 axis of apoptosis regulation has 
been studied extensively in the context of PCa, 
as this factor contributes to survival of castra-
tion-resistant PCa cells [30, 49]. Venetoclax 
has been used as a therapeutic drug for 
advanced PCa in mouse models and is current-
ly in clinical trials for human patients [50]. 
Although venetoclax shows promise as a can-
cer therapeutic, the role of BCL-2 in BPH and 
normal prostate regeneration warrants addi-
tional investigation. Thus, these data have the 
potential to help advance study of normal pros-
tate regeneration and also spur interest in test-
ing these factors as possible treatment targets 
in the context of benign disease and cancer 
prevention. 
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Although these data are promising, this study 
has several shortcomings. First, it is important 
to note that the inhibitors were not tested in 
combination, precluding analyses of the inter-
relatedness of factors as well as factors whose 
interactions have been validated in other con-
texts. Second, organoid culture is an in vitro 
facsimile of regeneration and not exactly the 
same as the physiological phenomenon. De- 
spite that the interplay of specific cell signals 
and interactions is impossible to perfectly 
mimic in vitro, the organoid context provides a 
method to induce and measure a regenerative 
response in vitro, and the organoid “tissue” 
produced in this context exhibits similar epi- 
thelial organization to prostate epithelial glands 
and can undergo involution in response to the 
removal of androgen similar to the physiologi-
cal prostate in vivo [51]. Thus, additional in vivo 
studies to evaluate the efficacy of our priori-
tized compounds on murine prostate growth 
and regeneration are warranted. 

Conclusion

Using scRNA-Seq data and unbiased pathway 
prioritization bioinformatics, we identified two 
pharmacologic targets that are necessary for 
prostate organoid regeneration using mouse 
and human model systems. Further, scRNA-
Seq analyses enabled specific targeting of LPC 
populations that have been implicated in pros-
tate disease initiation and tissue regeneration. 
Future studies investigating the specificity of 
such drugs against LPCs and prostate regener-
ation in vivo, along with additional mechanis- 
tic and drug discovery approaches, have the 
potential to identify new treatment modalities 
to prevent prostate cancer and target BPH. 
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Supplementary Table 1. Antibodies Used for Immunofluorescence and Flow Cytometry
TARGET PROTEIN Host Organism Manufacturer Dilution
CD26 Rat Biolegend (San Diego, CA) 1 ug/million cells
PSCA Rabbit Lifespan Biosciences (Seattle, WA) 1:100 (Tissue)

1:100 (Organoids)
TSPAN8 Rat R&D Biosystems (Minneapolis, MN) 1:50 (Tissue)

1:100 (Organoids)
TSPAN8 (PE-Conjugated) Rat R&D Biosystems 10 uL/million cells
KRT5 Chicken Biolegend 1:1000 (Tissue)

1:100 (Organoids)

Supplementary Table 2. Quality Control Metrics for Mouse Prostate Samples and scRNA-Seq Analyses
READOUT Intact Castrate
Viability at Collection 80.2% 74.2%
Sample Density 5.12e6 cells/mL 2.59e5 cells/mL
Average Features Per Cell 989.78 1401.37
Number of Principle Components 43 43
Modularity of Generated UMAP 0.8412 0.8902

Supplementary Figure 1. Upstream regulator analysis of luminal progenitor cells. Upstream regulator analysis iden-
tified candidate factors predicted to have an effect in luminal progenitor cell-specific pathways. Factors of interest in 
upstream analysis include YAP1 and upstream regulators of BCL-2 including IL12, HIF1A, ARNT, and MAPK9.


