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THESIS ABSTRACT 

 The human prostate is a significant source of disease burden for adult males. In 

the malignant context, prostate cancer is the most common non-cutaneous cancer in 

males. Benign prostatic hyperplasia is also common, affecting a majority of males over 

the age of 60. This high disease burden has been a focus of study for many years, but 

an answer to the ultimate question of what predisposes the prostate to such a high level 

of disease has eluded researchers. One possible explanation for the disease burden of 

the prostate may lie in the capacity of the prostate for hormone-dependent regeneration. 

This is a process by which the prostate shrinks in the absence of androgen signaling, 

and regenerates to its original size when androgen is reintroduced to the system. The 

study of hormone-dependent regeneration has allowed researchers to analyze the 

progenitor cell populations of the prostate. 

 In this thesis, single cell RNA-Seq approaches were used to investigate the 

progenitor cell populations of the prostate. First, I investigated cells harvested from 

monolayer and organoid culture conditions to better understand the progenitor 

populations present in these models and differences between the models overall. This 

yielded evidence that prostate progenitor cells expressing Keratin 13 were preserved in 

both monolayer and organoid conditions. This presence of prostate progenitor cells was 

validated using immunofluorescence microscopy targeting Keratin 13 protein. In 

comparing the single cell RNA-Seq data from the two culture conditions, we were able 

to observe an enrichment of proliferating populations in the monolayer sample and an 

enrichment of intermediate cells in the organoid sample. Further comparison of these in 

vitro samples with in vivo prostate data gathered by another lab provided evidence that 
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the in vitro samples were enriched for proliferating cells while the in vivo sample 

contained terminally differentiated cell populations that were not observed in vitro. 

These data provide an in-depth validation of the preservation of prostate progenitor cells 

in commonly used in vitro models, as well as providing insights into the different cell 

populations selected for in monolayer and organoid culture conditions respectively.  

 Application of single cell RNA-Seq approaches to in vivo mouse prostate led to 

the identification of a luminal progenitor cell population in both the intact and castrate 

mouse prostate. These cells expressed luminal keratins as well as multiple putative 

progenitor cell markers. The presence of luminal progenitor cells in the mouse prostate 

was also validated using both immunofluorescence microscopy and flow cytometry. 

Pathway analysis of the expression data from luminal progenitor cells allowed for the 

selection of candidate factors likely to contribute to the prostate progenitor cell 

phenotype. Small molecule inhibitor treatment targeting two of these factors, Yap1 and 

Bcl-2, caused a significant decrease in in vitro regeneration of organoids derived from 

both mouse and human cells. These results provide in-depth expression data for 

luminal progenitor cells and also identify factors necessary for the prostate progenitor 

cell phenotype. These factors can be leveraged to better understand luminal progenitor 

cells and possibly be used to treat prostate disease in the future.  
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CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

The Anatomy and Function of the Human and Mouse Prostate 

 The human prostate is a walnut-shaped organ present in the urogenital assembly 

of most mammals and is responsible for the secretion of prostatic fluid (C. H. Lee, Akin-

Olugbade, and Kirschenbaum 2011). This fluid, consisting mostly of nutrients like 

citrate, contributes to fertility by sustaining the survival of sperm cells within the 

ejaculate (C. H. Lee, Akin-Olugbade, and Kirschenbaum 2011). Internally, the prostate 

has a branching ductal architecture made up of numerous epithelial glands surrounded 

by a large stromal compartment (Cunha et al. 1987). These epithelial glands are made 

up of luminal epithelial cells responsible for the secretion of prostatic fluid as well as 

basal epithelial and neuroendocrine cells (Oliveira et al. 2016). The surrounding 

prostatic stroma contains a diverse population of cells, including endothelial cells, 

fibroblasts, immune cells, and smooth muscle cells that are responsible for the 

contraction of the prostate during ejaculation (Levesque and Nelson 2018).  

 The established histological guidelines of the prostate epithelium enable the 

reliable identification of cell types using validated protein markers. Luminal epithelial 

cells are marked by Keratin 8 (Krt8) and Keratin 18 (Krt18) as well as Prostate Specific 

Antigen (PSA) and Androgen Receptor (AR) (Ittmann 2018). In flow cytometry 

applications, luminal cells are often sorted using Cytodifferentiation Factor 24 (CD24) as 

well as Cytodifferentiation Factor 26 (CD26) (Karthaus et al. 2014; Crowell, Fox, et al. 

2019). The basal compartment of the prostate epithelium is marked by Keratin 5 (Krt5), 

Keratin 14 (Krt14), and Tumor Protein 63 (p63) (Ittmann 2018). The predominant flow 
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marker for basal cells is Cytodifferentiation Factor 49f (CD49f) (Choi et al. 2012). 

Neuroendocrine cells of the prostate are marked histologically by Chromogranin A 

(CHRA) and Synaptophysin (SYN) (Cohen et al. 1993; Di Sant’Agnese 1998). Although 

neuroendocrine cells are present in the prostate epithelium, it is important to note that 

little is known about their function in the prostate and that this thesis will contain very 

little discussion of the neuroendocrine cell population.  

 The murine prostate is a common model system used in prostate 

experimentation, especially in the study of hormone-dependent prostate regeneration. 

Importantly, there are some observable anatomical differences between the murine 

prostate and that of a human. Firstly, the murine prostate is separated into histologically 

distinct lobes, while the human prostate is a single continuous tissue divided into 

histological zones according to proximity to nearby organs (Fig. 1) (Ittmann 2018; 

Toivanen, Mohan, and Shen 2016). Second, the basal compartment of the murine 

epithelium is semi-continuous, while the human prostate epithelium contains a 

continuous basal layer (Ittmann 2018). Third, the luminal compartment of the murine 

prostate has been proven to be self-sustaining in regeneration studies, while the same 

behavior has yet to be observed in the human context (Choi et al. 2012; Moad et al. 

2017). This discrepancy between species may be due in part to the inability to apply 

hormone-dependent regenerative experimental approaches to human patients due to 

ethical constraints. 

 Aside from secretory activity, the prostate exhibits another scientifically 

interesting behavior through its capacity for hormone-dependent regeneration. In short, 

the prostate undergoes a wave of apoptosis in the absence of androgen signaling, 
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shrinking to approximately a tenth of its original size (Fig 2A) (Cunha et al. 1987; 

Sugimura, Cunha, and Donjacour 1986b). Upon the reintroduction of androgen 

signaling, the prostate can regenerate to its original size, recapitulating its original 

architecture and regaining its secretory function. This process is thought to be common 

among animals that engage in seasonal breeding, but it is important to note that 

humans and other animals that lack breeding seasons also have prostates capable of 

hormone-dependent regeneration (Li Xin et al. 2003). This process has been harnessed 

scientifically to create an experimental regimen that uses surgical castration in mice to 

initially remove androgen signaling and the subsequent subcutaneous implantation of a 

silane testosterone pellet to reintroduce androgen signaling and induce the regeneration 

of the involuted prostate. The testosterone pellet can be removed and re-implanted up 

to thirty times, with each oscillation of androgen signaling leading to a stereotyped 

regeneration response (Sugimura, Cunha, and Donjacour 1986b; Tsujimura et al. 

2002). This experimental approach to the study of hormone-dependent regeneration 

has been used successfully to identify numerous markers and behaviors of the stem 

and progenitor cell populations necessary for prostate regeneration.  

Benign and Malignant Prostate Disease 

Prostate disease is often classified in two broad categories: benign and 

malignant. Benign prostatic hyperplasia (BPH) is a condition in which the prostate 

increases significantly in size in adult men (Ramsey 2000; Aaron, Franco, and Hayward 

2016). BPH is a common disease, with a majority of men over the age of 50 diagnosed 
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Fig. 1: Rough Anatomy of the Human and Mouse Prostate. A. Drawing depicting the 

human prostate (Toivanen and Shen 2017). The organ is continuous and subdivided 

into histological zones, with the Transition Zone closest to the bladder, the Peripheral 

Zone furthest away from the bladder, and the Central Zone located between the 

Transition Zone and Peripheral Zone. B. A drawing depicting the mouse prostate. The 

mouse prostate consists of distinct histological lobes (Anterior, Ventral, Dorsal, and 

Lateral), marked in dark grey in the image (Toivanen and Shen 2017).  
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(Lim 2017; Ramsey 2000; Wei, Calhoun, and Jacobsen 2005; Black et al. 2006). This 

prostatic growth eventually impinges on the prostatic urethra, leading to Lower Urinary 

Tract Symptoms (LUTS) including reduced bladder voiding, frequent urination, and 

painful urination (Lepor 2005). Pathologically, BPH can exhibit a clear phenotype in 

which epithelial cells “stack” on top of themselves, producing crowded glands that 

expand the tissue (Aaron, Franco, and Hayward 2016). Other pathologies of BPH exist, 

including stromal varieties, but this thesis will focus on epithelial hyperplasia of the 

prostate. Treatments currently available for BPH include Alpha Adrenergic Antagonists 

(Alpha Blockers), 5-alpha-reductase inhibitors, and Tadalafil (Aaron, Franco, and 

Hayward 2016). Alpha Blockers cause the relaxation of smooth muscle surrounding the 

bladder neck and urethra, relieving the symptoms of urinary constriction consistent with 

BPH (Lepor 2007). 5-alpha-reductase inhibitors work on the hormonal axis, causing a 

partial inhibition of androgen signaling that can lead to prostate shrinkage over time (E. 

H. Kim, Brockman, and Andriole 2018). Lastly, Tadalafil is an erectile dysfunction 

medication that has been shown to cause a reduction in prostate size as a side effect in 

some patients (Hatzimouratidis 2014). Tadalafil achieves this effect by inhibiting PDE5, 

leading to an accumulation of cyclic GMP that reduces the effects of erectile dysfunction 

and leads to a relaxation of smooth muscle in the prostate, reducing its size 

(Hatzimouratidis 2014). Extreme cases of BPH that lead to a significant blockage of the 

urethra or other dangerous symptoms are treated with a minimally invasive surgical 

prostate removal called a transurethral resection of the prostate (TURP) (Rocco et al. 

2011). BPH is a chronic disease, meaning that patients must maintain their treatment 

regimen treatment indefinitely to alleviate their symptoms long-term. This has created a 
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sizeable material drain on the American medical system, as BPH is pervasive in older 

men and lacks a permanent treatment option (Black et al. 2006). A treatment approach 

through which the regenerative or proliferative activity of the prostate is permanently 

ablated would be advantageous in treating BPH and would also provide a superior 

alternative to current treatments that can only temporarily alleviate symptoms. 

 Prostate cancer (PCa) is characterized by the outgrowth of malignant tissue 

within the prostate (Rawla 2019). Much like BPH, PCa is a common disease in men. In 

fact, PCa is the most common non-cutaneous cancer in men constituting 20% of new 

cancers in men in the year 2019 (Rawla 2019; American Cancer Society 2020). 

Malignant outgrowth is commonly observed histologically in the luminal compartment of 

the prostate epithelium, although rarer neuroendocrine and basal cancers also exist 

(Conteduca et al. 2019; van der Kwast et al. 2003). The prognosis of prostate cancer is 

often related using a histologically determined Gleason Grade, where cancerous 

regions of tissue samples are given a numeric grade between 7 and 10, with 7 being 

low-risk and 10 being extremely high-risk, undifferentiated tissue (Grignon 2018).  

 The commonality of prostate cancer has engendered a serious interest in 

discovering effective treatments for many decades. In the early 1940s, Charles Huggins 

made one of the first breakthroughs in prostate cancer treatment, discovering that 

castration could effectively inhibit cancerous outgrowth by starving the neoplastic tissue 

of its needed androgen signals (Huggins and Hodges 1941). Even today, the majority of 

prostate cancer cases are treated using chemical blockade of androgen signaling after 

prostatectomy or radiation therapy to induce a castrate state within the prostate 

(Jayadevappa et al. 2017). This, along with other recent advancements in treatment, 
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has yielded a 10-year survival rate of 95% for prostate cancer patients (American 

Cancer Society 2020). Although this survival rate is encouraging, the pervasive nature 

of prostate cancer means that the 5% of patients who succumb to the disease before 

the 10-year mark still constitutes a large number of individuals. Additionally, patients 

who are successfully treated with castration or prostatectomy do not remain in 

permanent remission. More advanced prostate cancer cases that escape initial 

treatment regimens are often refractory to androgen deprivation therapy, commonly 

referred to as Castration-Resistant Prostate Cancer (CRPC) (Rawla 2019). This variety 

of prostate cancer is currently considered incurable and is much more aggressive than 

the early-stage cancers that respond to androgen deprivation therapy (Chandrasekar et 

al. 2015). 

 CRPC is first and foremost marked by its lack of androgen dependence, but it 

also displays numerous additional behaviors shared with undifferentiated cells in the 

prostate epithelium (Chandrasekar et al. 2015). One common process through which 

prostate cancers achieve castration resistance is the aberrant upregulation of AR 

signaling targets involved in cell proliferation and survival independent of ligand binding. 

This can occur through amplification of the AR gene leading to hypersensitivity to AR 

signaling. This can lead to cells responding to the low, persisting levels of AR in the 

castrate state (Chandrasekar et al. 2015). Other mechanisms of CRPC include 

mutations of the AR gene that allow the AR protein to escape normal regulatory 

pathways, and expression of AR splice variants (AR variants 1-7) that achieve similar 

androgen independence as AR mutants (Visakorpi et al. 1995; W. Liu et al. 2008; Hara 

et al. 2005; Guo et al. 2009). One of the chief genetic causes of prostate cancer that is 
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also a significant contributor to CRPC is the TMPRSS2-ERG gene fusion, which allows 

for the constitutive overexpression of the ETS related gene (ERG) (Yu et al. 2010). ERG 

is an important regulator during vascular development, and its expression marks both 

early prostate cancers as well as CRPC (Birdsey et al. 2015; Adamo and Ladomery 

2016). This mutation also shares some similarities with an additional route to castration 

resistance; the activation of growth factor pathways that induce developmental 

proliferation and survival programs that allow cells to persist and multiply in the absence 

of androgen signaling (Nadiminty et al. 2013; Vlaeminck-Guillem, Gillet, and Rimokh 

2014; Wen et al. 2000). Additionally, CRPC cells show an increased propensity for 

lineage plasticity. Cells observed in castration resistant cancerous growths can also 

express numerous lineage markers outside the typical luminal markers expressed by 

early stage cancers, including basal markers like KRT5 and neuroendocrine markers 

like SYN (Beltran et al. 2019). This behavior is thought to be a method through which 

cancerous cells can “escape” conventional treatments by assuming lineage identities 

that are refractory to those treatments (Beltran et al. 2019). Altogether, these molecular 

mechanisms paint a picture of cancerous cells assuming many of the behaviors of 

epithelial progenitor cells, including low proliferation rates, high lineage plasticity, and 

the activation of cell survival programs. The field surrounding prostate disease is 

working to better understand how the pathways underlying these stem-like behaviors 

are activated, and which pathways can be successfully targeted in diseases to establish 

more efficacious and permanent treatments for BPH and PCa. To aid in this effort, 

many groups have worked to gain a deeper understanding of normal prostate epithelial 

stem cells. 
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Investigation of Normal Prostate Progenitor Cells in Development and the Adult  

 Most knowledge of prostate development has been acquired using mouse 

models due to the ease of genetic engineering and tissue processing in this model 

system. Mouse prostate development begins at E6.5 with the formation of prostatic 

buds on the surface of the embryonic urogenital sinus (Timms, Mohs, and Didio 1994; 

Cunha et al. 1987; Aaron, Franco, and Hayward 2016). The mouse prostate is nascent 

at birth, consisting mainly of prostate buds that have yet to undergo the outgrowth and 

epithelial organization necessary to resemble the adult prostate (Timms, Mohs, and 

Didio 1994). As the mouse matures and reaches 15 days of age, the prostate grows 

and begins to develop the branching architecture observed in the adult (Timms, Mohs, 

and Didio 1994; Sugimura et al. 1986; Sugimura, Cunha, and Donjacour 1986a). 

Between 6 and 8 weeks of age, the mouse prostate undergoes canalization. This 

process involves the differentiation and organization of the prostate epithelium (Keil et 

al. 2012). Using histology, one can observe the shift from largely undifferentiated 

prostate basal cells expressing the cytokeratin markers of both the basal and luminal 

lineages to the terminally differentiated and distinct basal and luminal epithelial cell 

lineages observed in the adult mouse prostate (Toivanen and Shen 2017; Keil et al. 

2012). At 8 weeks of age, the mouse has completed puberty and prostate development, 

meaning that the prostate has assumed the full size, architecture, and secretory 

function of the adult organ (Cunha et al. 1987; Toivanen and Shen 2017; Castillo-Martin 

et al. 2010).  

Prostate development is mainly influenced by androgen signaling, but numerous 

necessary factors exist downstream of this initial signal. The prostate budding observed 
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on E17 is initiated by the reception of androgen signals leading to the secretion of 

numerous morphogenic ligands including Wnt and Sonic Hedgehog (Shh) (Schneider et 

al. 2000). Downstream of these ligands are transcription factors including Nk3 

Homeobox 1 (Nkx3.1), a factor that is necessary for prostate budding at E17 and 

postnatal prostate growth (Schneider et al. 2000). Other developmental factors present 

in the developing prostate mesenchyme include Fibroblast Growth Factors 7 and 10 

(Fgf7, Fgf10) and Insulin-Like Growth Factor 1 (Igf1) (Thomson and Cunha 1999; 

Sugimura et al. 2003). These factors are capable of inducing prostatic growth in organ 

culture conditions, and their genetic disruption leads to a significant reduction in 

prostate size and number of branch points (Thomson and Cunha 1999; Sugimura et al. 

2003).  

 Epithelial stem and progenitor cells are most often characterized in the two 

contexts of embryonic/neonatal development as well as in the adult. Prostate 

development begins at embryonic day 6.5 with the nascent urogenital sinus. This tissue 

gives rise to the prostate, seminal vesicles, and urethra in males while it gives rise to 

the uterus and vagina in females. In males, the urogenital sinus is exposed to androgen 

signaling at E6.5, leading to the activation of Wnt signaling and its downstream target 

Nkx3.1. Nkx3.1 is a necessary factor in prostate budding, the process by which the 

tissue that will eventually become the ducts of the prostate buds out of the urogenital 

sinus. Buds will continue to form and grow out until E18, when the raw tissue of the 

prostate is complete. Next, the prostate undergoes a process called canalization, where 

the tissue of the nascent prostate organizes into epithelial glands capable of secreting 

prostate fluid. This is marked histologically by the bifurcation of the basal lineage, which 
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at this point expresses both p63 basal markers and Krt18 luminal markers, into the 

separate basal and luminal lineages seen in the adult prostate. Canalization continues 

until the end of puberty at 8 weeks of age, meaning that the prostate is often considered 

“adult” at that age.  

 The adult prostate is largely quiescent in the presence of normal androgen 

signaling, only undergoing limited amounts of tissue turnover through anoikis and 

subsequent stem cell activity to replace the lost cells. Due to the lack of stem cell 

activity in the intact prostate, researchers have used hormone-dependent regeneration 

to activate the stem cell phenotype (Fig. 2A).(Sugimura, Cunha, and Donjacour 1986b) 

One of the initial assays showing evidence of stem cell activity in the prostate used 

BrDU pulse-chase coupled with hormone-dependent regeneration. A rare population of 

cells was able to retain BrDU through 11 cycles of hormone-dependent regeneration, 

yielding evidence that a persistent population of slow-cycling cells existed in the 

prostate and contributed to regeneration (Tsujimura et al. 2002). This approach of 

hormone-dependent regeneration has typically been coupled with lineage tracing, 

indelibly marking cells that express candidate stem cell factors and assaying their 

dynamics throughout an androgen cycle. Cells that survive castration, evidenced by the 

persistence of the indelible mark in the involuted prostate, and contribute to 

regeneration, evidenced by the clonal outgrowth of the indelibly marked cells post-

regeneration, are considered to exhibit stem or progenitor characteristics.  

 Putative prostate epithelial stem cell markers including Tumor-Associated 

Calcium Signal Transducer 2 (Trop2), Stem Cell Antigen 1 (Sca-1), Leucine-Rich 

Repeat Containing G Protein-Coupled Receptor 5 (Lgr5), and SRY-Box Transcription 
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Factor 2 (Sox2) were discovered using this approach (Goldstein et al. 2008; Burger et 

al. 2005; B. Wang et al. 2015; E. McAuley et al. 2019). In addition to the straightforward 

discovery of biomarkers, broader discoveries about the nature of prostate epithelial 

stem cells were made using these methods. At the inception of the field, researchers 

believed that epithelial stem cells resided solely in the basal compartment of the 

prostate epithelium, and that luminal cells were almost exclusively descended from 

basal stem cells during prostate regeneration. This belief was influenced by evidence 

from prostate development as well as the understanding of epithelial regeneration in 

other organs and early data showing the existence of stem cells within the basal 

lineage. Later investigations spearheaded by the lab of Michael Shen yielded evidence 

that rare cells within the luminal lineage were also capable of persisting through 

castration and contributing to regeneration. Initially identified as castration-resistant 

Nkx3.1-positive cells (CARNs), these luminal progenitor cells exhibited unipotency in 

vivo but were capable of bipotency in organoid culture conditions (Fig. 2B) (X. Wang et 

al. 2009). Further investigation by the Shen lab also yielded evidence that the luminal 

lineage of the mouse prostate is self-sufficient during regeneration, and that most of the 

luminal cells produced during regeneration are derived from cells already residing within 

the luminal lineage (Choi et al. 2012). Altogether, these data helped create the current 

model of murine prostate regeneration, which involves the contribution of castration-

resistant progenitor cells residing in both the basal and luminal lineages. 

 Although the practice of analyzing hormone-dependent regeneration using 

lineage tracing has yielded important advances in the identification of prostate 

progenitor cells, there are some limitations to the approach. First, lineage tracing has a 
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limited number of markers that can be tracked at any one time (Wuidart et al. 2016). 

Due to this limitation, it can be difficult to investigate the overlap in expression of 

different stem markers among cell populations present in the prostate epithelium. 

Second, although cells are observed to survive castration and contribute to 

regeneration, the markers used to observe these behaviors are rarely causal. Although 

some putative epithelial stem markers, such as Lgr5, are necessary for maximal 

prostate regeneration, the majority of markers used are not mechanistic contributors to 

the stem cell phenotype (B. Wang et al. 2015; Li and Shen 2019). These limitations 

have led to the validation of numerous markers but a distinct lack of knowledge 

regarding the overlap of markers in progenitor cell populations and the necessary 

mechanistic contributors underlying the prostate progenitor cell phenotype.  

Recently, researchers have applied single cell RNA-Seq workflows to prostate 

stem cell investigations with the express goal of overcoming some of the limitations 

inherent to lineage tracing systems. One of the first of these applications was an 

investigation of healthy human prostate samples performed by the lab of Douglas 

Strand. This led to the identification of a stem-like population of cells in the prostate 

epithelium, referred to by the Strand lab as Club/Hillock cells, that were largely marked 

by an expression of Keratin 13 (Krt13) (Henry et al. 2018). This study is among the first 

to show definitive evidence identifying normal stem cells in the human context while 

also setting a new histological guideline for the identification of this population in the 

context of neoplastic disease. Another investigation using scRNA-Seq was undertaken 

by the Goldstein lab at UCLA, this time using the aging mouse prostate as a model.  
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Fig 2: The Study of Hormone-Dependent Regeneration. A. Representative image 

depicting hormone dependent regeneration of the mouse prostate (Sugimura, Cunha, 

and Donjacour 1986b). In the middle subpanel, the castrate prostate is reduced to a 

fraction of its original size in the presence of androgen signaling, which is depicted in 

the far-left subpanel. The far-right subpanel shows a regenerated prostate, which has 

been exposed to androgen signaling after a period of castration. B. Figure showing an 

example of the application of lineage tracing to the mouse prostate. In this study, it was 

found that Nkx3.1-expressing luminal cells could persist through castration and 

contribute to prostate regeneration after the reintroduction of androgen, thus exhibiting a 

prostate progenitor cell phenotype (X. Wang et al. 2009). Subpanel a depicts the 

experimental design of treatment and genetic engineering that allowed researchers to 

indelibly mark Nkx3.1+ cells with a YFP lineage marker and track them through 

regeneration. Subpanel c depicts the rare Nkx3.1+ cells in the regressed condition, while 

subpanel d depicts Nkx3.1+ cells after regeneration, providing evidence that these cells 

contributed to regeneration due to the presence of YFP-marked clonal bands in the 

prostate epithelium. 

B. 

A. 
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This investigation identified both basal and luminal progenitor cells and found that the 

aging mouse prostate contained more of these cells than the prostates of younger mice 

(Crowell, Fox, et al. 2019). More specifically, this study yielded evidence that tissue 

taken from the prostates of older mice was more capable of regeneration on average 

than tissue taken from the prostates of younger mice (Crowell, Fox, et al. 2019). 

Further investigation of the mouse prostate stroma by the Xin lab found that the 

stromal populations could be roughly subdivided yielding a specific pair of signaling 

stromal populations that, when co-cultured with epithelial cells in organoid culture 

conditions, could influence the identity of daughter cells during in vitro regeneration 

(Kwon et al. 2019). This population of stromal cells, referred to as R1 cells, was 

ultimately marked by the expression of multiple signaling molecules including Wnt and 

Bone Morphogenic Protein (Bmp) ligands as well as Steroid 5 Alpha-Reductase 2 

(Srd5a2), an enzyme necessary for the synthesis of testosterone (Kwon et al. 2019; 

Toivanen and Shen 2017). Altogether, this expression profile implied R1 cells were 

responsible for the secretion of morphogenic and hormonal signals that are important to 

epithelial cell differentiation and survival. A more thorough and holistic investigation of 

stem populations using scRNA-Seq was performed by the Sawyers lab. This group 

captured samples at multiple timepoints during the process of prostate involution and 

regeneration, cataloguing the changes in the prostate stem cell population throughout 

the process (Karthaus et al. 2020). By analyzing these data, the group was able to 

conclude that many of the ostensibly differentiated cells in the luminal lineage are able 

to adopt elements of the stem cell phenotype in the hormone-deprived mouse prostate 
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Fig. 3: Characterization of Organoid Culture Conditions. A. Images depicting the 

cell types and architecture of human prostate organoids. CK8+ luminal cells as well as 

p63+ basal cells are clearly visible. Organoids exhibit a clear downregulation of CK8 

and AR when deprived of androgen signaling (depicted in subpanels VI, VIII, and X) 

(Karthaus et al. 2014). B. Images showing the expression of KRT13 (green), a putative 

marker of prostate progenitor cells, expressed in human prostate organoids at day 8 

(McCray, Moline, et al. 2019). The left image shows solely the green channel, while the 

right image shows an overlay giving context for the expression of KRT13. The 

expression of KRT13 provides evidence of progenitor cells persisting in the organoid 

culture conditions. 
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(Karthaus et al. 2020). Although these investigations into the prostate stem 

compartment using scRNA-Seq have been informative, they are largely descriptive and 

do not test necessary factors for the survival and regenerative phenotypes of prostate 

epithelial progenitor cells. An exciting next step for the prostate progenitor cell field 

would be to distill the available expression data describing the basal and luminal 

progenitor populations of the prostate into actionable, biologically relevant lists of 

candidate factors that are necessary for the process of prostate regeneration.  

In vitro Models of Prostate Regeneration: 

 Although the study of prostate regeneration using the androgen cycle approach 

has yielded considerable results in the study of the mouse prostate, similar approaches 

are impossible in human patients for ethical reasons. Study of prostate progenitor cell 

behaviors in human models usually involves either studying these cells in human 

disease models like xenografts or using extremely creative methods like the 

mitochondrial DNA mutation rate approach pioneered by Moad et al. in 2017 (Moad et 

al. 2017; Li and Shen 2019). Additionally, although hormone-dependent regeneration 

allows for the reliable testing of the regenerative potential of the prostate tissue and the 

cells therein, it does prevent the study of any cell-intrinsic elements of the prostate 

progenitor cell phenotype, meaning that it can be difficult to decouple the regenerative 

potential of particular prostate cells from the environmental and signaling changes 

induced by hormone modulation. To that end, researchers have developed multiple 

applications that allow for the expedient and efficient investigation of murine and human 

regeneration phenotypes using cultured tissue samples.  
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 The first of these approaches, and the one considered the “gold standard” for 

transplantation studies of prostate progenitor cells, is the urogenital sinus mesenchyme 

recombination. This procedure, first pioneered by the lab of Gerald R. Cunha, involves 

the implantation of single mouse prostate epithelial cells along with fetal rat urogenital 

sinus cells into the renal capsule of a nude mouse (Li Xin et al. 2003). After a period of 

incubation, researchers can observe the renal capsule of the recipient nude mouse for 

ectopic prostate tissue, and the amount of ectopic tissue can be used as a readout for 

an assay comparing regenerative phenotypes of different treatment conditions or 

biomarker profiles. Rat tissue is differentiated from mouse tissue using histology that 

detects the variant centromere antigens between the two species (Li Xin et al. 2003). 

Although this approach is considered the most scientifically rigorous of the tests for 

intrinsic regenerative capabilities of prostate progenitor cells, it does not lend itself well 

to quantitation due to the time- and technique-intensive nature of the experiment 

causing logistical difficulty with producing multiple technical and biological replicates. 

Additionally, the turnaround between cell implantation and observable tissue growth can 

be protracted, with many experiments requiring a wait time of up to six months before 

the experimental endpoint is reached.  

 In an effort to create an approach with a faster experimental turnaround that still 

analyzes the regenerative capacity of prostate cells, researchers have pioneered 3D 

culture techniques for prostate cells. These 3D culture techniques borrow heavily from 

the intestinal organoid cultures pioneered over the course of the last two decades and 

involve plating single prostate cells in Matrigel bubbles supplemented with growth 

factors that are known to induce the outgrowth of prostate tissue (Wallach and Bayrer 
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2017; Drost et al. 2016). This leads to the growth of spheroids consisting of 

differentiated prostate tissue and persisting prostate progenitors. IHC analysis of these 

spheroids led to the observation that the organoids were organized similarly to a 

prostate epithelial gland, with the basal cells located externally and the luminal cells 

facing inward toward the lumen of the organoid (Karthaus et al. 2014). The removal of 

testosterone from the system also leads to the loss of AR expression as well as a 

quantitative and morphological shrinkage of the luminal compartment of the organoids 

(Fig 3A) (Karthaus et al. 2014). Putative prostate progenitor cells have been observed 

in both human and mouse-derived organoids (Fig 3B) (Crowell, Fox, et al. 2019; 

McCray, Moline, et al. 2019). Additionally, organoid culture approaches allow for easy 

quantitative assays testing the regenerative capacity of cells in the form of a colony 

forming assay. This approach involves plating a known number of single cells in each 

individual Matrigel bubble and counting the number of organoids resulting from those 

plated cells after an incubation period (Crowell, Giafaglione, et al. 2019). Colony forming 

assays (CFA) allow for fast, quantitative experimentation measuring the regenerative 

potential of cells in multiple treatment conditions. A similar colony forming assay 

approach has been used repeatedly for preclinical drug discovery in a diverse group of 

cancers (Katz et al. 2008). Altogether, organoid culture yields a quantitative and fast 

alternative to test the regenerative capacity of prostate progenitor cells in a controlled 

environment where these cells can grow multicellular spheroids that exhibit some of the 

behaviors of physiological prostate tissue. 
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Data Gathered in this Thesis 

 scRNA-Seq investigation of in vitro samples yielded granular expression data for 

the diverse populations present in the monolayer and organoid model systems. These 

data were used to identify progenitor cell populations that were preserved in the 

monolayer and organoid culture conditions. These cells, expressing KRT13, were later 

observed using immunofluorescence microscopy as a secondary method of validation. 

Direct comparison of the monolayer and organoid culture conditions led to the 

observation that proliferating epithelial cells were enriched in the monolayer condition 

while undifferentiated intermediate cells were enriched in the organoid culture condition. 

Subsequent comparison of in vitro samples with publicly available in vivo data led to the 

observation that the in vitro samples were enriched for proliferating epithelial cells while 

the in vivo sample was enriched for terminally differentiated cells and stromal 

populations.  

 Applying a similar approach to in vivo mouse prostate samples led to the 

identification of luminal progenitor cells in both the intact and castrate hormone 

conditions. These luminal progenitor cells were observed to express Krt8, Krt18, Psca, 

Sox2, and Trop2. Further investigation of these luminal progenitor cells validated their 

presence in prostate using immunofluorescence microscopy and flow cytometry. 

Ingenuity Pathway Analysis produced evidence that genes associated with cell survival 

and urogenital development were significantly enriched in the expression profile for 

luminal progenitor cells provided by our scRNA-Seq investigation. Using this pathway 

analysis, we were able to select candidate factors that may be necessary for the 

regenerative phenotype of luminal progenitor cells. Testing of small molecule inhibitors 
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targeting two of these candidates, Yap1 and Bcl-2, led to a significant reduction in 

regenerative potential of organoids derived from both mouse and human tissue 

samples.  
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CHAPTER II 

SINGLE CELL RNA-SEQ ANALYSIS IDENTIFIES A PUTATIVE PROGENITOR 

POPULATION IN HUMAN PROSTATE SAMPLES IN VITRO 

ABSTRACT 

 Human primary prostate epithelial (PrE) cells represent patient-derived in 

vitro models and are traditionally grown as a monolayer in two-dimensional culture. 

Recently, it has been demonstrated that expansion of primary cells into three-

dimensional prostatic organoids better mimics prostate epithelial glands by 

recapitulating epithelial differentiation and cell polarity. Here, we sought to identify cell 

populations present in monolayer PrE cells and organoid culture, grown from the same 

patient, using single-cell RNA-sequencing. Single-cell RNA-sequencing is a powerful 

tool to analyze transcriptome profiles of thousands of individual cells simultaneously, 

creating an in-depth atlas of cell populations within a sample. Organoids consisted of six 

distinct cell clusters (populations) of intermediate differentiation compared to only three 

clusters in the monolayer prostate epithelial cells. Integrated analysis of the datasets 

allowed for direct comparison of the monolayer and organoid samples and identified 10 

clusters, including a distinct putative prostate stem cell population that was high in 

Keratin 13 (KRT13), Lymphocyte Antigen 6D (LY6D), and Prostate Stem Cell Antigen 

(PSCA). Many of the genes within the clusters were validated through RT-qPCR and 

immunofluorescence in PrE samples from 5 additional patients. KRT13+ cells were 

observed in discrete areas of the parent tissue and organoids. Pathway analyses and 

lack of EdU incorporation corroborated a stem-like phenotype based on the gene 

expression and quiescent state of the KRT13+ cluster. Other clusters within the 
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samples were similar to epithelial populations reported within patient prostate tissues. In 

summary, these data show that the epithelial stem population is preserved in PrE 

cultures, with organoids uniquely expanding intermediate cell types not observed in 

monolayer culture. 

CONTRIBUTION BY AUTHORS 

 The work presented in this chapter has previously appeared in “Single-cell 

analysis identifies a putative epithelial stem cell population in primary prostate cells in 

monolayer and organoid conditions”, published in the American Journal of Clinical and 

Experimental Urology in 2019 (McCray, Moline, et al. 2019). Dr. Tara McCray served as 

a coequal first author on this publication and contributed equally to the 10x scRNA-Seq 

library preparation workflow as well as the subsequent analysis. She also performed the 

immunofluorescence microscopy presented in Fig. 7. Daniel Moline, author of this 

thesis, also contributed to the process of scRNA-Seq library prep and analysis as well 

as performing the RT-qPCR presented in Figs. 5 and 7. Writing of the manuscript was 

divided equally between the two authors. 

INTRODUCTION 

The prostate epithelium has a high incidence of neoplastic disease with prostate 

cancer being the second most common epithelial cancer in men (Siegel, Miller, and 

Jemal 2017; Lim 2017). In vitro culture models have produced valuable insights into the 

biology of the prostate, however, the limited number of cell lines from early and 

intermediate stages of disease presents a significant obstacle to acquiring data with 

clinically relevant findings that account for patient heterogeneity (Sobel and Sadar 
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2005a; 2005b). An alternative strategy is patient-derived primary cell culture, which 

preserves patient heterogeneity while also providing a tractable in vitro model (D. M. 

Peehl and Stamey 1986; Donna M. Peehl 2003; Niranjan et al. 2013; D. M. Peehl, 

Wong, and Stamey 1988). Primary prostate cell culture can be a valuable tool for 

studying “normal” cells, but the culture conditions can select for a homogeneous, transit-

amplifying phenotype and against the luminal differentiation of prostate epithelium 

observed in vivo (Uzgare, Xu, and Isaacs 2004; Donna M. Peehl 2004; Bühler et al. 

2010; Litvinov et al. 2006). To circumvent this lack of cell diversity, many researchers 

have turned to organoid culture approaches. Organoids are three-dimensional (3D) 

structures grown in extracellular matrix that recapitulate many facets of prostate 

epithelial tissue morphology including structure and cell polarity (Karthaus et al. 2014; 

Drost et al. 2016; Clevers 2016). Compared to their traditional two-dimensional (2D) 

monolayer counterparts, organoids can grow from a single stem or progenitor cell in the 

presence of charcoal stripped fetal bovine serum (FBS) and androgen to differentiate 

into both basal and luminal epithelial populations (Karthaus et al. 2014; Drost et al. 

2016; Chua et al. 2014). 

The human prostate consists of stratified epithelial secretory glands surrounded 

by a fibromuscular stroma. The epithelial glands are composed of a basal layer, a 

secretory luminal layer, and a rare neuroendendocrine population (Long et al. 2005; 

Toivanen and Shen 2017). Recently, single-cell RNA-Seq analysis of prostate tissue 

revealed two additional cell populations within the human prostate epithelium that 

exhibit stem cell characteristics (Henry et al. 2018). Single-cell RNA-Seq (scRNA-Seq) 

is a method that lends itself to the identification of cryptic sub-populations within a 
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heterogeneous sample using an unbiased analysis of individual expression profiles of 

cells (Wu et al. 2014). This approach involves the isolation of single cells into 

microfluidic droplets containing oligonucleotide-covered gel beads that capture and 

barcode the transcripts. Transcripts are converted to cDNA, sequenced, and aligned by 

barcode using computational analysis to create an individual transcriptome library for 

each cell. Libraries are then clustered into distinct cell populations using dimensional 

reduction analysis (Butler et al. 2018; Macosko et al. 2015; Satija et al. 2015). 

Here we use scRNA-Seq to compare the subpopulations present within primary 

prostate cells and organoids from the same patient specimen and identify previously 

unknown subpopulations of epithelial cells grown in vitro. Cell populations were 

validated in additional patient samples by RT-qPCR and immunofluorescence 

microscopy. 

MATERIALS AND METHODS 

Primary Prostate Epithelial Cells 

Human primary prostate cells were isolated and established from fresh male 

radical prostatectomy tissues. Radical prostatectomy patients consented prior to 

surgery and prostate tissue samples from benign regions of the peripheral zone were 

collected according to UIC Internal Review Board-approved protocol #2007-0694. A 

portion of tissue was reserved for histologic inspection by a board-certified pathologist 

to verify the region as benign. Tissue samples were collected, formalin-fixed, paraffin-

embedded, and 5 µm sections were stained with hematoxylin and eosin. Remaining 

tissue was digested in collagenase/trypsin to produce a single cell suspension. Cells 
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were grown in Prostate Cell Growth Media (Lonza, Basel, Switzerland) to select for 

epithelial cells. When ~70% confluent, cells were trypsinized to single cells, counted and 

cryopreserved into multiple aliquots. Epithelial purity was authenticated with RT-qPCR, 

confirming the expression of epithelial markers KRT5, KRT8, KRT18 and TP63, and the 

lack of stromal marker TIMP Metallopeptidase Inhibitor 3 (TIMP3). Patient information is 

listed within Table 1. 

Monolayer and Organoid Culture 

For standard monolayer culture, prostate epithelial (PrE) cells were thawed from 

primary passage into a collagen-coated dish and maintained in PrEGM (Lonza; Basal, 

Switzerland). For organoid culture, a separate aliquot of the same PrE cells was thawed 

and plated sparsely (500-5,000 cells per well) in a flat-bottom 96-well microplate into 

33% growth factor reduced phenol red-free Matrigel (Corning Inc., Corning NY) on top 

of a solidified base layer of 50% Matrigel in media. 100 µL of organoids suspended in 

33% Matrigel were maintained in keratinocyte serum-free media (Gibco, Thermo Fisher 

Scientific, Waltham, MA) supplemented with 5% charcoal-stripped fetal bovine serum 

and 10 nM dihydrotestosterone (DHT) as previously described by the Nonn lab at UIC 

(McCray, Richards, et al. 2019). Media was refreshed every 2-3 days for all cultures. 

Monolayer cells were collected at ~70% confluent for endpoints and organoids were 

grown for 8-14 days as detailed in the figure legends. Brightfield images of organoids 

were captured at 10x and 20x magnification using the Evos FL Auto 2 imaging System 

(Thermo Fisher Scientific, Waltham, MA). 
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Table 1: Primary Cell Patient Characteristics. Abbreviations: AA = African American, 
EA = European American, PZ = Peripheral Zone  

 

 

 

 

 

 
TABLE 1 

 
Primary Cell Patient Characteristics 

PrE ID Pathology Age Race Prostate Region of 
Origin 

Endpoints 

PrE1 Benign, Moderate 
Chronic 
Inflammation 

58 AA PZ, L5 left posterior 
(scRNA-Seq) 
PZ, L2 left posterior 
(FFPE) 

scRNA-Seq 

PrE2 Benign 68 AA PZ, L3 (whole mount 
and RNA) 
PZ, L5 (FFPE) 

RT-qPCR, IHC 
and tissue 
staining 

PrE3 Benign, Mild 
Chronic 
Inflammation, 
Atrophy 

63 EA PZ, L1 Left Anterior  RT-qPCR, IHC 
and tissue 
staining 

PrE4 Benign, Mild 
Chronic 
Inflammation, 
Focal Atrophy 

58 AA PZ, L3 Left Posterior RT-qPCR, IHC 
and tissue 
staining 

PrE5 Benign 71 AA PZ, L5 Left Anterior 
(whole mount and 
RNA) 
PZ, L3 Right Anterior 
(FFPE Block) 

IHC and tissue 
staining 

PrE6 Benign 60 AA PZ, L4 Left Anterior  IHC and tissue 
staining 
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10x Genomics Single Cell Separation, Library Prep, and Sequencing 

Patient-matched epithelial cells were grown in monolayer and organoid culture as 

described above. Monolayer cells were collected by TrypLE (Gibco, Thermo Fisher 

Scientific, Waltham, MA) dissociation. Organoids were harvested at day 8 by Dispase 

(STEMCELL Technologies, Vancouver, Canada) dissociation followed by a second 

dissociation to single cells using TrypLE. Cell number and viability were determined by 

a Trypan Blue exclusion assay quantified on a Cellometer Automated Cell Counter 

(Nexcelom, Lawrence MA). Both samples consisted of > 80% viable cells (Table 2) prior 

to proceeding with the 10x Genomics (Pleasanton, CA) protocol for 3’ Transcript 

Capture and Single Cell Library Prep. Cell samples were loaded at a concentration to 

yield approximately 5,000 total captured cells on a 10x Chip A. GEM generation, RT, 

cleanup, cDNA amplification, fragmenting, end repair & A-tail prep, and sample index 

tagging were performed using the Chromium Single Cell 3’ Library and Gel Bead Kit v2 

per manufacturer’s instructions. Libraries were labeled with a sample index and pooled 

for sequencing at a concentration of 10 nM. Sample quantification and quality control 

were performed using Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA) and 

TapeStation Bioanalyzer (Agilent Technologies, Santa Clara, CA). Sequencing was run 

on the HiSeq 4000 (Illumina, San Diego, CA) at the University of Illinois at Urbana 

Champaign (UIUC) DNA services. Samples were sequenced across 3 lanes of the 

HiSeq 4000, generating 100 base pair paired-end reads at a depth of 45,000 reads per 

cell. Leftover cells not used for scRNA-Seq were collected into TRIzol Reagent (Thermo 

Fisher, Waltham MA) and reserved for validation of the sequencing.  
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TABLE 2 

 
Quality Metrics for Single Cell Solutions and 10x Genomics Sequencing Output 

Readout Monolayer Organoid 

Viability at collection 85.60% live cells 81% live cells 

Aimed Recovery 5,000 total cells 5,000 total cells 

TapeStation Yield  173,000 pmol/L 121,000 pmol/L 

Concentration 44 ng/uL 31.4 ng/uL 

Qubit Yield 88 ng/uL 82 ng/uL 

Achieved Cell Recovery 5,194 total cells 7,422 total cells 

Mean Reads Per Cell 31,629 reads/cell 41,116 reads/cell 

Mean Genes Per Cell 3,569 genes/cell 3,783 genes/cell 

Reads Mapped 
Confidently to Genome 

87.10% of total reads 86.90% of total reads 

Number of Cells 
Remaining after Seurat QC 

3,687 cells 5,322 cells 
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Single Cell RNA-Seq Analysis 

For initial read alignment and quality control, Single-cell RNA sequencing 

samples were processed and aligned to Ensembl genome GRCh38 using the Cell 

Ranger 3.0.0 pipeline by UIUC DNA Services. The Cell Ranger output was loaded into 

Seurat pre-release v3.0 for clustering (Butler et al. 2018). Cells with high mitochondrial 

features (> 8% of total mapped reads) were struck from the analysis to remove the 

influence of dead cells. A small number of cells with unusually high or low numbers of 

mapped reads were also removed from the dataset, as these outliers could be doublets 

or poorly captured cells (Butler et al. 2018; Macosko et al. 2015; Satija et al. 2015). 

Cells removed in QC totaled 29% of the initial input, see Table 2 for full QC. Individual 

genes related to the cell cycle or with uniquely low unique molecular identifier (UMI) 

counts within the context of the dataset had their variance regressed out to minimize 

their influence on variance-based clustering. 

A JackStraw resampling method was used to select statistically significant (p < 

0.05) principal components (Butler et al. 2018). These components were used to 

identify the distance between cells for a k-nearest neighbors calculation and 

construction of a shared nearest neighbor graph. Modularity (M) was used as a 

quantitative measure of the independence of individual networks in the t-SNE plot, using 

M > 0.8 as a cut-off to ensure reproducibility (Newman 2006). Principal components 

used for the analysis of monolayer and organoid culture conditions totaled 27 and 40 

respectively. The integrated dataset was analyzed using 30 principal components to 

produce the t-SNE plots shown. 
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Canonical correlative analysis was performed in Seurat to integrate the separate 

datasets and allow for direct comparison of populations between the monolayer and 

organoid samples (Butler et al. 2018). Clusters were assigned identities based on their 

expression of previously reported epithelial markers listed in Table 3. Heat maps and 

dot plots were generated in Seurat. Highly expressed genes in each cluster are 

provided in Table 4. 

Pseudotime analysis was performed in Monocle version 2.10 (Trapnell et al. 

2014). Cell Ranger output was uploaded into Monocle and data was subset to exclude 

cells with low and high numbers of mRNAs, removing dead cells and doublets (cells 

with < 9000 or > 45000 captured transcripts). Clustering of cells was performed 

unguided without the influence of marker genes, using 27 principal components. 

Monocle performed unsupervised selection of genes that define progress, performing 

dimensional reduction to produce a plot ordering cells in pseudotime. 

Our integrated tissue analysis used canonical correlative analysis was used to 

integrate the monolayer, organoid and a publicly available human prostate tissue data 

set (D17_FACS_filtered GSE_117403) to allow for direct comparison of populations 

between the in vitro samples and in vivo tissue (Henry et al. 2018). 30 principal 

components were used to yield a t-SNE with M > 0.95 (Fig. 8). Clusters were assigned 

identities based on their expression of previously reported epithelial markers listed in 

Table 3. A dot plot was generated in Seurat for genes highly expressed by each cluster. 

Highly expressed genes in each cluster are provided in Table S1. 
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TABLE 3: Canonically Expressed Factors for Prostate Epithelial Populations: Bold 

text indicates factors detected in scRNA-Seq analysis of in vitro culture samples. 
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RT-qPCR Gene Expression 

Multiple patient-derived epithelial cell cultures (Table 1) were grown as matched 

monolayer and organoid cultures as described above. Cells were stored in TRIzol 

reagent before RNA isolation. Samples were homogenized by chloroform and RNA 

collected by alcohol precipitation and rehydration. RNA quantity and quality were 

determined by OD 260/280 and 260/230 on the NanoDrop Spectrophotometer 

(ThermoFisher Scientific, Waltham MA). cDNA was synthesized with the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Beverly Hills CA) and qPCR run 

on LightCycler (Roche Applied Science, Penzberg, Germany). RQ was calculated from 

∆∆CT to the reference gene RPL13A, primers are listed in Table 4 (Livak and 

Schmittgen 2001). 

RESULTS 

Organoid Cultures Contain More Populations of Epithelial Cells than Monolayer 

Cultures: 

Patient-derived PrE cells can be grown in monolayer or organoid culture 

conditions as in vitro models of prostate cell biology and as useful tools for mechanistic 

studies. Here we compared the cell populations within these patient-derived models 

using scRNA-Seq analysis on monolayer epithelial cells and organoids from a single 

patient (Fig. 4A). Seurat was used for clustering and analysis of the individual datasets 

separately, identifying 6 clusters in the organoids and only 3 within the monolayer cells 

(Fig. 5A-B) (Butler et al. 2018). Integration of the monolayer and organoid datasets 

together increased the number of cells to allow for higher-granularity clustering with the 
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same modularity cutoff, thus permitting greater separation of intermediate cell types and 

subpopulations (Butler et al. 2018). Additionally, this integration allowed for the direct 

comparison of the two samples on the same t-SNE plot to observe common cell 

populations across both culture conditions. Together, these factors informed our 

decision to use an integrated dataset. The resulting 10 clusters are shown on a t-SNE 

plot (Fig. 4B) and the contribution of monolayer and organoid cells to each cluster is 

shown by bar graph (Fig. 4C). Each cluster had varying representation of cells from 

both culture conditions, but clusters 1, 3, 8 and 9 were enriched in the organoid sample 

while cluster 2, 4 and 5 were enriched in the monolayer sample. Genes highly 

expressed by monolayer (Follistatin (FST), Insulin-Like Growth Factor Binding Protein 2 

(IGFBP2), Secreted Frizzled-Related Protein 1 (SFRP1)) or organoid (Inhibin A 

(INHBA), Insulin-Like Growth Factor Binding Protein 3 (IGFBP3), Serpin Family B 

Member 1 (SERPINB1)) cells were also tested by RT-qPCR in pooled sample of 

leftover scRNA-Seq RNA as a secondary validation to our data (Fig. 5C). This was 

supported using 3 additional patient samples, corroborating the trends established by 

our integrated scRNA-Seq comparison of the two culture conditions. 

Identification of Epithelial Populations 

The 10 integrated populations each expressed a unique set of biomarkers with 

some degree of overlap (Fig. 6A). The cell type identity of each cluster was determined 

by cross-reference with previously reported gene expression profiles (Table 3) and is 

shown by dot plot (Fig. 6B). Cluster 0 was identified as a group of quiescent cells 

expressing high levels of the basal marker Dickkopf Wnt Signaling Pathway Inhibitor 1 

(DKK1), moderate levels of luminal markers KRT8 and KRT18, as well as Matrix 
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Metalloprotease 9 (MMP9), a factor shown to be highly expressed by PC3 prostasphere 

cells compared to PC3 monolayer cells (Henry et al. 2018; Portillo-Lara and Alvarez 

2015).  

Cluster 1 is marked by the expression of KRT6A and SERPINB13, denoting its 

members as a previously described glandular epithelial cell with possible stem 

characteristics (Schmelz et al. 2005). Cluster 2 contained cells expressing the basal 

marker Podoplanin (PDPN) as well as proliferation markers, indicating that this cluster 

contains proliferating basal cells (Henry et al. 2018). Cluster 3 exhibited high levels of 

cell cycle arrest gene Growth Arrest Specific 5 (GAS5) as well as low expression of cell 

cycle progression genes including Cytodifferentiation Factor 44 (CD44) and Proliferating 

Cell Nuclear Antigen (PCNA), denoting its possible identity as a population of quiescent 

cells. This population was also notable for its low expression of epithelial markers, 

which could signify that these cells are in a relatively undifferentiated state. Cluster 4 

constituted another proliferating basal population, marked by its expression of MKI67 as 

well as the basal marker DKK1. Cluster 5 was also identified as a proliferating 

population, with high levels of the luminal marker KRT18. Cluster 6 exhibited high 

expression of numerous putative prostate epithelial stem cell markers including KRT13, 

SERPINB1, LY6D, PSCA, Kallikrein-Related Peptidase 11 (KLK11) and Cystatin B 

(CSTB) (Moad et al. 2017; Henry et al. 2018; Hu et al. 2017). These markers were also 

expressed by Cluster 7, with Clusters 6 and 7 differing by their expression levels of 

basal and luminal markers. Clusters 8 and 9 were difficult to identify as they both 

contain a very small number of cells. Cluster 8 highly expressed CTNNB1 and Cluster 9 

was enriched for cells expressing IFI27 and IFI6, markers typically expressed by  
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Table 4 

Primers Used for Quantitative Real-Time PCR 

Target Gene Primer sequence (5’-3’) PCR Product 
Size (bp) 

Exons 

RPL13A F-GGAGCAAGGAAAGGGTCTTAG 
 

8      
R-GGTTGCTCTTCCTATTGGTCATA 

  

LYPD3 F-GATGCTCCCCGAACAAGATGA 104  2/3  
R-CAGCGAGAATTGTCCGTGGAT 

  

 
PrimerBank ID: 93004087C1 

  

LY6D F-GCTCCCAGACGACATCAGAG 168  1/2  
R-TGTTCGTGGTCTTGCAGAAG 

  

KRT13 F-AGGTGAAGATCCGTGACTGG 134  1/2  
R-GATGACCCGGTTGTTTTCAA 

  

PSCA F-TGCTGCTTGCCCTGTTGAT 216  1/3  
R-CCTGTGAGTCATCCACGCA 

  

 
PrimerBank ID: 5031995A1 

  

LCN2 F-ACAAAGACCCGCAAAAGATG 128  2/3  
R-GCAACCTGGAACAAAAGTCC 

  

S100P F-AAGGTGCTGATGGAGAAGGA 163  1/2  
R-ACTTGTGACAGGCAGACGTG 

  

SERPINB1 F-CTGGCGTTGAGTGAGAACAA 143  2/3  
R-TCAACCGTGTTGAAATGGAA 

  

INHBA F-GGAGGGCAGAAATGAATGAA 95  2/3  
R-AATCTCGAAGTGCAGCGTCT 

  

IGFBP3 F-GTCAACGCTAGTGCCGTCAG 107  1/2  
R-CGGTCTTCCTCCGACTCAC 

  

FST F-TCTGCCAGTTCATGGAGGAC 106  1/2  
R-TCCTTGCTCAGTTCGGTCTT 

  

SFRP1 F-CTACTGGCCCGAGATGCTTA 169  1/2  
R-GCTGGCACAGAGATGTTCAA 

  

IGFBP2 F-CCTCTACTCCCTGCACATCC 79  3/4  
R-CCCGTTCAGAGACATCTTGC 

  

AR F-CCAGGGACCATGTTTTGCC 
 

 1/2  
R-CGAAGACGACAAGATGGACAA 

  

KRT8 F-GCTGGTGGAGGACTTCAAGA 66  2/3  
R-TCGTTCTCCATCTCTGTACGC 

  

KRT18 F-CACAGTCTGCTGAGGTTGGA 110  6/7  
R-CAAGCTGGCCTTCAGATTTC 

  

KRT5 F-ATCGCCACTTACCGCAAGC 110  7/9  
R-CCATATCCAGAGGAAACACTGC 
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endothelial cells (Henry et al. 2018). These markers indicate that Cluster 8 and Cluster 

9 may be persisting stromal contaminants, however they also express PDPN and 

MMP9 which are basal and PC3 prostasphere markers respectively (Henry et al. 2018; 

Krämer et al. 2014).  

We observed that the organoid culture condition was enriched for several cell 

populations when compared to the monolayer condition, such as clusters 1, 3, 7, 8 and 

9 (Fig. 4C). Cells in clusters 1 and 7 were identified as progenitor populations according 

to their suite of expressed biomarkers (Fig. 6B). Clusters 8 and 9, although very small, 

were present in the organoid condition (Fig. 4C) and expressed some stromal genes 

(Fig. 6B), although whether these cells are surviving stroma from the patient or 

represent epithelial-mesenchymal transition could not be determined from our study. 

These findings indicate that organoid culture conditions are conducive to the survival 

and proliferation of cell populations that are underrepresented from samples cultured in 

monolayer conditions. 

Stem and Progenitor Populations Found in Both Monolayer and Organoid Conditions 

Cluster 6 was of considerable interest as it contained markers of a previously 

reported putative prostate epithelial stem cell population: SERPINB1, KRT13, LYPD3, 

PSCA, LY6D, CSTB, and Lipocalin 2 (LCN2) (Henry et al. 2018; Hu et al. 2017). It also 

was marked by low expression of cell cycle genes and high expression of the cycle-

arrest gene GAS5, implying that the cells are quiescent. Cluster 6 was also the only 

cluster to express PSCA. This expression profile is similar to that of the KRT13 label-

retaining prostate stem cell described by Hu et al (Hu et al. 2017). RT-qPCR for LY6D, 

KRT13, PSCA, and LCN2 validated their expression in both monolayer and organoid 
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samples derived from multiple patients (Fig. 7A), corroborating the presence of 

populations observed via scRNA-Seq. 

To visualize the stem cell population and confirm protein expression, we stained 

the original parent tissue, 2D cells and 3D cells for the marker KRT13 (Fig. 7B-F). 

Tissue expression of KRT13 in the patient sample used for the scRNA-Seq allowed us 

to observe rare islets of KRT13 expression similar to the pattern previously described 

(Fig. 7B) (Henry et al. 2018). This phenomenon was also observed in 2D cells (Fig. 

7C). At day 8, and in some cases at day 14, the organoids showed one or few KRT13 

positive cells (Fig. 7D), consistent with the idea that an organoid is maintained by a 

single resident stem cell. At day 8, the time point used for scRNA-seq, 3D cells showed 

KRT13 expressed by a small population of cells (Fig. 7D), confirming our scRNA-Seq 

population size. When staining was performed on day 14, we observed that the KRT13+ 

cells were located on the interior of the spheroid structure (Fig. 7E) which may correlate 

to these stem cells generating the inner luminal cells. There were also instances of 

multiple clustered KRT13+ cells that may represent different stages of stem/progenitor 

hierarchy (Fig. 7F). 

KRT13+ Cells are Quiescent and Exhibit Similar Gene Expression as Prostate 

Progenitor Cells 

Stem cells are known to rarely proliferate in tissue and undergo asymmetric 

division in culture to maintain their quiescent state (Hu et al. 2017). To visualize cellular 

state, Monocle was used to create a differentiation trajectory of the organoid sample in 

pseudotime based upon gene expression patterns within the sample. Pseudotime 

analysis provided evidence that KRT13-expressing cells were in a different state than  



39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Identification of Prostate Epithelial Subpopulations In Vitro. A. Experimental 
design and workflow. H&E of prostate tissue from originating patient (left), bright field 
images of the passage 2 monolayer cells (middle) and day 8 organoids (right) at time of 
collection for single cell sequencing (scale bar = 100 µm). B. T-distributed Stochastic 
Neighbor Embedding (t-SNE) plots of integrated data for monolayer and organoid cells 
(left) and t-SNE showing identity of monolayer (pink) and organoid (blue) cells (right), M 
> 0.80. C. Bar chart depicting the contributions of monolayer (pink) and organoid (blue) 
cells to each cluster, the ratio of cells per cluster to the total number of cells for that 
sample is shown.  
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Fig. 5: Individual tSNE Plots and RT-qPCR Validation of Monolayer and Organoid 

Samples. A. tSNE plot for the monolayer sample showing three different populations 

identifiable in the sample. B. tSNE plot for the organoid sample showing six different 

populations identifiable in the sample. C. RT-qPCR data showing the upregulation of 

specific factors, including IGFBP3 and INHBA in the organoid condition relative to the 

monolayer condition.   

C 
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MKI67-positive cells (Fig. 8A). To validate this, we performed an EdU incorporation 

assay on fully-formed organoids Organoids were pulsed with EdU overnight to mark 

actively-dividing cells followed by fixation and staining for KRT13. As expected, KRT13+ 

cells were EdU-negative, indicating that they proliferate slowly (Fig. 8B). It has been 

shown that knockdown of KRT13 in undifferentiated prostasphere culture leads to 

diminished sphere formation and self-renewal (Hu et al. 2017). Our findings provide 

further support for KRT13 as a quiescent prostate stem marker in the in vitro context 

and agree with the previously characterized role of KRT13+ cells in stem cell 

maintenance. 

Recently, Henry et al. identified a KRT13+ “hillock” epithelial cell population within 

prostate tissue which may harbor stem characteristics in vivo (Henry et al. 2018). Our 

monolayer and organoid data were integrated and compared with a publicly available 

human prostate single cell data set (GSE117403) from this study (Fig. 8C). The 

KRT13+ hillock population was present in all three samples, supporting our identification 

of Cluster 6 in our monolayer and organoid integrated analysis. Of note, there was 

enrichment for this cluster in the organoid sample to comparable levels as what is 

observed in tissue. Additionally, integrated analysis with the prostate tissue supported 

that clusters 8 and 9 were stromal cell types. 

To understand what regulatory pathways may be active in the KRT13+ cells, we 

performed Ingenuity Pathway Analysis (IPA) on genes highly expressed by this cluster. 

IPA Canonical Pathways that were significantly enriched and activated (positive z-

score) or inactivated (negative z-score) are shown (Fig. 8D). Of note, p53 signaling was  
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Fig. 6: Gene Expression of the 10 Clusters Identified in the Combined scRNA-Seq 

Dataset. A. Heat map for top 10 genes expressed by each of the 10 clusters found in 

the integrated dataset. B. Naming assignments for the clusters and genes of interest 

shown by dot plot. Red is highly expressed and blue is lowly expressed, the size of the 

dot indicates the percentage of cells in that cluster that are expressing the gene. 
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predicted to be activated (z-score = 1.00) while cyclins were predicted to be inactivated 

(z-score = -1.00). Canonical pathways for the KRT13+ cells are shown in Fig. 8D. IPA 

Upstream Regulator Analysis was used to identify the transcriptional regulators and 

nuclear receptors predicted to be active in Cluster 6 based upon genes upregulated in 

the cluster. Kruppel-Like Factor 4 (KLF4) was projected to be active, which has recently 

been reported to regulate prostate stem cell homeostasis in mice and has been 

implicated with KRT13 expression (Xiong et al. 2018). Similarly, Gli Family Zinc Finger 1 

(GLI1) and Catenin Beta 1 (CTNNB1) also exhibited positive z-scores in this analysis, 

implying the activity of the Shh and Wnt morphogenic pathways; both pathways have 

been reported as significant contributors to prostate tissue regeneration in the murine 

context (S. H. Lee et al. 2015; Peng and Joyner 2015). 

DISCUSSION 

To investigate prostate function and disease experimentally, researchers often 

utilize cell lines, primary cells and organoid culture for in vitro modeling. While it is nown 

that monolayer cultures contain rare populations of stem and progenitor cells, most 2D 

cells observed consist of transit-amplifying epithelial phenotypes (Uzgare, Xu, and 

Isaacs 2004; Donna M. Peehl 2004; Bühler et al. 2010; Litvinov et al. 2006). Prostate 

epithelial organoids grow out from a single cell and differentiate into basal and luminal 

cell types while maintaining a resident stem/progenitor cell that originated the organoid 

(Karthaus et al. 2014; Drost et al. 2016; Chua et al. 2014; Hu et al. 2017). While these 

basic profiles of in vitro epithelial cells are known, recent utilization of scRNA-Seq 

analysis has identified potentially novel populations of prostate epithelial cells from 

human prostate tissues (Henry et al. 2018). To our knowledge, scRNA-Seq analysis of  
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Fig. 7: Presence of the KRT13+ Population in Tissue, Monolayer Cells and 
Organoids. A. RT-qPCR analysis for stem cell markers in whole RNA extracts of 
monolayer and organoid samples derived from 4 patients. B. Immunofluorescent 
staining for KRT13, DAPI and E-cadherin on the scRNA-Seq patient tissue (scale bar = 
200 µm). C. Immunocytochemistry of monolayer cells derived from patient PrE2 stained 
for KRT13, KRT8, and DAPI (scale bar = 50 µm). D. Whole-mount 
immunocytochemistry of day 8 organoid cells derived from patient PrE2 stained for 
KRT13, KRT8 and DAPI (scale bar = 50 µm). E, F. Whole-mount immunocytochemistry 
of day 14 organoid cells derived from patient PrE2 stained for KRT13, KRT8, and DAPI, 
inset (right) shows KRT8+/KRT13+ cell (scale bar = 50 µm). 
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human primary prostate organoid models has not been performed. Using an integrated 

analysis, we identified 10 cell populations in monolayer and organoid culture, thus 

identifying more cell types than previously reported in vitro. Our analyses revealed 

populations of cells at varying levels of differentiation along the basal and luminal 

lineages. More specifically, KRT13+ putative stem cell populations were identified in 

both monolayer and organoid conditions and had expression profiles similar to those 

previously reported for KRT13+ cells in tissue (Henry et al. 2018). We identified three 

putative stem and progenitor populations by high KRT13 or KRT6A expression, which 

have been previously described to mark regenerative cells in tissue and prostasphere 

culture (Henry et al. 2018; Schmelz et al. 2005; Hu et al. 2017). The three populations 

also showed expression of LY6D, LY6/PLAUR Domain Containing 3 (LYPD3), and 

CSTB and one specific cluster of the three had high expression of PSCA. PSCA and 

KRT13 were previously described by Henry et al. to mark two previously unknown 

clusters of epithelial cells, termed “club” and “hillock”, based upon their similarity to 

immunomodulatory and progenitor-like cells found in the mouse lung, respectively 

(Henry et al. 2018). In contrast to the tissue-isolated cells in that study, which had 

distinct populations that were either PSCA+ (club) or KRT13+ (hillock), the in vitro cells 

had one PSCA High/KRT13 High cluster and one PSCA Low/KRT13 High cluster. 

KRT13 protein expression did vary greatly between organoid samples at day 8 and day 

14, with day 14 organoids displaying multiple KRT13+ cells (Fig. 7F). The two PSCA 

Low clusters, 1 and 7, expressed stem markers LY6D, LYPD3, KLK11, and CSTB while 

also co-expressing basal and luminal markers. These cells may be more committed 

basal and luminal progenitors that reside below the KRT13 High/PSCA High cells on the 
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stem-hierarchy. The degree of KRT13 expression has been shown to positively 

correlate with the level of stemness in other contexts, where differentiated daughters 

show less expression as they divide and differentiate (Hu et al. 2017). This was 

observed in some organoids that showed double positive KRT8/KRT13 cells (Fig. 7F) 

and is likely the explanation for the heterogeneity of KRT13 expression seen in the day 

14 organoids (Fig. 7F). 

KRT13+ hillock cells of the human prostate were named so because of their 

similarities to cells in the mouse lung that show a progenitor-like phenotype (Henry et al. 

2018; Montoro et al. 2018). In the organoids we observed some evidence of KRT13+ 

hillock cells exhibiting a capacity for branching morphogenesis due to their localization 

to the interior of branching organoids (Fig. 7F) which may be similar to a “hillock” region 

seen in patient tissue. This morphological similarity provides additional evidence that 

KRT13+ cells observed in this study are similar to those characterized by Henry et al. 

  Recently, FACS-sorted mouse prostate epithelial cells that were analyzed using 

Fluidigm qPCR showed LY6D expression in a population of organoid-forming cells 

found in both the luminal and basal compartment (Barros-Silva et al. 2018). The LY6D+ 

cells formed solid, acinar or translucent organoids, similar to the organoid morphologies 

that we observed in our culture (Figs. 7E, 7F). Human DLK1+ prostate basal cells have 

also been shown to form solid spheroids, spheroids with lumens and spheroids with 

tubules. LY6D and KRT13 were co-expressed in population 6 and 7 in our 3D cells and 

had similar expression profiles to the reported DLK1+ cells (Moad et al. 2017). PPL was 

highly expressed in cluster 6 and KLK11 was highly expressed in clusters 1 and 6. 

These genes were published as being expressed by the proximal niches that maintain  
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Fig. 8: KRT13+ Subpopulation is Quiescent. A. Pseudotime plots of organoid cell 

clusters (top), KRT13 expression (middle) and MKI67 expression (bottom). B. EdU 

incorporation and whole-mount immunocytochemistry of day 14 organoid cells derived 

from patient PrE3 stained for KRT13, KRT8 and DAPI (scale bar = 50 µm). C. T-SNE 

plot of integrated data sets shows 8 cluster identities (top), sample identities (middle), 

bar chart depicting the contribution of sample to each cluster (bottom). D. Ingenuity 

pathway analysis of genes highly expressed by cluster 6. 
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epithelial flow in human prostate and contain possible DLK1+ prostate stem cells (Moad 

et al. 2017). Taken together, these reports provide substantial support for the notion that 

KRT13+ cells are a stem cell population in organoid culture and indicate that this model 

system would be useful for studying hillock biology and proximal niches in vitro. It is 

important to note that the monolayer culture condition yielded numerous KRT13+ cells 

that exhibited a stretched morphology typical to terminally differentiated cells and 

notably different from other KRT13+ cell shapes (Fig. 7C). These data introduce the 

possibility that KRT13 may be an excellent stem cell marker when used in combination 

with secondary markers like LY6D and PSCA, but on its own it could mark a broad 

population that contains epithelial stem cells along with a small population of unhealthy 

squamous cells or differentiated daughter cells in this context. 

The lack of expression of luminal markers AR and KLK3 in the organoids by 

scRNA-Seq should be interpreted with caution. A limitation of all single cell sequencing 

technologies is that it captures only 10-20% of transcripts per cell (the 10x Chromium 

Single Cell 3’ v2 Kit used here has a capture rate of 14-15%), thus absence of the gene 

in the analysis is not conclusive evidence that it is not expressed. We did detect low AR 

expression by RT-qPCR of whole organoids (Fig. 5C). Growth of fully differentiated 

luminal cells with robust AR remains a challenge in the field of human prostate 

organoids. 

Overall, we observed that both monolayer and organoid culture are capable of 

cultivating a rare population of putative stem-like cells that are marked by high 

expression of KRT13, LY6D, LYPD3, and PSCA. These cells are similar to cells found 

in the basal and luminal compartments of mouse prostate and human club/hillock 
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regions, implying that we are describing the in vitro isolation and culture of a population 

of stem-like cells that reside in tissue. There were populations of intermediate cells that 

were overrepresented in the organoid condition, as well as a KRT6A+ progenitor 

population that was enriched in 3D. Our catalog of unique populations in these two in 

vitro models shows the preservation of a specific stem-like cell population as well as 

provides an in-depth atlas of the populations present in both monolayer and organoid 

models. This can serve as a valuable resource to the field, allowing for a deeper 

understanding of which cells are present in benign model systems and how they may 

change between in vitro and in vivo conditions. 
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CHAPTER III 

SINGLE CELL RNA-SEQ ANALYSIS OF THE MOUSE PROSTATE IDENTIFIES 

FACTORS NECESSARY FOR THE REGENERATIVE PHENOTYPE OF PROSTATE 

CELLS IN VITRO 

ABSTRACT: 

 The human prostate presents a significant rate of disease in aging males, as 

both prostate cancer and benign prostate hyperplasia are very common diseases. A 

possible explanation for this high disease burden is the activity of stem cells within the 

prostate, and their innate capability for regeneration going awry over time. Using murine 

models of prostate behavior and scRNA-Seq analysis, we were able to identify 

numerous cell populations within the prostate. Among these populations was a group of 

cells expressing luminal markers as well as multiple putative progenitor cell markers, 

which we designated as Luminal Progenitor Cells. The expression data gathered from 

these cells were distilled to a list of candidate factors necessary for the Luminal 

Progenitor Cell regenerative phenotype using Ingenuity Pathway Analysis. Subsequent 

testing of inhibitors targeting these factors led to the inhibition of in vitro regeneration in 

organoids derived from both mice and human patient samples. Specifically, inhibition of 

Bcl2 Apoptosis Regulator (Bcl-2) regulation of apoptosis and Yes-Associated Protein 1 

(Yap1) signaling produced promising results in both contexts and warrant continued 

analysis for their role in normal prostate regeneration. Altogether, this study outlines a 

new set of druggable targets for normal prostate regeneration as well as serving as a 

proof of concept for using scRNA-Seq to identify druggable targets for prostate diseases 

in the future.  
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CONTRIBUTION OF COLLABORATORS: 

 The lab of Dr. Larisa Nonn provided patient samples for our human organoid 

studies as well as providing training in human organoid culture techniques. 

INTRODUCTION: 

The prostate is an accessory sex organ located beneath the bladder that is 

responsible for the secretion of prostatic fluid (C. H. Lee, Akin-Olugbade, and 

Kirschenbaum 2011; Ittmann 2018; Aaron, Franco, and Hayward 2016). In addition to 

these normal secretory functions, the prostate has a high rate of neoplastic and 

hyperplastic disease (Ramsey 2000; Rawla 2019). Prostate cancer is among the most 

common cancers in men and benign prostate hyperplasia (BPH) affects a majority of 

men over the age of 60 (American Cancer Society 2020; Wei, Calhoun, and Jacobsen 

2005). It is believed that aberrant prostate epithelial progenitor activity plays a role in the 

high rate of prostate disease (X. Wang et al. 2009; Tokar et al. 2005; L Xin 2013). 

Further investigation of epithelial progenitors, both their biomarkers and the pathways 

necessary for their regenerative phenotype, may therefore provide significant insight 

and pharmacologic strategies to understand and 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 regeneration. After castration, the mouse 

prostate undergoes a wave of apoptosis shrinking to approximately a tenth of its original 

size (Sugimura, Cunha, and Donjacour 1986b; Cunha and Lung 1978). The 

reintroduction of androgen, often through surgical implantation of a testosterone pellet, 
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leads to the regeneration of the prostate and recapitulation of its original ductal 

architecture and secretory function (Sugimura, Cunha, and Donjacour 1986b; Cunha 

and Lung 1978). This hormonal modulation of progenitor cell regenerative activity allows 

for the direct investigation of cells in the prostate epithelium which exhibit the 

regenerative phenotype necessary for regeneration, allowing for the possible 

identification of factors optimal for targeted treatment. Using this hormonal regeneration 

model, researchers have found that mouse prostate regeneration is in part dependent 

upon the regenerative activity of cells located proximal to the urethral ducts and referred 

to as prostate epithelial progenitor cells (Moad et al. 2017; Tsujimura et al. 2002; Burger 

et al. 2005, 1; Goldstein et al. 2008). Originally thought to only belong to the basal 

epithelial lineage, cells exhibiting regenerative capacity in vivo were also discovered in 

the luminal compartment of the prostate epithelium (Karthaus et al. 2014; X. Wang et al. 

2009; Y. A. Yoo et al. 2016, 1). A rare subset of luminal epithelial cells was also found 

to be bipotent when cultured as organoids in vitro (X. Wang et al. 2009; Chua et al. 

2014). Additionally, these luminal prostate progenitor cells have been studied using 

single-cell transcriptomics, finding numerous biomarkers for the luminal progenitor cell 

population (Crowell, Fox, et al. 2019; Joseph et al. 2020; Crowley et al. 2020). Although 

single-cell transcriptomics have been used to identify luminal progenitor populations in 

the prostate epithelium, these approaches can also be used to identify candidate 

pathways and factors necessary for the regenerative phenotype in an unbiased way.  

Here, we use single-cell RNA-Seq data to analyze the intact and castrate 

prostate, quantifying the change in biomarkers after the loss of androgen as well as 

identifying candidate pathways for progenitor cell ablation. These candidate pathways 
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were chemically perturbed in in vitro organoid cultures derived from both mouse and 

human tissue samples, showing the necessity of our candidate factors in both contexts. 

These data provide new information on the behavior of prostate progenitor cells as well 

as unique candidate avenues for future treatment of prostate progenitor cells in disease 

states.  

MATERIALS AND METHODS 

Single Cell RNA-Seq Sample Prep and Analysis: 

Mice were castrated according to institutional guidelines at 8 weeks of age. A 

cohort of castrated mice were subcutaneously implanted with a 1.5cm silastic implant 

packed with powdered R1881 (Steraloids, Newport, RI) and sealed with silicone 

adhesive, making these mice the ‘hormone normal’ condition. Another cohort of mice 

were left without a testosterone implant, making these mice the ‘castrate’ condition. 

After 3 weeks, mice were euthanized according to institutional guidelines before 

removal and dissections of their prostates. Dissected prostate lobes were then 

dissociated enzymatically using Type I Collagenase (Sigma-Aldrich, St. Louis, MO) and 

Dispase (STEMCELL Technologies, Vancouver, Canada). The resulting single-cell 

solution was then counted using a Nexcelom Cellometer (Nexcelom, Lawrence, MA), 

setting a necessary threshold for cell viability in the sample at 70% viable. Samples at 

70% viability were then processed using the 10X 3’ scRNA-Seq V2 protocol as we 

previously reported (McCray, Moline, et al. 2019). In short, 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 then lysed in 

the presence of their respective beads, capturing their transcripts. Captured transcripts 
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were then 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-Champagne on an Illumina NovaSeq (Illumina, San 

Diego, CA) at 100bp Paired-End read depth. Reads were then aligned to the mm10 

annotated reference genome using CellRanger v3.0.1 (10X Genomics, Pleasanton, 

CA). QC and clustering were performed in the R Package Seurat (Satija Lab, New York, 

NY) (Satija et al. 2015). Downstream pathway analysis was performed in Ingenuity 

Pathway Analysis (IPA) (Qiagen, Hilden, Germany).  

IF Imaging of Mouse Tissue Sections and Organoids: 

C57BL/6J mice were obtained from Harlan/Envigo (Indianopolis, IN).Prostates 

from both castrate and hormone normal 11 week old mice were dissected and 

cryoembedded in OCT. Cryoembedded prostates were cut and placed on slides by the 

University of Illinois at Chicago Research Histology and Tissue Imaging Core (UIC, 

Chicago, IL). Sections were then stained using primary and secondary antibodies at 

concentrations detailed in Table 5. Stained slides were then imaged on a Keyence BZ-

X800 benchtop microscope (Keyence, Osaka, Japan). Images were analyzed using the 

accompanying Keyence Image Analysis software as well as FIJI. Images were adjusted 

for exposure and haze reduction using the 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 4 technical replicates within 

each biological replicate. Images provided in figures are representative of fluorescent 

staining observed in all biological replicates.  
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Flow Sorting of Dissociated Mouse Prostates: 

Prostates from three mice 8-12 weeks of age were dissociated using collagenase 

and dispase. The resulting single-cell solution was then stained with conjugated 

antibodies targeting CD26 (APC) and TSPAN8 (PE) (Table 5). Samples were sorted on 

a MoFlo Astrios (Beckman Coulter Life Sciences, Indianapolis, IN) at the University of 

Illinois at Chicago Flow Cytometry Core.  

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 (Manufacturer, Location) and Dispase 

(STEMCELL Technologies, Vancouver, Canada). The resulting single-cell solution was 

resuspended in 50% Growth Factor Reduced, Phenol Red-free Matrigel (Corning, 

Corning, NY) and plated in serum-free Advanced DMEM (Thermo Fisher Scientific, 

Waltham, MA) containing A83-01 (A.G. Scientific, San Diego, CA), y-27632 

(STEMCELL Technologies, Vancouver, Canada), R-Spondin (Peprotech, Rocky Hill, 

NJ), and Noggin (Peprotech, Rocky Hill, NJ) at the same concentrations detailed in 

Drost et al. 2016 (Drost et al. 2016). Mouse organoids were plated into six technical 

replicates per each treatment condition, per each biological replicate. Small molecule 

inhibitors were administered upon plating of the organoids (Table 7), and treatment 

courses proceeded for 72hrs before imaging of the wells on the Keyence BZ-X800. 

Wells were imaged at 4x magnification, acquiring a three-dimensional Z-Stack of the 

entire well. Max projection images were then created from the Z-stacks, allowing for the 

viewing of all organoids in one two-dimensional image. These stitched images were 

counted using the automated cell counting function in the Keyence Image Analysis 
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software (Keyence, Osaka, Japan). To ensure that organoids were counted specifically 

and not individual cells or small cell clumps, a size threshold was instituted, only 

including individuals with a perimeter of 200um or greater in the analysis. This threshold 

was chosen because it yielded counting results that most closely mirrored preliminary 

hand-counted results, calibrating the software to adhere 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 which could be used as a rough measurement of regenerative 

capacity. %CFU data was then compared using a two-tailed student’s t-test with a 

significance threshold of t < 0.05. Human organoid culture was performed using a 

protocol similar to the one detailed in McCray et al. 2019.16 In short, biopsies from 

healthy regions of human prostates were dissociated into single cells and cultured as 

PrECs in 2D before being transferred to 3D culture in 33% Matrigel and fed using KSFM 

media (Thermo Fisher Scientific, Waltham, MA). These human organoids were treated 

with drugs upon plating and imaged using the Evos FL Auto 2 imaging System (Thermo 

Fisher Scientific, Waltham, MA). Images were stitched using FIJI and subsequently 

counted using the Celleste image analysis software (Thermo Fisher Scientific, Waltham, 

MA). Colony forming units were also found and compared between treatment conditions 

in the same manner as the mouse organoid assays.  

Statistical Analyses:   

Statistical analyses for this study were performed in R. Statistical tests for our 

scRNA-Seq dataset were performed using the Seurat add-on for R, and any p-values 

reported in this paper referring to scRNA-Seq expression trends are adjusted p-values  
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Table 5 

 
Antibodies Used for Immunofluorescence and Flow Cytometry 

Target Protein Host 
Organism 

Manufacturer Dilution 

Cd26 Rat Biolegend 1ug/million cells 

Psca Rabbit Lifespan 
Biosciences 

1:100 (Tissue) 
1:100 
(Organoids) 

Tspan8 Rat R&D Biosystems 1:50 (Tissue) 
1:100 
(Organoids) 

Tspan8 (PE Conjugated) Rat R&D Biosystems 10uL/million cells 

Krt5  Chicken Biolegend 1:1000 (Tissue) 
1:100 
(Organoids) 
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that account for multiple sampling errors. These adjusted p-values are supplied by the 

program’s clustering algorithm, which is thoroughly explained in Butler et al.17 In our 

organoid drug treatment experiments, conditions were compared to one another using a 

two-tailed student’s t-test with a threshold of t < 0.05. This analysis was performed using 

each of the six technical replicates as the dataset for the specific experimental 

condition, and the analysis was performed within each biological replicate for that 

particular drug experiment. Biological replicates were not compared directly to one 

another in an effort to avoid the confounding effects of stochastic differences in 

regenerative potential between the individual replicates, which can be observed in the 

box-and-whisker plots provided in Figs. 14 and 15. A similar approach was undertaken 

with the human organoid drug treatment conditions, with each drug treatment compared 

to the vehicle condition using a two-tailed t-test with a threshold of t < 0.05.   

RESULTS 

scRNA-Seq Analyses of Intact and Castrate Mouse Prostates 

We initially sought to investigate the unique populations of the mouse prostate in 

an effort to catalog their biomarkers and potential critical signaling pathways. To 

achieve this goal, we employed single-cell RNA-Seq analysis, using cells from both the 

intact and castrate prostates of mice 8-12 weeks of age (see Table 6 for cell sample 

and sequencing output quality metrics) (Fig. 9A). The raw expression matrices from 

these data were then subjected to a quality control workflow in Seurat, an R add-on 

used for dimensional reduction-based analysis of scRNA-Seq datasets (Butler et al. 

2018; Macosko et al. 2015; Satija et al. 2015). Our quality control workflow allowed for  
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Table 6 
 
 

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 
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the removal of cells from the dataset that had too few reads (indicating they were poorly 

captured), too many reads (indicating a doublet or multiplet of cells was captured), or a 

percentage of mitochondrial reads above 10% (indicating the cells were dead or dying). 

This curated dataset was then analyzed via a dimensional reduction analysis, producing 

18 clusters in the intact and 19 clusters in the castrate condition (Fig. 9B-C). 

In the intact condition, a cluster of cells was identified expressing markers 

consistent with differentiated luminal cells. Statistically significant biomarkers included 

Krt8, Krt18, and Probasin (Pbsn) (Fig. 10A). These Differentiated Luminal Cells were 

observed to be 61% of the total cells in the Intact Prostate, constituting a majority of the 

cells in the sample (Fig 11C). In addition to these Differentiated Luminal Cells, we also 

identified a group of luminal cells expressing high Nkx3.1 (Fig 10A). Designated as 

Nkx3.1Hi Luminal Cells, this population of cells expressed a high level of Nkx3.1 as well 

as the normal luminal cell markers Krt8 and Krt18 (Fig 11A). A Proliferating Luminal 

Cell population was also identified in the Intact Prostate, expressing Ki-67 (Ki67) as well 

as Krt8 and Krt18 (Fig 10A). Although the prostate is largely considered to be quiescent 

in the hormone normal state, there is a limited rate of epithelial turnover that could 

account for by the proliferating luminal cell population observed here (Toivanen, Mohan, 

and Shen 2016). Another cluster of cells expressed Krt8 and Krt18 as well as putative 

progenitor cell markers including Sox2, Trop2, and Psca (Fig 10A) (E. McAuley et al. 

2019; Goldstein et al. 2008, 2; Henry et al. 2018). These cells were subsequently 

identified as Luminal Progenitor Cells. Three clusters were identified due to their 

expression of stromal fibroblast markers. First, a cluster of cells expressing stromal 

marker Decorin (Dcn) as well as signaling ligand Fibroblast Growth Factor 2 (Fgf2) were 
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identified as Fgf Signaling Fibroblasts (Fig 10A) (Henke et al. 2012). Another signaling 

fibroblast cluster of cells was identified in the dataset, this one expressing Dcn as well 

as Wnt2 (Fig 10A). Both Fgf and Wnt signaling factors are known to play a role in 

prostate development and epithelial regeneration (Kwon et al. 2019; Kato et al. 2013; S. 

H. Lee et al. 2015). Additionally, a group of cells expressing Dcn as well as Ki67 were 

identified as proliferating fibroblasts (Fig. 10A). Other elements of the prostate stroma 

were also identified, including cluster of cells was identified that expressed numerous 

immune cell markers like C-C Motif Chemokine Receptor 6 (Ccl6), a marker of T-cells 

(Coelho et al. 2007). Endothelial Cells were also present among the stromal populations 

identified in the intact condition, marked by their expression of Claudin 5 (Cldn5) (Fig. 

10A) (Escudero-Esparza, Jiang, and Martin 2012). Lastly, Basal Epithelial cells were 

identified in the Intact Prostate, expressing Krt5, Krt14, and progenitor cell markers 

including Sox2 and Trop2 (Fig. 10A).  Other basal populations that were ostensibly 

more differentiated and did not express these progenitor cell markers were not resolved 

in this dataset, likely owing to the underrepresentation of the cell type after tissue 

digestion. For relative expression levels of biomarkers as well as the relative size of 

each population as a percentage of total cells, see Fig. 11.  

 Investigation of the castrate prostate led to the identification of numerous similar 

populations to those found in the Intact Prostate, while also uncovering new populations 

observed only in the castrate prostate. Differentiated Luminal Cells were identified once 

again, expressing Krt8, Krt18, and Pbsn (Fig. 10B). The persistence of Differentiated 

Luminal Cells in the castrate prostate is interesting, as these cells are androgen 

dependent. Differentiated Luminal Cells are a much smaller percentage of total cells in 
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the Castrate Prostate (6.8%) when compared to the Intact Prostate (61.1%), showing 

some adherence to predicted androgen dependence of these cells (Fig. 11D). The 

small population of surviving Differentiated Luminal Cells in the castrate prostate may 

be expressing a survival program that allows them to persist in the absence of 

androgen, but more experimentation is necessary to find more conclusive evidence of 

this. Nkx3.1Hi Luminal Cells were also identified in the Castrate Prostate, again 

expressing Krt8, Krt18, and Nkx3.1 (Fig 10B). An additional luminal population 

observed exclusively in the Castrate condition expressed Krt8, Krt18, and Trop2. 

Interestingly, this population did not express the other putative progenitor markers Psca 

and Sox2 that were observed in the Luminal Progenitor Cell population in the intact 

condition. This led to the identification of this cluster as Intermediate Luminal Cells, 

although their relationship to the Luminal Progenitor Cell population requires further 

investigation. Luminal Progenitor Cells were also identified in the castrate condition, 

once again expressing Krt8, Krt18, Sox2, Psca, and Trop2 (Fig 10B). Basal Epithelial 

Cells were observed in the castrate prostate, expressing Krt5, Krt14, Sox2, and Trop2 

much like their counterparts in the intact condition (Fig 10B). Immune Cells and 

Endothelial Cells were also observed in the castrate prostate, expressing markers 

similar to those observed in the same populations in the intact condition (Fig 10B). 

These Immune Cells constituted a higher proportion of total cells in the castrate 

condition (32.5%) than the intact condition (8.8%) (Fig 11D). This difference between 

hormonal states may be due to the significant reduction in luminal cells in the tissue, or 

it may be due to an activation of the immune cells of the prostate stroma in the absence 

of androgen signaling. Further investigation may be able to differentiate between these  
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Fig. 9: scRNA-Seq Data from the Intact and Castrate Mouse Prostate. A. 

Experimental design for scRNA-Seq. In short, mice were castrated at 8 weeks of age 

and separated into intact and castrate cohorts. These cohorts had their prostates 

dissected and dissociated after a three-week period. Dissociated prostate samples were 

then subjected to the 10x scRNA-Seq library prep workflow. B. Unsupervised UMAP 

depicting clusters identified by scRNA-Seq analysis in the intact mouse prostate 

sample. C. Unsupervised UMAP depicting clusters identified by scRNA-Seq analysis in 

the castrate mouse prostate sample.  

A. 

B. 

C. 
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competing explanations. Signaling fibroblasts were observed in the castrate condition, 

both the Fgf Signaling Fibroblast and Wnt Signaling Fibroblast populations (Fig 10B). 

Additionally, the Proliferating Luminal Population was notably absent from the castrate 

condition. The Proliferating Stromal Population was absent from the castrate condition 

(Fig 10B). The lack of proliferating luminal and stromal populations in the castrate 

condition implies that there is a lower rate of tissue turnover in the absence of androgen 

signaling.  

Identifying and Defining Luminal Progenitor Cells 

Luminal Progenitor Cells (LPCs) are of particular interest to us in the context of 

this study. They are a cell type that can contribute to disease, and there is little 

knowledge of the mechanistic contributors to their specific phenotype (Tokar et al. 2005; 

X. Wang et al. 2009; Li and Shen 2019). Using the perspective afforded by these two 

datasets, we have been able to establish a marker profile for LPCs within the context of 

this experiment. This profile includes Krt8, Krt18, PSCA, Trop2, and Sox2, as these are 

the factors clearly expressed by the LPC population in both the intact and castrate 

hormone conditions. These putative progenitor markers have been independently 

verified to enrich for progenitor cell phenotypes in the mouse prostate epithelium (Henry 

et al. 2018; Goldstein et al. 2008; E. McAuley et al. 2019). Although the LPC 

populations identified in the intact and castrate conditions share numerous similarities, 

they also have notable differences in their respective expression patterns. The Castrate 

LPCs do not express AR to a statistically significant degree, possibly owing to a 

regulatory change in the population due to the loss of AR signaling. Castrate LPCs also 

express certain factors of note including the morphogen Shh and putative progenitor cell  
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Fig. 10: scRNA-Seq UMAPs With Populations Identified. A. UMAP for intact prostate 
depicting identified populations. Arrow points toward the luminal progenitor cell 
population. B. UMAP for castrate prostate depicting identified populations. Luminal 
Progenitor Cells were identified in both conditions, and the luminal compartment was 
observed to be more heterogeneous in the castrate condition. Arrow points toward the 
luminal progenitor cell population.  

  

A. 

B. 
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marker Ly6d (Barros-Silva et al. 2018). Further investigation is required to understand 

the implications of these differences in expression pattern between hormone states. 

Additionally, there is a two-fold upregulation in the number of luminal progenitor cells in 

the castrate condition when compared to the intact condition (0.3% in intact, 0.8% in 

castrate), in agreement with the observed enrichment of cells with a progenitor 

phenotype in the castrate prostate (Fig 11C-D) (X. Wang et al. 2009; Karthaus et al. 

2020). Overall, these data provide evidence that a suite of biomarkers corresponding to 

the luminal progenitor cell population can be identified using scRNA-Seq analysis, and 

that these cells can be discerned from more differentiated luminal populations in both 

the castrate and intact conditions.   

Immunofluorescence Microscopy and Flow Cytometry Validation of Luminal Progenitor 

Cell Biomarkers  

We next undertook a validation of our marker suite using orthogonal methods, 

specifically immunofluorescence microscopy and flow cytometry. Specifically, we were 

interested in validating the expression patters of the LPC population in the 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.(X. 

Wang et al. 2009) IF microscopy on cryo-embedded mouse prostates showed overlap 

of Psca and Tspan8, two markers that were statistically significant markers for the 

Luminal Progenitor Cell population in both the intact and castrate condition (Fig. 12A). 

Flow cytometry targeting CD26+/Tspan8+ cells showed the presence of candidate 

luminal progenitor cells in the intact prostate at 5.5% of total live cells (Fig 12B).  



67 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11: Expression Patterns Observed Among Populations in scRNA-Seq Data. A. 
Dotplot depicting the expression of relevant factors in the intact condition. LPCs were 
observed to express high levels of Krt8, Krt18, Psca, Tacstd2, and Sox2. B. Dotplot 
depicting the expression of relevant factors in the castrate condition. LPCs were once 
again observed to express high levels of Krt8, Krt18, Psca, Tacstd2, and Sox2. C. Size 
of identified populations as a percentage of total cells in the intact sample. D. Size of 
identified populations as a percentage of total cells in the castrate sample. The castrate 
condition saw an increase in the size of the Luminal Progenitor Cell population as well 
as an absence of proliferating populations that were observable in the intact condition. 
  

A. B. 

C. D. 
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Although our flow cytometry approach yielded a higher number of LPCs as a 

percentage of total cells in the dissociated prostate, this may be due to a lack of 

specificity in our gating approach. Tspan8 transcript expression may be a marker for 

LPCs according to our scRNA-Seq, but our IF and Flow Cytometry data show that 

Tspan8 also marks a small population of cells other than LPCs. Future experimentation 

may require the inclusion of further markers in our IF and flow cytometry panels to avoid 

impurities in sorted fractions and account for the differences between transcript and 

protein of Tspan8. Overall, these efforts provide evidence validating the expression 

pattern of biomarkers used to identify the Luminal Progenitor Cell population in our 

scRNA-Seq dataset.  

Pathway Analysis of the Luminal Progenitor Cell Population 

We next sought to understand the factors necessary for the LPC phenotype in an 

effort to possibly perturb their regenerative phenotype. Ingenuity Pathway Analysis was 

used to analyze the gene list generated from the luminal progenitor population identified 

using scRNA-Seq from the intact condition. The gene list was enriched for the 

upregulation of genes associated with Self Renewal of Cells (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) (Fig. 13A). De-enriched 

gene lists with a z-score below -2 included Congenital 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) (Fig 13A). Additionally, Upstream Regulator Analysis revealed a list of 

factors predicted to have an effect on the phenotype of LPCs. These factors included 
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Yap1 (z-score = 2.449), a transcription factor in the Hippo Pathway, as well as 

numerous upstream regulators of Bcl-2, a factor with canonical anti-apoptotic activity 

(Fig 4B) (Willis et al. 2003). Factors with an established role in regulating Bcl-2 that 

were identified by Upstream Analysis included regulators IL12 (z-score = 2.00), HIF1A 

(z-score = 2.027), ARNT (z-score = 2.156), and MAPK9 (z-score = 3.020) (Fig. 13B) (J. 

K. Yoo et al. 2002; Neelam, Brooks, and Cammarata 2013; Maundrell et al. 1997). 

Altogether, the enrichment of factors associated with the functional outputs reinforces 

the identification of the cluster as LPCs as well as identifying possible mechanistic 

contributors for the maintenance of these progenitor cells. In particular, our analysis 

prioritized multiple factors, including Yap1, Bcl-2, p38 MAP Kinase (p38 MapK), 

Smoothened (Smo), Notch Receptor 1 (Notch1), and negative control Nuclear Factor 

Kappa Beta (Nf-kB) (Table 7). Preliminary testing 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 cancer, their 

testing in the context of normal prostate regeneration has been limited or nonexistent 

depending on the factor (Peng and Joyner 2015; Kwon et al. 2014; Kelly and Strasser 

2011; Salem and Hansen 2019). We therefore investigated the necessity of the 

aforementioned factors to the LPC regenerative phenotype.  

Treatment with Small Molecule Inhibitors Targeting Candidate Factors Leads to an 

Ablation of Normal Mouse Prostate Regeneration In Vitro 

 In an effort to both validate our Ingenuity Pathway Analysis and to identify 

possible avenues for ablating the prostate’s regenerative phenotype, we began testing 

small molecule inhibitors targeting factors of interest using in vitro organoid culture.  
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Fig. 12: Immunofluorescence and Flow Cytometry Validation of LPC Biomarker 
Expression. A. Immunofluorescence data including luminal cells expressing both 
Tspan8 and Psca (Arrows). B. Flow Cytometry data marking cells expressing both 
CD26 and Tspan8 (lower right panel). CD26+/Tspan8+ cells constituted 5.05% of live 
cells according to this analysis.  

 

 

A. 

B. 
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Mouse organoids were plated at one thousand cells per well in the presence of drug 

and allowed to grow for 72hrs before being imaged and counted. Treatment with CA3, a  

small molecule inhibitor targeting Yap1, led to a significant reduction of the regenerative 

phenotype as evidenced by a reduced percentage of colony-forming units in the CA3-

treated condition (p-values = 0.02, 0.004, 0.02) (Fig. 14A) (Song et al. 2018). These 

data implicate the Hippo signaling pathway in the regenerative phenotype of mouse 

progenitor cells in vitro. Inhibition of Bcl-2 using Venetoclax also produced a robust loss 

of regeneration phenotype (p-values = 0.0004, 0.002, 0.00005) (Fig. 14B). This 

reduction in regenerative phenotype was mirrored in organoids treated with SB203580, 

an inhibitor of p38 MAPK, an upstream regulator of Bcl-2 (p-values = 0.03, 0.005, 

0.0008) (De Chiara et al. 2006) (Fig 14C).  However, treatment with SC75741, an 

inhibitor targeting Nf-KB, did not produce a significant reduction in the regenerative 

phenotype of prostate cells cultured as organoids (Fig. 14D). It is important to note that 

Nf-kB was predicted to be downregulated in Ingenuity Pathway Analysis (Table 7). Due 

to the combination of predicted downregulation by Ingenuity Pathway Analysis as well 

as Nf-kB’s established role in the literature as a canonical activator of Bcl-2 expression, 

we selected Nf-kB as a negative control for our approach (Catz and Johnson 2001). The 

lack of regenerative phenotype upon treatment with SC75741 provides evidence that 

our candidate selection approach was accurate in its predictions of factor activity and 

could choose both likely and unlikely candidate factors. 
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Fig. 13: Pathway Analysis of LPC Expression Profile. A. Top 5 activated and top 5 
deactivated diseases and functions according to Z-score generated by IPA Analysis, 
providing evidence of an enrichment of genes in the LPC expression pattern related to 
cell survival and urogenital development. B. Upstream Regulator Analysis results 
relating factors predicted to have an effect in LPCs. Factors of interest in Upstream 
Analysis include the transcription factor Yap1 and upstream regulators of Bcl-2 including 
IL12, HIF1A, ARNT, and MAPK9. 

B. 

A. 
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Small Molecule Inhibition of Candidate Factors also Ablates Human Prostate 

Regeneration In Vitro 

Finally, we wanted to investigate whether these drug treatments also ablated the 

progenitor cell regeneration phenotype using human model systems. Cells from benign 

regions of human prostatectomy samples were dissociated and subsequently cultured 

as organoids using a similar protocol to the one used in McCray et al. 2019 (McCray, 

Richards, et al. 2019). These organoids were then treated with venetoclax, SB203580, 

SC75741, or CA3 to test the efficacy of these inhibitors in ablating human progenitor 

cell regeneration in vitro. Treatment with either CA3 (p-value = 2.3e-8) or venetoclax (p-

value = 5.8e-5) produced an ablation of the regenerative phenotype in vitro similar to 

the one observed in mouse organoids (Fig. 15B). Treatment with negative control 

SC75741 did not produce significant change in the regenerative phenotype similar to 

the response observed in the mouse organoid condition. Interestingly, treatment with 

SB203580 did not produce a significant change in the regenerative phenotype of human 

cells in vitro (Fig. 15B). This may be due to a differential requirement for p38 MapK in 

the human context, or possibly due to a differential dosing requirement in the human 

organoid culture conditions. This differential response between species requires further 

experimentation to be fully understood. The reduction in regenerative phenotype was 

also mirrored in the measurement of average organoid area, providing evidence that the 

proliferative activity of surviving progenitor cells was also reduced in the presence of 

CA3 (p-value = 4.8e-5) and Venetoclax (p-value = 5.8e-5) in human organoids (Fig. 

15C). 
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Table 7 

 
 

Candidate Factors Generated from Pathway Analysis and Inhibitors 
Targeting Them 

 

Factor Name IPA-Predicted 
Direction 

Drug Preliminary 
Testing Result 

Yap1 Up CA3 Reduced 
Regeneration 

Bcl-2 Up Venetoclax Reduced 
Regeneration 

p38 MapK Up SB203580 Reduced 
Regeneration 

Nf-kB Down SC75741 No Change 

CTNNB1 Up XAV-939 Reduced 
Regeneration 

Notch1 Up FLI-06 Reduced 
Regeneration 

Smo Up Vismodegib No Change 
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DISCUSSION 

This study’s approach to the use of scRNA-Seq analysis to identify possible mechanistic 

contributors to the luminal progenitor cell phenotype has yielded promising results. 

Firstly, we were able to identify LPCs in both the intact and castrate hormone conditions 

as expressing the following biomarkers; Krt8, Krt18, Psca, Trop2, Sox2, and Tspan8. 

LPCs were clearly enriched in the castrate condition according to scRNA-Seq analysis, 

adding more evidence in support of their possible progenitor cell phenotype. 

Additionally, our scRNA-Seq analysis identified luminal diversity in the castrate 

conditions that seems to imply the appearance of intermediate cell populations not 

observed in the intact condition. Another unique luminal 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 the luminal progenitor 

population it was originally used to characterize. Our method of leveraging gene lists 

generated by Seurat for candidate factors necessary for the LPC phenotype was 

successful, implicating Bcl-2 regulation of apoptosis and the Yap1/Hippo signaling axis 

in the LPC phenotype. Additionally, further investigation of candidate factors upstream 

of Bcl-2 implies that the activation state of Bcl-2 is more important than active 

transcription of the factor. The necessity of both Bcl-2 and Yap1 to in vitro regeneration 

phenotypes were validated in human-derived organoids as well, yielding evidence that 

the effect of these factors upon prostate regeneration phenotypes is robust across 

different species and culture conditions.  

Although these data are promising, it is important to note that the inhibitors used 

only test a single factor at a time. This can cause difficulty when trying to emphatically 
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conclude about the interrelatedness of factors, even factors whose interactions have 

been clearly and canonically validated in other contexts. Additionally, organoid culture is 

an in vitro facsimile of regeneration, and not the same as the physiological 

phenomenon. Although the interplay of specific cell signals and interactions is 

impossible to mimic in vitro with perfect fidelity, the organoid context provides a way of 

inducing and measuring a regenerative response in vitro. Additionally, the organoid 

“tissue” produced in this context exhibits similar epithelial organization to prostate 

epithelial glands and can undergo a involution in response to the removal of androgen 

similar to the one observed in the physiological prostate in vivo (Drost et al. 2016; 

Karthaus et al. 2014).  

Our scRNA-Seq analysis is also in accordance with recently published scRNA-

Seq analyses from other research groups. Crowell et al. observed an increase in the 

number of luminal progenitor cells in the aging mouse prostate. The genetic markers 

used in their analysis to denote luminal progenitors have significant overlap with the 

markers we used, including Trop2, PSCA, and Krt6a (Crowell, Fox, et al. 2019). 

Although Tspan8 was not described as a genetic marker of prostate luminal progenitors 

in their study, this may be due to differences in analysis parameters like changes in 

clustering granularity or number of PCs used in dimensional reduction analysis. 

Additionally, this study reported an expansion in the number of PSCA+ luminal 

progenitors in the aging mouse prostate, mirroring our own observation of expansion of 

the luminal progenitor population in the castrate prostate (Crowell, Fox, et al. 2019). 

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  
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Fig. 14: Inhibition of Candidate Factors Leads to the Inhibition of Normal Mouse 
Prostate Regeneration In Vitro. Representative images and quantitation of results for 
colony forming assays in organoids treated with CA3 targeting Yap1 (A), venetoclax 
targeting Bcl-2 (B), SB203580 targeting p38 MapK (C), and SC75741 targeting Nf-kB 
(D). Treatment with CA3, venetoclax, or SB203580 yielded a significant reduction in % 
colony forming units in mouse organoids, while treatment with SC75741 did not.  
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(T. T. Liu et al. 2019; Nicholson and Ricke 2011). Karthaus et al. also observed luminal 

progenitors in their scRNA-Seq analysis of mouse prostate samples, reporting similar 

markers to our analysis and that of Crowell et al. including Krt8, Psca, and Trop2 

(Karthaus et al. 2020; Crowell, Fox, et al. 2019). Additionally, Karthaus et al. were able 

to acquire samples from multiple timepoints during prostate involution post-castration 

and prostate regeneration after the reintroduction of androgen. These data pointed 

towards an adaptation of stem-like gene expression phenotypes by the luminal cells 

surviving castration, regardless of their identity before castration (Karthaus et al. 2020). 

This conclusion from Karthaus et al. provides an explanation for our own observations, 

as we identified a population of luminal cells expressing Trop2 that was exclusive to the 

castrate condition. The upregulation of prostate progenitor cell programs in formerly 

differentiated luminal cells could help explain the appearance of the Intermediate 

Luminal Cell population in the absence of androgen signaling. Karthaus et al. were also 

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 (Karthaus et al. 

2020). This approach is similar to the one we pursued in our downstream analysis, 

although we looked to ablate the regeneration of cells in vitro with our additions to the 

organoid media while Karthaus et al. sought to accentuate it. There is some evidence 

for overlap between the specific factors targeted in this paper and those targeted by 

Karthaus et al. Fgf signaling has been observed to induce a pro-survival effect in target 

cells, and can directly upregulate the expression of Bcl family member proteins 

including Bcl-2 in certain contexts (Agas et al. 2008; Ornitz and Itoh 2015). Additionally, 

certain modalities of Yap1 activity can lead to increased expression of Fgf ligands  



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Inhibition of Successful Factors from Mouse Organoid Assays Leads to 

Successful Ablation of Human Prostate Regeneration In vitro. A. Representative 

images depicting wells treated with drugs at the specified doses. B. Colony-forming 

assay data comparing the regenerative phenotype of drug-treated samples to untreated 

and vehicle-treated controls. Treatment with CA3 targeting Yap1 and venetoclax 

targeting Bcl-2 yielded a significant reduction in % colony forming units in human-

derived organoids relative to the vehicle-treated condition. C. Measurements of average 

organoid area (in pixels), providing an orthogonal measurement of regenerative 

response in drug-treated and control conditions. CA3 and venetoclax treatment 

produced a significant reduction in average organoid area.  

A. 

B. 

C. 
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(Zhao et al. 2007). Altogether, these data imply that our investigation and the 

investigation employed by Karthaus et al. could be probing pieces of the same larger 

network of factors regulating the survival and regeneration phenotypes of prostate 

epithelial cells. Further investigation is required to understand the full breadth of 

involved factors and to identify specific contributors that are uniquely necessary for the 

prostate progenitor phenotype.  

Another successful scRNA-Seq investigation of the mouse prostate epithelium 

was undertaken by Joseph et al. This investigation probed specific locations in the 

prostate anatomy for a luminal progenitor signal, finding cells that expressed a similar 

cadre of biomarkers to the ones outlined in our paper including Trop2, Psca, and Krt9 

(Joseph et al. 2020). Joseph et al. successfully identified the location of the luminal 

progenitor cells as the proximal ducts next to the prostatic urethra. Due to the similarity 

in biomarker profile between our scRNA-Seq analysis and that of Joseph et al., it stands 

to reason that the luminal progenitors we identified are localized to the same region of 

the prostate anatomy. 

The drugs we used in our organoid studies have been investigated to varying 

degrees in the prostate context. As of this writing, CA3 has not been used in preliminary 

studies to treat prostate disease, although the Hippo pathway is a known contributor to 

prostate cancer progression and Yap1 contributes to cancer cell growth and invasion in 

vitro (Kuser-Abali et al. 2015; Salem and Hansen 2019). Additionally, treatment of 

TRAMP cancer model mice with verteporfin, a different Yap1 inhibitor, led to a 

significant reduction in cancer recurrence (Jiang et al. 2017). Overall, verteporfin is a 

more commonly used inhibitor of Yap1, but CA3 was employed in our study due to its 
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higher specificity in targeting Yap1 (Song et al. 2018). Verteporfin has a much lower 

target affinity for Yap1 when compared to CA3, and we chose to use CA3 to avoid the 

necessity of decoupling the possible undesired off-target effects of Verteporfin from its 

desired effect on Yap1 (Song et al. 2018). Although research into Yap1’s role in 

prostate cancer has been extensive, little is known about its role in BPH. The 

identification of Yap1 as a possible necessary factor in the normal prostate regeneration 

phenotype may potentiate further investigation of Yap1 in the benign disease context.  

Modulation of MapK signaling has shown promise as a treatment for PCa, 

although these pathways have not been investigated as deeply in the context of BPH or 

normal prostate regeneration. 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 (K.-Y. Kim et al. 2017).  More broadly, p38 MapK signaling 

has been a subject of interest in the field of prostate disease due to its known 

dysregulation in prostate cancer as well as data implying possible tumorigenic and 

tumor suppressor effects of this dysregulation in the prostate cancer context (Koul, Pal, 

and Koul 2013). As of now, this is the first study to test the effectiveness of SB203580 in 

ablating normal prostate organoid growth in vitro. Similarly, Nf-kB has been a target of 

interest in the field of prostate disease as well due to its role in interleukin signaling 

pathways and its observed activation in some prostate cancers (Torrealba et al. 2019; 

Paule et al. 2007; Nadiminty et al. 2013; Suh and Rabson 2004). SC75741 specifically 

has not been tested in the context of normal prostate regeneration or prostate disease.  

The Bcl-2 axis of apoptosis regulation has been studied extensively in the 

context of prostate cancer, as this factor has been shown to contribute to the survival of 
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castration-resistant prostate cancer cells (Kelly and Strasser 2011; J.-H. Kim et al. 

2017). Venetoclax has been used as a therapeutic drug for advanced prostate cancer in 

mouse models and is currently in clinical trials for use in human patients (Suvarna, 

Singh, and Murahari 2019). Although venetoclax shows promise as a cancer 

therapeutic, the role of Bcl-2 in BPH and normal prostate regeneration has not been 

investigated as thoroughly. Overall, the driving public health impetus to treat prostate 

cancer has led to investigation of factors like Bcl-2, Yap1, and p38 MapK in the cancer 

context but not in the normal or benign hyperplastic contexts. This has produced a lack 

of understanding of the contribution of these factors to normal regeneration and benign 

disease. We hope that these data provided in this study can help advance the study of 

normal prostate regeneration and spur interest in testing these factors as possible 

treatment targets in the context of benign disease.  

These data raise multiple important questions about their clinical applicability and 

potential for further investigation of the normal context. First, an important next step in 

testing the effect of Bcl-2 and Yap1 on normal regeneration is to apply a similar 

inhibitor-based approach to in vivo models of regeneration. This approach could yield 

data strengthening the association of these factors with regeneration while also 

providing evidence that the factors can be successfully targeted to ablate normal 

prostate regeneration in the physiological context. Additionally, the unique luminal 

diversity of the castrate prostate necessitates further investigation. The biological output 

of the intermediate luminal population, as well as a deeper understanding of how the 

more differentiated luminal populations survive in the absence of androgen signaling, 

could yield important insights into the factors underlying luminal cell survival and their 
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contribution prostate regeneration. Lastly, the drug testing data here could be leveraged 

into testing in benign disease models, yielding the validation of possible druggable 

targets that could provide more permanent or efficacious methods for treating benign 

prostatic hyperplasia.  
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CHAPTER IV 

DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

 Benign prostate hyperplasia and prostate cancer present a public health issue 

due to their high rate of occurrence and the fact that they necessitate chronic and 

expensive treatment (American Cancer Society 2020; Lim 2017; Rawla 2019). 

Statistically speaking, the average American male will experience some form of either 

benign or malignant prostate disease in their lifetime (American Cancer Society 2020; 

Lim 2017). Additionally, many aggressive forms of prostate disease exist that can either 

cause a significant reduction in quality of life or, in some cases, become refractory to 

treatment and directly threaten the life of the patient (Teo, Rathkopf, and Kantoff 2019; 

E. H. Kim, Larson, and Andriole 2016). A concrete explanation for the high disease 

burden of the prostate has eluded the field for decades, but many researchers have 

found promising results in investigating the link between normal prostate progenitor cell 

phenotypes and the development of prostate disease (Tokar et al. 2005; G. Wang et al. 

2012; Notara and Ahmed 2012). This research is built upon by the theory that the 

normal regenerative capacity of rare cells in the prostate epithelium, whether it is cell 

intrinsic or dependent upon the unique signaling environment of the proximal prostate, 

is aberrantly activated in diseased prostate epithelial cells due to genetic mutation or 

disruptions in signaling. Evidence exists for the viability of this theory of prostate 

disease. There are similarities in phenotype between aggressive forms of prostate 

cancer and prostate progenitor cells including a slow cycling rate, androgen 

independence, and lineage plasticity (Chandrasekar et al. 2015; G. Wang et al. 2012). 

Additionally, experimental increase of estrogen signaling relative to androgen signaling 
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can induce benign prostate outgrowth in murine models (E. M. McAuley et al. 2017). 

This finding implies that the modulation of prostate progenitor cell activity through 

hormone signaling can be achieved outside the normal androgen cycling model and can 

be caused by the shift in hormone signaling common in aging men that suffer from BPH 

(Aaron, Franco, and Hayward 2016). Indeed, the aging mouse and human prostates 

both exhibit an enrichment of prostate epithelial progenitor cells that correlates with the 

age-induced increase in estrogen signaling in males (Crowell, Fox, et al. 2019). To this 

end, the investigation of prostate progenitor cells and their mechanistic underpinnings 

would aid in understanding both benign and malignant prostate disease. This would 

allow researchers to identify new druggable targets, allowing for the development of 

new and more efficacious treatments for prostate diseases that have previously been 

refractory to treatment.  

 The research presented in this thesis provides insight into the behavior of normal 

prostate progenitor cells both in vitro and in vivo. Our investigation of human prostate-

derived monolayer and organoid cells using scRNA-Seq analysis yielded data pointing 

to the persistence of prostate progenitor cells marked by KRT13 in these culture 

conditions. Additionally, intermediate populations in various states of differentiation were 

observed using this same method, although these populations were largely exclusive to 

the organoid condition. The integration of organoid and monolayer datasets with publicly 

available scRNA-Seq data of healthy human prostate revealed the population 

differences between in vitro and in vivo cell types, including the observation of 

proliferating epithelial populations in vitro that are largely not present in the in vivo 

condition. Altogether, these data provide evidence that the organoid culture 
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environment preserves the prostate progenitor cell populations as well as recapitulating 

some of their axis of differentiation. Although this facet of organoid culture is 

advantageous, it does also clearly enrich for behaviors that are non-physiological, 

including the induction of proliferation that is largely not observed in the in vivo context 

according to our own scRNA-Seq analysis of human prostate samples (McCray, Moline, 

et al. 2019; Henry et al. 2018). These data not only provide a clearer understanding of 

the nature of the enrichment of prostate epithelial progenitor cells in the organoid 

condition, they also provide a tangible output for our scRNA-Seq analysis workflow. The 

identification of rare intermediate and progenitor cell populations in vitro, along with an 

accompanying orthogonal validation using immunofluorescence microscopy, serves as 

a proof of concept for the in vivo scRNA-Seq investigation presented in this thesis. 

Additionally, the samples used in our scRNA-Seq analysis of primary prostate epithelial 

cells were derived from prostatectomy samples. Although these samples were carefully 

taken from benign regions of the tissue sample, it is important to note that they were 

derived from a diseased organ. Due to the difficulty in acquiring healthy samples facing 

the prostate research field, this practice of deriving samples from prostatectomy tissue 

is common. However common this approach may be, it is important to note that the 

tissue used in this analysis cannot definitively be described as normal. This may have 

contributed to a limited degree to the differences observed between the in vitro and in 

vivo scRNA-Seq datasets reported in Fig. 8.  

 Subsequent investigation of the normal prostate yielded further data describing 

prostate epithelial progenitor cells. First, we were able to establish a biomarker profile 

for a candidate LPC population. This profile included Krt8, Krt18, Psca, Trop2, Sox2, 
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and Tspan8. These markers can allow for further experimentation with the luminal 

progenitor population using secondary methods like flow cytometry. This path is 

possibly facilitated by the discovery of the expression of cell surface marker Tspan8 in 

this population. Next, we were able to distill the list of factors generated by our analysis 

that were uniquely expressed by the LPC population into a list of candidate factors that 

were expected to be involved in the regenerative phenotype of the LPC population. 

These candidates included developmental factors like Shh and Yap1 as well as factors 

involved in cell survival like Bcl-2, p38 MapK, and negative control Nf-kB. Inhibition of 

these factors yielded promising results, implicating Bcl-2 and Yap1 as necessary factors 

for the regenerative phenotype of prostate cells in vitro in both mouse and human-

derived samples. These results outline a group of new druggable targets which could 

also be leveraged in the future to treat benign prostate disease, but also provides a 

clear methodological framework for how researchers can use scRNA-Seq approaches 

to find and test candidate factors necessary for prostate regeneration or contributors to 

prostate disease. These approaches could allow researchers to identify the rare 

progenitor-like populations within normal and diseased prostate tissue, and then use the 

expression profiles generated for these populations to target and treat specific cell 

populations that may escape treatment normally.  

 Although these studies have yielded significant results, it is important to state the 

limitations of our approach. For example, although our identification of prostate 

progenitor populations in the organoid context in Chapter 2 was validated secondarily 

using IF microscopy, it is important to state that validation of the quantitative 

measurement of the number of progenitor cells present in the organoid context requires 
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an additional secondary method like flow cytometry. This is due to the technically small 

number of cells that are run in a 10x Genomics workflow, which is usually only slightly 

higher than the number of cells that are captured and present in the subsequent data 

analysis. The low number of cells used in scRNA-Seq presents a difficulty in 

commenting definitively about the quantity of a cell type, especially rare cells, without 

access to multiple biological replicates or secondary methods of validation.  

 Although the data attained from our tests of small molecule inhibitors in the 

organoid context has provided promising results, it is important to state that this 

methodology is not an exact recapitulation of the physiological context. More 

specifically, organoid culture conditions do not exactly replicate the physiological 

signaling environment. For example, FGF is known to be involved in prostate 

development and regeneration and it is not included the murine and human organoid 

protocols employed in this thesis (Drost et al. 2016; McCray, Richards, et al. 2019; Kato 

et al. 2013). The absence of signaling factors, as well as the possible combinatorial 

interactions of these absent factors with other factors already present in the organoid 

condition, is a clear source of divergence from the physiological context. Additionally, 

although organoids exhibit some of the behaviors of the in vivo prostate epithelium, the 

pharmacology of organoids is considerably different than the in vivo condition. 

Organoids are not vascularized, and the treatment of in vitro models like organoids with 

drugs is typically more efficacious and uniform than treating the full organism (Drost and 

Clevers 2018). Pursuit of in vivo validation of the treatment results observed in vitro 

would ameliorate some of the issues presented here, allowing us to make a conclusive 
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statement about the validity of Bcl-2 and Yap1 as druggable targets necessary for 

normal prostate regeneration.  

 The data acquired from the investigations presented in this thesis present 

numerous interesting avenues for further investigation. Among the questions facing the 

field of prostate research is the species differences between the human prostate and 

the murine prostate used as a model system. Although there are visually apparent 

differences between the human and mouse prostate in both morphology and histology, 

there are other differences between these species contexts that are of note (Toivanen 

and Shen 2017). For example, luminal progenitors have yet to be definitively observed 

in the normal human prostate in vivo, and luminal cells that exhibit progenitor-like 

characteristics are solely observable in the diseased state (Moad et al. 2017; Li and 

Shen 2019). The normal mouse prostate, on the other hand, has observable luminal 

progenitor populations in vivo. A clear difference between the two tissues is also the 

observation of proliferating epithelial cells in the mouse prostate that are largely absent 

from the human prostate condition. Interestingly, the mouse prostate also 

spontaneously develops prostate disease at a much lower rate than the human 

prostate, so much so that mouse models of PCa and BPH must be artificially induced 

using genetic engineering or hormone modulation respectively (Valkenburg and 

Williams 2011; E. M. McAuley et al. 2017). The presence of proliferating cells has 

multiple competing explanations, but the most interesting is the possibility that the 

mouse prostate experiences significantly more tissue turnover than the human prostate. 

This could provide a possible explanation for the lower rate of prostate disease in the 

murine prostate, as anoikis resistance and general lack of response to tissue turnover 
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signals correlate with a higher rate of disease and more aggressive disease subtypes. It 

is possible to genetically engineer mice with a prostate epithelium less capable of tissue 

turnover in the luminal compartment, as this has been performed using a genetic 

construct expressing the Notch intracellular domain downstream of the probasin 

promoter (Kwon et al. 2014). This led to a loss of normal tissue turnover in the luminal 

compartment of the prostate epithelium, and a slight overgrowth of the epithelium over 

the short period of time in which the animals were observed (Kwon et al. 2014). This 

model could be leveraged even further to investigate if the reduction in tissue turnover 

rate in the prostate delivers a possible oncogenic effect in the mouse context. This 

could help answer the question of whether the higher rate of tissue turnover observed in 

the intact mouse prostate scRNA-Seq data presented in this thesis could possibly 

explain the lower rate of prostate disease in the model system.  

 Another possible avenue of interest is the unique luminal cell diversity present in 

the castrate mouse prostate. This diversity was observed in our scRNA-Seq dataset, 

specifically in the presence of four unique populations in that condition, identified as 

LPCs, Intermediate Luminal Cells, Nkx3.1Hi Luminal Cells, and Differentiated Luminal 

Cells. These data imply a rough path towards differentiation in the luminal compartment 

of the prostate, starting with LPCs, proceeding to Intermediate Luminal Cells and 

Nkx3.1Hi Luminal Cells, and ending with Differentiated Luminal Cells. This differentiation 

axis is largely based on conjecture informed by literature, placing the population 

expressing the most putative progenitor markers at the least differentiated position, and 

the population expressing the least progenitor markers at the most differentiated 

position. Experimental validation of this differentiation axis is necessary to truly 
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conclude upon its existence, and this could be pursued using scRNA-Seq investigation 

in vitro. Gathering samples over multiple days after the plating of single prostate 

epithelial cells will allow for a rough quantification of prostate epithelial cell populations 

during the organoid outgrowth process. By flow sorting LPCs using the markers outlined 

in this thesis, the initial plating of cells can be highly enriched with LPCs and allow for 

the tracking of their daughter populations over time in a context that directly induces 

progenitor cell activity. An accompanying single cell ATAC-Seq solution could also be 

pursued, allowing for a quantification of changes in the epigenetic landscape of cells 

over time to accompany the single cell expression data. This can produce a clear 

picture of how luminal cells differentiate in a controlled condition over time. The 

conclusions provided by this type of research could be advantageous to the study of 

prostate disease as they could provide an idea of what factors contribute significantly to 

the discrete steps in the luminal differentiation process, allowing for the downstream 

manipulation of those factors to combat prostate cancers that are poorly differentiated. 

 A final possible future direction prompted by our scRNA-Seq of mouse prostate is 

looking for a greater understanding of the persisting Differentiated Luminal Cells in the 

castrate prostate. These cells were observed at a much lower rate in the castrate 

prostate, but it is important to note that their presence in the absence of androgen 

signaling implies at least a temporary androgen independence exhibited by these cells 

in the castrate condition. Expression profiles of differentiated luminal cells in the 

castrate and intact conditions could be compared to yield a list of factors uniquely 

expressed by Differentiated Luminal Cells in the castrate condition. These factors could 

then be distilled down to likely candidate factors contributing to luminal cell survival 
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using a pathway analysis approach similar to the one employed in Chapter 3 to 

investigate the LPC population. The resulting list of factors could then be tested for their 

role in luminal cell survival in the absence of androgen signaling using in vitro organoid 

culture and in vivo hormone dependent regeneration models. Conclusions from this 

investigation could yield significant insight into the pathways and factors underlying 

androgen independence, which is a key contributor to aggressiveness and treatment 

resistance in prostate diseases like CRPC.  

 Altogether, these planned avenues for future investigation will yield significant 

insight into the mechanistic underpinnings of the prostate progenitor cell phenotype. A 

deeper understanding of the factors necessary for the prostate progenitor phenotype, 

specifically in the realms of survival and tissue regeneration, could provide promising 

druggable targets for the treatment of benign and malignant prostate diseases. BPH 

presents a unique obstacle for researchers as the underlying causes for the disease are 

still not known, and factors necessary for the aberrant phenotype of benign prostate 

overgrowth remain under-studied. The discovery of druggable targets in the normal 

progenitor cell context can aid in the effort to treat BPH, as it would allow for the 

discovery of cell-intrinsic factors necessary for the progenitor cell regeneration 

phenotype that shares multiple similarities with the overgrowth phenotype observed in 

BPH. PCa provides a different challenge to researchers, as the heterogeneous nature 

of the disease allows for the numerous subtypes of PCa to escape generalized 

treatment methods. Adding to the overall catalog of necessary factors in the normal 

progenitor cell context can provide more druggable targets for the treatment of PCa. 

Additionally, a greater understanding of the heterogeneity within the normal adult 
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progenitor cell populations and the downstream intermediate populations can provide a 

basis for understanding PCa cases that exhibit varying levels of differentiation as well.  
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