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Abstract

The prostate develops by epithelial budding and branching processes that occur during fetal and 

postnatal stages. The adult prostate demonstrates remarkable regenerative capacity, with the ability 

to regrow to its original size over multiple cycles of castration and androgen administration. This 

capacity for controlled regeneration prompted the search for an androgen-independent epithelial 

progenitor in benign prostatic hyperplasia (BPH) and prostate cancer (PCa). BPH is hypothesized 

to be a reawakening of ductal branching, resulting in the formation of new proximal glands, all 

while androgen levels are decreasing in the aging male. Advanced prostate cancer can be slowed 

with androgen deprivation, but resistance eventually occurs, suggesting the existence of an 

androgen-independent progenitor. Recent studies indicate that there are multiple castration-

insensitive epithelial cell types in the proximal area of the prostate, but not all act as progenitors 

during prostate development or regeneration. This review highlights how recent cellular and 

anatomical studies are changing our perspective on the identity of the prostate progenitor.

Introduction

The human prostate is a walnut shaped organ situated at the base of the bladder. The 

glandular tissue of the prostate surrounds the portion of the urethra called the ‘prostatic 

urethra’. During in utero growth, epithelial outgrowths from the urethral wall extend 

outward into the surrounding mesenchyme to form prostate rudiments (Timms 2008). 

During the course of development, prostate rudiments elongate, branch and canalize to form 

a network of ducts that end in acini. The glands of the prostate drain into the urethra through 

ducts that open into the urethral wall.

Early studies using wax reconstructions of preserved human fetal samples identified clusters 

of prostate ducts emerging from different locations around the urethra (Lowsley 1912, 

Johnson 1920). In the adult, these locational distinctions are less obvious, but McNeal’s 

description of the zonal anatomy of the prostate (McNeal 1981) closely agreed with the 
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earlier observations from the fetal prostate. The region surrounding the urethra was called 

the transition zone while the outer regions of the prostate were named the peripheral zone. 

The central zone was described as the collection of glands situated around the ejaculatory 

ducts. It was observed that BPH growth was confined to the peri-urethral transition zone of 

the prostate while prostate cancer was predominantly found in the peripheral zone (McNeal 

1981, McNeal 1983). This finding raised the intriguing possibility that BPH and PCa have 

distinct cells of origin.

Rapid growth and differentiation of the prostate occurs during early development. Benign 

prostate enlargement is thought to be a recapitulation of this early embryonic growth 

(McNeal 1978, Brennen and Isaacs 2018). In BPH patients, nodules composed of stroma, 

epithelium or a mixture of both are found adjacent to the urethra (Strand et al. 2017). During 

embryonic prostate development, emerging prostate rudiments bud from the urethral 

epithelium and extend into mesenchymal condensations of fibroblasts in response to 

androgens (Cunha and Lung 1978). A similar process has been proposed for the 

development of BPH glandular nodules, where reawakening of embryonic growth signals 

from the mesenchyme induces new epithelial growth (McNeal 1978, Timms et al. 1994, 

Bierhoff et al. 1997). The mechanisms responsible for the susceptibility of peri-urethral 

glands to proliferative signals during the onset of BPH at middle age remain unknown. This 

could be explained by cell composition differences between the inner ducts and the outer 

glands. Recent single cell RNA sequencing (scRNA-seq) studies have shown that 

outgrowths from the prostatic urethra extend into the transition zone and have a distinct 

cellular composition compared to peripheral prostate glands, which could explain the 

regional incidence of disease (Henry et al. 2018, Joseph et al. 2020).

Prostate cancer is predominantly found in the peripheral zone and displays a luminal 

phenotype (De Marzo et al. 2007). Prostate cancer is the second leading cause of cancer 

mortality in the US and has been treated with surgical and chemical castration for decades 

(Huggins and Hodges 2002). Most men with advanced prostate cancer initially respond to 

first- and second-generation androgen deprivation, but castration-resistant prostate cancer 

(CRPC) almost universally recurs (Leuprolide Study 1984). To determine the cellular origin 

of CRPC, commonly found genetic losses and mutations have been driven by promoters of 

genes expressed in basal or luminal epithelia (Wang et al. 2009, Choi et al. 2012). With the 

advent of single cell RNA sequencing and the molecular identification of new epithelial cell 

types resistant to castration, the search for a cell of origin for prostate cancer has broadened 

(Guo et al. 2020). However, cell type-specific analyses of the prostate under castration and 

regeneration shows that not all castration-insensitive cell types are involved in prostate 

regeneration (Crowley et al. 2020, Guo et al. 2020, Karthaus et al. 2020, Mevel et al. 2020), 

which highlights the need to understand the molecular identification and anatomical context 

of each cell type in development and disease.

Prostate progenitors during fetal development

The urogenital system, of which the prostate is a part, develops from a transient endoderm-

derived structure called the cloaca. The cloaca undergoes septation to form the urogenital 

sinus (UGS) and anorectal tracts (Gupta et al. 2014). Androgen action on the mesenchyme 
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(Cunha 1984) surrounding the UGS epithelium induces the outgrowth of prostate buds 

starting from 10 weeks of gestation in humans and between embryonic day (E) 16–18 in 

mice (Timms 2008, Cunha et al. 2018). Prostate development has been studied in the 

greatest detail in mouse and rat and closely parallels human prostate development. Prostate 

development can be divided into six stages: 1) specification, 2) emergence of solid prostatic 

epithelial buds from UGS epithelium, 3) bud elongation and branching, 4) canalization of 

solid epithelial cords, 5) differentiation of luminal and basal epithelial cells, and 6) secretory 

cytodifferentiation (Cunha et al., 2018). The last two stages, differentiation and secretory 

cytodifferentiation, are completed at puberty in response to a surge in androgen production.

The early prostate transcription factor NK3 Homeobox 1 (Nkx3.1) marks prostate 

outgrowths into the budding, branching and canalization stage, and ultimately becomes 

largely restricted to secretory luminal cells in the mature prostate (Bhatia-Gaur et al. 1999). 

p63 expression marks the basal layer of the UGS epithelium. Proliferative activity is 

concentrated in the basal layer of the UGS and in the developing prostate buds, which 

appear to be evaginations from the basal layer (Cunha et al. 2018). p63 knockout mice fail to 

develop prostate buds suggesting that the fetal prostate progenitor is basal in origin 

(Signoretti et al. 2000, Signoretti et al. 2005). Mouse models that indelibly mark basal 

(Keratin 5/Keratin 14) and luminal (Keratin 8) lineages confirm that basal epithelia are 

multipotent during prostate budding and branching until puberty, at which point basal and 

luminal lineages are self-sustained (Choi et al. 2012, Ousset et al. 2012, Tika et al. 2019).

The establishment of proximal and distal compartments occurs during early development, 

with the proximal region being derived from non-Nkx3.1 expressing urethral epithelial cells 

marked by Krt4 and Runx1 (Mevel et al. 2020). Differences in progenitor cell potential in 

the proximal and distal prostate epithelial compartments have been described in the adult 

prostate (Goto et al. 2006). Recent evidence indicates that the proximal and distal 

compartments are established concurrently with prostate budding. The proximal region 

appears to be an extension of urethral epithelium following prostate bud outgrowth. 

Outgrowths of proximal ducts do not express the Nkx3.1, but instead express markers 

specific to urethral epithelium (Mevel et al. 2020).

We previously defined the cell type composition of the human prostatic urethra, which 

includes p63+ basal cells as well as club and hillock cells that are named after similar cell 

types found in the lung (Henry et al. 2018). Club cells were named after lung club cells 

which function as progenitors, contribute to airway fluid and metabolize xenobiotics (Zuo et 

al. 2018). In the lower urinary tract, club cells are mostly confined to the prostatic urethra 

and proximal ducts (Henry et al. 2018). Club cells express secretoglobins (SCGB3A1 and 

SCGB1A1) in addition to several genes involved in innate immunity including LCN2, PIGR, 

PI3 and SLPI. Hillock cells were named after unique stratified structures with high turnover 

in the lung (Montoro et al. 2018), which are comprised of stacked KRT13-expressing cells. 

Hillock cells expressing the squamous epithelial markers KRT13 and KRT4 are found in the 

suprabasal layers of the prostatic urethra and are also found in small structures of contiguous 

stacked cells in prostate glands. In the developing human prostate, club and hillock cells of 

the urogenital sinus epithelium extend into the proximal ducts. The distribution of these cells 

becomes sparse within elongating buds (Joseph et al. 2020).
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A recent study shows that a castration-resistant luminal lineage marked by Runx1 in the 

mouse is established at the onset of prostate development and specifically gives rise to the 

proximal region of prostate ducts. Runx1 expression and other urethral luminal markers such 

as Krt4 are localized to the inner luminal layers of the urethral epithelium at the time of bud 

outgrowth (Mevel et al. 2020). The proximal urethral luminal compartment, marked by 

Runx1 and Krt4 expression, is maintained as a distinct entity from the Nkx3.1+ prostate 

secretory luminal compartment into postnatal and adult stages (Joseph et al. 2020). Lineage 

tracing demonstrates that early Nkx3.1+ urogenital sinus cells contribute to the Nkx3.1− 

proximal urethral compartment in the adult (Crowley et al. 2020). Although facultative 

assays suggest that proximal luminal cells of the urethra can give rise to Nkx3.1+ prostate 

luminal cells (and p63+ basal cells) ex vivo, lineage tracing under physiological conditions 

in vivo shows little evidence that proximal Krt4+/Sca-1+/Trop2+/Psca+ urethral luminal 

cells are progenitors for prostate in development or adult castration/regeneration (Guo et al. 

2020, Karthaus et al. 2020, Kwon et al. 2020).

Regional niches of epithelial progenitors in the adult prostate

Progenitor cells participate in organ morphogenesis and become less numerous by 

adulthood. These cells are often confined to specialized niches surrounded by inductive 

stroma and supporting cells. In the lung, stem/progenitor cells reside in the proximal airway 

and proliferate in response to injury. These progenitors can differentiate into multiple cell 

types in the lung (Chen et al. 2012, Salwig et al. 2019). Studies in the mouse bladder have 

demonstrated transient embryonic progenitors that contribute to early bladder development 

are replaced by a different set of progenitors in the adult bladder (Gandhi et al. 2013). In 

mouse prostate development, multipotent basal progenitors are replaced by lineage-

committed, unipotent basal and luminal progenitors that contribute to adult growth and 

maintenance of the organ (Ousset et al. 2012, Tika et al. 2019, Kwon et al. 2020, Wang et al. 

2020).

The adult mouse prostate shrinks at the distal axis in response to castration due to the loss of 

androgen-dependent secretory luminal cells. However, the prostate only regrows to its 

original size pointing to a growth-restricting mechanism (Coffey et al. 1968, English et al. 

1985, English et al. 1987, English et al. 1989). Most of the DNA synthesis activity during 

regeneration occurs in the distal prostate. This led to the proposal that an androgen-

independent progenitor exists in the distal adult prostate and can repopulate the castrated 

prostate when testosterone is re-administered (Sugimura et al. 1986, Kinbara et al. 1996).

In contrast, studies over the last 20 years have opened up the possibility that luminal cells in 

the proximal prostate could serve as androgen-independent prostate progenitors. A series of 

facultative, colony formation experiments using dissected tissue from the urethra, proximal 

ducts and distal prostate, suggested that the highest regenerative capacity resided in the 

urethra and proximal prostate (Tsujimura et al. 2002, Goto et al. 2006). The interpretation 

was that the enhanced ability to form colonies ex vivo was indicative of high proliferative 

potential and stemness. This group went on to show that dissected tissue from the mouse 

urethra and proximal ducts was more efficient in tissue regeneration and branching assays, 

and expressed high levels of Sca-1, a cell surface marker commonly expressed by stem cells 
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in other tissues (Burger et al. 2005). Sca-1+ luminal cells in the proximal region have low 

levels of androgen signaling and do not express the androgen receptor target gene Nkx3.1 

(Kwon et al. 2016). This made them ideal candidates for the androgen-independent proximal 

prostate progenitor. However, despite Sca-1+ positive cells being capable of differentiating 

into Sca-1−/Nkx3.1 + prostate luminal cells and p63+ basal cells ex vivo (Xin et al. 2005), 

lineage tracing of Sca-1 + luminal cells shows that they are largely self-sustaining, only 

regenerating more Nkx3.1−/Sca-1 + luminal cells (Kwon et al. 2020). These results were 

recently confirmed by lineage tracing proximal androgen-independent cells marked by 

Runx1, Psca or Krt4 (Guo et al. 2020, Mevel et al. 2020).

We recently demonstrated by scRNA-seq the molecular identity of Sca-1+ luminal cells in 

the mouse. Sca-1+ luminal epithelia in the mouse proximal prostate represent extensions of 

the urethra into the proximal ducts that drain the prostate of its secretions (Joseph et al. 

2020). Mouse urethral luminal epithelia express markers previously suggested to represent 

proximal progenitors including Sca-1 (Shi et al. 2014, Kwon et al. 2016), Trop2 (Goldstein 

et al. 2008), Psca (Crowell et al. 2019), and Krt4 (Sackmann Sala et al. 2017, Karthaus et al. 

2020). The Krt4+ proximal luminal cell compartment is derived from the suprabasal layers 

of the UGS and is established early in prostate development (Joseph et al. 2020, Mevel et al. 

2020). Although the Sca-1 gene, Ly6a, does not have a direct human homolog, Sca-1 is one 

of several markers that are expressed in urethral luminal cells residing in the urethral 

epithelium and proximal ducts. Results from studies on Sca-1+ proximal luminal cells can 

be extended to the entire proximal urethral cell population. It is important to note that Sca-1 

is also expressed in proximal basal cells and stromal cells, so special care has to be taken to 

isolate luminal Sca-1 expressing cells for experimental analyses. The transcriptome of 

mouse urethral luminal cells shows high correlation with human urethral cells (Joseph et al. 

2020). Experimental studies on Sca-1 in the mouse can be used to gain insights into human 

urethral luminal cells, especially where such studies would be unworkable in humans.

Recent studies in the mouse have demonstrated that Krt4+ luminal epithelia are resistant to 

castration (Sackmann Sala et al. 2017). Ly6d+ luminal cells, which are resistant to castration 

and co-express Krt4, were found to be enriched in the proximal prostate and likely represent 

the same androgen-independent luminal population (Barros-Silva et al. 2018). Using 

scRNA-seq of urethra and prostate, we demonstrated that Krt4+ cells are a luminal cell of 

the urethra and express most of the previously identified markers of facultative progenitors 

(Joseph et al. 2020). The low levels of androgen signaling and castration resistance of 

proximal luminal cells can be explained by their urethral origin.

Two other groups also identified a distinct luminal cell type in the mouse proximal prostate 

by scRNA-seq. Karthaus et al. identified a Krt8+/Sca-1+/Krt4+/Psca+/Trop2+ ‘proximal 

luminal’ cell type that displayed enhanced survival in facultative assays, but only 

regenerated locally after castration and subsequent androgen re-administration according to 

clonal analysis of a Krt8-driven lineage tracing model. Notably, Krt8 marks Krt4+ urethral 

luminal epithelia in the proximal prostate ducts as well as Nkx3.1+ prostate luminal 

epithelia distally (Karthaus et al. 2020). Guo et al. identified a Krt8+/Sca-1+/Krt4+/Psca+/

Trop2+ luminal epithelial cell type in the proximal prostate ducts and also found them in 

distal prostate invaginations. Lineage tracing these luminal cells using either Psca or Krt4 
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promoters produced similar results to Karthaus et al. In essence, Krt4+ luminal epithelia are 

castration-resistant, but they do not regenerate Nkx3.1 + prostate luminal epithelia 

proximally. This is in direct contrast to facultative spheroid and tissue regeneration assays 

that show the ability of proximal Krt4+ urethral luminal epithelia to differentiate into 

Nkx3.1+ prostate luminal epithelia (as well as p63+ basal epithelia) (Guo et al. 2020). These 

results highlight the widespread discordance seen in facultative assays compared to in situ 
lineage tracing experiments. While there is evidence that a small population of distal Krt4+ 

luminal epithelia can give rise to Nkx3.1+ prostate epithelia in castration/regeneration 

experiments in vivo (Guo et al. 2020), the contribution to prostate regeneration is a fraction 

of the contribution of castration-resistant prostate luminal epithelia (Karthaus et al. 2020).

Facultative stem cell assays vs. lineage tracing

The discordant results from facultative stem cell assays and lineage tracing experiments beg 

an important question: do the traditional facultative assays that are used to identify 

progenitors such as spheroid formation, tissue regeneration, and label retention accurately 

reflect the lineage hierarchy in vivo? Facultative stem cell assays have been widely used as a 

surrogate for multipotency and suggest that a progenitor niche exists in the proximal region 

of the prostate, but the recent scRNA-seq data and lineage tracing studies detailed above 

suggest that surviving castration does not necessitate that a cell type is a progenitor for 

Nkx3.1+ prostate luminal epithelia during androgen-stimulated prostate regeneration.

Spheroid formation in vitro has been widely used to assess self-renewal and regenerative 

capacity. Basal cells have superior sphere formation capacity compared to luminal cells 

(Lawson et al. 2007), but, as noted above, rarely give rise to luminal cells in the adult 

(except under injury as discussed below). A Trop2+ basal cell population, localized in the 

proximal region of the mouse prostate, had enhanced sphere formation capacity in vitro 
compared to Trop2− basal cells (Goldstein et al. 2008). We now understand that Trop2+ 

basal epithelia are preferentially located in the prostatic urethra, but as noted above, the cells 

of the prostatic urethra appear to be lineage-restricted in the adult. In addition to Trop2, 

Sca-1 is expressed predominantly by epithelial cells of the urethra and proximal ducts 

(Kwon et al. 2016, Joseph et al. 2020). A Sca-1+ basal population also showed increased 

susceptibility to transformation and greater sphere formation capacity compared to prostate 

luminal cells (Lawson et al. 2010), but failed to differentiate into Nkx3.1+ prostate luminal 

cells (Kwon et al. 2020).

Tissue regeneration assays determine the progenitor capacity of a cell type by assessing its 

ability to reconstitute differentiated prostate epithelium. A cell population of interest is 

recombined with inductive fetal urogenital sinus mesenchyme (UGM) under the kidney 

capsule of immunocompromised mice. Although tissue recombination and grafting studies 

have provided important insights into stromal-epithelial interactions in the prostate (Chung 

and Cunha 1983, Kinbara et al. 1996), the inductive capacity of UGM is so strong that it can 

induce artificial prostate differentiation in other epithelia such as the bladder (Cunha et al. 

1983). Basal cells from both mouse and human prostate can be transduced with oncogenes 

and initiate luminal prostate cancer in tissue regeneration assays (Goldstein et al. 2008, 

Goldstein et al. 2010, Lawson et al. 2010), but it has yet to be demonstrated that basal 
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epithelia harbor mutations in human prostate cancer. Given the discordant results of 

facultative stem cell assays and tissue regeneration assays described above, the higher 

regenerative capacity of basal compared to luminal epithelia and proximal urethral luminal 

compared to distal prostate luminal cells in tissue regeneration and organoid assays could be 

due to the relative survival of these cell types.

Label retention experiments have been used in other organ systems like the skin to identify 

slow cycling progenitors (Braun and Watt 2004). Rodents are injected with a chemical, like 

BrdU or EdU, which is incorporated into cells that are synthesizing DNA. The intensity of 

BrdU or EdU staining is assessed in the cells after a wash-out period. Fast cycling cells will 

dilute out the label during the wash out period while slow cycling cells will retain the label. 

Progenitor cells that are actively dividing during embryonic prostate growth take up the label 

during the pulse period. Proliferating cells labeled in embryonic day 16.5 urogenital sinus 

retained the label into adulthood and were found in the proximal region of the prostate, 

suggesting that progenitors from early development were maintained in the adult proximal 

prostate (Ceder et al. 2017, Wei et al. 2019). However, we now understand that the Krt4+/

Trop2+/Sca-1+/Ly6d+/Psca+ cells of the proximal prostate are extensions of the prostatic 

urethra (Joseph et al. 2020). In addition, luminal LRCs enriched in the mouse proximal 

prostate that were resistant to castration highly expressed Krt19, an intermediate cell marker, 

which is also highly expressed in the urethral luminal cell compartment (Zhang et al. 2018, 

Joseph et al. 2020).

There is increasing consensus that the proximal and distal epithelial compartments are 

maintained independently. In the lung, distinct progenitor populations exist for the proximal 

and distal regions (Danopoulos et al. 2018). This appears to be true for the prostate as well, 

with different pools of progenitors maintaining the proximal ducts and distal tips of the 

prostate. In summary, the androgen-independent, slow cycling luminal cells of the prostatic 

urethra extend into the proximal prostate, are resistant to castration, and form prostate glands 

in facultative assays, but there is little evidence to date that these cells contribute to prostate 

formation during development or adult regenerative growth (Figure 1, Table 1).

Influence of aging and inflammation on progenitors in prostate disease

It is important to note that different progenitors could exist in development, regeneration, 

and injury. Bipotent basal progenitors are present until postnatal day 30 in the mouse after 

which unipotent progenitors that maintain basal and luminal lineages separately take over 

(Ousset et al. 2012, Wuidart et al. 2016). The normal lineage hierarchy during development 

and homeostasis can be disrupted during injury. In an experimental mouse model, luminal 

cell anoikis prompts the conversion of basal cells to luminal cells, showing that basal cells in 

injury differ from that during regeneration of the prostate (Toivanen et al. 2016). In addition, 

environmental conditions such as inflammation and high fat diet can drive basal to luminal 

differentiation (Kwon et al. 2014, Kwon et al. 2016). These data suggest that distinct cell 

populations can act as progenitors during normal development, injury, and disease.

BPH and prostate cancer are diseases of aging and inflammation (De Marzo et al. 2007, 

Nickel et al. 2008, Platz et al. 2012). Initiation of growth in the transition zone is thought 
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take place in the fourth decade of life when the prevalence of BPH is only 8%. The 

prevalence increases to 50% in men between 51–60 years (Berry et al. 1984). Aging expands 

the proximal luminal compartment (Trop2+, Psca+, Krt4+) (Crowell et al. 2019), and these 

cells are resistant to 5 alpha reductase inhibitor treatment (Joseph et al. 2020). However, it is 

still unclear whether urethral luminal epithelia are acting as progenitors for prostate growth 

or simply expanding in response to inflammation.

BPH is associated with aging and a pro-inflammatory state (Berry et al. 1984, Untergasser et 

al. 2005, Nickel et al. 2008). Club and hillock cells of the prostatic urethra extend into the 

proximal region of the prostate ducts and express immunomodulatory genes, including anti-

bacterial proteins and chemokines, in the normal adult (Henry et al. 2018), and these genes 

are further increased in BPH (Joseph et al. 2020). Based on their location in the apical and 

supra-basal layers of the urethral and ductal epithelium, these cells could act as the first line 

of defense against bacterial infection and other foreign agents, similar to the protective role 

of club and hillock epithelia in the trachea and proximal lung.

Inflammation in the context of the prostate has been widely studied (Chughtai et al. 2011). 

Prostatitis due to bacterial or non-bacterial causes is a common health issue in men. Prostate 

secretions are missing until puberty, which could make the prostate susceptible to 

autoimmune attacks (Kramer et al. 2007). Ascending bacteria from the urethra also makes 

the prostate prone to infection. Like the lung, the urethra is regularly exposed to 

environmental antigens that create an inflammatory microenvironment. Recruitment of 

immune cells and bone marrow derived mesenchymal stem cells could create an 

environment conducive to the generation of inductive stromal nodules (Brennen and Isaacs 

2018). Inductive stroma is suggested to play a role in the development of BPH by triggering 

new epithelial growth around the transition zone.

Bacterial instillation in mice produces a rapid inflammatory response resulting in reversible 

stromal cell activation and collagen deposition (Wong et al. 2014, Wong et al. 2015). 

Chronic bacterial inflammation can induce the formation of neoplasia in mouse prostate and 

a reduction of androgen receptor expression (Elkahwaji et al. 2009). Androgen receptor 

expression is anti-inflammatory (Zhang et al. 2016) and both hypogonadism and anti-

androgen treatment are associated with increased inflammation (Sorrentino et al. 2011, 

Vignozzi et al. 2012).

Inflammation alters the normal lineage hierarchy in the prostate by accelerating the 

conversion of basal to luminal cells (Kwon et al. 2014). Studies in human prostate tissue 

have shown that a CD38-low (CD38lo) luminal cell population expands in response to 

inflammation. CD38lo cells are concentrated around regions of inflammatory infiltrate and 

show increased NF-KB signaling activity. CD38lo cells around sites of inflammation have 

reduced androgen signaling and lower androgen receptor expression. Based on gene 

expression comparison, CD38lo cells express several characteristics of urethral luminal cells 

including expression of SCGB1A1, SCGB3A1, LCN2, PIGR, PSCA and KRT4 (Liu et al. 

2016, Henry et al. 2018). Although club and hillock epithelial cells are concentrated in the 

urethra and proximal ducts, small patches of these cells can be observed in the distal regions 

of normal prostates (Henry et al. 2018). Considering that club and hillock cells are also 

Joseph et al. Page 8

Dev Biol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



present in developing prostate buds (Joseph et al. 2020), it is possible that patches of these 

cells seen in the adult prostate are remnants from embryonic growth. Androgen-independent 

club and hillock cells survive the castration-like effect of finasteride treatment in BPH 

(Joseph et al. 2020) or androgen deprivation therapy in prostate cancer (Karthaus et al. 

2020). Inflammation in the prostate could trigger growth and expansion of the club and 

hillock cells from growth signals like IL-1 released by infiltrating macrophages.

Pro-inflammatory signaling from the expanding club and hillock cells could further 

exacerbate the immune response. More evidence is needed to determine whether urethral 

luminal club and hillock epithelia are progenitors for Nkx3.1+ prostate luminal epithelia 

during BPH or prostate cancer using in situ lineage tracing techniques in human tissue 

(Moad et al. 2017).

Identity and function of the stroma in prostate development and disease

Hormonal action and epithelial-stromal signaling direct the development and growth of the 

prostate. In the bid to uncover the epithelial lineage hierarchy, the contribution of the stroma 

is often overlooked (Cunha 1976). The urogenital sinus mesenchyme (UGM) is a specialized 

mesenchymal cell layer surrounding the urogenital sinus epithelium during embryonic 

development. Reciprocal signaling between the epithelium and mesenchyme induces the 

outgrowth of prostate buds. The UGM is extremely inductive and is used for recombination 

experiments with epithelial cells from different sources. Androgen signaling from the UGM 

is sufficient to induce prostate outgrowth and differentiation even when the epithelium is 

deficient for androgen receptor expression (Donjacour and Cunha 1993). Considering the 

critical role of UGM in prostate development, the prostate stroma is expected to play an 

important role in the development of BPH. McNeal’s embryonic reawakening theory 

hypothesizes that a reactivation of early growth signaling activates BPH (McNeal 1978). 

Direct implantation of fetal UGS tissue into the ventral prostate of immunocompromised 

mice results in prostate overgrowth, indicating that the adult prostate can be induced to 

proliferate in response to embryonic growth signals (Chung et al. 1984). This lends support 

to the embryonic reawakening theory. Yet, the stroma remains relatively understudied 

compared to the prostate epithelium.

Reciprocal stroma-epithelial interactions are involved in prostate development and 

homeostasis. During development, growth signaling from the stroma mediated by 

andromedins induce prostate bud outgrowths from the urogenital sinus epithelium. Sonic 

hedgehog signaling (Shh) from the epithelium signals to the stromal layer by inducing Gli1 

expression. In the mouse, a Gli1+ stromal cell sub-type located directly adjacent the prostate 

epithelium exhibits long-term self-renewal capacity over multiple rounds of castration and 

regeneration (Peng et al. 2013). Recent studies have used advanced techniques to assess the 

stromal composition of the prostate. The prostate stroma was found to contain two 

specialized fibroblast populations (Kwon et al. 2019). Of particular interest is the proximal 

fibroblast population enriched in Wnt signaling which is present around the proximal 

prostate ducts in mice and human. This specialized stromal cell type contributes to a 

proximal niche that suppresses growth and maintains the quiescence of proximal progenitor-

like cells (Kwon et al. 2019, Wei et al. 2019). Stromal TGF-β signaling activity is also 
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concentrated in the proximal region and suppresses apoptosis in quiescent proximal cells 

(Salm et al. 2005).

McNeal proposed that the distinct composition of the peri-urethral stroma was responsible 

for the inductive epithelial-stromal interactions leading to prostate hyperplasia (McNeal 

1981). In humans, the urogenital sinus mesenchyme is a condensation of immature 

mesenchymal cells up to week 17 of gestation, when most of the budding has occurred. The 

mesenchyme then progressively displays fibroblastic, fibromuscular and smooth muscle 

characteristics as development progresses. The natural progression of stromal nodules in 

BPH patients resembles that of the developing urogenital sinus mesenchyme. Different 

compositions of stromal nodules are observed, immature mesenchymal, fibroblastic, 

fibromuscular, and smooth-muscular, mirroring the developmental trajectory of the 

embryonic mesenchyme (Bierhoff et al. 1997). Stromal dysregulation with aging or 

inflammation could trigger changes in the proximal stromal niche leading to prostate 

hyperplasia.

Identifying the human prostate progenitor

A significant impediment to progress in the identification of the prostate progenitor has been 

the lack of studies using human tissue. Rodent models to study prostate growth and 

development were implemented to work around the hurdles posed by human tissue research. 

The early development of the rodent prostate is remarkably similar to the human (Timms et 

al. 1994). However, significant differences emerge when considering the adult prostate. The 

rodent prostate has a lobular architecture, being comprised of paired anterior, ventral and 

dorso-lateral lobes. Lobes are not evident in the human prostate, which is enclosed by a 

fibromuscular capsule. Dense stroma surrounds human prostate glands while rodent prostate 

glands are surrounded by thin stroma.

Comparative analysis of human and mouse prostate cell types reveal a mouse equivalent of 

human hillock cells that resides in the luminal layer of the urethra and proximal prostate 

ducts (Crowley et al. 2020, Guo et al. 2020, Joseph et al. 2020, Karthaus et al. 2020). These 

cells express several progenitor markers and display lower androgen signaling activity and 

dense heterochromatin, suggesting a quiescent state that has been corroborated by label 

retention studies. Lineage tracing in mice has revealed several key insights into the hierarchy 

of cells in the prostate and prostatic urethra. Performing similar studies in the human 

prostate is challenging. A recent study used mitochondrial DNA mutations to follow clonal 

expansion of cells in the prostate. This technique revealed that proximal multipotent basal 

cells give rise to prostate luminal cells in the distal prostate (Moad et al. 2017). 

Understanding whether these were urethral or prostate basal cells will require the discovery 

of anchor genes that can distinguish the two types of basal epithelia.

A critical question in human prostate research is the identification of androgen independent 

progenitors that play a role in prostate disease. Club and hillock cells can survive androgen 

deprivation therapies (Karthaus et al. 2020) and the castration-like effect of finasteride 

treatment (Joseph et al. 2020). Further research is required to see if these cells directly serve 
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as prostate epithelial progenitors in BPH and prostate cancer or whether they act as 

modulators of the environment.

Some evidence suggests that hillock cells marked by KRT13 could play a role in prostate 

cancer. Benign human prostate tubule-initiating cells display several characteristics of 

prostate cancer including androgen independence. KRT13, the hillock cell marker, is highly 

enriched in tubule initiating cells and fetal prostate cells (Liu et al. 2016). Prostate organoids 

derived from primary human prostate cells express high levels of KRT13, a hillock cell 

marker, (Plasschaert et al. 2018) as well as LY6D and PSCA (McCray et al. 2019). Club and 

hillock markers are enriched in 3D spheroids derived from primary prostate cells (McCray et 

al. 2019). Further research is required to determine whether the enrichment of these cells in 

organoids might be attributed to their progenitor capacity, androgen independence or their 

intrinsic resistance to apoptosis.

Future directions

The identification of new epithelial and stromal cell types in the prostate demands a 

reworking of existing models of lineage hierarchy and niche composition. The advent of new 

technologies has accelerated research in prostate biology. Technologies like single cell 

transcriptomics have enabled the unbiased comparison of cell types across different models 

based on thousands of genes and removed the reliance on a handful of markers. This has led 

to the realization that the cell types described as castration-resistant luminal progenitors in 

multiple studies were indeed the same cell type, found in the luminal layer of the urethra and 

proximal prostate ducts. Although this cell type shows androgen independence and high 

regenerative potential ex vivo, recent lineage tracing studies have shown that these cells do 

not contribute significantly to the regeneration of secretory prostate luminal cells during 

castration-regeneration studies. Instead, the proximal luminal compartment is maintained 

independently of the distal secretory luminal compartment.

Urethral luminal cells are resistant to castration and expand in mouse models of prostate 

cancer. It is important to assess the contribution of this cell type in the human prostate. 

Rodent prostate research is replete with genetic tools that are missing from human prostate 

research. Although the rodent and human prostates have several similarities, we cannot 

conclude that the lineage hierarchy is the same. To bridge the gap with our knowledge on the 

rodent prostate, continued advances in human prostate research are required.
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Figure 1. 
Establishment of proximal and distal compartments during prostate budding. The proximal 

luminal compartment is comprised of urethral luminal cells marked by KRT8 and KRT4 

expression. The distal luminal compartment is comprised of KRT8 and NKX3-1 expressing 

luminal cells. The proximal and distal compartments are maintained separately during 

budding, branching, canalization, specification and differentiation. During androgen 

mediated regenerative growth after castration, the proximal and distal luminal lineages are 

largely self-sustaining. Under injury or inflammation, basal cells have been shown to 

reconstitute the luminal compartment.
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Table 1.

Published markers of proposed prostate stem and progenitor populations

Reference Proposed population Luminal/
Basal Location Species Selected markers

(Wang et al. 2001) Adult progenitor/stem cells
Embryonic 
like basal 

cells
Human KRT5, KRT14, KRT8, KRT18, 

KRT19, TP63, GSTP1

(Burger et al. 2005) Adult prostatic stem cells Proximal Mouse Ly6a (Sca-1), Itga6 (CD49f), 
Bcl2

(Xin et al. 2005) Androgen independent 
prostate regenerating cells Proximal Ly6a (Sca-1)

(Goto et al. 2006) Androgen independent stem 
cells

Proximal, 
urethra Mouse Ly6a (Sca-1), Itga6 (CD49f), 

Bcl2

(Goldstein et al. 2008) Adult prostatic stem cells Basal Proximal Human, 
Mouse

TACSTD2 (Trop2), ITGA6 
(CD49f)

(Leong et al. 2008) Adult prostatic stem cells Basal Proximal Mouse Kit (GD117), Ly6a (Sca-1), 
Prom1 (CD133), Cd44

(Wang et al. 2009) Prostate luminal stem cell Luminal Mouse Nkx3-1, Krt18, Ar

(Goldstein et al. 2010) Prostate cancer cell of origin Basal Human TACSTD2 (Trop2), ITGA6 
(CD49f)

(Lawson et al. 2010) Prostate stem cells Basal Mouse Ly6a (Sca-1), Itga6 (CD49f)

(Liu et al. 2011)
Androgen independent 
luminal cells that can 
regenerate prostate

Luminal Mouse PSA-creErt2 lineage cells

(Shi et al. 2014) Label retaining prostate 
progenitors Basal Proximal Mouse Kit (GD117), Ly6a (Sca-1), 

Prom1 (GD133), Cd44

(Kwon et al. 2016) Bipotent luminal cells Luminal Proximal Mouse Ly6a (Sca-1), Krt8

(Liu et al. 2016) Stem-like tubule initiating 
cells Basal Human KRT13

(Liu et al. 2016)
Progenitor-like Inflammation- 

Associated Luminal Cells 
(CD38-IOW cells)

Luminal Human PIGR, PSCA, CD74, BCL2, 
SCGB1A1, SCGB3A1, LCN2

(Yoo et al. 2016) Castration-resistant luminal 
progenitor cells Luminal Proximal Mouse BMI1

(Ceder et al. 2017) Label retaining stem-like cells Luminal Proximal Mouse
Ly6a(Sca-1), Tacstd2(Trop2), 
Prom1 (CD133), Cd44, Kit 

(CD117), Krt7

(Moad et al. 2017) Multipotent Basal Stem Cells Basal Proximal Human DLK1, KLF4, KCNQ3

(Sackmann Sala et al. 
2017)

Castration-resistant prostate 
progenitor cell Luminal Proximal Mouse Psca, Reg3b, Cxcl17, Edn1, 

Krt4, Pglyrp1

(Barros-Silva et al. 
2018)

Castration-resistant prostate 
progenitor cell Luminal Proximal Mouse Tacstd2 (Trop2), Ly6a (Sca-1), 

Ly6d, Alcam (CD166)

(Zhang et al. 2018) Label retaining prostate 
luminal cell Luminal Proximal Mouse Krt19, Ly6a (Sca-1)

(McCray et al. 2019) Prostate epithelial stem cells Human KRT13, LY6D, PSCA

(Wang et al. 2020) Multipotent prostate basal 
stem cells Basal Proximal Mouse Zeb1, Snai1, Prrx1 and Prrx2

(Karthaus et al. 2020) Androgen independent 
proximal luminal cells Luminal Proximal Mouse Psca, Ly6a (Sca-1), Krt4

(Joseph et al. 2020) Androgen independent 
urethral luminal cells Luminal Proximal Human, 

Mouse
KRT13, SCGB1A1 Krt4, 

Ly6d, Psca, Tacstd2 (Trop2)
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Reference Proposed population Luminal/
Basal Location Species Selected markers

(Crowley et al. 2020) Proximal luminal cells Luminal Proximal Mouse Ppplrib

(Mevel et al. 2020) Proximal luminal castration 
resistant cells Luminal Proximal Mouse Runx1, Krt4, Tacstd2 (Trop2)
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