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Abstract

Identification of defined epithelial cell populations with progenitor properties is critical for 

understanding prostatic development and disease. Here, we demonstrate that Sox2 expression is 

enriched in the epithelial cells of the proximal prostate adjacent to the urethra. We use lineage 

tracing of Sox2-positive cells during prostatic development, homeostasis, and regeneration to show 

that the Sox2 lineage is capable of self-renewal and contributes to prostatic regeneration. 

Persisting luminal cells express Sox2 after castration, highlighting a potential role for Sox2 in cell 

survival and castration-resistance. In addition to revealing a novel progenitor population in the 

prostate, these data implicate Sox2 as a regulatory factor of adult prostate epithelial stem cells.
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INTRODUCTION

Prostate disease, including cancer and benign prostatic hyperplasia, continues to be a 

significant health challenge. Insight into regulatory mechanisms of epithelial stem cell 

function in the prostate is essential to our understanding of normal epithelial formation and 

homeostasis as well as disease initiation. Notably, the intrinsic properties of these progenitor 

cells may dictate clinical behaviors of prostatic disease. The gene expression networks that 

regulate their behavior, therefore, may represent potential therapeutic targets for disease 

prevention and intervention.

The pseudostratified prostate epithelium is comprised of three cell types. Terminally 

differentiated, androgen-dependent luminal cells are marked by cytokeratin (CK) 8, 18, and 

androgen receptor (AR). Luminal cells comprise the vast majority of epithelial cells and 

produce the secretory components of prostatic fluid. Basal cells lie adjacent to the basement 

membrane and express CK 5, 14, and ΔNp63 [1]. Rare neuroendocrine (NE) cells, thought 

to influence proliferation of the prostatic epithelium through paracrine signaling, express 

synaptophysin and/or chromogranin A [2, 3]. Morphogenesis and maintenance of the 

prostate relies upon AR-mediated paracrine signaling from the stroma [4]. In mice, androgen 

deprivation via castration causes preferential apoptosis of luminal cells, whereas basal cells 

appear largely unaffected [5]. This prostatic atrophy can be reversed upon androgen 

replacement, suggesting the existence of castration-resistant progenitor cells that can give 

rise to differentiated daughters and regenerate the gland [6, 7]. Additionally, androgens can 

be cycled repeatedly with little difference in morphology or function of each resultant 

prostate [8]. Therefore, the murine prostate is a tractable model in which to investigate 

characteristics and behavior of epithelial progenitor cells, particularly in tissue regeneration.

Previous studies have suggested that there is a population of stem-like cells located in the 

adult murine proximal prostate, immediately adjacent to the urethra [7, 9]. They are reported 

to be slow-cycling, possess a high proliferative potential in vitro, and recapitulate the 

proximal–distal axis in tissue grafting assays [7, 9]. Importantly, this population of cells 

does not rely on androgen signaling for survival, in contrast to more distal cells in the adult 

prostate [9, 10].

Recently, molecular markers of prostatic epithelial progenitors have begun to be examined. 

Multiple lineage tracing studies have revealed the existence of castration-resistant luminal 

cell populations that contribute to prostate regeneration. The prototypical study focused on 

luminal cells expressing Nkx3.1, a downstream target gene of AR and well-known regulator 

of prostate epithelial differentiation [11, 12]. Castration-resistant Nkx3.1-expressing cells 

(CARNs) were shown to be bipotent, able to give rise to both luminal and basal cells in 

prostate regeneration [13]. Other reported castration-resistant populations are marked by 

Bmi1, a member of the polycomb-repressing complex, and Lgr5, a G-protein coupled 

receptor and member of the canonical Wnt family [14, 15]. Notably, castration-resistant 

Bmi1-expressing cells (CARBs), were shown to be a distinct, nonoverlapping population 

from CARNs, although both populations can serve as cells of origin in a murine model of 

prostate cancer [15]. Molecular characterization of these populations is ongoing.
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In the mature adult prostate, epithelial lineages are considered to be self-sustained by 

lineage-specific progenitors [16]. During regeneration new luminal cells are largely derived 

from castration-resistant luminal cells that survive androgen deprivation [17, 18]. Although 

bipotent basal cells have been reported, they appear to make a small contribution to 

homeostasis and regeneration and require AR expression to do so [16, 18–20]. This is in 

contrast to the development of the postnatal prostate, during which basal cells serve as 

multipotent progenitors that can derive basal, luminal, and NE cells [21, 22]. Controlled by 

mitotic spindle orientation, basal cells can divide symmetrically (parallel to the basement 

membrane), generating two basal daughter cells, or asymmetrically (perpendicular to the 

basement membrane), generating a basal and a luminal daughter cell [23, 24].

The transcription factor SOX2 (sex determining region Y-box 2) is a putative stem cell factor 

that maintains embryonic pluripotency and contributes to fetal epithelium formation [25–

27]. SOX2 has also been reported as both a driver of stem-ness in normal and malignant 

adult tissues, as well as a marker of progenitor populations in multiple tissues [28–40]. 

Notably, Sox2 was recently reported to promote lineage plasticity and resistance to 

antiandrogen therapy, a frontline strategy to treat prostate cancer [38, 41]. We and others 

have shown that a portion of ΔNp63-positive human basal epithelial cells express SOX2 [41, 

42]. However, whether Sox2 marks a progenitor compartment competent for prostate 

homeostasis and regeneration in vivo has not been examined. In this study, we use lineage 

tracing to demonstrate that Sox2+ cells are castration-resistant and contribute to prostate 

regeneration.

MATERIALS AND METHODS

Animals

Sox2-CreER; ROSA26-lox-stop-lox-EYFP mice were recreated from commercially 

available strains (Sox2-CreER: 017593; R26-lsl-EYFP: 006148) sold by the Jackson 

Laboratory (Bar Harbor, ME) [27]. To induce Cre-mediated activity, mice were administered 

2 mg tamoxifen (TAM; Sigma, St. Louis, MO) suspended in corn oil by intraperitoneal 

injection daily for 4 consecutive days. For in utero lineage tracing, a single pulse of 2 mg 

TAM with 1 mg progesterone (Sigma) was given to pregnant females at E11.5. All animal 

care and use was approved and monitored by the University of Chicago Institutional Animal 

Care and Use Committee.

Animal Procedures

Males were castrated as previously described [41]. After castration, silastic hormone pellets 

containing 12.5 mg testosterone (Steraloids, Newport, RI) were surgically implanted to 

induce prostatic regeneration. A 1 cm implant maintains host testoster-one levels at 5.3 T 0.5 

ng/ml (18.2 nM) which is similar to eugonadal adult human males [43]. Animals were age-

matched across conditions. All procedures were done in accordance with Institutional 

Animal Care and Use Committee (IACUC) guidelines, all efforts were made to minimize 

suffering. Prostatic regression and regeneration each took place over 3 weeks.
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Histology and Immunofluorescence Staining

Prostates were fixed with freshly made 4% paraformaldehyde, infiltrated with sucrose and 

embedded in Optimal Cutting Temperature (OCT). Cryosections (5 μM) were blocked with 

10% normal donkey serum (Sigma) in phosphate-buffered saline with Mouse-On-Mouse 

Blocking Reagent (catalog no. MKB-2213, Vector Labs, Burlinggame, CA) and incubated 

with primary antibodies (Supporting Information Table S1) diluted in block buffer. Sections 

then were incubated with secondary antibodies (Jackson ImmunoResearch, Westgrove, PA; 

Supporting Information Table S1). Sections were counterstained with Hoechst 33342 

(catalog no. H3570, ThermoFisher Scientific, Hampton, NH) and mounted with ProLong 

Gold Antifade (Invitrogen/Molecular Probes, Eugene, OR).

Microscopy and Image Analysis

Immunofluorescence images were visualized using a Marianas Yokogawa type spinning disk 

inverted confocal fluorescent microscope (SlideBook, version 6). Maximal projections were 

composed in ImageJ, each image is scaled to its normalization time point for each lobe. 

Image analysis was performed using Fiji [44]. Automated cell counts were generated from 

16-bit tiffs by subtracting background, and using threshold, water-shed, analyze particles to 

count cells. In cases where cells were unable to be accurately separated, cells were counted 

manually with the assistance of the Cell Counter Plugin (Kurt De Vos, release 2.2.2, http://

imagej.net/Cell_Counter). Manual counting determined the number of YFP+/CK8+ or YFP

+/p63+ cells with the aid of the Process → Math → AND command to identify costained 

cells.

Statistical Analysis

Statistics for all mouse experiments were analyzed as indicated in the figure legends. Data 

are displayed as mean ± SEM. n is the number of biological replicates unless otherwise 

specified. For image analysis, statistical analysis between groups was performed using one-

way analysis of variance and post hoc Tukey Honest Significant Difference unless noted 

otherwise.

RESULTS

Embryonic Sox2+ Cells Can Serve as Precursors to Adult Basal and Luminal Cells

Sox2 has been shown to play an important role in the fetal development of multiple tissues, 

including the nervous system, anterior foregut endoderm and derivatives, retina, lens 

epithelium, taste bud, inner ear, stomach epithelium, lung, and testes [27, 32, 36, 45–50]. 

Therefore, we sought to determine whether Sox2 is expressed during embryonic formation 

of the urogenital sinus (UGS), the embryonic anlagen of the prostate. At embryonic day 

E12.5, during early UGS epithelial formation, we noted prominent and specific expression 

of Sox2 in the UGS by Immunohistochemistry (IHC) (Fig. 1A) that persisted through 

postnatal day 5 (Supporting Information Fig. S1, panel J) [51–53]. As the UGS epithelium 

begins to differentiate and p63 expression begins to stratify to the basal cell compartment, 

we observed Sox2 expression in both p63+ basal and luminal cells of the UGS at E18.5 

(Supporting Information Fig. S1, panels N and I, respectively) [22]. In contrast, the 
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mesoderm-derived Wolffian duct—the anlagen tissue of the seminal vesicle—did not 

contain cells with detectable Sox2 expression (Supporting Information Fig. S1, panel H).

Given that Sox2 is robustly expressed during early stages of prostate development, we 

investigated whether these Sox2+ cells contributed to embryonic prostate development. We 

adapted a previously published genetic lineage tracing approach to fate-map the Sox2 

lineage in the prostate (Fig. 1B) [27]. Briefly, a TAM-inducible Cre construct (CreERT2) 

was knocked into the endogenous Sox2 locus; these mice were then crossed with a 

homozygous ROSA26-lox-Stop-lox-YFP reporter mouse [54]. TAM administration drives 

YFP expression permanently in Sox2+ cells and daughter progeny. To fate-map fetal Sox2+ 

cells, we injected pregnant females carrying Sox2-CreERT2; ROSA26-lsl-EYFP (hereafter 

Sox2-LT) embryos with TAM and progesterone at E12.5, coincident with UGS formation. 

We examined the distribution of YFP at E17.5, when the UGS epithelium begins to bud into 

the surrounding UGS mesenchyme [51–53]. We observed YFP expression in cells of both 

the distal and proximal regions of the urogenital sinus epithelium (UGSE), in double-

positive CK8+/p63+ cells as well as single-positive CK8+ luminal and p63+ basal cells (Fig. 

1C). There was no detectable YFP-expression in control mice not administered TAM 

(Supporting Information Fig. S2A), and throughout our studies we did not observe stromal 

Sox2-positivity. These data indicate that embryonic Sox2+ cells in the UGS are capable of 

deriving both basal and luminal lineages in the developing mouse prostate.

Given the robust expression of Sox2 in the embryonic and postnatal prostate, we next 

investigated whether Sox2+ cells emerging in the UGS are embryonic precursors for Sox2+ 

cells in the adult prostate. Pregnant dams were pulsed at E12.5, and their postpubescent 

Sox2-LT male progeny were sacrificed at 9 weeks of age to evaluate YFP expression. We 

noted strong coexpression of YFP and Sox2, particularly in the anterior and ventral lobes 

(Fig. 1D; of 1,878 total cells counted, 9.9% of total YFP+ cells coexpress Sox2, 25% of all 

Sox2+ cells coexpress YFP). We cannot exclude the possibility of incomplete YFP staining 

due to a partial Cre efficiency. A costain with the proliferation marker Ki67 demonstrates 

that Sox2+ cells are mostly negative for Ki67, indicating that these cells do not actively 

divide in the adult prostate (0.8% of Sox2+ cells costained for Ki67). We next sought to 

explicitly test whether these adult YFP+ cells constituted both the luminal and basal lineages 

of the adult murine prostate. Indeed, we observed YFP positivity in both the CK8+ luminal 

and p63+ basal lineages (Fig. 1E). Taken together, these data suggest that embryonic Sox2+ 

cells in the UGSE can derive both epithelial lineages of the prostate and may be the 

embryonic precursors to adult Sox2+ cells.

Sox2 Is Predominantly Expressed in the Proximal Adult Murine Prostate

Considering previous reports of stem-like populations in the prostate, we next sought to 

investigate the location, distribution, and cell-type expression of adult Sox2+ cells in the 

adult murine prostate [7]. Cre activity was induced by TAM treatment within hormonally 

intact adult male Sox2-LT mice for 4 days, and 24 hours later prostates were harvested and 

examined for YFP (Fig. 2A). Low doses of TAM were chosen to induce infrequent labeling 

of a small minority of cells, in order to more efficiently analyze clonal dynamics [55]. 

Indeed, we observed an average labeling efficiency of approximately 26% across all three 
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lobes of the adult prostate (Supporting Information Fig. S2B, S2C), in accordance with 

previous reports [27]. Labeling efficiency was uniform across both proximal and distal 

prostatic regions demonstrating uniform TAM penetration. We next quantified the 

percentage of YFP+ cells in proximal, intermediate, and distal regions [10]. YFP marked 

2.5% of cells in the proximal region of the prostate as compared with 0.2% of cells in the 

more distal regions (Fig. 2B, 2C; p = .01).

Considering previous reports of heterogeneity within prostate epithelial lineages, we next 

determined lineage-specific expression of Sox2 [16, 56–62]. We observed endogenous Sox2 

expression in CK5+ basal cells of both proximal and distal regions. Notably, Sox2 appeared 

to mark significantly more CK8+ luminal cells in the proximal region, as compared with 

more distal regions (Fig. 2D). Indeed, quantification of Sox2+ positivity reveals significantly 

more luminal cells labeled in the proximal region, as compared with distal (Fig. 2E 2.54% 

versus 0.13%; p = .001). The percentage of Sox2+/CK5+ basal cells was not significantly 

different between the proximal and distal regions (2.78% versus 3.48%; p = .15). Taken 

together, these data suggest that Sox2 expression delineates proximal and distal luminal cells 

and may contribute to their differential plasticity.

Sox2+ Cells Contribute to Homeostatic Turnover of Prostate Epithelium

Two crucial criteria of stem cells, sometimes collectively referred to as stem-ness, are the 

abilities for self-renewal and deriving all the cell types specific to the tissue they are found in 

reference [63]. To determine whether Sox2-expressing cells in the adult prostate epithelium 

fulfill these criteria of stem cells in homeostasis, we used genetic lineage tracing [64]. Sox2-

LT mice were pulsed with TAM and then chased for extended periods of time. We noted 

individual, dispersed YFP+ p63+ basal as well as YFP+ CK8+ luminal cells immediately 

after TAM administration in Sox2-LT mice (Fig. 3, left column). YFP+ cells appear to 

remain dispersed throughout the 2-and 6-month chase periods, probably due to the low 

proliferation rate of the adult murine prostate [65]. Notably, 12 months after the pulse, we 

observed emergence of YFP+ CK8+ ribbons, defined as three or more cells (Fig. 3, right 

column, brackets) [14]. These data suggest that Sox2-expressing cells are able to generate 

progeny during epithelial homeostasis.

Sox2+ Cells Are Castration-Resistant and Contribute to Prostatic Regeneration

A hallmark of bona fide prostate progenitor cells is the ability to persist during castration 

and contribute to epithelial regeneration after androgen supplementation. To determine the 

castration-resistance of Sox2+ cells, we TAM-pulsed hormonally intact Sox2-LT mice to 

follow YFP+ cells over two cycles of castration and regeneration (Fig. 4A). At the pulse 

time point, 1.82% of cells were YFP+, with a majority coexpressing the basal cell marker 

p63 as compared with the luminal cell marker CK8+ (87% versus 13%; Fig. 4B, 4C). After 

host castration, we observed 2.75% YFP+ cells in the regressed prostate, a significant 

enrichment of YFP+ cells (p < .05), most coexpressing CK8+ (40% in regressed versus 13% 

in intact prostates). As expected, the percentage of YFP+/p63+ basal cells increased during 

castration due to diminished luminal cell populations and the established castration-

resistance of basal cells. Furthermore, costaining with Nkx3.1 demonstrated no detectable 

Sox2+/Nkx3.1+ cells within the hormonally intact condition (0% of 2,807 nuclei analyzed), 
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nor the castrate condition (0% of 4,041 cells analyzed; Supporting Information Fig. S3A, 

S3B). These data suggest that Sox2-lineage luminal cells are protected from castration, but 

that Sox2 is not expressed is castration-resistant cells expressing Nkx3.1 (i.e., CARN cells) 

[13].

Upon testosterone supplementation, the percentage of YFP+ cells grew significantly from 

2.75% in the regressed prostate to 3.85% in the regenerated prostates (p < .05). The 

significant enrichment of YFP+ cells in regenerated versus pulsed prostates (p < .01) 

indicate that Sox2-lineage cells that survive castration can then contribute to glandular 

regeneration. Notably, the YFP+ CK8+ population markedly increased from pulsed prostates 

to regenerated prostates (13% versus 34%), underscoring an expansion in the luminal cell 

compartment.

Removal of the testosterone pellet reduced YFP+ cells from 3.85% in regenerated prostates 

to 2.87% (p = .02). The second regression was not statistically different as compared with 

the first regression (p = .85). These data suggest that, while castration-resistant Sox2-

expressing cells contribute to prostatic regeneration, the daughters are castration-sensitive. 

Altogether our results demonstrate that Sox2+ cells in the intact murine prostate are 

castration-resistant, and substantially contribute to prostatic regeneration upon testosterone 

supplementation.

Persisting Luminal Cells Express Sox2 after Host Castration

We and others have previously demonstrated that Sox2 expression is sufficient to promote in 

vivo castration resistance of tumor xenografts, and that androgen-mediated signaling 

influences Sox2 expression [38, 41]. Here, we sought to determine whether Sox2 is 

endogenously expressed in persisting castration-resistant cells. We used immunofluorescent 

microscopy to costain for Sox2 and basal-specific CK5 and luminal-specific CK8 in 

castrated males (3-weeks postcastration; Fig. 5A). Image quantification revealed that 

significantly more Sox2+ CK8 + luminal cells were located proximally, closer to the urethra, 

as compared with more distally (Fig. 5B 4.28% versus 0.20%; *, p = .04). The percentage of 

Sox2+/CK5+ basal cells was not significantly different between the proximal and distal 

regions (9.45% versus 10.51%; p = .26). Interestingly, the percentage of Sox2+ cells that are 

colabeled with CK8 is not significantly different between the proximal regions of 

hormonally intact and castrated mice (2.54% versus 4.28%; p = .19). Taken together, these 

data indicate that Sox2 expression marks CK8+ luminal cells in the proximal region that are 

nonsusceptible to castration-induced death. These results highlight a potential role for Sox2 

in promoting cellular survival and castration-resistance within prostate luminal cells.

Castration-Resistant Sox2+ Cells Have Regenerative Capacity In Vivo

Our observation that Sox2 expression persists in castration-resistant luminal epithelial cells 

led us to investigate the fate of such cells during prostatic regeneration. To do this, we 

castrated Sox2-LT mice and allowed maximal involution prior to TAM-induced YFP 

labeling. We then induced two cycles of castration and regeneration (Fig. 6A). It should be 

noted that, in contrast to data presented in Figure 4, Sox2+ cells were labeled for YFP 

expression after host castration and prostatic involution. YFP expression labeled 2.7% of 
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cells in the castrated prostate (44% CK8+ luminal, 56% p63+ basal). Administration of 

testosterone significantly increased YFP+ cells to 4.7% (58% CK8+, 42% p63+; p < .05), 

and resulted in the emergence of patches of CK8+ cells. The overall fraction of YFP+ cells 

did not significantly increase between regeneration cycles (5.06% after second regeneration 

versus 4.36% in the first; p = .66), supporting a model whereby castration-resistant Sox2+ 

cells can regenerate epithelial cells following castration, but cells derived from the Sox2+ 

lineage can be castration-sensitive (Fig. 6B, 6C).

These numbers mirror previously published reports on castration-resistant Lgr5-expressing 

and Bmi1-expressing cells [14, 15]. In the case of castration-resistant Lgr5-expressing cells, 

lineage tracing revealed an increase from 0.068% in fully regressed prostates to 1.942% RFP

+ cells after the first round of regeneration [14]. In the case of CARBs, the percentage of 

YFP+ cells increased from 0.6% to 2.8% after the first round of regeneration [15].

DISCUSSION

Our study has identified a population of castration-resistant Sox2-expressing epithelial cells 

that contribute to epithelial development, homeostasis, and regeneration in the prostate. In 

intact animals, Sox2 labels significantly more luminal cells located in the proximal region as 

compared with distal. Sox2 expression is also observed in persisting luminal cells that 

survive castration, indicating that Sox2+ luminal cells are protected from castration-induced 

death. Therefore, additional characterization of these castration-resistant Sox2-expressing 

cells is warranted. Specifically, it is unknown whether Sox2 expression itself is required for 

self-renewal and potency. Furthermore, it remains unclear whether Sox2 expression and/or 

the Sox2-expressing population is required for prostatic regeneration. Whether these 

castration-resistant Sox2-expressing cells exist and behave similarly in humans is also 

unknown. Furthermore, underpinning mechanisms of specification of castration-resistant 

populations remain incompletely characterized.

The lineage marking efficiency of the Sox2CreER driver in the prostate labeled ~25% of all 

Sox2+ cells. Thus, while clonal lineage tracing experiments can draw definitive conclusions 

about the cells labeled in each experiment, they may omit information about the behavior of 

unlabeled cells, particularly if the labeled population is not representative of the entire 

lineage of interest [55]. In our system, Sox2+ and YFP+ populations were similar in 

percentages and distribution across lobes and distal/proximal axes (Fig. 2C versus Fig. 2E). 

We observed a gradient of both Sox2 and YFP positivity along the proximal–distal axis, and 

both populations were present through castration and regeneration, indicating that both the 

YFP+ and Sox2+ cells observed in regressed prostates are castration-resistant. Taken 

together, these data demonstrate that the lineage marking of the Sox2C-reER driver is likely 

representative of the Sox2+ population.

Our data is consistent with previous reports suggesting that adult prostate basal and luminal 

lineages are largely self-sustained [18]. However, we cannot completely exclude the 

possibility that Sox2 expression marks multipotent luminal or basal cell populations, also 

described in previous publications [13, 23]. Moreover, it has been documented that p63-null 

embryonic tissue grafts do not derive Sox2+ luminal cells, suggesting that Sox2+ luminal 
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cells are the progeny of p63+ basal cells [23]. Lineage-tracing of p63-positive cells, 

however, demonstrate their ability to form luminal cells [22]. These results may reflect the 

different progenitor relationships in the embryonic and adult prostate. More experiments are 

required to definitively determine whether this is the case.

The percentage of YFP+ cells in multiple rounds of castration-regeneration hints at the 

existence of multiple progenitor pools. This is not entirely surprising, as recent reports have 

revealed castration-resistant populations marked by Nkx3.1, Lgr5, and Bmi1 [13–15]. 

Castration-resistant cells expressing either Nkx3.1 (CARNs) or Bmi1 (CARBs), were shown 

to be distinct, nonover-lapping populations [15]. Our analyses of Nkx3.1 and Sox2 

coexpression in castrated hosts demonstrated no detectable overlap between Sox2 and 

CARNs. Molecular characterization of each population is warranted, and mechanistic 

approaches to understand the function of Sox2, Nkx3.1, and Bmi1 have the potential to more 

clearly define functional overlap [13].

CONCLUSION

Although it is possible for both basal and luminal cells to serve as the cells of origin for 

prostate cancer, luminal cells appear to be more sensitive to malignant transformation [66]. 

These mechanisms of cell survival in the context of androgen ablation may shed light on 

how prostate cancer cells escape frontline, luminal cell-specific therapeutics that target AR 

[37, 38, 41, 67, 68]. As expression of SOX2 in human prostate cancer might indicate a 

phenotypic switch to a more therapy-resistant cancer, it is crucial to understand resultant 

changes in gene expression throughout tumor initiation and progression as a result of SOX2 
signaling. Future studies are required to understand how SOX2 expression in tumor cells 

may alter disease natural history and patient outcomes. Therefore, investigation of SOX2-

expressing lineages within the normal and malignant human prostate epithelium should also 

be a high priority.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

The murine prostate is a tractable model for understanding the contribution of adult stem 

cells to tissue regeneration, as host castration induces prostatic regression which can be 

regenerated by androgen replacement. Using lineage tracing, it has been demonstrated 

that Sox2-expressing luminal cells are protected from castration-induced death and 

contribute to androgen-mediated prostatic regeneration. These results support a key role 

for Sox2-positive cells in adult prostate biology and lay the groundwork for future 

studies. Indeed, an ongoing critical area of investigation is whether cellular resistance to 

hormone-targeted therapies is preprogrammed or acquired, and whether such 

mechanisms can be targeted for increased therapeutic efficacy.
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Figure 1. 
Embryonic Sox2+ cells can give rise to adult Sox2+ cells as well as basal and luminal cells. 

(A): Representative immunohistochemistry of Sox2 in the urogenital sinus epithelium 

(UGSE) of E12.5 embryos. Left panel: ×3 whole-mount magnification, scale bar is 500 μm. 

Right panel: ×40 magnification, scale bar is 50 μm. (B): Scheme for labeling embryos in 

utero. (C): Representative immunofluorescent (IF) staining shows colocalization of YFP 

with basal cell marker p63 and luminal cell marker CK8 in the UGSE of E17.5 embryo 

(montage images of sagittal sections). Scale bar: 200 μm. Insets are of proximal and distal 

regions of the UGSE. White arrows: YFP+ cells positive for CK8+ (luminal). Yellow 

arrows: YFP+ cells positive for p63+ (basal). (D): IF staining shows colocalization of YFP 

with Sox2 and Ki67 in postpubescent murine prostate. Yellow arrows: Sox2+ cells positive 

for YFP. White arrows: Sox2+ cells negative for YFP. (E): IF staining shows colocalization 

of YFP with p63 and CK8 in postpubescent murine prostate basal and luminal epithelial 
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cells. Yellow arrows: YFP+ cells positive for basal cell markers. White arrows: YFP+ cells 

positive for luminal cell markers. Scale bar: 50 μm. Abbreviations: AP, anterior prostate; VP, 

ventral prostate; DLP, dorsolateral prostate.
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Figure 2. 
Sox2 expression is enriched in the proximal adult murine prostate. (A): Scheme for labeling 

Sox2+ cells in the adult mouse prostate. (B): Immunofluorescent (IF) staining of YFP 

expression (green) in adult mouse prostate 24 hours after last tamoxifen pulse. Scale bar: 

1,000 μm. (C): Quantitation of YFP+ cells in proximal and distal regions of anterior prostate 

(n = 3 mice). Data represent the mean T SEM, two-tailed Student’s t test; *, p = .01. (D): IF 

staining shows colocalization of Sox2 with CK8 and CK5. Yellow arrows: Sox2+ cells 

positive for basal cell markers. White arrows: Sox2+ cells positive for luminal cell markers. 

Scale bar: 50 μm. Abbreviations: AP, anterior prostate; VP, ventral prostate; DLP, 

dorsolateral prostate. (E): Quantitation of Sox2+ cells in proximal and distal regions of 

prostates from adult, intact mice (n = 3–6 mice). Data represent the mean T SEM, one-tailed 

homoscedastic Student’s t test; *, p < .05.
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Figure 3. 
Sox2+ cells contribute to homeostatic turnover in the adult murine prostate. (A): 
Immunofluorescent staining shows colocalization of YFP (green) with either CK8 or p63 (n 
= 3 mice per time point). Yellow arrows: YFP+ cells positive for basal cell markers. White 

arrows: YFP+ cells positive for luminal cell markers. Scale bar: 50 μm. Abbreviations: AP, 

anterior prostate; VP, ventral prostate; DLP, dorsolateral prostate.
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Figure 4. 
Sox2+ cells are castration-resistant and contribute to prostatic regeneration. (A): Scheme for 

Sox2 lineage marking during serial prostate regression and regeneration. Sox2+ cells were 

labeled for YFP-expression prior to host castration. (B): Immunofluorescent staining to 

assess YFP+/CK8+ luminal cells (white arrows) or YFP+/p63+ basal cells (yellow arrows) 

after serial prostate regeneration (n = 3 mice per time point). Abbreviations: AP, anterior 

prostate; VP, ventral prostate; DLP, dorsolateral prostate. (C): Graph showing percentage of 

total YFP+ cells in intact, castrated and regenerated prostates examined over all lobes. Data 

represent the mean T SEM. **, p < .01; *, p < .05; Tukey’s Honest Significant Difference 

test. (D): Graph showing percentage of YFP+ cells coexpressing luminal or basal markers in 

intact, castrated and regenerated prostates.
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Figure 5. 
Persisting luminal cells express Sox2 after host castration. (A): Immunofluorescent staining 

shows colocalization of Sox2 with CK5 (white) or CK8 (green) in postpubescent castrated 

murine prostates (n = 3 mice, 3-weeks postcastration). Yellow arrows: Sox2+ cells positive 

for basal cell markers. White arrows: Sox2+ cells positive for luminal cell markers. Scale 

bar: 50 μm. Abbreviations: AP, anterior prostate; DLP, dorsolateral prostate, VP, ventral 

prostate. (B): Quantitation of Sox2+ cells in proximal and distal regions of prostates from 

adult, castrated mice. Data represent the mean T SEM, one-tailed homoscedastic Student’s t 
test; *, p = .04.
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Figure 6. 
Castration-resistant Sox2+ cells have regenerative capacity in vivo. (A): Scheme for Sox2 

lineage marking during serial prostate regression and regeneration. In this approach, Sox2+ 

cells were labeled for YFP-expression after host castration and prostatic involution. (B): 
Immunofluorescent staining to assess YFP+/CK8+ luminal cells (white arrows) or YFP+/

p63+ basal cells (yellow arrows) after serial prostate regeneration (n = 3 mice per time 

point). Scale bar: 50 μm. Abbreviations: AP, anterior prostate; VP, ventral prostate; DLP, 

dorsolateral prostate. (C): Graph showing percentage of total YFP+ cells in intact, castrated 

or regenerated prostates examined over all lobes. Data represent the mean T SEM; **, p < .

01; *, p < .05; Tukey’s Honest Significant Difference test. (D): Graph showing percentage of 

YFP+ cells coexpressing luminal or basal markers in intact, castrated and regenerated 

prostates.
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