1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Stem Cells. Author manuscript; available in PMC 2016 March 31.

-, HHS Public Access
«

Published in final edited form as:
Stem Cells. 2016 January ; 34(1): 191-202. doi:10.1002/stem.2217.

Sca-1 Identifies a Distinct Androgen-Independent Murine
Prostatic Luminal Cell Lineage with Bipotent Potential

Oh-Joon Kwon?, Li Zhang?, and Li Xin12:3:4
1Department of Molecular and Cellular Biology, Baylor College of Medicine

2Dan L. Duncan Cancer Center, Baylor College of Medicine

3Department of Pathology and Immunology, Baylor College of Medicine

Abstract

Recent lineage tracing studies support the existence of prostate luminal progenitors that possess
extensive regenerative capacity, but their identity remains unknown. We show that Sca-1 (Stem
Cell Antigen-1) identifies a small population of murine prostate luminal cells that reside in the
proximal prostatic ducts adjacent to the urethra. Sca-1* luminal cells do not express Nkx3.1. They
do not carry the secretory function, although they express the androgen receptor. These cells are
enriched in the prostates of castrated mice. In the in vitro prostate organoid assay, a small fraction
of the Sca-1* luminal cells are capable of generating budding organoids that are morphologically
distinct from those derived from other cell lineages. Histologically, this type of organoid is
composed of multiple inner layers of luminal cells surrounded by multiple outer layers of basal
cells. When passaged, these organoids retain their morphological and histological features. Finally,
the Sca-1* luminal cells are capable of forming small prostate glands containing both basal and
luminal cells in an /in vivo prostate regeneration assay. Collectively, our study establishes the
androgen-independent and bipotent organoid-forming Sca-1* luminal cells as a functionally
distinct cellular entity. These cells may represent a putative luminal progenitor population and
serve as a cellular origin for castration resistant prostate cancer.
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Introduction

Prostate epithelia are composed of three types of cells. Luminal epithelial cells carry the
secretory functions and form a single layer surrounding the lumen filled with eosinophilic
secretions, whereas basal epithelial cells encapsulate luminal cells, acting as a layer to
protect epithelial integrity [1, 2]. Neuroendocrine cells are very rare and are less understood
compared to the other two cell types [3]. Several recent studies using a lineage tracing
approach demonstrated that prostate basal cells and luminal cells are independently
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sustained in adult mice [4-7]. However, basal cells are functionally plastic and are able to
generate luminal cells when stimulated by embryonically-derived urogenital sinus
mesenchymal (UGSM) cells [8-13] or under certain pathological conditions such as
prostatitis [14].

The observation that the basal and luminal cell lineages in adult mice are independently
sustained implies the existence of respective stem cells or progenitors in these two lineages.
A lineage hierarchy within basal cells has been revealed. For example, the surface antigen
Trop2 was shown to be able to enrich for stem cell activity in basal cells using various in
vitro and in vivo prostate stem cell assays [12]. In contrast, the lineage hierarchy in the
luminal cell lineage remains unclear. There has been some evidence suggesting the existence
of phenotypic and functional heterogeneities within the luminal cell lineage. For example,
Tsujimura et al. showed by BrdU label retention that luminal cells in the murine prostatic
ducts that are adjacent to the urethra, i.e. proximal prostatic ducts, divide less frequently than
those at the tips of prostatic ducts [15]. In addition, we showed previously that despite the
activation of Notch signaling in adult murine luminal cells, only a small fraction of luminal
cells are capable of acquiring the capacity for anoikis resistance and prostate sphere
formation in vitro [16]. Finally, in /n vitro organoid assays developed very recently, only a
small fraction (less than 1%) of prostate luminal cells are able to generate organoids
containing both basal cells and luminal cells [17, 18]. Although these studies further support
the existence of a functional hierarchy within the prostate luminal cell lineage, the identity
of the putative luminal progenitors remains undefined. In this study, we identify a small
population of Sca-1-expressing luminal epithelial cells that reside in the proximal prostatic
ducts in mice. We further demonstrate that they represent a bona fide cellular entity that
possesses a distinct functional capacity as compared to the rest of the luminal epithelial
cells.

Results

Stem cell antigen-1 identifies a distinct fraction of murine prostate luminal cells

Several lineage tracing studies including ours have demonstrated that prostate luminal cells
in adult mice are self-sustained when prostate epithelia are induced to undergo several cycles
of involution and regeneration by alternate androgen-depletion and replacement [4-7]. These
studies suggest the existence of androgen-independent luminal progenitors, but their identity
remains undefined. We reasoned that the luminal progenitors should be enriched in the
prostate tissues of castrated mice and sought to identify this cell population based on their
surface antigen expression profiles. Previously, major prostate cell lineages have been
successfully fractionated based on the expression of Sca-1, CD49f, and several lineage
markers (CD45;CD31;Ter119) (Fig. 1A). Basal cells are Lin~Sca-1*CD49fM9" Juminal cells
are Lin~Sca-1"CDA49f!°", and stromal cells are Lin"Sca-1*CD49f" [9, 10]. After analyzing
the luminal cells in intact versus castrated mice, we discovered that luminal cells in castrated
mice express relatively higher levels of Sca-1 (Fig. 1B). More interestingly, the contour plots
indicate the existence of a distinct cell population in castrated mice that is Sca-1*CD49flow
(approximately 9.22% of total cells). When androgen was replaced in castrated mice, the
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androgen-dependent Sca-1"CD49f!°W luminal cells repopulated, whereas the percentage of
Sca-1*CD49f!oW cells dropped back to 1.83% (Supplementary Fig. 1A).

To characterize the identity of this unique cell population, we prepared cytospun fractions
from FACS-isolated cells and examined the expression of lineage markers by
immunostaining. More than 70% of these cells display a luminal cell phenotype as they only
express the luminal cell marker cytokeratin 8 (CK8), but not the basal cell marker
cytokeratin 5 (CK5) or the stromal cell marker a smooth muscle actin (aSMA)
(Supplementary Fig. 1B). We also confirmed the existence of the Sca-1*CK5™ and
Sca-1"CK8* cells in the prostate tissues in vivo using co-immunostaining (Supplementary
Fig. 1C-D).

We reasoned that the Sca-1*CD49f1°" Juminal cells may represent luminal progenitors and
sought to verify whether this cell population represents a real entity in intact mice. Fig. 1A
shows that about 1.4% of the cells in 8-12 week old intact mice are Sca-1*CD49fIOW, This
cell population is detectable in all three murine prostate lobes at similar frequencies, ranging
from 0.9% in the dorsolateral lobes to 1.7% in the ventral lobes (Supplementary Fig. 1E).
Immunostaining analysis of FACS-sorted cells confirmed that 66.8% of these cells express
Sca-1 and CK8 but not the basal cell marker cytokeratin 14 (CK14) (Fig. 1C), whereas the
rest of the cells represent contaminating stromal cells (23.6%), basal cells (5.0%) and Sca-1~
luminal (4.6%) cells (Supplementary Fig. 1F). QRT-PCR analysis further corroborated that
the Sca-1*CD49f1oW cells express Sca-1 and K728, but very low levels of basal cell markers,
Krt5and TP63 (Fig. 1D). More interestingly, unlike the Sca-1~ luminal cells,
Sca-1*CD49f!oW cells do not express Nkx3.1, a homeobox gene abundantly present in the
prostate luminal cells [19]. Finally, although the Sca-1*CD49f!oW cells express the androgen
receptor at a similar level as compared to the Sca-1~ luminal cells (Fig. 1E), they do not
express major androgen-regulated prostatic secretory proteins or express them at
substantially lower levels (Fig. 1F). This suggests that these cells do not carry the secretory
function. Collectively, these results imply that the Sca-1*CD49f!° luminal cells represent a
distinctive cell population in adult murine prostates.

Sca-1* luminal cells are enriched in the proximal prostatic ducts

BrdU label-retention represents a property of replication-quiescent stem cells in some organs
[20]. Tsujimura et al. showed previously that a small fraction of BrdU-label retaining cells
are enriched in the proximal regions of prostatic ducts that are adjacent to the urethra [15].
These BrdU label-retaining cells include both basal cells and luminal cells and are suspected
to be the putative stem cells in the prostate. We sought to investigate whether the
Sca-1*CD49f!W [uminal cells are enriched in the proximal prostatic ducts. As shown in Fig.
2A, anterior prostates were dissected longitudinally into three equal portions, representing
the distal, middle, and proximal prostatic ducts, and dissociated into single cells for FACS
analysis. Consistent with a previous report [10], Lin"Sca-1*CD49M9" pasal cells were
enriched by 2-fold in the proximal prostatic ducts as compared to the distal ducts (Figs. 2B
and 2C). Interestingly, the Sca-1*CD49f!oW cells constitute 7.6% of the cells in proximal
ducts. In contrast, only 0.6 and 1.2% of the cells in the distal and middle ducts of the
anterior prostate lobes are Sca-1*CD49floW cells, respectively. IHC analysis of Sca-1, CK5,
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and CKS8 further confirmed that the Sca-1*CK5-CK8* luminal cells are mostly localized in
the ducts immediately adjacent to the urethra, which represent approximately 1/4-1/5 of
total prostatic ducts (Figs. 2D and 2E). The Sca-1* luminal cells were also detected in the
proximal ducts of other prostatic lobes (Supplementary Fig. 2A). In addition, IHC analysis
shows that Sca-1-expressing luminal cells do not express Nkx3.1 (Fig. 2F), corroborating the
RNA analysis (Fig. 1D). Finally, neuroendocrine cells are not enriched in the
Sca-1*CD49floW cell fraction as determined the expression of the neuroendocrine cell
marker Synaptophysin using gRT-PCR (Supplementary Fig. 2B).

Sca-1 sub-fractionates the CD24h19"CD49floW Juminal cells

Only about 66.8% of FACS-sorted Lin~Sca-1*CD49f1oW cells are phenotypically
CK5~CK8* luminal cells, whereas the remaining cells are mainly contaminating Sca-1*
stromal cells (Supplementary Fig. 1F). We sought to take advantage of additional surface
antigens to further purify the Sca-1* luminal cells. Previously, prostate luminal cells have
been shown to express high levels of CD24 (Lin~CD24M3IhCD49flOW)[10]. We reasoned that
inclusion of CD24 would reduce the contamination of stromal cells in FACS-sorted
Sca-1*CDA49f!oW luminal cells. Fig. 3A shows that 75.8% of Sca-1* luminal cells are CD24*.
Immunostaining of cytospun FACS-sorted cells reveals that more than 94.5% of the
Lin"CD24~ CD49f!oWSca-1* cells are contaminating stromal cells that express aSMA,
whereas 84.5% of the Lin"CD24MI"CD49floWSca-1* cells are phenotypically luminal cells
(CK8*CKS5"). This validates CD24 as an efficient surface marker to further enrich the
Sca-1* luminal cells. Fig. 3B shows that about 6.1% of Lin"CD24MI"CD49f!oW [uminal cells
are Sca-1". Interestingly, Sca-1* luminal cells appear to express CD24 at an even higher
level than the Sca-1~ luminal cells (Supplementary Fig. 3). Cytospin analysis further
corroborated efficient separation of different epithelial cell lineages by this combination of
surface markers (94.0%, 87.5% and 83.9% for Lin"CD24!°¥CD49fidh basal cells,
Lin~CD24M9hCD49flowSca-1~ luminal cells, and Lin"CD24MNI"CD49foWSca-1* luminal
cells, respectively) (Fig. 3C). Therefore, we used FACS-separated individual prostate
epithelial cell lineages based on this combination of surface antigens throughout the
following functional studies.

Different prostate epithelial lineages generate distinct forms of organoids in vitro

We cultured dissociated prostate cells from 8-12 week-old mice using the organoid assay
established by Karthaus et al [18]. Approximately 1.8% of dissociated prostate cells are
capable of generating organoids with diameters ranging from 30-200 pm after a 10-day
culture. We performed organoid assays using a mixture of unlabeled prostate epithelial cells
from C57BI/6 mice and an mTmG transgenic mouse line that expresses red fluorescent
protein in the whole body. There were no chimeric organoids formed in the assay, suggesting
that the organoids are clonally derived (Supplementary Fig. 4A-B). Immunostaining of
lineage markers revealed the existence of four major types of organoids (Figs. 4A-B and
Supplementary Fig. 4C). Type | organoids constitute approximately 71.8% of total
organoids. Cells in type | organoids not only express CK5 and P63 but also CK8 and AR.
Type 11 organoids (7.7% of total organoids) consist of lumens surrounded by one or multiple
layers of CK8-expressing luminal cells that are further encapsulated by a layer of CK5-
expressing basal cells. In type Il organoids with multiple layers of luminal cells, it is
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common to observe a few basal cells distributed sporadically within the luminal cells (white
arrow, Fig. 4A). Type Il organoids (7.7% of total organoids) are similar to type Il organoids.
However, there are multiple outer layers of CK5*CK8™ cells in type 111 organoids. Cells in
type 111 organoids express AR at a lower level as compared to cells in other types of
organoids (Fig. 4A). In addition, a unique feature of type 11l organoids is that they usually
start to display a budding phenotype at approximately 7 days in culture (Fig. 4C). Most
budding structures do not canalize and appear to be solid. This budding capability is cell-
intrinsic, as other types of organoids do not bud even upon prolonged culture. As a result of
this budding morphology, type I11 organoids appear the largest in size in the culture (Fig.
4C). The remaining 12.8% of organoids are type IV organoids that consist of cells that only
express CK8 and AR, but not the basal cell markers CK5 and P63. These organoids are
either solid or contain an empty lumen surrounded by a single layer of cells. Exclusion of
either R-spondinl or Noggin significantly reduces organoid-forming activity
(Supplementary Fig. 4D). In contrast, organoid formation is not dependent on androgen
signaling. Although exclusion of di-hydro-testosterone from the organoid culture eliminates
nuclear AR staining, it does not alter organoid size, morphology, or the number of organoid-
forming unit (OFU) (Supplementary Fig. 5A-D). Enzalutamide treatment does not affect
organoid-forming activity, either (Supplementary Fig. 5E)

We reasoned that these different types of organoids have distinct cellular origins. To test this
hypothesis, we cultured FACS-isolated Lin"CD24!°VCD49fNi9" hasal cells,
Lin"CD24MIhCD49f1oWSca-1~ (Sca-17) luminal cells, and Lin"CD24MINCD49flowSca-1*
(Sca-1%) luminal cells separately. Basal cells form organoids at a much higher frequency
(OFU = 16.1%) than both types of luminal cells (dot plot, Fig. 4D). The OFU of the Sca-1*
luminal cells (4.11%) is 4.23-fold more than that of the Sca-1~ luminal cells (0.97%). Basal
cells form mostly type | organoids. Both Sca-1~ and Sca-1* luminal cells are able to
generate type 1l and type IV organoids. However, type 111 organoids are mainly observed in
the Sca-1* luminal cell culture (Pie charts, Fig. 4D). Because the bigger type 111 organoids
were mainly produced by the Sca-1* luminal cells, the size of organoids in the Sca-1*
organoid culture was more heterogeneous than the other two groups (Fig. 4E).

The observation that type | organoids also formed in the cultures of the Sca-1* and Sca-1~
luminal cells probably reflects an imperfect FACS separation of individual cell lineages. For
example, the organoid forming unit in the Sca-1* luminal cell culture was about 4.11%,
among which 18.2% were type | organoids (Fig. 4D). Fig. 3C shows that there were about
5% contaminating basal cells in the Sca-1* luminal cells. As the organoid forming activity
of basal cells is about 16.1% (Fig. 4D), the amount of the type | organoids generated by the
contaminating basal cells (5% x 16.1%) is roughly the same as that of the type | organoids
in the Sca-1* luminal cell culture (4.11% x 18.2%). This indirectly supports that the type |
organoids in the Sca-1* luminal cell culture were derived from contaminating basal cells,
while the other types of organoids were generated by the Sca-1* luminal cells. Of course, we
cannot exclude the possibility that the Sca-1* luminal cells are also capable of generating
type | organoids in this assay. But overall, we can conclude that the Sca-1* luminal cells
represent a functionally distinct cellular entity.
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Distinct types of organoids retain their morphological and histological features upon

passaging

To determine whether prostate organoid-forming cells possess the capacity for self-renewal,
we dissociated prostate organoids derived from total prostate cells into single cells and
replated them in the organoid assay. Fig. 5A shows that 3.3%—4.3% of dissociated organoid
cells were capable of forming organoids upon serial passage. Interestingly, the type 1l
organoids expanded during serial passaging (Pie charts, Fig. 5A). This result suggests that
the type Il organoids replate more efficiently than the other types of organoids in this culture
condition. Or alternatively, cells in other types of organoids can generate type Il organoids
upon passaging. To distinguish these possibilities, we attempted to passage individual types
of organoids. Relatively pure type | organoids (>95%) were obtained from organoid cultures
of FACS-isolated basal cells. Type Il organoids were picked by pipette under a microscope
based on their distinctive budding morphology. As we were unable to isolate pure type Il
and IV organoids, we did not passage them individually. Fig. 5B shows that both the type |
and the type 111 organoids were able to be replated, but type | organoids replated more
efficiently than type I11 organoids. Interestingly, cells from these two types of organoids only
generated the same types of organoids as their parental organoids. From these analyses, we
infer that type Il and IV organoids are also capable of replating, although we are unable to
conclude whether these two types of organoids can generate each other upon passaging. In
summary, these studies demonstrate that prostate organoids retain their morphological and
histological features upon passaging, which implies that the capabilities to form distinct
prostate organoids reflect the differences in intrinsic biological properties among different
prostate epithelial lineages. In addition, this study also shows that the type Il organoids
replate more efficiently under the condition of the prostate organoid assay.

Sca-1* luminal epithelial cells are capable of regenerating prostate glands in vivo

We further investigated whether the Sca-1* luminal cells possess the bipotent potential in
Vivo using a prostate regeneration assay. In this assay, dissociated adult murine or human
prostate epithelial cells were mixed with embryonically-derived urogenital sinus
mesenchymal cells and incubated in immunodeficient male host mice [21]. Epithelial cells
with stem or progenitor activities are capable of forming glandular structures that contain
both basal and luminal epithelial cells. It has been shown previously that both the basal
epithelial stem cells in intact mice and the castration-resistant Nkx3.1-expressing cells
(CARN) identified in castrated mice are capable of regenerating prostate tissues (8-10, 12,
13, 22, 23). Briefly, 1.5x10% FACS-isolated Sca-1* luminal cells, Sca-1~ luminal cells, and
basal cells were mixed with 1x10° UGSM cells separately and transplanted in
immunodeficient mice subcutaneously. UGSM cells alone were also transplanted as a
control. Consistent with previous reports, almost no discernable glandular structures formed
in the UGSM cell alone group or the Sca-1~ luminal cell group. In contrast, 0.057% of basal
cells and 0.043% of Sca-1* luminal cells were capable of generating glandular structures
(Fig. 6A). The regenerated glands in these two groups are histologically similar. They all
contain lumens surrounded by a layer of CK8* luminal cells that is encapsulated by a
discontinuous layer of CK5* basal cells (Fig. 6B). Interestingly, the average diameter of the
regenerated glands from the Sca-1* luminal cells is 38% smaller than that of the basal cell
group (Fig. 6C). Although there were approximately 5% contaminating basal cells in the
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FACS-sorted Sca-1* luminal cells, it is unlikely that all the regenerated glands in the Sca-1*
luminal cell group were derived from the contaminating basal cells, because only 0.057%
basal cells are able to regenerate prostate glands. In addition, there were even more
contaminating basal cells in the Sca-1~ luminal cells (Fig. 3C), but very few glands were
regenerated in this group (Fig. 6A). Therefore, our result suggests that the Sca-1* luminal
cells also possess the bipotent differentiation potential in vivo. However, it should be noted
that this capacity for bipotent differentiation may represent a facultative function because
previous lineage tracing studies showed that the basal and luminal cell lineages are
independently sustained in vivo in adult mice [4-7]. But this facultative bipotent potential
implies that this cell population lies at a different stage of differentiation from the rest of the
luminal epithelial cells.

Discussion

Are Sca-1" luminal cells the progenitor cells in the luminal cell lineage?

In this study, we establish the Sca-1* luminal cells as a cellular entity that is functionally
distinct from the rest of the luminal epithelial cells. Multiple lines of evidence support that
some of these cells may represent a progenitor population in the luminal cell lineage. They
are enriched in the proximal prostatic ducts where the BrdU label-retaining cells are located
[15]; they survive androgen ablation and are enriched in the prostates of castrated mice; they
do not carry the secretory function, a feature of terminally differentiated luminal epithelial
cells; a fraction of the Sca-1* luminal cells display bipotent potential in both the in vitro
organoid assay and the in vivo prostate regeneration assay. It should be noted that the Sca-1*
luminal cells do not express Nkx3.1, hence are distinct from the previously reported
castration resistant Nkx3.1-expressing (CARN) cells [23].

However, it still remains a question whether the Sca-1* luminal cells represent a bona fide
population of stem cells or progenitors. By definition, stem cells should possess the capacity
to generate all of the different cell lineages in the organs from which they were derived [24].
To this end, there is no compelling evidence that phenotypically luminal epithelial cells in
intact adult rodents are able to generate all of the different cell lineages in the prostate in
vivo under physiological conditions. Therefore, although in the organoid and the prostate
regeneration assays Sca-1* cells are able to generate basal and luminal cells, this capacity
most likely reflects a facultative function of these cells under those experimental conditions.
These cells are more likely committed luminal progenitors. It is interesting that Sca-1 is also
expressed in a fraction of luminal epithelial cells in the mammary gland, and Sca-1*
mammary luminal epithelial cells have been considered as ductal progenitors in the
mammary gland [25-27]. Given the many similarities between the prostate and the
mammary glands in terms of their lineage hierarchy [28], it is tempting to hypothesize that
Sca-1* luminal cells may serve as proximal prostatic ductal progenitors. To substantiate this
hypothesis, future in vivo lineage tracing studies should be performed to investigate how
Sca-1" luminal cells contribute to the maintenance of the luminal cell lineage in adult
rodents. In addition, since there is no human paralogue of murine Sca-1, a detailed gene
expression profile analysis of the murine Sca-1* luminal cells should help identify useful
markers to isolate the functionally equivalent cell population in human prostate tissues.
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Developmentally, how do the Sca-1* luminal cells originate? They are unlikely derived
directly from basal epithelial cells in adult rodents, as previous lineage tracing studies
showed that adult murine prostate basal cells rarely generate luminal cells. An interesting
observation is that all epithelial cells in the embryonic urogenital sinus express Sca-1
(unpublished observation). Therefore, it is more likely that these cells and basal cells
originate from the same embryonic prostate epithelial stem cells. The commitment, survival,
and expansion of these cells may be affected by altered prostatic microenvironmental
signaling. For example, it was shown that activation of prolactin signaling in the prostate
results in an expansion of the Sca-1* luminal cells [29]. Understanding the molecular
mechanisms that regulate the homeostasis of this cell population may help dissect how
prostate cancer is initiated.

Do Sca-1" cells serve as a cell-of-origin for prostate cancer?

Several studies, including ours, showed previously that when the tumor suppressor Pten was
deleted in the Keratin-8 expressing luminal epithelial cells, mice developed prostate
adenocarcinoma (5-7, 30). These studies demonstrate that luminal epithelial cells can serve
as a cell-of-origin for prostate cancer. Our current study raises the question of whether the
Sca-1" luminal cells serve as a preferred cell-of-origin for prostate cancer as compared to
the Sca-1~ luminal cells. Several lines of evidence support that the Sca-1* luminal cells may
act as favored cells of origin for prostate cancer. First, Zhou et al showed that in a mouse
model for prostate cancer with P53 and Rb deletion, tumors developed preferentially from
the proximal regions in the prostate [31]. Second, prostate cancer often recurs and becomes
castration resistant after treatments. As the Sca-1" luminal cells survive androgen ablation,
they may act as a cell-of-origin for prostate cancer and serve as the root of castration-
resistant tumor cells. Finally, prostate tumor cells in mouse models for prostate cancer often
express Sca-1 unanimously [9] and human prostate cancer cells also display reduced
secretory function as compared to normal epithelial cells. These phenotypical changes
suggest an expansion of murine Sca-1* cells or their human counterparts during tumor
initiation and progression, but of course, could also be a consequence of altered Sca-1
expression or dedifferentiation of mature luminal cells during carcinogenesis.

Microenvironmental cues at the proximal prostatic ducts

The Sca-1* luminal cells are enriched in the proximal prostatic ducts, implying that the
micro-environmental cues at the proximal prostatic ducts may shape some of their molecular
features. Although the Sca-1* luminal cells express the androgen receptor, they do not carry
the secretory function and do not express major AR-regulated proteins in the prostate. This
feature is similar to that of the luminal epithelial cells in a mouse model with prostate-
specific activation of Notch signaling [16], suggesting that the Notch pathway may regulate
the biology of these cells. We showed previously that the Notch ligand Jagged1 is mainly
expressed by prostate basal cells [32]. Jaggedl expressed by the basal cells can activate
Notch signaling in the luminal cells via the Notch receptors expressed by the luminal cells.
Salm et al showed that stromal cells in the proximal region express higher levels of TGF
[33], and we showed that TGF can upregulate Jagged1l in prostate basal cells [34].
Therefore, basal cells in the proximal prostatic ducts are not only high in density but also
may express Jaggedl at a higher level than those at distal regions; hence, the Notch activity
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in the luminal cells at the proximal region may be higher than those in other prostatic ductal
regions. Notch downstream target genes, such as Heyl and HeyL, have been shown to
suppress AR transcriptional activity [35, 36]. However, our previous study showed that
Notch loss of function does not affect the regenerative capacity of the prostate tissues [32];
therefore, it is unlikely that Notch signaling is essential for the progenitor activity of Sca-1*
luminal cells, or alternatively, the Sca-1* luminal cells only serve as the proximal prostatic
ductal progenitors and are not the only essential cell population for the maintenance of the
luminal cell lineage. Gene expression profiling of the Sca-1* luminal cells and in vivo
lineage tracing studies in the future will address these issues definitively.

Materials and Methods

Mice

C57BL/6 mice were purchased from Charles River (Wilmington, MA). The mTmG
fluorescence reporter mouse line was generated by the group of Dr. Liqun Luo at Stanford
University [37]. Experimental mice were castrated at the age of 8 weeks using standard
techniques as described previously [7]. Testosterone pellets (10mg/pellet) were inserted into
castrated mice subcutaneously to restore serum testosterone levels. All animal work were
approved by and performed under the regulation of the Institutional Animal Care Use
Committee for the Baylor College of Medicine.

Dissociation of primary prostates and flow cytometry

Prostate tissues were digested in DMEM/F12/Collagenase/Hyaluronidase/FBS (Invitrogen,
Carlsbad, CA) for 3 hours at 37°C, followed by an additional 1 hour of digestion in 0.25%
Trypsin-EDTA (Invitrogen, Carlsbad, CA) on ice. Subsequently, digested cells were
suspended in Dispase (Invitrogen, Carlsbad, CA, 5 mg/mL) and DNase | (Roche Applied
Science, Indianapolis, IN, 1 mg/mL), and pipetted vigorously to dissociate cell clumps.
Dissociated cells were then passed through 70 um cell strainers (BD Biosciences, San Jose,
CA) to get single cells. For FACS analysis and sorting, singled murine prostate cells were
stained with Pacific blue-conjugated anti CD31, CDA45, and Ter119 antibodies (eBioscience,
San Diego, CA), PE-Cy7-conjugated anti Sca-1 antibody (eBioscience, San Diego, CA),
FITC-conjugated CD24 antibody (BD Biosciences, San Jose, CA), and Alexa 647-
conjugated anti CD49f antibody (Biolegend, San Diego, CA). Cell sorting and analyses were
performed using Aria Il and LSR 11, respectively (BD Biosciences, San Jose, CA).

Immunocytochemistry and immunostaining

To prepare cytospin from FACS-sorted cells, cells were loaded into cytospin slide chambers
of Shannon Cytospin 4 (Thermal Scientific, Odessa, TX) and centrifuged at a speed of
800rpm at room temperature for 5 minutes. H&E and immunofluorescence staining were
performed using standard protocols on 5-um paraffin sections or cytospin slides. Primary
antibodies and the dilutions used are listed below. Slides were incubated with 5% normal
goat serum (Vector Labs, Burlingame, CA) and with primary antibodies diluted in 2.5%
normal goat serum overnight at 4°C. Primary antibodies used in this study were mouse anti-
K14 (LL002, Biogenex, San Ramon, CA), rabbit anti-K5 (#PRB-160P, Covance, Berkeley,
CA), mouse anti-K8 (#MMS-162P, Covance), rat anti-K8 (Troma-1, DSHB, lowa City, IA),
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mouse anti-P63 (4A4, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-AR (SC-816,
Santa Cruz Biotechnology), mouse anti-smooth muscle actin(Sigma-Aldrich, St. Louis,
MO), rabbit anti-Synaptophysin (Invitrogen, Carlsbad, CA), rabbit anti-vimentin (#5741,
Cell Signaling Technology, Beverly, MA), rabbit anti-Ki67 (NCL-Ki67-P, Novocastra,
Newcastle, UK), Rat anti-Sca-1 (#557403, BD PharMingen, San diego, CA), Rabbit anti-
NKX3.1 (#0315, Athena Enzyme Systems, Baltimore, MD), and mouse anti-BrdU (DSHB,
lowa City, 1A, USA). Slides then were incubated with secondary antibodies (diluted 1:500 in
PBST) labeled with Alexa Fluor 488, 594, or 633 (Invitrogen/Molecular Probes, Eugene,
OR). Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, St. Louis, MO). Immunofluorescence staining was imaged using an Olympus BX60
fluorescence microscope (Olympus Optical Co Ltd, Tokyo, Japan) or a Leica EL6000
confocal microscope (Leica Microsystems, Wetzlar, Germany).

RNA isolation and gqRT-PCR

Total RNA was isolated using the mRNA Kit (Qiagen, Gaithersburg, MD). Reverse
transcription was performed using the superscript Kit (BioRad, Hercules, CA). gRT-PCR
was performed using the SYBR GreenER gqPCR mix (BioRad, Hercules, CA) on a StepOne
plus Real-Time PCR system (Applied Biosystems, Grand Island, NY). The relative amount
of specific MRNA was normalized to Gapdh. Primers for gRT-PCR are listed in
Supplementary Tablel.

Prostate organoid culture and prostate regeneration assay

The organoid culture was performed following the previous study [18]. Briefly, dissociated
prostate cells from 8-12 week-old C57BI/6 mice were cultured in DMEM/F12
supplemented with B27 (Life technologies, Grand Island, NY), 10 mM HEPES, Glutamax
(Life technologies, Grand Island, NY), Penicillin/Streptomycin, and the following growth
factors: EGF 50 ng/ml (Peprotech, Rocky Hill, NJ), 500 ng/ml recombinant R-spondinl
(Peprotech, Rocky Hill, NJ), 100 ng/ml recombinant Noggin (Peprotech, Rocky Hill, NJ),
200 uM TGF-p/AIK inhibitor A83-01 (Tocris, Ellisville, MO), and 10 pM Y-27632 (Tocris,
Ellisville, MO). Dihydrotestosterone (Sigma, St. Louis, MQO) was added at 1 nM final
concentration. Cells were mixed with growth factor reduced matrigel (Corning, Corning,
NY) by 1:1 ratio and plated in 96-well plates. In some experiments, enzalutamide
(Selleckchem, Houston, TX) was added to a final concentration of 10 uM.

To collect prostate organoids, culture media was removed and 100 pl of 1 mg/ml Dispase
solution (Invitrogen, Carlsbad, CA) was added and incubated for 1 hour at 37°C. Samples
were then transferred to 1.6 ml Eppendorf tubes and centrifuged at 850xg for 2 minutes.
Organoids were fixed with 10% formalin for 10 minutes and resuspended in 100 ul of
HistoGel (Richard-Allan Scientific, Kalamazoo, MI) for preparation of paraffin embedded
blocks.

To dissociate prostate organoids, organoids released from matrigel were resuspended in 300
ul of chilled Trypsin-Versene (Lonza, Walkersville, MD) and were gently passed through 28-
gauge insulin syringes approximately 10 times for 5 minutes. It usually took an extra two
minutes to dissociate Type Il organoids due to their bigger sizes. Subsequently, 200 ul of

Stem Cells. Author manuscript; available in PMC 2016 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Statistics

Page 11

organoid culture media was added and centrifuged at 850xg for 2 minutes. Dissociated cells
were resuspended in culture media. Viable single cells were enumerated under a microscope
and plated in 96-well plates with growth factor reduced matrigel (Corning, Corning, NY).

Prostate regeneration assays were performed as described previously [21]. Briefly, 1.5x10%
FACS-sorted specific prostate epithelial cell fractions were mixed with 1x10° urogenital
sinus mesenchymal cells, mixed with growth factor reduced matrigel (Corning, Corning,
NY) (1:1 v/v), and transplanted subcutaneously in immunodeficient male NOD/SCID mice
for 6 weeks. Regenerated tissues were collected, fixed in 10% buffered formalin, and
embedded in paraffin for IHC analysis. Because the regenerated tissues were small and flat,
we cut and collected the sections that have the biggest tissue area for quantification of
regenerated glands. Glands from three sequential sections for each sample were enumerated
and mean values were obtained. Therefore, the gland-forming unit is underestimated,
especially for that of the Sca-1* luminal cells because the regenerated glands from them
were smaller. But this does not affect the conclusion of our study.

All experiments were performed at least 3 times using independent experimental materials
(cells or mice). Data are presented as mean + SD. Student’s t test was used to determine
significance between groups. For all statistical tests, the 0.05 level of confidence was
accepted for statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

The prostate epithelial lineage hierarchy remains inadequately defined. We discovered a
distinct population of luminal epithelial cells that express the Stem Cell Antigen-1
(Sca-1). These cells are enriched in specific anatomic niches in adult murine prostates.
They can survive androgen deprivation and possess bipotent differentiation capacity.
These cells may represent the luminal progenitors and serve as the cells-of-origin for
castration resistant prostate cancer.
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Figure. 1. Sca-1 defines a distinct population of prostate luminal cells
A-B: FACS plots of prostate cell lineages in intact (A) and castrated (B) adult mice. Bar

graphs show means = s.d. of percentages of individual cell lineages from 3 independent
experiments. C: Co-immunostaining of Sca-1, cytokeratin 14 (K14), and cytokeratin 8 (K8)
on cytospins of individual FACS-sorted prostate lineages. Bars=10um. D: gRT-PCR analysis
of lineage marker expressions in individual FACS-sorted prostate cell lineages. Results show
means + s.d. from 3 independent experiments. E: Co-immunostaining of Sca-1 and androgen
receptor (AR) in proximal and distal prostatic ducts. F: gRT-PCR analysis of expression of
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prostate secretory proteins in FACS-sorted Sca-1* and Sca-1~ luminal cells. Results show
means + s.d. from 3 independent experiments. *:p<0.05, **:p<0.01, ***:p<0.001.

Stem Cells. Author manuscript; available in PMC 2016 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 17

A B Proximal Middle Distal
. Distal ol 7.6% * 1.2% 0.6
S a |- ey | ks —
}:‘3% Middle < Cal| {3 %'L#j_ & e
c 2 > ; N
= Proximal 5 E
o | b1
Sca-1;PE-Cy7
C Basal Luminal Sca-1* Luminal Stromal
5 30 80 14 30
3
=
245 40 7
Q.
G
= 0 0

M Proximal @  Middle Distal

D

Proximal duct Distal duct

v

Proximal

Distal

Proximal duct Distal duct Sca-1 Merged

v

Proximal

Distal

Proximal duct Distal duct : NKX3.1 Merged

v

Proximal

Distal

Figure. 2. Sca-1* luminal cellsresidein proximal prostatic ducts
A: Schematic illustration of distal, middle, and proximal anterior prostatic ducts. B: FACS

plots of prostate cell lineages in proximal, middle, and distal anterior prostatic ducts. C: Bar
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Figure. 4. Different lineages of prostate epithelial cells generate distinct organoidsin vitro
A: IHC analysis of lineage marker expression in the 4 types of organoids. White arrow

points to P63-expressing basal cells inside an organoid. Bars=50um. B: Pie chart quantifies
composition of organoids derived from wild type prostate epithelial cells. C:
Transilluminating images of prostate organoids. Enlarged inset shows a type 111 budding
organoid. Yellow bar=100um; white bar=50um. D: Individual prostate epithelial lineages
form different types of organoids at distinct efficiencies. Dot plot shows means + s.d. of
organoid-forming units of different lineages from 3 independent experiments. Pie charts
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quantify the types of organoids in different cultures. *:p<0.001. E: Dot plot shows means +
s.d. of organoid size in different cultures. *:p<0.001.
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means + s.d. of organoid-forming units during serial passaging. Pie charts show composition
of organoid types. B: Type | and type Il organoids can be passaged and only generate
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Figure. 6. The Sca-1* luminal cells possessin vivo bipotent differentiation capacity in the
prostate regener ation assay
A: Bar graph shows means + s.e.m. of gland-forming capacity of FACS-sorted basal cells,

Sca-1" luminal cells, and Sca-1* luminal cells. UGSM cells serve as negative control. B:
H&E staining and IHC analysis of K5 and K8 in regenerated glands. C: Dot plot shows
means + s.e.m. of diameters of regenerated glands. Bars=50um. ***:p<0.001.
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