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these P-SCs is not fully clear.

cannot form prostaspheres.

Significance: The finding helps define the hierarchy of P-SCs.
\_

(Bacl(ground: Different methods are established for identifying prostate stem cells (P-SCs). However, the relationship of
Results: Sphere-forming cells were from the basal compartment and also formed organoids. However, organoid-derived P-SCs

Conclusion: The basal P-SCs represent more primitive P-SCs than luminal P-SCs.
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Prostate stem cells (P-SCs) are capable of giving rise to all
three lineages of prostate epithelial cells, including basal, lumi-
nal, and neuroendocrine cells. Multiple methods have been used
to identify P-SCs in adult prostates. These include in vivo renal
capsule implantation of a single epithelial cell with urogenital
mesenchymal cells, in vitro prostasphere and organoid cultures,
and lineage tracing with castration-resistant Nkx3.1 expression
(CARN), in conjunction with expression of cell type-specific
markers. Both organoid culture and CARN tracing show the
existence of P-SCs in the luminal compartment. Although pros-
tasphere cells predominantly express basal cell-specific cyto-
keratin and P63, the lineage of prostasphere-forming cells in the
P-SC hierarchy remains to be determined. Using lineage tracing
with P63¢FRT2 we show here that the sphere-forming P-SCs
are P63-expressing cells and reside in the basal compartment.
Therefore we designate them as basal P-SCs (P-bSCs). P-bSCs
are capable of differentiating into AR* and CK18* organoid
cells, but organoid cells cannot form spheres. We also report
that prostaspheres contain quiescent stem cells. Therefore, the
results show that P-bSCs represent stem cells that are early in
the hierarchy of overall prostate tissue stem cells. Understand-
ing the contribution of the two types of P-SCs to prostate devel-
opment and prostate cancer stem cells and how to manipulate
them may open new avenues for control of prostate cancer pro-
gression and relapse.
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The prostate is a male reproductive organ. It is comprised of
epithelial and stromal compartments. The epithelial compart-
ment contains basal, luminal, and neuroendocrine cells. The
stromal compartment is mainly composed of fibroblasts and
smooth muscle cell-like cells. The development, maintenance,
and function of the prostate are androgen dependent. Andro-
gen deprivation leads to prostatic atrophy. The majority of
luminal epithelial cells undergo apoptosis within a few days. In
mice, when androgens are replenished, a limited number of
surviving cells undergo rapid proliferation within a few hours
and the prostate recovers to its original size in 2 weeks. This
regression/regeneration cycle can be repeated multiple times,
suggesting the existence of prostate stem cells (P-SCs)* that
survive under androgen deprivation and contribute to prostate
regeneration (1-3).

Multiple methods have been used to identify and propagate
P-SCs, and to pinpoint their location in prostate tissue. These
include cell lineage tracing in vivo, expression of either basal or
luminal epithelial cell-specific proteins, and prostaspheres or
organoid cultures. However, the compartment in which pros-
tate stem cells reside has remained debatable.

During prostate postnatal development, CK14-positive basal
cells have been shown to give rise to basal, luminal, and neu-
roendocrine cells (4). P63, a basal cell-specific protein, is
required for prostate development and support the notion that
the basal cell compartment contains prostate stem cells (5). A
luminal epithelial cell population known as CARNs (castration-
resistant Nkx3.1-expressing cells) has demonstrated bipoten-
tial stem cell functions during prostate regeneration (6). In
addition, both luminal and basal compartments contain single-
lineage P-SCs that only give rise to daughter cells in their
respective compartments (7, 8). Interestingly, the basal cells
display both symmetrical and asymmetrical divisions, whereas

2 The abbreviations used are: P-SCs, prostate stem cells; CARN, castration-
resistant Nkx3.1-expressing cells; AR, androgen receptor; P-bSC, basal
prostate stem cell; P-ISC, luminal P-SC; CK, cytokeratin; 4-OHT, 4-
hydroxytamoxifen.
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luminal cells only exhibit symmetrical divisions (9). Asymmet-
rical divisions of stem cells reflect their capacity to self-renew
and produce daughter cells for differentiated progeny. Sym-
metrical division is an indicator of late stage lineages in which
both daughter cells terminally differentiate. Both lineages of
cells have been shown capable of development into prostate
cancers with distinct aggressiveness and molecular signatures
(8, 10-13).

Prostasphere cell cultures have been extensively used for
propagation of P-SCs. Prostasphere cells express basal cell
cytokeratins and P63, and are capable of self-renewal and mul-
tilineage differentiation. However, the lineages of cells in pros-
taspheres is not clear. Moreover, whether the prostasphere
forming cells represent P-SCs is still controversial. Methods for
growth of luminal-resident P-SCs in vitro remained problem-
atic until two groups recently developed distinct culture sys-
tems (14, 15). One group shows that both CARNs and normal
prostate luminal epithelial cells can form prostate organoids
and exhibit functional androgen receptors (AR) in culture. The
other group shows that a three-dimensional culture system
supports expansion of primary mouse and human prostate
organoids, which are comprised of fully differentiated CK5™"
basal and CK8™ luminal cells and also exhibit responses to
androgen. Although both basal and luminal cells give rise to
organoids, organoids derived from luminal cells more closely
resemble prostate glands (15).

Herein we report that prostaspheres are derived from P63-
expressing basal cells, designated as basal prostate stem cells
(P-bSCs) to be distinguished from luminal P-SCs (P-1SCs).
Prostaspheres were capable of forming organoids with differ-
entiated marker CK18 and functional AR. However, organoid-
derived cells could not form prostaspheres. The results suggest
that P-bSCs represent more primitive P-SCs than P-ISCs. We
also showed that both the prostate and prostaspheres had a
reservoir of quiescent stem cells, which possessed a high self-
renewal capacity.

Materials and Methods

Animals—Mice were housed in the Program of Animal
Resources of the Institute of Biosciences and Technology,
Texas A&M Health Science Center, in accordance with the
principles and procedure of the Guide for the Care and Use of
Laboratory Animals. All animal procedures were approved by
the Institutional Animal Care and Use Committee. Mice carry-
ing the Nkx3.1¢¢, P63C7¢ERT2, K§H2B/GEP | grSEGFP»CreERTZ’ and
ROSA26""““ reporter alleles were bred and genotyped as previ-
ously described (16 —20). Prostates were harvested immediately
after the animals were euthanized by CO, asphyxiation.

For inducible gene activation, mice bearing P63“***" and
the reporter alleles, as well as their wild type littermates were
injected intraperitoneally with 20 mg/ml of tamoxifen (Sigma;
diluted in corn oil) at 100 mg/kg. For gene ablations in vitro,
cells were treated with 5 mm 4-hydroxytamoxifen in ethanol
(Sigma) at a final concentration of 500 nm.

Prostaspheres and Organoid Cultures—The conditions for
preparing, culturing, and passaging prostate spheres were
developed based on published protocols (21). Prostates were
dissected from 6- to 8-week-old male mice immediately after
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euthanasia and minced with a pair of steel scissors. The minced
tissues were then incubated with 10 ml of DMEM with 10% FBS
containing 1 mg/ml of collagenase (Sigma) at 37 °C for 90 min.
The cells were then washed with PBS, and incubated with 0.25%
trypsin/EDTA for 10 min at 37 °C, followed by passing several
times through a 25-gauge syringe. After adding FBS to the cell
suspension to inactivate trypsin, the cells were passed through a
40-um cell strainer, washed with Dulbecco’s PBS (Sigma), and
counted. Prostate cells were suspended with 50 ul of the pros-
tate epithelial growth medium (Lonza, Walersville) at a density
of 6 X 10°/ml and then mixed with Matrigel (BD Biosciences) at
aratio of 1:1. The mixtures (100 ul) were plated around the rim
of wells in a 12-well plate. After incubation at 37 °C for 30 min
or until the Matrigel solidified, 1 ml of prostate epithelial
growth medium was added to each well, and the plates were
transferred to a 5% CO, tissue culture incubator. The cells were
then cultured at 37 °C for 8 —10 days with the medium replen-
ished every other day until spheres reached over 100 um in
diameter. The Matrigel was then digested by incubation in 1 ml
of 1 mg/ml of dispase solution (Invitrogen) at 37 °C for 30 min.
The spheres were harvested for analyses or subculture by cen-
trifugation. For subculture, the pellets were digested with 1 ml
0f0.05% trypsin/EDTA (Invitrogen) for 5 min at 37 °C, followed
by inactivation of trypsin by FBS. The cells were passed through
a 40-um cell strainer, counted, and replated.

For organoid culture in hepatocyte medium as described
(14), the cells were resuspended in hepatocyte culture medium
(designated as Medium H) that consisted of hepatocyte
medium supplemented with 10 ng/ml of EGF (PeproTech), 10
pm fasudil (Tocris), 1 X Glutamax (Gibco), 5% Matrigel (Corn-
ing), and 5% charcoal-stripped FBS (Gibco) that had been heat
inactivated at 55 °C for 1 h. Dissociated cells (10,000) were
resuspended in Medium H and plated in ultralow attachment
96-well plates (Corning) in the presence of 100 nMm dihy-
droxytesterone. Fresh Medium H (100 wl) was added to the
wells every other day. The cells were incubated at 37 °C for
8-10 days. The organoids were dissociated for subculture by
incubation in trypsin/EDTA with the addition of 10 um fasudil
for 5 min at 37 °C.

For organoid culture in the DMEM/F-12 medium (15), pros-
tate cells (3 X 10%) isolated as above were suspended in 50 ul of
the DMEM/F-12 medium (designated as Medium DF), which
was supplemented with 1X B27 (Invitrogen), 10 mm HEPES,
Glutamax (Invitrogen), penicillin/streptomycin, 10 ng/ml of
EGF, 500 ng/ml of recombinant R-spondinl, 100 ng/ml of
recombinant Noggin (PeproTech), the TGF-B/Alk inhibitor
A83-01 (Tocris), and 1 nm dihydrotestosterone (Sigma). The
cell suspension was mixed with Matrigel (1:1) and plated
around the rim of the wells in a 12-well plate. After gels solidi-
fied by incubation at 37 °C for 30 min, 1 ml of Medium DF was
added to each well. The cells were incubated at 37 °C for 8 —10
days with half of the medium replenished every other day. The
organoids were dissociated for passaging by trypsinization with
trypsin/EDTA with the addition of 10 uM fasudil for 5 min at
37 °C.

BrdU Labeling—BrdU (Sigma) was added to the culture
medium at a final concentration of 2.5 uM. After incubation at
37 °C for 40 h, the spheres were harvested as described and
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BrdU positive cells were identified by immunostaining. For
long-term retention of BrdU, the medium was aspirated and the
culture were washed 3 times with fresh medium to remove free
BrdU after 24 h exposure. The cells were cultured in fresh
medium for another 7 days prior to being harvested for analy-
ses. Immunostaining with anti-BrdU antibody (1:500 dilution;
Sigma) was used to detect BrdU-labeled cells.

Flow Cytometry and Cell Sorting—Dissociated single prostate
cells were incubated with FITC-conjugated anti-CD31, -CD45,
-Ter119 antibodies, and phycoerythrin-conjugated anti-Sca-1
antibody (eBioscience), or Alexa 647-conjugated anti-CD49f
antibody (Biolegend) diluted in the cell sorting buffer (2% FBS
in PBS). Primary antibody labeling was conducted by incuba-
tion for 20 min in ice-cold conditions in a volume of 100 ul/10°-
108 cells with antibody dilutions according to the manufactur-
er’s suggestions. The cells were then washed in 1 ml of ice-cold
cell sorting buffer to remove unbound antibodies, followed by
resuspension in the cell sorting buffer for fluorescence-
activated cell sorting on a BD FACSAria I SORP. The sorted
cells were collected in DMEM containing 20% FBS.

Histology—Prostaspheres or cells were fixed with 4% parafor-
maldehyde/PBS solution for 30 min at room temperature. The
spheres were pelleted and suspended in Histogel. After solidi-
fying at room temperature, the pellets were ethanol dehydrated,
paraffin embedded in paraffin, and sectioned at 5-um thickness
as described (21). For histological analyses, sections were re-hy-
drated for H&E staining. For immunostaining, the slides were
incubated in boiling citrate buffer (pH 8.0) for 20 min for anti-
gen retrieval. The source and concentration of primary anti-
bodies are: anti-cytokeratin 8 (1:15 dilution) and anti-cytokera-
tin 5 (1:500 dilution) from Fitzgerald Industries International
(Concord, MA); anti-cytokeratin 18 (1:200 dilution) and
anti-AR (1:200 dilution) from Abcam; mouse anti-BrdU (1:500
dilution) from Sigma; mouse anti-cytokeratin 14 (1:100 dilu-
tion) and anti-p63 (1:150 dilution) from Santa Cruz (Santa
Cruz, CA), rabbit anti-B-catenin (1:200 dilution), and anti-
cleaved caspase 3 (1:200 dilution) from Cell Signaling Technol-
ogy. After washing, the specifically bound antibodies were
detected with fluorescence-conjugated secondary antibodies
(Invitrogen) or the ExtraAvidin Peroxidase System (Sigma). For
immunofluorescence staining, the nuclei were counterstained
with To-Pro 3 before being observed under a confocal micro-
scope (Zeiss LSM 510). For LacZ staining, the intestine, pros-
tates, or prostaspheres were lightly fixed with 0.2% glutaralde-
hyde for 1 h at room temperature, and then incubated
overnight with 1 mg/ml of X-Gal at room temperature. After
washing with PBS, the tissues or prostaspheres were post-fixed
with 4% PFA for 1 h, ethanol dehydrated, paraffin-embedded,
and sectioned for subsequent analyses.

Western Blotting—The prostate spheres were pelleted by
centrifugation, resuspended in RIPA buffer (50 mm Tris-HCI
buffer, pH 7.4, 1% Nonidet P-40, 150 mm NaCl, 0.25% sodium
deoxycholate, 1 mm EGTA, 1 mm PMSE), and homogenized
with a tissue homogenizer. The protein extracts were harvested
by centrifugation. Samples containing 30 ug of proteins were
separated by SDS-PAGE and electroblotted onto PVDF mem-
branes. The membranes were then incubated with the indi-
cated antibodies at 4 °C overnight. The dilutions and the
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sources of the antibodies were: anti-phosphorylated ERK1/2,
1:1000; anti-phosphorylated AKT, 1:1000; anti-ERK1/2,
1:1000; and anti-AKT, 1:1000 (Cell Signaling Technology).
After being washed with the TBST buffer three times to remove
nonspecific antibodies, the membranes were then incubated
with the horseradish peroxidase-conjugated secondary anti-
body at room temperature for 1 h, followed by washing with the
TBST buffer three times to remove unbound antibodies. Spe-
cifically bound antibody was visualized by using the ECL-Plus
chemoluminescent reagents. The films were scanned with a
densitometer for quantitation.

RNA Expression—Total RNA was isolated from prostas-
pheres using TRIzol RNA isolation reagents (Life Technolo-
gies). The SuperScript I1I reverse transcriptase (Invitrogen) and
random primers were used for first-strand cDNAs synthesis
according to the manufacturer’s protocols. Real-time PCR
analyses were carried out using the Fast SYBR Green Master
Mix (Life Technologies). After normalization to the B-actin
internal control, relative abundance of mRNA was calculated
using the comparative threshold (C;) cycle method. The
mean * S.D. from at least three individual experiments are
shown.

Statistical Analysis—Statistical analysis was performed using
the two tailed ¢ test, with significance set to p < 0.05. Error bars
indicate standard deviation.

Results

Prostaspheres Are Comprised of Basal Epithelial Cells
Derived from the Nkx3.1-expressing Lineage—To establish
prostasphere cultures, single cell suspensions were prepared
from adult prostate tissues and plated in Matrigel as described
(21). Small, solid spheres were visible at day 5 and two-layer
spheres around days 7 to 10, which reached an average size of
100 wm or larger in diameter. The outermost layer of the
spheres and the layers closely underneath were aligned concen-
trically around a central cavity filled with acellular substances
(Fig. 1A). The NKX3.1 homeobox protein is the earliest marker
for prostate epithelial precursor cells (22). Cell-lineage tracing
with the Nkx3.17°-activated ROSA26"““* reporter demon-
strated that prostasphere cells were of epithelial origin as illus-
trated by LacZ staining (Fig. 1B). Most cells of the spheres
expressed basal cell-specific cytokeratin (CK) 5; only a few cells
in the inner layers expressed luminal cell-specific CK8 (Fig. 1C).
However, when the cells were transferred to regular two-di-
mensional culture conditions, an increasing number of cells
displayed luminal CK8 staining (Fig. 1D). We then carried out
FACS analyses to determine cell compositions in prostate and
prostaspheres based on the profile of Lin (CD45, Ter119, and
CD31), Sca-1, and CD49f. Basal cells were Lin /Sca-1"/
CD49f"; luminal cells were Lin~/Sca-1~/CD49f*; and stromal
cells were Lin™/Sca-17/CD49f . FACS analysis revealed that
74% of the cells in the spheres were Sca-1*/CD49f". In con-
trast, only 28% of primary prostate cells were Sca-1*/CD49f",
indicating that the sphere culture enriched cells with basal cell
properties (Fig. 1E). Real-time RT-PCR analysis also showed
that CK14 expression in the 1st and 8th generation of spheres
was increased up to 80-fold and CK18 expression was reduced
in the 8th generation of spheres (Fig. 1F).
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FIGURE 1. Prostaspheres are derived from basal cells and maintain basal
cell properties. A, phase-contrast image of representative prostaspheres in
Matrigel (a) and H&E staining of a prostasphere section (b). B, X-Gal staining of
prostaspheres derived from mice with the indicated genotype. C, immuno-
staining of prostaspheres with luminal cell-specific CK8 and basal cell-specific
CK5. D, disassociated cells from prostaspheres were cultured in tissue culture
dishes for 3 days and stained with anit-CK14 or -CK8 antibodies as indicated.
Eand F, FACS analysis of the primary and 1st generation prostaspheres. Num-
bersindicate percentages of the indicated cell type (E). Real-time RT-PCR anal-
yses of CK14 and CK18 expression in primary prostate cell suspensions (P0)
and P1 or P8 prostaspheres (F). f, floxed; w, wild type; CK5, cytokeratin 5; CK8,
cytokeratin 8; CK14, cytokeratin 14; TP3, To-Pro3; ¥, p = 0.05; scale bars, 100
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Prostaspheres Are Derived from P63-expressing Basal Stem
Cells—Even though prostaspheres were derived from the
Nkx3.1-expressing progenitors, expression of Nkx3.1 in prosta-
spheres was below the detection limit of RT-PCR (Fig. 24).
Because Nkx3.1 is expressed in luminal epithelial cells of adult
prostates (23), the data indicate that prostaspheres do not con-
tain or only contain scanty terminally differentiated luminal
epithelial cells. P63 is expressed in prostate basal cells and is
required for prostate development (5). Lineage tracing with the
ROSA267“* reporter activated by P63<““R*2 at 2 weeks after
birth showed that LacZ positive progeny were distributed in
both basal and luminal compartments (Fig. 2B, a). This indi-
cated that P63-expressing cells gave rise to both luminal and
basal cells as reported (24).

To determine whether prostaspheres were derived from P63
expressing basal cells, the prostaspheres derived from
P63“7FRT2_ROSA26"““ mice were treated with 4-hydroxyta-
moxifen (4-OHT) at day 1 to activate the ROSA26"“““ reporter.
X-Gal staining revealed that almost all prostaspheres were
homogeneously LacZ" (Fig. 2B, b and c). Thus, the spheres
were derived from P63-expressing basal stem cells. Immuno-
staining revealed that P63 was expressed in the outer layer but
not inner layer cells. About 80% of the cells in the outermost
layer were P63™ (Fig. 2C). Together with the data that inner
cells expressed luminal CKS8, the results suggested that inner
cells were more differentiated and lost P63 expression. More-
over, Ki67 was located at the outermost layer of the spheres and
co-localized with P63. This indicated that most proliferating
cells were P63-expressing cells (Fig. 2C). To determine which
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FIGURE 2. Prostaspheres are derived from P63-expressing basal cells. A,
RT-PCR analyses of Nkx3.1 in primary (P0) and 1st generation prostaspheres
(P1). B, X-Gal staining of prostate (a) or prostasphere (b and c) sections from
the mice bearing ROSA26"%“ and P63"*R™? reporter alleles. Panel a, the
mouse was injected intraperitoneal with tamoxifen 2 weeks after birth and
the prostates were harvested at 6 weeks. Panels b and ¢, prostaspheres were
treated with alcohol or 4-OHT at day 1 after the inoculation. C, prostasphere
sections were immunostained with anti-P63 and Ki67 antibodies. D, prostas-
phere forming assays for FACS-fractionated cells. PO, primary prostate cells;
P1, 1st generation of prostaspheres; TP3, To-Pro 3 staining for nuclei; Ctrl,
control; Bas, basal cells; Lum, luminal cells; Str, stromal cells; *, p =< 0.05; scale
bars, 100 wm.

population of cells had sphere-forming capacity, primary pros-
tate cells were fractionated by FACS based on the aforemen-
tioned strategy. Sphere cultures of FACS-fractionated cells
demonstrated that ~3.17% of basal cells formed spheres,
whereas only 0.02% luminal and stromal cells formed spheres
(Fig. 2D, d). Together, the data indicated that prostaspheres
were derived from basal cells but not luminal cells. The cells are
hereafter designated as P-bSCs.

The Label-retaining Cells in Prostaspheres Have High Capac-
ity to Form Prostaspheres—To determine whether prostas-
pheres had label-retaining slow cycling cells, BrdU was used to
label and trace the cells engaged in DNA synthesis. Approxi-
mately 90% of cells at the outer layer displayed BrdU 40 h after
the labeling (Fig. 34, a). As expected, a few BrdU™ cells at the
outer layer were still visible even at 7 days after labeling. This
confirmed that prostaspheres contained rare long-term label
retaining cells (Fig. 34, b).

To further determine whether these slow cycling cells had
high self-renewal ability, the mice that carried the tetracycline-
regulated K5"2%/G"F reporter were used as described (25). Over
80% of prostaspheres derived from the reporter-bearing pros-
tate were GFP" in the absence of doxycycline (Fig. 3B). The
data further indicated that prostaspheres were derived from
basal cells that expressed CK5. In contrast to the majority of
GFP™ prostasphere cells in its absence, the presence of doxycy-
cline resulted in only 1 or 2 GFP™ cells at the outer layer, which
represented long-term label-retaining cells (Fig. 3C, a and b).
These long-term label-retaining GFP* cells showed 4-fold
higher capacity to form spheres than GFP ™ cells (Fig. 3C, c).

Consistently, in the absence of doxycycline, the majority of
prostate basal cells in vivo were GFP™ (Fig. 3D, a and c), which
accounted for 15.5% of total prostate cells. However, 1 month
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FIGURE 3. Prostaspheres contain slow-cycling P-bSCs. A, prostaspheres were labeled with BrdU for 40 h (a), or a 24-h pulse and 7-day chase (b). The labeled
cells were detected by anti-BrdU immunostaining. The arrows indicate label-retaining cells. B, merged images of phase-contrast and fluorescent microscopy of
prostaspheres bearing the K525’ reporter showing GFP™ prostaspheres (a) and GFP~ prostaspheres (b). C, FACS analyses of prostaspheres carrying the
K5'28/5PP reporter in the absence or presence of doxycycline (a and b). Numbers indicate percent of GFP™ cells. Inset, doxycycline-treated prostasphere derived
from cells carrying the K5"?5/°F” 3llele. The FACS-fractionated cells from doxycycline-treated prostaspheres were cultured in Matrigel and the average sphere
numbers derived from 100 cells were showed as mean *+ S.D. (c). D, the prostates bearing the K5"?%“*" reporter allele with or without doxycycline were
sectioned and GFP was detected by confocal microscopy (panels a and b), or subjected to FACS analyses (panels c and d). The sphere forming activity of the 4

groups of cells was assessed and presented as numbers of spheres per 100 cells (e). Dox, doxycycline; ¥, p < 0.05; scale bars, 100 um.

after feeding with doxycycline to repress GFP expression, only
5.3% of the cells in the prostate were still GFP* (Fig. 3D, b and
d). Prostates with or without doxycycline treatment were then
dissociated into single cells. The GFP™ and GFP~ cells were
separated by cell sorting and cultured in Matrigel to assess their
sphere-forming capacity. The results showed that the GFP™"
cells from the doxycycline-treated group, which represented
the long-term label-retaining cells in the prostates, had a higher
capacity in forming prostaspheres than the general population
of basal cells (Fig. 3D, e). None of the GFP ~ cells formed spheres
with a diameter larger than 50 wm. The results further demon-
strate that label-retaining basal cells have a high capacity to
form prostaspheres.

P-bSCs Have the Capacity to Form Organoids, but Organoid
Cells Cannot Form Spheres—Two recent reports show that the
luminal compartment contains P-SCs that form prostate-like
organoids in two different in vitro conditions. To determine
whether the organoid-forming P-SCs and P-bSCs were inter-
changeable and shared the same properties, P-bSCs were trans-
ferred to the two organoid culture conditions, namely Medium
H and Medium DF as described under “Materials and Meth-
ods.” Interestingly, P-bSCs formed organoid-like structures
with a morphology similar to reported earlier in both media
(Fig. 4A, a and b). Immunostaining showed that the resulting
organoids in Medium H contained cells expressing AR and
luminal cell-specific CK18, but no longer P63 (Fig. 44, c—e).
The organoids generated in Medium DF contained cells
expressing AR and CK18. Only a few cells located at the outer
layer expressed P63 (Fig. 44, f-h). Thus, the results indicate that
prostaspheres contain organoid-forming cells, which can dif-
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ferentiate into luminal cells under the organoid culture
conditions.

To determine whether the organoids contained prostas-
phere-forming cells, primary prostate cells were first cultured
in organoid conditions as reported. The organoids cells were
then harvested and grew either in the organoid or sphere
culture conditions. Although the cells continued to form
organoids in the organoid culture conditions, none of them
formed prostaspheres in the prostasphere culture condition
(Fig. 4B). Therefore, it was unlikely that the organoids con-
tained prostasphere-forming P-bSCs. Because prostasphere-
forming P-bSCs were capable of forming both prostaspheres
and organoids, but organoid forming cells cannot form prosta-
spheres, the results indicate that P-bSCs sit in a higher position
in the prostate stem cell hierarchy than luminal resident
organoid-forming P-SCs.

Neither the Prostate Epithelium nor the Prostasphere Con-
tains Lgr5-expressing Cells—Emerging evidence has indicated
the coexistence of quiescent and active adult stem cells in mam-
mals (26). The leucine-rich repeat containing G-protein-cou-
pled receptor 5 (Lgr5) has been reported to be expressed in
many active, but not quiescent, tissue stem cells (27, 28). To
determine whether prostaspheres contained Lgr5™ cells, RT-
PCR was employed to detect Lgr5 expression at the mRNA level
in primary prostate cells and first generation prostaspheres.
The results showed that prostaspheres had no detectable Lgr5
expression although primary prostate cells exhibited a very low
level of Lgr5 expression (Fig. 5A4). In contrast, B-catenin expres-
sion was comparable between primary prostate cells and pros-
taspheres. Consistently, no cells in prostaspheres derived from
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FIGURE 4. Prostasphere cells have the capacity to form prostate
organoids, but organoid cells cannot form prostaspheres. A, prostas-
pheres cultured in Matrigel with prostasphere culture medium (PrEGM) were
dissociated and inoculated in organoid culture with hepatocyte (Medium H)
or DMEM/F-12 (Medium DF) as described. Panels a and b are phase-contrast
microscopy images. Panels c-e and f- h are immunostaining of organoid sec-
tions from Medium H or Medium DF with the indicated antibodies. B,
organoids cultured in the indicated medium were dissociated and inoculated
in Matrigel/PrGEM. Scale bars, 100 um.

Lgr5FeFP-CreERT2| ROSA 26"“““ mice were LacZ positive with or
without administration of 4-OHT to activate Cre®®"? (Fig. 5B).
This further confirmed there were no Lgr5 expressing cells
in prostaspheres. Lineage tracing with Lgr5¥GFrCreERT2)
ROSA26™““* reporter alleles in vivo failed to demonstrate prog-
eny derived from Lgr5-expressing cells in the prostate (Fig. 5C).
Combined with FACS analyses, RT-PCR data also showed that
Lgr5 was only expressed in stromal cells, but not epithelial cells
(Fig. 5D). This indicates that unlike other active tissue SCs,
active P-bSCs do not express Lgr5.
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FIGURE 5. Lgr5 is not expressed in prostate epithelial cells and prostas-
pheres. A, RT-PCR analyses of the indicated genes in primary prostate cells
(P0) and 1st generation prostaspheres (P1). B, prostaspheres derived from
Lgr5ECrP/CreERT2:Ro5ala? prostate were treated with 4-OHT treatment, whole
mount stained with X-Gal, and then sectioned. C, whole mount X-Gal staining
of prostates and intestines from Lgr5£¢/<reERT2:po5q'%Z mice with or without
tamoxifen administration. Note that the blue LacZ staining is visible in intes-
tine, but not in prostate. D, RT-PCR analyses of Lgr4, Lgr5, and Lgr6 expression
in primary prostate cells fractioned by FACS and in prostaspheres. B-Actin
was used as a loading control. PO, primary prostate cells; P1, 1st generation
prostaspheres; M, molecular weight markers; B, basal cells; L, luminal cells; St,
stromal cells; S, spheres derived from basal cells; scale bars, 2 mm.

Discussion

Prostasphere culture has been widely used for study and
quantitation of self-renewal activity of both human and mouse
P-SCs (21, 29, 30). Although it has been reported that prostas-
pheres expressed basal cell cytokeratins and P63, the precise
placement of prostasphere cells in the overall prostate stem cell
lineages and hierarchy has not been reported. Recent reports
indicate that prostate organoid cultures contain P-SCs derived
from luminal cells (14, 15). Together with urogenital mesen-
chymal cells, both the sphere- and organoid-forming cells can
give rise to a glandular structure resembling the prostate in vivo
(29). In this report, we showed that prostaspheres are derived
from P63-expressing basal stem cells, designated as P-bSCs.
The P63-expressing P-bSCs were able to give rise to cells
expressing either luminal epithelial-specific CK8, or basal epi-
thelial-specific cells CK14. We also showed that P-bSCs were
capable of forming organoids. In contrast, the organoid-form-
ing cells were not able to form prostaspheres. Therefore, the
results indicate that P-bSCs represent high hierarchy tissue
stem cells in the prostate, which can give rise to both luminal
and basal stem cells in the prostate.

The prostate consists of the stromal and epithelial compart-
ments, which are separated by basement membranes. The
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epithelial compartment of mature prostates consists of basal
epithelial cells that express cytokeratin 5/14 and well differen-
tiated luminal epithelial cells that express cytokeratin 8/18, and
neuroendocrine cells that express synaptophysin. Basal cells are
small and localized between the basement membrane and lumi-
nal cells, which account for ~10% of cells in the mature prostate
epithelium. The origin of basal and luminal cell populations
has been controversial. However, it has been reported that
P63, a basal cell marker, is required for prostate epithelial
lineage commitment and prostate development (5, 31). Recent
reports with P63<"“*%”? lineage tracing reveal that both luminal
and basal cells are derived from P63-expressing cells (20, 24).
Cell lineage tracing with luminal epithelial-specific Nkx3.1¢¢
or K8FRT2 and basal epithelial-specific K5“*%72 or
K14<7FRT2_mediated activation of reporter genes demon-
strates that both basal and luminal compartments contain
P-SCs. Both luminal and basal P-SCs give rise to multiple lin-
eages of cells either in a tumor microenvironment or co-
implanted with urogenital mesenchymal cells. Our results
indicate that the prostasphere-forming P-SCs were from P63-
expressing basal cells we designate as P-bSCs. The organoid-
forming P-SCs are located in the luminal compartment, and
therefore, represent P-1SCs.

Expression of Nkx3.1 in prostate progenitor cells starts at
embryonic day 17.0, when the cells are actively engaged in pro-
liferation and branching morphogenesis. Although it is
expressed in all prostate epithelial cells during early prostate
branching morphogenesis, Nkx3.1 is only expressed in luminal
epithelial cells in adult prostate and is not expressed in prosta-
spheres. Data in Fig. 1B showed that prostaspheres are
derived from the Nkx3.1 lineage. Lineage tracing also dem-
onstrates that both basal and luminal cells in mouse prostate
are derived from the cells that express P63 (20). Therefore,
both basal and luminal cells are derived from the lineage. How-
ever, in adult prostate, we did not observe cells that expressed
both Nkx3.1 and P63. Whether there are cells in developing
prostate that express both characteristic proteins is interesting
and remains to be determined. Because no cells in prostas-
pheres expressed Nkx3.1, we also did not observe cells that
expressed both Nkx3.1 and P63. Because both P-bSCs and
P-1SCs are from the Nkx3.1-expressing cell lineage, the data
that P-bSCs were able to form organoids and prostaspheres and
that P-ISCs could not form prostaspheres indicates that in addi-
tion to self-renewal, P-bSCs can also give rise to P-1SCs. There-
fore, P-bSCs sit at a higher position in the prostate stem cell
hierarchy than P-ISCs, although both populations of P-SCs can
give rise to multiple cell lineages in the prostate epithelium.

Cancer stem cells have been suggested to underlie relapse of
some malignancies. It has been reported that by loss of tumor
suppressor genes, both P-bSCs and P-1SCs can give rise to pros-
tate cancer (12, 13). Therefore, understanding how to manipu-
late the two populations of P-SCs to either remain silent in a
dormant state or undergo terminal differentiation should pro-
vide new avenues to retrain prostate cancer progression and
relapse. In the accompanying article (32), we report that FGF
signaling is required for self-renewal and stemness of P-bSCs.
Treatment of cells with FGF7 or FGF10 increases sphere for-
mation. Ablation of Fgfr2 or Frs2a in P-bSCs abrogates the
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sphere-forming activity and induces differentiation of the cells.
In conclusion, prostaspheres are derived from the P63-express-
ing P-bSCs, which contain both quiescent and cycling cells that
can either differentiate to basal epithelial or luminal epithelial
cells.
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