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Wnt/B-Catenin-Responsive Cells in Prostatic
Development and Regeneration

SuK HYUNG LEg,® DANIEL T. JOHNSON,? RICHARD LUONG,? EUN JEONG YU, GERALD R. CUNHA,®
RoEeL Nussk,© Zuie Sun?®

Key Words. Wnt signaling « -Catenin < Axin2 « Prostatic progenitor cells

ABSTRACT

The precise role of Wnt/f-catenin signaling during prostatic development and tumorigenesis is
unclear. Axin2 is a direct transcriptional target of p-catenin. Recent studies have shown that
Axin2-expressing cells have stem/progenitor cell properties in a variety of mouse tissues. Here,
we genetically labeled Axin2-expressing cells at various time points and tracked their cellular
behavior at different developmental and mature stages. We found that prostatic Axin2-express-
ing cells mainly express luminal epithelial cell markers and are able to expand luminal cell line-
ages during prostatic development and maturation. They can also survive androgen withdrawal
and regenerate prostatic luminal epithelial cells following androgen replacement. Deletion of f-
catenin or expression of stabilized f-catenin in these Axin2-expressing cells results in abnormal
development or oncogenic transformation, respectively. Our study uncovers a critical role of
Wnt/-catenin-responsive cells in prostatic development and regeneration, and that dysregula-
tion of Wnt/f-catenin signaling in these cells contributes to prostatic developmental defects
and tumorigenesis. STEM CELLS 2015; 00:000-000

SIGNIFICANCE STATEMENT

Using Axin2CreERT2 and other mouse models, we genetically labeled Axin2-expressing cells at
various time points and tracked their cellular behavior at different stages. We demonstrated for
the first time that prostatic Axin2-expressing cells express luminal epithelial cell markers and
are able to expand luminal cell lineages during prostatic development and maturation. These
cells can also survive androgen withdrawal and regenerate luminal epithelial cells following
androgen replacement. Deletion of [-catenin or expression of stabilized f-catenin in these
Axin2-expressing cells results in abnormal development and oncogenic transformation.

that prostatic stem/progenitor cells play a
decisive role in controlling prostatic develop-
ment and maturation. The consequent obser-
vation that prostatic regeneration occurs after
repeated cycles of androgen deprivation and
replacement further confirms the existence of
prostatic stem cells [3, 4, 6]. Recent studies
have demonstrated that basal and Iuminal
cells are independently sustained in adult mice
[7-10]. In contrast, prostatic postnatal devel-
opment is governed by unipotent basal and
luminal progenitors, as well as basal multipo-
tent stem cells that differentiate into all three
epithelial cell lineages, including luminal, basal,

INTRODUCTION

The prostate gland is an accessory reproduc-
tive endocrine-target organ in males, which
contributes secretion to seminal fluid [1, 2].
Mouse prostatic development initiates at
embryonic day 17.5 (E17.5) from the urogeni-
tal sinus (UGS) upon rising levels of testicular
androgens [3]. Thus, it has been speculated
that certain UGS cells carry out prostatic stem
cell properties to commit to prostatic cell fate
during embryonic prostatic development. After
birth, the unbranched buds and ducts in the
ventral, dorsal, and lateral prostatic lobes grow

peripherally to give rise to lobe-specific ductal
branching patterns [2-4]. Morphogenesis of
the entire prostatic complex in mice is com-
pleted between postnatal days 15 and 30
(P15-30). Continued growth and maturation
occurs during puberty (P25-40) when circulat-
ing androgens levels rise [1, 2, 5]. It is believed
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and neuroendocrine cells [8]. Although many
paracrine signaling pathways, including Wnt/f-
catenin, are implicated in the embryonic pros-
tatic stem cell niche [11, 12], detailed mecha-
nisms of prostatic stem/progenitor cell
regulation during prostatic development and
regeneration are still largely unknown.
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Roles of Prostatic Axin2-Expressing Cells

Wnt growth factors activate different intracellular targets
through either the “canonical” or the “non-canonical” path-
ways [13]. The canonical signaling pathways are primarily
mediated through f-catenin [14] and play a critical role in
development, morphogenesis, and organogenesis [15-17]. The
Wnt/f-catenin signaling pathway is required in the develop-
ment of the prostate at the perinatal stage [18-21]. Deletion
of the f-catenin gene (Ctnnbl) in the mouse prostate during
embryonic stages results in significantly decreased prostatic
budding and abrogates prostatic development [20]. Axin2
expression is upregulated by activated Wnt signaling [22], and
Axin2 is also involved in the negative feedback loop of the
Whnt signaling pathway [23]. Recent studies have shown that
Axin2-expressing cells have stem/progenitor cell properties in
a variety of mouse tissues [24-27]. In this study, we investi-
gate the significance of Wnt/f-catenin-responsive cells
throughout prostatic development and regeneration. Using
Axin2<°f72 and other related mouse models, we genetically
labeled Axin2-expressing cells at various time points and
tracked their cellular behavior at different developmental and
mature stages. Our study uncovers the novel role of Wnt/f-
catenin-responsive cells in prostatic development and regener-
ation, and that dysregulation of Wnt/f-catenin signaling in
these cells contributes to prostatic developmental defects and
tumorigenesis.

MATERIALS AND IMETHODS

Animals

Axin2<°f72 (Jackson Laboratories, Bar Harbor, ME, http://
www.jax.org; stock 18867) [27] and Ctnnbi1(®*?®¥ (Jackson
Laboratories; stock 4152) mice [28] were obtained from Dr.
Roel Nusse. Rosa™™ € (Jackson Laboratories; stock 7676) mice
[29] were provided by Dr. Liqun Luo. Ctnnb1/®* mice were
obtained from Dr. Makoto M. Taketo. All animal procedures
were based on animal care guidelines approved by Stanford
University’s Administrative Panel on Laboratory Care (APLAC).

Mouse Procedures

Castration of adult male mice was performed as described
previously [2]. Briefly, both testicles and epididymis were
removed through a scrotal approach from anesthetized mice.
The distal end of the spermatic cord was ligated with silk
thread. For androgen supplement, testosterone pellets (12.5
mg, Sarasota, FL, http://www.innovrsrch.com/) were placed in
castrated mice subcutaneously. For tamoxifen (TM) induction,
mice received a single intraperitoneal injection of 4 mg/25 g
b.wt. TM (St. Louis, MO, https://www.sigmaaldrich.com) sus-
pended in corn oil. This corresponds to a total dose of 1 mg
TM for prepubescent mice (injected at P14) and 4 mg of TM
for adult mice (injected at P60). To label Axin2-expressing cells
in embryos, pregnant mothers received a single intraperito-
neal injection at E16.5, totaling 1 mg/25 g b.wt. 5-bromo-2’-
deoxyuridine (BrdU) (80 mg/kg; Sigma) was administered by
intraperitoneal injection daily for 3 consecutive days during
prostate development to label proliferating cells.

Histology and Immunostaining

Prostatic tissues were fixed in 10% neutral-buffered formalin
and processed into paraffin, and 5 um serial sections were

©AlphaMed Press 2015

cut and processed from xylene to water through a decreasing
ethanol gradient. For histology, hematoxylin-eosin staining
was performed using standard protocols. For immunohisto-
chemistry, slides were treated by boiling in 0.01 M citrate
buffer (pH 6.0) for antigen retrieval, incubated in 0.3% H,0,
for 15 minutes, blocked in 5% normal goat serum for 30
minutes, and incubated with primary antibodies diluted in 1%
normal goat serum at 4°C overnight. Slides were incubated
with biotinylated secondary antibodies for 1 hour then with
horseradish peroxidase streptavidin (SA-5004, Vector Laborato-
ries, Burlingame, CA, http://www.vectorlabs.com) for 30
minutes, and visualized by DAB kit (SK-4100, Vector Laborato-
ries). Slides were counterstained with 5% (w/v) Harris Hema-
toxylin, subsequently mounted with Permount Mounting
Medium (SP15-500, Fisher Scientific, Hampton, NH, http://
www.fisherscientific.com).

For immunofluorescence staining and detection of mTmG
signals, mouse tissues were fixed in 4% Paraformaldehyde
(PFA) at 4°C overnight, cryoprotected in 30% sucrose at 4°C
overnight, and embedded in OCT (Tissue-Tek). 5 um sections
were obtained using a Leica cryostat, and slides were washed
three times with phosphate buffered saline (PBS). For detec-
tion of mTmG signals, slides were directly mounted with VEC-
TASHIELD Mounting Medium with DAPI (H-1200, Vector
Laboratories). For immunofluorescence staining, slides were
treated for antigen retrieval, blocked in 5% normal goat
serum for 30 minutes, and incubated with primary antibodies
diluted in 1% normal goat serum at 4°C overnight. Slides
were then incubated with fluorescence secondary antibodies
for 1 hour and then mounted with VECTASHIELD Mounting
Medium with 4’,6-diamidino-2-phenylindole (DAPI).

Antibodies

The following primary antibodies were used: anti-GFP (green
fluorescent protein; rabbit, 1:1,000, A11122, Molecular
Probes, Eugene, OR, http://probes.invitrogen.com), anti-GFP
(mouse, 1:300, 2955, Cell Signaling, Beverly, MA, http://www.
cellsignal.com), anti-K5 (rabbit, 1:3,000, PRB-160P, Covance,
Princeton, NJ, http://www.covance.com), anti-K8 (mouse,
1:2,500, MMS-162P, Covance), anti-p63 (mouse, 1:200, sc-
8431, Santa Cruz, Santa Cruz, CA, http://www.scbt.com), anti-
f-catenin (rabbit, 1:500, sc-7199, Santa Cruz), anti-f}-catenin
(mouse, 1:500, 610154, BD Transduction Laboratories), anti
Ki67 (mouse, 1:1,000, NCL-ki67, Novacastra), anti-E-cadherin
(mouse, 1:300, c20820, BD Transduction Laboratories), anti-
androgen receptor (AR) (rabbit, 1:500, sc-816, Santa Cruz),
anti-synaptophysin (rabbit, 1:500, 18-0130, Invitrogen, Carls-
bad, CA, http://www.invitrogen.com), anti-BrdU (mouse,
1:200, 5292, Cell Signaling), and anti-Nkx3.1 (rabbit, 1:3,000,
provided by Dr. Cory Abate-Shen, Columbia University, New
York). The biotinylated anti-rabbit or anti-mouse secondary
antibody (BA-1000 or BA-9200, Vector Laboratories), or anti-
rabbit or anti-mouse conjugated to AlexaFluor488 or to Alexa-
Fluor594 (Molecular Probes) secondary antibody was used for
were used for immunohistochemistry or immunofluorescence
staining, respectively.

Microscope Image Acquisition

Images of H&E and immunohistochemistry were acquired on
an Axio Lab. Al microscope using X10 and X40 Zeiss A-Plan
objectives with a Canon EOS 1000D camera and using Axiovision
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software (Carl Zeiss, Jena, Germany, http://www.zeiss.com).
Images of immunofluorescence staining and mTmG signals
were acquired on an Nikon ECLIPSE E800 epi-fluorescence
microscope using X20 and X40 Nikon Plan Fluor objectives
with an QImaging RETIGA EXi camera and using QCapture
software (Surrey, BC, Canada, www.gimaging.com). Cell num-
bers were counted manually using X40 photomicrographs as
described in Supporting Information Tables S1-S8. Statistical
analyses were performed using two-tailed Student’s t test or
two-way ANOVA.

RESULTS

Wnt/B-Catenin-Responsive Cells in the Embryonic
Urogenital Sinus Epithelium Contribute to the Luminal
Cell Lineage

Wnt signaling is critical for cell fate commitment and determi-
nation in a variety of tissues and organs during embryonic
development [15-17]. Expression of Axin2 has been observed
in the urogenital sinus epithelium (UGE) [20]. In Axin2<eER™/
*:Rosa™™%* mice [27] (Fig. 1A), TM induced Cre activity
results in a permanent genetic mark in the form of a switch
from membrane-bound tdTomato (mT) to membrane-bound
GFP (mGFP) expression through recombination of the floxed
reporter loci in targeted cells. These cells can pass the genetic
marker, mGFP expression, onto their offspring, thereby allow-
ing the developmental fate of the Wnt/f-catenin-responsive
lineage to be traced. Using this mouse model, we first exam-
ined the distribution of Wnt/fS-catenin-responsive cells at
embryonic stages and to trace the developmental fate of the
mGFP-labeled cells (Fig. 1B). Mouse prostatic development ini-
tiates at E17.5 from UGS [3], and thus we administered TM to
pregnant females at E16.5 and analyzed the male UGS of
E17.5 embryos (Fig. 1B). Analysis of dissected urogenital tis-
sues showed that Axin2-expressing cells are located within the
urogenital sinus mesenchyme (UGM) (Fig. 1C, 1E) surrounding
UGE, and in newly formed epithelial buds (arrows, Fig. 1C-1F).
Using immunofluorescence approaches, we assessed the cellu-
lar properties of embryonic Wnt/f-catenin-responsive cells and
found the expression of E-cadherin (Fig. 1G-1J), p63 (Support-
ing Information Fig. S1B-S1E), Nkx3.1 (Supporting Information
Fig. S1F, S1G), K5 (Supporting Information Fig. S1H, S1l), and
K8 (Supporting Information Fig. S1J, S1K) overlaid with mGFP
staining in Axin2-expressing cells within the epithelial budding
tips. To determine whether Wnt/f-catenin-responsive cells in
the embryonic UGS contribute to prostate gland develop-
ment, we continued to analyze the male offspring once these
mice had reached adulthood (Fig. 1B). At postnatal day 60
(P60), clusters of mGFP-positive epithelial cells were
observed in all three different prostatic lobes (Fig. 1K—1M).
These mGFP-positive cells are limited to within luminal cell
layers (Fig. 1K—1M) and coexpressed luminal cell markers, K8
(Fig. 10) and AR (Fig. 1P), but not basal or neuroendocrine
cell markers, such as K5 (Fig. 1N), p63 (Supporting Informa-
tion Fig. S1L), and synaptophysin (Supporting Information Fig.
S1M). Quantifying mGFP-positive cells among total K8-
positive luminal cells in different prostatic lobes showed
4.2% * 1.6% in anterior prostate (AP), 7.3% * 2.1% in dor-
solateral prostate (DLP), and 2.1% = 1.0% in ventral prostate
(VP), respectively (Fig. 1Q; Supporting Information Table S1).
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Notably, we rarely observed mGFP-positive cells in stromal
areas of the mouse prostate at P60 (Supporting Information
Fig. SIN, S10). These data demonstrate the existence and
cellular identity of Wnt/f-catenin-responsive cells in mouse
embryonic UGS and their ability to give rise to prostatic lumi-
nal cells during postnatal development.

Prepubescent Wnt/f-Catenin-Responsive Cells
Contribute to the Luminal Lineage Expansion

Although the growth of mouse prostatic buds initiates at
E17.5 [2], substantial elongation, branching, and patterning of
prostatic ducts continues after birth. Because the branching
and patterning of prostatic lobes is completed about 3 weeks
after birth [2], we administered TM to Axin2CreERT2/*,
Rosa™™%* mice at P14 and analyzed them at P19 to assess
Whnt/-catenin responsive cells in the prepubescent prostates
(Fig. 2A). At P19, we observed that most Axin2-expressing cells
were K8-positive luminal epithelial cells in different prostatic
lobes (Fig. 2B-2F). Quantifying these luminal mGFP-positive
cells showed 7.9% * 2.7% in AP, 5.8% *= 1.6% in DLP, and
5.0% *= 1.7% in VP, respectively (Fig. 2Q; Supporting Informa-
tion Table S2). Additionally, we also observed a few K5-
positive basal epithelial Axin2-expressing cells, although they
are very limited and less than mGFP-positive luminal cells:
0.9% = 0.6% in AP, 0.8% = 0.4% in DLP, and 0.8% = 0.5% in
VP (Fig. 2R; Supporting Information Fig. S2D, Table S2). We did
not observe synaptophysin, a neuroendocrine cell marker, posi-
tive Axin2-expressing cells (Supporting Information Fig. S2C).

To explore whether the above genetically labeled Wnt/[-
catenin-responsive cells have stem/progenitor properties in
prostatic growth and maturation during puberty, we traced
prepubescent Axin2-expressing cells by TM administration to
Axin2€TERT2/+ . Rosa™ ™S/t mice at P14 and analyzed the con-
tribution of mGFP-labeled cells to the adult prostatic epithelia
(P60) (Fig. 2A). Although less than 8% of the mGFP-positive
luminal cells existed in prostatic lobes at P19 (Fig. 2Q), more
than 46.5% * 8.3%, 44.6% *= 6.0%, and 30.8% = 7.6% of
mGFP-positive luminal cells appear in AP, DLP, and VP, respec-
tively, at P60 (Fig. 2G-2K, 2Q; Supporting Information Table
S2). In contrast, there is no significant difference in the num-
bers of K5-positive basal mGFP-positive cells between P19
and P60 (Fig. 2R; Supporting Information Fig. S2G, Table S2).
Immunofluorescence analyses showed that those expanded
mGFP-positive luminal cells express AR (Supporting Informa-
tion Fig. S2H) and Nkx3.1 (Supporting Information Fig. S2I),
but not p63 (Supporting Information Fig. S2E) or synaptophy-
sin (Supporting Information Fig. S2F). Results from these trac-
ing experiments demonstrate that the prepubescent Wnt/f-
catenin-responsive cells have unipotent luminal progenitor
properties and are able to expand the luminal cell population
throughout puberty.

To determine the fate of prepubescent Wnt/f-catenin-
responsive cells in adult prostates during tissue turnover, we
administered TM to Axin2“fR™2/":Rosa™ ™+ mice at P14
then induced extensive prostatic epithelial turnover at P60 by
a classic prostatic regression-regeneration assay (Fig. 2A).
After a round of prostatic regression-regeneration, we
observed that mGFP-positive cells remain in the luminal layers
(Fig. 2L—2P), but not in basal layers (Fig. 20; Supporting Infor-
mation Fig. S2L) or in neuroendocrine cells (Supporting Infor-
mation Fig. S2K). The percentage of mGFP-positive luminal
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A Axin2CreERT2: RosgmTmG/ B Plug Tamoxifen Birth
= v v
—{ Axin2 CRE | ER | Days EO5  E165 E17.5 PO P60
i Analysis Analysis
Lox Lox (Panels C-J) (Panels K-Q)
E17.5
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GFP Cdh1 DAPI
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B K5+ cells
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Figure 1. Axin2-expressing cells in the embryonic UGE contribute to the luminal cell lineage. (A): A scheme of mT or mGFP protein
expression in Axin2-expressing cells of AxinZC"“’ERTZ/Jr/;Rosa"’T’"G/Jr mice. (B): A scheme of experimental designs in labeling and analyzing
mTmG/+

Axin2-expressing cells using Axin2ERT2/ ¥ . Rosqg mice during embryonic (E) and postnatal (P) stages. (C-F): E17.5 UGS showing
mT (red) and mGFP (green) labeling. Arrows indicate newly formed epithelial buds. (G-J): Immunofluorescence staining of mGFP (green)
and E-cadherin (Cdh1) (red) in UGS at E17.5. Arrows indicate the newly formed epithelial buds. (K-M): mT and mGFP staining in differ-
ent prostatic lopes of Axin2ff7/*:Rosa™ ™% mice at P60. (N—P): Coimmunofluorescence staining of mGFP (green) with K5, K8, or
AR as well as 4’,6-diamidino-2-phenylindole (DAPI) in the prostate of Axin2<EF™%*;Rosa™ ™" mice at P60. Scale bars = 20 um. (Q):
Percentages of K5 + or K8+ and mGFP+ cells in different prostatic lopes at P60. Abbreviations: AP, anterior prostate; AR, androgen
receptor; DAPI, e e o; DLP, dorsolateral prostate; GFP, green fluorescent protein; mT, membrane-bound tdTomato; UGE, urogenital sinus

epithelium; UGM, urogenital sinus mesenchyme; VP, ventral prostate.

prepubescent prostate gland act as unipotent luminal progeni-
tors and enable epithelial proliferation during prostatic epithe-

cells in the regenerated prostates (P120) was similar to the
percentage of mGFP-positive luminal cells in the intact pros-

tates (P60) (Fig. 2Q; Supporting Information Table S2). We
also measured the proliferative rates of both mGFP-positive
and negative luminal cells during the chase period and
observed more BrdU-labeled cells in mGFP-positive than nega-
tive cells (Supporting Information Fig. S2N-S2R). Our observa-
tion suggests that Wnt/f-catenin-responsive cells in the
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lial regeneration.

p-Catenin Is Required in Prepubescent Wnt/f-Catenin-
Responsive Cells for Expanding the Luminal Lineages

We next examined the biological significance of Wnt/
f-catenin signaling in prepubescent Axin2-expressing cells to

STEM CELLS
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Figure 2. Axin2-expressing cells in the prepubescent prostate gland contribute to luminal lineage expansion. (A): A scheme of experi-

mental designs to label and analyze prepubescent Axin2-expressing cells in the ?rostate of Axin2“"F
of mT (red) and mGFP (green) protein in different prostatic lopes of Axin2®

+ SRR :
T2/*:Rosa™ ™" mice. Expression

RT2/%Rosa™ ™" mice at P19 (B-D), P60 (G-I), and

P120 (L-N). Coimmunofluorescence staining of mGFP (green) and K5 (red) or K8, as well as 4’,6-diamidino-2-phenylindole (DAPI) was
performed in the prostate of Axin2< 7/ *;Rosa™ ™" mice. Representative images in DLP at P19 (E, F), P60 (J, K), and P120 (O, P) were
shown. Percentages of mGFP+ cells in K8+ (Q) and in K5+ cells (R) at P19 (white bars), P60 (red bars), or P120, after a round of regres-
sion/regeneration (blue bars) in different prostatic lopes. Error bars indicate SD. *, p < .01 by ANOVA. Scale bars = 20 um. Abbreviations:
AP, anterior prostrate; DLP, dorsolateral prostate; DAPI, e ¢ ¢; mTm, membrane-bound tdTomato; GFP, green fluorescent protein; VP, ven-

tral prostate.

expand the luminal lineages during puberty. We used both
Axin2reERT2/ . ctnnp 1200 (B-cat KO) and Axin2<eERTY T,
Ctnnb1/@M* (activated f-cat) mice, in which either Ctnnb1l
is deleted or a stabilized form of the f-catenin is expressed in
Axin2-expressing cells conditionally after TM administration,
respectively (Fig. 3A). These mice and controls were adminis-
tered TM at P14 and then analyzed at P35, just after puberty
(Fig. 3B). Interestingly, we observed reduced prostatic gland
size, decreased lumen secretion, and abnormal branching mor-
phogenesis in both Axin2<Ef72/*ctnnb1®* (Fig. 3G-3) and

www.StemCells.com

Axin2C€ERT2/ . ctnnp1©2 9 mice (Fig. 3K=3N). In addition,
there appears to be a decreased cytoplasmic/nuclear ratio in
prostatic luminal cells of Axin2<R™2/*.ctnnb1®I* (Fig. 3G-
3)) and Axin2ERT " ctnnb 1% /M mice (Fig. 3K-3N) com-
pared with luminal cells of Axin2<Ef7/*.ctnnb1™/* controls
(Fig. 3C—3F). Intriguingly, prostatic intraepithelial neoplasia
(PIN) lesions with atypical cells and intraluminal keratin were
observed in Axin2eR7%/* . ctnnb 1@+ mice with activated f-
cat (Fig. 3H, 3J). In PIN lesions of Axin2<ER™/*ctnnp1/®*
mice, the expression of stabilized [-catenin protein was

©AlphaMed Press 2015



Roles of Prostatic Axin2-Expressing Cells

detected in luminal cells that also express K8 (Supporting Infor-
mation Fig. S3H) and AR (Supporting Information Fig. S3G), but
not in basal cells that express K5 (Supporting Information Fig.
S3E, S3F). Interestingly, we observed a high luminal to basal
cell ratio of 5.2:1 in Axin2ER™/ " Ctnnb1®* prostates and
a low luminal to basal cell ratio of 0.7:1 in Axin2eER7%/*,
Ctnnb1(€2-o0f1 prostates, whereas the ratio of luminal to basal
cells in Axin2°®ER™2/*.ctnnb1t/" prostates was retained at
2.8:1 (Fig. 30-3Q, 3U; Supporting Information Table S3). To
assess whether abnormal expression of f-catenin in the prepu-
bescent Wnt/f-catenin-responsive cells affects epithelial prolif-
eration, we analyzed Ki67, a marker of proliferating cells,
positive epithelial cells in those mouse prostates. We observed
a significant increase, 42.2% * 7.3%, and a decrease, 43% =+
1.3%, in Ki67 immunostaining of prostatic epithelial cells in
Axin2TER2/% Ctnnb 1M with activated fi-cat, and Axin2<eERT/ T,
Ctnnb1©2 M7 mice (p-cat-KO), respectively, in comparison to
controls, 14.6% = 3.0%, in Axin2<Ef72/*.ctnnb1™* mice
(Fig. 3R—3T, 3V, Supporting Information Table S4). These
results demonstrate a crucial role of Wnt/f-catenin signaling
in prostatic epithelial cell proliferation during puberty as well
as regulating the basal/luminal cell ratio, implicating that the
dysregulation of Wnt/f-catenin signaling in prepubescent
Axin2-expresseing cells may directly contribute to prostatic
ductal defects and abnormal epithelial differentiation.

Castration-Resistant Wnt/f-Catenin-Responsive Cells
Are Unipotent Luminal Progenitors that Enable
Prostatic Epithelial Regeneration

Castration-resistant Nkx3.1-expressing cells (CARNs) retain
prostatic luminal cell properties and the ability to generate all
three different prostatic epithelial lineages [30]. A recent study
showing that adult murine luminal and basal cells are inde-
pendently sustained during prostatic regression-regeneration
further implies the presence of castration-resistant unipotent
luminal progenitors [7]. Here, we examined the existence and
identity of castration-resistant Wnt/f-catenin-responsive cells in
the mouse prostate. Axin2 "7/ :Rosa™ ™% " mice were cas-
trated at 8 weeks of age, administered TM at 12 weeks of age,
and then analyzed at 13 weeks of age (Fig. 4A). Histologically,
we observed regressed glands in all prostatic lobes of castrated
mice (Fig. 4B—4D). Markedly atrophic glandular/ductal profiles
appear within a relatively prominent concentric peri-glandular/
-ductular fibromuscular stroma (data not shown), which we
interpret as hormone-withdrawal atrophy of these glands. We
observed that the majority of genetically labeled Axin2-express-
ing cells after 5-week-castration reside in luminal layers and
were K8 immunoreactive (Fig. 4B—4F). Quantifying these K8-
positive mGFP-positive castration-resistant cells in different pros-
tatic lobes showed 17.2% * 3.7% in AP, 12.5% * 2.5% in DLP,
and 6.4% *= 2.7% in VP, respectively (Fig. 4Q; Supporting Infor-
mation Table S5). We also detected a small portion of K5-positive
Axin2-expressing cells in basal cell layers of different prostatic
lobes, which are 1.1% *= 0.6% (AP), 0.9% * 0.5% (DLP), and
0.1% = 0.1% (VP), respectively (Supporting Information Fig. S4G,
Table S5). Interestingly, using the Nkx3.1-specific antibody, only a
few castration-resistant Axin2-expressing epithelial cells were
also Nkx3.1-positive (Supporting Information Fig. S4B—-S4D).

We then tracked the fate of the castration-resistant Wnt/
B-catenin-responsive cells in Axin2°ER72/*:Rosa™ ™+ mice
through androgen-mediated prostatic regeneration (Fig. 4A).

©AlphaMed Press 2015

The percentage of mGFP-positive luminal cells in different
prostatic lobes is more than threefold higher in the regener-
ated prostates (at week 17.5) than in the regressed prostates
(at week 13) (Fig. 4G—4K, 4Q; Supporting Information Table
S5). In contrast, there was no significant expansion of mGFP-
positive cells in the basal layers (Fig. 4R; Supporting Informa-
tion Fig. S4H, S4J, Table S5). To assess the long-term self-
renewal capacity of castration-resistant Wnt/[}-catenin-respon-
sive cells, we subjected Axin2<R%":Rosa™ ™" mice to
three rounds of regression-regeneration (Fig. 4A). Quantifying
total mGFP-positive cells in the regenerated prostatic lobes at
week 33.5 showed that mGFP-positive cells preserved the
number of their descendants in the luminal layers after multi-
ple rounds of tissue regeneration (Fig. 4L-4Q; Supporting
Information Table S5). Thus, we conclude that Wnt/f-catenin-
responsive cells in the regressed prostates possess unipotent
luminal progenitor properties that show long-term prolifera-
tive potential during multiple rounds of tissue regeneration.

Wnt/B-Catenin Signaling Is Required for Castration-
Resistant Axin2-Expressing Cells to Expand
the Luminal Lineages

Next, we directly examined the significance of Wnt/f-catenin
signaling in castration-resistant Wnt/f-catenin-responsive cells’
capability to expand the luminal lineages during androgen-
mediated prostatic regeneration. Axin2“°R7%/*ctnnp1©@M*
(activated f-cat) and Axin2<ER™/* . Ctnnb1/®2 MM (B-cat KO)
mice as well as controls, AxinZC’eERTZH;Ctnnbl+/+, were cas-
trated at 8 weeks of age, administered TM at 12 weeks of
age, supplemented with testosterone pellets at 13.5 weeks of
age, and analyzed at 16.5 weeks of age (Fig. 5A). Histologi-
cally, we did not observe any abnormalities in the prostates
of Axin2SER™2/ % ctnnb1™/" mice (Fig. 5B—5E). However, there
were pathological changes typical of intracystic adenocarci-
noma (carcinoma in situ) in all prostatic lobes of Axin2<Ef72/+,
Ctnnb1®3* mice (Fig. 5F-5I). Tumor cells in the adenocarci-
noma lesions expressed stabilized [f-catenin, K8, AR, and Ki67,
but not K5 or p63 (Supporting Information Fig. S5B—S5H). In
Axin2CeERT2/F . Ctnnp (€2 OM/f mice, we observed a lack of
luminal cell enfolding and reduced branching morphogenesis
in AP and DLP (Fig. 5J-5M; Supporting Information Fig. S5I,
S5J). Immunohistochemical analyses confirmed the loss of f-
catenin expression in “luminal-like epithelial cells,” which
reside in prostatic luminal layers (Supporting Information Fig.
S5M) but are not immunoreactive to K8, K5, or p63 antibod-
ies (Supporting Information Fig. S5K, S5L); however, the
expression of AR and E-cadherin was observed in some of
these cells (Supporting Information Fig. S5N, S50). To further
assess the biological role of f-catenin in prostatic epithelium
regeneration, we analyzed the ratio of luminal and basal cells
in the prostates of the above mice using specific K8 and K5
antibodies. The ratio of prostatic luminal to basal epithelial
cells in Axin2<ER™2/* . ctnnb1™/™ control mice was maintained
at 2.9:1 (Fig. 5N, 5T). However, a significant increase of lumi-
nal to basal cell ratio, approximately 12.7:1, was observed in
the prostate of Axin2<°ER"2/*.ctnnb1®* mice (Fig. 50,
5T), and a decrease of luminal to basal cell ratio, 0.4:1,
appeared in the prostate of Axin2SERT2/*.ctpnp1(ex2-o0f
mice (Fig. 5P, 5T, Supporting Information Fig. S5K, Table S6).
This suggests a critical role of Wnt/f-catenin signaling in lumi-
nal lineage expansion during prostatic regeneration. To further
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assess the effect of Wnt/[-catenin signaling in the castration-
resistant Axin2-expressing cells, we analyzed the epithelial
proliferation in regenerated prostates by measuring Ki67-
positive epithelial cells. There are 3.8% * 1.1% of Ki67-
positive epithelial cells in the prostate of Axin2CeERT2/*+,
Ctnnb1™/* mice, whereas 31.0% *+ 6.4% and 1.1% * 0.5% in
the prostates of Axin2S®ER™/*:Ctnnb1®™* and Axin2eERT2/+,

www.StemCells.com

Ctnnb1©Z 1 mice, respectively (Fig. 5Q-5S, 5U; Supporting
Information Fig. S5F, Table S7). In summary, our results dem-
onstrate the decisive role of Wnt/f-catenin signaling in
castration-resistant Axin2-expressing cell-mediated epithelial
cell regeneration, and the dysregulation of this signaling path-
way resulting in abnormal prostatic development and
tumorigenesis.

©AlphaMed Press 2015
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o; VP, ventral prostrate.

Mouse prostatic development initiates at embryonic days 17.5
(E17.5) from UGS upon rising levels of testicular androgens
[3]. Expression of Axin2, a direct transcriptional target of f-
catenin, has been observed in UGE [20]. Deletion of the
Ctnnbl gene in the mouse prostate at E15.5 results in signifi-
cantly decreased prostatic budding and abrogated prostatic
development [20]. However, the precise mechanisms underly-

©AlphaMed Press 2015

ing the Wnt/f-catenin signaling pathway in regulating embry-
onic prostatic development and organogenesis is still largely
unknown. In this study, we first used Axin2<Ef72/* :Rosg™ ™M/ *
mice to assess the distribution of Wnt/[-catenin-responsive
cells at embryonic stages. We observed that most Wnt/
p-catenin-responsive cells are located within UGM as well as in
newly formed epithelial budding tips at E17.5. Immunohisto-
chemical analyses showed the expression of E-cadherin, p63,
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K5, K8, and Nkx3.1 in these cells. Tracking these genetically
labeled cells through puberty into adulthood, we identified
luminal progenitor properties of these Wnt/f-catenin-respon-
sive cells. At P60, we observed clusters of mGFP-positive epi-
thelial cells in all three prostatic lobes. These mGFP-positive
cells are limited to luminal cell layers and are immunoreactive
for K8 and the AR, but not to K5, p63, or synatophysin anti-
bodies. These data provide the first line of evidence that dem-
onstrates the existence and cellular identity of prostatic Wnt/
p-catenin-responsive cells at embryonic stages, and their ability
to generate luminal lineages throughout prostatic epithelial
development.

Although the growth of mouse prostatic buds initiates at
E17.5, substantial elongation, growth, and patterning of pros-
tatic ducts continues after birth [2]. Prostatic ductal branching
morphogenesis starts through the interaction between pros-
tatic epithelial buds and mesenchymal pads, which leads to
the development of secondary, tertiary, and further ducts
[31]. Currently, the importance of Wnt/f-catenin signaling in
prostatic maturation and maintenance during puberty and
adulthood is largely unclear. Therefore, we directly addressed
this question in this study. Because the branching and pat-
terning of the prostatic lobes are completed 3 weeks after
birth [2], we genetically marked the Wnt/f-catenin responsive
cells at P14 and analyzed the mice at P19. We observed that
within all of the different prostatic lobes the majority of
mGFP-positive cells were K8-positive luminal epithelial cells,
and only a few were K5-positive basal epithelial cells. In the
tracking experiments, less than 8% of the luminal cells in the
prostatic lobes at P19 were mGFP-positive, while up to 50%
of the luminal cells were mGFP-positive at P60 (Fig. 2; Sup-
porting Information Fig. S2). These adult mGFP-positive cells
expressed several luminal cell markers, including AR, Nkx3.1,
and K8; they also appeared more proliferative in comparison
with mGFP-negative cells. In contrast, we did not observe sig-
nificant differences in the numbers of K5-positive mGFP-
positive cells between P19 and P60. These results indicate
that the prepubescent Wnt/f-catenin responsive cells have
replicative properties and are able to generate the luminal
cell population through puberty.

Androgen signaling plays an essential role in prostatic
development and differentiation. It has been suggested that
prostatic stem/progenitor cells in the adult mouse have the
ability to survive androgen withdrawal and to regenerate
prostatic glands when androgens are supplemented [32]. This
androgen-withdrawal and supplementation cycle can be
repeated several times. Although the basal epithelial cells
were suggested to be responsible for prostate gland regenera-
tion in mice, the cellular identity of the prostatic stem cell
population in the adult mouse prostate is still controversial.
We have shown that the prepubescent Wnt/f-catenin respon-
sive cells are of luminal epithelial cell origin and can signifi-
cantly expand the luminal epithelial cell population through
puberty. In this study, we further assessed the cellular prop-
erty of castration-resistant Wnt/[}-catenin responsive cells. We
observed that most of castration-resistant Axin2-expressing
cells reside in luminal layers and are immunoreactive to K8
antibody. Using a classic prostatic regression-regeneration
assay, we tested the regenerative ability of the castration-
resistant Wnt/f-catenin-responsive cells. We observed a signif-
icant expansion of mGFP-positive luminal cells in different
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CreERT2/+ mTmG/+

prostatic lobes of castrated Axin2 ;Rosa mice
when they were supplemented with androgens after 4 weeks.
Intriguingly, we demonstrated mGFP-labeled cells preserved
the number of their descendants in the luminal layers after
three rounds of androgen withdrawal and supplementation
cycles. These data suggest that the castration-resistant Wnt/f3-
catenin-responsive cells possess unipotent luminal progenitor
properties and long-term proliferative potential during multiple
rounds of tissue turnover. It has been shown that CARNs are
of luminal cell origin and retain stem cell ability being capable
of generating prostatic luminal, basal, and neuroendocrine cells
[30]. However, we only observed a very small portion of the
castration-resistant Axin2-expressing cells that are immunores-
ponsive to Nkx3.1 antibody. In these experiments, we also
observed a small portion of castration-resistant Axin2-express-
ing cells being immunoreactive to K5 antibody. However,
through either single or multiple androgen withdrawal and sup-
plement cycles, we did not observe a significant increase of
K5-positive mGFP-positive cells in all different prostatic lobes.

Multiple lines of evidence indicate a critical role of Wnt sig-
naling in cell fate determination during early development [26,
33]. Conditional deletion of the ff-catenin gene (Ctnnb1) in the
mouse prostate during embryonic stages results in abrogated
prostatic development [20]. Using Axin2<ER™/* . ctnnp (€241
(f-cat KO) mice, we investigated the biological role of Wnt/
f-catenin signaling in prepubescent Axin2-expressing cells.
Those mice were administered TM at P14 and then analyzed
at P35; where we observed reduced prostatic gland size,
decreased luminal secretions, and abnormal branching morpho-
genesis. Using a similar approach, we also analyzed the effect
of [-catenin deletion in castration-resistant Axin2-expressing
cells. The lack of luminal cell enfolding and reduced branching
morphogenesis was mainly observed in AP and DLP in these
mice. These data are consistent with the previous finding and
further supports a critical role of f-catenin in prostatic devel-
opment, maturation, and regeneration.

The cellular levels of fS-catenin are tightly regulated in nor-
mal cells. Mutations affecting the degradation of f-catenin can
increase the cellular levels of the proteins [16]. Moreover,
E-cadherin complexes with the actin cytoskeleton via catenins
to maintain the functional characteristics of epithelia [34, 35].
Disruption of this complex, due primarily to loss or decreased
expression E-cadherin, may also increase cellular f-catenin to
promote oncogenic transformation [36, 37]. Conditional expres-
sion of stabilized f-catenin in the mouse prostate results in
hyperplasia and PIN [38, 39]. In addition to its oncogenic
effect, stabilized f-catenin can also change cellular differentia-
tion fate, which further results in either preventing prostatic
maturation or inducing transdifferentiation into squamous epi-
thelium [38-40]. Using Axin2<tR™2/*.Ctnnb1®* mice, we
directly assessed the role of stabilized f-catenin in Axin2-
expressing cells. Activation of stabilized [f-catenin expression at
P14 results in PIN lesions with atypical cells and intraluminal
keratin. Intriguingly, activation of stabilized f-catenin expression
in castrated-resistant Axin2-expressing cells induces the forma-
tion of prostatic intracystic adenocarcinoma. Both atypical and
tumor cells appear to be of luminal cell origin and with K8 and
AR expression. Axin2 has been shown to be a downstream tar-
get gene of f-catenin [22], and it is also involved in regulating
f-catenin degradation [23, 41]. Given that Axin2-expressing
cells have stem/progenitor cell properties in a variety of mouse
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tissues [24-27], our findings suggest a potential role of abnor-
mal activation of f-catenin expression in Axin2-expressing cells
during the course of oncogenic transformation and tumor
formation.

CONCLUSIONS

Prostatic Axin2-expressing cells express luminal epithelial cell
markers and are able to expand luminal cell lineages during
prostatic development and maturation. They can also survive
androgen withdrawal and regenerate prostatic luminal epithe-
lial cells following androgen replacement. Deletion of
p-catenin or expression of stabilized f-catenin in these Axin2-
expressing cells results in abnormal development and
oncogenic transformation, respectively. Our study uncovers a
critical role of Wnt/f-catenin-responsive cells in prostatic
development and regeneration, and that dysregulation of
Wnt/f-catenin signaling in these cells contributes to prostatic
developmental defects and tumorigenesis.
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