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Abstract: Cancer stem cells (CSCs) are resistant to conventional cancer therapies, permitting the repopulation of 
new tumor growth and driving disease progression. Models for testing prostate CSC-propagated tumor growth are 
presently limited yet necessary for therapeutic advancement. Utilizing the congenic nontumorigenic NRP152 and 
tumorigenic NRP154 rat prostate epithelial cell lines, the present study investigated the self-renewal, differentia-
tion, and regenerative abilities of prostate stem/progenitor cells and developed a CSC-based PCa model. NRP154 
cells expressed reduced levels of tumor suppressor caveolin-1 and increased p-Src as compared to NRP152 cells. 
Gene knockdown of caveolin-1 in NRP152 cells upregulated p-Src, implicating their role as potential oncogenic 
mediators in NRP154 cells. A FACS-based Hoechst exclusion assay revealed a side population of stem-like cells 
(0.1%) in both NRP152 and NRP154 cell lines. Using a 3D Matrigel culture system, stem cells from both cell lines 
established prostaspheres at a 0.1% efficiency through asymmetric self-renewal and rapid proliferation of daughter 
progenitor cells. Spheres derived from both cell lines contained CD117+ and CD133+ stem cell subpopulations and 
basal progenitor cell subpopulations (p63+ and CK5+) but were negative for luminal cell CK8 markers at day 7. While 
some NRP152 sphere cells were androgen receptor (AR) positive at this timepoint, NRP154 cells were AR- up to 
30 days of 3D culture. The regenerative capacity of the stem/progenitor cells was demonstrated by in vivo tissue 
recombination with urogenital sinus mesenchyme (UGM) and renal grafting in nude mice. While stem/progenitor 
cells from NRP152 spheroids generated normal prostate structures, CSCs and progeny cells from NRP154 tumor-
oids generated tumor tissues that were characterized by immunohistochemistry. Atypical hyperplasia and prostatic 
intraepithelial neoplasia (PIN) lesions progressed to adenocarcinoma with kidney invasion over 4 months. This 
provides clear evidence that prostate CSCs can repopulate new tumor growth outside the prostate gland that rapidly 
progresses to poorly differentiated adenocarcinoma with invasive capabilities. The dual in vitro/in vivo CSC model 
system presented herein provides a novel platform for screening therapeutic agents that target prostate CSCs for 
effective combined treatment protocols for local and advanced disease stages. 
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Introduction

Prostate cancer (PCa) is the leading cause of 
cancer deaths in men in the Western world with 
estimates of 34,500 PCa deaths in the U.S. for 
2022 [1]. Sixty-five percent of PCa patients will 
develop metastatic cancer and eventually prog-
ress to the castration-resistant stage where 
limited treatment options remain a major chal-
lenge for clinicians. The cancer stem cell theory 
[2] posits that PCa progression, metastasis, 

and tumor repopulation after therapeutic inter-
vention are, in part, due to survival, self-renew-
al, and propagation of prostate cancer stem 
cells (CSC) within tumors which are resistant to 
conventional PCa therapies. While the bulk of 
tumors is constituted by non-stem cancer cells 
that can be highly proliferative, most have lim-
ited capacity to form secondary tumors. In con-
trast, highly tumorigenic CSCs are rare immor-
tal cells that can self-renew through asymmetric 
division, give rise to many cell types that recon-
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stitute the tumor [3]. As such, CSCs are consid-
ered an Achilles’ heel in PCa that leads to thera-
peutic resistance.

CSCs may originate from oncogenic transfor-
mation of stem cells, progenitor cells, or differ-
entiated cancer cells that through oncogenic 
plasticity, acquire key stem-like cell character-
istics. While this rare cell population is undoubt-
edly heterogeneous across and perhaps within 
tumors, CSCs in most tumors, including PCa, 
express common genes and cell surface pro-
teins associated with normal stem cells. 

A major therapeutic challenge for PCa therapy 
is the need for small molecules and chemother-
apy agents that target CSCs and can be used  
in combination with conventional therapies for 
effective tumor control. To meet that need, 
both in vitro and in vivo models for studying 
benign and tumorigenic prostate stem cells are 
required for the testing and evaluation of prom-
ising agents. Immortalized cell lines have prov-
en critical for cancer research, as patient mate-
rial is limited. Of note, many cancer cell lines, 
including PCa lines, contain a minor population 
of stem-like cells [4-6] that can be used for dis-
covery of therapeutic targets. The challenge 
remains to interpret and compare such results 
directly with benign prostate stem cells and 
stem-like cancer cells in vivo. 

In the present study, we developed in vivo mod-
els for benign and cancerous prostate growth 
using stem/progenitor cells isolated from the 
nontumorigenic NRP152 and tumorigenic NRP- 
154 rat prostate epithelial cell lines. NRP152 
and NRP154 are two stable cell lines clonally 
derived from the dorsal-lateral prostate lobes 
of two Lobund/Wistar rats treated with carcino-
gen N-methyl-N-nitrosourea (MNU) and testos-
terone propionate (TP) [7]. While NRP152 cells 
are nontumorigenic in subcutaneous and renal 
grafts [7, 8], they are considered premalignant 
due to an aneuploid karyotype. In culture, 
NRP152 cells express androgen receptors 
(ARs), are responsive to multiple hormones, 
and due to expressions of cytokeratin 14 but 
not cytokeratins 8/18, are considered basal in 
origin. These androgen-responsive cells exhibit 
basal epithelial cell characteristics when cul-
tured under normal growth conditions (high 
serum) and differentiate to a luminal epithelial 
phenotype under growth-restrictive conditions 
(low serum), with the addition of TGFβ1 or over-

expression of Hoxb13 [9, 10]. NRP154 cells are 
also aneuploid, however, when grafted subcu-
taneously, they consistently form tumors in 
athymic mice. NRP154 cells lack detectable AR 
but express cytokeratins 8/18 and are consid-
ered of luminal origin [7]. Herein, a minor popu-
lation of resident stem-like cells was document-
ed in both cell lines and upon transfer of 2D 
cultures to 3D Matrigel cultures, the NRP152 
and NRP154 stem-like cells established be- 
nign and cancerous prostaspheres, respective-
ly, comprised mostly of rapidly proliferating 
daughter progenitor cells. Using prostasphere 
cell-urogenital mesenchyme (UGM) recombi-
nants grafted under the kidney capsule in nude 
mice, an organized prostate ductal structure 
was established from the NRP152 progenitor 
cells. Of particular significance, the cancer 
stem/progenitor cells from NRP154 spheroids 
mixed with UGM generated prostate cancerous 
structures in the renal grafts that progressed  
to kidney invasion over time. These findings 
support the existence of cancer stem-like cells 
that reseed and propagate new tumor growth. 
Further, the model systems are useful for  
future studies of PCa originating from trans-
formed stem/progenitor cells and will enable 
the screening and selection of the chemothera-
peutic agents that target the elusive prostate 
CSC population.

Material and methods 

Animals

All animals were handled according to the prin-
ciples and procedures of the Guiding Principles 
for the Care and Use of Animal Research and 
the experiments were approved by the Insti- 
tutional Animal Care Committee. Timed preg-
nant female Sprague Dawley rats were pur-
chased from Harlan (Indianapolis, IN). Male 
nude mice (6-week old) were purchased from 
Charles River (Wilmington, MA) and housed 
individually in a temperature (21°C) and light 
(14 h light/10 h dark) controlled room with 
standard Purina chow (Ralston-Purina, St. 
Louis, MO) ad libitum. 

Prostate epithelial cells culture

Nontumorigenic NRP152 cells and tumorigenic 
NRP154 cells were generously provided by 
Prof. David Danielpour (Case Western Univer- 
sity, Cleveland, OH). The NRP152 cells used in 
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this study were between passages 20 and 25 
and the NRP154 cells were between passages 
15 to 20. Cells were grown in a 5% CO2 atmo-
sphere at 37°C under normal growth condi-
tions in GM2 (DMEM/F12 containing 5% fetal 
bovine serum, 5 µg/ml bovine insulin, 20 ng/ml 
EGF, 10 ng/ml cholera toxin and 0.1 µM dexa-
methasone) as described [7, 9]. Cultures were 
maintained at less than 70% confluence. Cells 
were passaged at ~70% confluence with 0.05% 
trypsin/EDTA every 5-7 days. Viable cell num-
bers were determined by hematocytometry 
with trypan blue exclusion. 

Western blot

Gene knockdown of caveolin-1 in NRP152 cells 
was achieved by incubating cells with 120 nM 
siCav-1 solution overnight. Cells were harvest-
ed after 3 days. NRP152 and NRP154 cells 
from 2D cultures were lysed by sonication for 
10 min at 4°C in 2% ODG (Tris buffer pH 7.5,  
50 mM Tris, 150 mM NaCl, 1 mM NaF, 1 mM 
EDTA, 1 mM Na3VO4, 44 μg/ml phenylmethyl-
sulfonyl fluoride [PMSF], 1% protease inhibitor 
cocktail). The lysates were centrifuged for 20 
min at 16,000 × g at 4°C. The proteins were 
eluted from the supernatant with Laemmle buf-
fer, 20 µg protein was separated via 10% SDS-
PAGE gels, transferred to nitrocellulose mem-
branes, followed by immunoblotting with pri- 
mary and secondary antibodies as described 
previously [11]. Primary antibodies used were 
rabbit anti-Cav-1 (BD Biosciences, San Diego, 
CA), mouse anti-p-Cav-1 (BD Biosciences), 
mouse anti-actin (BD Biosciences), and rabbit 
anti-Src and p-Src (Tyr418) (Cell Signaling, 
Danvers, MA). Horseradish peroxidase (HRP) 
conjugated secondary antibodies (Invitrogen, 
Molecular Probes Inc., Eugene, OR) were used. 
Membrane-bound antibodies were visualized 
using the SuperSignalTM West Femto Kit 
(ThermoFisher Scientific, Waltham, MA).

Hoechst exclusion side-population assay

NRP152 and NRP154 cells from 2D cultures 
were split into two vials and pre-incubated for 
10 min with or without 50 µM verapamil hydro-
chloride (Sigma-Aldrich Inc., St. Louis, MO) 
which inhibits ABCG2 transporter protein ex- 
pressed at high levels in stem cells, blocking 
their Hoechst exclusion ability. Cells were next 
incubated in 0.5 µg/ml Hoechst 33342 (Sigma-
Aldrich) in Hanks’ balanced salt solution, 10% 

FBS, 1% D-glucose, 20 mM HEPES for 30 min 
at 37°C, washed in PBS and incubated with 1 
µg/ml Propidium iodide (PI) labeling for dead 
cell exclusion. Hoechst-stained cells were ana-
lyzed by single-channel FACS (CyAnTM ADP 
Analyzer) to gate a small side-population as 
prostate stem-like cells. The fraction of stem-
like cells was calculated by the % difference in 
Hoechst excluding cells incubated with and 
without verapamil. Unstained cells were used 
to determine the window gating for side popula-
tions [12].

Prostasphere assay

Prostasphere culture conditions were modifica-
tions of previously published protocols [12-15]. 
Briefly, 1 × 105 NRP152 or NRP154 cells were 
resuspended in 1:1 Matrigel (BD Biosciences)/
PrEGM (Lonza, Walkersville, MD) in a total vol-
ume of 200 μl. Cells in suspension were plated 
in 12-well plates and the semi-gel was allowed 
to solidify at 37°C for 15 min prior to adding 1 
ml of PrEGM. The medium was replenished 
every 3 days. Prostasphere formation and gr- 
owth were monitored by microscopy and real-
time imaging using a Zeiss Axiovert 200 invert-
ed microscope with an automated X-Y-Z stage 
and Axiocam HRm digital camera (Carl Zeiss 
MicroImaging, Inc., Thornwood, NY). 

For in vitro characterization, prostaspheres at 
days 7, 10, and 30 were harvested for ICC his-
tology studies. For ICC, day 7 spheres were 
transferred to an 8-well chamber slide and cul-
tured overnight to permit cell attachment. Cells 
were fixed in 1:1 methanol: acetone solution 
and processed for immunocytochemistry stain-
ing. For in vitro differentiation analysis, pro- 
staspheres cultured for 10 to 30 days were 
removed from Matrigel by dispase, fixed, and 
embedded in paraffin for sectioning followed by 
H&E and IHC staining [13]. 

For tissue recombination and in vivo growth, 
the Matrigel with day 7 prostasphere cultures 
were digested by incubation in 500 μl of dis-
pase solution (1 mg/ml; Invitrogen, Carlsbad, 
CA) for 30 min at 37°C. Digested cultures were 
pelleted, resuspended in 1 ml type I collage-
nase solution (190 units/ml; Invitrogen), and 
incubated for 45 min at 37°C. Dissociated cells 
were pelleted, resuspended, and incubated in 
0.05% trypsin/EDTA (Invitrogen) for 10 min at 
room temperature, passed 5-10 times through 
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a 27-gauge syringe, and lastly through a 40 μm 
filter. The dissociated single cells were counted 
by hemocytometer prior to their use for renal 
grafts [13, 14]. 

Immunocytochemistry and immunohistochem-
istry 

Immunocytochemistry (ICC) staining was per-
formed on prostasphere cells grown overnight 
in chamber slides to permit limited outgrowth 
of the cells and optimal immunofluorescent 
labeling. Briefly, day 7 prostaspheres were 
transferred to collagen-coated 8-well chamber 
slides and cultured in PrEGM for 16 hr at 37°C 
for attachment. The spheres were washed 3 
times in PBS and fixed with ice-cold acetone/
methanol (1:1) solution at -20°C for 15 min-
utes. Prostaspheres were washed with PBS fol-
lowed by blocking, primary and secondary anti-
bodies incubation, mounting, and imaging as 
described [13, 14]. Primary antibodies used 
with prostaspheres were rabbit anti-CD133 
(Abcam, Cambridge, MA), rabbit anti-CD117 
(c-Kit), rabbit anti-p63, rabbit anti-β-catenin 
(Santa Cruz Biotechnology, Santa Cruz, CA), 
rabbit anti-CK5, rabbit anti-CK8 (Epitomics, 
Burlingame, CA), and rabbit anti-AR, PG21 [16].

Immunohistochemistry (IHC) was performed on 
paraffin-embedded sections of renal graft tis-
sues for the identification of tissue type, pathol-
ogy, and differentiation status of the grafts as 
previously described [13, 14]. Tissue paraffin 
sections were deparaffinized and heat-treated 
for 3 min in antigen retrieval solution Tris-EDTA 
Buffer (10 mM Tris Base, 1 mM EDTA Solution, 
0.05% Tween 20, pH 9.0) using a Decloaker 
pressure cooker (Biocare Medical, Walnut 
Creek, CA). Sections were blocked with 5% 
NGS-PBST (5% normal goat serum in 0.01 M 
PBS with 0.25% Triton-X-100) for 45 min fol-
lowed by incubation with primary antibody dilut-
ed in 2% NGS-PBST at 4°C overnight. Primary 
antibodies used include rabbit anti-p63 (Santa 
Cruz), rabbit anti-Ki-67 (Abcam, Waltham, MA), 
guinea pig anti-CK8/18 (American Research 
Products, Belmont, MA), and rabbit anti-CK5, 
and anti-CK14 (Epitomics). For negative con-
trols, normal goat, rabbit, guinea pig, or mouse 
IgG was substituted for the primary antibody. 
The sections were washed with PBS followed by 
incubation at room temperature for 2 hours 
with AlexaFluor-488 dye-conjugated goat anti-

rabbit, Alexa-Fluor-568 dye-conjugated goat 
anti-guinea pig secondary antibodies (Invitro- 
gen, Molecular Probes Inc., Eugene, OR) used 
at 1:500 dilution with PBST containing 2% NGS. 
Following PBS wash, tissue sections were 
mounted using VECTASHIELD mounting medi-
um with DAPI (Vector Laboratories, Inc. Burlin- 
game, CA) and photographs were taken with a 
Zeiss Axiocam microscope imaging system [13, 
14]. 

Tissue recombination and renal grafting

Embryonic day 18 fetuses from timed-pregnant 
SD rats were collected by Caesarian section, 
the bladder and urogenital tracts removed, and 
the urogenital sinus (UGS) dissected free from 
other structures. The UGS was washed with 
Hank’s-CMF (calcium magnesium free) bal-
anced salt solution and digested with pre-chi- 
lled fresh-made 1% trypsin/Hank’s digestion 
solution for 90 min at 4°C (Difco trypsin250, 
Dickinson and Co., Sparks, MD). After trypsin-
ization, the tissues were transferred by glass 
pipette to Hank’s solution and the trypsin diges-
tion was stopped by the addition of an equal 
volume of fresh 20% fetal calf serum in Hank’s 
medium for 5 min. The tissues were washed in 
Hank’s-CMF, placed into Hank’s-CMF contain-
ing 1 mg/ml DNase (Sigma), and using fine for-
ceps, the UGM pad was gently separated from 
the urogenital epithelium (UGE) under the 
microscope. After microscopically confirming 
the absence of UGE, the UGM pads were used 
for tissue recombination with isolated prosta-
sphere cells. 

Day 7 NRP152 and NRP154 prostaspheres 
grown in 3D cultures were used for tissue 
recombination and in vivo renal grafting. For 
each graft, ~3000 dispersed prostasphere sin-
gle cells (above) were mixed with rat UGM from 
one embryo and re-suspended in 10 µl of 
growth factor-reduced Matrigel (BD Bioscien- 
ces). Cell-tissue recombinants were plated on 
the surface of a 1% agar gel plate (35 × 10 mm 
petri dish) and incubated at 37°C for 15 min to 
solidify before adding 200 µl PrEGM followed  
by incubation in 5% CO2 at 37°C overnight. The 
prostate stem/progenitor cell/UGM recombi-
nants were grafted under the renal capsule of 
male nude mice using aseptic techniques as 
previously described [13, 14]. To ensure ade-
quate androgenic support for prostate growth 
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Figure 1. Established 2D cultures of rat prostate NRP152 and NRP154 cell lines. ICC staining documents the pres-
ence of AR protein in non-tumorigenic NRP152 cells and the absence of AR protein in the malignant NRP154 cells. 
Bar = 50 µm.

in the hypogonadal nude mice, the mice were 
supplemented with Silastic testosterone cap-
sules (1.02 mm inner diameter, 2.16 mm outer 
diameter; Dow Corning, Midland, MI) containing 
3.5 mg crystalline testosterone (Sigma-Aldrich, 
St. Louis, MO) at the time of grafting. Grafts 
with UGM or UGE alone were used for quality 
controls [13, 14].

Results

NRP152 and NRP154 cells in 2D culture

Non-tumorigenic NRP152 and tumorigenic 
NRP154 cells were established in 2D culture 
and examined for differential expression of key 
signaling molecules involved in tumorigenesis. 
It was previously shown by Northern blots and 
AR binding assays that NRP152 cells express 
AR while NRP154 cells lack AR expression, and 

this was confirmed at the protein level by ICC 
(Figure 1). To identify additional mediators of 
the differential tumorigenic capacities of these 
two cell types, we screened for the activation- 
al status of multiple signaling regulators by 
Western blot. While levels of PTEN, total and 
phospho-Akt (S473), e-cadherin and β-catenin 
were not different between the two cell lines 
(data not shown), there was marked suppres-
sion of total caveolin-1, p-Cav-1 (Tyr14), and 
strong activation of p-Src (Tyr418) in NRP154 
cells compared to NRP152 cells (Figure 2A). 
This is significant since caveolin-1 can act as a 
tumor suppressor in a stage-dependent man-
ner [17] and constitutively active Src has a high 
potential to transform the prostate epithelium 
[18, 19]. As these intra-membrane signaling 
regulators are known to interact with each 
other, we used siRNA to knock down total cave-
olin-1 in NRP152 cells. This led to a marked 
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Figure 2. Western blot analysis of caveolin-1 and Src in NRP152 and NRP154 cell lines. A. Total and phosphory-
lated (Tyr14) Caveolin-1 was markedly lower in NRP154 cells compared to NRP152 cells while phosphorylated 
Src (Tyr418) levels were elevated in NRP154 cells. B. Caveolin-1 knockdown by siRNA in NRP152 cells resulted in 
increased phosphorylation of Src, resembling a profile seen in NRP154 cells.

increase in p-Src (Tyr418) levels (Figure 2B), 
the active form of Src, which suggests that sup-
pression of caveolin-1 drives constitutive acti-
vation of p-Src a possible key component of the 
tumorigenic activity in NRP154 cells. 

Presence of stem cells within NRP152 and 
NRP154 cells

A minor population of stem cells has been 
shown to exist in many benign and cancerous 
cell lines, including PCa cell lines [4-6]. To iden-
tify stem-like cell populations in the two NRP 
cell lines, Hoechst-exclusion side population 

assays were performed. Stem cells express 
high levels of ABCG2 transporter which effluxes 
Hoechst33342 dye, whereas lineage-commit-
ted cells and differentiated cells have limited 
ABCG2 expression and thus retain the Hoechst 
dye. When separated by FACS, the low Hoechst 
retaining cells are separated from the bulk of 
the differentiated cells (Figure 3A). A parallel 
cell sample treated with verapamil, an ABCG2 
inhibitor, results in Hoechst retention in the 
stem cell population as well. This can be quan-
titated as the difference between cell numbers 
in the separate fractions without and with vera-

Figure 3. Identification of stem cells in NRP152 and NRP154 cells. A. Flow cytometry analysis using Hoechst ex-
clusion assay reveals a side population (~0.1%) of stem-like cells in both NRP152 and NRP154 cell lines. B. In 
3D Matrigel culture, a small number of stem-like cells from both NRP152 and NRP154 cell lines generate prosta-
spheres through asymmetric self-renewal to generate daughter progenitor cells that rapidly proliferate to form grow-
ing spheroids of lineage committing progenitors at day 7 and day 10. Bar = 50 µm.
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Figure 4. NRP152 and NRP154 prostasphere characterization using cell 
markers. Immunostaining of day 7 spheres derived from both NRP152 
and NRP154 cells shows a subpopulation of stem cell markers CD117 

and CD133 documenting stem 
cell presence at this time point. 
Both NRP152 and NRP154 cells 
are positive for prostate basal epi-
thelial cell markers CK5 and p63 
and negative for luminal epithelial 
cell marker CK8, indicating the 
basal cell phenotype of spheroids 
at this stage. A subpopulation of 
NRP152-derived spheroid cells is 
AR+ which was absent in NRP154-
derived spheres. β-catenin (in red) 
is used as a counter stain to de-
marcate the cell membranes. Bar 
= 50 µm.

pamil treatment and is a read-
out of stem-like cells in 2D cul-
tures. Using this approach, a 
very minor population of st- 
em-like cells, 0.11 and 0.10% 
was found in the NRP152 and 
NRP154 cell cultures, respec-
tively (Figure 3A). Next, prosta-
spheres were generated from 
NRP152 and NRP154 stem 
cells that form spheroids of 
proliferating and lineage-com-
mitting daughter progenitor 
cells in 3D Matrigel cultures 
(Figure 3B), as previously de- 
scribed [12-15]. Transfer of 
500,000 NRP152/154 cells 
from 2D to 3D cultures yielded 
~500 spheres on average for 
an efficiency of ~0.1%, sup-
porting their origin from the 
minor stem cell population in 
the 2D cultures. The clonally 
derived spheres on day 7 con-
tinued to grow through a rapid 
proliferation of the daughter 
progenitor cells and enter lin-
eage commitment by day 10 
(Figure 3B).

Characterization of prosta-
spheres from NRP152 and 
NRP154 cells

To characterize the cell compo-
sition of day 7 prostaspheres 
from the two different NRP cell 
lines, ICC and IHC were under-
taken using a variety of cell 
markers. As shown in Figure  
4, a number of spheroid cells 



A cancer stem cell-derived prostate cancer model

384 Am J Clin Exp Urol 2022;10(6):377-389

Figure 5. Differentiation ability of NRP152 and NRP154 cells. H&E staining 
of prostasphere cross-sections from NRP152 and NRP154-derived spheres 
reveals initial lumen formation at day 10. The continued growth of NRP154 
spheres through day 30 shows tumoroid ductal formation. Epithelial cells 
in NRP154 spheres at days 10 and 30 show a cancerous phenotype with 
variable-sized and shaped nuclear morphology. Bar = 50 µm.

from both cell lines expressed CD117 and 
CD133, known surface markers for prostate 
stem cells [20, 21], indicating the continued 
presence of stem cells within the day 7 spher- 
es. Daughter progenitor cells derived from the 
stem cell asymmetric cell division were identi-
fied as basal progenitor cells with positivity for 
CK5 and p63 in both NRP152- and NRP154-
derived prostaspheres. In contrast, CK8 pro-
tein, a marker for luminal progenitors, was not 
detected in the day 7 spheres from either cell 
line. AR immunostaining was present in a sub-
population of the NRP152-generated spheres 
but not in spheres generated from NRP154 
cells.

The prostaspheres from both cell lines were 
further grown for 10 and up to 30 days under 

spheroid culture conditions as 
shown in Figure 5. By day 10, 
lumen formation began to 
appear in both sphere types 
with cells in NRP154-derived 
spheres exhibiting a cancer-
ous appearance based on 
abnormal nuclear morphology 
and prominent nucleoli at low 
magnification, phenotypes not 
seen in NRP152-derived sph- 
eres. Tumoroid ductal forma-
tion was apparent in NRP154 
spheres grown to day 30, con-
firming their continued cancer-
ous characteristics. 

In vivo benign and cancerous 
prostate tissue reconstitution 
with renal grafts

We next sought to determine 
whether cancer stem-like and 
daughter progenitor cells from 
the tumorigenic NRP154 cell 
line were able to reseed tu- 
mor growth in vivo. Day 7 sph- 
eroids from both NRP152 and 
NRP154 cell lines were dis-
persed and 3000 cells per gr- 
aft were mixed with rat embry-
onic UGM and grafted under 
the renal capsule of nude mice 
with continued growth for 1-4 
months. Normal glandular pro- 

state-like structures were formed from NRP152 
stem/progenitor cells by 1 month with a contin-
ued normal phenotype with glandular secre-
tions at 2 months (Figure 6). Immunostaining 
showed the bi-layered prostatic epithelium with 
basal cells (p63+, CK5+) and luminal epithelial 
cells (CK8+/18+) that expressed AR (Figure 7). 
Several cells were Ki-67+, typical for a growing 
structure. 

In sharp contrast, NRP154-derived stem/pro-
genitor cells produced large grafts exhibiting 
atypical hyperplasia and PIN by 1 month that 
progressed to poorly differentiated adenocarci-
nomas by 2-4 months (Figures 6, 8). Im- 
munostaining of grafts at 1 month revealed 
CK8/18+ luminal cells that were AR negative 
and lack of p63 stained basal cells. Ki-67+ cells 
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Figure 6. Renal grafts of NRP152 and NRP154 sphere-derived stem/progenitor cells recombined with rat UGM. 
NRP152-UGM recombinant cells formed normal prostate gland structures (top) and histology (bottom) at 1 month 
and 2 months. In contrast, renal grafts from NRP154 prostasphere cell recombinants developed epithelial hyper-
plasia, severe atypia, and high-grade PIN at 1 month, and grew to massive grafts that further progressed into poorly 
differentiated adenocarcinoma at 2 months. Bar = 100 µm.

that rapidly progresses to poorly differentiated 
adenocarcinoma with invasive capabilities. As 
such, this approach provides a novel model 
system for interrogating prostate CSC charac-
teristics and propagation of tumor growth in 
vivo, an approach that likely can be applied to 
other PCa cell lines. 

Accumulating evidence from cancer stem cell 
research suggests that a combination of con-
ventional therapies that target bulk tumor cells 
and CSC-targeted therapies may be more effec-
tive in managing progressive cancer and can-
cer recurrence [25-32]. Research progress 
towards this goal for PCa has been limited by 
the availability of appropriate model systems 
for identifying and testing CSC therapeutic effi-
cacy using combined in vitro/in vivo systems 
[33-35]. While some in vitro cancer stem cell 
assays and in vivo PCa animal models have 
been extensively used in the field [35], there is 
no PCa animal model directly derived from 
prostate CSCs. The dual in vitro/in vivo CSC 
model system presented herein provides this 
necessary platform for screening therapeutic 
agents that target prostate CSCs for effectively 
combined treatment protocols for local and 
advanced disease stages, including CRPC. 

were more numerous than observed in the 
NRP152 grafts, indicative of marked prolifera-
tive activity (Figure 7). 

Several grafts were grown for 4 months to 
observe signs of further progression. The 
NRP152-derived grafts maintained their sur-
face glandular structures separate from the 
kidney parenchyma with normal-appearing pr- 
ostate-like tissue (Figure 8). In contrast, malig-
nant progression to poorly differentiated tu- 
mors with invasion into the adjacent kidney 
parenchyma was observed in NRP154-derived 
tumors that in a few instances overtook the kid-
ney structure (Figure 8). The poorly differenti-
ated tumor cells remained p63- and CK8/18+. 

Discussion

Overall, the present results document that tu- 
morigenic NRP154 and nontumorigenic NRP- 
152 rat prostate epithelial cell lines contain a 
rare subpopulation of stem cells that are capa-
ble of reconstituting cancerous and benign tis-
sues, respectively when combined with embry-
onic rat UGM and grafted under the kidney 
capsule in host nude mice. This provides clear 
evidence that prostate CSCs can repopulate 
new tumor growth outside the prostate gland 
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Figure 7. Characterization of renal grafts derived from NRP152 and 
NRP154 cells. Immunostaining of renal grafts shows normal basal (p63) 
and luminal (CK8/18) epithelial cell staining with AR+ in luminal cells of 
NRP152 prostasphere cell generated grafts. NRP154 stem/progenitor cell 
generated cancerous grafts are p63 negative, CK8/18 positive, and AR 
negative. The loss of basal cell markers in NRP154-derived grafts is a hall-
mark of cancer. Ki-67 staining showed moderate proliferation in the benign 
NRP152-derived grafts while there was exaggerated cancer epithelial cell 
proliferation in NRP154-generated tissue. Lack of AR in the cancer cells 
indicates an androgen-independent prostate cancer status. Bar = 50 µm.

Further, this tactic can be utilized with human 
PCa cell lines from different disease stages 
and carrying specific mutations, deletions, or 
transgenes for testing direct applicability to 
patients.

NRP152 and NRP154 cells are two congenic 
cell lines clonally derived from the dorsal-later-
al prostate lobes of two carcinogen-treated 
Lobund/Wistar rats [7]. While both NRP152 
and NRP154 cells were characterized as aneu-
ploid, NRP152 cells are AR+, nontumorigenic, 
and considered premalignant while in contrast, 

NRP154 cells are AR- and 
tumorigenic. In the present 
studies, several oncogenic sig-
naling molecules were exam-
ined to identify a molecular 
basis for the differential tumor-
igenic capabilities. While Pten, 
β-catenin, p-Akt, and e-cad-
herin levels were similar bet- 
ween the two lines, low levels 
of tumor suppressor gene ca- 
veolin-1 and increased activa-
tion of Src were observed in 
NRP154 cells as compared to 
NRP152 cells. Further, gene 
knockdown of caveolin-1 up-
regulated p-Src levels in NRP- 
152 cells resembling a pattern 
found in NRP154 cells. This 
suggests an important role of 
caveolin-1/p-Src signaling in 
driving the oncogenic activity 
of NRP154 cells [17-19]. By 
working with stem cells from 
premalignant NRP152 and ma- 
lignant NRP154 cells in tan-
dem, the model system pre-
sented herein has the poten-
tial for the discovery and test- 
ing of therapeutic targets that 
block CSC proliferation as well 
as preventing the full transfor-
mation of premalignant stem 
cells to CSCs that seed tumor 
growth.

The current study identified a 
small side population of stem-
like cells in both NRP152 and 
NRP154 cell lines using the 
Hoechst exclusion assay whi- 

ch was confirmed by the formation of prosta-
spheres in 3D Matrigel cultures at an efficiency 
similar to stem-like cells observed by FACS. 
Immunostaining of prostate stem cell markers 
CD117 and CD133 further verified the stem/
progenitor cell characteristics of prostasphere 
cells in day 7 cultures [20, 21]. Interestingly,  
different from the 2D cultures where NRP152 
and NRP154 cells exhibit basal and luminal 
phenotypes respectively, prostasphere cells 
derived from both NRP152 and NRP154 st- 
em cells stained positive with basal epithelial 
markers CK5 and p63, but negative for luminal 
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Figure 8. Kidney cross-section, H&E, and immunostaining of renal graft tissue at 4 months. NRP152 prostasphere 
cell-derived graft remained clearly separated from the kidney tissue where the graft was placed. The graft glandular 
structures showed CK8/18+ cells lining lumens and intact laminin-positive basement membranes (left panel). In 
sharp contrast, in NRP154 stem/progenitor cell-derived tumor grafts, the border between the tumor and kidney was 
missing as the cancer began invading into the kidney parenchyma. Kidney cross-sections and H&E staining show 
a tumor tissue invading and destroying the kidney structure. Immunostaining confirms CK8/18+/p63- NRP154 
cancer cell invasion into the kidney tissue (right two panels). Bar = 50 µm.

marker CK8, supporting the plasticity of the 
stem cell populations from which the sphe- 
roids are derived, in particular the CSCs from 
NRP154. Nonetheless, only NRP152 spheroids 
produced progeny that were AR+ while NRP154 
derived spheres remained AR- through extend-
ed in vitro growth for 30 days and in vivo growth 
as renal grafts suggesting a permanent silenc-
ing of the AR gene as indicated by Northern 
blots in the parental cell line [7]. In the original 
studies by the Danielpour lab, the tumorigenic 
ability of NRP154 cells was documented using 
subcutaneous grafts where 3 × 106 cells were 
required to establish a palpable tumor [7]. 
Using 1 × 105 NRP152 cells from 2D cultures 
mixed with UGM, the Cunha lab generated 
prostate structures in a renal graft system [8]. 
In the present studies using enriched stem/pro-
genitor cells from NRP152 or NRP154-derived 
prostaspheres, only 3,000 cells combined with 
UGM were required for robust growth as renal 
grafts, forming normal prostate glandular struc-

tures and tumor tissue respectively, document-
ing the high regenerative ability of the sphe- 
roid-derived stem/progenitor cells. The contin-
ued growth of tumor grafts from NRP154 cells 
for 2-4 months enabled oncogenic progression 
leading to the local invasion of cancer cells into 
kidney tissue, suggesting the establishment of 
a high-aggressiveness tumor model derived 
from NRP154 CSCs. 

In summary, the present studies have estab-
lished a PCa model system that mimics CSC-
propagated tumor growth and invasion. This 
unique CSC-derived model will provide the nec-
essary experimental tools to study prostate 
CSC biomarkers and to screen drugs for poten-
tial CSC-targeted therapies.
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