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Multi-drug resistance (MDR)-ATP binding cassette (ABC) transporters, ABCB1, ABCC1, and ABCG2 par-
ticipate in the efflux of steroid hormones, estrogens, and androgens, which regulate prostate development and
differentiation. The role of MDR-ABC efflux transporters in prostate epithelial proliferation and differentiation
remains unclear. We hypothesized that MDR-ABC transporters regulate prostate differentiation and epithelium
regeneration. Prostate epithelial differentiation was studied using histology, sphere formation assay, and prostate
regeneration induced by cycles of repeated androgen withdrawal and replacement. Embryonic deletion of Abcg2
resulted in a decreased number of luminal cells in the prostate and increased sphere formation efficiency, indi-
cating an imbalance in the prostate epithelial differentiation pattern. Decreased luminal cell number in the Abcg2
null prostate implies reduced differentiation. Enhanced sphere formation efficiency in Abcg2 null prostate cells
implies activation of the stem/progenitor cells. Prostate regeneration was associated with profound activation of
the stem/progenitor cells, indicating the role of Abcg2 in maintaining stem/progenitor cell pool. Since embryonic
deletion of Abcg2 may result in compensation by other ABC transporters, pharmacological inhibition of MDR-
ABC efflux was performed. Pharmacological inhibition of MDR-ABC efflux enhanced prostate epithelial dif-
ferentiation in sphere culture and during prostate regeneration. In conclusion, Abcg2 deletion leads to activation of
the stem/progenitor cells and enhances differentiating divisions; and pharmacological inhibition of MDR-ABC
efflux leads to epithelial differentiation. Our study demonstrates for the first time that MDR-ABC efflux trans-
porter inhibition results in enhanced prostate epithelial cell differentiation.

Introduction

Prenatal and postnatal murine prostate development
has been extensively studied to understand the prostate

epithelial differentiation hierarchy and signaling pathways
involved in the developing prostate [1]. One theory of pros-
tate epithelial differentiation is that basal and luminal cells
differentiate from adult stem cells [2]. Classic androgen
deprivation and regeneration studies demonstrated that adult
stem cells are present in the basal layer of the prostate gland
[3–5]. However, the latest lineage tracing experiments during
murine postnatal prostate development suggest that stem/
progenitor cells are present in both basal and luminal cell
compartments [6–10]. Multi-drug resistance-ATP binding
cassette (MDR-ABC) transporters potentially regulate pros-
tate epithelial differentiation by mediating efflux of steroids
[11,12]. In low-calcium, serum-free media, human prostate

cells expressing stem cell markers CD133 and ABCG2
generate CD133 - /ABCG2- transit amplifying and neuroen-
docrine cells, indicating that CD133 and ABCG2 expressing
cells can differentiate into multiple lineages [13]. Moreover,
transcriptome profiling of human prostate ABCG2 + cells
showed stem cell gene expression pattern [14]. Previous find-
ings from our lab also suggest that the ABC transporter efflux
assay enriches for human prostate stem cells [15].

Studies using MDR-ABC transporter embryonic knock-
out mice do not validate an absolute necessity for specific
ABC transporter in the maintenance of the normal stem cell
compartment, and mice lacking Abcb1 and Abcg2 expres-
sion develop minor defects [16]. Therefore, ABC transporter
genes are not individually responsible for stem cell main-
tenance. Functional redundancy of ABC transporters pos-
sibly diminishes their importance in stem cell maintenance.
However, studies in the Abcg2 knockout mouse model
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indicate a critical role of Abcg2 in the epithelial stem cell
and endothelial compartments during replenishment of in-
jured tissue [17,18].

In contrast to the studies with MDR-ABC transporter
knockout mice, over-expression studies implicate MDR-
ABC transporters with stem cell expansion. For example, in
mouse bone marrow cells, enforced Abcb1 expression leads
to dramatic ex vivo stem cell expansion and myeloprolif-
erative disorder after engraftment [19]. Moreover, enforced
expression of Abcg2 in bone marrow cells causes a reduc-
tion in the mature progeny both in vivo and in vitro [20].
Reduction in the mature progeny in bone marrow indicates
that high expression of MDR-ABC transporters may amplify
stem cells, as in cancer or regeneration after injury. Onco-
genes, such as cMyc cause up-regulation of ABC transporter
expression, leading to drug resistance by effluxing an array
of chemotherapeutic agents [21]. Hence, the super-family of
ABC transporters is well characterized for MDR in cancer
cells. The best-known and studied transporters for MDR in
human cancers are ABCB1, ABCC1, and ABCG2. This study
determines the role of the mouse MDR-ABC transporter
homologues (Abcb1, Abcc1, and Abcg2) in the prostate. The
MDR-ABC transporter inhibitors have been intensively
studied for three decades and have been used in clinical tri-
als to avoid drug resistance in cancer. However, the first-
generation MDR-ABC transporter inhibitors failed in clinical
trials because of toxicities [22]. The third-generation MDR-
ABC transporter inhibitors are more potent, highly specific,
not substrates of MDR-ABC transporters, and in various
stages of clinical trials [22].

Apart from the function in chemoresistance, MDR-ABC
transporters may play a role in regulating steroid hormone-
mediated differentiation of prostate epithelium. Studies
show that MDR-ABC transporters, ABCB1 and ABCG2 are
involved in steroid efflux, for example, dihydrotestosterone
(DHT) in prostate cell lines [11,12]. Proliferation and dif-
ferentiation of embryonic and adult prostate epithelial cells
are highly dependent on endocrine hormones such as es-
trogens and androgens [1]. In this study, we investigated the
hypothesis that inhibition of MDR-ABC transporter function
impairs the differentiation pattern of prostate epithelium.

In both mouse and human adult prostate glands, the three
main epithelial cell types are cuboidal and secretory luminal
cells, which express cytokeratins (CK) 8 and 18; basal cells
that express CK5, CK14, and p63; and rare neuroendocrine
cells, expressing synaptophysin and chromogranin A. Both
the mouse and human prostates have similar glands and
ducts; however, there are significant differences between the
stromal components. The human prostate has robust fi-
bromuscular stroma, while the mouse prostate has a very
modest stromal component [23]. The mouse dorsolateral
prostate is considered analogous to the human peripheral
zone [23]. However, the mouse ventral prostate does not
have a human homologue. Historically, testosterone action
was studied mainly in rat ventral prostate [24–26]. In this
study, the differentiation pattern of the ventral prostate was
examined, as the ventral prostate epithelium is the least
convoluted (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/scd) and the
defect in epithelial differentiation is prominent in ventral
prostate (Fig. 1B–D). Moreover, the androgen responsive-
ness in terms of apoptotic cell death after androgen depri-

vation is pronounced in the ventral prostate compared with
the dorsolateral prostate [27].

For the purpose of this study, the Abcg2 null mouse
model was used to demonstrate the MDR-ABC transporter
function in prostate epithelial differentiation. Reversan, a
third-generation inhibitor, was used to inhibit MDR-ABC
transporters [22] in wild-type (WT) and Abcg2 null mouse
prostates. Based on previous studies [12,14,15,28], the ab-
sence of Abcg2 was predicted to impair the pattern of
prostate epithelial differentiation, and with inhibition of the
MDR-ABC transporters the differentiation pattern disrup-
tion was more profound.

Materials and Methods

Mice

Abcg2 null mice with exons 3 and 4 deleted were obtained
from Dr. Brian Sorrentino (St. Jude Children’s Research
Hospital, Memphis, TN) [29]. Abcg2 - / - male and female
mice with a mixed background of C57BL/6 and 129/Ola were
bred in the Roswell Park Cancer Institute (RPCI) animal fa-
cility according to an institutional animal care and use com-
mittee (IACUC) approved protocol. WT mice with the
background C57BL/6 were ordered from Taconic Labora-
tories, Hudson, New York and used as controls. Serum tes-
tosterone levels of WT and Abcg2 null mice were determined
by radioimmunoassay at the Animal Health Diagnostic
Center at Cornell University, Ithaca, New York.

Immunohistochemistry

Prostates or spheres were embedded in paraffin. Serial
sections (5mm) were cut on a microtome (Leica Micro-
systems) and mounted on glass slides (Fisherbrand probe
on plus, Fisher Scientific, 22-230-900). Slides were depar-
affinized in xylene, rehydrated through a graded series of
alcohol washes, and equilibrated in phosphate-buffered saline
(PBS). Antigen retrieval was performed in 10 mM citric acid,
pH 6.0 for 30 min in a steamer. Slides were incubated with
appropriate primary antibodies, diluted in PBS with 5% goat
serum (Vector Laboratories, Inc.): 1:50 dilution of mouse
monoclonal anti-p63 clone 4A4 (Santa Cruz; sc-8431); 1:50
dilution of rat monoclonal anti-Abcg2 clone Bxp53 (Abcam;
ab24115), and 1:500 dilution of rabbit polyclonal anti-Ki67
(Leica Biosystems; NCL-Ki67p) for 30 min at 37�C. All
slides were incubated with the appropriate biotinylated sec-
ondary antibody, diluted in PBS with 5% goat serum: 1:1,000
dilution goat anti-mouse IgG (Vector Laboratories, Inc.;
BA9200) or 1:1,000 dilution goat anti-rat IgG (Vector La-
boratories, Inc.; BA4000) or 1:1,000 dilution goat anti-rabbit
IgG (Vector Laboratories, Inc.; BA1000) for 20 min at 37�C.
Immunoreactive antigens were detected using streptavidin
(Vector Laboratories, Inc.; SA5704) and diaminobenzidine
(Life Technologies; D22187).

Immunohistochemistry image analysis

Each ventral prostate specimen immunostained for p63
was scanned using Aperio Imagescope at 40 · magnification.
For each prostate histological section, images were acquired
from 10 to 15 representative sites. The number of luminal
epithelial cells and p63-positive basal epithelial cells was
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quantitated in mouse prostate ducts cross-sections; longitu-
dinal cuts were excluded from analysis. The least convoluted
ducts were selected from the proximal prostate (Supplemen-
tary Fig. S1). In this study, we defined luminal epithelial cells
as p63-negative columnar cells adjacent to the lumen, with
abundant cytoplasm and round nuclei, whereas basal epithe-
lial cells were defined as triangular-shaped p63-positive cells,
with little cytoplasm [30].

Androgen cycling and reversan treatment

Male Abcg2 null mice and C57BL/6 WT mice were ca-
strated at 8–12 weeks of age through a scrotal incision under
isoflurane-anesthesia. For androgen cycling experiments,
castrated mice were subcutaneously implanted with silastic
tubing (Dow Corning; 2415569) packed with 10-mg tes-
tosterone powder (Sigma; T1500) on day 14 postcastration.
Prostate regeneration was analyzed after 7 days of testos-
terone administration. Fourteen days of castration followed
by 7 days of testosterone administration constitute one cycle
of regression and regeneration. Ventral prostates were ex-
amined after one cycle and five cycles of castration and
testosterone replacement for changes in the basal and lu-
minal cell compartments. Ventral prostates were micro-
dissected and collected for immunohistochemistry analysis
or digested for sphere formation analysis. Animals in the
reversan treatment group were treated with 10 mg/kg re-
versan in DMSO (Corning; 25-950-CQC), injected once a
day, intraperitoneally for 5 days, starting at the time of
testosterone replacement. Animals in the control group were
treated with DMSO. Mice were sacrificed at 6 h after the last
reversan injection. Ventral prostates were micro-dissected
and processed for immunohistochemistry.

Sphere formation assay

The sphere formation assay was performed according to a
published protocol [31]. Briefly, ventral prostates were di-
gested using 1 mg/mL of collagenase (Life Technologies;
17100-017) at 37�C for 3 h, while shaking at 120 rpm. Prostate
cells were resuspended in PrEGM media (Lonza; CC-3166). 1–
5 · 105 cells were added to each well of 24-well ultra-low at-
tachment plates (Corning; 3473). The cells were uniformly
distributed along the rim of the well by rotating the plate.
Matrigel (60mL) (BD Biosciences; 354,234) was added and
mixed with the cell suspension. Matrigel was allowed to so-
lidify at 37�C for 30 min and then covered with 800mL of
PrEGM media. The spheres were grown at 37�C at 5% CO2

levels. For the reversan treatment experiments, spheres were
treated with either 1 or 5mM reversan (Sigma; SML0173) or
DMSO (Corning; 25-950-CQC) as a vehicle control for 10–14
days. Abcg2 was inhibited in the sphere culture with 5mM
Ko143 (Sigma; K2144). The media was changed every 3 days.
Spheres were counted after 7–14 days. Images of spheres were
captured using an Olympus inverted microscope attached with
a SPOT, RT Slider, Diagnostic Instruments camera. Size
measurements were performed using SPOT basic software.

Immunofluorescence microscopy for spheres

Spheres were collected after 7 and 14 days by centrifu-
gation and mixed with 20 mL of histogel (Thermo Scientific;
HG-400-012). Histogel was allowed to solidify and was

embedded in paraffin. Serial sections were cut as described
earlier. Slides were deparaffinized in xylene, rehydrated
through a graded series of alcohol washes, and equilibrated
in PBS. Slides were permeabilized using 0.1% Triton X-100
in PBS for 45 min at room temperature and blocked with 2%
bovine serum albumin (BSA) in PBS for 1 h at room tem-
perature. All slides were incubated at room temperature for
1 h with appropriate primary antibodies: 1:1,000 dilution of
rabbit polyclonal anti-CK5 (Covance; PRB-160P-100),
1:1,000 dilution of mouse monoclonal anti-CK8, clone 1E8
(Covance; MMS-1602P-250), and 1:1,000 dilution of mouse
monoclonal anti-p63 clone 4A4 (Santa Cruz; sc-8431). After
washing slides with PBS thrice, all slides were incubated for
1 h at room temperature with appropriate secondary antibody
in 2% BSA in PBS: 1:1,000 dilution of Alexa Fluor 488
donkey anti-rabbit IgG (Life Technologies; A21206), 1:1,000
dilution of Alexa Fluor 594 goat anti-mouse IgG (Life
Technologies; A11005). Slides were then washed thrice with
PBS, mounted using Vectashield with DAPI (Vector La-
boratories, Inc.; H1200), and covered with coverslips.

mRNA extraction and quantitative reverse
transcription-PCR

Spheres were lysed using 1 mL of Trizol (Ambion; 15596-
026) by sonication. RNA was isolated according to the man-
ufacturer’s instructions. RNA was quantitated using Nanodrop
8000 (Thermo Scientific). RNA (100–500 ng) was reverse
transcribed using a first-strand cDNA synthesis kit (Invitrogen;
18080-051). SyberGreen (Applied Biosystems; 4309155)
chemistry was used for quantitative reverse transcription-PCR
(qRT-PCR). The following primers were used: CK5 for-
ward primer: 5¢-ACCTTCGAA ACACCAAGCAC-3¢, CK5
reverse primer: 5¢-TTGGCACA CTGCTTCTTGAC-3¢, CK8
forward primer: 5¢-ATCGAGA TCACCACCTACCG-3¢,
CK8 reverse primer: 5¢-TGAAGC CAGGGCTAGTGAGT-3¢,
p63 forward primer: 5¢-GAAGG CAGATGAAGACAGCA-
3¢, p63 reverse primer: 5¢-GGAA GTCATCTGGATTCCGT-
3¢, GAPDH forward primer: 5¢-GGGTGTGAACCACGAG
AAAT-3¢, GAPDH reverse primer: 5¢-ACACATTGGGGG
TAGGAACA-3¢. For qRT-PCR analysis, 7300 real-time PCR
system (Applied Biosystems) was used. Each reaction was
performed in triplicate. The expression of CK5, CK8, and p63
mRNA was normalized to endogenous GAPDH mRNA lev-
els. The fold change in mRNA expression levels of spheres
generated by WT and Abcg2 null prostate cells was normal-
ized to spheres generated by WT prostate cells at day 10. In the
case of reversan and Ko143 treatments, the mRNA expression
levels of inhibitor-treated spheres were normalized to mRNA
expression levels of spheres generated from WT prostate cells
at day 10 treated with vehicle control.

Side population assay

The side population assay was performed using 1 · 106

cells/mL of HANKS (Life Technologies, Gibco; 14025-076)
buffer with 1% fetal bovine serum in 15 mL polypropylene
tubes. The cells were preincubated for 15 min with 1mM
reversan (Sigma; SML0173) to inhibit MDR-ABC efflux
pumps. Hoechst-33342 dye (Life Technologies; H1399) at a
final concentration of 5 mg/mL was added to cells that were
preincubated with or without inhibitor and incubated for
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90 min at 37�C, with intermittent vortexing. The cells were
further stained with FITC-conjugated antibodies against the
following lineage markers: CD31 (eBioscience; 11-0311),
CD45 (eBioscience; 11-0451), Ter119 (eBioscience; 11-
5921), PeCy7 conjugated anti-Stem cell antigen (Sca) anti-
body (eBioscience; 25-5981), and APC-Efluor788 conjugated
anti-CD44 antibody (eBioscience; 47-0441). Single-color
controls were used to set compensation. Side population
analysis was performed using BD FACS LSRII, as described
[32,33]. Briefly, UV laser (351 nm) at the power 100 mW was
used. Hoechst fluorescence was analyzed using 450/50 (blue)
and 645 LP (red) filter sets. The debris and clumps of cells
were gated out based on forward scatter and side scatter. The
gate was applied on the side population that was eliminated
with reversan.

Statistics

All graphs were plotted, and statistical analysis was per-
formed using GraphPadPrism software, version 6. P values
for comparisons of two groups were calculated using Stu-
dent’s t test. For comparisons of more than two groups,
P values were calculated using two-way ANOVA with mul-
tiple t tests. The error bars represent standard errors from
the mean.

Results

Luminal cell number is decreased in Abcg2 null
ventral prostate, and androgen cycling normalizes
the Abcg2 null luminal cell compartment

To elucidate the effect of Abcg2 deletion on the prostate
luminal cell compartment, the number and luminal cell
morphology were determined in intact Abcg2 null ventral
prostates compared with WT ventral prostates. Ventral
prostate luminal and basal cells were counted in WT and
Abcg2 null mouse prostate ducts cross-sections. The least
convoluted ducts were selected from the proximal prostate
(Supplementary Fig. S1). The number of p63-negative co-
lumnar luminal cells/perimeter length of ventral prostate
was significantly reduced in Abcg2 null prostates as com-
pared with WT controls (P < 0.001) (Fig. 1A). No profound
alteration was found in basal cell numbers in prostates from

the two genotypes (Fig. 1A). Histologically, in the cross-
sectional plane of the prostate ducts, the luminal cell nuclei
of the Abcg2 null ventral prostate were less tightly packed,
rounder and smaller (Fig. 1C) compared with the luminal
cell nuclei of the WT ventral prostate (Fig. 1B). Moreover,
the luminal cells of Abcg2 null ventral prostate showed
cuboidal morphology, as compared with the tall columnar
structure of the luminal cells of WT ventral prostate (Fig.
1D). Flow cytometry analysis was performed to measure the
number of Lin - ScaHighCD44High basal cells and Lin - ScaLow

CD44Low luminal cells in WT (Fig. 1E) and Abcg2 null
ventral prostates (Fig. 1F). Flow cytometry analysis demon-
strated that 20.7% of cells were Lin - ScaLowCD44Low in
Abcg2 null ventral prostate (Fig. 1F) compared with 33.4% of
cells that were Lin - ScaLowCD44Low in WT controls (Fig.
1E), displaying *13% reduction in Abcg2 null ventral
prostate luminal cells. However, percentages of Lin - ScaHigh

CD44High basal cells did not show a profound difference
(Fig. 1E, F), confirming that the decrease in luminal cells was
not accompanied by an alteration in the number of basal or
stem/progenitor cell population.

Previous findings demonstrated that serum testosterone
levels were reduced when Abcc1 and Abcc4 transporters
were knocked out embryonically [34,35]. Based on these
previous findings, we hypothesized that the reduction in the
luminal cell number is due to altered testosterone levels and/
or homeostasis. Hence, the serum testosterone levels of WT
and Abcg2 null mice were compared. There was no differ-
ence in serum testosterone levels between Abcg2 null mice
as compared with WT mice (P = 0.84) (Fig. 1G). However,
the serum testosterone levels in WT and Abcg2 null mice
were highly variable. To understand the effect of variable
testosterone levels on Abcg2 null prostates, castration and
androgen replacement was performed. Castration and an-
drogen replacement normalizes serum testosterone levels in
WT and Abcg2 null mice. The prostate luminal cell com-
partment was analyzed after castration (regression) and
androgen stimulation (regeneration) (Fig. 1H). The luminal
cells/ventral prostate gland did not show a difference after
regression and regeneration in Abcg2 null mice compared
with WT controls (Fig. 1I), indicating that replacement of
testosterone normalized the testosterone levels in both WT
and Abcg2 null mice and eliminated the difference between

FIG. 1. The differentiation pattern of Abcg2 null mouse ventral prostate is altered. (A) Quantitation of p63 + basal cells
and p63 - luminal cells in WT (n = 3) and Abcg2 null (n = 3) ventral prostate sections immunostained for p63. (P = 0.13,
basal cells; P < 0.001, luminal cells calculated using Student’s t test). Quantitation was performed on images captured from
20 representative sites, 6–7 from each mouse. Each point represents number of cells/perimeter length in arbitrary units of
prostate basement membrane. (B) Immunohistochemistry staining for p63 of cross-sectional plain of a WT prostate duct and
(C) Abcg2 null ventral prostate duct at the age of 10 weeks, bar = 50mm. (D) Magnified areas from (B) and (C) showing tall
columnar luminal cells in WT ventral prostate while cuboidal Abcg2 null luminal cells with less cytoplasm, bar = 50mm. Flow
cytometry analysis of (E) WT (n = 4 pooled ventral prostates) and (F) Abcg2 null (n = 4 pooled ventral prostates) ventral prostate
cells showing Lin - ScahighCD44high basal and Lin - ScalowCD44low luminal cells. The percentages represent the specific cell
population within Lin - cells. (G) Serum testosterone levels of WT (n = 18) and Abcg2 null mice (n = 20) in ng/mL (P = 0.84,
calculated using Student’s t test). (H) Schematic representation of prostate regression and regeneration followed by androgen
deprivation (Cx) and replacement ( + T) for one and five cycles. (I) Quantitation of p63 - luminal cells in WT (n = 3) and Abcg2
null (n = 3) ventral prostate sections immunostained for p63. Quantitation was performed on images captured from 7 to 10
representative prostate ducts, 2–3 ducts from each mouse. Each point represents number of cells/prostate gland (Intact, P < 0.001;
one cycle Cx, P = 0.59, one cycle Cx + T, P = 0.27; 5 cycle Cx, P = 0.1; five cycles Cx + T, P = 0.49; calculated using Student’s t
tests). Flow cytometry analysis of (J) WT (n = 4 pooled ventral prostates) and (K) Abcg2 null (n = 4 pooled ventral prostates)
ventral prostate cells after one cycle of androgen deprivation and replacement (Cx + T) showing Lin - ScahighCD44high basal and
Lin - ScalowCD44low luminal cells. Color images available online at www.liebertpub.com/scd

‰
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the luminal cell numbers/prostate glands. Further analysis of
luminal cells was performed using flow cytometry. Flow
cytometry analysis after one cycle of regression and re-
generation demonstrated *6% difference between Lin -

ScaLowCD44Low luminal cells in Abcg2 null ventral pros-
tates (24.0%) (Fig. 1K) compared with WT controls (30.5%)

(Fig. 1J). The difference between Lin - ScaLowCD44Lowcells
of WT and Abcg2 null ventral prostates decreased from 13%
in intact mouse prostates (33.4% in WT to 20.7% in Abcg2
null) (Fig. 1E, F) to 6% after regeneration (30.5% in WT to
24% in Abcg2 null) (Fig. 1J, K). Thus testosterone re-
placement resulted in considerable normalization in the
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luminal cell compartment. However, the difference between
Lin - ScaHighCD44High basal cells of WT and Abcg2 null
ventral prostates changed from 3% in intact mouse prostates
(10.8% in WT to 13.1% in Abcg2 null) (Fig. 1E, F) to 6%
after regeneration (18.8% in WT to 24.2% in Abcg2 null)
(Fig. 1J, K), suggesting no significant difference in the
number of basal cells in Abcg2 null ventral prostates after
regression and regeneration. These data indicate that an-
drogen cycling normalizes the luminal cell compartment of
Abcg2 null prostate with no significant alteration in the
basal cell compartment, suggesting that the reduced luminal
cell number is a result of altered testosterone homeostasis.

Sphere formation efficiency is highly enhanced
in Abcg2 null prostate cells

Since Abcg2 is expressed in a small fraction of non-
luminal cells in WT mouse prostate (Fig. 2A), the loss of
Abcg2 may have a direct influence on the non-luminal cells.
To understand the significance of Abcg2 loss in the non-
luminal cells, the number of p63 expressing basal cells was
quantified per prostate gland. No difference was observed in
the number of p63 expressing basal cells per prostate gland
in the Abcg2 null ventral prostates after one and five cycles
of regression and regeneration (Fig. 2B). The sphere for-
mation efficiency determines in vitro proliferation and dif-
ferentiation potential of basal and stem/progenitor cells [31].
Although the number of p63 expressing basal cells was not
changed after one and five cycles of regression and regen-
eration (Fig. 2B), a significant increase in the sphere for-
mation efficiency was observed in Abcg2 null ventral
prostate cells compared with WT prostate cells in the intact
group (P < 0.01) (Fig. 2C). Moreover, the increase in sphere
formation efficiency was more profound in Abcg2 null
prostate cells compared with WT prostate cells after one
cycle of regression and regeneration (P < 0.05) (Fig. 2C).
Sphere formation efficiency was tested after five cycles of
regression and regeneration in one experiment. Results from
one representative experiment (circled in Fig. 2C) from in-
tact and one cycle of Cx + T groups were compared with
results from five cycles of Cx + T group (Fig. 2D). Re-
generated Abcg2 null ventral prostates after five cycles of
Cx + T showed approximately eightfold increase in sphere
number/well compared with regenerated WT ventral pros-
tates (P < 0.001) (Fig. 2D). The sphere formation efficiency
decreased approximately fivefold (P < 0.001) in WT and
approximately twofold (P < 0.001) in Abcg2 null prostate
cells after five cycles of regression and regeneration com-
pared with one cycle of regression and regeneration. The
decrease in sphere formation efficiency after five cycles of
regression and regeneration suggests exhaustion of stem/
progenitor cell pool after repeated prostate regression and
regeneration. The decrease in sphere formation efficiency
after five cycles of regression and regeneration in WT
prostate cells was more pronounced than in Abcg2 null
prostate cells. This suggests that enhanced activation of
stem/progenitor cell pool in Abcg2 null prostate was not
accompanied with profound stem cell exhaustion until the
fifth cycle of Cx + T in Abcg2 null prostate.

Since Abcg2 loss resulted in enhanced sphere formation
efficiency, we speculated that pharmacological inhibition of
ABCG2 in WT prostate cells may lead to enhanced sphere

formation efficiency. However, pharmacological inhibition
of ABCG2 with Ko143 resulted in significantly decreased
number of spheres derived from WT ventral prostate cells
(Fig. 2E). A decrease in sphere number after Ko143 treat-
ment in WT prostate cells suggests that enhanced sphere
formation efficiency in Abcg2 null prostate cells was due to
systemic effects of Abcg2 deletion.

We speculated that highly enhanced sphere formation
efficiency after prostate regression and regeneration was a
result of enhanced stem/progenitor cell activation in Abcg2
null ventral prostates compared with WT controls. En-
hanced stem/progenitor cell activation may lead to ex-
haustion of self-renewal and differentiation ability after
repeated regression and regeneration cycles, leading to
impairment of prostate regeneration. Hence, we hypothe-
sized that prostate regeneration may be impaired after re-
peated regression and regeneration cycles. To assess
differences in the regenerative ability between Abcg2 null
and WT mouse prostates; ventral prostate weights were
measured. Regenerated prostates from both WT and Abcg2
null mice showed reduced weights compared with intact
prostates, because exogenous testosterone was given for 1
week. Prostate regeneration to the original intact size re-
quires 2–3 weeks of testosterone treatment. After one cycle
of regression and regeneration, the ventral prostate weights
did not differ in Abcg2 null mice compared with WT mice
(Fig. 2F). However, after five cycles of regression and re-
generation, the ventral prostate weights decreased in Abcg2
null mice compared with WT mice, but change was not
statistically significant (Fig. 2F). Non-significant difference
in ventral prostate weights suggests that regeneration ability
of Abcg2 null prostate cells was unaffected after five cycles
of androgen deprivation and replacement. Hence, enhanced
stem/progenitor cell activation after repeated regression and
regeneration in Abcg2 null prostates was not accompanied
with stem/progenitor cell exhaustion and prostate regener-
ation impairment.

Abcg2 null prostates undergo more differentiating
divisions in sphere culture

Since sphere formation efficiency was significantly higher
in Abcg2 null prostate cells compared with WT prostate
cells, the ability of sphere-forming cells to proliferate and
differentiate was analyzed further. Moreover, basal and
basal stem/progenitor specific role of Abcg2 was studied in
the sphere formation assay. To determine the proliferation
and differentiation characteristics of Abcg2 null prostate
cells, spheres were characterized in terms of size, lumen
formation, labeling of proliferating cells, and expression of
differentiation markers. Abcg2 null prostate cells generated
larger spheres compared with WT controls at day 7 (P < 0.01)
and day 14 (P = 0.06), suggesting increased proliferation and/
or differentiation (Fig. 3A). Heterogeneity in sphere sizes was
observed at day 14 of sphere culture. Spheres were counted by
categorizing them as small ( < 250mm) and large ( > 250mm).
The numbers of both small and large spheres were signifi-
cantly increased in Abcg2 null prostate cells compared with
WT prostate cells ( < 250mm, P < 0.001; > 250mm, P < 0.01)
(Fig. 3B). Sizes of the small spheres did not change; sizes of
the large spheres were significantly increased in Abcg2 null
prostate cells compared with WT prostate cells (P < 0.01)
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FIG. 2. Sphere formation efficiency is augmented in Abcg2 null mouse prostate. (A) Immunohistochemistry staining
using antibody against Abcg2 showing rare Abcg2 expressing cells (arrows) in non-luminal cells, bar = 20mm. (B)
Quantitation of p63 + immunostained basal cells in WT (n = 3) and Abcg2 null (n = 3) ventral prostate sections. Quantitation
was performed on images captured from 10 representative prostate ducts; 3 ducts from each mouse. (Intact, P = 0.26; one
cycle Cx, P = 0.77, one cycle Cx + T, P = 0.80; 5 cycle Cx, P = 0.83; five cycles Cx + T, P = 0.64; calculated using Student’s
t tests) (C) Quantitation of number of spheres formed/2.5 · 105 cells plated (n = 5 experiments; each experiment was
performed by combining four ventral prostates; intact, P < 0.01, one cycle Cx + T, P < 0.05, calculated using Student’s t test).
(D) One representative experiment (circled) from (C) showing sphere formation efficiency in intact (n = 24 wells) and one
cycle of Cx + T (n = 10 wells) (P < 0.001, calculated using Student’s t test). Quantitation of number of spheres/well from one
independent experiment after five cycles of Cx + T, (n = 24 wells) (P < 0.001, calculated using Student’s t test). Comparison
between spheres derived from prostate cells from both the genotypes after five cycles of regression and regeneration
compared with one cycle of regression and regeneration was significantly different using ANOVA (P < 0.001, calculated
using Student’s t test). (E) Sphere formation efficiency of WT prostate cells after pharmacological inhibition of ABCG2
with Ko143, (n = 30 wells) (P < 0.001, calculated using Student’s t test). (F) Ventral prostate weights in grams after five
cycles of regression (Cx) and regeneration ( + T) for intact (n = 5), one cycle (n = 6), 5 cycles (n = 7) (Intact, P = 0.17; one
cycle Cx + T, P = 0.66; five cycle Cx + T, P = 0.066; calculated using Student’s t test). Color images available online at
www.liebertpub.com/scd
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FIG. 3. Sphere formation efficiency is increased with enhanced differentiation in Abcg2 null prostate cells. (A) Sphere sizes in
microns. Spheres generated from Abcg2 null prostate cells were compared with WT controls after 7 (n = 30) and 14 days (n = 30) of
sphere culture. Size measurements of spheres from two separate experiments were combined (7th day, P < 0.01; 14th day, P = 0.06;
calculated using Student’s t test). (B) Sphere counts in two different categories: small ( < 250mm) and large ( > 250mm) (n = 7)
( < 250mm, P < 0.001; > 250mm, P < 0.01 calculated using Student’s t tests). (C) Sizes of spheres from two different categories:
small ( < 250mm) and large ( > 250mm) (large spheres, P < 0.01, calculated using Student’s t tests). (D) Immunohistochemistry
staining using antibody against Ki67 proliferation marker, showing Ki67 expressing brown cells in large spheres generated from WT
and Abcg2 null prostate cells on day 14 of sphere culture. (E) Distribution of 100 spheres categorized as with lumen, without lumen,
and irregular (n = 3 experiments; with lumen, P = 0.4; without lumen, P = 0.4; irregular, P = 0.8, calculated using Student’s t tests).
(F) RNA quantitation of cytokeratin 5 (CK5), CK8, and p63 from spheres derived from WT and Abcg2 null prostate cells on 10th
and 14th day of sphere culture. Each quantitative reverse transcription-PCR (qRT-PCR) was performed in triplicate. Each sample
was normalized to endogenous GAPDH mRNA, and fold changes were calculated by normalizing each sample to mRNA
expression of genes in spheres derived from WT prostate cells at day 10. (G) Immunofluorescence staining of spheres generated
from WT and Abcg2 null prostate cells using antibody against p63 and with DAPI stained nuclei. Scale bars = 50mm. (H)
Immunofluorescence staining of spheres generated from WT and Abcg2 null prostate cells using antibody against CK5 and with
DAPI-stained nuclei. Scale bars = 50mm. Color images available online at www.liebertpub.com/scd
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(Fig. 3C). Hence, we speculated that proliferation was in-
creased in the large spheres derived from Abcg2 null prostate
cells compared with WT spheres having a similar perimeter.
Hence, the labeling of proliferating cells in the large spheres
was assessed using expression of Ki67 proliferation marker in
immunohistochemistry. The large spheres derived from
Abcg2 null prostate cells showed presence of proliferating
cells only at the outer edges similar to large spheres derived
from WT prostate cells (Fig. 3D). The apoptosis marker
Caspase3 was not expressed in spheres derived from either
WT or Abcg2 null prostate cells, suggesting no change in
apoptosis rate (data not shown). At the time of labeling, the
majority of cells may have already undergone multiple dif-
ferentiating divisions, resulting in no detectable difference in
the proliferation pattern of large spheres derived from Abcg2
null prostate cells compared with WT spheres having a sim-
ilar perimeter.

Since spheres derived from Abcg2 null prostate cells did
not display an increase in proliferative cells, progression of
differentiation in sphere culture was examined. Lumen
formation in sphere cultures indicates enhanced differenti-
ation of epithelial cells [36]. At day 7 of sphere culture, a
fraction of spheres show lumen formation while the other
fraction shows solid structure without lumen formation (Fig.
3E). At day 14, all the spheres showed lumen formation and
were not included in these studies. Hence, the spheres on
day 7 were categorized as with lumen, without lumen, and
irregular (Fig. 3E). The differences between spheres from
different categories derived from WT and Abcg2 null ven-
tral prostate cells were not significant (Fig. 3E). These data
indicate that lumen formation in sphere culture was not
affected due to the loss of Abcg2. To understand the pro-
gression of differentiation further, quantitation of mRNA for
lineage markers was performed at day 10 and 14 of sphere
culture. Quantitation of p63 mRNA expression demon-
strated a twofold reduction in Abcg2 null spheres at day 10
compared with WT controls without profound changes in
CK5 and CK8 expression (Fig. 3F). A decrease in p63
mRNA at an earlier time point compared with WT controls
suggests enhanced differentiation toward p63 - cells.
Moreover, at day 14, expression of CK5 and CK8 increased
in both spheres derived from WT and Abcg2 null prostate
cells (Fig. 3F). The increase in CK8 expression at sphere
culture day 14 was *4.5-fold in spheres derived from
Abcg2 null prostate cells compared with WT controls. Thus,
the data indicate that the Abcg2 null prostate cells undergo
more differentiating divisions toward p63 - and CK8 ex-
pressing cells.

Previous studies demonstrate that deletion of genes crit-
ical for prostate epithelial differentiation, for example Lgr4,
resulted in differentiation failure toward p63 - cells in
sphere culture [37]. Hence, immunofluorescence staining
was performed to determine whether spheres derived from
Abcg2 null prostate cells show aberrant differentiation at
day 14 of sphere culture. Spheres derived from WT and
Abcg2 null prostate cells were analyzed using immunoflu-
orescence staining for different lineage markers, for exam-
ple, p63, CK5, and CK8. Localization of CK5 and p63 did
not show detectable differences in the spheres derived from
Abcg2 null prostate cells compared with WT controls (Fig.
3G, H). Expression of p63 was detected in the cells at the
outer edges of spheres derived from Abcg2 null prostate

cells similar to WT controls (Fig. 3G). CK8 expression was
not observed in WT and Abcg2 null spheres at day 14 using
immunofluorescence staining. Previous studies document
inability to detect high CK8 protein expression in spheres
before day 14 [31]. Dual immunofluorescence staining of
p63 and CK5 showed heterogeneity in terms of colocaliza-
tion of p63 and CK5. The majority of spheres derived from
WT and Abcg2 null cells showed expression of p63 in a
small fraction of cells, while CK5 expression was observed
in a large fraction of cells (Supplementary Fig. S2). A
fraction of spheres derived from Abcg2 null prostate cells
showed very rare p63 + cells (Supplementary Fig. S2E–H),
while the other fraction showed a higher number of p63 +

cells (Supplementary Fig. S2I–J). The heterogeneity in co-
localization of p63 and CK5 was higher in spheres derived
from Abcg2 null prostate cells (Supplementary Fig. S2E–J)
than WT controls (Supplementary Fig. S2A–D) mainly due
to higher variability in the sizes and morphologies of
spheres.

Thus, the data indicate that the sphere formation effi-
ciency was increased in the Abcg2 null prostate cells with
higher variability in sizes compared with WT prostate cells,
with no aberrant differentiation pattern. However, the
pooled spheres derived from Abcg2 null prostate cells
showed increased mRNA expression of CK8 and decreased
p63 mRNA expression, suggesting enhanced number of
differentiating divisions.

Decreased sphere formation efficiency
and enhanced differentiation when MDR-ABC
transporters are inhibited

Since the absence of Abcg2 expression resulted in more
differentiating divisions, we speculated that inhibition of
ABCB1 and ABCC1 transporters results in enhanced dif-
ferentiation. First, the mRNA levels of Abcb1a/b and Abcc1
were determined in WT and Abcg2 null prostate Lin -

Scahigh CD44high cells using qRT-PCR. Abcb1a/b and
Abcc1mRNA levels did not show a difference between
Abcg2 null Lin - Sca high CD44 high cells and WT controls
(data not shown). Next, to determine the efflux function of
ABCB1 and ABCC1 transporters in WT ventral prostate
cells, Hoechst efflux was determined using the side popula-
tion assay. Concomitant staining of cells with fluorescent-
conjugated antibodies against lineage markers was per-
formed to distinguish between the lineage-positive (Lin + )
and lineage-negative (Lin - ) side population. In the Lin -

population, 0.5%–0.7% cells had the side population phe-
notype (Lin - side population). In contrast, 1.1%–5.2% of
the Lin + cells had the side population phenotype (Lin + side
population) (Fig. 4A). The Lin - side population of WT
prostate cells contained cells expressing high levels of
prostate basal stem/progenitor markers Sca (56.4%) and
CD44 (35.1%), confirming the efflux ability in the basal
stem/progenitor cells (Fig. 4B). To confirm the requirement
of MDR-ABC transporters in Hoechst efflux, inhibition of
ABCB1 and ABCC1 transporters was performed using 1mM
reversan in WT prostate cells. Reversan at the concentration
used completely eliminated the Lin - side population of WT
ventral prostate (Fig. 4C), suggesting a critical role of MDR-
ABC transporters in maintaining the side population phe-
notype. At the concentration used, reversan inhibited all of
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the MDR-ABC efflux transporters, including ABCG2. Next,
to determine the efflux function of ABCB1 and ABCC1
transporters in Abcg2 null ventral prostate cells, the side
population assay was performed. The Lin - side population
was detected in Abcg2 null prostate cells (Fig. 4D) and was
completely eliminated using 1 mM reversan (Fig. 4E). The
presence of ABCB1 and ABCC1 efflux function in the
Abcg2 null prostate basal stem/progenitor cells (Fig. 4D)
indicates that inhibition of ABCB1 and ABCC1 may mod-
ulate basal and basal stem/progenitor cell function.

Sphere formation efficiency examines proliferation and
differentiation of basal and basal stem/progenitor cells. We
hypothesized that inhibition of MDR-ABC efflux may
modulate sphere formation efficiency. To test the hypothe-
sis, inhibition of MDR-ABC transporters was performed
using 1 and 5 mM reversan in WT and Abcg2 null prostate
cells in the sphere formation assay. Sphere number and
expression of differentiation markers p63, CK5, and CK8
were used to analyze proliferation and differentiation of WT
and Abcg2 null prostate cells. The number of spheres de-
rived from WT prostate cells significantly decreased with
5 mM reversan treatment (P < 0.01) but not when treated
with 1 mM reversan (Fig. 5A). Sphere formation efficiency
in Abcg2 null prostate cells significantly decreased in the
presence of 1 and 5mM reversan (P < 0.001) (Fig. 5A). CK5,
CK8, and p63 differentiation marker expression was ex-
amined in spheres with reversan treatment using qRT-PCR.
Spheres derived from WT prostate cells did not show al-
teration in CK5 and CK8 expression profile, and p63 ex-
pression increased with 1 mM reversan treatment (Fig. 5B).
However, spheres derived from WT prostate cells demon-
strated increased CK5 and CK8 expression after 5 mM re-
versan treatment (Fig. 5B). Spheres derived from Abcg2

null prostate cells demonstrated increased CK5 and CK8
expression with both 1 and 5mM reversan compared with
vehicle control, suggesting differentiation from basal stem/
progenitor to luminal phenotype (Fig. 5B). Expression of
p63 did not change after 1 and 5 mM reversan treatments in
spheres derived from Abcg2 null prostate cells (Fig. 5B).

Since spheres derived from Abcg2 null prostate cells
showed enhanced differentiation after 14 days and reversan
treatment augmented the differentiation further, we hy-
pothesized that ABCG2 inhibition in WT prostate cells
enhances differentiation. We inhibited MDR-ABC trans-
porters with Ko143 and reversan to determine the WT
prostate cell differentiation pattern. Spheres derived from
WT prostate cells showed increased CK8 expression with
Ko143 treatment. However, reversan treatment caused the
highest augmentation in CK8 expression and differentiation
toward luminal phenotype (Fig. 5C). Since reversan treat-
ment caused maximum differentiation in sphere culture, the
consequence of MDR-ABC efflux inhibition was deter-
mined using reversan during prostate regeneration. We hy-
pothesized that Abcg2 null mouse prostates are more
sensitive to MDR-ABC efflux inhibition compared with WT
mouse prostates, because embryonic deletion of Abcg2 may
render Abcg2 null mouse prostates more dependent on
ABCB1/C1. MDR-ABC efflux transporters were pharma-
cologically inhibited using reversan during prostate regen-
eration after androgen deprivation cycle in WT and Abcg2
null mice (Fig. 5D). Ventral prostate luminal and basal cells
were counted in WT and Abcg2 null mouse prostate duct
cross-sections. The least convoluted ducts were selected
from the proximal prostate (Supplementary Fig. S1). Basal
and luminal cells were quantitated in reversan-treated WT
prostates to reversan-treated Abcg2 null prostates to

FIG. 4. Presence of side population in WT and Abcg2 null prostate cells. (A) Lin - side population of WT ventral prostate
is 0.7% of total Lin - cells, while Lin + side population is 5.2% of total Lin - cells in a representative experiment.
Experiment was performed thrice. (B) Population hierarchy statistics generated by BDFACS Diva software showing Scahigh

(56.4%) and CD44high (35.1%) cells in Lin - side population from WT ventral prostate. (C) Elimination of Lin - side
population from WT ventral prostate with 1 mM reversan treatment. (D) Lin - side population in Abcg2 null ventral prostate
cells. (E) Elimination of Abcg2 null Lin - side population with 1mM reversan treatment. Color images available online at
www.liebertpub.com/scd
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determine whether Abcg2 null mouse prostates are more
sensitive to ABCB1/C1 inhibition compared with WT
mouse prostates. Reversan-treated Abcg2 null mice showed
a statistically significant increase in basal as well as in lu-
minal cell numbers/prostate gland compared with reversan-
treated WT mice (Fig. 5E).

Thus, inhibition of MDR-ABC efflux decreased sphere
formation efficiency, indicating a decrease in stem/progen-
itor cell activation. Moreover, increased expression of CK5
and CK8 suggests enhanced epithelial differentiation, with
inhibition of MDR-ABC efflux in sphere culture. In addition,
Abcg2 null mouse prostates showed an increased number of
basal and luminal cells compared with WT mouse prostates,

with inhibition of MDR-ABC efflux during regeneration.
Increased number of basal and luminal cells suggests en-
hanced prostate epithelial differentiation with inhibition of
MDR-ABC efflux.

Discussion

We used the Abcg2 null mouse model and MDR-ABC
transporter inhibition to understand the consequence of in-
hibiting ABCB1, ABCC1, and ABCG2 transporter activity on
prostate epithelial differentiation of the murine prostate. In
the Abcg2 null mouse model, Abcg2 is deleted embryoni-
cally; hence, the role of Abcg2 in the prostate basal and

FIG. 5. Multi-drug resistance-ATP binding cassette (MDR-ABC) efflux inhibition causes decreased sphere formation
efficiency and enhanced differentiation. (A) Number of spheres/well (n = 12) from a representative experiment showing
statistically significant decrease in spheres generated from WT prostate cells and Abcg2 null prostate cells when treated with
1 and 5 mM reversan (P values were calculated using two way ANOVA). (B) Fold changes in mRNA levels quantitated
using qRT-PCR with and without reversan treatment. Each qRT-PCR was performed in triplicate. Each sample was
normalized to endogenous GAPDH mRNA, and fold change was calculated by normalizing each sample to mRNA
expression of genes in spheres derived from WT prostate cells at day 10. (C) Fold changes in mRNA levels quantitated
using qRT-PCR with KO143 and reversan treatment (n = 2 experiments). Each qRT-PCR was performed in triplicate for
each experiment. Each sample was normalized to endogenous GAPDH mRNA, and fold changes were calculated by
normalizing each sample to mRNA expression of genes in spheres derived from WT prostate cells at day 10 (P values were
calculated using two way ANOVA). (D) Schematic representation of reversan treatment experimental strategy during
prostate regeneration. (E) Quantitation of p63 + basal cells and p63 - luminal cells in WT Cx + T + R (n = 3) and Abcg2 null
Cx + T + R (n = 3) ventral prostate sections immunostained for p63. Quantitation was performed on images captured from 10
representative prostate ducts; 3–4 ducts from each mouse (P values calculated using Student’s t test). Color images available
online at www.liebertpub.com/scd
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luminal cell compartments could be due to systemic effects.
Prostate-specific and/or inducible Abcg2 deletion would al-
low examination of Abcg2 function without systemic effects.

The role of Abcg2 in the overall prostate structure
is compensated by Abcb1 and Abcc1

Abcg2 expression is not required for prostate develop-
ment, as the presence of compensatory transporters resulted
in no profound difference in the Abcg2 null mouse prostate
structure. In this study, we demonstrated the presence of the
side population phenotype in the Abcg2 null ventral pros-
tate, supporting the existence of ABCB1 and ABCC1 efflux
function. In the single transporter knockout mouse models,
compensatory effects for the knocked out transporter are
common, since ABCB1, ABCC1, and ABCG2 demonstrate
similar substrate specificity [38]. There is a variation in the
requirement of specific MDR-ABC transporter to maintain
the side population phenotype in different tissues. For ex-
ample, compensatory effects of other transporters do not

appear in Abcg2 null hematopoietic stem cells, since the
side population phenotype and regeneration ability was not
compensated [29]. On the other hand, in Abcg2 null mam-
mary tissue, the side population and the ABCB1 and ABCC1
functional activity increased, suggesting Abcg2 functional
compensation by other MDR-ABC efflux pumps [39]. The
discrepancy in the requirement of different MDR-ABC
transporters to maintain the side population phenotype in
different tissues suggests tissue-specific variation in the
MDR-ABC transporter expression. Studying prostate dif-
ferentiation in Abcb1, Abcc1, Abcg2 triple, or inducible
knockout mice might shed light on the MDR-ABC efflux
function without compensatory effects.

Abcg2 loss activates prostate stem/progenitor
cell niche, leading to increased sphere
formation efficiency

In this study, Abcg2 null prostate cells generate more
spheres compared with the WT prostate cells. Increased

FIG. 6. Model of enhanced differentiation through MDR-ABC efflux transporter inhibition. (A) Cells with active MDR-
ABC efflux transporters are quiescent and have undetectable steroid receptors and differentiation signals. (B) Systemic
Abcg2 deletion/inhibition in stroma and epithelia leads to activation of stem/progenitor cell niche and normal differentiation
toward luminal phenotype. Moreover, after prostate regression and regeneration cycles, Abcg2 deletion leads to enhanced
activation of stem/progenitor cells. Enhanced activation of stem/progenitor niche may be due to oxidative stress induced by
androgen deprivation and the highest accumulation of glutathione and porphyrins. (C) Complete MDR-ABC efflux inhi-
bition in WT prostate cells with either reversan or Ko143 leads to enhanced prostate epithelial differentiation, possibly due
to an increased accumulation of differentiation signals (eg, retinoic acid, hydrocorticosteroid, testosterone, glutathione, and
porphyrins). Activation of steroid receptor signaling and alteration in the redox status may lead to enhanced differentiation.
(D) Complete MDR-ABC efflux inhibition in ABCG2 null prostate cells with reversan leads to enhanced prostate epithelial
differentiation, possibly due to an increased accumulation of differentiation signals (eg, retinoic acid, hydrocorticosteroid,
testosterone, glutathione, and porphyrins). Color images available online at www.liebertpub.com/scd
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sphere formation efficiency may be a collective effect of
stem/progenitor cell activation in the basal cell compart-
ment and reduction in the luminal cell number. After
prostate regression and regeneration the increase in the
sphere formation efficiency was heightened. During an-
drogen-induced prostate regeneration, basal and luminal
cell proliferation occurs similar to the normal cell prolif-
eration pattern observed in the prostate [40]. Hence, en-
hanced sphere formation efficiency in Abcg2 null prostate
cells reveals an alteration in the stem/progenitor cell ho-
meostasis. Enhanced stem/progenitor cell activation in
Abcg2 null prostate is due to systemic effects of Abcg2
loss, since in vitro pharmacological inhibition of ABCG2
with Ko143 decreased the number of spheres. Due to the
systemic effects of Abcg2 loss, we cannot pinpoint the
exact mechanism for stem/progenitor cell activation. We
propose two different possibilities for stem/progenitor cell
activation:

First, stem/progenitor cell activation in Abcg2 null
mouse prostate may be a result of altered tissue microen-
vironment and stem cell niche. Abcg2 is highly expressed
in the WT mouse prostate vasculature (Supplementary
Fig. S3A), and the Lin + side population is reduced in
Abcg2 null mouse prostate compared with WT prostate
(Supplementary Fig. S3B, C). Since stem cell niche in
prostate is highly vascularized [41], Abcg2 expression in
vasculature may play a critical role in the prostate stem
cell niche.

Second, Abcg2 loss may lead to increased intracellular
accumulation of Abcg2 substrates, porphyrins [42–45] and
glutathione [46], in turn, altering the stem cell redox state
[47] and leading to activation of the stem cell niche [48,49].
The cellular redox status is crucial to the balance between
stem/progenitor self-renewal and differentiation in various
tissues [50]. Androgen deprivation causes an increase in
reactive oxygen species and oxidative stress in the prostate
[51], which may strongly activate stem/progenitor cells in
the Abcg2 null prostate. Apart from steroid efflux function,
Abcg2 may have a role in maintaining the redox status of
prostate stem/progenitor cells.

Abcg2 deletion leads to enhanced differentiation
in stem/progenitor cells

Spheres derived from Abcg2 null prostate cells showed
enhanced differentiating divisions compared with WT
controls. An increased CK8 mRNA expression in the
spheres generated by Abcg2 null prostate cells at day 14
compared with WT controls implies enhanced epithelial
differentiation. Moreover, pharmacological inhibition of
ABCG2 with Ko143 increased differentiation marker sig-
nature in spheres derived from WT prostate cells. Luminal
marker expression in sphere culture examines the differ-
entiation potential of basal stem/progenitor cells, which
may not be the case in vivo. The luminal cell compartment
is regenerated from stem/progenitor cells in the luminal
cell compartment, though a very small basal cell fraction
has plasticity to differentiate into luminal cells during re-
generation and in sphere culture [9]. Hence, lineage tracing
of Abcg2 expressing cells would shed light on their in vivo
differentiation potential during prostate development and
regeneration.

Enhanced differentiation with MDR-ABC efflux
inhibition may be multifactorial

The key finding of this study is enhanced luminal dif-
ferentiation when ABCB1, ABCC1, and ABCG2 are in-
hibited in spheres. We show that without MDR-ABC efflux
function, the sphere number decreased in WT and Abcg2
null prostate cells and spheres demonstrated increased epi-
thelial differentiation compared with vehicle-treated con-
trols. The reversan dose required for the sphere number
reduction and increased expression of differentiation
markers in Abcg2 null prostate cells was lower than the
reversan dose required for the same effect in WT prostate
cells, indicating sensitization of Abcg2 null prostate cells for
the MDR-ABC efflux function requirement. The reduction
in the sphere number can be attributed to the loss of cell
proliferation in the sphere-forming cells when MDR-ABC
efflux transporters are inhibited. The model shown in Fig. 6
summarizes our observations. The exact mechanism of en-
hanced differentiation is not yet known. Enhanced differ-
entiation may be a result of an alteration in the intracellular
accumulation of differentiating agents, for example, retinoic
acid and/or hydrocorticosteroid in the PrEGM media.
Moreover, glutathione transport modulation by MDR-ABC
transporters [46,52,53] may change the cell’s redox state,
leading to differentiation [47,48]. The two distinct responses
of sphere-forming cells to inhibition of MDR-ABC efflux
are as follows: (1) Decreased cell proliferation and (2) en-
hanced differentiation may be due to discrepancy in the
expression of MDR-ABC transporters in distinct popula-
tions of sphere-forming cells. During regeneration, inhibi-
tion of MDR-ABC efflux resulted in an increased number of
basal and luminal cells in Abcg2 null mouse prostates
compared with WT mouse prostates, suggesting enhanced
prostate epithelial differentiation. Enhanced prostate epi-
thelial differentiation in Abcg2 null mouse prostates com-
pared with WT mouse prostates indicates sensitization of
Abcg2 null prostate cells for the requirement of MDR-ABC
efflux function. In conclusion, deletion of Abcg2 leads to ex
vivo stem/progenitor cell activation and differentiation and
further inhibition of Abcb1 and Abcc1 leads to enhanced
epithelial differentiation (Fig. 6).

MDR-ABC transporters are potential targets
for differentiation therapy of prostatic diseases

ABCG2 participates in the steroid hormone efflux, for
example, estrogens [54–56], androgens [12]. DHT is an
androgen receptor (AR) ligand. When bound to AR, DHT
causes stabilization, conformational activation, and AR
nuclear localization, leading to target gene activation or
repression and causing cell proliferation or differentiation.
AR signaling is the major therapeutic target in aggressive
prostate cancers and benign prostatic hyperplasia (BPH).
However, targeting AR signaling alone leads to drug resis-
tance and disease recurrence. Hence, targeting multiple
pathways could be a more effective approach. In advanced
prostate cancer, MDR-ABC transporters are highly ex-
pressed [57]. Here, we provide a proof of concept, that
prostate luminal cell differentiation can be augmented by
MDR-ABC transporter blockade. We propose that differ-
entiation therapy [58] through MDR-ABC efflux inhibition
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and subsequent androgen retention in stem/progenitor cells
may improve the efficacy of androgen deprivation therapy
for prostate cancer and BPH.
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