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Abstract

Prostate cancer (PCa) remains the most prevalent malignancy among males in the western world.
Though hormonal therapies through chemical or surgical castration have been proposed many
years ago, heretofore, such mainstay for the treatment on advanced PCa has not fundamentally
changed. These therapeutic responses are temporary and most cases will eventually undergo PCa
recurrence and metastasis, or even progress to castration-resistant prostate cancer (CRPC) due
to persistent development of drug resistance. Prostate cancer stem cells (PCSCs) are a small
population of cells, which possess unlimited self-renewal capacities, and can regenerate tumor-
igenic progenies, and play an essential role in PCa therapy resistance, metastasis and recurrence.
Nowadays advanced progresses have been made in understanding of PCSC properties, roles of
androgen receptor signaling and ATP-binding cassette sub-family G member 2 (ABCG2), as well as
roles of genomic non-coding microRNAs and key signaling pathways, which have led to the de-
velopment of novel therapies which are active against chemoresistant PCa and CRPC. Based on
these progresses, this review is dedicated to address mechanisms underlying PCa chemo-
resistance, unveil crosstalks among pivotal signaling pathways, explore novel biotherapeutic agents,
and elaborate functional properties and specific roles of chemoresistant PCSCs, which may act as
a promising target for novel therapies against chemoresistant PCa.
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Introduction

Prostate cancer (PCa) is the most prevalent solid
tumor and a leading cause of cancer-related deaths
among males in the United States, with an estimated
238,590 and 233,000 new cases diagnosed in 2013 and
2014 respectively, and 29,720 deaths in 2013 (1, 2).
Also in China, the morbidity and mortality of PCa
have increased dramatically (3). Due to technical im-
provement in screening and diagnostics, early surgi-
cal resection and introduction of novel anti-neoplasm
agents, the incidence of PCa has been declining ap-
proximately 2.4% annually from 2002 to 2011. The
mortality of PCa has dropped 3.3% each year over the
last decade, with elevated overall survival rate from

66% in the 1970s to 99.6% nowadays (2, 4). Unfortu-
nately, after routine treatment for 2-3 years, most pa-
tients will suffer castration-resistant prostate cancer
(CRPC), which, as the lethal form of PCa, is often in-
curable nowadays, and remain the tough challenge in
public health field (5, 6).

PCa cells depend on hormonal stimulation for
proliferation. Androgen receptor (AR) is a nuclear
hormone receptor, the discovery of which has allowed
the identification of a subset of patients who are ex-
tremely sensitive to androgen deprivation therapy
(ADT) (6, 7). However, after treatment for 2-3 years,
most cases will eventually fail ADT, although some
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patients will respond initially to secondary hormonal
manipulations before the unavoidable formation of
CRPC (5-7). Instead of ADT, systemic chemotherapy
with taxanes was applied to CRPC patients with me-
tastasis as the treatment of choice. Mitoxantrone was
the first chemotherapeutic agent approved by the US
Food and Drug Administration (FDA) for CRPC
treatment (8). In the late 1990s, docetaxel was pro-
spectively evaluated in two phase 3 clinical trials. On
this basis, docetaxel administered every 3 weeks with
prednisone was approved as standard front-line
medication for CRPC by FDA in 2004 and the Euro-
pean Medicines Agency (EMA) in 2005 (9-11). Alt-
hough docetaxel prolonged survival of CRPC pa-
tients, the overall benefit was modest, since most pa-
tients would experience disease progression in
around 7 months, followed by adverse effects in-
cluding diarrhea, neutropenia and docetaxel re-
sistance (9). Accordingly, on the premise of under-
standing mechanisms underlying CRPC, there are
mounting demands for exploring alternative chemo-
therapeutic agents, or developing novel targeted
drugs, or combinatorial regimens since then.

Tumor cell heterogeneity has been appreciated
for decades. Like many other cancer types, PCa is
heterogeneous (Fig.1). For example, most early-stage
PCa tissues are mainly composed of cells positive for
prostate-specific antigen (PSA) and AR; whereas ad-
vanced PCa mainly consists of poorly differentiated
or undifferentiated cells which are largely negative for
PSA and AR expression (12-14). To fully dissect het-
erogeneity of tumor cells, the xenograft models with
human cancer cell grafts in mice were established,

@ PSA' cells

¢ ABCG2* (PSA ™) cells
<@ CD44" (PSA™) cells
s CD133" (PSA ) cells

which suggest that cells in many human cancers are
organized hierarchically, and only a small subpopu-
lation is endowed with tumor-initiating and long term
tumor-propagating activities. Such cells possess many
phenotypic and functional properties associated with
normal stem cells and are often termed cancer stem
cells (CSCs), which possess unlimited self-renewal
ability and can regenerate tumorigenic progenies, and
have been demonstrated to play a pivotal role in tu-
mor initiation, progression, metastasis and therapy
resistance (15-17). Although significant progresses
have been made in the field of PCa treatment, mech-
anisms underlying PCa chemoresistance and CRPC
formation are incompletely understood (15).

Consequently, elucidating the phenotypic and
genetic properties as well as molecular regulators of
prostate CSCs (PCSCs) may bring out novel insights
into tracking of cells-or-origin for CRPC and shed
light on CSC-based mechanisms underlying PCa
chemoresistance, thus laying a foundation for devel-
opment of novel therapeutics targeting PCSCs (17,18
). Together, a complex series of molecular events, in-
cluding the activation of aberrant AR, and/or
ATP-binding cassette (ABC) family of membrane
transporters, inactivation of tumor suppressor genes,
evasion of apoptosis, cross-talk among key signaling
pathways and miscellaneous microRNAs, have led to
the development of chemoresistance (19, 20). This
review will summarize roles of AR, ABC sub-family G
member 2 (ABCG2), key signaling pathways, mi-
croRNAs and PCSCs in PCa chemoresistance devel-
opment and discuss novel treatment strategies with
an emphasis on PCSC-targeted therapies.
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Unidentified (PSA ) cells
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relapse
—
CRPC
Tumor shrinkage
Fig. 1 lllustration of hypothetical heterogeneity of prostate cancer cells. After androgen deprivation therapy (ADT), the volume of prostate cancer shrinks, with highly

differentiated PSA* cells dying, during which process, more quiescent PSA/e cells (including miscellaneous subpopulations as indicated) survive ADT and become cells-of-origin

for castration-resistant prostate cancer (CRPC).
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Taxane Chemotherapy and Resistance

Upon the inevitable progression to CRPC with
metastasis, chemotherapy with taxanes has been the
main cure. Taxanes are microtubule-targeted chemo-
therapeutic agents which can stimulate microtubule
depolymerization (21, 22). Based on two landmark
randomized control trials, TAX327 and SWOG 99-16,
docetaxel with prednisone is currently recommended
treatment for CRPC, as optimized by the SWOG 99-16
trial in which docetaxel administered every 3 weeks in
combination with estramustine (an AR antagonist)
was compared with mitoxantrone plus prednisone,
and the TAX327 trial which compared docetaxel plus
prednisone to mitoxantrone with prednisone (9-11).
The median overall survival time in above trials was
17.5 months vs. 15.6 months (p = 0.02) and 19.2
months vs 16.3 months (p = 0.009) respectively,
demonstrating the survival advantage of docetaxel (9,
10). However, the overall benefit was modest. Docet-
axel resistance develops afterwards and disease pro-
gresses in approximately 7.5 months. Many reports
have suggested that multiple factors contribute to the
development of PCa chemoresistance, such as ABCG2
activation, overexpression of P-glycoprotein and
multidrug resistance gene 1, mutational alterations in
the tubulin gene, and inhibition of apoptosis (23, 24).
Since PCa resistance and multidrug resistance genes
have attracted so much attention, this review will be
mainly focused on deciphering of mechanisms un-
derlying CRPC development.

The Role of AR Axis in CRPC

AR is a nuclear hormone receptor consisting of
eight exons which encode four functional domains:
the NH2-terminal domain (NTD), DNA-binding do-
main (DBD), the hinge region and ligand-binding
domain (LBD) (7). The NTD accounts for majority of
AR transcriptional activities, and the LBD binds an-
drogens and transfers AR to the nucleus. The DBD,
composed of two zinc fingers, is critical to DNA
recognition and binding; whereas the hinge domain
regulates the translocation of AR into the nucleus
(25-27). PCa cells depend on androgens for growth
and survival via AR axis, and the roles of AR in
maintenance of prostate tissue lineage, as well as in
PCa initiation and development, are the basis for the
effectiveness of ADT (20, 25). Since Huggins and
Hodges first demonstrated that PCa was hormone
responsive and castration could be used as an effec-
tive therapy for patients in 1941, efforts focusing on
ablating AR signaling have never been halted (28).
Unfortunately, although surgical or chemical castra-
tion is highly effective in shrinking tumor burden
(Fig. 1), decreasing serum PSA levels, and improving

survival rate during initial treatment, PCa recurs after
a median duration of response for 12 - 24 months and
gradually develops into CRPC (29, 30). Previously,
PCa with resistance to hormonal manipulation has
been variously termed hormone refractory/resistant
PCa (HRPC) or endocrine resistant PCa (ERPC), but
now CRPC is used most widely, whose standard
definition includes the following criteria: (i) Serum
levels of testosterone after castration is less than 1.7
nM (with normal level at 10 - 35 nM); (ii) Three con-
secutive rises of PSA, 2 weeks apart, resulting in two
50% increases over the nadir; (iii) Anti-androgen
withdrawal for at least 4 weeks; (iv) PSA progression,
despite secondary hormonal manipulations; (v) Me-
tastasis (31, 32). One of the key characteristics of
CRPC is the ability to survive low level of androgen. It
was noted that CRPC cells still rely on AR signaling,
although the circulating level of testosterone after
castration is less than 1.7 nM (31). Many studies have
suggested that CRPC cells express mutated AR, which
exhibited enhancement in both gene expression level
and functional sensitivity. In clinical settings, AR
amplification, promiscuity, and splice variant
isoforms were more frequently observed in PCa pre-
viously treated with ADT, as compared to primary
PCa without any treatment (7, 33, 34). Therefore, it is
generally believed that most CRPC cases are not truly
hormone refractory, in which AR transcription is ab-
errantly re-activated despite low serum level of an-
drogen after castration (7, 20, 35). On the other hand,
mutations involving the AR gene were found in up to
around 44 % of CRPC cases (36). Heretofore, hundreds
of types of mutations in the AR have been identified,
though 90% are non-sense and mis-sense mutations
(37). AR mutations mainly occur in the LBD and NTD,
with only 7% mutations in the DBD and 2% in the
hinge region. Mutations in the LBD, which were
demonstrated to increase the sensitivity and decrease
the specificity of the ligand binding, are clinically
significant (25, 38, 39). For example, T877A mutation,
the most common point mutation as identified, allows
activation of the receptor by the progestin, estrogen
and hydroxyflutamide, which are anti-androgens (39).
A withdrawal response can be also observed in some
patients with T877A mutation, since discontinuous
administration of anti-androgen bicalutamide could
lead to a PSA decline (40, 41), further suggesting AR
mutations may be the reason underlying acquired
androgen-like agonistic properties exerted by con-
tinuous administration of anti-androgens such as bi-
calutamide.

However, there was also evidence suggesting
CRPC may develop into a genuine andro-
gen-independent tumor which does not express AR,
PSA, or other androgen-regulated genes, but exhibits
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a phenotype of neuroendocrine features (42, 43).
These AR-independent tumors are aggressive and
most patients survive less than 1 year (29, 42). Recent
studies have indicated that AR variants can be in-
duced rapidly in response to ADT, and AR splice
variants (AR-Vs) without LBD have been discovered
(7, 44, 45). These AR-Vs are independent of ligand
stimulation. AR antagonists, which target the LBD,
have no effect on them. For instance, AR-V7, like other
AR-Vs lacking an LBD, was shown to bind DNA
through its nuclear localization and regulate a set of
genes that target mitosis and therefore promote PCa
progression even in the presence of AR antagonists
(38, 45, 46). Given all that, ligand-independent activa-
tion of the AR signaling is a critical mechanism un-
derlying PCa progression and CRPC development.
Accordingly, further investigations are required to
differentiate these distinctive types of CRPC and clar-
ify corresponding underlying mechanisms, which
may involve differential levels of AR amplification,
AR mutation, overexpression of ligand-less AR splice
isoforms and increased AR-independent and survival
signaling (40, 41, 44-46).

ABCG2-Mediated Chemoresistance

ABCG2 is a member of the ABC transporter
family and classified as the second member of the G
subfamily, which was first recognized in a breast
cancer cell line resistant to doxorubicin (47-49). The
protein, known to be overexpressed in many cancer
types, consists of 655 amino acids with six
trans-membrane helices and one nucleotide binding
domain (NBD). ABCG2 is a half-transporter, and thus
requires at least two NBDs to function as an efflux
pump (48, 49). Preferentially localized on the internal
surface of organs involved in drug transport and me-
tabolism, such as the apical surface of enterocytes (50),
the blood-brain barrier (51), the luminal surface of
liver canaliculi and kidney tubules (52), ABCG2 func-
tions as an efflux pump for a wide variety of xenobi-
otics, including many approved therapeutic agents
(53).

Structural and functional studies have provided
valuable insights into the molecular mechanisms of
ABCG2-mediated chemoresistance. Through com-
parison of the cloning of ABCG2 cDNAs between
drug-selected cells and normal cells
(MCF7/AdVp3000 cell lines), functional variations
based on the amino acid substitutions have been
identified. ABCG2 protein in drug-selected cells be-
longs to a mutant form, and distinctive mutation has
been found at amino acid position 482 (54).
MCF7/AdVp3000 cells, highly resistant to both mi-
toxantrone and doxorubicin, have been demonstrated
to express R482T and R482G variants respectively.

Anthracycline resistance and a rhodamine efflux ca-
pacity are also characteristic phenotypes of these two
ABCG2-overexpressing cell lines (54, 55). Subsequent
structural studies using three-dimensional homology
modeling of ABCG2 suggested that the transmem-
brane  domain of ABCG2 functions as
drug-recognition interface (56, 57) and R482 is located
in the central cavity of the protein (54, 58). When it
comes to PCa, the drug efflux activity of ABCG2 can
be influenced by various mutations, which will nec-
essarily  affect the  clinical  efficacy  of
ABCG2-transportable anti-androgens such as bicalu-
tamide (59). Numerous germ-line mutations in the
ABCG2 gene have been found, such as C421A (60-62).
It was hypothesized that PCa patients carrying the
C421A single nucleotide polymorphism may have
decreased survival as compared with those with the
wild-type ABCG2 genotype. The C421A polymor-
phism was also demonstrated to play a crucial role in
the determination of the pharmacokinetics and plas-
ma concentrations of bicalutamide (63). However, in
contrast to C421A, the C34G polymorphism does not
influence the pharmacokinetics of bicalutamide (63,
64). Altogether, primary structural variations of
ABCG2 were thought to associate with its
drug-resistance function, which may be another criti-
cal mechanism underlying PCa resistance to chemo-
therapeutics and ADT.

PCSC Plays a Pivotal Role in CRPC De-
velopment

The existence of a CSC subpopulation was first
proved in leukemia by Bonnet and Dick in 1997 (65).
Since then, CSCs have been identified in a number of
solid tumors, including breast cancer (66), glioblas-
toma multiforme (67) and also PCa (12, 68, 69). Mul-
tiple CSC-based mechanisms may be involved in PCa
chemoresistance, such as drug-efflux pumps, en-
hanced DNA repair efficiency, detoxification enzyme
expression and quiescence. Heretofore, several pop-
ulations of PCSCs have been reported (12, 70). Tang's
group, in terms of PSA expression level, has sorted
bulk PCa cells, which were derived from either in
vitro cell line cultures or human PCa cell line xeno-
grafts ~or  primary PCa  samples, into
PSA-negative/low expressing (PSA~/') and PSA*
subpopulations (12). PSA~/lo cells were shown to ful-
fill all criteria defining PCSCs (70, 71). As compared to
PSA* cells which are highly proliferative contributing
to tumor mass, PSA~/Io cells are relatively quiescent,
remarkably tumorigenic and metastatic. This inter-
nally slow cycling rate of PSA~/1° cells was thought to
provide inherent defense against chemotherapeutic
agents, which are anti-proliferative and only can ef-
fectively target fast dividing PSA* cells (12, 72). Fur-
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thermore, whole-genome transcriptome profiling has
revealed distinct gene expression patterns in PSA~/lo
cells, which could overexpress many genes involved
in anti-stress responses, including detoxifica-
tion-related genes (metallothioneins, GSTT2), hypox-
ia-responsive genes (THBS1, PLAU, APLN), p53 sig-
naling components (ZBTB7A, PSME3), and DNA
damage sensing/repair genes (MSH6, XPA, REV1),
suggesting that the PSA~/lo cells are resistant to not
only ADT and chemotherapeutic agents but also other
stresses including radiotherapy (12, 73). Specifically, a
subset of ALDH*CD44*a2p1* cells from the PSA=/lo
cells were shown to be even more tumorigenic and
could regenerate serially transplantable tumors in
fully castrated hosts (12). Additionally, cytokeratin
(CK) 18 and CK19-negative (CK18-/CK19") cells in
both docetaxel-resistant PCa cell lines and primary as
well as metastatic PCa tissue samples were demon-
strated to survive docetaxel exposure and exhibit ac-
tive chemoresistant ability (69). Another study indi-
cates that the expression level of CD166, a cell surface
marker, is much higher in human CRPC samples (74).
Together, these data suggest that PCSCs, or PCSC
pool which may contain miscellaneous subsets of
chemoresistant cells, may function as cells-of-origin
for CRPC, and mediate, at least partially, the chemo-
resistance of PCa.

Recently, PCSCs derived from human primary
PCa explants were functionally characterized and
analyzed for ABCG2-based drug resistance, which
indicated that PCSC-derived tumorsphere cultures
positive for ABCG2 transporter, CD133, CD44, CK5
and negative for AR and PSA showed a higher clon-
ogenic capacity in soft agar, and a higher survival rate
in the presence of ABCG2 substrate drugs, as com-
pared to control PCa cells (75). Moreover, this high
drug resistance declined dramatically once
PCSC-derived tumorspheres were exposed to a selec-
tive inhibitor of ABCG2, suggesting drug resistance of
PCSCs was attributable, or at least partially, to robust
expression of ABCG2 (75, 76). On the other hand,
certain co-factors are required for ABCG2 to fulfill its
functions. A 44-kDa serine/threonine kinase termed
Pim-1L was found to protect PCa cells from apoptosis
and mediate resistance to chemotherapeutic drugs in
PCa (77). Subsequent studies indicated that Pim-1L
was co-localized with ABCG2 on the plasma mem-
brane, and could induce phosphorylation of ABCG2
at threonine 362. Pim-1L knock-down in chemo-
resistant PCa cells was shown to resensitize resistant
cells to chemotherapeutic drugs. Moreover, the plas-
ma membrane localization and drug-resistant activity
of ABCG2 were compromised by T362A mutation,
suggesting ABCG2 phosphorylation induced by
Pim-1L is essential for ABCG2 functionality (78).

Currently, ABCG2 is also thought to be a CSC
marker. Side population (SP), characterized as a sub-
population of cells with self-renewal activity, tumor-
igenicity and invasiveness, as well as the capability to
express CSC markers and stemness genes, is thought
to function as CSCs in miscellaneous types of cancer.
SP cells can exclude Hoechst 33342 and express the
ABCG2 gene, which was considered responsible for
the Hoechst 33342 dye-efflux activity of SP cells (79).
Kruger et al demonstrated that SP cells from two mu-
rine carcinoma cell lines exhibited upregulation of
ABCG2 and stem cell markers Wnt-1 and Sca-1, in-
creased efflux of chemotherapeutic agents and aug-
mented chemoresistance, and enhanced ability to re-
generate tumors in vivo, as compared to parental cell
lines (80). Also, the presence of ABCG2 expression in
hepatocellular carcinoma cells appeared to be a criti-
cal indicator of self-renewal and differentiation ca-
pacity, since ABCG2* cells could undergo asymmetric
cell division and regenerate both ABCG2* and
ABCG2- cells; whereas ABCG2- cells could only de-
rive cells of the same phenotype, further suggesting
ABCG?2 can be not only the molecular determinant for
the SP cell phenotype but also a universal stem cell
marker (81). ABCG2 expression in the prostate was
found to locate in both the epithelium (82) and endo-
thelium (50, 83). The SP of the prostate has been pre-
viously isolated and characterized as integrin a2*
population which contains a subpopulation of quies-
cent (~12%) cells (84, 85). Immunohistochemical
analysis of both normal and cancerous ABCG2* cells
shows that this subset lacks the protein expression of
AR, which was thought to protect ABCG2* cells in
PCa from ADT (86). Meanwhile, ABCG2* PCSCs were
found to conduct constitutive ABCG2-mediated efflux
of androgen, thus protecting PCa cells from androgen
deprivation to some extent and providing the nidus
for recurrent PCa (86).

Key Signaling Involved in PCSC Devel-
opment and CRPC Formation

Notch signaling is required for embryonic and
postnatal prostatic growth and regeneration after
castration and hormonal replacement as well (87, 88).
In highly metastatic PCa and CRPC, down-regulation
of Notch1 and its ligand Jaggedl was demonstrated to
inhibit PCa development and metastasis and to in-
duce cell apoptosis in vitro, which process was
achieved through inactivation of AKT, mTOR and
NF-xB signaling pathways (89, 90). However, the ex-
tent to which Notch, PI3K/AKT and RAS/MAPK
signaling contribute towards a dynamic equilibrium
remains to be elucidated. Development to CRPC or
chemoresistant PCa is shown to be associated with
elevated expression of PI3K/AKT, RAS/MAPK and
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STAT3 signaling, which are supposed to promote
PCSC self-renewal and tumorigenesis (91). Recently, a
reciprocal feedback loop is found to function between
PI3K/AKT and AR signaling (92, 93). Oncogenic
transformation of the prostate by autonomous
PI3K/AKT signal activation arises in the absence of
epithelial AR expression or when androgen has been
withdrawn (93), confirming that ADT may not be able
to eradicate PCSCs which were noted to display acti-
vated PI3K/AKT signaling and survive in an andro-
gen-independent status. On the other hand, ectopic
expression of h-RAS (T35S) in androgen-dependent
PCa cells (LNCaP) can maintain MAPK signal activa-
tion under serum-free conditions and increase their
tumorigenicity in vivo. Over two thirds of these
RAS-expressing PCa xenografts were resistant to cas-
tration and displayed robust activation of MAPK
signaling after castration (94). Consistently, inducible
expression of dominant-negative h-RAS (S17N) in the
androgen-independent, highly tumorigenic LNCaP
cell line (C4-2) inhibited MAPK signaling and re-
stored androgen sensitivity to these cells, resulting in
tumor regression in surgically castrated mice (95).
Moreover, activation of ERK1/2 is required to medi-
ate RAF-induced AR down-regulation in PCa cells
(96), suggesting RAS/MAPK signaling in PCa ad-
vancement towards CRPC.

Activated STATS3 is found to be closely related
with decreased survival in PCa patients (97), particu-
larly in CRPC patients (98). Elevated serum levels of
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IL-6, an activator of STAT3, were also confirmed in
CRPC and metastatic PCa patients, as compared to
patients with benign counterparts (99-101). In human
PCa cells, androgen-independent Du145 and PC3 cells
exhibit higher STAT3 expression, as compared to an-
drogen-dependent LNCaP cells (102), in which forced
expression of STAT3 could promote andro-
gen-independent PCa growth in castrated mice (103).
CSCs have been demonstrated to secret IL-6, which
could activate STAT3 signaling and induce the for-
mation of a subpopulation of PCSCs from non-stem
PCa cells within the tumor (104, 105). This process
was regarded as a dynamic equilibrium between
CSCs and non-CSCs used to maintain a constant
population of tumor-initiating cells in PCa over suc-
cessive generations or sequential transplantation as-
says (105, 106). Additionally, phosphorylation of
STAT3 on Ser 727, which is thought to boost its tran-
scriptional activity (107), arises in an ERK-dependent
manner (108); whereas ERK1/2 was shown to activate
mTOR complex 1 directly (109) or through inactiva-
tion of tuberous sclerosis factor 2 (110), to promote
RAS-dependent mTOR signaling. Moreover, AKT
could promote activation of B-RAF via phosphoryla-
tion on Ser 445, with ERK1/2 activation requiring
androgen deprivation in androgen-dependent PCa
cells (111). Down-regulation of AR signaling itself is
demonstrated to promote a stemness phenotype and
enhance the tumorigenicity of PCa cells via a STAT3
signal-dependent mechanism (112). Together, AR
down-regulation is shown to pro-
mote activation and subsequent
crosstalk among AKT/PI3K,
RAS/MAPK and STAT3 signaling
pathways to maintain PCSC sub-
population and tumorigenesis, with
elevated expression of these signal-
ings in CRPC (Fig. 2).

Fig. 2 Androgen, RAS/MAPK, PI3K/AKT, Notch
and STATS3 signaling pathways contribute to the
regulatory network of prostate cancer stem cell
chemoresistance and self-renewal. Through binding
with corresponding ligands as indicated, activated
RAS/MAPK, PI3K/AKT, Notch and STAT3 signaling
pathways can promote prostate cancer stem cell (PCSC)
chemoresistance and self-renewal by direct action,
cascade activation or crosstalk activation. On the con-
trary, androgen receptor-mediated signaling plays an
inhibitory role in regulating PCSC chemoresistance.
ERK1/2, extracellular signal-regulated kinase 1/2; PI3K,
phosphatidyl inositol 3-kinase; MEK1/2, dual specificity
mitogen-activated protein kinase kinase 1/2; ph, phos-
phorylation; PIP2, phosphatidyl inositol biphosphate; PIP3,
phosphatidyl inositol triphosphate; PDKI,
3-phosphoinositide-dependent  protein  kinase  1;
mTORCI, mammalian target of rapamycin (mTOR)
complex I; mTORC2: mTOR complex 2; NICD: Notch
intracellular domain; STAT3: signal transducer and
activator of transcription 3; PCSC: prostate cancer stem
cell; PCa: prostate cancer.
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New Therapeutic Strategies: PCSC as a
Promising Therapeutic Target

Comprehension of roles of androgen-mediated
signaling in PCa development led to the eventual ap-
proval of abiraterone acetate and other potent an-
drogen synthesis inhibitors into the clinic. Despite
these advances, the median survival of CRPC patients
is no more than 2 years (29). In this regard, it is nec-
essary to find novel and more effective reagents to
treat chemoresistant PCa. PCSCs, which mediate PCa
chemoresistance and PCa relapse, are therefore taken
into account in future clinical trial design. Recent
studies have proposed some potential approaches in
targeting PCSCs, including blockade of essential
PCSC signaling pathways, disruption of PCSC
self-renewal machinery, and utilization of newly
identified tumor-suppressive microRNAs.

Targeting CSC signaling pathways

Notch and Hedgehog signalings are demon-
strated to be a potential target, since these signaling
pathways play a role in regulating PCSC self-renewal,
proliferation and differentiation (69). Domin-
go-Domenech et al have demonstrated that the
CK18-/CK19- PCa cells are highly resistant to docet-
axel treatment as a result of activation of both
Hedgehog and Notch signaling, and targeting these
two signaling pathways abrogates docetaxel re-
sistance in CK19- cells via inhibition of AKT and Bcl-2
(69). Another work from Dubrovska et al has pro-
vided evidence that PCSCs may also be regulated by
the PTEN/PI3K/AKT pathways, which suggests that
a CD133*/CD44* population of cells enriched in
prostate cancer progenitors possess tumor-initiating
potential and undergo preferential activation of the
PI3K/AKT signaling pathway (113). Consistently,
treatment with PI3K inhibitor LY294002 could reduce
sphere formation of CD133/AC141*CD44* subpopu-
lation derived from Dul45 cells (113); whereas the
dual PI3K/mTOR inhibitor NVP-BEZ235 decreases
CD133/AC141*CD44* cell population in vivo and
partially abolishes tumor formation (113, 114). In
human PCa xenograft models used to mimic clinical
settings, NVP-BEZ235 administered in combination
with chemotherapeutic drug Taxotere is shown to be
more effective than chemotherapy alone in decreasing
human PCSC subpopulation and inhibiting tumor
formation (114), suggesting these studies may hold
promise for treating chemoresistant PCa or CRPC
with combinatorial strategies in regard to blockade of
Notch, PI3K/AKT/mTOR, RAS/ MAPK and/or
STAT3 signalings, which could exert multifaceted
inhibition over PCSC maintenance and propagation,
resulting in a decrease in PCSC burden within PCa

parenchyma via disruption of dynamic conversion
between non-PCSCs and PCSC populations, and
subsequently consecutive self-renewal of PCSCs.

Targeting essential molecules in PCSCs

Evidence has implicated roles of several mole-
cules in regulating PCSC activities. Nanog, a homeo-
domain transcription factor essential for embryonic
stem cell self-renewal and pluripotency, was shown to
play a critical role in positively regulating
PCSC-mediated chemoresistance (115, 116). With
Nanog involvement, molecular oncogenesis can be
considered as a process of spontaneous cellular re-
programming. Unlike engineered reprogramming to
generate induced pluripotent stem cells, aberrant ex-
pression of Nanog could elicit oncogenic reprogram-
ming to facilitate acquisition of tumor -cell-like
adaptability to microenvironmental changes during
tumor initiation and progression (115). Due to the
dediffentiation and plasticity, Nanog-driven cells are
supposed to be intrinsically resistant to chemothera-
peutics and enriched upon clinical treatments. More
specifically, CSCs are noted to express Nanog mRNA
primarily from the NanogP8 locus on chromosome
15q14 (115). NanogP8 mRNA and protein are highly
enriched in many CSC populations such as the CD44*
prostate (115) and breast (117) CSC subpopulations, as
well as CD133* brain (118, 119), prostate (115) and
ovarian (120) CSC subpopulations, which is thought
to be closely associated with worse clinical prognosis
in these malignancies. Also, castration-tolerant PCa
repopulating cells from early passage xenografts have
been demonstrated to highly express NanogP8 (121),
which appears to inversely correlate with AR expres-
sion (115), suggesting a possible mechanism by which
NanogP8 may mediate castration resistance. Con-
sistently, RNA interfere-mediated knockdown of en-
dogenous NanogP8 inhibits PCa development and
sensitizes PCa to ADT by restricting PCSC properties
including sphere formation capability and clonogenic
efficiency (115, 116). By contrast, inducible expression
of NanogP8 is sufficient to confer PCSC properties
and to promote CRPC development by increasing the
frequency of CSCs within cancer parenchyma (116,
122, 123). From a drug development perspective,
these studies suggested that NanogP8 may be a piv-
otal regulatory element in mediating castration re-
sistance, and consequently represent a clinically rele-
vant target for cure of CRPC and late-stage PCa (Fig.
3).

Targeting the microRNAs

Recently, microRNAs have also emerged as crit-
ical regulators of chemoresistant PCSCs. Multiple
microRNAs were identified to be commonly and dif-
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ferentially expressed in miscellaneous PCa
stem/progenitor subpopulations such as ABCG2*,
CD44*, CD133* and integrin a2p1* subpopulations,
among which four microRNAs (miR-34a, let-7b,
miR-106a and miR-141) were under-expressed, and
two microRNAs (miR-301 and miR-452) were
over-expressed as compared to the corresponding
marker-negative subpopulations (124). Moreover, the
expression patterns of miR-34, let-7b, miR-141 and
miR-301 were further confirmed in the CD44* human
primary PCa samples. Subsequent studies demon-
strate that miR-34a, as a direct target of p53, functions
as a potent negative regulator of chemoresistant
PCSCs and PCa growth/metastasis by directly re-
pressing CD44 (125). Similarly, let-7 shows similar
suppressive effects on PCa development. However,
differential mechanisms between let-7 and miR-34a
on the cell cycle were found, with miR-34a mainly
inducing G1 cell cycle arrest followed by cell senes-
cence and let-7 inducing G2/M arrest (124, 125). An-
other tumor-suppressing microRNA identified re-
cently, miR-128, was shown to target stem cell regu-
latory factors including BMI-1, NanogP8 and TGF-f
receptor 1, expressions of which vary inversely with
miR-128 expression in PCSC subpopulations, with
BMI-1 defined as a direct and functionally relevant

target of miR-128 (126). Besides, it was reported that
miR-99b, miR-205, miR-221 were also significantly
down-regulated in PCa (127). However, further evi-
dence is still required to clarify the roles of these 3
microRNAs in regulating chemoresistance and PCSC
properties. Taken together, these studies suggested
that different microRNAs collaboratively regulate
various functional aspects of chemoresistant PCSCs,
laying a scientific foundation for developing mi-
croRNA-based anti-cancer therapeutic methods (Fig.
3). Meanwhile, microRNAs could also be involved in
NanogP8 regulation. The miR-214 was demonstrated
to regulate ovarian cancer stem cell (OCSC) properties
by targeting p53/NanogP8 axis (120). OCSC popula-
tion and self-renewal would be enhanced by enforc-
ing expression of miR-214 and decreased by inhibition
of miR-214. The miR-214 regulates NanogP8 through
p53 which could be directly repressed by miR-214,
and reinforced expression of p53 abrogates
miR-214-induced OCSC properties, suggesting the
critical role of miR-214 in conferring OCSC properties
by regulating the p53-NanogP8 axis (120). However,
whether miR-214 could regulate chemoresistant
PCSCs via p53-NanogP8 axis, and whether miR-214
could be defined as a therapeutic target for CRPC,
remain to be elucidated.
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Fig. 3 Prostate cancer stem cells (PCSCs) are hypothetically considered a novel therapeutic target in prostate cancer (PCa) treatment. Prostate cancer
comprises miscellaneous subpopulations of PCSCs at different stages of differentiation, which do not express androgen receptor (AR) and prostate specific antigen (PSA), but
bear specific markers as indicated. PCSCs can undergo asymmetric cell division (ACD) to duplicate themselves and simultaneously give rise to differentiated PCa cells, which are
PSA*, and exhibit high proliferation rate via symmetric cell division (SCD) and sensitivity to androgen deprivation therapy (ADT). Recent studies have identified several tu-
mor-promoting microRNAs (e.g. miR-301) and specific genes (e.g. NanogP8), as well as tumor-suppressing microRNAs (e.g. miR-128 and miR-34a), which might be taken into

account for future clinical trial design.
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Challenges and prospects in PCSC-targeted
therapy

Although significant progresses have been made
in PCa treatment, mechanisms underlying PCa
chemoresistance and CRPC cell origin are incom-
pletely understood, which partially explains why the
CSC concept has attracted much attention. The ex-
perimental strategies for sorting chemoresistant PCSC
subpopulations and subsequent transplantation as-
says indicate that PCSCs can be a potential therapeu-
tic target. However, the applicability of this approach
is limited, considering some important issues. First,
cell surface markers on PCSCs may be co-expressed
by non-cancer stem cells, and patients with the same
malignancy (say, CRPC) may express different mark-
ers. Second, since most studies about PCSCs are based
on long-term cultured cell lines, xenograft models or
mouse PCa models, the facts concerning whether
human primary PCa harbors chemoresistant
PCSC-like cells are little known. Third, though many
advances have been made, the phenotypic and func-
tional properties of PCSCs are not known clearly, and
a full understanding of the biology of these cells
would be necessary to the development of the more
standardized assays to target them. However, despite
the existence of many limitations, there is no doubt
that the application of PCSC-based studies will help
change the understanding of the essence of cancer and
supply a new way for treatment against chemo-
resistant PCa.

Conclusion Remarks

In clinical settings, current chemotherapeutics
primarily target either differentiated or proliferating
PCa cells, and may not be efficient in eradicating
chemoresistant PCSCs which are relatively undiffer-
entiated and mostly quiescent in cell cycle progres-
sion. Considering that CSCs and non-CSCs were
demonstrated to reciprocally regulate and protect
each other (128, 129), it would be beneficial to syn-
chronously target undifferentiated and chemo-
resistant PCSCs as well as relatively differentiated
non-PCSCs, so as to abrogate heterogeneity and plas-
ticity of PCa cells, since many conventional an-
ti-cancer therapies may actually enrich PCSCs possi-
bly as a result of elimination of proliferative PCa cells
as well as by inducing dedifferentiation or transdif-
ferentiation of non-PCSCs (130, 131). Nowadays, alt-
hough multiple new drugs have been officially ap-
proved, improvement in overall survival rate of
chemoresistant PCa patients remains modest. In ad-
dition to androgen signaling components, multiple
molecular and cellular targets promise to provide the
next generation of advances. The main obstacle is to

screen novel therapeutic agents that can specifically
target chemoresistant PCSCs, which are supposed to
be identifiable by exploring phenotypic traits or ge-
netic signatures. Ultimately, it might be envisioned
that PCSC-targeting therapies can be applied in con-
junction with the current therapeutics to synergisti-
cally prevent PCa chemoresistance and recurrence.
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