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Introduction

Despite enormous basic and clinical research efforts as well 
as progress in modern diagnosis and therapeutical options 
including surgery, radiation and chemotherapy the overall 
survival rates of human cancer barely increased in the last 
decades (1). Still patients die due to the continuous growth 
of metastases that most probably already occurred but were 
not detectable at the time of diagnosis. For a most effective 
cancer therapy it is critical to target the cancer cell sub-
population with the ability for self-renewal, proliferation, 
invasive and metastatic growth. Many tumors contain 
phenotypically and functional heterogeneous cancer 
cells. In the traditional clonal evolution model tumors are 
believed to be homogenous and that all cells are able to 
repopulate and regenerate the tumor by themselves (2).  
Any heterogeneity is achieved by a subset of cells that 
acquire additional mutations after intrinsic (e.g., genetic, 
epigenetic) or extrinsic (e.g., microenvironment) stimuli 
that promote their aggressiveness and metastatic potential 
(3,4). As a consequence most of the currently used 
therapies aim to eliminate as many cancer cells as possible. 
Recently, a new model, arguing that tumors are malignant 
caricatures of normal development with an inherent 
hierarchical organization, presents an explanation for 

cancer heterogeneity (5). Only a small proportion of cells is 
capable of self-renewal and responsible for tumor initiation, 
growth and recurrence, while the majority of cells may be 
non-tumorigenic end cells. In parallel to normal tissues 
where cellular hierarchy is maintained by stem cells, this 
biologically distinct cancer cells have been termed cancer 
stem cells (CSCs, Figure 1). In this review we discuss the 
recent research in the field of CSCs, its limitations and 
therapeutical implications in general and specifically in 
P-Ca.

The history of CSC

The idea of a small subpopulation of cancer cells 
responsible for tumor initiation, hierarchical organization, 
growth and metastases has led to remarkable excitement 
in the field of cancer research, because it is thought to 
be responsible for the clinical observation that nearly all 
tumors are heterogeneous and that relapse often occurs 
in patients considered to be tumor free for many years. 
However, the idea has been around for some time. As 
early as 1855, Virchow postulated in his “embryonal rest 
hypothesis”, based on the histological similarities between 
teratocarcinomas and embryonic tissue, that the former 
originated from the latter (6). In 1937 Furth and Kahn 
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Figure 1 Cancer stem cell hypothesis.
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described the transmission of leukemia in mice using 
only a single cell (7) and in the nineteen-sixties Pierce 
and colleagues demonstrated the clonal origin of mouse 
teratocarcinomas from single transplanted multipotent 
malignant cells (8). In 1997 Bonnet and Dick proved that 
human acute myeloid leukemias follow the CSC model (5). 
Single leukemia cell clones induced leukemia phenotypically 
identical to the parental tumor after transplanting them 
into immuno-deficient (NOD/SCID) mice. Those tumor-
inducing cells revealed the surface markers CD34+/CD38–, 
characteristic of hematopoietic stem cells. Also solid tumor 
entities were described to follow the CSC hypothesis: Al-
Hajj et al. transplanted only a few human breast cancer cells 
resulting in a tumor phenotypically identical to the original 
tumor. The tumor inducing cells (CD44+/CD24-/low) had in 
contrast to the non-tumor inducing cells (CD44–/CD24+) 
the capacity for self-renewal and massive proliferation (9).  
By today CSCs have been identified in many tumors 
including bladder (10), breast (9), brain (11), lung (12), 
prostate (13), ovary (14), colon (15), skin (16), liver (17), and 
other tumors (18).

CSC properties

Typically, CSCs are characterized to exhibit specific features 
similar to normal stem cells (SC): the ability for life-long 
and unlimited self-renewal allowing the maintenance 
of the CSC pool (19). This phenomenon is achieved by 
symmetric cell division into 2 new stem cells with the same 
fate. In contrast asymmetric cell division is thought to give 
rise to a new stem cell and a daughter cell that enters the 
differentiation process, loses multi-lineage potential and 
follows the hierarchical pattern (20). Experimentally, CSCs 
are defined by the ability to induce a phenotypic copy of 
the original tumor after serial transplantation into NOD/
SCID mice (11). For some CSCs, self-preservation strategies 
including the activation of anti-apoptotic pathways, increased 
activity of membrane transporters, active drug efflux and 
enhanced DNA-repair activity has been described (21).  
Moreover the proposed ability of CSC to switch between 
an activated and quiescent state could serve as explanation 
for insufficient cancer therapies and long-term cancer 
recurrence (22), however the cell cycle distribution of most 
CSCs is unknown (23). 

Identification/characterization of CSC

A common strategy for CSC identification is flow-cytometry 

using assumed specific CSC surface markers, e.g., CD44 
or CD 133. However, many of the surface proteins used to 
identify CSCs are also expressed on physiological stem cells 
and/or progenitor cells (9,11,24). Moreover, since extensive 
research goes on discrepancies in marker expression of 
certain CSC entities as well as limited reproducibility has 
been reported, which could be due to differences in sample 
preparation and condition (fresh vs. passaged), dissociation 
techniques or even patient related (25,26). Marker based 
assays, especially single based, possibly enrich, but most 
probably do not isolate CSCs. Alternatively, different CSC 
clones with different marker expressions may coexist within 
primary tumors and/or functional different CSC clones 
might reside within defined cellular compartments (27,28). 
In order to reduce phenotypic variability the separation of 
live cancer cells based on functional measures e.g., signaling 
pathway activation has been demonstrated, however this 
is limited to mouse models with reduced variability using 
an inbred genetic background and targeted mutations (23).  
In label retaining assays all cells are labeled with a 
fluorescent marker which becomes more and more diluted 
with each cell division, therefore leaving the quiescent or 
low-cycling cell subpopulation positive (29). Utilizing the 
property of active efflux of the lipophilic dye (Hoechst 
33342a) using ATP-binding cassette (ABC) transporters 
CSC containing “side populations” can be identified 
(30,31). In contrast to non-tumorigenic cells CSCs are able 
to form colonies from a single cell and have the ability to 
grow as spheres in serum free media (31,32). For genetic 
characterization of CSCs the expression of stemness genes 
as well as transcription factors can be used. Usually OCT4, 
Sox2 and Nanog are analyzed as they are essential for the 
maintenance of pluripotent embryonic stem cells (ESC). 
Other transcriptional factors are Bmi-1 (mediates gene 
silencing via regulation of chromatin structure) or Snail and 
Twist [promote epithelial-mesenchymal transition (EMT) 
(26,33,34)]. Xenograft models are considered to be the gold 
standard in the human CSC assay field. Mostly immuno-
deficient mouse models are used due to the powerful 
xenogeneic immune response that kills most human cells 
before any proliferation. In these models CSCs are defined 
to have the ability to grow as serial transplantable tumors 
and to produce tumors showing the same biological 
heterogeneity as the parental tumor, hypothetically even 
after transplanting a single cell. However, these assays 
have limitations: the presence of species-specific signals, 
immune cells, tumor environment and niches as well as the 
site of injection are known to influence the efficiency of 
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tumor initiation. In some cancers the transplantation into 
highly immune-deficient mice (NOD/SCID/IL-2Rγnull) 
can significantly increase the frequency of tumorigenic cells 
compared to transplantation into NOD/SCID mice, which 
retain an attenuated xenogeneic barrier (23,35). Therefore 
the different used mouse strains, method of tumor 
dissection and implantation influence experimental results 
and complicate the comparison of results. 

CSC plasticity

The CSC concept should not be confused with the cell 
of origin. The cell of origin is the cell type first hit by an 
oncogenic mutation. Up to date the cell of origin for most 
cancers has not been yet precisely identified. CSCs can 
originate from stem cells through mutations that over-activate 
self-renewal mechanisms (36), however, it has also been 
demonstrated that they can arise from more differentiated 
progenitors. These acquire CSC properties by the 
accumulation of genetic and/or epigenetic abnormalities (37).  
Recent studies suggest that stemness may not be a fixed state 
but rather a flexible appearance (38). During the embryonic 
program of the epithelial-mesenchymal transition 
(EMT) cells acquire the ability to migrate, invade and to 
disseminate, which is mediated by transcriptional factors 
including Twist, Slug and Snail. The loss of epithelial 
markers and the gain of mesenchymal markers has been 
observed in epithelial cancer, whereas the overexpression of 
EMT regulators results in an enrichment of cells with CSC 
properties (39). In squamous cell carcinoma it has been 
demonstrated that CSC switch between a preferentially 
migratory or proliferative phenotype (40), leading to the 
theory of the existence of stationary and migratory CSCs 
and to the connection with circulating tumor cells (CTC). 
CTCs can be detected in blood from patients with primary 
and metastatic carcinomas. They are thought to be capable 
of self-seeding back to the original organs, which infers 
increased aggressiveness of the existing tumor or that they 
can settle in other organs such as bone marrow, a point at 
which they are termed disseminated tumor cells (DTC) and 
can serve as a reservoir of tumor cells responsible for future 
recurrence (41). Analogous to CSCs the EMT process is 
thought to be involved as the first step to allow the cells 
to enter circulation. The reverse process, [mesenchymal-
epithelial transition (MET)] is thought to play a fundamental 
role after CTC have settled down in distant organs to 
form metastases in the new microenvironment (42).  
Both, CTCs and CSCs are able to become invasive, exhibit 

an increased level of resistance and stem cell like properties, 
enabling them to initiate metastatic growth (41). Whether 
CTCs and CSCs are entirely different populations is still 
a matter of debate; however EMT seems to be important 
and to link both entities. Another interesting possibility 
for the CSC origin comes from the discovery that the 
process of differentiation is reversible through the four 
transcription factors Klf4, Sox2, Oct4 and c-Myc. This 
so called Yamanaka-factors are highly expressed in ESC 
and their over-expression can induce pluripotency in 
both mouse and human somatic cells (iPSCs), giving 
differentiated cells the possibility to acquire (C)SC 
properties (43). Inspired by iPSC, so called induced cancer 
stem cells (iCSCs) from somatic cells have been established, 
that similar to iPSCs have the potential to undergo self-
renewal, to generate differentiated progenies, and to 
form tumors when transplanted into recipient mice (44).  
The exact relations and shared mechanisms of CSCs, 
CTCs, ESCs and iPSCs are still unknown. However this 
data suggest that CSC most probably display a dynamic 
phenotype giving multiple options for the cell of origin.

CSC regulation

The CSC niche is a highly important regulatory anatomical 
microenvironment. Different cell types as well as a vascular 
network actively regulate CSC fate and plasticity e.g., by 
direct cell contact, matrix contact, extracellular matrix 
(ECM) components, cytokines and growth factors (45,46). 
For human medullblastoma cells it has been demonstrated 
that the CSC are located next to capillaries and the 
transplantation in xenografts with endothelial cells (EC) 
resulted in increased numbers of CSCs, tumor growth and 
production of vascular endothelial growth factor (VEGF) 
compared to transplantation without ECs (47). VEGF 
in turn leads to the production of EC, underscoring the 
bidirectional relationship of the nice and CSC. The ECM is 
essential for anchoring CSC to the niches and probably also 
modulate CSC function. There is an ongoing controversy 
whether the CSC can modify the composition of the ECM 
within the niche. Additionally the niche has a regulative 
role for CSC drug resistance, making it to an attractive 
target for new anti-cancer strategies (48,49). A number of 
different regulatory pathways and proteins orchestrate the 
fine balance of SC and CSC. From the nine main signaling 
pathways involved in embryonic development and cancer, 
seven of them have been implicated in both cancer and 
stem cells. These are: the JAK/STAT pathway, NOTCH 
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signaling pathway, the MAP-Kinase/ERK pathway, 
the PI3K/AKT pathway, the NFkB pathway, the Wnt 
pathway and the TGFβ pathways (50). The dysregulation 
of signaling pathway networks plays an important role in 
enabling CSC to retain stem cell properties, however the 
detailed description is beyond the scope of this review. 

Targeting CSC

Most of currently used anti-cancer therapies aim to kill 
cells in rapid expansion. Considering this from a CSC 
hypothesis point of view the results in a reduction of the 
non-tumorigenic tumor bulk, while the CSCs survive 
and later on may lead to metastasis and finally death. 
Treating leukemia in mice with valproic adic to induce 
growth arrest and apoptosis led to a fast tumor regression 
and prolonged animal survival, however after treatment 
withdrawal the disease recurred as a result of an increased 
self-renewal capacity of the CSCs (51). As mentioned above 
CSC self-preservation strategies include the activation of 
anti-apoptotic pathways, increased activity of membrane 
transporters, active drug efflux and enhanced DNA-repair 
activity. Since all these are potential targets multiple and 
different strategies are currently in the focus of extensive 
research (52). There is emerging evidence that CSCs enter 
quiescence in order to prevent self-renewal exhaustion. 
This would imply to either target the dormant CSC or to 
stimulate them to reenter the cell-cycle for a successful 
eradication. For chronic myeloid leukemia (CML) PML 
and FOXO were identified to be important regulators 
of quiescence. Targeting these genes in a mouse model 
resulted in an increase of CML proliferation and increased 
the sensitivity to the chemotherapeutic treatment with 
Imatinib (53). Therefore the combination of CSC 
stimulation and conventional drugs could be a reasonable 
treatment approach. Specifically aiming on CSC niches is 
an attractive concept as it simultaneously targets multiple 
signaling pathways, EMT and angiogenesis in the CSC 
microenvironment. In mice experiments the use of VEGF-
Inhibitors led to a depletion of tumor blood vessels and 
reduction of medulloblastoma CSC (47). Clinically 
antiangiogenetic agents such as Bevacizumab improved 
outcomes in different cancer entities, especially in the 
combination with chemotherapy (54). Targeting surface 
markers has been demonstrated to successfully eradicate 
CSC, however it bears the risk of side effects as normal 
stem cells that exhibit the same markers are also targeted. 
A number of different regulatory pathways and proteins 

orchestrate the fine balance of SC and CSC. Out of many 
more the Wnt/b-catenin-, Notch-, PI3K/AKT/mTOR-,  
PTEN, and Hedgehog pathways are responsible for the 
maintenance of stemness, self-renewal, differentiation 
and resistance to treatment. Most of them are currently 
explored as targets for CSC eradication (55), for example 
the inhibition of notch signaling substantially reduced 
the CD 133+ brain CSC population in glioblastoma (56). 
However these pathways are highly conserved cell signaling 
systems and blocking them might have significant negative 
side effects. As mentioned above EMT is crucial for tumor 
metastasis. Experimentally EMT can be targeted with 
small RNAs. Micro RNAs are small non-coding RNAs that 
regulate the stability of mRNAs through interaction with 
the 3’ untranslated region of target genes (57). They are 
known to be important regulators for CSC self-renewal, 
differentiation, and tumorigenesis (58). In human breast 
CSC miR-200 inhibits TGF-b induced EMT, resulting in 
an inhibition of clonal expansion and tumor formation (59). 
Moreover one of the predicted target genes of miR-200c is 
Bmi-1, a regulator of self-renewal. In many cancers miR-34  
expression is down regulated. Known targets of miR-34 
are proteins important for apoptosis, cell cycle regulation 
and migration, mechanisms that are involved in CSC self-
renewal and differentiation (60). Specifically one target 
gene is Bcl2, which improves CSC chemoresistance (61). 
Overexpressing miR-34 in pancreatic and gastric cancer 
sensitizes cells to chemotherapy, while tumor growth 
is inhibited (62,63). Moreover miR-34a leads to CSC 
differentiation through interaction with mRNA important 
for Notch1 and Notch2 in glioblastomas. Another currently 
unsolved problem is measuring CSC activity during and 
after treatment as specific markers/models still need to be 
established. However, they would be important for the 
correlation to outcome data in order to evaluate clinical 
efficacy.

The CSC hypothesis in P-Ca

Prostate stem cells (PSC)

The prostate consists of 3 cell types. Basal cells are relatively 
undifferentiated, androgen-independent, cells. They express 
CK 5 and 14, CD44 and p63, but no or only low androgen 
receptors (AR-), PSA and PAP. Secretory luminal, and 
glandular epithelial cells are differentiated cells of the mature 
prostate with androgen-receptor (AR+), PSA, PAP, CK  
8 and 18 expression. The neuroendocrine cells appear to be 



247Translational Andrology and Urology, Vol 2, No 3 September 2013

Transl Androl Urol 2013;2(3):242-253www.amepc.org/tau© Translational Andrology and Urology. All rights reserved.

androgen-independent and fully differentiated cells containing 
chromogranins without expression of AR or PSA (64).  
The existence of physiological stem cells in prostate was 
deduced from the finding that androgen ablation leads to 
involution of the androgen-dependent compartments of 
the prostate, but that subsequent androgen replacement 
results in total reconstitution of the organ. Based on these 
observations, Isaacs and Coffey developed a PSC model (65). 
According to this model, androgen-independent stem cells 
give rise to progenitor cells that are androgen-sensitive, but 
not androgen-dependent, which then, under the influence 
of androgen, differentiate into androgen-de- pendent cells 
of the prostate epithelium. Following Isaacs and Coffey’s 
theory the PSC were thought to reside in the basal cell 
layer, as it remains intact during androgen ablation-caused 
prostate involution.

Prostate CSC

CSCs in P-Ca are not well understood yet. There exists 
conflicting data for putative markers, the cell of origin as 
well as the location of P-Ca stem cells (PCSC) within the 
organ. However, ongoing research in mice and human 
provides convincing evidence that P-Ca follows the 
hierarchical model (66).

Markers used to study PSC and PCSC

Most studies investigating PCSC used established cell 
lines, primary tumors or xenografts in immuno-deficient 
mice (67). Multiple markers for the characterization of 
PSCs and PCSCs have been proposed, including cell 
surface markers, marker of self-renewal, pluripotency and 
markers of resistance to therapy (68). Collins isolated rare 
cells from human primary P-Ca using the combination 
of the surface markers CD44+α2β1integrinhighCD133+ 

that were able to self-renew in vitro (13). Using the same 
combination prostate CSCs were isolated from the cell line 
DU145 (69). Interestingly CD44, a glycoprotein involved 
in cell-cell interactions, cell adhesion and migration, has 
been identified as a marker of stemness of CSC for many 
different organs/cancer (70). Patrawala revealed that CD44+ 
P-Ca cells from xenograft human tumors were enriched in 
tumorigenic and metastatic progenitor cells compared to 
CD44- cells (71). Hurt demonstrated the tumor forming 
ability of CD44+CD24− prostate stem-like cells isolated from 
LNCaP cell line was after the injection of as few as 100 cells 
in NOD/SCID mice (72). Holoclones from the PC3 P-Ca 

cell line were shown to contain cells expressing high levels 
of CD44, α2β1 and β-catenin, and could initiate serially 
transplantable tumors after subcutaneous injection (73).  
CD133 has been identified as CSC marker for a variety 
of malignant tumors (74). In prostate, CD133+ cells 
were demonstrated to be able to possess a high in vitro 
proliferative potential and to reconstitute prostatic-
like acini in immunocompromised male nude mice (24). 
However, recent studies suggest that CD133- cells in certain 
human tumors also possess tumorigenic activity after serial 
transplantation in NOD/SCID mice (74,75). Aldehyde 
dehydrogenase (ALDH1A1) acts in retinoic acid signaling, 
has important function in SC self-protection and high 
ALDH activity was correlated with the stem/progenitor cell 
state (76). For P-Ca it was found to be positively correlated 
with Gleason score and pathologic stage, and inversely 
associated with patient survival (77). In contrast to ALDH− 
cells, ALDH+ P-Ca cells showed CSC-like characteristics 
such as increased self-renewing and colony forming capacity 
and tumorigenicity. In addition, ALDH+ cells revealed an 
increased expression of putative P-Ca stem cell markers 
(CD44 and integrin α2β1) (78). Yu reported conflicting 
data, as they found that ALDHlowCD44- cells were also able 
to develop tumors with longer latency periods, although 
with lower capacity compared to their ALDHhighCD44+ 
counterparts (79). Investigating PSA−/loALDH+CD44+α2β1+ 
phenotypes Qin described these cells to be quiescent and 
refractory to stresses including androgen deprivation. 
The cells expressed stem cell genes, and were able to 
undergo asymmetric cell division generating PSA+ cells. 
Importantly they initiated robust tumor development, 
resisted androgen ablation and harbored highly tumorigenic 
castration-resistant PCa cells. In contrast, the PSA+ PCa 
cells possessed more limited tumor- propagating capacity, 
underwent symmetric division and were sensitive to 
castration (80). Lin-,Sca1+; CD49fhi (LSChi) cells have been 
demonstrated to be useful for isolation of murine stem 
cells. In the Pten-null P-Ca model the LSChi subpopulation 
is sufficient for cancer initiation (81). Addition of CD166 
further enriched sphere-forming activity of WT LSChi 
and Pten null LSChi. Moreover expression of CD166 is 
upregulated in human P-Cas, especially CRPC samples (82). 
Nevertheless, in the Pten null mouse model downregulation 
of CD166 did interfere neither with sphere formation nor 
with progression and metastasis. Identifying the ABCG2 side 
population, which is associated with multidrug resistance, 
in combination with the surface marker CD133+/CD44+/
CD24- have been also reported to increase CSC isolation (83). 
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Another method to possibly identify the clinical relevant 
cell population is the exposure to chemotherapeutic agents 
such as Doxetacel. Using this method in DU145 and 22Rv1 
cells with elevated levels of Notch and Hedgehog signaling 
were identified. Moreover these cells were also detected in 
human primary and metastatic prostate tumors (84). Taking 
another approach, an EMT phenotype with the loss of 
epithelial and gain of mesenchymal markers was described 
in isolated PC3 cells with CSC characteristics. Interestingly 
the cells overexpressed multiple stem cell genes such 
as Nanog, Oct4, and Sox2 (85). Recently Rajasekahr 
demonstrated the ability of a subpopulation of cells (TRA-
1-60+CD151+CD166+) from human prostate xenografts to 
recapitulate the cellular hierarchy of the original tumor (86).  
The variability of the different marker combinations 
suggests  that  CSC may be  more  than a  d i s t inct 
subpopulation and underscores the idea of a dynamic CSC 
phenotype and plasticity.

Castration resistance

Androgen deprivation leads to reduction of the AR+ cell 
bulk of P-Ca (65,87). Castration resistant P-Ca expresses 
stem cell genes within the basal cell layer. The putative 
CD44+α2β1integrinhighCD133+ primary human prostate 
CSC identified by Collins et al. are AR-; they displayed 
a high capacity for self-renewal and differentiation into 
AR+ cells (13). The same was described for CD44+AR- 
tumor initiating cells from prostate xenografts that express 
stemness genes such as Oct3/4 or BMI1, suggesting 
a multi-lineage differentiation capacity (88,89). Lee 
described that P-Ca patients who received ADT had 
increased PCa stem/progenitor cells population. The 
addition of the anti-androgen, Casodex, or AR-siRNA 
in various PCa cells led to increased stem/progenitor 
cells, while in contrast, addition of functional AR led to 
decreased stem/progenitor cells population, but increased 
non-stem/progenitor cell population, suggesting that 
AR functions differentially in PCa stem/progenitor vs. 
non-stem/progenitor ßcells (90). This data propose that 
CSC in could contribute to castration resistance PCa. In 
the BM-18 xenograft model pre-existing stem cell (SC)-
like and neuroendocrine (NE) PC cells are selected by 
castration and survive as totally quiescent and express the 
SC markers aldehyde dehydrogenase 1A1 (ALDH1A1) 
or NANOG, coexpress the luminal markers NKX3-1, 
CK18, and a low level of AR (ARlow), but not basal or NE 
markers (91).

The cell of origin

Stem cell biology and tumor biology are closely related, 
therefore lineage tracing studies in PSC can give insight in 
normal prostate regeneration, tumorigenesis and possibly 
the cell of origin in P-Ca, as this is highly relevant for 
understanding the applicability of a CSC model within 
the disease. According to the traditional model PSC 
reside in the basal layer, are AR- and give rise to AR+ 
luminal cells (92). Fitting into this model, intermediate 
cell types in transition between basal and luminal cells 
have been identified, expressing both basal and luminal 
markers (93). Stem cells in the basal layer are thought 
to be responsible for the regeneration of the prostate 
architecture after androgen ablation, however, this has also 
been demonstrated for a subset of luminal cells castration 
resistance (91,94). Recently, Zhou could show with the use 
of a mouse model for tracking cell fates and a mouse label-
retaining assay that luminal cells are derived from a basal 
lineage and that slowly cycling cells, which may represent 
adult PSC, reside in the basal cell compartment (95). 
However for prostate CSC there is data supporting both, a 
basal and luminal cell of origin. In human PCa some believe 
that luminal cells are the cells of origin since the majority 
of cells in the tumor bulk are luminal and the disease is 
diagnosed based on the absence of basal markers. Moreover 
in human PIN the upregulation of c-MYC and shortening of 
telomere length was described exclusively in luminal but not 
in basal cells. Using a mouse Pten knockout P-Ca model all 
initial hyperplastic cells were luminal (67). Wang identified 
a rare luminal epithelial population with stem cell properties 
during prostate regeneration in mice, which they termed 
CARNs (Castration-resistant Nkx3.1-expressing cells). The 
deletion of Pten in CARNs resulted in high-grade PIN and 
carcinoma, indicating that CARNs are a cell of origin (96).  
The possibility of a human equivalent of CARNs was 
demonstrated by Germann et al. (91).

The CD44+α2β1integrinhighCD133+ CSC identified 
by Collins support the basal cell of origin theory as they 
comprised less than 1% of the tumor mass and were isolated 
from basal cells (13). Also the CD44+CD24− prostate stem-
like cells described by Hurt revealed a basal phenotype (72). 
Cells within the basal fraction from human benign prostate 
tissues were able to regenerate benign prostate tissue in 
immuno-deficient mice. Interestingly the introduction 
of oncogenic alterations in the target cells induced a 
disease that mimics human P-Ca, while infected luminal 
cells failed to form tumors, supporting basal cells as one  
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cell-of-origin for P-Ca (97). The fusion between the 
androgen receptor-regulated gene promoter of TMPRSS2 
and ERG is present in about 50% of human P-Cas (98). 
In addition the TMPRSS2-ERG fusion was described 
to be present in the basal CD44+α2β1integrinhighCD133+ 

prostate CSC (99). Given the complexity and heterogeneity 
of prostate cancer it is likely that the different models 
(especially mouse models) only recapitulate properties of 
specific subtypes of human P-Ca (67). It has been speculated 
that there may also be multiple cells of origin for P-Ca 
in analogy with breast cancer (100). As this might lead to 
individual behavior and treatment response the investigation 
of cells of origin for P-Ca might have important clinical 
implications.

Targeting P-Ca stem cells

Similar to CSC in other cancer entities targeting of prostate 
CSC is subject of intensive research. As described above 
P-Ca patients who received ADT had increased PCa stem/
progenitor cells population. Targeting PCa non-stem/
progenitor cells with AR degradation enhancer ASC-J9® 
(GO-Y025, Dimethylcurcumin) and targeting PCa stem/
progenitor cells with 5-azathioprine (immunosupressor) 
and gamma-tocotrieno (Vitamin E Isomer) resulted in 
significant suppression of the PCa at the castration resistant 
stage in human PCa cell lines and mouse models (90). 
This suggests a combinational therapy that simultaneously 
targets both stem/progenitor and non-stem/progenitor cells 
will lead to better efficacy. Targeting the hedgehog pathway 
Nanta investigated the effects of Erismodegib on human 
prostate CSC’s viability, sphere formation, apoptosis, 
EMT and tumor growth in NOD/SCID mice. The 
inhibition resulted in modulation of proliferation, tumor 
growth, EMT and apoptosis. Erismodegib inhibited CSC 
characteristics and regulation of Bcl-2 family members. 
Inhibition of Bmi-1 was meditated through upregulation 
of miR128 while the inhibition of EMT was regulated by 
induction of the miR-200 family. Targeting the hegdehog 
pathway could be a potential strategy for targeting prostate 
CSC (101).

Yang described a significantly higher expression of 
testicular nuclear receptor 4 (TR4) in PCa CD133+stem/
progenitor cells compared with C133-non-stem/progenitor 
cells. The knockdown of TR4 led to increased drug 
sensitivity to two commonly used chemotherapeutic 
drugs, docetaxel and etoposide, mechanistic through the 
suppression of TR4 in these stem/progenitor cells led 

to down-regulation of Oct4 expression, which, in turn, 
downregulated the IL-1 receptor antagonist (IL1Ra) 
expression, suggesting the possibility of targeting TR4 as 
approach to overcome chemoresistance (102). MicroRNA 
profiling revealed that miR-34a is relatively lower expressed 
in CD44+ prostate CSCs from xenografts and primary 
tumors. The enforced expression of miR-34a in CD44+ cells 
inhibited clonogenic expansion, tumor regeneration and 
metastasis. In contrast miR-34a antagomirs in CD44- cells 
promoted tumor development and metastasis. Interestingly 
CD44 was described as a direct target of miR-34a. 
Therefore miR-34a could serve as therapeutic agent against 
prostate CSC (103). 

Limitation of the CSC hypothesis 

The CSC hypothesis is an attractive concept of cancer 
development and has led to some enthusiasm in the field of 
cancer research. It serves as logical explanation for clinical 
phenomenons such as tumor recurrence even years after 
an initially successful therapy. Most brilliant discoveries are 
simple, but now it appears that the more insight researcher 
gain into CSCs the more complex it gets. There are many 
theoretical and experimental caveats to the CSC model that 
have remained unexplored. For a detailed description we 
suggest the excellent review of Hans Clever and emphasize 
below the most important points (104). The above-
mentioned plasticity of CSCs has yet not been understood 
in detail; however, the stability of the CSC phenotype 
is a precondition for selective targeting and plasticity 
might interfere with therapy. The species barrier as well 
as the transplantation setting limits the validity of the 
commonly used xenograft assays. Importantly, Morrison 
pointed out that the transplantation of any stem cell can 
reveal the potential of the stem cell under the particular 
assay conditions, but it cannot reveal the actual fate of the 
transplanted cell in its original tissue or tumor (23). The 
heterogeneity and inconsistency of the putative stem cell 
surface markers have already been discussed above. Often 
these heterogeneously expressed FACS markers were 
selected for their ability to isolate certain cells and not 
on the basis of a deeper understanding of the underlying 
stem cell biology of the pertinent tissue from which the 
cancer originates. Moreover it has been demonstrated that 
the tumorigenic cell frequencies can sometimes increase 
dramatically as a result of changes in assay conditions. 
Therefore it will be necessary to systematically assess the 
degree to which changes in assay conditions affect the 
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spectrum of cancer cells that can form tumors.

Future perspectives

The exciting ongoing debate about the CSC theory will lead 
to further research elucidating the current controversies and 
open questions. Hopefully this will eventually result in the 
development of novel therapeutic strategies.
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