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Metastatic or recurrent tumors are the primary cause of cancer-related death. For prostate cancer, patients diagnosed with local
disease have a 99% 5-year survival rate; however, this 5-year survival rate drops to 28% in patients with metastatic disease. This
dramatic decline in survival has driven interest in discovering new markers able to identify tumors likely to recur and in
developing new methods to prevent metastases from occurring. Biomarker discovery for aggressive tumor cells includes
attempts to identify cancer stem cells (CSCs). CSCs are deﬁned as tumor cells capable of self-renewal and regenerating the
entire tumor heterogeneity. Thus, it is hypothesized that CSCs may drive primary tumor aggressiveness, metastatic colonization,
and therapeutic relapse. The ability to identify these cells in the primary tumor or circulation would provide prognostic
information capable of driving prostate cancer treatment decisions. Further, the ability to target these CSCs could prevent tumor
metastasis and relapse after therapy allowing for prostate cancer to ﬁnally be cured. Here, we will review potential CSC markers
and highlight evidence that describes how cells expressing each marker may drive prostate cancer progression, metastatic
colonization and growth, tumor recurrence, and resistance to treatment.

1. What Is a Cancer Stem Cell?
Cancer stem cells (CSCs) are tumor cells capable of selfrenewal and asymmetric division postulated to drive tumor
growth, metastasis, and therapeutic relapse [1–7]. These cells
may be a subset of or entirely separate from circulating tumor
cells (CTCs), disseminated tumor cells (DTCs), tumorinitiating cells, or tumor progenitor cells [8–11]. It has been
reviewed in depth elsewhere that both CTCs and DTCs
may contain a subpopulation of cells with CSC characteristics, while tumor-initiating or tumor progenitor cells do not
necessarily require self-renewal capacity [6, 12, 13]. CSCs
were originally hypothesized in an attempt to explain tumor
heterogeneity and both metastatic and recurrent tumor
growth. Under this hypothesis, only one or a small number
of CSCs are needed to recapitulate the tumor and its initial
heterogeneity. In addition, multiple studies have demonstrated that these CSCs were more resistant to most

chemotherapeutics and radiation and thus may survive initial
treatment [3, 5, 14]. This survival ability means that these
CSCs could drive recurrence and cancer progression after
therapy and targeting these CSCs would improve cancer
treatment resulting in increasing numbers of cured patients.
A controversy in the ﬁeld surrounds whether or not a
CSC can be considered a true stem cell. Stem cells in normal
adult tissues maintain tissue integrity and are essential for
repair. These normal stem cells are capable of self-renewal
with asymmetric division such that the progenitor cells
required for tissue heterogeneity are produced while maintaining the stem cell population. Depending on the tissue,
some CSCs have the ability to enter the cell cycle; however,
most are found to have a quiescent phenotype and are characterized as a dormant reserve pool of cells for regeneration
[15, 16]. Confusion also arose over whether CSCs had developed from normal stem cells. Current consensus is that CSCs
are not necessarily malignant or transformed normal stem
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cells and can arise from a variety of cell sources [1, 17]. While
CSCs express some genes and cell surface proteins associated
with normal stem cells, their division and ability to diﬀerentiate are signiﬁcantly diﬀerent [6, 18]. This diﬀerence was
highlighted in a study suggesting that CSCs had the ability
to reconstitute and self-renew diﬀerentiated carcinoma [19].
To further demonstrate pluripotency, self-renewal capacity
is measured by clonogenic assays and serial in vivo tumor initiation or limiting dilution experiments are designed to
examine whether a population could regenerate an entire
tumor and thus be considered a CSC [2, 4, 12, 15]. In order
to diﬀerentiate tumor-initiating cells from CSCs, repeated
tumor-initiating xenografts are required [9, 15]. Additional
studies for self-renewal examine the formation of prostaspheres, which represent three-dimensional tumor progenitor structures [7]. In concert, expression of the stem cell
markers Oct3/4, Sox2, Klf4, Nanog, and c-Myc in CSCs are
often used to examine stemness [20–22]. Several of these
stem cell markers were upregulated in prostate cancer when
compared to prostatitis or benign hyperplasia [23]. The stemness gene markers, Sox2 and Nanog in particular, may be
considered markers of CSCs on their own; however, for the
purposes of this review, they are part of the stemness gene
expression proﬁle that is used to identify potential stem-like
cells that may comprise a CSC population if proven capable
of serial tumor initiation.

2. A Multitude of Markers
A variety of markers are postulated to identify prostate CSCs;
however, the clinical signiﬁcance of these markers remains
largely unproven (Table 1). In part, the high number of proposed markers for CSCs is due to the heterogeneity of prostate tumors [24] and additional research is need to parse
out the cellular origin of the CSCs. A majority of the proposed CSC markers are cell surface proteins, which have
the added beneﬁt of being able to separate out and enrich
the CSC population; however, a number of intracellular proteins have also been postulated to function as CSC markers
(Table 1) [18]. Initial CSC marker identiﬁcation was largely
based upon immunohistochemistry of primary and metastatic tumors. For example, Trop2, CD133, and α2β1 integrin
positive cells were increased in prostate cancer containing
Gleason grade 4 regions compared with benign tissue and
localized in the epithelium as single cells or small clusters,
which may represent CSC niches [25]. In addition to localization within tissues, individual CSCs were identiﬁed by separating out cell populations from dissociated primary tumors
or cancer cell lines as well as by examining markers on cells
displaying stem-like phenotypes. A limitation of the ﬁeld
has been the reliance on prostate cancer cell lines in the identiﬁcation of CSC markers especially for those involved in
metastasis and in therapeutic resistance. Thus, additional
research is needed using patient-derived metastatic and resistant tumors. Due to the diﬃculty of obtaining metastatic or
recurrent biopsies, multiple studies have focused on the ability to isolate and quantify CSCs in a “liquid biopsy” using the
whole blood of patients. This test would be less invasive and
could provide more prognostic information [26, 27]. CSCs
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enriched from patient whole blood would be representative
of a CTC subpopulation but may still miss the CSCs developing in the metastatic niche or after therapy. In general, a great
deal of research is needed to truly deﬁne the markers of prostate CSCs involved in all steps of human disease progression.
While single markers are often used, multiple markers
could create a signature capable of reliably isolating and
quantifying CSCs. For example, CD133+ CD44+ ABCG2+
CD24− cells were concentrated in spheroids derived from
medium-scored (5-6) Gleason patient biopsies, when surgical
intervention is most eﬀective [28], whereas EZH2+ E-cadherin+ cells in primary tumors were associated with disease
recurrence based on tissue microarrays from 259 patients
with clinically localized prostate cancer [29]. Additionally,
ALDHhi CD44+ α2β+1 cells increased with castration resistance in mice implanted with prostate cancer cell line xenografts and, when isolated from patients, displayed potential
self-renewal capacity based on colony and spheroid forma+
tion [30]. In fact, CD44+ α2βhi
1 CD133 cells isolated from
40 patients did not correlate with Gleason scores, but were
capable of self-renewal, as shown by second generation colony formation, displayed a basal phenotype, and were predicted to be CSCs [31]. Unfortunately, the use of multiple
markers greatly decreases the numbers of cells isolated from
prostate cancer patients making additional characterization
more diﬃcult. As new methods to reliably propagate CSCs
are discovered, the use of multiple markers to study CSCs will
become more viable. Despite these diﬃculties in identiﬁcation and culture, the ongoing interest in CSCs is driven by
their potential roles in tumor progression, metastasis, and
lack of response to therapy. In this review, we examine potential prostate CSC markers with functional relevance linked to
cancer progression, metastatic colonization and growth,
recurrence, or therapeutic resistance.

3. Cancer Stem Cells Drive Prostate Cancer
Progression
CSCs may make up <1% of the primary tumor and yet are
postulated to drive continued tumor progression in the face
of hypoxia and other assaults [4, 5]. In response to hypoxia,
nutrient deﬁciency, and oxidative stress, CSCs displayed
altered gene expression allowing them to become more
mobile, invasive, and resistant to additional stress. In order
to invade locally and then metastasize, CSCs are predicted
to have undergone epithelial-mesenchymal transition
(EMT) and the transition to mesenchymal marker expression
is often one measurement of prostate cancer progression.
Markers for EMT include increased N-cadherin and vimentin, in addition to decreased E-cadherin, epithelial cell adhesion molecule (EpCAM), and other epithelial cell markers,
which includes both cytokeratins and zonula occludens-1.
These changes during EMT and in response to stressors
greatly alter the surface and intracellular proteins that may
be expressed by CSCs. When these migrating CSCs have
entered the patient circulation, they are referred to as circulating tumor cells (CTCs). A subset of the CTCs, which
survive through the circulation, may become metastatic cells.
While EpCAM is regularly utilized to detect cancer cells in
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Table 1: Reported markers for prostate cancer stem cells.
Marker name
Extracellular
markers

CD117/c-kit

CD133

Eﬀects

α2β1 integrin

α6 integrin

CXCR4

E-cadherin

EpCAM

Cytokeratin 5

PSAlo

ABCG2
Trop2

Marker name
AR variant 7

Tumor progression
Metastatic colonization and
growth
Recurrence and therapeutic
resistance
Tumor progression
Self-renewal capacity
Stemness gene expression
Tumor progression
Self-renewal capacity

CD44

References

Table 1: Continued.

[37]
[60, 61]
[37]
[25, 95, 96]
[31, 95, 97, 98]
[23, 99]
[96, 100]
[30, 31, 40, 41, 97,
101]
[41, 99]

Stemness gene expression
Metastatic colonization and
[102]
growth
Tumor progression
[25, 50, 63]
Self-renewal capacity
[30, 31]
Recurrence and therapeutic
[63]
resistance
Tumor progression
[63]
Self-renewal capacity
[101, 103]
Recurrence and therapeutic
[63]
resistance
Tumor progression
[88, 104]
Self-renewal capacity
[70]
Metastatic colonization and
[58, 62]
growth
Recurrence and therapeutic
[62, 70]
resistance
Stemness gene expression
[20, 36]
Metastatic colonization and
[65]
growth
Therapeutic resistance
[29]
Tumor progression
[33, 59, 71]
Metastatic colonization and
[59, 90]
growth
Recurrence and therapeutic
[33, 71, 72]
resistance
Tumor progression
[67]
Self-renewal capacity
[103]
Tumor progression
[38]
Self-renewal capacity
[38]
Stemness gene expression
[38]
Recurrence and therapeutic
[100]
resistance
Recurrence and therapeutic
[49, 73, 75]
resistance
Tumor progression
[25, 105]
Self-renewal capacity
[91, 92, 101, 103]

CD166/
ALCAM

Eﬀects
Recurrence and therapeutic
resistance
Tumor progression
Self-renewal capacity
Recurrence and therapeutic
resistance

References
[79, 81, 82]
[39, 106]
[39]
[39]

Intracellular
markers
Tumor progression
ALDH1

TG2

EZH2

Self-renewal capacity
Stemness gene expression
Recurrence and therapeutic
resistance
Tumor progression
Recurrence and therapeutic
resistance
Tumor progression
Stemness gene expression
Metastatic colonization and
growth
Recurrence and therapeutic
resistance

[47, 48, 51, 100,
107]
[30, 47, 107]
[49]
[47, 49, 100]
[77]
[77, 78]
[50, 96]
[108]
[51, 68]
[29, 50, 69]

EZH2: enhancer of zeste homolog 2; ALDH1: aldehyde dehydrogenase 1;
ABCG2: ATP-binding cassette G2; PSA: prostate-speciﬁc antigen; TG2:
transglutaminase 2. Self-renewal capacity includes sphere formation,
colony formation, clonogenic assays, and limiting dilution assays. Stemness
gene expression includes Sox2, Oct3/4, Nanog, c-myc, and/or Klf4.

the circulation of prostate cancer patients, the requirement of
cells to undergo EMT prior to metastasis suggested that neither EpCAM nor E-cadherin would be expressed on CSCs
[10, 32]. The widely used and FDA-approved CellSearch™
system is based on EpCAM positivity and multiple studies
have demonstrated that the numbers of circulating EpCAM+
cells increased with prostate cancer progression. In a study
comparing 15 healthy controls with 20 locally advanced, 40
metastatic castration resistance, or 15 taxane-refractory
prostate cancer patients, the CellSearch system was used to
enumerate EpCAM positive CTCs and demonstrated that
metastatic patients had more CTCs in their circulation compared with normal controls and locally advanced patients
[33]. Another study used transgenic mice to label prostate
cancer cells as either epithelial, undergoing EMT, or mesenchymal like. This study reported that cells partially underwent EMT, expressed both EpCAM and vimentin, and were
increasingly capable of self-renewal as demonstrated by
sphere formation assays and progenitor Lin− Sca1+ CD49fhi
counts when compared with cells either completely epithelial
or mesenchymal [34]. Perplexingly, it was found that Ecadherin knockdown stimulated EMT in prostate cancer
PC3 cell line spheres and xenografts [35], while E-cadherin
expression was associated with stemness gene expression
and sphere formation in DU145 and PC3 cell lines [20, 36].
Therefore, continued research is needed to understand
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whether EMT and stemness gene expression are linked in
CSCs or are present in separate populations of CSCs.
Multiple nonepithelial surface and intracellular markers
are associated with cancer progression. In a preclinical study
of 115 patients’ primary tumors and CTCs, CD117+ cells
were higher in patients with high-grade tumors (T3 staged
or Gleason 8+) in comparison with low-grade tumors
(Gleason 6-7 or T2 staged) and xenograft tumors expressing
CD117 were larger with increased angiogenesis [37]. However, CD133 was found increased in high-grade, Gleason 8+
primary tumors, but could not be measured in the circulation
[37]. Actually, PSAlo and CD166+ cells were also increased
with tumor grade in prostate cancer patients (43 patients
for PSAlo and 112 patients for CD166+) and demonstrated
increased sphere formation [38, 39], indicating a possible
self-renewal capacity. Using cell lines, CD44 expressing
LNCaP and DU145 cells were more invasive through matrigel, expressed EMT and stemness markers, exhibited selfrenewal capacity, and were more tumorigenic in xenografts
[40, 41]. Furthermore, in prostate cancer cores from 73
patients, CD44 expressing cells were also positive for chromogranin A, a neuroendocrine cell marker [42]. This supports new evidence that CSCs may include neuroendocrine
cells, which are terminally diﬀerentiated and resistant to
common therapies. Both prostate CSCs and neuroendocrine
cells in primary tumors are androgen independent and have
lost androgen receptor (AR) as well as PSA expression. It has
been shown that some neuroendocrine cells express stemness
markers and may have undergone EMT. These neuroendocrine cells may represent a potential subpopulation of CSCs
that drive castration resistant prostate cancer progression
[43–46]. This possibility requires additional research to
understand the relationship between CSCs and neuroendocrine prostate cancer. For example, in prostate cancer tumor
microarrays, ALDH1 expression was increased in cancerous
tissue compared to that in benign tissue and was associated
with AR positivity and neuroendocrine marker expression
[47]. When cells were isolated from more than 100 patient
prostate specimens, ALDH1 expression was higher in cancerous tissue compared with that in benign hyperplasia
[48]. ALDH1 expression predicted poor clinical outcomes
and drives stemness markers, while additional intracellular
markers, including EZH2, have increased prevalence in
higher grade cancer sections [47, 49–51]. While a number
of markers are associated with progression of the primary
tumor and may be relevant for prognosis, the greatest
need is in uncovering markers to characterize CSCs driving tumor escape and to identify patients likely to experience metastases.

4. Cancer Stem Cells Control Colonization and
Metastatic Growth
Approximately 3.2 × 106 cells/g tissue are shed from
tumors daily; however, only <0.01% develop into metastases
[10, 52]. Shed tumor cells are predicted to comprise 1 cell out
of 105 to 107 leukocytes in the bloodstream [53]. While in the
circulation, these cells are called circulating tumor cells
(CTCs) and when in the metastatic niche, disseminated
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tumor cells (DTCs). The ability of these cells to enter
the circulation and survive requires EMT to have occurred
as described above [54]. However, all CTCs and DTCs may
not be capable of forming micro- or macrometastases, as
many cells remain dormant within the metastatic tissue and
many do not survive the shear stresses, oxygen tension
changes, and other dangers of the circulation. Growth of
the metastatic tumor and recapitulation of the primary
tumor heterogeneity in a secondary site is driven by CSCs
[55, 56]. Asymmetric division of CSCs allows for the maintenance of the CSC population as well as expansion of cells
representing the full spectrum of the original heterogenic
tumor. Several markers associated with tumor progression
and therapeutic resistance can identify CTCs and can be
found on DTCs in patients’ bone metastases. Primary tumor
expression of CXCR4 (in 57 patients or in 35 patients in a
second study), EpCAM (in 90 primary tumor and 16 metastatic tumors), and EZH2 (in 146 patients) were associated
with increased distant metastasis and local recurrence during
patient follow-up [51, 57–59] indicating that these markers
may drive metastasis. However, since staining was only in
the primary tumors, these markers have not been implicated
directly in metastatic colonization. CD117 and CXCR4 staining, however, was increased in patient bone metastatic
tumors over levels seen in the primary tumor [60–62]. This
metastatic staining indicates that CD117 and CXCR4 likely
either drive the colonization of metastatic cells, the growth
of metastatic tumors, or possibly escape from dormancy.
One study examining DTCs measured the percentage α6
integrin or α2 integrin expressing cells in the white blood
cells extracted from the bone marrow. These two integrin
markers were increased with tumor progression from
localized T1-T2 tumors (44 patients) to hormone-refractory
metastatic tumors (28 patients) and were associated with
decreased metastasis progression free survival [63]. In a
study of 53 patients, CTC enumeration using both the
CellSearch method and the AdnaTest kit isolating
EpCAM+ and HER2+ cells demonstrated that EpCAM+
cell numbers in the circulation correlated with the presence
of metastases [64]. Interestingly, E-cadherin expression was
associated with bone metastasis in 109 patients, but not
soft tissue metastasis in 56 patients [65], suggesting that
mesenchymal-epithelial transition (a reversion from EMT)
may be occurring, which is required for escape from the
dormancy normally associated with bone metastatic growth.
Nonetheless, the mechanisms of bone colonization, dormancy, and subsequent reactivation remain to be elucidated
and will need to be conﬁrmed using human samples. It is this
transition from micro- to macrometastases or escape from
dormancy that drives prostate cancer recurrence. We postulate that CSCs will play an important role in these processes.

5. Cancer Stems Cells in Recurrence and
Resistance to Treatment
After radical prostatectomy, radiation, cryotherapy, chemotherapy, or other treatments, CSCs remaining in the tissue
or in the circulation may induce the development of recurrent or metastatic tumors. As most cancer therapies cause
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DNA damage in rapidly dividing cells or target hormonal
or signaling pathways, they may not aﬀect CSCs which
are functionally diﬀerent from the bulk tumor cells [66].
CSC markers, such as EZH2, PSAlo, and CD117, expressed
in the primary tumor were predictive for biochemical
recurrence (rising PSA in the circulation) after radical
prostatectomy [37, 38, 50]. CD117+ CTC numbers, in particular, remained high 3 months after radical prostatectomy in
the circulation of 12 patients who experienced biochemical
recurrence 6–18 months later [37], indicating that CSCs in
the circulation may be used to predict therapeutic failure
earlier. In another study of 50 patients with CTCs measured
before and after androgen deprivation therapy by the CellSearch apparatus, it was shown that CTC levels were associated with rising PSA and decreased progression free
survival [64]. In addition, staining of potential CTCs from
27 patients with metastatic castration-resistant prostate cancer demonstrated that patients with neuroendocrine prostate
cancer have signiﬁcantly diﬀerent CTCs with lower AR and
cytokeratin expression and smaller size [67]. In murine
models, CD166 was upregulated in prostates after castration
[39]; while in human tissues samples, EZH2 was increased in
hormone refractory metastatic tissues and was associated
with decreased failure-free survival [68, 69]. Overall, these
data indicate that the numbers of CSCs in primary tumors
or the patient circulation can be used to identify patients
likely to experience a recurrence and for whom more aggressive treatment is warranted.
In addition, CSCs are postulated to be resistant to chemotherapeutics and radiation. Surface markers, even those with
no known biological function, were associated with resistance to several chemotherapeutics. For example, speciﬁc
inhibition of CXCR4 with AMD3100 resensitized DU145
and PC3 prostate cancer cells to the chemotherapeutic
docetaxel [62, 70], while knockdown of EpCAM in multiple
prostate cancer cell lines enhanced radiosensitivity and chemosensitivity to docetaxel, paclitaxel, and doxorubicin [71].
Thus, these cells may be driving therapeutic relapse. Not to
mention, CSC surface markers, including EpCAM, were
measureable in salvage prostatectomy tissue from patients
with recurrence after radiotherapy [72], implying that these
cells may drive recurrence due to radiation resistance as well.
Intracellular CSC markers in particular can directly control
therapeutic resistance. ATP-binding cassette (ABC) transporters including ABCG2 drive CSC resistance to multiple
drugs including taxanes, tyrosine kinase inhibitors, topoisomerase inhibitors, and antimetabolites [49, 73–75]. The
ability of this transporter protein to eﬄux drugs in cell lines
also results in removal of Hoechst 33342 leading to most
ABCG2+ cells initially being called “side population” cells
based on ﬂow cytometry [4, 76]. These ABCG2 expressing
and other side population cells are able to eﬄux most drugs
and prevent the desired eﬀects of treatment. Another mechanism of therapeutic resistance is based on metabolic
changes. For example, ALDH1 expression induces metabolism of chemotherapeutic agents and reduces radiosensitivity
in prostate cancer cell lines [49]. Finally, CSC markers, such
as TG2, were increased after androgen deprivation therapy in
prostate cancer patient samples and the associated androgen-

5
resistance in prostate cancer cell lines [77, 78] suggesting that
they may be involved in the loss of androgen sensitivity and
relapse. In a study of 62 patients treated with enzalutamide
or abiraterone, EpCAM+ CTCs demonstrated upregulation
of the AR variant 7 and decreased progression free survival
[79]. In a separate study of 161 patients treated with enzalutamide or abiraterone, men with AR variant 7+ CTCs had
worse overall survival compared to men with AR variant 7
negative CTCs [80, 81]. Further, another study reported that
AR variant 7 expressing CSCs increased following treatment
with enzalutamide and the presence of this variant led
to tumor growth during androgen deprivation therapy
[82, 83]. Additional evidence also indicates that AR
expression might be induced in CSCs after treatment and
progression to castrate resistance [24, 84, 85]. Thus, both
extracellular and intracellular CSC markers may induce
resistance to treatment and are prime targets for attempts
to sensitize CSCs to therapy.

6. The Future of Cancer Stem Cells
The interest in identifying CSC markers rests in the hope of
developing therapies that speciﬁcally target the CSC population. If CSCs can be precisely identiﬁed and destroyed, the
expectation is that then conventional treatments will be eﬀective on the non-CSC population and tumors will be eradicated. Potential methods for targeting CSCs include drugs
inhibiting CSC-speciﬁc signaling pathways, methods to
induce diﬀerentiation or a loss of stemness, compounds targeting alterations in CSC metabolism, and immunotherapy
directed at CSC markers [18, 55]. One proposed CSC targeting drug is derived from a cruciferous vegetable metabolite
called BR-DIM that could be administered prior to radical
prostatectomy. In cell culture studies, BR-DIM inhibited
self-renewal ability of CSCs and decreased EZH2 expression
[86], suggesting that this treatment may induce CSC terminal
diﬀerentiation and prevent therapeutic resistance. In addition, new small molecule inhibitors are under development
which are capable of targeting signaling pathways and transcription factors prevalent in CSCs but not normal cells
including Stat3 [87]. Further possible pathways of interest
include Akt activation and Erk signaling [70, 88], which
may be upregulated in CSCs in comparison with the bulk
tumor population and responsible for the enhanced CSC
survival. Other signaling pathways associated with stemness
are also potential targets for inhibition. The Wnt, TGF-β,
Hedgehog, and Notch pathways in particular drive CSC
self-renewal capabilities and are inhibited by several drugs
being tested clinically [18, 89]. In addition to these CSCtargeted interventions, combination therapies could also target the bulk tumor cells, hypoxia responses, or angiogenesis
in concert. Several stem cell markers including CXCR4 and
CD117 were associated with increased angiogenesis and
escape from tumor hypoxia [37, 88]. These data indicate that
additional combination therapies with antiangiogenic or
antihypoxia inducible factor-1α treatments may have
improved eﬃcacy over a single therapy. Combined therapies
may also target the tumor microenvironment. Disrupting the
CSC niche and preventing interaction between CSCs and the
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extracellular matrix could also prevent survival signaling.
Altering the interplay between CSCs and cancer-associated
ﬁbroblasts, tumor-associated macrophages, or the adaptive
immune system are another area for additional research
[18]. A ﬁnal area of directed therapy would be using the
CSC markers as immune targets. In one study, using EpCAM
as a chimeric antigen receptor to induce T cell targeting of
EpCAM+ tumor cells resulted in inhibition of PC3M tumor
growth leading to increased murine survival [90]. Continued
examination of CSC markers is needed as some markers may
identify both normal stem cells and CSCs, such as Trop2 and
α6 integrin [91, 92], causing adverse events in clinical trials.
Continuing research is also focused on novel methods to isolate, identify, and enrich for CSCs, particularly using CTCs
collected in a liquid biopsy. Several groups are developing
microﬂuidic chips using either CSC markers, cell size, or
electromagnetic changes to isolate and quantify CTCs [93,
94]. The development of these devices requires knowledge
of either the markers for use in enrichment or understanding
of the physical property diﬀerences between CSCs and nonstem-like CTCs or other blood cells. Additional CSC marker
identiﬁcation and reﬁnement are required for the development of new screening and enumeration methods as well as
for the eventual development of prostate CSC-based therapeutics aimed at preventing tumor progression, therapeutic
resistance, and bone metastasis.
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