
Frontiers in Oncology | www.frontiersin.org

Edited by:
Pinuccia Faviana,

University of Pisa, Italy

Reviewed by:
Seema Chugh,

University of Michigan, United States
Carlo Catapano,

Institute of Oncology Research
(IOR), Switzerland

*Correspondence:
Philipp Wolf

philipp.wolf@uniklinik-freiburg.de

Specialty section:
This article was submitted to

Genitourinary Oncology,
a section of the journal
Frontiers in Oncology

Received: 04 May 2022
Accepted: 13 June 2022
Published: 08 July 2022

Citation:
Wolf I, Gratzke C and Wolf P (2022)
Prostate Cancer Stem Cells: Clinical

Aspects and Targeted Therapies.
Front. Oncol. 12:935715.

doi: 10.3389/fonc.2022.935715

MINI REVIEW
published: 08 July 2022

doi: 10.3389/fonc.2022.935715
Prostate Cancer Stem Cells: Clinical
Aspects and Targeted Therapies
Isis Wolf1,2, Christian Gratzke1,2 and Philipp Wolf1,2*

1 Department of Urology, Medical Center-University of Freiburg, Freiburg, Germany, 2 Faculty of Medicine, University of
Freiburg, Freiburg, Germany

Despite decades of research and successful improvements in diagnosis and therapy,
prostate cancer (PC) remains a major challenge. In recent years, it has become clear that
PC stem cells (PCSCs) are the driving force in tumorigenesis, relapse, metastasis, and
therapeutic resistance of PC. In this minireview, we discuss the impact of PCSCs in the
clinical practice. Moreover, new therapeutic approaches to combat PCSCs are presented
with the aim to achieve an improved outcome for patients with PC.

Keywords: prostate cancer, prostate cancer stem cells, prostate cancer stem cell hypothesis, prostate cancer
stem cell antigens, prostate cancer stem cell therapy
INTRODUCTION

Prostate cancer (PC) is the most common cancer and the second leading cause of cancer death in
men from industrial countries. More than 1.41 million new cases and more than 375,000 deaths by
this tumor are expected worldwide every year (1).

If the tumor is limited to the prostate, a good chance of cure is the surgical resection [radical
prostatectomy (RP)] or radiation of the organ. Both treatment options are associated with adverse
effects, such as incontinence and sexual dysfunction, which negatively affect the quality of life. The
prerequisite for cure is the complete removal of the tumor. If residual tumor cells persist, the tumor
may soon relapse and begin to metastasize. Overall, biochemical failure after RP in node-negative
patients occurs in approximately 15%–40% of cases within 5 years and is independent of the surgical
approach [reviewed in (2)]. The only potentially curative treatment for patients with local
recurrence at the earliest sign of biochemical failure is salvage radiation therapy, preferably for
PSA levels <0.2 ng/ml (3). In case of metastasized tumors, treatment options include androgen
deprivation therapy (ADT) and chemotherapy (4, 5). However, chemo- and castration-resistant PC
commonly develop and mainly contribute to therapy failure and mortality (6, 7).

One model that explains heterogeneity, tumor-initiating capability, and therapeutic resistance of
tumors is the cancer stem cell (CSC) hypothesis. The CSC hypothesis postulates that cancer cells are
hierarchically organized and form different heterogeneous subpopulations within a tumor. CSCs are
on top of the hierarchy and represent cancer cells with stem cell-like properties, such as self-renewal,
pluripotency, and plasticity, that evolve during the lifetime of a tumor (8, 9). Different factors are
discussed that might foster the emergence of CSCs, like de-differentiation through genetic
Abbreviations: ADT, androgen deprivation therapy; AR, androgen receptor; ABCG2, ATP-binding cassette sub-family G
member 2 transporter; CSC, cancer stem cell; CRPC, castration-resistant prostate cancer; DPCC, differentiated prostate cancer
cells; EMT, epithelial–mesenchymal transition; NEPCC, neuroendocrine prostate cancer cell; PAP, prostatic acid phosphatase;
PCPC, prostate cancer progenitor cells; PCSC, prostate cancer stem cell; RP, radical prostatectomy; PSA, prostate-
specific antigen.
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and epigenetic alterations, clonal expansion, and adaptation
through epithelial–mesenchymal transition (EMT) as well
as transdifferentiation under the influence of the tumor
microenvironment or under therapeutic pressure [reviewed in
(10)]. CSCs were found to be the driving force in tumor
progression, metastasis, and therapeutic resistance, and new
strategies are being developed to identify and treat them (11).
Our minireview describes clinical aspects of prostate CSCs
(PCSCs) and new therapeutic options, aiming to achieve a cure
for hitherto incurable stages of the disease.
PROSTATE CANCER STEM CELLS

PC cells with stem cell characteristics, such as self-renewal,
pluripotency, and plasticity, were isolated from patients
undergoing RP for the first time in 2005 (12). PCSCs can also be
obtained from established PC cell lines, especially of metastatic
origin (12–14) and are characterized by sphere formation under
non-adherent culture conditions, high clonogenicity, high rate of
self-renewal, and the ability to form phenotypically mixed
populations of non-clonogenic cells (12, 15). Different antigens,
which are involved in various signaling pathways of tumorigenesis,
metastasis, and therapeutic resistance of PC, were identified to
characterize PCSCs (Table 1) (58).

PCSCs might originate from normal prostate stem cells,
normal prostate progenitor cells, or differentiated normal
prostate cells after genetic and epigenetic alterations or changes
in the tumor microenvironment (15). It was found that
activation of the proto-oncogene MYC, loss of the tumor
suppressor PTEN, or mutations in the repair genes BRCA2,
ATM, and CHEK2, induce genomic instability and drive
progression and heterogeneity of PC (10, 59, 60). Polson and
colleagues showed a high frequency of the TMPRSS2:ERG gene
fusion not only in differentiated PC cells but also in PCSC (61).
When the transcription factor ERG comes under the control of
the prostate-specific, androgen-regulated TMPRSS2 gene
promoter, enhanced ERG expression is found. Since enhanced
EGR expression can influence differentiation, self-renewal, and
maintenance of SCs, it is discussed that the TMPRSS2: ERG
fusion might also play a decisive role in the emergence and
maintenance of PCSCs (62).

PCSCs can evolve from basal or luminal epithelial cells after
oncogenic transformation (11). Recent findings from a single-cell
sequencing study in mice suggest that differentiated luminal cells
that survived castration can contribute to prostate regeneration
by acquisition of stem cell-like regenerative properties (63).
There is also evidence that PCSCs might come from the basal
cell layer, because tissue-derived tumor-initiating cells in
immunocompromised mice expressed basal markers (such as
p63), but did not express the androgen receptor (AR) or markers
of luminal differentiation (PSA and PAP) (64). Moreover, there
might be a loss of basal cells and expansion of luminal cells
during PC tumorigenesis (65). For example, Choi and colleagues
demonstrated that inactivation of the tumor suppressor PTEN
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induced the differentiation of basal cells to transformation-
competent luminal cells (66).

PCSCs can differentiate into PC progenitor cells (PCPCs) or
differentiated PC cells (DPCCs), which leads to the typical
formation of heterogeneous prostate tumors with increasing
grading that is determined by the Gleason score. Interestingly,
Castellon et al. found highest expression of the stem cell markers
CD133, CD44, and ABCG2 in medium-grade Gleason biopsies
compared to lower- or higher-grade biopsies or lymph-node and
bone metastases (67). This suggests that PCSCs reach a significant
number at stages, in which the tumor seems to be confined to the
gland and in which surgical treatment or radiation is usually with
curative intention. However, many PC patients develop
biochemical relapse despite local therapy (68, 69). It is therefore
assumed that PCSCs remain in the surgical or radiation areaorhave
already entered blood circulation and colonized lymph nodes or
other organs due to their ability to migrate and persist in extra-
prostatic tissues (67). Number and signatures of PCSCs in local
tumors are therefore discussed as prognostic factors for PC
recurrence (70). For example, significantly enhanced expression
of the stem cell markers SOX2, OCT4, KLF4, and ABCG2 in
recurrent PC tissues in comparison to non-recurrent PC tissues
was found after RP (71).

Radiation is a therapeutic option for local disease, recurrence, or
advancedPC.However, radioresistance ofPC cells is anobstacle for
successful radiation therapy. A subpopulation of PC cells with CSC
characteristics was found after radiation that was marked by
enhanced PI3K/Akt/mTOR signaling (72). PCSCs therefore
appear to contribute to the formation of radioresistant tumors.

PC cells metastasize preferentially in lymph nodes, liver, and
bones (73). The spine, pelvis, and ribs are the most frequently
observed sites of bone metastasis in PC. This distribution is often
multifocal, and preferable involvement of the axial skeleton
suggests an affinity to the red bone marrow. It seems that the
bone marrow is particularly suitable as a metastatic site for PC
cells, because it is strongly supplied with a low blood flow rate. In
addition, it seems that the bone marrow, which harbors the
hematopoietic stem cells, forms a suitable niche for disseminated
PCSCs. About 10% of patients already harbor bone metastases at
the time of diagnosis and 70%–80% of patients, who relapse after
RP, fatally progress to advanced disease with bone metastases.
This confirms that there are already subpopulations of PC cells in
early-diagnosed, local prostate tumors with stem-cell like
properties that are able to disseminate and colonize distant
organs. Metastatic PC cells are marked by a high expression of
integrins that promote their adherence to a broad spectrum of
proteins of the bone extracellular matrix, and release factors
(FGFs, IGFs, VEGF, or Wnt pathway-related factors, originally
involved in bone formation and maintenance) for persistence
[reviewed in (74)]. Castellon and colleagues found only low
expression of PCSC markers in metastases from lymph nodes
and bone, but explained this phenomenon with prevalence of
PCPCs and DPCCs (67).

PCSCs are marked by low or lack of androgen receptor (AR)
expression (75) and, as a result, by a missing or reduced PSA
release. Therefore, they might escape a PSA screening and
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TABLE 1 | Antigens associated with PCSCs.

Target antigen Structure Function Role in PC Ref.

a2b1 integrin Type I collagen
receptor

Cell adhesion, signaling Self-renewal, proliferation, differentiation,
migration, invasion, metastasis

(12, 16, 17)

a6 integrin/
D49f

Transmembrane
glycoprotein

Cell signaling Sphere formation, differentiation, tumor
progression, invasion

(17–19)

ABCB1 Transmembrane
protein

Transporter Chemoresistance (20–22)

ABCG2 Transmembrane
protein

Transporter Stem cell maintenance,
chemoresistance

(23, 24)

ALDH Cytosolic enzyme Aldehyde dehydrogenase Tumorigenicity, clonogenicity, tumor
progression, self-renewal, migration,
metastasis, radioresistance
ALDH1A1 expression positively
correlated with Gleason score and
pathologic stage

(25) (26–28)

(26)

AR variant 7 Androgen receptor
splice variant

Transcription factor Acquisition of stem cell characteristics,
EMT
Associated with enhanced progression
to mCRPC and shorter survival

(29)

(30)

CD117/c-kit Type III tyrosine kinase
receptor

Cell signaling, survival,
metabolism, growth,
proliferation, apoptosis,
migration, differentiation

CSC maintenance, sphere formation,
proliferation, migration, invasion, tumor
progression, bone metastasis,
therapeutic resistance
Increased expression during clinical
progress

(31)

(32)

CD133/Prominin-1 Glycosylated
pentaspan
transmembrane protein

Precise physiological
function unknown

Tumorigenicity, self-renewal, sphere
formation, proliferation, differentiation,
invasion, chemo/radioresistance

(12, 33–36)

CD166/
activated leukocyte cell
adhesion molecule
(ALCAM)

Transmembrane
glycoprotein

Cell adhesion Sphere formation, bone metastasis
Upregulated in CRPC

(37, 38)
(37)

CD44 Transmembrane
protein, hyaluronic acid
receptor

Cell adhesion, signaling Self-renewal, proliferation, differentiation,
invasion, metastasis

(12, 39)

CXCR4 Chemokine receptor Chemotaxis,
hematopoietic stem cell
maintenance

CSC maintenance, clonogenicity,
differentiation, migration, metastasis,
chemoresistance
Overexpressed in metastatic disease

(40–42)

(43)
E-cadherin/
ECAD

Transmembrane
glycoprotein

Cell adhesion, regulation
of epithelial
morphogenesis, and
differentiation

Sphere formation
Expression correlates with recurrence
after RP and metastasis

(44)
(45, 46)

EpCAM/
CD326

Transmembrane
glycoprotein

Cell adhesion, signaling,
migration, proliferation,
differentiation

CSC maintenance, proliferation,
invasion, metastasis, chemo-/
radioresistance
Overexpressed in local and metastatic
disease
Overexpressed in chemo-/radioresistant
stages

(47, 48)

(47)

(49, 50)

EZH2 (enhancer of zeste
homolog 2)

Cytosolic enzyme Histone-lysine N-
methyltransferase

PCSC maintenance and growth
Coactivator for transcription factors in
CRPC, including AR
Positive EZH2:ECAD status strongly
associated with recurrence after RP

(51–53)
(53)

(53)

TG2 (tissue trans-
glutaminase)

Cytosolic enzyme Protein-glutamine g-
glutamyltransferase

Invasion, chemoresistance, EMT (54)

Trop2 (trophoblast cell-
surface antigen 2)/
tumor-associated calcium
signal transducer 2
(TACSTD2)/
epithelial glycoprotein-1
(EGP-1)

Transmembrane
protein

Calcium signal transducer Self-renewal, sphere formation,
proliferation, migration, invasion,
metastasis
Upregulated in invasive stages

(55, 56)

(57)
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androgen receptor expression and measurable PSA values might
only be detected when the metastatic PCSCs have already
differentiated and expanded. This could be an explanation for
the often observed discrepancy between detection of biochemical
recurrence (defined by a rising PSA profile) and already existing
progressive disease (76).

First-line treatment of advanced PC is ADT. In general,
tumors initially respond well to ADT; however, the therapeutic
effect of ADT only lasts for a limited period of 12–33 months. At
that point, ADT-resistant PC cells emerge and form castration-
resistant tumor lesions (77). There is growing evidence that
PCSCs contribute to this phenomenon. Since PCSCs were found
to be AR-negative and have the ability to grow androgen
independently, they might have a survival benefit when treated
with ADT (78). Indeed, whereas AR+/PSA+ tumor cells form the
main cell population in untreated androgen-sensitive tumors,
enrichment of AR-/lo and PSA-/lo cells was found in untreated
higher grades of the disease and in CRPC (79). Moreover, genes
associated with CSCs, like OCT4, SOX2, NANOG, BMI1, BMP2,
CD44, SOX9, and ALDH1, were found to be upregulated in
enzalutamide-resistant cells (80). There is evidence that
truncated AR variants, which lack the ligand binding domain,
but retained transcriptional activity, play a decisive role. In
particular, the variant AR-V7 might be involved in EMT and
promotes the emergence of PCSCs (81).

Re-programming of PC cells to stem-like cells during ADT was
demonstrated in a recent study. After androgen depletion over 90
days, a re-differentiation to a stem-like phenotype was observed in
LNCaP cells, which was marked by growth as floating spheres and
enhanced expression of CD133, ALDH1A1, and the multidrug
resistance protein transporter ABCB1A. Interestingly, ABCB1A
expression in the re-differentiated stem-like cells was associated with
enhanced resistance against docetaxel and 2-hydroxyflutamide (20).
This provides a rationale that chemoresistance may already be
induced in prostate tumors during ADT and reinforces the medical
guidelines recommending chemotherapy in hormone-naïve PC (82).

An example for transdifferentiation is the emergence of
neuroendocrine PC cells (NEPCCs) in about 25% of patients
after treatment with ADT (83). NEPCCs are hormone-refractory
and secrete peptide hormones and growth factors for paracrine
stimulation of surrounding cells in the microenvironment (83).
It was found that loss of PTEN concurrently with inactivation of
the tumor suppressors TP53 and Rb1 caused plasticity of PC cells
with enhanced metastatic potential and conversion from
adenocarcinoma to neuroendocrine PC [reviewed in (84)].

PCSCs also contribute to chemoresistance of PC. Docetaxel
(DTX)-resistant cells showed enhanced expression of CD44 and
CD133, leading to enhanced migration and invasion (85–87).
Moreover, enhanced activity of Notch signaling was found,
which promoted DTX resistance by upregulation of ABCC1 (88).
TARGETING PCSCs

Current treatments against PC, like ADT, chemotherapy, and
radiotherapy, aim to remove bulk tumors, but do not seem to
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increasingly being conducted into new therapeutic approaches
against PCSCs. Such approaches comprise the targeting of
PCSC-associated pathways, the targeting of the PCSC
microenvironment, and immunotherapies.

Targeting PCSC-Associated
Signaling Pathways
The Hedgehog (Hh), Wnt, Notch, and NF-kB pathways, which
regulate proliferation, survival, metastasis, apoptosis, recurrence,
and therapeutic resistance, were identified to be associated with
PCSCs (11, 89–91). Different strategies have therefore been
developed to target these pathways by inhibitors or RNA
silencing (90, 92–94). Specific inhibitors against the Hh
pathway (Sonidegib, GANT-61, and GDC-0449), the Wnt
pathway (3289-8625, LGK974, Foxy-5, and OMP-54F28), the
Notch pathway (RO4929097), and the NFkB pathway
[bortezomib, PS1145, BMS345541, Aspyrin, 17-(allylamino)-
17-demethoxygeldanamycin, and BKM120] are tested in
preclinical and clinical trials with the intention of attacking
PCSCs for an improved therapeutic outcome (90).

The PI3K/AKT/mTOR pathway is associated with PC
progression and ADT resistance (95). Suppression of this
pathway is therefore discussed to restore sensitivity against
ADT, chemotherapy, and radiation (96, 97). In a recent study,
an enhanced sensitivity of LNCaP cells against paclitaxel was
determined after siRNA knockdown of the stem cell marker
CD133. Mechanistically, an induction of the tumor suppressor
PTEN accompanied by a decrease of AKT and c-myc oncogenes
was found (33). Chang and colleagues were able to restore
radiosensitivity and to induce apoptosis in radioresistant
PCSCs by the use of the dual PI3K/mTOR inhibitor BEZ235
(72). Marhold and colleagues found elevated HIF1a levels and an
enhanced HIF target gene expression in PCSCs under hypoxic
conditions. This was accompanied by drug resistance to selective
mTOR inhibitors. The authors therefore proposed a deregulation
of the PI3K/AKT/mTOR pathway through HIF1a for quiescence
and maintenance of PCSCs by attenuating CSC metabolism and
growth via mTOR signaling and promoting survival by AKT
signaling (98). Since hypoxia often prevails in the tumor
microenvironment, targeting the HIF1a pathway might
damage PCSCs while sparing normal stem cells.

ABC transporters were found to contribute to drug resistance
of PSCs (99) and PCSCs (67). Liu and colleagues examined that
the intracellular domain of NOTCH1, called ICN1, directly binds
to the promoter region of ABCC1 and that inhibition of
NOTCH1 with shRNA decreased ABCC1 expression and
restored chemosensitivity of PCSCs (88). ABCG2 was found to
play a decisive role in ADT-resistant PSCs by efflux of
intracellular androgens. When ABCG2 was blocked by the
inhibitor Ko143, an increasing nuclear AR level was observed
followed by enhanced AR regulated gene expression and
increased differentiation with ADT-sensitive luminal
phenotype (23). Future experiments have to prove whether
targeted differentiation is a new strategy to sensitize PCSCs to
conventional therapies.
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Targeting the PCSC Microenvironment
Multiple signaling pathways exist between epithelial cells,
stromal cells, and the extracellular matrix of the prostate
tumor microenvironment to support tumor progression from
the primary site to regional lymph nodes and distant metastases.
For example, the CSC niche was found to induce Hh, Wnt, NF-
kB, Notch, or PI3K/AKT/mTOR signaling in CSCs (100).
Therefore, targeting of these pathways aims to disrupt the
interaction between the microenvironment and the tumor cells
in order to stop tumor spread [reviewed in (100, 101)].

SincePCSCsarealsodependentonamicroenvironment, called the
PCSC niche, for the maintenance of their stemness properties,
research is ongoing to investigate whether targeting of the tumor
microenvironment might also lead to damage of PCSCs (11). The
monoclonal antibody bevacizumab can be used to target the vascular
endothelial growth factor (VEGF) and to reduce the tumor
neovasculature for disruption of CSC niches. Bevacizumab-resistant
PCSCs were found to have Rac1-mediated ERK activation, and Rac1
inhibition or P-Rex1 downregulation increased their sensitivity to
bevacizumab (102). The CXCL12/CXCR4 chemokine pathway was
also found to be activated in CD44/CD133-positive PCSCs and to
affect cell adhesion, clonal growth, and tumorigenicity. The use of the
CXCR4 antagonist AMD3100 inhibited sphere formation and
restored the chemosensitivity of PCSCs (103). Since CD44
associates with the extracellular matrix hyaluronic acid (HA) (104),
HA-coated liposomes containing cabazitaxel were generated for the
inhibition of migration and the triggering of apoptosis in CD44-
positive PC cells (105).

Immunotherapy of PCSCs
PCSCs show enhanced expression of cell surface markers that can
serve as target antigens for new immunotherapeutic approaches
(Table 1). Recently, chimeric antigen receptor (CAR)-modified T-
cell therapy targeting CSC-associated tumor antigens emerged as a
newtherapeutic approach for the treatmentofCSCs(106).Zhuet al.
demonstrated that anti-C133 CAR-T therapy leads to toxicity of
patient-derived glioblastoma CSCs in vitro and in an orthotropic
tumor model in vivo (107). Another study by Deng et al. showed
that CAR T cells targeting the CSC marker EpCAM reduced PC
progression in preclinical models (49). Currently, there is only one
completed phase I/II clinical study of CD133-directed CAR T cells
for the treatment of relapsed and/or chemotherapy refractory
advanced hepatocellular carcinoma (NCT04427449) (108).
However, several clinical trials using CAR-T cells targeting CSC
surfacemarkers are in the recruiting stage, representingapromising
therapeutic option for the treatment of PCSCs in the future (106).

A further immunotherapeutic approach includes the use of
dendritic cells preloaded with the PCSC-associated antigens CD44
andEpCAMfor the activationof cytokine-induced killer T cells. This
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led to high cytotoxicity against PCSCs in vitro and antitumor activity
in vivo in PCSC-derived xenograft models (109). Ma and colleagues
generated aptamer-based liposomes loaded with curcumin to target
CD133-positive PC cells and found antitumor activity in a PCmouse
xenograft model (110). Interestingly, CD133 is expressed on both
CSCs and differentiated tumor cells, but seems to be differentially
folded and glycosylated, and therefore presents different target
epitopes (111). Since different antibodies recognize different
glycosylated CD133 epitopes (112), evaluation of glycosylation
patterns of markers in PCSCs and differentiated PC cells could lead
to the development of antibodies specifically directed against PCSCs
in the future. Other strategies comprise the targeting of multiple
antigens to enhance PCSC specificity or the targeting of potentially
relevant splice variants.

CONCLUSIONS

PCSCs were identified as the driving force in PC. There is emerging
knowledge about the role of PCSCs, and new therapeutic approaches
aim to achieve an improved therapeutic outcome. Selective and
effective targeting of PCSCs, however, remains challenging, since
cellular plasticity and intra- as well as inter-tumoral heterogeneity
drive tumor progression and therapeutic resistance against
conventional therapies (113, 114). From a clinical perspective, the
understanding of the interactions between PCSCs, differentiated PC
cells, and theTME is of utmost importance, but these interactions are
very difficult to reproduce in vitro. Furthermore, some CSCmarkers
(e.g., CD133 and ALDH) are expressed not only on malignant cells
but also on healthy stem cells causing on-target/off-tumor toxicity
(115, 116). Therefore, treatment side effects can be hindrances for a
successful therapy of PCSCs. In the future, the characterization of
PCSCs using (single-cell) genomics and proteomics could lead to
improved prognosis and more individualized therapy for patients
with PC to probably achieve complete cure of advanced hitherto
incurable stages of the disease.
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et al. The Quinoline Imidoselenocarbamate EI201 Blocks the AKT/mTOR
Pathway and Targets Cancer Stem Cells Leading to a Strong Antitumor
Activity. Curr medicinal Chem (2012) 19(18):3031–43. doi: 10.2174/
092986712800672076

97. Xia P, Xu XY. PI3K/Akt/mTOR Signaling Pathway in Cancer Stem Cells:
From Basic Research to Clinical Application. Am J Cancer Res (2015) 5
(5):1602–9. eCollection 2015

98. Marhold M, Tomasich E, El-Gazzar A, Heller G, Spittler A, Horvat R, et al.
Hif1a Regulates mTOR Signaling and Viability of Prostate Cancer Stem
Cells. Mol Cancer research: MCR. (2015) 13(3):556–64. doi: 10.1158/1541-
7786.mcr-14-0153-t
Frontiers in Oncology | www.frontiersin.org 8
99. Gangavarapu KJ, Azabdaftari G, Morrison CD, Miller A, Foster BA, Huss
WJ. Aldehyde Dehydrogenase and ATP Binding Cassette Transporter G2
(ABCG2) Functional Assays Isolate Different Populations of Prostate Stem
Cells Where ABCG2 Function Selects for Cells With Increased Stem Cell
Activity. Stem Cell Res Ther (2013) 4(5):132. doi: 10.1186/scrt343

100. Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting Cancer Stem
Cell Pathways for Cancer Therapy. Signal transduction targeted Ther (2020)
5(1):8. doi: 10.1038/s41392-020-0110-5

101. Corn PG. The Tumor Microenvironment in Prostate Cancer: Elucidating
Molecular Pathways for Therapy Development. Cancer Manage Res (2012)
4:183–93. doi: 10.2147/cmar.s32839

102. Goel HL, Pursell B, Shultz LD, Greiner DL, Brekken RA, Vander Kooi CW,
et al. P-Rex1 Promotes Resistance to VEGF/VEGFR-Targeted Therapy in
Prostate Cancer. Cell Rep (2016) 14(9):2193–208. doi: 10.1016/
j.celrep.2016.02.016

103. Jung Y, Cackowski FC, Yumoto K, Decker AM, Wang J, Kim JK, et al.
Cxcl12g Promotes Metastatic Castration-Resistant Prostate Cancer by
Inducing Cancer Stem Cell and Neuroendocrine Phenotypes. Cancer Res
(2018) 78(8):2026–39. doi: 10.1158/0008-5472.can-17-2332

104. Xu H, Niu M, Yuan X, Wu K, Liu A. CD44 as a Tumor Biomarker and
Therapeutic Target. Exp Hematol Oncol (2020) 9(1):36. doi: 10.1186/s40164-
020-00192-0

105. Mahira S, Kommineni N, Husain GM, Khan W. Cabazitaxel and Silibinin
Co-Encapsulated Cationic Liposomes for CD44 Targeted Delivery: A New
Insight Into Nanomedicine Based Combinational Chemotherapy for
Prostate Cancer. Biomedicine pharmacotherapy = Biomedecine
pharmacotherapie. (2019) 110:803–17. doi: 10.1016/j.biopha.2018.11.145

106. Cui X, Liu R, Duan L, Cao D, Zhang Q, Zhang A. CAR-T Therapy: Prospects
in Targeting Cancer Stem Cells. J Cell Mol Med (2021) 25(21):9891–904.
doi: 10.1111/jcmm.16939

107. Zhu X, Prasad S, Gaedicke S, Hettich M, Firat E, Niedermann G. Patient-
Derived Glioblastoma Stem Cells are Killed by CD133-Specific CAR T Cells
But Induce the T Cell Aging Marker Cd57. Oncotarget (2015) 6(1):171–84.
doi: 10.18632/oncotarget.2767

108. Dai H, Tong C, Shi D, Chen M, Guo Y, Chen D, et al. Efficacy and Biomarker
Analysis of CD133-Directed CAR T Cells in Advanced Hepatocellular
Carcinoma: A Single-Arm, Open-Label, Phase II Trial. Oncoimmunology
(2020) 9(1):1846926. doi: 10.1080/2162402x.2020.1846926

109. Wang Z, Li Y, Wang Y, Wu D, Lau AHY, Zhao P, et al. Targeting Prostate
Cancer Stem-Like Cells by an Immunotherapeutic Platform Based on
Immunogenic Peptide-Sensitized Dendritic Cells-Cytokine-Induced Killer
Cells. Stem Cell Res Ther (2020) 11(1):123. doi: 10.1186/s13287-020-
01634-6

110. Ma Q, Qian W, Tao W, Zhou Y, Xue B. Delivery Of Curcumin
Nanoliposomes Using Surface Modified With CD133 Aptamers For
Prostate Cancer. Drug Des Devel Ther (2019) 13:4021–33. doi: 10.2147/
dddt.s210949

111. Kemper K, Sprick MR, de Bree M, Scopelliti A, Vermeulen L, Hoek M, et al.
The AC133 Epitope, But Not the CD133 Protein, is Lost Upon Cancer Stem
Cell Differentiation. Cancer Res (2010) 70(2):719–29. doi: 10.1158/0008-
5472.can-09-1820

112. Bidlingmaier S, Zhu X, Liu B. The Utility and Limitations of Glycosylated
Human CD133 Epitopes in Defining Cancer Stem Cells. J Mol Med (Berlin
Germany). (2008) 86(9):1025–32. doi: 10.1007/s00109-008-0357-8

113. Turdo A, Veschi V, Gaggianesi M, Chinnici A, Bianca P, Todaro M, et al.
Meeting the Challenge of Targeting Cancer Stem Cells. Front Cell Dev Biol
(2019) 7:16. doi: 10.3389/fcell.2019.00016

114. Paul R, Dorsey JF, Fan Y. Cell Plasticity, Senescence, and Quiescence in
Cancer Stem Cells: Biological and Therapeutic Implications. Pharmacol Ther
(2022) 231:107985. doi: 10.1016/j.pharmthera.2021.107985

115. Schuurhuis GJ, Meel MH, Wouters F, Min LA, Terwijn M, de Jonge NA,
et al. Normal Hematopoietic Stem Cells Within the AML Bone Marrow Have
a Distinct and Higher ALDH Activity Level Than Co-Existing Leukemic
Stem Cells. PLoS One (2013) 8(11):e78897. doi: 10.1371/journal.pone.
0078897

116. Peh GS, Lang RJ, Pera MF, Hawes SM. CD133 Expression by Neural
Progenitors Derived From Human Embryonic Stem Cells and its Use for
July 2022 | Volume 12 | Article 935715

https://doi.org/10.3390/ijms21249568
https://doi.org/10.1002/pros.22901
https://doi.org/10.21037/tau.2017.02.01
https://doi.org/10.21037/tau.2017.02.01
https://doi.org/10.1101/cshperspect.a030593
https://doi.org/10.1101/cshperspect.a030593
https://doi.org/10.3390/cancers11040434
https://doi.org/10.3390/cells8040295
https://doi.org/10.3390/cells8040295
https://doi.org/10.1016/j.ccr.2012.07.016
https://doi.org/10.20517/cdr.2020.37
https://doi.org/10.1007/s11010-014-2069-4
https://doi.org/10.1007/s11010-014-2069-4
https://doi.org/10.1007/s11033-021-06387-w
https://doi.org/10.1159/000455160
https://doi.org/10.2174/1568009614666140328152459
https://doi.org/10.1038/aps.2013.27
https://doi.org/10.3389/fphar.2017.00153
https://doi.org/10.1007/s10565-019-09483-7
https://doi.org/10.1007/s10565-019-09483-7
https://doi.org/10.4103/1008-682x.122876
https://doi.org/10.2174/092986712800672076
https://doi.org/10.2174/092986712800672076
https://doi.org/10.1158/1541-7786.mcr-14-0153-t
https://doi.org/10.1158/1541-7786.mcr-14-0153-t
https://doi.org/10.1186/scrt343
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.2147/cmar.s32839
https://doi.org/10.1016/j.celrep.2016.02.016
https://doi.org/10.1016/j.celrep.2016.02.016
https://doi.org/10.1158/0008-5472.can-17-2332
https://doi.org/10.1186/s40164-020-00192-0
https://doi.org/10.1186/s40164-020-00192-0
https://doi.org/10.1016/j.biopha.2018.11.145
https://doi.org/10.1111/jcmm.16939
https://doi.org/10.18632/oncotarget.2767
https://doi.org/10.1080/2162402x.2020.1846926
https://doi.org/10.1186/s13287-020-01634-6
https://doi.org/10.1186/s13287-020-01634-6
https://doi.org/10.2147/dddt.s210949
https://doi.org/10.2147/dddt.s210949
https://doi.org/10.1158/0008-5472.can-09-1820
https://doi.org/10.1158/0008-5472.can-09-1820
https://doi.org/10.1007/s00109-008-0357-8
https://doi.org/10.3389/fcell.2019.00016
https://doi.org/10.1016/j.pharmthera.2021.107985
https://doi.org/10.1371/journal.pone.0078897
https://doi.org/10.1371/journal.pone.0078897
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wolf et al. Prostate Cancer Stem Cells
Their Prospective Isolation. Stem Cells Dev (2009) 18(2):269–82.
doi: 10.1089/scd.2008.0124

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
Frontiers in Oncology | www.frontiersin.org 9
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wolf, Gratzke and Wolf. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
July 2022 | Volume 12 | Article 935715

https://doi.org/10.1089/scd.2008.0124
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Prostate Cancer Stem Cells: Clinical Aspects and Targeted Therapies
	Introduction
	Prostate Cancer Stem Cells
	Targeting PCSCs
	Targeting PCSC-Associated Signaling Pathways
	Targeting the PCSC Microenvironment
	Immunotherapy of PCSCs

	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


