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Prostate cancer is the most common malignancy in men and the second cause of
cancer-related deaths in western countries. Despite the progress in the treatment of
localized prostate cancer, there is still lack of effective therapies for the advanced
forms of the disease. Most patients with advanced prostate cancer become resistant
to androgen deprivation therapy (ADT), which remains the main therapeutic option
in this setting, and progress to lethal metastatic castration-resistant prostate cancer
(mCRPC). Current therapies for prostate cancer preferentially target proliferating, partially
differentiated, and AR-dependent cancer cells that constitute the bulk of the tumor
mass. However, the subpopulation of tumor-initiating or tumor-propagating stem-like
cancer cells is virtually resistant to the standard treatments causing tumor relapse at the
primary or metastatic sites. Understanding the pathways controlling the establishment,
expansion and maintenance of the cancer stem cell (CSC) subpopulation is an important
step toward the development of more effective treatment for prostate cancer, which
might enable ablation or exhaustion of CSCs and prevent treatment resistance and
disease recurrence. In this review, we focus on the impact of transcriptional regulators
on phenotypic reprogramming of prostate CSCs and provide examples supporting the
possibility of inhibiting maintenance and expansion of the CSC pool in human prostate
cancer along with the currently available methodological approaches. Transcription
factors are key elements for instructing specific transcriptional programs and inducing
CSC-associated phenotypic changes implicated in disease progression and treatment
resistance. Recent studies have shown that interfering with these processes causes
exhaustion of CSCs with loss of self-renewal and tumorigenic capability in prostate
cancer models. Targeting key transcriptional regulators in prostate CSCs is a valid
therapeutic strategy waiting to be tested in clinical trials.
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INTRODUCTION

To date there is compelling evidence supporting the presence of tumor-initiating,
tumor-propagating stem-like cells or cancer stem cells (CSCs) in human cancers (1, 2).
At any given time, the CSCs likely constitute only a minority of tumor cells within
the tumor mass (1, 2). However, CSCs contribute substantially to the biological and
clinical heterogeneity of human cancers (3, 4). The CSC model proposes that tumor
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cells maintain a lineage hierarchy similar to normal tissues (2).
The small population of stem-like cancer cells that sustain this
hierarchical organization is able both to self-renew by symmetric
cell division and to produce, through asymmetric cell divisions,
phenotypically distinct daughter cells with limited self-renewal
but greater proliferative activity (Figure 1A). Similar to normal
stem cells, the balance between self-renewal, differentiation,
and senescence is essential to maintain the CSC subpopulation
(2). Importantly, these processes lead to the expansion and
maintenance or, alternatively, to progressive loss of proliferative
potential and exhaustion of the CSC pool. According to the stem
cell model, CSCs are key elements driving tumor heterogeneity
and contributing to tumor progression and metastases (2, 4).
Importantly, CSCs contribute substantially to treatment failure
and disease recurrence by virtue of their intrinsic resistance to
chemotherapy, radiotherapy, and even molecular-targeted drugs
(2, 3, 5). Despite even massive reduction of bulk tumor cells
after effective treatment, the CSC subpopulation can survive,
expand and reconstitute, through a combination of symmetric
and asymmetric cell divisions, the population of bulk tumor
cells leading to tumor re-growth and relapse (Figure 1B).
Indeed, the inability of current therapies to affect the CSC
subpopulation contributes to their limited success and the
almost inevitable progression to treatment-resistant disease.
In this scenario, a significant increase in treatment efficacy,
duration of clinical response, and patient survival may depend
on the clinical implementation of new treatment strategies aimed
at eliminating or reprogramming CSCs toward differentiation
and senescence (Figure 1C). In this context, the knowledge
of the pathways underlying the peculiar properties of CSCs
can provide ideal targets for development of CSC-directed
therapies (4-6).

In this review, we focus on prostate cancer and the role
of transcriptional regulators on phenotypic reprogramming
of prostate CSCs. We provide examples supporting the
possibility of interfering with maintenance and expansion of
the CSC subpopulation in human prostate cancer by targeting
transcriptional regulators. Transcriptional and epigenetic
regulatory factors are key elements for instructing specific
transcriptional programs and phenotypic changes in CSCs
(3, 6). Notably, recent work has established that interfering with
these processes can induce loss of self-renewal capability and
exhaustion of the tumorigenic potential of CSCs. Promising
compounds are emerging from preclinical studies. Thus,
targeting transcriptional regulators in prostate CSCs might be
a valid therapeutic strategy to explore further in the preclinical
and clinical setting.

PROSTATE CANCER AND THE CURRENT
TREATMENT PERSPECTIVE

Prostate cancer is the most common malignancy in men
and the second cause of cancer-related deaths in developed
countries (7). Despite the progress in the treatment of localized
prostate cancer, management of locally advanced and metastatic
disease is still a critical unmet need (8, 9). Recent genomic

studies have shown that multiple genetic and epigenetic events
contribute to prostate cancer initiation and progression (10-
12). Deregulated expression and activity of transcriptional and
epigenetic regulators occur at early stages of disease and are
particularly relevant during the progression from localized
to metastatic disease and development of treatment-resistant
prostate cancer (13, 14). Moreover, complex transcriptional and
epigenetic reprogramming contribute to cancer cell plasticity or
trans-differentiation leading to the acquisition of tumorigenic,
stem-like, mesenchymal, or neuroendocrine features (15-17).

The prostate is an exocrine gland that is located around
the urethra at the base of the bladder and produces the
alkaline seminal fluid (18). Histologically, the human prostate is
composed of a pseudostratified epithelium containing basal and
luminal epithelial cells with rare neuroendocrine cells (19, 20).
Luminal cells are differentiated secretory epithelial cells that line
the lumen of the ducts and secretes the alkaline prostatic fluid
(20). Luminal secretory cells express cytokeratin 8, cytokeratin
18 and the androgen receptor (AR). Basal cells lie on the
basement membrane between luminal cells. Basal cells have
low levels of AR and express cytokeratin 5, cytokeratin 14 and
p63. Basal cells are considered the main niche for stem and
progenitor cells within the normal prostate epithelium, although
more recent lineage-tracing studies suggest that both basal and
luminal cells contain lineage-restricted stem/progenitor cells in
the mouse prostate (19, 20). Rare neuroendocrine cells, which
express chromogranin A and synaptophysin, are scattered in
the prostate gland. Neuroendocrine cells are AR negative and
androgen-independent (19).

Most prostate tumors are adenocarcinomas arising from
the peripheral zone of the prostate gland (18). The majority
of human prostatic adenocarcinomas have a predominant
luminal phenotype, with a limited number of primary tumors
showing features of neuroendocrine, small cell or sarcomatoid
carcinomas. Some 15% of patients diagnosed with a prostate
cancer will ultimately develop metastatic lesions, with about 90%
of these cases presenting with osteoblastic bone metastases (18).
In about 85% of the metastatic patients, the bone is the sole site
of metastasis. Notably, aggressive prostate adenocarcinomas with
neuroendocrine features (NEPC) form preferentially osteoclastic
bone metastases and metastasize more frequently to brain,
liver, bladder, and adrenal gland than adenocarcinoma-type
tumors (16).

The clinical evolution of prostate cancer is highly
heterogeneous, ranging from indolent to very aggressive tumors
that rapidly progress to metastatic and treatment refractory
prostate cancer (9, 18). Surgery and radiotherapy are highly
effective for treatment of low-risk localized prostate tumors (21).
Because most prostate cancers are androgen-dependent at the
time of diagnosis, patients with locally advanced or metastatic
diseases are treated with androgen deprivation therapy (ADT),
which limits disease progression (Figure2) (8). Nevertheless,
most tumors eventually become resistant to ADT and progress to
lethal metastatic castration-resistant prostate cancer (mCRPC),
for which there are limited treatment options (22, 23). Despite
the reduced efficacy of ADT, many mCRPC continues to have
active AR signaling through a variety of mechanisms including
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FIGURE 1 | Cancer stem cell biology and perspectives for cancer therapy. (A) Cancer stem cell (CSC) are a subpopulation of tumor cells capable of self-renewing
through symmetric cell division and of generating, through asymmetric division, more differentiated proliferating daughter cells (non-CSC) that, through successive cell
divisions (symmetric commitment) constitute the bulk of the tumor mass. (B) CSC are intrinsically resistant to chemotherapy and other therapeutic modalities and
cause disease recurrence by reconstituting the original tumor cell population at the primary or metastatic sites. (C) Targeting CSC could impair tumor regrowth and

decrease the likelihood of tumor progression and disease recurrence.

AR gene amplification, splice variants, point mutations,
transcriptional upregulation, ligand-independent activation, and
increased androgen and dihydrotestosterone (DHT) synthesis by
the adrenal glands or the tumor (9, 24). The continued reliance
on AR signaling makes a fraction of mCRPC still potentially
responsive to new AR pathway inhibitors (ARPI), such as
the anti-androgen receptor antagonist enzalutamide and the
androgen-biosynthesis inhibitor abiraterone (Figure2) (8).
However, mCRPC can activate additional escape mechanisms
and become resistant to the AR-targeted drugs (9).

An emerging modality of escape from ADT is phenotypic
plasticity with the acquisition of neuroendocrine features and
expression of characteristic markers such as synaptophysin and
chromogranin (15, 25, 26). This process involves a complex
interplay of multiple signaling pathways linked to transcriptional
activators (e.g., STAT3, MYC family members, SOX2) and
epigenetic effectors (e.g., EZH2) (16). In this context, expansion

of AR-indifferent CSCs followed by differentiation toward a NE
phenotype leads to a progeny of poorly differentiated tumor cells
insensitive to androgen ablation or suppression (Figure 2). Thus,
chronic ADT can induce dedifferentiation or transdifferentiation
in mCRPCs with the NEPC variant considerably increasing
among patients with metastatic castration-resistant disease.
Neuroendocrine differentiation may represent an extreme form
of evolution of prostate adenocarcinomas to an androgen-
independent status.

mCRPCs non-responsive to ADT and AR-targeted
therapeutics are treated with chemotherapy (27). Docetaxel
is now the standard therapy for these patients, although the
beneficial effect in this setting is rarely durable (28). Many
patients do not respond or, after an initial response, become
refractory to the treatment. Patients with docetaxel-refractory
tumors generally receive cabazitaxel, a second-generation
taxane, or platinum (Pt)-based compounds such as cisplatin
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FIGURE 2 | Prostate cancer progression and cancer stem cells. Prostate cancers initiate as in situ carcinoma called prostatic intragpithelial neoplasia (PIN) and then
evolve into invasive carcinomas and later, after androgen deprivation therapy (ADT), progress to metastatic castration-resistant prostate carcinomas (mMCRPC). After
continuous ADT or treatment with new AR-pathway inhibitors (ARPI), treatment-resistant tumors emerge that either retain adenocarcinoma features with enhanced AR

signaling (Adeno-CRPC) or acquire neuroendocrine features with attenuated AR signaling (NE-CRPC). Progression through these stages and development of
castration-resistance are driven likely by the expansion and specific behavior of prostate cancer stem cells.

and carboplatin (21, 29). Chemotherapy with carboplatin,
docetaxel, or cabazitaxel is currently the preferred treatment for
patients presenting with low PSA/tumor burden ratio and rapid
metastatic progression or features of small cell carcinoma or
NEPC (28). Inevitably, rapid development of resistance severely
limits the duration of response and efficacy of any form of
treatment in these patients.

CANCER STEM CELLS IN PROSTATE
CANCER

Prostate cancer is highly heterogeneous in cell composition
(19). The presence of stem-like tumor cells with tumor-
propagating and metastasis-generating properties can greatly
influence the biological heterogeneity, clinical progression and
treatment response (19). CSCs within primary tumors are likely
the main cause of metastatic spread and disease recurrence
in prostate cancer patients (Figure 2). Moreover, expansion of
CSCs, which are independent of AR signaling, can contribute to
the development of castration-resistance as well as to reduced
sensitivity to chemotherapy and radiotherapy (19, 20, 30, 31).
Furthermore, CSCs that derive from basal or luminal-type
progenitor/stem cells may exhibit different characteristics and
contribute diversely to the biological and clinical heterogeneity of
prostate tumors and their propensity to aggressive behavior and
treatment resistance (19, 20, 31).

CSCs display three main characteristics: the ability to initiate
tumor (tumorigenesis), to maintain their cellular properties
in at least one daughter cell (self-renewal) and to reproduce
the cellular composition of the original tumor (differentiation
program) (32). Several studies provide evidence for the

presence of self-renewing tumor-initiating stem-like cancer
cells in prostate tumors (19). Putative CSCs can be purified
using appropriate cell surface markers to define specific cell
populations and their properties can be assessed using in
vitro tumor-sphere and in vivo transplantation assays (33—
36). Broad and heterogeneous sets of extracellular markers
have been used to identify and isolate prostate CSCs (37,
38). However, the reproducibility and reliability in different
settings and experimental models as well as the clinical
relevance of most markers have not been demonstrated with
any certainty (38). Increased expression of intracellular markers
(e.g., ALDH), stem cell reprogramming factor, transcriptional
and epigenetic regulators (e.g., Oct3/4, Sox2, Klf4, Nanog, Myc,
BMI1) characterize prostate CSCs and provide additional tools
for their identification (36, 37, 39-41).

In the experimental setting, in vitro, ex vivo, and in vivo
functional assays are highly relevant to isolate CSCs and assess
their content and properties (33-36, 42). Culturing prostate
cancer cells in adherent monolayers in presence of serum-
supplemented cell culture medium allows propagation of the
heterogeneous bulk population of tumor cells (Figure 3A).
Prostato-sphere or tumor-sphere cultures in serum-free liquid
or semi-solid media and non-adherent conditions favors the
expansion of single-cell derived colonies (spheroids), which are
enriched of stem-like tumor cells able to survive and proliferate in
this setting (34-36, 42). Organoid cultures derived from human
or mouse tumors are an alternative method to preserve the
heterogeneity of the cell composition of the original tumor and
test drug efficacy in a three-dimensional, microenvironment-
inclusive system (43, 44). However, unlike tumor-sphere culture
systems, organoids do not enrich specifically for CSCs and do
not allow a direct assessment of tumor cells with stem-like
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properties. Xenografts of established human cancer cell lines
or patient-derived tumor cells by subcutaneous or orthotopic
implantation in immunodeficient mice can be a reliable and
reproducible source of stem-like tumor-initiating cells and
are used to assess in vivo tumorigenicity and self-renewal
properties of the isolated CSCs by serial re-implantation in
mice (Figure 3B). Long-term tumor regeneration in mice as
well as reproducible tumor-sphere forming ability in vitro are
paramount evidence of stem-like capability of the isolated
tumor cells (35, 36, 45). Furthermore, an emerging area of
research involves the isolation, characterization and propagation
of CSCs derived from genetically engineered mouse (GEM)
models of prostate cancer (Figure3C). These GEM models
reproduce prostate tumors that mimic human cancer with
similar defined genetic alterations within the orthotopic prostatic
microenvironment and in presence of an intact immune system
and thus are becoming a valuable resource to study prostate CSC
behavior and response to treatment (19, 46, 47).

When properly applied, collectively, these experimental
systems represent reliable tools to monitor the effects of genetic
and pharmacological interventions on CSCs. Furthermore, these
in vitro/in vivo assays along with supplementary approaches
(e.g., gene signatures, surface markers) need to be implemented
rigorously in preclinical and clinical studies to demonstrate the
efficacy of CSC-directed strategies and monitor the dynamic
changes in tumor cell subpopulations upon treatment (5, 48).
Such studies would provide a great deal of essential information
for defining the best strategies to improve cancer treatment in a
precision medicine approach.

CANONICAL SIGNALING PATHWAYS IN
PROSTATE CANCER STEM CELLS

Current therapies for prostate cancer target preferentially
partially differentiated, AR-dependent and proliferating tumor
cells that constitute the bulk of the tumor mass in locally
advanced and metastatic tumors (8, 21, 28, 29). However, the
subpopulation of CSCs is virtually insensitive to these therapies
and can repopulate the tumors at primary and metastatic
sites (19, 49). Understanding the pathways controlling the
establishment, expansion and maintenance of the CSC pool
would be an important step toward the development of more
effective therapies for prostate cancer enabling the ablation
or exhaustion of CSC and preventing treatment resistance
and disease recurrence. Much emphasis has been put on
canonical pathways identified as drivers of stemness features
in normal stem cells and proven to have similar functions
in CSCs.

Canonical stem cell-associated pathways, such as Sonic-
Hedgehog, Wnt and Notch, play important roles in CSC
maintenance and represent promising targets to explore for the
eradication of prostate CSCs (50, 51). In the canonical Wnt
pathway, Wnt ligands bind to Frizzled receptor and co-receptor
LRP 5/6 leading to stabilization and nuclear translocation of -
catenin that acts as transcriptional activator of the expression of
pro-tumorigenic genes (50). Altered expression and localization

of B-catenin is frequent in advanced prostate cancer and the
Wnt signaling pathway can directly promote self-renewal of
prostate CSCs (52-55). The Hedgehog pathway controls cell
renewal and survival in normal stem cells during embryogenesis
and adulthood (50). Hedgehog signaling is activated by binding
of a specific set of ligands (Desert, Indian and Sonic) to the
membrane receptors Patched (Ptchl and 2) and Smoothened
(SMO). In the presence of the ligands, SMO is relieved from the
repression by PTCH and promotes the nuclear translocation of
transcription factor Gli, which triggers the expression of specific
target genes. Prostate tumors, like other cancers, frequently
exhibit abnormally activated Hedgehog signaling (56, 57), which
promotes the expansion of prostate CSCs (58, 59). A complex
set of receptors (Notchl-4) and ligands (DLL 1, DLL 3, DLL
4, Jagged 1, and Jagged 2) controls Notch signaling (50). Upon
ligand binding, the cytoplasmic domain of the receptor is cleaved
by proteolytic enzymes (ADAMs and y-secretase) leading to
the release of the Notch intracellular domain (NICD), which
moves in the nucleus and activates transcription of target
genes. The Notch signaling pathway is activated improperly in
human cancers, including prostate tumors, where it alters normal
differentiation programs and contribute to CSC expansion (50,
60-62). In prostate cancer, combined upregulation of Notch
and Hedgehog signaling promotes the stem-like phenotype and
treatment resistance (63, 64).

Inhibitors of the Hedgehog, Wnt and Notch pathway have
been developed and some have been tested in clinical trials
in oncological patients (50). Targeting these stemness-related
pathways with selective inhibitors has potent anti-CSC effect and
influences positively the response to other cancer treatments in
preclinical models (65, 66). Notch pathway inhibitors have shown
efficacy enhancing the activity of both chemotherapy and ADT in
prostate cancer preclinical models (67-71). Hedgehog inhibitors
have anti-CSC effects in prostate cancer reducing expression
of stemness-related genes and growth of tumor xenografts in
mice (63, 72-74). Wnt pathway inhibitors also have been tested
successfully in preclinical models of prostate cancer, although the
evidence of a direct anti-CSC effect is not systematically provided
(54, 65, 66, 75). Wnt inhibitors include promising compounds
that have shown relevant activity in various experimental cancer
models (53, 76-78).

Ongoing trials in multiple cancer types, including prostate
cancer, are testing the efficacy of canonical stemness pathway
inhibitors (48, 79, 80). Notably, vismodegib (GDC-0449), the
first inhibitor approved for clinical use, and other Hedgehog
inhibitors are in clinical trials for prostate cancer patients.
Similarly, several Wnt and Notch pathway inhibitors are
currently undergoing clinical evaluation for treatment of patients
with various types of tumors including patients with prostate
cancer (80-82). These early phase clinical studies are set to
determine the efficacy and toxicity of these compounds and
they will provide insightful information for further development
as single agents or in combinatorial regimens (48). However,
it would be important in the future to assess specifically
whether the compounds affect the prostate CSC subpopulation
taking advantage of some of the assays developed in preclinical
studies. It might also be difficult to exclude effects of these
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pharmacological pathway inhibitors on normal stem cells and
prevent toxicity due to a limited therapeutic window (5, 48).

TRANSCRIPTIONAL REGULATORS IN
PROSTATE CSCs

Prostate CSCs present over-expression of various transcriptional
and epigenetic regulators (e.g., Nanog, SOX2, BMI1, and
EZH2) that are directly involved in reprogramming the CSC
transcriptome and sustaining the stem-like phenotype. Some
of these factors have been effectively targeted to induce CSC
depletion and counteract treatment resistance (41, 83-87).
Small molecule inhibitors of EZH2 and BMII, two epigenetic
effectors, are available and have shown efficacy in prostate
cancer preclinical models (25, 26, 85, 88-92). Furthermore,
EZH2 inhibitors are undergoing clinical testing in patients with
advanced tumors.

Additional transcriptional regulators are emerging as
targetable elements in prostate CSCs opening new opportunities

for anti-CSC therapeutic interventions. In the following sections,
we describe the recent data and provide proof of principle
examples of the effectiveness of such approaches for targeting
prostate CSCs.

c-Myc

Additional pathways controlling the enhanced self-renewal
capability and reduced differentiation potential of CSCs could
provide ideal targets for development of CSC-specific treatment
strategies. Several transcription factors aberrantly activated
in advanced and mCRPCs can be directly responsible for
expansion and tumorigenic potential of prostate CSCs. c-
Myc (Myc) is a transcription factor involved in many
biological processes, including transcription, replication, cell
division, protein synthesis and metabolism (93). Amplification,
chromosomal translocations, and deregulated expression of Myc
are among the most common alterations occurring in human
cancers (93). Myc is frequently upregulated in primary and
metastatic prostate cancers and its overexpression has been
associated with progression to CRPC (94). Many lines of evidence
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suggest that Myc has an important role in ensuring tumor
development and maintenance of CSCs in human cancers (31,
95-97). Myc, along with other stem cell genes like SOX2,
BMI1 and OCT-4, is highly expressed in prostate cancer cells
having the CD44+4/CD24- phenotype, which is considered a
hallmark of stem/progenitor cells (36, 98). However, similar to
many other transcription factors, Myc is a difficult target to
address directly with conventional small-molecule drugs (99).
Various approaches have been attempted to target Myc by
blocking Myc-protein interactions, Myc-DNA interactions and
Myc transcription or translation using small molecules, peptides,
oligonucleotides and small interfering RNAs (99-102). Few
compounds inhibiting Myc have entered early phases of clinical
investigation (100).

Following previous studies on Myc transcription and
promoter regulation by oligonucleotide-based approaches (103,
104), we showed more recently that Myc transcription could be
epigenetically silenced using a novel strategy based on promoter-
targeting siRNAs (105). This approach relies on the presence
of a cis-acting non-coding promoter-associated RNA (paRNA)
overlapping the gene transcription start site and positively
regulating Myc gene transcription (105). siRNA directed to
this paRNA inhibited Myc transcription by interfering with the
formation of the transcription pre-initiation complex at the gene
promoter (105). This strategy resulted in prolonged repression of
Myc transcription. Interestingly, a single transfection of prostate
cancer cells with the promoter-targeting siRNA induced long-
lasting effects on cell proliferation and colony formation in CRPC
models such as the DU145 and PC3 cell lines, indicative of
persistent loss of proliferative potential as consequence of Myc
silencing (105). Notably, using this promoter-targeting strategy
we were able to show that Myc silencing impaired maintenance
and induced senescence in the prostate CSC subpopulation
blocking their expansion and tumorigenic potential (36). We
showed that tumor-sphere forming cells derived from these
human cancer cell lines and grown in stem cell selective
conditions retained high self-renewal capability and had high
tumorigenic potential and ability to reconstitute the original
tumor cell population. Myc silencing impaired propagation
of tumor-spheres in vitro, growth of subcutaneous tumors
and formation of metastasis in mice (36). Consistent with
an impact on CSCs, tumors formed by Myc-depleted cells
had reduced content of stem-like tumor cells capable of
forming ex vivo tumor-spheres and generating secondary tumor
xenografts in mice. Thus, these ex vivo assays provided
direct confirmation of the anti-CSC effect of Myc silencing.
Notably, the reduced CSC content and tumorigenic capability
was associated with increased senescence in CSCs both in
vitro and in vivo. Thus, Myc silencing led to depletion of
CSCs and reduced their tumorigenic and metastatic potential
through the activation of a latent senescence program in CSCs
(36). This study, thus, provided direct evidence of the role
of Myc in the maintenance of CSCs in human tumors and
identified loss of self-renewal and induction of senescence as
primary mechanisms of the depletion of tumor-initiating and
metastatic prostate CSCs. These data also demonstrated that
RNAi-based targeting of regulatory non-coding RNA could

be an effective strategy to modulate gene expression for
therapeutic applications.

Targeting upstream regulators or downstream effectors of
Myc is also a valid approach (100, 102). Notably, bromodomain
and extra-terminal domain (BET) proteins, such as BRD4, bind
to acetylated histones and cooperate with multiple oncogenic
transcription factors including Myc (106). Importantly,
chemical inhibitors designed to disrupt BET protein-chromatin
interactions interfere with expression and activity of Myc
and other transcription factors (107-110). BET inhibitors are
effective anticancer agents in preclinical models of multiple
types of cancers (111). Currently, several BET protein inhibitors
(e.g., ZEN003694, OTX015/MK-8628, ABBV-075, INCB057643,
GSK525762/1-BET762, GS-5829) are in phase I/II clinical trials,
with some studies specifically assessing their efficacy in prostate
cancer patients alone or in combination with AR-targeted
therapies (112). In prostate cancer, BET protein inhibitors
modulate AR signaling and enhance the anti-androgenic effect
of AR-targeted therapies in AR positive prostate cancer cells
such as VCaP and LNCaP cells, making them suitable drugs for
treatment of mCRPCs (113-116). Interestingly, BET protein
inhibitors interfere with Myc functions in preclinical cancer
models (106, 108, 110) and, therefore, have the potential to
inhibit Myc-dependent processes also in prostate CSCs.

STAT3

Signal transducer and activator of transcription 3 (STAT3) is
a key element in multiple signaling pathways and is activated
aberrantly in many human cancers (117-120). Phosphorylation
at tyrosine 705 (Tyr705), which is catalyzed by protein
tyrosine kinases such as Janus kinases (JAK), regulates STAT3
transcriptional activity by inducing dimerization of STAT3
monomers, nuclear accumulation and DNA binding (117, 118).
The IL-6/JAK pathway is the main responsible of Tyr705
phosphorylation and activation of this pathway contributes to
tumor development in many experimental models (117, 118).
STATS3 activation is associated with advanced disease, metastasis
and clinical progression (118). Despite some recent controversial
observations, the evidence of a role of this transcription factor
in tumorigenesis in clinical and experimental systems and of its
potential as therapeutic target is rather overwhelming [for an
extensive discussion of these issues see (119-121)].

Increasing evidence indicates that STAT3 also localizes to
mitochondria and is important in controlling mitochondria
function (120, 122, 123). Mitochondrial STAT3 is phosphorylated
at serine 727 (Ser727) by various serine protein kinases, whereas
nuclear STAT3 is predominantly phosphorylated at Tyr705 by
tyrosine protein kinases, like JAK family kinases (124, 125).
Interestingly, constitutively Ser727-phosphorylated STAT3 is
present in many human cancers and is sufficient to drive
tumorigenesis independent of Tyr705 phosphorylation in various
models (124, 126, 127). Moreover, mitochondrial STAT3 is
critical for survival of tumor cells under microenvironment or
treatment induced stress conditions, reflecting a tumor-specific
dependency on STAT3 mitochondrial functions (124, 128).

A large set of evidence reveals a critical role of the
STAT3 in prostate cancer. Over-activity of STAT3 in human
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cancers, including prostate cancer, is frequently the result of
deregulation of upstream pathways with activation of protein
tyrosine kinases associated with cytokine and growth factor
receptors, like JAK family kinases (123). Increased levels of
IL-6, IL-6 receptor, JAK1, and pSTAT3 have been detected in
patients with metastatic tumors and CRPCs (129, 130) and are
associated with poor prognosis (131, 132). The IL-6/JAK/STAT3
pathway contributes to treatment resistance promoting tumor
cell survival after targeted anticancer drugs or ADT (133,
134). The pathway is at the center of tumor-microenvironment
crosstalks that promote treatment resistance and stemness (134,
135). Activation of STAT3 can promote also immune-tolerance
and chemo-resistance in prostate cancer through the secretion of
immunosuppressive cytokines in the tumor microenvironment
(136). Conversely, inhibition of the IL-6/JAK/STAT3 pathway
reduces tumor cell proliferation and restores sensitivity to AR-
targeted drugs (137-139). Importantly, in recent years antibodies
(e.g., siltuximab) targeting the IL-6/JAK/STAT3 pathway have
been tested as monotherapy or in combination with cytotoxic
drugs in various clinical trials for treatment of cancers, including
prostate cancer (119, 140-142). However, despite the positive
data in preclinical models, the clinical activity in advanced
prostate cancer patients was modest or not significant (119, 140-
142), suggesting that anti-IL-6 therapies may not be the most
effective approach to block STAT3 signaling in this setting.

Increased STAT3 levels and higher Tyr705 and Ser727
phosphorylation are frequent in human prostate cancer both
at early (androgen-dependent) and late (castration-resistant)
stages of the disease (143). STAT3 activation is associated with
poor clinical outcome in prostate cancer patients (144, 145).
Importantly, activation of STAT3 has been associated with
promotion and maintenance of CSC, tumorigenicity and
metastatic capability in prostate cancer (133, 146, 147).
Alternative activation pathways and non-transcriptional
functions of STAT3 may also be important in CSC maintenance
(122). In prostate cancer, induction of Ser727 phosphorylation
can promote cell transformation and tumor development in
the absence of Tyr705 phosphorylation (126). The oncogenic
effect of STAT3 in this experimental system depended strictly on
phosphorylation of Ser727 and both transcriptional dependent
and independent functions of STAT3 (126). Interestingly,
we found that in a subset of prostate cancer, characterized
by reduced expression of the ETS factor ESE3/EHF, STAT3
upregulation and activation depended on the over-expression
of a microRNA, miR-424, which prevented proteasomal
degradation of STAT3 and led to increased levels of total STAT3
protein (148). Remarkably, miR-424 upregulation correlated
with the acquisition of CSC features in cell lines and human
tumors, confirming the relevance of this non-canonical STAT3
activation pathway for stemness and tumorigenicity of prostate
CSC (148).

The anti-CSC effects of interfering with IL-6/JAK signaling
using chemical inhibitors or soluble IL-6R support the relevance
of STAT3 activation in the CSC compartment (133, 146,
149-152). Napabucasin (BBI608), a small molecule inhibitor
proposed to interfere with STAT3 signaling, has been shown
to inhibit stem-like tumor cells in ad-hoc designed preclinical

models (153). The compound has been extensively studied in
preclinical setting as single agent and in drug combinations
to take advantage of the concomitant targeting of CSC and
non-CSC populations of tumor cells and is currently tested in
several clinical trials in combination with standard therapies for
advanced cancers (152, 154). In addition to STAT3 pathway or
indirect inhibitors, various direct STAT3 inhibitors have been
developed and some have been tested in prostate cancer models
(119). We recently showed that small molecule inhibitors of
STAT3 OPB-31121 and OPB-51602, which directly bind to the
SH2 domain and effectively block global downstream signaling
through multiple STAT3-dependent pathways, were very active
in prostate cancer cell models and specifically highly effective on
the CSC compartment (128, 155). OPB-31121, OPB-51602 and a
third structurally related compound, OPB-111077, have entered
phase I/II clinical trials showing some limited efficacy as single
agents in advanced patients with solid tumors (156-159). These
inhibitors block both Tyr705 and Ser727 phosphorylation and
impair functioning of both nuclear and mitochondrial STAT3
(128). Importantly, in DU145 tumor xenografts, a CRPC model,
OPB-51602 profoundly inhibited tumor growth and blocked
tumor cell re-population after treatment withdrawal (128). These
effects correlated with significant depletion of the fraction of
stem-like tumor cells in the tumor xenografts after OPB-51602
treatment as assessed by ex vivo flow cytometry and tumor-sphere
assays (128).

In human cancers, STAT3 activation occurs often
concomitantly with activation of the NF-kB transcription
factor pathway (160). NF-«B is frequently activated in advanced
prostate cancer and has been implicated in expansion of CSC
(37). Notably, STAT3 and NF-kB induce highly overlapping
sets of pro-tumorigenic genes that might have important
functions in prostate CSC (160). Activation of NF-kB and
crosstalk with the IL6/JAK/STAT3 signaling pathway were
essential for the acquisition of the epithelial-to-mesenchymal
transition (EMT) and CSC features in aggressive prostate
tumors (161). Furthermore, multiple positive and negative
feedback loops link the two pathways leading to reciprocal
activation or inhibition, depending on the cell context and
microenvironment stimuli (160). Interestingly, we found that
the activity of both STAT3 and NF-«kB was strikingly higher in
prostate CSC compared to bulk tumor cells and took advantage
of the availability of a novel chimeric multi-kinase inhibitor,
EC-70124, generated by genetic engineering of biosynthetic
pathway of natural compounds (151). The novel compound
was particularly effective against IKKB and JAK kinases, which
catalyze the critical steps for activation of NF-kB and STAT3,
respectively (162). Thus, we reasoned that the ability of EC-70124
to target concomitantly NF-kB and STAT3 could provide an
innovative strategy to disrupt the pro-tumorigenic crosstalk
between the two transcription factors and avoid the downsides
of individual pathway targeting and activation of alternative
survival pathways. EC-70124 blocked effectively both NF-kB
and STAT3 activity in prostate cancer cells and particularly in
tumor-sphere cells with constitutive activation of these pathways
(151). Moreover, the drug reduced tumor-sphere formation in
vitro and tumor growth in vivo (151). Notably, EC-70124 had
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profound effect on the CSC subpopulation in tumor xenografts.
This latter aspect was investigated by performing ex vivo
assays with cells directly isolated from tumor xenografts at the
end of the in vivo treatment and determining the fraction of
tumor cells retaining CSC features and self-renewal capability
(151). Thus, dual inhibition of STAT3 and NF-«kB by EC-70124
impairs CSC maintenance and tumor development in mice and
provides the basis for new therapeutic strategies for treatment of
prostate cancer.

ERG
ETS transcription factors constitute a large family of
transcriptional regulators with important roles in cell

differentiation and carcinogenesis (163). The ETS family includes
27 members that share the highly conserved ETS domain (163).
Individual ETS factors have different patterns of cell and tissue
specific expression and induce distinct transcriptional and
biological responses. This diversity among individual ET'S factors
are reflected in different roles in tumorigenesis (163). ETS factors
are deregulated in many human cancers and can either promote
or suppress tumorigenesis (163).

A significant percentage of prostate cancers exhibit a specific
gene fusion of the ETS gene ERG and the 5 region of
TMPRSS2 gene (164). The TMPRSS2 gene encodes a serine
protease highly expressed in the prostate epithelium. This genetic
event results in overexpression of full length (or minimally
truncated) ERG protein driven by the androgen-regulated
TMPRSS2 promoter in prostate epithelial cells (164-166).
Interestingly, recent studies indicate the new options for targeting
pharmacologically ERG for prostate cancer treatment (167-169).
Ectopic expression of ERG results in complex changes in the
cell transcriptome and acquisition of tumorigenic properties.
However, the biological impact of aberrantly expressed ERG
in prostate cancer progression and the underlying mechanisms
are still unclear (170, 171). In a relevant number of human
prostate cancers, ERG gene fusion occurs concomitantly with
PTEN loss (172). The coexistence of the two events is generally
associated with a more aggressive disease (172). Importantly,
the cooperation of ERG gain and PTEN loss was recapitulated
in mouse models whereby ERG transgenic mice crossed with
PTEN-deficient mice developed frank malignant lesions and
progression to invasive adenocarcinomas (172-174).

We recently used these GEM models with prostate-specific
expression of ERG (Pb-Cre4; Rosa26ERG/ERG) with and
without PTEN deletion to examine the mechanisms underlying
tumor progression in ERG-fusion positive prostate cancers.
ERG transgenic mice fail to develop invasive adenocarcinomas
while the combined ERG/PTEN (Pb-Cre4; Ptenflox/flox;
Rosa26ERG/ER) mice develop large invasive tumors (172).
Thus, these GEM models represent good systems to assess
events associated with prostate cancer progression. Moreover,
to examine the relation between tumor progression and CSC,
we took advantage of the established protocols for isolation and
analysis of tumor-propagating stem-like tumor cells from in
vivo models. Importantly, we found that prostate tumors from
ERG/PTEN mice were highly enriched of stem-like cancer cells

that formed large tumor-spheroids when plated in prostate-
sphere culture conditions (47). Tumor-spheroids were positive
for cytokeratins confirming their epithelial origin and expressed
typical stem cell markers. Moreover, the ERG/PTEN derived
tumor-spheroids were endowed of high in vitro self-renewal
potential and were capable of generating tumors with high
efficiency when re-implanted in mice (47).

Using this system, we recently evaluated the activity of
compounds that could interfere with ERG induced transcriptonal
and phenotypic reprogramming. Based on the finding of a
relevant fraction of ERG/Sp1 co-regulated genes among the ERG
activated targets in ERG-fusion positive tumor, we tested the
activity of a novel DNA binding and Sp1 interfering compound,
demycarosyl-3D-f-D-digitoxosyl-mithramycin SK (EC-8042), in
ERG positive models (47). Specifically, we found that EC-8042
was a potent inhibitor of tumor-sphere formation by ERG fusion
positive VCaP cells, a measure of the drug’s anti-CSC activity.
Interestingly, this effect was associated with reduced expression
of ERG/Spl target genes and impaired invasive and metastatic
property in vivo in the Chick Chorioallantoic Membrane (CAM)
system (47). The CAM assay provide a simplified system to
assess tumor growth, invasion, migration, circulation in blood
vessels and metastasis in live chicken embryos. To investigate
further the impact of EC-8042 on tumor-propagating stem-
like cells, we took advantage of the ERG/PTEN GEM model.
Treatment with EC-8042 reduced formation of tumor-spheroids
from ERG/PTEN mice in vitro and impaired the re-implantation
of tumor-spheroid cells in mice (47). Systemic treatment with
EC-8042 inhibited tumor progression reducing invasive and
proliferative areas in prostate adenocarcinomas in ERG/PTEN
mice. Moreover, EC-8042 had a significant impact of the CSC
subpopulation in ERG/PTEN mice as indicated by reduced
ex vivo tumor-sphere formation and CSC marker expression
(47). These data established for the first time the efficacy of
antagonizing ERG oncogenic activity to block maintenance and
expansion of CSC in ERG positive prostate tumor models
opening new possibilities for treatment of this disease.

ESE3/EHF

ESE3/EHF is an ETS family transcription factor of the epithelial-
specific subfamily. ESE3/EHF is highly expressed in normal
prostate epithelial cells and is essential for epithelial cell
differentiation. Interestingly, we found that ESE3/EHEF, along
with ERG, was one of the most frequently deregulated ETS
factors in human prostate cancer (175, 176). Importantly,
down-regulation of ESE3/EHF in immortalized human prostate
epithelial cells resulted in transformation, dedifferentiation,
EMT, and acquisition of CSC properties (35). Furthermore, we
identified a group of prostate tumors that exhibited marked
reduction of ESE3/EHF expression in the absence of alterations of
other ETS genes, including ERG. Enrichment of transcriptional
features associated with EMT and CSC phenotype along with
adverse clinical outcome characterized tumors with loss of
ESE3/EHF expression (35). In follow up studies, we made
further progress in understanding the tumor suppressor role
of ESE3/EHE, particularly with respect to its function in cell
differentiation and stemness. The link between ESE3/EHF and
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CSC properties was investigated by in vitro tumor-sphere and
in vivo xenograft re-implantation assays (35, 45). ESE3/EHF
knockdown in immortalized normal prostate epithelial cells,
such as RWPE1 and LHS, was a potent inducer of stem-like,
tumorigenic and self-renewal capability in prostate epithelial
cells (35). Furthermore, we established that ESE3/EHF controls
key genes and microRNAs specifically involved in epithelial
differentiation and CSC maintenance (35, 45, 148). Collectively,
these findings suggested also various strategies to target
tumors with loss of ESE3/EHF expression and reverse their
aggressive phenotype.

We found that ESE3/EHF downregulation led to increased
expression of stem cell factors Lin28A/B along with other
stemness-related factors (45). Lin28 A/B are key elements
in the processing of mature microRNA of the let-7 family,
which are potent tumor suppressors and anti-CSC effectors
(177). Accordingly, we evaluated the effect of knocking down
Lin28 on tumorigenic and stem-like properties of transformed
prostate epithelial cells with ESE3/EHF downregulation. Lin28
knockdown reduced the expression of CSC markers and the
ability to sustain tumor formation in mice (45). Accordingly,
ex vivo tumor-sphere assays showed a significant and persistent
reduction of stem-like cells in Lin28-depleted tumor xenografts.
Moreover, in serial re-implantation experiments Lin28
knockdown decreased profoundly the in vivo self-renewal and
tumorigenic potential of prostate CSC (45). Thus, targeting Lin28
could re-activate a latent differentiation/senescence program in
prostate CSC and lead to their ablation in ESE3/EHFY prostate
tumors (45). Based on these findings, we recently evaluated a
first chemical inhibitor of Lin28A/B, ID1632, and demonstrated
in vitro its significant activity in CSC culture systems (178),
suggesting an alternative to the siRNA and short-oligonucleotide
based approaches (45, 179). All these modalities to target
Lin28A/B and counteract the effects of ESE3/EHF silencing are
in early preclinical stages of investigation.

We observed that ESE3/EHF had also a relevant impact on
the activation state of STAT3. By performing miRNA expression
profiling in a cohort of primary prostate tumors and normal
prostate for which we had matching gene expression data we
found that many microRNAs were significantly deregulated
in tumors compared to normal prostate. We identified miR-
424 as one of the most upregulated miRNAs in ESE3!W
tumors and cell lines (148). Functional assays demonstrated
that ESE3/EHF repressed transcription of miR-424 in normal
prostate epithelial cells and loss of ESE3/EHF triggered miR-
424 upregulation in cancer cells (148). Among the potential
targets of miR-424, we found that the E3 ubiquitin ligase COP1
had a key role in miR-424 induced phenotypes in ESE3/EHF
under-expressing prostate tumor cells. Interestingly, follow up
studies revealed that miR-424 mediated silencing of COP1
led to impaired proteasomal degradation of STAT3 leading
to stabilization and constitutive activation of this oncogenic
transcription factor (148). Importantly, miR-424 upregulation
promoted EMT and tumor-sphere formation, features associated
with the CSC phenotype. Moreover, a synthetic antagonist
of miR-424 reduced tumor-sphere formation in vitro and
impaired the ability to generate tumors in mice (148). Several

miRNA-based therapeutics are currently in clinical trials and
represent promising tools for targeting oncogenic and tumor
suppressor pathways (180).

ESE3/EHF modulates STAT3 activity also by controlling IL-6
transcription (150). We observed that expression of ESE3/EHF
and IL-6 were significantly anti-correlated in primary and
metastatic prostate cancers. ESE3/EHF bound to the IL-6
promoter and repressed IL-6 transcription (150). Moreover, IL-
6, phosphorylated STAT3 and STAT3 transcriptional activity
were consistently upregulated in tumor-spheres from ESE3/EHF
under-expressing tumor cells, in line with aberrant activation
of IL-6/JAK/STAT3 pathway in prostate CSC. To test the
effect of antagonizing IL-6/JAK/STAT3 pathway in ESE3/EHF
under-expressing tumors, we used the JAK2 inhibitor NVP-
BSK805 (150). NVP-BSK805 significantly reduced tumor-sphere
formation in ESE3/EHF low expressing models. Moreover,
treatment with NVP-BSK805 inhibited growth of tumor
xenografts and self-renewal capability of tumor-sphere cells
derived from ESE3/EHF knockdown models, indicating that the
CSC compartment was compromised persistently by disrupting
the IL-6/JAK/STATS3 axis in the context of ESE3/EHFY tumors
(150). Many JAK inhibitors are currently in clinical trials for
oncological and non-oncological indications (181), making their
use for counteracting CSC expansion in specific subtypes of
prostate cancer a reasonably testable hypothesis. Collectively,
these data indicate that ESE3/EHF activity is essential to
maintain the balance between differentiation and self-renewal
in the prostate epithelium and that loss of expression of
this transcriptional regulator characterize aggressive tumors
specifically susceptible to approaches aimed at restoring the
tumor suppressor function of ESE3/EHF.

CONCLUSIONS

In recent years, a growing body of evidence has accumulated on
the role of CSC in the genesis and progression of prostate cancer.
Prostate CSC play a pivotal role in castration-resistance and
phenotypic plasticity that underlie treatment failure and disease
recurrence in advanced stage patients. Therapies targeting
prostate CSCs can lead to effective treatment for these patients.
Anti-CSC strategies should complement the current therapeutic
approaches that aim at reducing AR-dependent and proliferating
bulk tumor cells. The dissection of the molecular mechanisms
controlling the dynamic phenotypic changes that characterize
the CSC subpopulation is a mandatory prerequisite to design
precise therapeutic interventions aimed at eradicating the CSC.
Stem cell reprogramming factors, transcriptional regulators, and
epigenetic effectors sustain the maintenance and expansion
of prostate CSC and may represent valid therapeutic targets.
We have shown that blocking expression and function of
transcription factors that are aberrantly upregulated in prostate
CSC derived from human cell lines, xenografts and GEM
models results in substantial depletion of the CSC subpopulation
and severe impairment of the self-renewal and tumorigenic
capability. These approaches based on the use of small-molecule
chemical inhibitors or synthetic siRNA provide innovative
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strategies to disrupt the pro-tumorigenic signaling sustaining
the prostate CSC phenotype. Nevertheless, despite the enormous
progress seen in the last decades, many questions on the
heterogeneity and plasticity of prostate CSCs and their evolution
during tumor progression and treatment remain open and the
results will influence the successful implementation of anti-CSC
therapies (1, 3, 5, 48). The application of emerging technologies
such as single-cell genomics and spatial transcriptomics (182-
186) will allow addressing the important questions of stem cell
niche composition, anatomical location, biological and genomic
heterogeneity of prostate CSCs in longitudinal studies in mouse
models and human samples. Genomic and proteomic approaches
may lead to the development of specific CSC signatures to apply
to preclinical models and human samples and probe the CSC
population and characterize their heterogeneity and evolution
during the course of the disease and in response to treatments
(31, 95,187). Likely, combinations of standard therapies targeting
bulk tumor cells with more selective anti-CSC therapies would
be the most reliable treatment approach for most patients.
Combined targeting of multiple CSC pathways might also be

REFERENCES

1. Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating
evidence and unresolved questions. Nat Rev Cancer. (2008) 8:755-68.
doi: 10.1038/nrc2499

2. Visvader JE, Lindeman GJ.
and evolving complexities.
doi: 10.1016/j.stem.2012.05.007

3. Easwaran H, Tsai HC, Baylin SB. Cancer epigenetics: tumor heterogeneity,
plasticity of stem-like states, and drug resistance. Mol Cell. (2014) 54:716-27.
doi: 10.1016/j.molcel.2014.05.015

4. Brooks MD, Burness ML, Wicha MS. Therapeutic implications of cellular
heterogeneity and plasticity in breast cancer. Cell Stem Cell. (2015) 17:260-
71. doi: 10.1016/j.stem.2015.08.014

5. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, Dirks PB.
Tumour-initiating cells: challenges and opportunities for anticancer
drug discovery. Nat Rev Drug Discov. (2009) 8:806-23. doi: 10.103
8/nrd2137

6. Pattabiraman DR, Weinberg RA. Tackling the cancer stem cells - what
challenges do they pose? Nat Rev Drug Discov. (2014) 13:497-512.
doi: 10.1038/nrd4253

7. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J. Clin.
(2018) 68:7-30. doi: 10.3322/caac.21442

8. Knudsen KE, Scher HI. Starving the addiction: new opportunities for durable
suppression of AR signaling in prostate cancer. Clin Cancer Res. (2009)
15:4792-8. doi: 10.1158/1078-0432.CCR-08-2660

9. Watson PA, Arora VK, Sawyers CL. Emerging mechanisms of resistance

to androgen receptor inhibitors in prostate cancer. Nat Rev Cancer. (2015)

15:701-11. doi: 10.1038/nrc4016

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al.

Integrative genomic profiling of human prostate cancer. Cancer Cell. (2010)

18:11-22. doi: 10.1016/j.ccr.2010.05.026

Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro R], Mosquera JM,

et al. Integrative clinical genomics of advanced prostate cancer. Cell. (2015)

162:454. doi: 10.1016/j.cell.2015.06.053

Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, Cyrta J, et al. Divergent

clonal evolution of castration-resistant neuroendocrine prostate cancer. Nat

Med. (2016) 22:298-305. doi: 10.1038/nm.4045

Perry AS, Watson RW, Lawler M, Hollywood D. The epigenome as

a therapeutic target in prostate cancer. Nat Rev Urol. (2010) 7:668-80.

doi: 10.1038/nrurol.2010.185

cells: current status
(2012) 10:717-28.

Cancer stem
Cell Stem  Cell.

10.

11.

12.

13.

required to achieve effective control of the CSC subpopulation
within highly heterogeneous tumors and avoid CSC escape.
Properly designed preclinical studies and clinical trials should
investigate the feasibility and efficacy of the diverse strategies
matching the genotypic and epigenetic features of the tumors.

AUTHOR CONTRIBUTIONS

GC, DA, DS, RV, M, AK, SM, GMC, and CC reviewed
the literature, analyzed the data, and contribute to writing
the manuscript.

ACKNOWLEDGMENTS

Work in the corresponding authors was funded by Swiss National
Science Foundation (310030-169942, 310030L-170182, 31003A-
173187, 1Z1LSZ3-170898), Swiss Cancer League (KLS-3872-02-
2016, KLS KLS-4569-08-2018, KFS-3872-02-2016, KFS-3816-
02-2016, KLS-3839-02-2016), and Fondazione Ticinese per la
Ricerca sul Cancro (CC).

Jeronimo C, Bastian PJ, Bjartell A, Carbone GM, Catto JW, Clark SJ, et al.
Epigenetics in prostate cancer: biologic and clinical relevance. Eur Urol.
(2011) 60:753-66. doi: 10.1016/j.eururo.2011.06.035

Zou M, Toivanen R, Mitrofanova A, Floch N, Hayati S, Sun Y, et al
Transdifferentiation as a mechanism of treatment resistance in a mouse
model of castration-resistant prostate cancer. Cancer Discov. (2017) 7:736-
49. doi: 10.1158/2159-8290.CD-16-1174

Davies AH, Beltran H, Zoubeidi A. Cellular plasticity and the
neuroendocrine phenotype in prostate cancer. Nat Rev Urol. (2018)
15:271-86. doi: 10.1038/nrurol.2018.22

Park JW, Lee JK, Sheu KM, Wang L, Balanis NG, Nguyen K, et al
Reprogramming normal human epithelial to a common,
lethal neuroendocrine cancer lineage. (2018) 362:91-5.
doi: 10.1126/science.aat5749

Nelson WG, De Marzo AM, Isaacs WB. Prostate cancer. N Engl ] Med. (2003)
349:366-81. doi: 10.1056/NEJMra021562

LiJJ, Shen MM. Prostate stem cells and cancer stem cells. Cold Spring Harb
Perspect Med. (2018) 5:a030395. doi: 10.1101/cshperspect.a030395

Zhang D, Zhao S, Li X, Kirk JS, Tang DG. Prostate luminal progenitor
cells in development and cancer. Trends Cancer. (2018) 4:769-83.
doi: 10.1016/j.trecan.2018.09.003

Attard G, Parker C, Eeles RA,
Tannock I, et al. Prostate cancer.
doi: 10.1016/S0140-6736(14)61947-4
Seruga B, Ocana A, Tannock IF. Drug resistance in metastatic
castration-resistant prostate cancer. Nat Rev Clin Oncol. (2011) 8:12-23.
doi: 10.1038/nrclinonc.2010.136

Yap TA, Zivi A, Omlin A, De Bono JS. The changing therapeutic landscape
of castration-resistant prostate cancer. Nat Rev Clin Oncol. (2011) 8:597-610.
doi: 10.1038/nrclinonc.2011.117

Attard G, Antonarakis AR aberrations and
resistance to abiraterone or enzalutamide. Nat Rev Urol. (2016) 13:697-8.
doi: 10.1038/nrurol.2016.212

Ku SY, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich ZW,
et al. Rbl and Trp53 cooperate to suppress prostate cancer lineage
plasticity, metastasis, and antiandrogen resistance. Science. (2017) 355:78-83.
doi: 10.1126/science.aah4199

Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen CC,
et al. SOX2 promotes lineage plasticity and antiandrogen resistance
in TP53- and RBI-deficient prostate cancer. Science. (2017) 355:84-8.
doi: 10.1126/science.aah4307

tissues
Science.

20.

21. SA,

387:70-82.

Schroder E  Tomlins
Lancet. (2016)
22.
23.
24.

ES. Prostate cancer:

25.

26.

Frontiers in Oncology | www.frontiersin.org

11

May 2019 | Volume 9 | Article 385


https://doi.org/10.1038/nrc2499
https://doi.org/10.1016/j.stem.2012.05.007
https://doi.org/10.1016/j.molcel.2014.05.015
https://doi.org/10.1016/j.stem.2015.08.014
https://doi.org/10.1038/nrd2137
https://doi.org/10.1038/nrd4253
https://doi.org/10.3322/caac.21442
https://doi.org/10.1158/1078-0432.CCR-08-2660
https://doi.org/10.1038/nrc4016
https://doi.org/10.1016/j.ccr.2010.05.026
https://doi.org/10.1016/j.cell.2015.06.053
https://doi.org/10.1038/nm.4045
https://doi.org/10.1038/nrurol.2010.185
https://doi.org/10.1016/j.eururo.2011.06.035
https://doi.org/10.1158/2159-8290.CD-16-1174
https://doi.org/10.1038/nrurol.2018.22
https://doi.org/10.1126/science.aat5749
https://doi.org/10.1056/NEJMra021562
https://doi.org/10.1101/cshperspect.a030395
https://doi.org/10.1016/j.trecan.2018.09.003
https://doi.org/10.1016/S0140-6736(14)61947-4
https://doi.org/10.1038/nrclinonc.2010.136
https://doi.org/10.1038/nrclinonc.2011.117
https://doi.org/10.1038/nrurol.2016.212
https://doi.org/10.1126/science.aah4199
https://doi.org/10.1126/science.aah4307
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Civenni et al.

Targeting Prostate Cancer Stem Cells

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Quinn DI, Sandler HM, Horvath LG, Goldkorn A, Eastham JA. The
evolution of chemotherapy for the treatment of prostate cancer. Ann Oncol.
(2017) 28:2658-69. doi: 10.1093/annonc/mdx348

Nuhn P, De Bono JS, Fizazi K, Freedland SJ, Grilli M, Kantoff PW, et al.
Update on systemic prostate cancer therapies: management of metastatic
castration-resistant prostate cancer in the era of precision oncology. Eur
Urol. (2019) 75:88-99. doi: 10.1016/j.eururo.2018.03.028

Beer TM. Management of castration-resistant, taxane-resistant prostate
cancer. Oncology. (2017) 31:633-6.

Qin J, Liu X, Laffin B, Chen X, Choy G, Jeter CR, et al. The PSA(-/lo)
prostate cancer cell population harbors self-renewing long-term tumor-
propagating cells that resist castration. Cell Stem Cell. (2012) 10:556-69.
doi: 10.1016/j.stem.2012.03.009

Zhang D, Park D, Zhong Y, Lu Y, Rycaj K, Gong S, et al. Stem cell and
neurogenic gene-expression profiles link prostate basal cells to aggressive
prostate cancer. Nat Commun. (2016) 7:10798. doi: 10.1038/ncomms10798
Ward RJ], Dirks PB. stem the
of tumor development. Annu Rev (2007)
doi: 10.1146/annurev.pathol.2.010506.091847

Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJ. Prospective
identification of tumorigenic prostate cancer stem cells. Cancer Res. (2005)
65:10946-51. doi: 10.1158/0008-5472.CAN-05-2018

Dubrovska A, Kim S, Salamone R], Walker JR, Maira SM, Garcia-Echeverria
C, et al. The role of PTEN/Akt/PI3K signaling in the maintenance and
viability of prostate cancer stem-like cell populations. Proc Natl Acad Sci
USA. (2009) 106:268-73. doi: 10.1073/pnas.0810956106

Albino D, Longoni N, Curti L, Mello-Grand M, Pinton S, Civenni G,
et al. ESE3/EHF controls epithelial cell differentiation and its loss leads
to prostate tumors with mesenchymal and stem-like features. Cancer Res.
(2012) 72:2889-900. doi: 10.1158/0008-5472.CAN-12-0212

Civenni G, Malek A, Albino D, Garcia-Escudero R, Napoli S, Di
Marco S, et al. RNAi-mediated silencing of Myc transcription
inhibits stem-like cell maintenance and tumorigenicity in prostate
cancer. Cancer Res. (2013) 73:6816-27. doi: 10.1158/0008-5472.CAN
-13-0615

Rajasekhar VK, Studer L, Gerald W, Socci ND, Scher HI. Tumour-initiating
stem-like cells in human prostate cancer exhibit increased NF-kappaB
signalling. Nat Commun. (2011) 2:162. doi: 10.1038/ncomms1159

Harris KS, Kerr BA. Prostate cancer stem cell markers drive progression,
therapeutic resistance, and bone metastasis. Stem Cells Int. (2017)
2017:8629234. doi: 10.1155/2017/8629234

Cojoc M, Peitzsch C, Kurth I, Trautmann F Kunz-Schughart LA,
Telegeev GD, et al. Aldehyde Dehydrogenase is regulated by B-
catenin/TCF and promotes radioresistance in prostate cancer progenitor
Res.  (2015) 75:1482-94. doi: 10.1158/0008-5472.C

headwaters
2:175-89.

cells: at
Pathol.

Cancer

cells. Cancer
AN-14-1924
Peitzsch C, Cojoc M, Hein L, Kurth I, Mabert K, Trautmann
E et al. An epigenetic reprogramming strategy to resensitize
radioresistant prostate cancer cells. Cancer Res. (2016) 76:2637-51.
doi: 10.1158/0008-5472.CAN-15-2116

Yoo YA, Roh M, Naseem AF, Lysy B, Desouki MM, Unno K, et al. Bmil
marks distinct castration-resistant luminal progenitor cells competent for
prostate regeneration and tumour initiation. Nat Commun. (2016) 7:12943.
doi: 10.1038/ncomms12943

Chen X, Li Q, Liu X, Liu C, Liu R, Rycaj K, et al. Defining a population
of stem-like human prostate cancer cells that can generate and propagate
castration-resistant prostate cancer. Clin Cancer Res. (2016) 22:4505-16.
doi: 10.1158/1078-0432.CCR-15-2956

Gao D, Vela I, Sboner A, Iaquinta PJ, Karthaus WR, Gopalan A, et al.
Organoid cultures derived from patients with advanced prostate cancer. Cell.
(2014) 159:176-87. doi: 10.1016/j.cell.2014.08.016

Drost ], Karthaus WR, Gao D, Driehuis E, Sawyers CL, Chen Y, et al.
Organoid culture systems for prostate epithelial and cancer tissue. Nat
Protoc. (2016) 11:347-58. doi: 10.1038/nprot.2016.006

Albino D, Civenni G, Dallavalle C, Roos M, Jahns H, Curti L, et al. Activation
of the Lin28/let-7 axis by loss of ESE3/EHF promotes a tumorigenic and
stem-like phenotype in prostate cancer. Cancer Res. (2016) 76:3629-43.
doi: 10.1158/0008-5472.CAN-15-2665

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Civenni G, Carbone GM, Catapano CV. Overview of genetically engineered
mouse models of prostate cancer and their applications in drug discovery.
Curr Protoc Pharmacol. (2018) 81:e39. doi: 10.1002/cpph.39

Shinde D, Albino D, Zoma M, Mutti A, Mapelli S, Civenni G, et al.
Transcriptional reprogramming and inhibition of tumor-propagating stem-
like cells by EC-8042 in ERG-positive prostate cancer. Eur Urol Oncol.
(2018). doi: 10.1016/j.eu0.2018.08.024

Saygin C, Matei D, Majeti R, Reizes O, Lathia JD. Targeting cancer
stemness in the clinic: from hype to hope. Cell Stem Cell. (2019) 24:25-40.
doi: 10.1016/j.stem.2018.11.017

Maitland NJ, Collins AT. Prostate cancer stem cells: a new target for therapy.
J Clin Oncol. (2008) 26:2862-70. doi: 10.1200/JC0.2007.15.1472

Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn M, et al. Targeting
Notch, Hedgehog, and Wnt pathways in cancer stem cells: clinical update.
Nat Rev Clin Oncol. (2015) 12:445-64. doi: 10.1038/nrclinonc.2015.61
Roberts KJ, Kershner AM, Beachy PA. The stromal niche for epithelial stem
cells: a template for regeneration and a brake on malignancy. Cancer Cell.
(2017) 32:404-10. doi: 10.1016/j.ccell.2017.08.007

Bisson I, Prowse DM. WNT signaling regulates self-renewal and
differentiation of prostate cancer cells with stem cell characteristics.
Cell Res. (2009) 19:683-97. doi: 10.1038/cr.2009.43

Ma E Ye H, He HH, Gerrin SJ, Chen S, Tanenbaum BA, et al. SOX9
drives WNT pathway activation in prostate cancer. J Clin Invest. (2016)
126:1745-58. doi: 10.1172/JCI78815

Murillo-Garzon V, Kypta R. WNT signalling in prostate cancer. Nat Rev Urol.
(2017) 14:683-96. doi: 10.1038/nrurol.2017.144

Zhang K, Guo Y, Wang X, Zhao H, Ji Z, Cheng C, et al. WNT/g-
catenin directs self-renewal symmetric cell division of hTERT(high)
prostate cancer stem cells. Cancer Res. (2017) 77:2534-47.
doi: 10.1158/0008-5472.CAN-16-1887

Karhadkar SS, Bova GS, Abdallah N, Dhara S, Gardner D, Maitra A, et al.
Hedgehog signalling in prostate regeneration, neoplasia and metastasis.
Nature. (2004) 431:707-12. doi: 10.1038/nature02962

Chen M, Carkner R, Buttyan R. The hedgehog/Gli signaling paradigm
in prostate cancer. Exp Rev Endocrinol Metab. (2011) 6:453-67.
doi: 10.1586/eem.11.24

Chang HH, Chen BY, Wu CY, Tsao ZJ, Chen YY, Chang CP, et al. Hedgehog
overexpression leads to the formation of prostate cancer stem cells with
metastatic property irrespective of androgen receptor expression in the
mouse model. ] Biomed Sci. (2011) 18:6. doi: 10.1186/1423-0127-18-6

Luo W, Rodriguez M, Valdez JM, Zhu X, Tan K, Li D, et al. Lgr4 is a key
regulator of prostate development and prostate stem cell differentiation.
Stem Cells. (2013) 31:2492-505. doi: 10.1002/stem.1484

Wang XD, Shou J, Wong P, French DM, Gao WQ. Notchl-expressing
cells are indispensable for prostatic branching morphogenesis during
development and re-growth following castration and androgen replacement.
] Biol Chem. (2004) 279:24733-44. doi: 10.1074/jbc.M401602200

Kwon OJ, Valdez JM, Zhang L, Zhang B, Wei X, Su Q, et al. Increased notch
signalling inhibits anoikis and stimulates proliferation of prostate luminal
epithelial cells. Nat Commun. (2014) 5:4416. doi: 10.1038/ncomms5416
O’brien R, Marignol L. The Notch-1 receptor in prostate tumorigenesis.
Cancer Treat Rev. (2017) 56, 36-46. doi: 10.1016/j.ctrv.2017.04.003
Domingo-Domenech ], Vidal S], Rodriguez-Bravo V, Castillo-Martin
M, Quinn SA, Rodriguez-Barrueco R, et al. Suppression of acquired
docetaxel resistance in prostate cancer through depletion of notch- and
hedgehog-dependent tumor-initiating cells. Cancer Cell. (2012) 22:373-88.
doi: 10.1016/j.ccr.2012.07.016

Guo Y, Zhang K, Cheng C, Ji Z, Wang X, Wang M, et al. Numb(-/low)
enriches a castration-resistant prostate cancer cell subpopulation associated
with enhanced notch and hedgehog signaling. Clin Cancer Res. (2017)
23:6744-56. doi: 10.1158/1078-0432.CCR-17-0913

Yun EJ, Zhou ], Lin CJ, Hernandez E, Fazli L, Gleave M, et al. Targeting cancer
stem cells in castration-resistant prostate cancer. Clin Cancer Res. (2016)
22:670-9. doi: 10.1158/1078-0432.CCR-15-0190

Zhang Z, Cheng L, Li ], Farah E, Atallah NM, Pascuzzi PE, et al. Inhibition
of the Wnt/B-catenin pathway overcomes resistance to enzalutamide
in castration-resistant prostate cancer. Cancer Res. (2018) 78:3147-62.
doi: 10.1158/0008-5472.CAN-17-3006

Frontiers in Oncology | www.frontiersin.org

12

May 2019 | Volume 9 | Article 385


https://doi.org/10.1093/annonc/mdx348
https://doi.org/10.1016/j.eururo.2018.03.028
https://doi.org/10.1016/j.stem.2012.03.009
https://doi.org/10.1038/ncomms10798
https://doi.org/10.1146/annurev.pathol.2.010506.091847
https://doi.org/10.1158/0008-5472.CAN-05-2018
https://doi.org/10.1073/pnas.0810956106
https://doi.org/10.1158/0008-5472.CAN-12-0212
https://doi.org/10.1158/0008-5472.CAN-13-0615
https://doi.org/10.1038/ncomms1159
https://doi.org/10.1155/2017/8629234
https://doi.org/10.1158/0008-5472.CAN-14-1924
https://doi.org/10.1158/0008-5472.CAN-15-2116
https://doi.org/10.1038/ncomms12943
https://doi.org/10.1158/1078-0432.CCR-15-2956
https://doi.org/10.1016/j.cell.2014.08.016
https://doi.org/10.1038/nprot.2016.006
https://doi.org/10.1158/0008-5472.CAN-15-2665
https://doi.org/10.1002/cpph.39
https://doi.org/10.1016/j.euo.2018.08.024
https://doi.org/10.1016/j.stem.2018.11.017
https://doi.org/10.1200/JCO.2007.15.1472
https://doi.org/10.1038/nrclinonc.2015.61
https://doi.org/10.1016/j.ccell.2017.08.007
https://doi.org/10.1038/cr.2009.43
https://doi.org/10.1172/JCI78815
https://doi.org/10.1038/nrurol.2017.144
https://doi.org/10.1158/0008-5472.CAN-16-1887
https://doi.org/10.1038/nature02962
https://doi.org/10.1586/eem.11.24
https://doi.org/10.1186/1423-0127-18-6
https://doi.org/10.1002/stem.1484
https://doi.org/10.1074/jbc.M401602200
https://doi.org/10.1038/ncomms5416
https://doi.org/10.1016/j.ctrv.2017.04.003
https://doi.org/10.1016/j.ccr.2012.07.016
https://doi.org/10.1158/1078-0432.CCR-17-0913
https://doi.org/10.1158/1078-0432.CCR-15-0190
https://doi.org/10.1158/0008-5472.CAN-17-3006
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Civenni et al.

Targeting Prostate Cancer Stem Cells

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Cui D, Dai J, Keller JM, Mizokami A, Xia S, Keller ET. Notch pathway
inhibition using PF-03084014, a y-secretase inhibitor (gsi), enhances the
antitumor effect of docetaxel in prostate cancer. Clin Cancer Res. (2015)
21:4619-29. doi: 10.1158/1078-0432.CCR-15-0242

Revandkar A, Perciato ML, Toso A, Alajati A, Chen J, Gerber H, et al.
Inhibition of Notch pathway arrests PTEN-deficient advanced prostate
cancer by triggering p27-driven cellular senescence. Nat Commun. (2016)
7:13719. doi: 10.1038/ncomms13719

Mohamed AA, Tan SH, Xavier CP, Katta S, Huang W, Ravindranath L,
et al. Synergistic activity with NOTCH inhibition and androgen ablation
in ERG-positive prostate cancer cells. Mol Cancer Res. (2017) 15:1308-17.
doi: 10.1158/1541-7786.MCR-17-0058

Cui ], Wang Y, Dong B, Qin L, Wang C, Zhou P, et al. Pharmacological
inhibition of the Notch pathway enhances the efficacy of androgen
deprivation therapy for prostate cancer. Int J Cancer. (2018) 143:645-56.
doi: 10.1002/ijc.31346

Venkatesh V, Nataraj R, Thangaraj GS, Karthikeyan M, Gnanasekaran A,
Kaginelli SB, et al. Targeting Notch signalling pathway of cancer stem cells.
Stem Cell Investig. (2018) 5:5. doi: 10.21037/s¢i.2018.02.02

Nanta R, Kumar D, Meeker D, Rodova M, Van Veldhuizen PJ, Shankar
S, et al. NVP-LDE-225 (Erismodegib) inhibits epithelial-mesenchymal
transition and human prostate cancer stem cell growth in NOD/SCID IL2Ry
null mice by regulating Bmi-1 and microRNA-128. Oncogenesis. (2013) 2:e42.
doi: 10.1038/oncsis.2013.5

Gonnissen A, Isebaert S, Haustermans K. Targeting the Hedgehog signaling
pathway in cancer: beyond smoothened. Oncotarget. (2015) 6:13899-913.
doi: 10.18632/oncotarget.4224

Gonnissen A, Isebaert S, Mckee CM, Dok R, Haustermans K, Muschel
RJ. The hedgehog inhibitor GANT61 sensitizes prostate cancer cells to
ionizing radiation both in vitro and in vivo. Oncotarget. (2016) 7:84286-98.
doi: 10.18632/oncotarget.12483

Le PN, Mcdermott JD, Jimeno A. Targeting the Wnt pathway in human
cancers: therapeutic targeting with a focus on OMP-54F28. Pharmacol Ther.
(2015) 146:1-11. doi: 10.1016/j.pharmthera.2014.08.005

Grandy D, Shan J, Zhang X, Rao S, Akunuru S, Li H, et al
Discovery and characterization of a small molecule inhibitor of
the PDZ domain of dishevelled. J Biol Chem. (2009) 284:16256-63.
doi: 10.1074/jbc.M109.009647

Gurney A, Axelrod E, Bond CJ, Cain J, Chartier C, Donigan L, et al. Wnt
pathway inhibition via the targeting of Frizzled receptors results in decreased
growth and tumorigenicity of human tumors. Proc Natl Acad Sci USA. (2012)
109:11717-22. doi: 10.1073/pnas.1120068109

Liu J, Pan S, Hsieh MH, Ng N, Sun F, Wang T, et al. Targeting Wnt-driven
cancer through the inhibition of Porcupine by LGK974. Proc Natl Acad Sci
USA. (2013) 110:20224-9. doi: 10.1073/pnas.1314239110

Suzman DL, Antonarakis ES. Clinical implications of hedgehog
pathway signaling in prostate cancer. Cancers. (2015) 7:1983-93.
doi: 10.3390/cancers7040871

Leao R, Domingos C, Figueiredo A, Hamilton R, Tabori U, Castelo-Branco P.
Cancer stem cells in prostate cancer: implications for targeted therapy. Urol
Int. (2017) 99:125-36. doi: 10.1159/000455160

Jimeno A, Gordon M, Chugh R, Messersmith W, Mendelson D, Dupont
J, et al. A first-in-human phase I study of the anticancer stem cell
agent ipafricept (OMP-54F28), a decoy receptor for Wnt ligands, in
patients with advanced solid tumors. Clin Cancer Res. (2017) 23:7490-7.
doi: 10.1158/1078-0432.CCR-17-2157

Ran Y, Hossain E Pannuti A, Lessard CB, Ladd GZ, Jung JI, et al
Gamma-secretase inhibitors in cancer clinical trials are pharmacologically
and functionally distinct. EMBO Mol Med. (2017) 9:950-66.
doi: 10.15252/emmm.201607265

Lukacs RU, Memarzadeh S, Wu H, Witte ON. Bmi-1 is a crucial regulator of
prostate stem cell self-renewal and malignant transformation. Cell Stem Cell.
(2010) 7:682-93. doi: 10.1016/j.stem.2010.11.013

Cai H, Memarzadeh S, Stoyanova T, Beharry Z, Kraft AS, Witte ON.
Collaboration of Kras and androgen receptor signaling stimulates EZH2
expression and tumor-propagating cells in prostate cancer. Cancer Res.
(2012) 72:4672-81. doi: 10.1158/0008-5472.CAN-12-0228

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Bansal N, Bartucci M, Yusuff S, Davis S, Flaherty K, Huselid E, et al.
BMI-1 targeting interferes with patient-derived tumor-initiating cell survival
and tumor growth in prostate cancer. Clin Cancer Res. (2016) 22:6176-91.
doi: 10.1158/1078-0432.CCR-15-3107

Jeter CR, Liu B, Lu Y, Chao HP, Zhang D, Liu X, et al. NANOG reprograms
prostate cancer cells to castration resistance via dynamically repressing
and engaging the AR/FOXAL signaling axis. Cell Discov. (2016) 2:16041.
doi: 10.1038/celldisc.2016.41

Yoo YA, Vatapalli R, Lysy B, Mok H, Desouki MM, Abdulkadir SA. The role
of castration-resistant Bmil+Sox2+ cells in driving recurrence in prostate
cancer. ] Natl Cancer Inst. (2018) 111, 311-321. doi: 10.1093/jnci/djy142
Dardenne E, Beltran H, Benelli M, Gayvert K, Berger A, Puca L,
et al. N-Myc induces an EZH2-mediated transcriptional program
driving neuroendocrine prostate cancer. Cancer Cell. (2016) 30:563-77.
doi: 10.1016/j.ccell.2016.09.005

Kim KH, Roberts CW. Targeting EZH2 in cancer. Nat Med. (2016) 22:128-
34. doi: 10.1038/nm.4036

Morera L, Lubbert M, Jung M. Targeting histone methyltransferases and
demethylases in clinical trials for cancer therapy. Clin Epigenet. (2016) 8:57.
doi: 10.1186/s13148-016-0223-4

Dey A, Xiong X, Crim A, Dwivedi SKD, Mustafi SB, Mukherjee P, et al.
Evaluating the mechanism and therapeutic potential of PTC-028, a novel
inhibitor of BMI-1 function in ovarian cancer. Mol Cancer Ther. (2018)
17:39-49. doi: 10.1158/1535-7163.MCT-17-0574

Italiano A, Soria JC, Toulmonde M, Michot JM, Lucchesi C, Varga
A, et al. Tazemetostat, an EZH2 inhibitor, in relapsed or refractory
B-cell non-Hodgkin lymphoma and advanced solid tumours: a first-
in-human, open-label, phase 1 study. Lancet Oncol. (2018) 19:649-59.
doi: 10.1016/S1470-2045(18)30145-1

Dang CV. MYC on the path to cancer. Cell. (2012)
doi: 10.1016/j.cell.2012.03.003

Koh CM, Bieberich CJ, Dang CV, Nelson WG, Yegnasubramanian S, De
Marzo AM. MYC and prostate cancer. Genes Cancer. (2010) 1:617-28.
doi: 10.1177/1947601910379132

Smith BA, Sokolov A, Uzunangelov V, Baertsch R, Newton Y, Graim K, et al.
A basal stem cell signature identifies aggressive prostate cancer phenotypes.
Proc Natl Acad Sci USA. (2015) 112:E6544-52. doi: 10.1073/pnas.1518007112
Cajigas-Du Ross CK, Martinez SR, Woods-Burnham L, Duran AM,
Roy S, Basu A, et al. RNA sequencing reveals upregulation of a
transcriptomic program associated with stemness in metastatic prostate
cancer cells selected for taxane resistance. Oncotarget. (2018) 9:30363-84.
doi: 10.18632/oncotarget.25744

Kanwal R, Shukla S, Walker E, Gupta S. Acquisition of tumorigenic potential
and therapeutic resistance in CD133+ subpopulation of prostate cancer
cells exhibiting stem-cell like characteristics. Cancer Lett. (2018) 430:25-33.
doi: 10.1016/j.canlet.2018.05.014

Hurt EM, Kawasaki BT, Klarmann GJ, Thomas SB, Farrar WL. CD44-+
CD24(-D24(-) prostate cells are early cancer progenitor/stem cells that
provide a model for patients with poor prognoBr. J. Cancer. (2008) 98:756—
65. doi: 10.1038/sj.bjc.6604242

Chen H, Liu H, Qing G. Targeting oncogenic Myc as a strategy
for cancer treatment. Signal Target Ther. (2018) 3:5.
doi: 10.1038/s41392-018-0008-7

Whitfield JR, Beaulieu ME, Soucek L. Strategies to inhibit myc
and their clinical applicability. Front Cell Dev Biol. (2017) 5:10.
doi: 10.3389/fcell.2017.00010

Carabet LA, Lallous N, Leblanc E, Ban E Morin H, Lawn S, et al
Computer-aided drug discovery of Myc-Max inhibitors as potential
therapeutics for prostate cancer. Eur | Med Chem. (2018) 160:108-19.
doi: 10.1016/j.ejmech.2018.09.023

Carabet LA, Rennie PS, Cherkasov A. Therapeutic inhibition of Myc in
cancer. Structural bases and computer-aided drug discovery approaches. Int
] Molecul Sci. (2018) 20:120. doi: 10.3390/ijms20010120

Mcguffie EM, Pacheco D, Carbone GM, Catapano CV. Antigene and
antiproliferative effects of a c-myc-targeting phosphorothioate triple
helix-forming oligonucleotide in human leukemia cells. Cancer Res.
(2000) 60:3790-9.

149:22-35.

Trans

Frontiers in Oncology | www.frontiersin.org

13

May 2019 | Volume 9 | Article 385


https://doi.org/10.1158/1078-0432.CCR-15-0242
https://doi.org/10.1038/ncomms13719
https://doi.org/10.1158/1541-7786.MCR-17-0058
https://doi.org/10.1002/ijc.31346
https://doi.org/10.21037/sci.2018.02.02
https://doi.org/10.1038/oncsis.2013.5
https://doi.org/10.18632/oncotarget.4224
https://doi.org/10.18632/oncotarget.12483
https://doi.org/10.1016/j.pharmthera.2014.08.005
https://doi.org/10.1074/jbc.M109.009647
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.1073/pnas.1314239110
https://doi.org/10.3390/cancers7040871
https://doi.org/10.1159/000455160
https://doi.org/10.1158/1078-0432.CCR-17-2157
https://doi.org/10.15252/emmm.201607265
https://doi.org/10.1016/j.stem.2010.11.013
https://doi.org/10.1158/0008-5472.CAN-12-0228
https://doi.org/10.1158/1078-0432.CCR-15-3107
https://doi.org/10.1038/celldisc.2016.41
https://doi.org/10.1093/jnci/djy142
https://doi.org/10.1016/j.ccell.2016.09.005
https://doi.org/10.1038/nm.4036
https://doi.org/10.1186/s13148-016-0223-4
https://doi.org/10.1158/1535-7163.MCT-17-0574
https://doi.org/10.1016/S1470-2045(18)30145-1
https://doi.org/10.1016/j.cell.2012.03.003
https://doi.org/10.1177/1947601910379132
https://doi.org/10.1073/pnas.1518007112
https://doi.org/10.18632/oncotarget.25744
https://doi.org/10.1016/j.canlet.2018.05.014
https://doi.org/10.1038/sj.bjc.6604242
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.3389/fcell.2017.00010
https://doi.org/10.1016/j.ejmech.2018.09.023
https://doi.org/10.3390/ijms20010120
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Civenni et al.

Targeting Prostate Cancer Stem Cells

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Carbone GM, Mcguffie E, Napoli S, Flanagan CE, Dembech C, Negri U, et al.
DNA binding and antigene activity of a daunomycin-conjugated triplex-
forming oligonucleotide targeting the P2 promoter of the human c-myc gene.
Nucleic Acids Res. (2004) 32:2396-410. doi: 10.1093/nar/gkh527

Napoli S, Pastori C, Magistri M, Carbone GM, Catapano CV. Promoter-
specific transcriptional interference and c-myc gene silencing by siRNAs in
human cells. EMBO J. (2009) 28:1708-19. doi: 10.1038/emb0j.2009.139

Shi J, Vakoc CR. The mechanisms behind the therapeutic activity
of BET bromodomain inhibition. Mol Cell. (2014) 54:728-36.
doi: 10.1016/j.molcel.2014.05.016

Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al.
Selective inhibition of BET bromodomains. Nature. (2010) 468:1067-73.
doi: 10.1038/nature09504

Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET
bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell.
(2011) 146:904-17. doi: 10.1016/j.cell.2011.08.017

Zuber J, Shi ], Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi
screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia.
Nature. (2011) 478:524-8. doi: 10.1038/nature10334

Muhar M, Ebert A, Neumann T, Umkehrer C, Jude ], Wieshofer C, et al.
SLAM-seq defines direct gene-regulatory functions of the BRD4-MYC axis.
Science. (2018) 360:800-5. doi: 10.1126/science.aa02793

Filippakopoulos P, Knapp S. Targeting bromodomains: epigenetic
readers of lysine acetylation. Nat Rev Drug Discov. (2014) 13:337-56.
doi: 10.1038/nrd4286

Algahtani A, Choucair K, Ashraf M, Hammouda DM, Alloghbi A, Khan
T, et al. Bromodomain and extra-terminal motif inhibitors: a review of
preclinical and clinical advances in cancer therapy. Future Sci. (2019)
5:FSO372. doi: 10.4155/fsoa-2018-0115

Asangani TA, Dommeti VL, Wang X, Malik R, Cieslik M, Yang R, et al.
Therapeutic targeting of BET bromodomain proteins in castration-resistant
prostate cancer. Nature. (2014) 510:278-82. doi: 10.1038/nature13229
Asangani IA, Wilder-Romans K, Dommeti VL, Krishnamurthy
PM, Apel IJ, Escara-Wilke J, et al. BET Bromodomain inhibitors
enhance efficacy and disrupt resistance to AR antagonists in the
treatment of prostate cancer. Molecul Cancer Res. (2016) 14:324-31.
doi: 10.1158/1541-7786.MCR-15-0472

Fernandez-Salas E, Wang S, Chinnaiyan AM. Role of BET proteins in
castration-resistant prostate cancer. Drug Discov Today Tech. (2016) 19:29-
38. doi: 10.1016/j.ddtec.2016.07.001

Welti ], Sharp A, Yuan W, Dolling D, Nava Rodrigues D, Figueiredo I,
et al. Targeting bromodomain and extra-terminal (BET) family proteins
in castration-resistant prostate cancer (CRPC). Clin Cancer Res. (2018)
24:3149-62. doi: 10.1158/1078-0432.CCR-17-3571

Yu H, Pardoll D, Jove R. STATs in cancer inflammation and
immunity: a leading role for STAT3. Nat Rev Cancer. (2009) 9:798-809.
doi: 10.1038/nrc2734

Sansone P, Bromberg ]. Targeting the interleukin-6/Jak/stat
pathway in human malignancies. J Clin Oncol. (2012) 30:1005-14.
doi: 10.1200/JC0O.2010.31.8907

Johnson DE, O’keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3
signalling axis in cancer. Nat Rev Clin Oncol. (2018) 15:234-48.
doi: 10.1038/nrclinonc.2018.8

Huynh ], Chand A, Gough D, Ernst M. Therapeutically exploiting STAT3
activity in cancer - using tissue repair as a road map. Nat Rev Cancer. (2019)
19:82-96. doi: 10.1038/s41568-018-0090-8

Culig Z, Puhr M. Interleukin-6 and prostate cancer: current developments
and unsolved questions. Mol Cell Endocrinol. (2018) 462:25-30.
doi: 10.1016/j.mce.2017.03.012

Meier JA, Larner AC. Toward a new STATe: the role of STATs
in mitochondrial function. Semin Immunol. (2014) 26:20-8.
doi: 10.1016/j.smim.2013.12.005

Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT?3 signalling
in cancer: new and unexpected biological functions. Nat Rev Cancer. (2014)
14:736-46. doi: 10.1038/nrc3818

Gough DJ, Corlett A, Schlessinger K, Wegrzyn ], Larner AC, Levy DE.
Mitochondrial STAT3 supports Ras-dependent oncogenic transformation.
Science. (2009) 324:1713-6. doi: 10.1126/science.1171721

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Wegrzyn J, Potla R, Chwae Y], Sepuri NB, Zhang Q, Koeck T, et al. Function
of mitochondrial Stat3 in cellular respiration. Science. (2009) 323:793-7.
doi: 10.1126/science.1164551

Qin HR, Kim HJ, Kim JY, Hurt EM, Klarmann GJ, Kawasaki BT,
et al. Activation of signal transducer and activator of transcription 3
through a phosphomimetic serine 727 promotes prostate tumorigenesis
independent of tyrosine 705 phosphorylation. Cancer Res. (2008) 68:7736-
41. doi: 10.1158/0008-5472.CAN-08-1125

Zhang Q, Raje V, Yakovlev VA, Yacoub A, Szczepanek K, Meier J,
et al. Mitochondrial localized Stat3 promotes breast cancer growth
via phosphorylation of serine 727. ] Biol Chem. (2013) 288:31280-8.
doi: 10.1074/jbc.M113.505057

Genini D, Brambilla L, Laurini E, Merulla J, Civenni G, Pandit S, et al.
Mitochondrial dysfunction induced by a SH2 domain-targeting STAT3
inhibitor leads to metabolic synthetic lethality in cancer cells. Proc Natl Acad
Sci USA. (2017) 114:E4924-E4933. doi: 10.1073/pnas.1615730114

Adler HL, Mccurdy MA, Kattan MW, Timme TL, Scardino PT, Thompson
TC. Elevated levels of circulating interleukin-6 and transforming growth
factor-betal in patients with metastatic prostatic carcinoma. J Urol. (1999)
161:182-7. doi: 10.1016/S0022-5347(01)62092-5

Drachenberg DE, Elgamal AA, Rowbotham R, Peterson M, Murphy GP.
Circulating levels of interleukin-6 in patients with hormone refractory
prostate cancer. Prostate. (1999) 41:127-33. doi: 10.1002/(SICI)1097-
0045(19991001)41:2<127::AID-PROS7>3.0.CO;2-H

Nakashima J, Tachibana M, Horiguchi Y, Oya M, Ohigashi T, Asakura H, et al.
Serum interleukin 6 as a prognostic factor in patients with prostate cancer.
Clin Cancer Res. (2000) 6:2702-6.

Tam L, Mcglynn LM, Traynor P, Mukherjee R, Bartlett JM,
Edwards J. Expression levels of the JAK/STAT pathway in
the transition from hormone-sensitive to hormone-refractory
prostate cancer. Br ] Cancer. (2007) 97:378-83. doi: 10.1038/sj.bjc.
6603871

Schroeder A, Herrmann A, Cherryholmes G, Kowolik C, Buettner R, Pal
S, et al. Loss of androgen receptor expression promotes a stem-like cell
phenotype in prostate cancer through STAT3 signaling. Cancer Res. (2014)
74:1227-37. doi: 10.1158/0008-5472.CAN-13-0594

Huang H, Wang C, Liu E, Li HZ, Peng G, Gao X, et al. Reciprocal network
between cancer stem-like cells and macrophages facilitates the progression
and androgen deprivation therapy resistance of prostate cancer. Clin. Cancer
Res. (2018) 24:4612-26. doi: 10.1158/1078-0432.CCR-18-0461

Sorrentino C, Ciummo SL, Cipollone G, Caputo S, Bellone M, Di Carlo E.
Interleukin-30/IL27p28 shapes prostate cancer stem-like cell behavior and is
critical for tumor onset and metastasization. Cancer Res. (2018) 78:2654-68.
doi: 10.1158/0008-5472.CAN-17-3117

Toso A, Revandkar A, Di Mitri D, Guccini I, Proietti M, Sarti M, et al.
Enhancing chemotherapy efficacy in Pten-deficient prostate tumors by
activating the senescence-associated antitumor immunity. Cell Rep. (2014)
9:75-89. doi: 10.1016/j.celrep.2014.08.044

Smith PC, Keller ET. Anti-interleukin-6 monoclonal antibody induces
regression of human prostate cancer xenografts in nude mice. Prostate.
(2001) 48:47-53. doi: 10.1002/pros.1080

Wallner L, Dai ], Escara-Wilke J, Zhang J, Yao Z, Lu Y, et al. Inhibition of
interleukin-6 with CNTO328, an anti-interleukin-6 monoclonal antibody,
inhibits conversion of androgen-dependent prostate cancer to an androgen-
independent phenotype in orchiectomized mice. Cancer Res. (2006)
66:3087-95. doi: 10.1158/0008-5472.CAN-05-3447

Liu C, Zhu Y, Lou W, Cui Y, Evans CP, Gao AC. Inhibition of constitutively
active Stat3 reverses enzalutamide resistance in LNCaP derivative prostate
cancer cells. Prostate. (2014) 74:201-9. doi: 10.1002/pros.22741

Dorff TB, Goldman B, Pinski JK, Mack PC, Lara PN Jr, Van Veldhuizen
PJJr, et al. Clinical and correlative results of SWOG S0354: a phase II trial
of CNTO328 (siltuximab), a monoclonal antibody against interleukin-6, in
chemotherapy-pretreated patients with castration-resistant prostate cancer.
Clin Cancer Res. (2010) 16:3028-34. doi: 10.1158/1078-0432.CCR-09-3122
Tang Y, Parmakhtiar B, Simoneau AR, Xie J, Fruehauf J, Lilly M, et al.
Lycopene enhances docetaxel’s effect in castration-resistant prostate cancer
associated with insulin-like growth factor I receptor levels. Neoplasia. (2011)
13:108-19. doi: 10.1593/ne0.101092

Frontiers in Oncology | www.frontiersin.org

May 2019 | Volume 9 | Article 385


https://doi.org/10.1093/nar/gkh527
https://doi.org/10.1038/emboj.2009.139
https://doi.org/10.1016/j.molcel.2014.05.016
https://doi.org/10.1038/nature09504
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1038/nature10334
https://doi.org/10.1126/science.aao2793
https://doi.org/10.1038/nrd4286
https://doi.org/10.4155/fsoa-2018-0115
https://doi.org/10.1038/nature13229
https://doi.org/10.1158/1541-7786.MCR-15-0472
https://doi.org/10.1016/j.ddtec.2016.07.001
https://doi.org/10.1158/1078-0432.CCR-17-3571
https://doi.org/10.1038/nrc2734
https://doi.org/10.1200/JCO.2010.31.8907
https://doi.org/10.1038/nrclinonc.2018.8
https://doi.org/10.1038/s41568-018-0090-8
https://doi.org/10.1016/j.mce.2017.03.012
https://doi.org/10.1016/j.smim.2013.12.005
https://doi.org/10.1038/nrc3818
https://doi.org/10.1126/science.1171721
https://doi.org/10.1126/science.1164551
https://doi.org/10.1158/0008-5472.CAN-08-1125
https://doi.org/10.1074/jbc.M113.505057
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1016/S0022-5347(01)62092-5
https://doi.org/10.1002/(SICI)1097-0045(19991001)41:2$<$127::AID-PROS7$>$3.0.CO;2-H
https://doi.org/10.1038/sj.bjc.6603871
https://doi.org/10.1158/0008-5472.CAN-13-0594
https://doi.org/10.1158/1078-0432.CCR-18-0461
https://doi.org/10.1158/0008-5472.CAN-17-3117
https://doi.org/10.1016/j.celrep.2014.08.044
https://doi.org/10.1002/pros.1080
https://doi.org/10.1158/0008-5472.CAN-05-3447
https://doi.org/10.1002/pros.22741
https://doi.org/10.1158/1078-0432.CCR-09-3122
https://doi.org/10.1593/neo.101092
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Civenni et al.

Targeting Prostate Cancer Stem Cells

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Hudes G, Tagawa ST, Whang YE, Qi M, Qin X, Puchalski TA, et al.
A phase 1 study of a chimeric monoclonal antibody against interleukin-
6, siltuximab, combined with docetaxel in patients with metastatic
castration-resistant prostate cancer. Invest N Drugs. (2013) 31:669-76.
doi: 10.1007/s10637-012-9857-z

Culig Z, Steiner H, Bartsch G, Hobisch A. Interleukin-6 regulation
of prostate cancer cell growth. ] Cell Biochem. (2005) 95:497-505.
doi: 10.1002/jcb.20477

Dhir R, Ni Z, Lou W, Demiguel F, Grandis JR, Gao AC. Stat3 activation in
prostatic carcinomas. Prostate. (2002) 51:241-6. doi: 10.1002/pros.10079
Mora LB, Buettner R, Seigne ], Diaz ], Ahmad N, Garcia R, et al. Constitutive
activation of Stat3 in human prostate tumors and cell lines: direct inhibition
of Stat3 signaling induces apoptosis of prostate cancer cells. Cancer Res.
(2002) 62:6659-66.

Kroon P, Berry PA, Stower MJ, Rodrigues G, Mann VM, Simms M,
et al. JAK-STAT blockade inhibits tumor initiation and clonogenic
recovery of prostate cancer stem-like cells. Cancer Res. (2013) 73:5288-98.
doi: 10.1158/0008-5472.CAN-13-0874

Qu Y, Oyan AM, Liu R, Hua Y, Zhang ], Hovland R, et al. Generation
of prostate tumor-initiating cells is associated with elevation of reactive
oxygen species and IL-6/STAT3 signaling. Cancer Res. (2013) 73:7090-100.
doi: 10.1158/0008-5472.CAN-13-1560

Dallavalle C, Albino D, Civenni G, Merulla J, Ostano P, Mello-Grand
M, et al. MicroRNA-424 impairs ubiquitination to activate STAT3 and
promote prostate tumor progression. J Clin Invest. (2016) 126:4585-602.
doi: 10.1172/JCI86505

Han Z, Wang X, Ma L, Chen L, Xiao M, Huang L, et al. Inhibition
of STAT3 signaling targets both tumor-initiating and differentiated
cell populations in prostate cancer. Oncotarget. (2014) 5:8416-28.
doi: 10.18632/oncotarget.2314

Albino D, Civenni G, Rossi S, Mitra A, Catapano CV, Carbone GM. The ETS
factor ESE3/EHF represses IL-6 preventing STAT3 activation and expansion
of the prostate cancer stem-like compartment. Oncotarget. (2016) 7:76756—-
68. doi: 10.18632/oncotarget.12525

Civenni G, Longoni N, Costales P, Dallavalle C, Garcia Inclan C, Albino
D, et al. EC-70124, a novel glycosylated indolocarbazole multikinase
inhibitor, reverts tumorigenic and stem cell properties in prostate cancer
by inhibiting STAT3 and NF-kappaB. Mol Cancer Ther. (2016) 15:806-18.
doi: 10.1158/1535-7163.MCT-15-0791

Zhang Y, Jin Z, Zhou H, Ou X, Xu Y, Li H, et al. Suppression of prostate
cancer progression by cancer cell stemness inhibitor napabucasin. Cancer
Med. (2016) 5:1251-8. doi: 10.1002/cam4.675

Li Y, Rogoff HA, Keates S, Gao Y, Murikipudi S, Mikule K, et al. Suppression
of cancer relapse and metastasis by inhibiting cancer stemness. Proc Natl
Acad Sci USA. (2015) 112:1839-44. doi: 10.1073/pnas.1424171112

Hubbard JM, Grothey A. Napabucasin: an update on the first-
in-class cancer stemness inhibitor. Drugs. (2017) 77:1091-103.
doi: 10.1007/s40265-017-0759-4

Brambilla L, Genini D, Laurini E, Merulla J, Perez L, Fermeglia M, et al.
Hitting the right spot: mechanism of action of OPB-31121, a novel and
potent inhibitor of the signal transducer and activator of transcription 3
(STAT3). Mol Oncol. (2015) 9:1194-206. doi: 10.1016/j.molonc.2015.02.012
Bendell JC, Hong DS, Burris HA III, Naing A, Jones SE Falchook G,
et al. Phase 1, open-label, dose-escalation, and pharmacokinetic study of
STAT3 inhibitor OPB-31121 in subjects with advanced solid tumors. Cancer
Chemother Pharmacol. (2014) 74:125-30. doi: 10.1007/s00280-014-2480-2
Oh DY, Lee SH, Han SW, Kim MJ, Kim TM, Kim TY, et al. Phase I study of
OPB-31121, an oral STAT3 inhibitor, in patients with advanced solid tumors.
Cancer Res Treat. (2015) 47:607-15. doi: 10.4143/crt.2014.249

Wong AL, Soo RA, Tan DS, Lee SC, Lim JS, Marban PC, et al. Phase
I and biomarker study of OPB-51602, a novel signal transducer and
activator of transcription (STAT) 3 inhibitor, in patients with refractory solid
malignancies. Ann Oncol. (2015) 26:998-1005. doi: 10.1093/annonc/mdv026
Tolcher A, Flaherty K, Shapiro GI, Berlin J, Witzig T, Habermann T, et al.
A first-in-human phase I study of OPB-111077, a small-molecule STAT3
and oxidative phosphorylation inhibitor, in patients with advanced cancers.
Oncologist. (2018) 23:658-e672. doi: 10.1634/theoncologist.2017-0325

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Grivennikov SI, Karin M. Dangerous liaisons: STAT3 and NF-kappaB
collaboration and crosstalk in cancer. Cytokine Growth Factor Rev. (2010)
21:11-9. doi: 10.1016/j.cytogfr.2009.11.005

Longoni N, Sarti M, Albino D, Civenni G, Malek A, Ortelli E, et al. ETS
transcription factor ESE1/ELF3 orchestrates a positive feedback loop that
constitutively activates NF-kappaB and drives prostate cancer progression.
Cancer Res. (2013) 73:4533-47. doi: 10.1158/0008-5472.CAN-12-4537
Sanchez C, Salas AP, Brana AF, Palomino M, Pineda-Lucena A, Carbajo R],
et al. Generation of potent and selective kinase inhibitors by combinatorial
biosynthesis of glycosylated indolocarbazoles. Chem Commun. (2009) 4118-
20. doi: 10.1039/b905068;

Seth A, Watson DK. ETS transcription factors and their emerging
roles in human cancer. Eur ] Cancer. (2005) 41:2462-78.
doi: 10.1016/j.ejca.2005.08.013

Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, Mehra R, Sun XW,
et al. Recurrent fusion of TMPRSS2 and ETS transcription factor genes in
prostate cancer. Science. (2005) 310:644-8. doi: 10.1126/science.1117679
Klezovitch O, Risk M, Coleman I, Lucas JM, Null M, True LD, et al. A causal
role for ERG in neoplastic transformation of prostate epithelium. Proc Natl
Acad Sci USA. (2008) 105:2105-10. doi: 10.1073/pnas.0711711105

Tomlins SA, Laxman B, Varambally S, Cao X, Yu J, Helgeson BE, et al.
Role of the TMPRSS2-ERG gene fusion in prostate cancer. Neoplasia. (2008)
10:177-88. doi: 10.1593/ne0.07822

Butler MS, Roshan-Moniri M, Hsing M, Lau D, Kim A, Yen P, et al
Discovery and characterization of small molecules targeting the DNA-
binding ETS domain of ERG in prostate cancer. Oncotarget. (2017) 8:42438-
54. doi: 10.18632/oncotarget.17124

Wang X, Qiao Y, Asangani IA, Ateeq B, Poliakov A, Cieslik M,
et al. Development of peptidomimetic inhibitors of the ERG gene
fusion product in prostate cancer. Cancer Cell. (2017) 31:844-7.
doi: 10.1016/j.ccell.2017.05.001

Winters B, Brown L, Coleman I, Nguyen H, Minas TZ, Kollath
L, et al. Inhibition of ERG activity in patient-derived prostate
cancer xenografts by YK-4-279. Anticancer Res. (2017) 37:3385-96.
doi: 10.21873/anticanres.11705

Kumar-Sinha C, Tomlins SA, Chinnaiyan AM. Recurrent gene fusions in
prostate cancer. Nat Rev Cancer. (2008) 8:497-511. doi: 10.1038/nrc2402
Taris M, Irani ], Blanchet P, Multigner L, Cathelineau X, Fromont G.
ERG expression in prostate cancer: the prognostic paradox. Prostate. (2014)
74:1481-7. doi: 10.1002/pros.22863

Chen Y, Chi P, Rockowitz S, Taquinta PJ, Shamu T, Shukla S, et al. ETS factors
reprogram the androgen receptor cistrome and prime prostate tumorigenesis
in response to PTEN loss. Nat Med. (2013) 19:1023-9. doi: 10.1038/nm.3216
Carver BS, Tran ], Gopalan A, Chen Z, Shaikh S, Carracedo A, et al.
Aberrant ERG expression cooperates with loss of PTEN to promote
cancer progression in the prostate. Nat Genet. (2009) 41:619-24. doi: 10.10
38/ng.370

King JC, Xu J, Wongvipat J, Hieronymus H, Carver BS, Leung DH, et al.
Cooperativity of TMPRSS2-ERG with PI3-kinase pathway activation in
prostate oncogenesis. Nat Genet. (2009) 41:524-6. doi: 10.1038/ng.371
Cangemi R, Mensah A, Albertini V, Jain A, Mello-Grand M, Chiorino
G, et al. Reduced expression and tumor suppressor function of the ETS
transcription factor ESE-3 in prostate cancer. Oncogene. (2008) 27:2877-85.
doi: 10.1038/sj.0nc.1210953

Kunderfranco P, Mello-Grand M, Cangemi R, Pellini S, Mensah A, Albertini
V, et al. ETS transcription factors control transcription of EZH2 and
epigenetic silencing of the tumor suppressor gene Nkx3.1 in prostate cancer.
PLoS ONE. (2010) 5:e10547. doi: 10.1371/journal.pone.0010547
Viswanathan SR, Daley GQ. Lin28: a microRNA regulator with a macro role.
Cell. (2010) 140:445-9. doi: 10.1016/j.cell.2010.02.007

Roos M, Pradere U, Ngondo RP, Behera A, Allegrini S, Civenni G, et al.
A small-molecule inhibitor of Lin28. ACS Chem Biol. (2016) 11:2773-81.
doi: 10.1021/acschembio.6b00232

Roos M, Rebhan MA, Lucic M, Pavlicek D, Pradere U, Towbin H, et al.
Short loop-targeting oligoribonucleotides antagonize Lin28 and enable pre-
let-7 processing and suppression of cell growth in let-7-deficient cancer cells.
Nucleic Acids Res. (2015) 43:e9. doi: 10.1093/nar/gku1090

Frontiers in Oncology | www.frontiersin.org

15

May 2019 | Volume 9 | Article 385


https://doi.org/10.1007/s10637-012-9857-z
https://doi.org/10.1002/jcb.20477
https://doi.org/10.1002/pros.10079
https://doi.org/10.1158/0008-5472.CAN-13-0874
https://doi.org/10.1158/0008-5472.CAN-13-1560
https://doi.org/10.1172/JCI86505
https://doi.org/10.18632/oncotarget.2314
https://doi.org/10.18632/oncotarget.12525
https://doi.org/10.1158/1535-7163.MCT-15-0791
https://doi.org/10.1002/cam4.675
https://doi.org/10.1073/pnas.1424171112
https://doi.org/10.1007/s40265-017-0759-4
https://doi.org/10.1016/j.molonc.2015.02.012
https://doi.org/10.1007/s00280-014-2480-2
https://doi.org/10.4143/crt.2014.249
https://doi.org/10.1093/annonc/mdv026
https://doi.org/10.1634/theoncologist.2017-0325
https://doi.org/10.1016/j.cytogfr.2009.11.005
https://doi.org/10.1158/0008-5472.CAN-12-4537
https://doi.org/10.1039/b905068j
https://doi.org/10.1016/j.ejca.2005.08.013
https://doi.org/10.1126/science.1117679
https://doi.org/10.1073/pnas.0711711105
https://doi.org/10.1593/neo.07822
https://doi.org/10.18632/oncotarget.17124
https://doi.org/10.1016/j.ccell.2017.05.001
https://doi.org/10.21873/anticanres.11705
https://doi.org/10.1038/nrc2402
https://doi.org/10.1002/pros.22863
https://doi.org/10.1038/nm.3216
https://doi.org/10.1038/ng.370
https://doi.org/10.1038/ng.371
https://doi.org/10.1038/sj.onc.1210953
https://doi.org/10.1371/journal.pone.0010547
https://doi.org/10.1016/j.cell.2010.02.007
https://doi.org/10.1021/acschembio.6b00232
https://doi.org/10.1093/nar/gku1090
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Civenni et al.

Targeting Prostate Cancer Stem Cells

180.

181.

182.

183.

184.

185.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for
the management of cancer and other diseases. Nat Rev Drug Discov. (2017)
16:203-22. doi: 10.1038/nrd.2016.246

Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O’shea JJ. JAK
inhibition as a therapeutic strategy for immune and inflammatory diseases.
Nat Rev Drug Discov. (2017) 17:78. doi: 10.1038/nrd.2017.267

Stahl PL, Salmen E, Vickovic S, Lundmark A, Navarro JE, Magnusson J, et al.
Visualization and analysis of gene expression in tissue sections by spatial
transcriptomics. Science. (2016) 353:78-82. doi: 10.1126/science.aaf2403
Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al.
Massively parallel digital transcriptional profiling of single cells. Nat
Commun. (2017) 8:14049. doi: 10.1038/ncomms14049

Berglund E, Maaskola J, Schultz N, Friedrich S, Marklund M, Bergenstrahle
J, et al. Spatial maps of prostate cancer transcriptomes reveal an
unexplored landscape of heterogeneity. Nat Commun. (2018) 9:2419.
doi: 10.1038/s41467-018-04724-5

Henry GH, Malewska A, Joseph DB, Malladi VS, Lee J, Torrealba J, et al. A
cellular anatomy of the normal adult human prostate and prostatic urethra.
Cell Rep. (2018) 25:€3535. doi: 10.1016/j.celrep.2018.11.086

186.

187.

Kwon O], Zhang Y, Li Y, Wei X, Zhang L, Chen R, et al. Functional
heterogeneity of mouse prostate stromal cells revealed by single-cell RNA-
Seq. Science. (2019) 13:328-38. doi: 10.1016/j.i5¢i.2019.02.032

Smith BA, Balanis NG, Nanjundiah A, Sheu KM, Tsai BL, Zhang Q,
et al. A human adult stem cell signature marks aggressive variants
across epithelial cancers. Cell Rep. (2018) 24:¢3355. doi: 10.1016/j.celrep.20
18.08.062

Conflict of Interest Statement: 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.

Copyright © 2019 Civenni, Albino, Shinde, Vizquez, Merulla, Kokanovic, Mapelli,
Carbone and Catapano. 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.

Frontiers in Oncology | www.frontiersin.org

16

May 2019 | Volume 9 | Article 385


https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1038/nrd.2017.267
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/s41467-018-04724-5
https://doi.org/10.1016/j.celrep.2018.11.086
https://doi.org/10.1016/j.isci.2019.02.032
https://doi.org/10.1016/j.celrep.2018.08.062
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Transcriptional Reprogramming and Novel Therapeutic Approaches for Targeting Prostate Cancer Stem Cells
	Introduction
	Prostate Cancer and the Current Treatment Perspective
	Cancer Stem Cells in Prostate Cancer
	Canonical Signaling Pathways in Prostate Cancer Stem Cells
	Transcriptional Regulators in Prostate CSCs
	c-Myc
	STAT3
	ERG
	ESE3/EHF

	Conclusions
	Author Contributions
	Acknowledgments
	References


