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Prostate cancer is the most common malignancy in men and the econd cause of

cancer-related deaths in western countries. Despite the mgress in the treatment of
localized prostate cancer, there is still lack of effectiveherapies for the advanced
forms of the disease. Most patients with advanced prostate ancer become resistant
to androgen deprivation therapy (ADT), which remains the nia therapeutic option

in this setting, and progress to lethal metastatic castratin-resistant prostate cancer
(mCRPC). Current therapies for prostate cancer preferemtly target proliferating, partially
differentiated, and AR-dependent cancer cells that constiite the bulk of the tumor

mass. However, the subpopulation of tumor-initiating or tmor-propagating stem-like

cancer cells is virtually resistant to the standard treatnmés causing tumor relapse at the
primary or metastatic sites. Understanding the pathways cotrolling the establishment,
expansion and maintenance of the cancer stem cell (CSC) sulgpulation is an important
step toward the development of more effective treatment folprostate cancer, which

might enable ablation or exhaustion of CSCs and prevent trément resistance and

disease recurrence. In this review, we focus on the impact dfranscriptional regulators
on phenotypic reprogramming of prostate CSCs and provide eamples supporting the

possibility of inhibiting maintenance and expansion of th€SC pool in human prostate
cancer along with the currently available methodological mproaches. Transcription

factors are key elements for instructing speci c transcrigional programs and inducing
CSC-associated phenotypic changes implicated in disease ogression and treatment
resistance. Recent studies have shown that interfering witthese processes causes
exhaustion of CSCs with loss of self-renewal and tumorigeaicapability in prostate

cancer models. Targeting key transcriptional regulatorsni prostate CSCs is a valid
therapeutic strategy waiting to be tested in clinical trial

Keywords: prostate cancer, cancer stem cells, transcripti on factors, ERG, ESE3/EHF, c-Myc, STAT3, NF- kB

INTRODUCTION

To date there is compelling evidence supporting the presence whort-initiating,
tumor-propagating stem-like cells or cancer stem cells (§S@8shuman cancers 1, 2).
At any given time, the CSCs likely constitute only a minoriof tumor cells within
the tumor mass 1, 2). However, CSCs contribute substantially to the biologiead

doi: 10.3389/fonc.2019.00385 clinical heterogeneity of human cancer8, (4). The CSC model proposes that tumor
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cells maintain a lineage hierarchy similar to normal tiss®. studies have shown that multiple genetic and epigenetic events
The small population of stem-like cancer cells that sustais th contribute to prostate cancer initiation and progressiol{
hierarchical organization is able both to self-renew by mygtric ~ 12). Deregulated expression and activity of transcriptionad an
cell division and to produce, through asymmetric cell dioiss, epigenetic regulators occur at early stages of disease and are
phenotypically distinct daughter cells with limited selfssval particularly relevant during the progression from localized
but greater proliferative activityFigure 1A). Similar to normal to metastatic disease and development of treatment-resistan
stem cells, the balance between self-renewal, dierentiati prostate cancerl, 14). Moreover, complex transcriptional and
and senescence is essential to maintain the CSC subpopulatiepigenetic reprogramming contribute to cancer cell plastioity
(2). Importantly, these processes lead to the expansion artdans-di erentiation leading to the acquisition of tumorémic,
maintenance or, alternatively, to progressive loss of pralifee ~ stem-like, mesenchymal, or neuroendocrine featuiés7).
potential and exhaustion of the CSC pool. According to the stem The prostate is an exocrine gland that is located around
cell model, CSCs are key elements driving tumor heteroggneithe urethra at the base of the bladder and produces the
and contributing to tumor progression and metastasés4). alkaline seminal uid (L8). Histologically, the human prostate is
Importantly, CSCs contribute substantially to treatmentuiee  composed of a pseudostrati ed epithelium containing basal and
and disease recurrence by virtue of their intrinsic resiseato  luminal epithelial cells with rare neuroendocrine cell®,(20).
chemotherapy, radiotherapy, and even molecular-targetedsir Luminal cells are di erentiated secretory epithelial cellattline
(2, 3, 5). Despite even massive reduction of bulk tumor cellghe lumen of the ducts and secretes the alkaline prostatic uid
after e ective treatment, the CSC subpopulation can survive(20). Luminal secretory cells express cytokeratin 8, cytokerati
expand and reconstitute, through a combination of symmetricl8 and the androgen receptor (AR). Basal cells lie on the
and asymmetric cell divisions, the population of bulk tumorbasement membrane between luminal cells. Basal cells have
cells leading to tumor re-growth and relaps&idgure 1B). low levels of AR and express cytokeratin 5, cytokeratin 14 and
Indeed, the inability of current therapies to aect the CSCp63. Basal cells are considered the main niche for stem and
subpopulation contributes to their limited success and theprogenitor cells within the normal prostate epithelium, altlgiu
almost inevitable progression to treatment-resistant ai®e more recent lineage-tracing studies suggest that bothl lzexsh
In this scenario, a signi cant increase in treatment e cacy luminal cells contain lineage-restricted stem/progenitetls in
duration of clinical response, and patient survival may depenthe mouse prostatel@, 20). Rare neuroendocrine cells, which
on the clinical implementation of new treatment strategigsed  express chromogranin A and synaptophysin, are scattered in
at eliminating or reprogramming CSCs toward di erentiation the prostate gland. Neuroendocrine cells are AR negative and
and senescencerigure 10). In this context, the knowledge androgen-independentl().
of the pathways underlying the peculiar properties of CSCs Most prostate tumors are adenocarcinomas arising from
can provide ideal targets for development of CSC-directethe peripheral zone of the prostate glantéig. The majority
therapies {-5). of human prostatic adenocarcinomas have a predominant
In this review, we focus on prostate cancer and the rolduminal phenotype, with a limited number of primary tumors

of transcriptional regulators on phenotypic reprogrammingshowing features of neuroendocrine, small cell or sarcoidato
of prostate CSCs. We provide examples supporting thearcinomas. Some 15% of patients diagnosed with a prostate
possibility of interfering with maintenance and expansion ofcancer will ultimately develop metastatic lesions, withwt89%
the CSC subpopulation in human prostate cancer by targetingf these cases presenting with osteoblastic bone metasiaes (
transcriptional regulators. Transcriptional and epigeneticin about 85% of the metastatic patients, the bone is the sae sit
regulatory factors are key elements for instructing speci cof metastasis. Notably, aggressive prostate adenocarcinwitia
transcriptional programs and phenotypic changes in CSCgeuroendocrine features (NEPC) form preferentially ostesida
(3, 6). Notably, recent work has established that interferinthwi bone metastases and metastasize more frequently to brain,
these processes can induce loss of self-renewal capabitity diver, bladder, and adrenal gland than adenocarcinoma-type
exhaustion of the tumorigenic potential of CSCs. Promisingumors (16).
compounds are emerging from preclinical studies. Thus, The clinical evolution of prostate cancer is highly
targeting transcriptional regulators in prostate CSCs migat heterogeneous, ranging from indolent to very aggressinets
a valid therapeutic strategy to explore further in the predati that rapidly progress to metastatic and treatment refractory
and clinical setting. prostate cancerd 18). Surgery and radiotherapy are highly

e ective for treatment of low-risk localized prostate tumo#xl).

Because most prostate cancers are androgen-dependent at the
PROSTATE CANCER AND THE CURRENT time of diagnosis, patients with locally advanced or metista
TREATMENT PERSPECTIVE diseases are treated with androgen deprivation therapy (ADT)

which limits disease progressiofriure 2) (8). Nevertheless,
Prostate cancer is the most common malignancy in memmost tumors eventually become resistantto ADT and progress to
and the second cause of cancer-related deaths in developlethal metastatic castration-resistant prostate cancer (MORP
countries (7). Despite the progress in the treatment of localizedor which there are limited treatment option®%, 23). Despite
prostate cancer, management of locally advanced and matastathe reduced e cacy of ADT, many mCRPC continues to have
disease is still a critical unmet neeé, (9). Recent genomic active AR signaling through a variety of mechanisms inalgdi
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FIGURE 1 | Cancer stem cell biology and perspectives for cancer therap (A) Cancer stem cell (CSC) are a subpopulation of tumor cells cable of self-renewing
through symmetric cell division and of generating, througlasymmetric division, more differentiated proliferatingalighter cells (non-CSC) that, through successive cel
divisions (symmetric commitment) constitute the bulk of ta tumor mass. (B) CSC are intrinsically resistant to chemotherapy and otheherapeutic modalities and
cause disease recurrence by reconstituting the original taor cell population at the primary or metastatic sites(C) Targeting CSC could impair tumor regrowth and
decrease the likelihood of tumor progression and disease mirrence.

AR gene amplication, splice variants, point mutations, of AR-indi erent CSCs followed by di erentiation toward a NE
transcriptional upregulation, ligand-independent actiwatj and  phenotype leads to a progeny of poorly di erentiated tumor cells
increased androgen and dihydrotestosterone (DHT) syngh@g  insensitive to androgen ablation or suppressibig(re 2). Thus,
the adrenal glands or the tumoB,(24). The continued reliance chronic ADT can induce dedi erentiation or transdi erentiain
on AR signaling makes a fraction of mCRPC still potentiallyin mCRPCs with the NEPC variant considerably increasing
responsive to new AR pathway inhibitors (ARPI), such asmong patients with metastatic castration-resistant disease
the anti-androgen receptor antagonist enzalutamide and th&leuroendocrine di erentiation may represent an extreme form
androgen-biosynthesis inhibitor abiraterong-igure 2) (8).  of evolution of prostate adenocarcinomas to an androgen-
However, mCRPC can activate additional escape mechanisimlependent status.
and become resistant to the AR-targeted dru@s ( MCRPCs non-responsive to ADT and AR-targeted
An emerging modality of escape from ADT is phenotypictherapeutics are treated with chemotherapy7)( Docetaxel
plasticity with the acquisition of neuroendocrine featursd is now the standard therapy for these patients, although the
expression of characteristic markers such as synaptophysin abene cial e ect in this setting is rarely durable2®. Many
chromogranin (5, 25 26). This process involves a complex patients do not respond or, after an initial response, become
interplay of multiple signaling pathways linked to transcrgotal ~ refractory to the treatment. Patients with docetaxel-aefory
activators (e.g., STAT3, MYC family members, SOX2) antumors generally receive cabazitaxel, a second-generation
epigenetic e ectors (e.g., EZH2)). In this context, expansion taxane, or platinum (Pt)-based compounds such as cisplatin
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FIGURE 2 | Prostate cancer progression and cancer stem cells. Prosta cancers initiate asin situ carcinoma called prostatic intraepithelial neoplasia (P)Nind then
evolve into invasive carcinomas and later, after androgenegrivation therapy (ADT), progress to metastatic castratn-resistant prostate carcinomas (mMCRPC). After
continuous ADT or treatment with new AR-pathway inhibitoréARPI), treatment-resistant tumors emerge that either refmadenocarcinoma features with enhanced AR
signaling (Adeno-CRPC) or acquire neuroendocrine featusevith attenuated AR signaling (NE-CRPC). Progression thugh these stages and development of
castration-resistance are driven likely by the expansionral speci c behavior of prostate cancer stem cells.

and carboplatin 21, 29. Chemotherapy with carboplatin, presence of self-renewing tumor-initiating stem-like cance
docetaxel, or cabazitaxel is currently the preferred treatnfor  cells in prostate tumors1@). Putative CSCs can be puried
patients presenting with low PSA/tumor burden ratio and rapidusing appropriate cell surface markers to de ne specic cell
metastatic progression or features of small cell carcinoma gopulations and their properties can be assessed using
NEPC @9). Inevitably, rapid development of resistance severelyitro tumor-sphere andin vivo transplantation assays3%-
limits the duration of response and e cacy of any form of 36). Broad and heterogeneous sets of extracellular markers
treatment in these patients. have been used to identify and isolate prostate CS&%S (
38). However, the reproducibility and reliability in di erent
settings and experimental models as well as the clinical
CANCER STEM CELLS IN PROSTATE relevance of most markers have not been demonstrated with
CANCER any certainty 89). Increased expression of intracellular markers
(e.g., ALDH), stem cell reprogramming factor, transcriptidn
Prostate cancer is highly heterogeneous in cell compositioand epigenetic regulators (e.g., Oct3/4, Sox2, Klif4, Naklyg,
(19. The presence of stem-like tumor cells with tumor- BMI1) characterize prostate CSCs and provide additional tools
propagating and metastasis-generating properties can greaflgr their identi cation (36, 37, 39-41).
in uence the biological heterogeneity, clinical progressand In the experimental settingin vitro, ex vivg and in vivo
treatment responsel). CSCs within primary tumors are likely functional assays are highly relevant to isolate CSCs asebas
the main cause of metastatic spread and disease recurreribeir content and properties33-36, 42). Culturing prostate
in prostate cancer patientgEigure 2). Moreover, expansion of cancer cells in adherent monolayers in presence of serum-
CSCs, which are independent of AR signaling, can contribuite tsupplemented cell culture medium allows propagation of the
the development of castration-resistance as well as to estiucheterogeneous bulk population of tumor cell&idure 3A).
sensitivity to chemotherapy and radiotherapy( 20, 30, 31).  Prostato-sphere or tumor-sphere cultures in serum-freeitiqu
Furthermore, CSCs that derive from basal or luminal-typeor semi-solid media and non-adherent conditions favors the
progenitor/stem cells may exhibit di erent characteristiaad ~ expansion of single-cell derived colonies (spheroids), whieh
contribute diversely to the biological and clinical hetgemeity of —enriched of stem-like tumor cells able to survive and proiferin
prostate tumors and their propensity to aggressive behavidr arthis setting §4-36, 42). Organoid cultures derived from human
treatment resistance.g, 20, 31). or mouse tumors are an alternative method to preserve the
CSCs display three main characteristics: the ability todtét heterogeneity of the cell composition of the original tumarda
tumor (tumorigenesis), to maintain their cellular propertiestest drug e cacy in a three-dimensional, microenvironment-
in at least one daughter cell (self-renewal) and to reproduc#clusive systemd3, 44). However, unlike tumor-sphere culture
the cellular composition of the original tumor (di erentiadh ~ systems, organoids do not enrich speci cally for CSCs and do
program) (2). Several studies provide evidence for thenot allow a direct assessment of tumor cells with stem-like
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properties. Xenografts of established human cancer cels linef b-catenin is frequent in advanced prostate cancer and the
or patient-derived tumor cells by subcutaneous or orthotopicWnt signaling pathway can directly promote self-renewal of
implantation in immunode cient mice can be a reliable and prostate CSCs5¢-55). The Hedgehog pathway controls cell
reproducible source of stem-like tumor-initiating cells can renewal and survival in normal stem cells during embryogenes
are used to assess vivo tumorigenicity and self-renewal and adulthood $0). Hedgehog signaling is activated by binding
properties of the isolated CSCs by serial re-implantation irof a specic set of ligands (Desert, Indian and Sonic) to the
mice (Figure 3B). Long-term tumor regeneration in mice as membrane receptors Patched (Ptchl and 2) and Smoothened
well as reproducible tumor-sphere forming ability vitro are  (SMO). In the presence of the ligands, SMO is relieved from the
paramount evidence of stem-like capability of the isolatedepression by PTCH and promotes the nuclear translocation of
tumor cells @5 36, 45. Furthermore, an emerging area of transcription factor Gli, which triggers the expression of gpe
research involves the isolation, characterization and pgagian  target genes. Prostate tumors, like other cancers, fretjuen
of CSCs derived from genetically engineered mouse (GEMxhibit abnormally activated Hedgehog signaliag,67), which
models of prostate cancefFigure 3C). These GEM models promotes the expansion of prostate CSG8, 69). A complex
reproduce prostate tumors that mimic human cancer withset of receptors (Notchl-4) and ligands (DLL 1, DLL 3, DLL
similar de ned genetic alterations within the orthotopic static 4, Jagged 1, and Jagged 2) controls Notch signatifig pon
microenvironment and in presence of an intact immune systenligand binding, the cytoplasmic domain of the receptor is céghv
and thus are becoming a valuable resource to study prostaie C®y proteolytic enzymes (ADAMs and-secretase) leading to
behavior and response to treatmet®(46, 47). the release of the Notch intracellular domain (NICD), which
When properly applied, collectively, these experimentamoves in the nucleus and activates transcription of target

systems represent reliable tools to monitor the e ects of jene genes. The Notch signaling pathway is activated improperly in
and pharmacological interventions on CSCs. Furthermoreséh human cancers, including prostate tumors, where it altersmeadr
in vitro/in vivo assays along with supplementary approachedi erentiation programs and contribute to CSC expansicsi(
(e.g., gene signatures, surface markers) need to be imptethen60-62). In prostate cancer, combined upregulation of Notch
rigorously in preclinical and clinical studies to demonsé&réhe and Hedgehog signaling promotes the stem-like phenotype and
e cacy of CSC-directed strategies and monitor the dynamictreatment resistanceg, 64).
changes in tumor cell subpopulations upon treatmeft 48). Inhibitors of the Hedgehog, Wnt and Notch pathway have
Such studies would provide a great deal of essential infaomat been developed and some have been tested in clinical trials
for de ning the best strategies to improve cancer treatmen&i in oncological patients50). Targeting these stemness-related
precision medicine approach. pathways with selective inhibitors has potent anti-CSC e ext a

in uences positively the response to other cancer treatménts

preclinical models&5, 66). Notch pathway inhibitors have shown
CANONICAL SIGNALING PATHWAYS IN e cacy enhancing the activity of both chemotherapy and ADT in

PROSTATE CANCER STEM CELLS prostate cancer preclinical mode#-71). Hedgehog inhibitors

have anti-CSC e ects in prostate cancer reducing expression

Current therapies for prostate cancer target preferentiallpf stemness-related genes and growth of tumor xenografts in
partially di erentiated, AR-dependent and proliferating tumor mice 63, 72-74). Wnt pathway inhibitors also have been tested
cells that constitute the bulk of the tumor mass in locallysuccessfully in preclinical models of prostate cancer, althdlog
advanced and metastatic tumorg, 1, 28 29). However, the evidence of a direct anti-CSC e ect is not systematically ted
subpopulation of CSCs is virtually insensitive to these thesm (54, 65, 66, 75). Wnt inhibitors include promising compounds
and can repopulate the tumors at primary and metastatichat have shown relevant activity in various experimentaloest
sites (L9, 49. Understanding the pathways controlling the models §3, 76-78).
establishment, expansion and maintenance of the CSC pool Ongoing trials in multiple cancer types, including prostate
would be an important step toward the development of morecancer, are testing the e cacy of canonical stemness pathway
e ective therapies for prostate cancer enabling the ablatioinhibitors (48, 79, 80). Notably, vismodegib (GDC-0449), the
or exhaustion of CSC and preventing treatment resistancest inhibitor approved for clinical use, and other Hedgehog
and disease recurrence. Much emphasis has been put arhibitors are in clinical trials for prostate cancer patients.
canonical pathways identi ed as drivers of stemness featureSimilarly, several Wnt and Notch pathway inhibitors are
in normal stem cells and proven to have similar functionscurrently undergoing clinical evaluation for treatmentptients
in CSCs. with various types of tumors including patients with prostate

Canonical stem cell-associated pathways, such as Sontancer 80-82). These early phase clinical studies are set to
Hedgehog, Wnt and Notch, play important roles in CSCdetermine the e cacy and toxicity of these compounds and
maintenance and represent promising targets to explore for ththey will provide insightful information for further developemt
eradication of prostate CSC$( 51). In the canonical Wnt as single agents or in combinatorial regimerds)( However,
pathway, Wnt ligands bind to Frizzled receptor and co-receptoit would be important in the future to assess speci cally
LRP 5/6 leading to stabilization and nuclear translocatié-o whether the compounds a ect the prostate CSC subpopulation
catenin that acts as transcriptional activator of the expogssf  taking advantage of some of the assays developed in preclinical
pro-tumorigenic genes5(). Altered expression and localization studies. It might also be dicult to exclude e ects of these
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FIGURE 3 | In vitroand in vivo experimental models available to study cancer stem cell§A) In vitro systems include standard cultures of adherent bulk tumor cés
and tumor-sphere cultures of cancer stem cell (CSC)-enridd subpopulation capable of self-renewal(B) Mouse xenograft models allow the isolation of CSC and
monitoring self-renewal and tumorigenicity irex vivotumor-sphere assays andin vivoserial re-implantation assays(C) Tumor-sphere assays andin vivoserial
re-implantation can be performed with genetically engineed mouse (GEM) models through the isolation and propagatioof CSC-enriched tumor-spheroids.

pharmacological pathway inhibitors on normal stem cells andor anti-CSC therapeutic interventions. In the following§ens,

prevent toxicity due to a limited therapeutic window, ¢8). we describe the recent data and provide proof of principle
examples of the e ectiveness of such approaches for targeting
prostate CSCs.

TRANSCRIPTIONAL REGULATORS IN

PROSTATE CSCs c-Myc
Additional pathways controlling the enhanced self-renewal

Prostate CSCs present over-expression of various transmrgdti  capability and reduced di erentiation potential of CSCs could
and epigenetic regulators (e.g., Nanog, SOX2, BMI1, angrovide ideal targets for development of CSC-speci c treatimen
EZH2) that are directly involved in reprogramming the CSCstrategies. Several transcription factors aberrantly vard
transcriptome and sustaining the stem-like phenotype. Somim advanced and mCRPCs can be directly responsible for
of these factors have been e ectively targeted to induce CS€xpansion and tumorigenic potential of prostate CSCs. c-
depletion and counteract treatment resistancél, (83-87). Myc (Myc) is a transcription factor involved in many
Small molecule inhibitors of EZH2 and BMI1, two epigeneticbiological processes, including transcription, replicatiae|l
e ectors, are available and have shown e cacy in prostatalivision, protein synthesis and metabolis®3. Ampli cation,
cancer preclinical models2f, 26, 85 88-92). Furthermore, chromosomal translocations, and deregulated expressidfyof
EZH2 inhibitors are undergoing clinical testing in patientith  are among the most common alterations occurring in human
advanced tumors. cancers 3. Myc is frequently upregulated in primary and

Additional transcriptional regulators are emerging asmetastatic prostate cancers and its overexpression has been
targetable elements in prostate CSCs opening new opportunitiessociated with progression to CRPX), Many lines of evidence
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suggest that Myc has an important role in ensuring tumorbe an e ective strategy to modulate gene expression for
development and maintenance of CSCs in human canc&ls ( therapeutic applications.
95-97). Myc, along with other stem cell genes like SOX2, Targeting upstream regulators or downstream e ectors of
BMI1 and OCT-4, is highly expressed in prostate cancer celldlyc is also a valid approachi(Q 102. Notably, bromodomain
having the CD4€&/CD24— phenotype, which is considered aand extra-terminal domain (BET) proteins, such as BRD4, bind
hallmark of stem/progenitor cells3¢, 98). However, similar to to acetylated histones and cooperate with multiple oncogenic
many other transcription factors, Myc is a di cult target to transcription factors including Myc 106. Importantly,
address directly with conventional small-molecule drug8).( chemical inhibitors designed to disrupt BET protein-chronmati
Various approaches have been attempted to target Myc hpteractions interfere with expression and activity of Myc
blocking Myc-protein interactions, Myc-DNA interactions and and other transcription factors107110. BET inhibitors are
Myc transcription or translation using small molecules, peptd e ective anticancer agents in preclinical models of multiple
oligonucleotides and small interfering RNAS9-102. Few types of cancersl(L]). Currently, several BET protein inhibitors
compounds inhibiting Myc have entered early phases of clinicale.g., ZEN003694, OTX015/MK-8628, ABBV-075, INCB057643,
investigation (00). GSK525762/1-BET762, GS-5829) are in phase /11 clinicalstria
Following previous studies on Myc transcription and with some studies speci cally assessing their e cacy in prasta
promoter regulation by oligonucleotide-based approachié€s3( cancer patients alone or in combination with AR-targeted
104, we showed more recently that Myc transcription could betherapies {12. In prostate cancer, BET protein inhibitors
epigenetically silenced using a novel strategy based on gesmo modulate AR signaling and enhance the anti-androgenic e ect
targeting siRNAs 109. This approach relies on the presenceof AR-targeted therapies in AR positive prostate cancer cells
of a cis-acting non-coding promoter-associated RNA (paRNA}uch as VCaP and LNCaP cells, making them suitable drugs for
overlapping the gene transcription start site and positivelftreatment of mCRPCs1(13-116. Interestingly, BET protein
regulating Myc gene transcription105. siRNA directed to inhibitors interfere with Myc functions in preclinical cancer
this paRNA inhibited Myc transcription by interfering with the models (06 10§ 110 and, therefore, have the potential to
formation of the transcription pre-initiation complex at theige  inhibit Myc-dependent processes also in prostate CSCs.
promoter (L09. This strategy resulted in prolonged repression of
Myc transcription. Interestingly, a single transfection obprate STAT3
cancer cells with the promoter-targeting siRNA induced long-Signal transducer and activator of transcription 3 (STATS) i
lasting e ects on cell proliferation and colony formation irRPC  a key element in multiple signaling pathways and is activated
models such as the DU145 and PC3 cell lines, indicative @berrantly in many human cancers{7~120. Phosphorylation
persistent loss of proliferative potential as consequence af Myat tyrosine 705 (Tyr705), which is catalyzed by protein
silencing (09. Notably, using this promoter-targeting strategy tyrosine kinases such as Janus kinases (JAK), regulatd&3STA
we were able to show that Myc silencing impaired maintenanctanscriptional activity by inducing dimerization of STAT3
and induced senescence in the prostate CSC subpopulatiomonomers, nuclear accumulation and DNA bindingl(7, 119.
blocking their expansion and tumorigenic potentidgdg. We The IL-6/JAK pathway is the main responsible of Tyr705
showed that tumor-sphere forming cells derived from thesehosphorylation and activation of this pathway contributes to
human cancer cell lines and grown in stem cell selectiveumor development in many experimental models1{, 118.
conditions retained high self-renewal capability and haghhi STAT3 activation is associated with advanced disease, tastas
tumorigenic potential and ability to reconstitute the omgil and clinical progressionl(L8. Despite some recent controversial
tumor cell population. Myc silencing impaired propagation observations, the evidence of a role of this transcripticcida
of tumor-spheresin vitro, growth of subcutaneous tumors in tumorigenesis in clinical and experimental systems andsof
and formation of metastasis in mice3). Consistent with potential as therapeutic target is rather overwhelming [for an
an impact on CSCs, tumors formed by Myc-depleted cellgxtensive discussion of these issues 5&@-(21)].
had reduced content of stem-like tumor cells capable of Increasing evidence indicates that STAT3 also localizes to
forming ex vivotumor-spheres and generating secondary tumomitochondria and is important in controlling mitochondria
xenografts in mice. Thus, thesex vivo assays provided function (12Q 122 123. Mitochondrial STAT3 is phosphorylated
direct con rmation of the anti-CSC e ect of Myc silencing. at serine 727 (Ser727) by various serine protein kinaseseate
Notably, the reduced CSC content and tumorigenic capabilithuclear STAT3 is predominantly phosphorylated at Tyr705 by
was associated with increased senescence in CSCsibothtyrosine protein kinases, like JAK family kinase4 125.
vitro and in vivo. Thus, Myc silencing led to depletion of Interestingly, constitutively Ser727-phosphorylated SJTA®
CSCs and reduced their tumorigenic and metastatic potentigiresent in many human cancers and is su cient to drive
through the activation of a latent senescence program in CS@smorigenesis independent of Tyr705 phosphorylation in vasiou
(36). This study, thus, provided direct evidence of the rolemodels (24 126 127). Moreover, mitochondrial STAT3 is
of Myc in the maintenance of CSCs in human tumors andcritical for survival of tumor cells under microenvironmenot
identi ed loss of self-renewal and induction of senescease treatment induced stress conditions, re ecting a tumor-ggec
primary mechanisms of the depletion of tumor-initiating and dependency on STAT3 mitochondrial functions24 129.
metastatic prostate CSCs. These data also demonstrated thatA large set of evidence reveals a critical role of the
RNAi-based targeting of regulatory non-coding RNA couldSTAT3 in prostate cancer. Over-activity of STAT3 in human
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cancers, including prostate cancer, is frequently the testil models (53. The compound has been extensively studied in
deregulation of upstream pathways with activation of proteinpreclinical setting as single agent and in drug combinations
tyrosine kinases associated with cytokine and growth factdo take advantage of the concomitant targeting of CSC and
receptors, like JAK family kinased243. Increased levels of non-CSC populations of tumor cells and is currently tested in
IL-6, IL-6 receptor, JAK1, and pSTAT3 have been detected igeveral clinical trials in combination with standard thpis for
patients with metastatic tumors and CRPO2§ 130 and are advanced cancerd %2 154). In addition to STAT3 pathway or
associated with poor prognosi$31, 132. The IL-6/JAK/STAT3 indirect inhibitors, various direct STAT3 inhibitors havgeen
pathway contributes to treatment resistance promoting tumordeveloped and some have been tested in prostate cancer models
cell survival after targeted anticancer drugs or ADT3§ (119. We recently showed that small molecule inhibitors of
134. The pathway is at the center of tumor-microenvironmentSTAT3 OPB-31121 and OPB-51602, which directly bind to the
crosstalks that promote treatment resistance and stemriegs ( SH2 domain and e ectively block global downstream signaling
135. Activation of STAT3 can promote also immune-tolerancethrough multiple STAT3-dependent pathways, were very active
and chemo-resistance in prostate cancer through the secrefi  in prostate cancer cell models and speci cally highly e ective
immunosuppressive cytokines in the tumor microenvironmentthe CSC compartmentl@g 155. OPB-31121, OPB-51602 and a
(139. Conversely, inhibition of the IL-6/JAK/STAT3 pathway third structurally related compound, OPB-111077, have e
reduces tumor cell proliferation and restores sensitivayAR-  phase I/l clinical trials showing some limited e cacy as gle
targeted drugsi(37#139. Importantly, in recent years antibodies agents in advanced patients with solid tumoi$¢-159. These
(e.g., siltuximab) targeting the IL-6/JAK/STAT3 pathwayéa inhibitors block both Tyr705 and Ser727 phosphorylation and
been tested as monotherapy or in combination with cytotoxidmpair functioning of both nuclear and mitochondrial STAT3
drugs in various clinical trials for treatment of cancergluding  (128. Importantly, in DU145 tumor xenografts, a CRPC model,
prostate cancerl(l9 14G6-142). However, despite the positive OPB-51602 profoundly inhibited tumor growth and blocked
data in preclinical models, the clinical activity in advadce tumor cell re-population after treatment withdrawal{9. These
prostate cancer patients was modest or not signi carit{ 146- e ects correlated with signi cant depletion of the fractionf o
142, suggesting that anti-IL-6 therapies may not be the mosstem-like tumor cells in the tumor xenografts after OPB-826
e ective approach to block STAT3 signaling in this setting. treatment as assesseddxyvivo ow cytometry and tumor-sphere
Increased STAT3 levels and higher Tyr705 and Ser72asaysl(29.
phosphorylation are frequent in human prostate cancer both In human cancers, STAT3 activation occurs often
at early (androgen-dependent) and late (castration-rasi$t concomitantly with activation of the NKB transcription
stages of the disease4. STAT3 activation is associated with factor pathway 160. NF-kB is frequently activated in advanced
poor clinical outcome in prostate cancer patientsi{ 145. prostate cancer and has been implicated in expansion of CSC
Importantly, activation of STAT3 has been associated witl{37). Notably, STAT3 and NKB induce highly overlapping
promotion and maintenance of CSC, tumorigenicity andsets of pro-tumorigenic genes that might have important
metastatic capability in prostate cancefi3@ 146 147). functions in prostate CSC160. Activation of NFkB and
Alternative activation pathways and non-transcriptionalcrosstalk with the IL6/JAK/STAT3 signaling pathway were
functions of STAT3 may also be important in CSC maintenancessential for the acquisition of the epithelial-to-mesemhl
(122. In prostate cancer, induction of Ser727 phosphorylatiortransition (EMT) and CSC features in aggressive prostate
can promote cell transformation and tumor development intumors (161). Furthermore, multiple positive and negative
the absence of Tyr705 phosphorylatioh2¢). The oncogenic feedback loops link the two pathways leading to reciprocal
e ect of STAT3 in this experimental system depended strictly oractivation or inhibition, depending on the cell context and
phosphorylation of Ser727 and both transcriptional dependenticroenvironment stimuli (60. Interestingly, we found that
and independent functions of STAT31Z6. Interestingly, the activity of both STAT3 and NKkB was strikingly higher in
we found that in a subset of prostate cancer, characterizegtostate CSC compared to bulk tumor cells and took advantage
by reduced expression of the ETS factor ESE3/EHF, STATS8 the availability of a novel chimeric multi-kinase inhibf,
upregulation and activation depended on the over-expressioBC-70124, generated by genetic engineering of biosynthetic
of a microRNA, miR-424, which prevented proteasomalpathway of natural compoundslfl). The novel compound
degradation of STAT3 and led to increased levels of totalTSTA was particularly e ective against IkKand JAK kinases, which
protein (149. Remarkably, miR-424 upregulation correlatedcatalyze the critical steps for activation of KB-and STAT3,
with the acquisition of CSC features in cell lines and humarrespectivelyl62. Thus, we reasoned that the ability of EC-70124
tumors, con rming the relevance of this non-canonical STAT to target concomitantly NFkB and STAT3 could provide an
activation pathway for stemness and tumorigenicity of prtesta innovative strategy to disrupt the pro-tumorigenic crosktal
CSC (49. between the two transcription factors and avoid the downsides
The anti-CSC e ects of interfering with IL-6/JAK signaling of individual pathway targeting and activation of alternei
using chemical inhibitors or soluble IL-6R support the relesa  survival pathways. EC-70124 blocked e ectively both RE--
of STAT3 activation in the CSC compartmentld3 146 and STAT3 activity in prostate cancer cells and particularly in
143-152. Napabucasin (BBI608), a small molecule inhibitortumor-sphere cells with constitutive activation of these peifis
proposed to interfere with STAT3 signaling, has been show(il51). Moreover, the drug reduced tumor-sphere formation
to inhibit stem-like tumor cells inad-hocdesigned preclinical vitro and tumor growthin vivo (151). Notably, EC-70124 had
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profound e ect on the CSC subpopulation in tumor xenografts.that formed large tumor-spheroids when plated in prostate-
This latter aspect was investigated by performiag vivo sphere culture conditions4(’). Tumor-spheroids were positive
assays with cells directly isolated from tumor xenografttha  for cytokeratins con rming their epithelial origin and expssed
end of thein vivo treatment and determining the fraction of typical stem cell markers. Moreover, the ERG/PTEN derived
tumor cells retaining CSC features and self-renewal capabil tumor-spheroids were endowed of high vitro self-renewal
(1573). Thus, dual inhibition of STAT3 and NKkB by EC-70124 potential and were capable of generating tumors with high
impairs CSC maintenance and tumor development in mice an@ ciency when re-implanted in mice47).
provides the basis for new therapeutic strategies for treatok Using this system, we recently evaluated the activity of
prostate cancer. compounds that could interfere with ERG induced transcriptona
and phenotypic reprogramming. Based on the nding of a
relevant fraction of ERG/Sp1 co-regulated genes among the ERG

ERG activated targets in ERG-fusion positive tumor, we tested the
ETS transcription factors constitute a large family ofactivity of a novel DNA binding and Sp1l interfering compound,
transcriptional regulators with important roles in cell demycarosyl-30s-D-digitoxosyl-mithramycin SK (EC-8042), in
di erentiation and carcinogenesid63. The ETS family includes ERG positive modelsA{). Speci cally, we found that EC-8042
27 members that share the highly conserved ETS doni&if)( was a potent inhibitor of tumor-sphere formation by ERG fusion
Individual ETS factors have di erent patterns of cell and tiss positive VCaP cells, a measure of the drug's anti-CSC agctivit
speci c expression and induce distinct transcriptional andinterestingly, this e ect was associated with reduced e)gioes
biological responses. This diversity among individual EAcdrs  of ERG/Sp1 target genes and impaired invasive and metastatic
are re ected in di erent roles in tumorigenesid€ 63. ETS factors propertyin vivoin the Chick Chorioallantoic Membrane (CAM)
are deregulated in many human cancers and can either promowystem 4{7). The CAM assay provide a simplied system to
or suppress tumorigenesisg3. assess tumor growth, invasion, migration, circulation fodad

A signi cant percentage of prostate cancers exhibit a speci wessels and metastasis in live chicken embryos. To inagstig
gene fusion of the ETS gene ERG and tHtr&gion of further the impact of EC-8042 on tumor-propagating stem-
TMPRSS2 genelfd. The TMPRSS2 gene encodes a serinkke cells, we took advantage of the ERG/PTEN GEM model.
protease highly expressed in the prostate epithelium. Thistgene Treatment with EC-8042 reduced formation of tumor-spheroids
event results in overexpression of full length (or minimallyfrom ERG/PTEN micén vitro and impaired the re-implantation
truncated) ERG protein driven by the androgen-regulatedf tumor-spheroid cells in mice4(’). Systemic treatment with
TMPRSS2 promoter in prostate epithelial cell$64-169. EC-8042 inhibited tumor progression reducing invasive and
Interestingly, recent studies indicate the new options&ogeting  proliferative areas in prostate adenocarcinomas in ERG/PTEN
pharmacologically ERG for prostate cancer treatménff169. mice. Moreover, EC-8042 had a signi cant impact of the CSC
Ectopic expression of ERG results in complex changes in treubpopulation in ERG/PTEN mice as indicated by reduced
cell transcriptome and acquisition of tumorigenic properties ex vivotumor-sphere formation and CSC marker expression
However, the biological impact of aberrantly expressed ER@!7). These data established for the rst time the e cacy of
in prostate cancer progression and the underlying mechanismentagonizing ERG oncogenic activity to block maintenancg an
are still unclear 170 171). In a relevant number of human expansion of CSC in ERG positive prostate tumor models
prostate cancers, ERG gene fusion occurs concomitantly withpening new possibilities for treatment of this disease.
PTEN loss {729. The coexistence of the two events is generally
associated with a more aggressive diseagé).(Importantly, ESE3/EHF
the cooperation of ERG gain and PTEN loss was recapitulatdeSE3/EHF is an ETS family transcription factor of the epitieli
in mouse models whereby ERG transgenic mice crossed witipeci ¢ subfamily. ESE3/EHF is highly expressed in normal
PTEN-de cient mice developed frank malignant lesions andprostate epithelial cells and is essential for epithelial cell
progression to invasive adenocarcinomas4-174). di erentiation. Interestingly, we found that ESE3/EHF, atp

We recently used these GEM models with prostate-speci avith ERG, was one of the most frequently deregulated ETS
expression of ERG (Pb-Cre4; Ro0sa26ERG/ERG) with arfdctors in human prostate cancerl{5 176. Importantly,
without PTEN deletion to examine the mechanisms underlyingdown-regulation of ESE3/EHF in immortalized human prostate
tumor progression in ERG-fusion positive prostate cancerspithelial cells resulted in transformation, dedi ereniiat,
ERG transgenic mice fail to develop invasive adenocarcisom&MT, and acquisition of CSC properties5). Furthermore, we
while the combined ERG/PTEN (Pb-Cre4; Pten ox/ox; identied a group of prostate tumors that exhibited marked
Rosa26ERG/ER) mice develop large invasive tumar&)( reduction of ESE3/EHF expression inthe absence of alteiatd
Thus, these GEM models represent good systems to assefiser ETS genes, including ERG. Enrichment of transcriptiona
events associated with prostate cancer progression. Moreovigatures associated with EMT and CSC phenotype along with
to examine the relation between tumor progression and CSGdverse clinical outcome characterized tumors with loss of
we took advantage of the established protocols for isoladimth ESE3/EHF expressiorn3d). In follow up studies, we made
analysis of tumor-propagating stem-like tumor cells fram further progress in understanding the tumor suppressor role
vivo models. Importantly, we found that prostate tumors from of ESE3/EHF, particularly with respect to its function in cell
ERG/PTEN mice were highly enriched of stem-like cancer celldi erentiation and stemness. The link between ESE3/EHF and
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CSC properties was investigated ibyvitro tumor-sphere and miRNA-based therapeutics are currently in clinical trials and
in vivo xenograft re-implantation assayS5 45. ESE3/EHF represent promising tools for targeting oncogenic and tumor
knockdown in immortalized normal prostate epithelial cells,suppressor pathway&§0).

such as RWPEL and LHS, was a potent inducer of stem-like, ESE3/EHF modulates STAT3 activity also by controlling IL-6
tumorigenic and self-renewal capability in prostate epithleli transcription (L50. We observed that expression of ESE3/EHF
cells 35. Furthermore, we established that ESE3/EHF controland IL-6 were signi cantly anti-correlated in primary and
key genes and microRNAs speci cally involved in epitheliametastatic prostate cancers. ESE3/EHF bound to the IL-6
di erentiation and CSC maintenance3§, 45, 149. Collectively, promoter and repressed IL-6 transcription%0. Moreover, IL-
these ndings suggested also various strategies to targét phosphorylated STAT3 and STAT3 transcriptional activity
tumors with loss of ESE3/EHF expression and reverse thewere consistently upregulated in tumor-spheres from ESE3/EHF
aggressive phenotype. under-expressing tumor cells, in line with aberrant activatio

We found that ESE3/EHF downregulation led to increaseaf IL-6/JAK/STAT3 pathway in prostate CSC. To test the
expression of stem cell factors Lin28A/B along with other ect of antagonizing IL-6/JAK/STAT3 pathway in ESE3/EHF
stemness-related factorsiq). Lin28 A/B are key elements under-expressing tumors, we used the JAK2 inhibitor NVP-
in the processing of mature microRNA of the let-7 family, BSK805 {50. NVP-BSK805 signi cantly reduced tumor-sphere
which are potent tumor suppressors and anti-CSC e ectordormation in ESE3/EHF low expressing models. Moreover,
(177. Accordingly, we evaluated the e ect of knocking downtreatment with NVP-BSK805 inhibited growth of tumor
Lin28 on tumorigenic and stem-like properties of transformedxenografts and self-renewal capability of tumor-sphere cells
prostate epithelial cells with ESE3/EHF downregulation2Bin derived from ESE3/EHF knockdown models, indicating that the
knockdown reduced the expression of CSC markers and theSC compartment was compromised persistently by disrupting
ability to sustain tumor formation in mice45). Accordingly, the IL-6/JAK/STAT3 axis in the context of ESE3/E®tumors
ex vivotumor-sphere assays showed a signi cant and persisterfi.50. Many JAK inhibitors are currently in clinical trials for
reduction of stem-like cells in Lin28-depleted tumor xenafgs.  oncological and non-oncological indicationsq1), making their
Moreover, in serial re-implantation experiments Lin28use for counteracting CSC expansion in specic subtypes of
knockdown decreased profoundly the vivo self-renewal and prostate cancer a reasonably testable hypothesis. Collgctive
tumorigenic potential of prostate CS@%). Thus, targeting Lin28 these data indicate that ESE3/EHF activity is essential to
could re-activate a latent di erentiation/senescence pamgrin  maintain the balance between di erentiation and self-reaéw
prostate CSC and lead to their ablation in ESE3/EPMprostate in the prostate epithelium and that loss of expression of
tumors (@5). Based on these ndings, we recently evaluated ¢his transcriptional regulator characterize aggressivendis
rst chemical inhibitor of Lin28A/B, ID1632, and demonsted  speci cally susceptible to approaches aimed at restoring the
in vitro its signi cant activity in CSC culture systemd4g, tumor suppressor function of ESE3/EHF.
suggesting an alternative to the siRNA and short-oligonotidie
based approachesAd, 179. All these modalities to target
Lin28A/B and counteract the e ects of ESE3/EHF silencing ar€ ONCLUSIONS
in early preclinical stages of investigation.

We observed that ESE3/EHF had also a relevant impact dn recent years, a growing body of evidence has accumulated o
the activation state of STAT3. By performing miRNA expressiorhe role of CSC in the genesis and progression of prostate cancer
pro ling in a cohort of primary prostate tumors and normal Prostate CSC play a pivotal role in castration-resistance and
prostate for which we had matching gene expression data wghenotypic plasticity that underlie treatment failure and dise
found that many microRNAs were signi cantly deregulatedrecurrence in advanced stage patients. Therapies targeting
in tumors compared to normal prostate. We identi ed miR- prostate CSCs can lead to e ective treatment for these patients.
424 as one of the most upregulated miRNAs in EQE3 Anti-CSC strategies should complement the current theraigeut
tumors and cell lines 149. Functional assays demonstratedapproaches that aim at reducing AR-dependent and proliferating
that ESE3/EHF repressed transcription of miR-424 in normabulk tumor cells. The dissection of the molecular mechargsism
prostate epithelial cells and loss of ESE3/EHF triggered miRontrolling the dynamic phenotypic changes that characteriz
424 upregulation in cancer celld48. Among the potential the CSC subpopulation is a mandatory prerequisite to design
targets of miR-424, we found that the E3 ubiquitin ligase QOP precise therapeutic interventions aimed at eradicating t&C
had a key role in miR-424 induced phenotypes in ESE3/EHBtem cell reprogramming factors, transcriptional regulat@nd
under-expressing prostate tumor cells. Interestingly, folilogp  epigenetic e ectors sustain the maintenance and expansion
studies revealed that miR-424 mediated silencing of COPAf prostate CSC and may represent valid therapeutic targets.
led to impaired proteasomal degradation of STAT3 leadingVe have shown that blocking expression and function of
to stabilization and constitutive activation of this on@sdc transcription factors that are aberrantly upregulated in pabst
transcription factor (48. Importantly, miR-424 upregulation CSC derived from human cell lines, xenografts and GEM
promoted EMT and tumor-sphere formation, features associatethodels results in substantial depletion of the CSC subpopuiatio
with the CSC phenotype. Moreover, a synthetic antagonisind severe impairment of the self-renewal and tumorigenic
of miR-424 reduced tumor-sphere formatiom vitro and capability. These approaches based on the use of small-molecule
impaired the ability to generate tumors in micé4g. Several chemical inhibitors or synthetic siRNA provide innovative
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strategies to disrupt the pro-tumorigenic signaling sustan required to achieve e ective control of the CSC subpopulation
the prostate CSC phenotype. Nevertheless, despite the enormawishin highly heterogeneous tumors and avoid CSC escape.
progress seen in the last decades, many questions on tReoperly designed preclinical studies and clinical trialswtio
heterogeneity and plasticity of prostate CSCs and their ¢éioolu  investigate the feasibility and e cacy of the diverse stgies
during tumor progression and treatment remain open and thematching the genotypic and epigenetic features of the tumors.
results will in uence the successful implementation of a8%C

therapies {, 3, 5, 49). The application of emerging technologies AUTHOR CONTRIBUTIONS

such as single-cell genomics and spatial transcriptomiég

186 will allow addressing the important questions of stem celGC, DA, DS, RV, JM, AK, SM, GMC, and CC reviewed
niche composition, anatomical location, biological and geim  the literature, analyzed the data, and contribute to writing
heterogeneity of prostate CSCs in longitudinal studies iruse the manuscript.
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