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Abstract

Cancer stem cells (CSCs) and cells in a cancer stem cell-like (CSCL) state have proven to 

be responsible for tumor initiation, growth, and relapse in Prostate Cancer (PCa) and other 

cancers; therefore, new strategies are being developed to target such cellular populations. TLR3 

activation-based immunotherapy using Polyinosinic:Polycytidylic acid (PIC) has been proposed to 

be used as a concomitant strategy to first-line treatment. This strategy is based on the induction 

of apoptosis and an inflammatory response in tumor cells. In combination with retinoids like 

9cRA, this treatment can induce CSCs differentiation and apoptosis. A limitation in the use of this 

combination is the common decreased expression of TLR3 and its main positive regulator p53. 

observed in many patients suffering of different cancer types such as PCa. Importantly, human 

exposure to certain toxicants, such as iAs, not only has proven to enrich CSCs population in an 

in vitro model of human epithelial prostate cells, but additionally, it can also lead to a decreased 

p53, TLR3 and RA receptor (RARβ), expression/activation and thus hinder this treatment efficacy. 

Therefore, here we point out the relevance of evaluating the TLR3 and P53 status in PCa patients 

before starting an immunotherapy based on the use of PIC +9cRA to determine whether they will 

be responsive to treatment. Additionally, the use of strategies to overcome the lower TLR3, RARβ 
or p53 expression in PCa patients, like the inclusion of drugs that increase p53 expression, is 

encouraged, to potentiate the use of PIC+RA based immunotherapy in these patients.
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Prostate cancer (PCa) and Staging System

Prostate cancer (PCa) is the second most common type of cancer in men worldwide. In 

2020, 1,414,259 new cases were identified globally [1] and the International Agency for 

Research on Cancer (IARC) indicate that the number of PCa deaths was 6.8% of total global 

cancer deaths such year [2]. By July 2022, PCa has been the neoplasm with the highest 

estimated prevalence, corresponding to 27% of all cancer cases in men [3]. It is estimated 

that by 2030 there will be 7 million new cases and 499,000 PCa deaths worldwide [4].

Early diagnosis of this neoplasm is possible with routine checkups, in which the physician 

requests laboratory tests for the determination of prostate specific antigen (PSA) in the blood 

and through digital rectal examination; if necessary, prostate biopsy to perform pathological 

analysis. No PSA analysis is needed for individuals under the age of 50 who show no risk 

factors. Prostate biopsy is suggested for PSA values above the upper limit (4 ng/ml) since it 

suggests the presence of prostate epithelium abnormalities [5].

The PCa staging procedure developed in 2002 by the American Joint Committee on 

Cancer (AJCC), is used to establish stages of prostatic neoplasm development, as well 

as to differentiate between adenocarcinoma and prostate epidermoid cancer, based on the 

neoplastic tissue extent (T), lymphatic invasion (N) and metastasis (M) [6].

Another useful tool for PCa staging is the Gleason score, which is established through the 

pathological observation of at least 3 microscopic fields of prostate tissue from the patient’s 

biopsies. In Gleason score, cells observed are graded on scale of 1 to 5 and the results in 

each field are summed. Grades less than 6 correspond to low-grade cancer; a value of 7 is a 

mean grade and greater than 8 establishes a high-grade neoplasm [7, 8].

TNM stage I is established when no abnormality is detected in the prostate, the Gleason 

score yields a value less than 6 and PSA values are up to 4 ng/mL. No pain is present at 

this stage and no pharmacological treatment is required. Continuous medical check-ups are 

scheduled, and it is recommended to modify habits such as improving the diet and avoiding 

exposure to heavy metals [8].

In stage II, the physician identifies a tumor located only in the prostate gland during 

examination. Symptoms such as back pain and difficulty urinating may occur. In this state 

there are high PSA titles (>4 ng/mL) [9].

Stage III of PCa can be defined based on the tumor’s invasion of other tissues, which 

includes extraprostatic invasion of surrounding tissue and seminal duct invasion. In stage IV 

there is invasion of surrounding tissues such as the rectum, urethral ducts and pelvic muscles 

[10].
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The determination of such PCa stages allows an estimate of patient prognosis, as well as 

decisions on the therapeutic strategy to be used. Depending on the stage, strategies such as 

androgen deprivation or surgical removal of prostate and testicles, chemotherapy, radiation 

therapy and/or immunotherapy will be employed [11].

The treatment effectiveness will depend on the diagnosis timing and tumor stage. Stage III 

typically has a survival rate is less than 30%. For stage IV, the response to treatment and 

therefore survival, is significantly decreased [12].

The above issues are components that will determine life expectancy, which decreases with 

more advanced tumor development. This determination can also depend on cellular factors, 

which will be addressed in the next section.

Stem Cells and their Role in cancer

Stem cells (SC) are a type of cells with pluripotency and self-renewal capabilities. 

Embryonic stem cells (ESCs) are present during embryonic development and are responsible 

for the formation of an individual’s different tissues. On the other hand, SCs present in fully 

developed tissues are called somatic stem cells (SSCs) and can give rise to new cells of 

specialized tissues. These cells generally can be recognized by a decreased expression of 

ESC markers, such as Cluster of Differentiation (CD) markers, such as CD14, CD45 and 

CD133 and the human leukocyte antigen HLA-DR of Major Histocompatibility Complex II 

(MHC-II), among others [13, 14].

In the prostate and other tissues, SCs exist as a subpopulation of proliferative basal cells. 

In addition, there are two other cell subpopulations corresponding to excretory luminal 

cells and neuroendocrine cells, which have an intermediate state of differentiation [15]. 

The SCs in general can be recognized by the expression of different biomarkers, including 

extracellular matrix receptor III (CD44) and prominin-1 (CD133), which are expressed in 

early progenitor cells [16].

Because of their survival abilities, SCs can accumulate modifications that lead to a 

promotion towards a malignant phenotype [17] When a malignant neoplastic transformation 

occurs, SSCs over-express some markers typical of ESCs, as well as genes that encode 

signal-transducing proteins, such as Kristen Rat Sarcoma virus (KRAS), B cell lymphoma 

2 (Bcl-2), or Sonic Hedgehog (SHH). On the other hand, other genes decrease their 

expression, like those that encode for tumor suppressors such as phosphatidyllinositol-3,4,5-

triphosphate 3-phosphatase (PTEN), the transcription factor P53, or the anti-apoptotic 

protein BAX (apoptosis regulator) [18, 19].

As malignant transformation occurs, the expression patterns of other transcription factors, 

such as Octamer binding 4 (Oct4), Sex determining region Y-box 2 (SOX2), Nanog 

homeobox (Nanog), and SHH that play a relevant role in maintaining the phenotype of ESCs 

(pluripotency, survival and self-renewal) are also increased or re-expressed [20, 21]. In this 

transformation, SCs develop an aggressive phenotype that implies the loss the proliferation 

regulation. SCs that undergo this transformation are known as cancer stem cells (CSCs) [17] 

CSCs show increased expression of characteristic ESCs genes, such as CD44 or CD133; 
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transcription factors mentioned above; genes related to drug resistant such as ATP-binding 

cassette super-family G member 2 (ABCG2) and aldehyde dehydrogenase (ALDHA1); 

genes involved in DNA repair mechanisms such as ataxia-telangiectasia-mutated-and-Rad3-

related kinase (ATR-Chk1) and ataxia telangiectasia mutated protein kinase 1 and 2 (ATM-

Chk2); surface molecules such as integrin α2β1 or epithelial cell adhesion molecule 

(EpCAM) [22–26]. These observations have led to the hypothesis that CSCs are responsible 

for tumor initiation and progression, resistance to different therapies such as radiation 

therapy, radical prostatectomy and androgen deprivation, as well as for cancer recurrence 

[17].

A phenomenon observed in PCa is that there is a certain cell hierarchy, where a small group 

of CSCs are responsible for leading tumor initiation and development, while cancer cells 

that are in more external tissue layers correspond to cancerous cells with different levels of 

differentiation [18].

In addition to CSCs present in prostate tumors, there is a cell type that also possesses 

self-renewal and multipotent capabilities know as cancer stem cell-like (CSCL) state. Since 

CSCL cells share some CSC markers associated with cell survival and expansion, therapies 

directed against CSCs must also contemplate CSCLs, which at any given time may be also 

responsible for giving rise to a new tumor [27]. A strategy to treat CSCLs was proposed 

by Gupta et al., 2019 in a study in human mammary epithelial cell line (HMLE) and its 

neoplastic transformed derivate (HMLER) in which they developed a screening method to 

identify compounds targeting CSCs, and highlighted salinomycin. Despite this, they theorize 

that non-CSCs can experience a regression (de-differentiation) acquiring CSCL properties, 

for which they recommend that CSC-focused treatments be used in combination with non-

CSC targeted drugs [28]. When CSCLs are grown in vitro in suspension, they can organize 

into structures called spheroids which can generate tumors in vivo. Moreover, in some cell 

types, CD44 and CD133 surface markers are overexpressed in these spheroid cells, but they 

also express tissue-specific differentiation markers [29].

Clearly, the SCs in the three types of prostate tissue (basal, luminal and neuroendocrine 

cells) [30], are not the only ones capable of developing cancerous characteristics. The 

differentiated somatic cells are also capable of this. A hypothesis suggests that differentiated 

cells in the prostate gland undergo a differentiation regression towards an CSCL phenotype. 

Some studies suggest that the genesis of PCa begins with basal prostate cells that over-

express CD133 [31]. Other works carried out in PCa patients from Israel have shown that 

tumor protein 63 (p63), a prostate basal cell biomarker, is absent in prostate carcinomas, 

for which they hypothesize that prostate tumoral cells have a secretory origin, since all 

basal cells, even basal SCs, express p63 [32]. Furthermore, other studies on neuroendocrine 

prostate cancer (NEPC) models, developed from prostatectomy samples, suggest that NEPC 

could originate from prostatic epithelial cells that overexpress n-myc proto-oncogene protein 

(N-Myc) and myristoylated Serine Threonine Kinase (myr-Akt) [33]. Together, these studies 

that evaluated prostatic basal, luminal or neuroendocrine cell participation in tumoral 

development, suggest that somatic cells can undergo a cell dedifferentiation process to form 

CSC and CSCL involved in the tumor initiation. [14, 34].
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Prostate CSCs express CD44, CD133, epidermal growth factor receptor 2 (HER2), ALDH 

and integrin α2β1 [13, 26], as well as markers such as platelet surface Glycoprotein 

(CD151), NK cell receptor (CD160) and podocalyxin (TRA-60–1). These markers are 

associated with a phenotype characterized by giving rise to tumors with a hierarchical 

organization in prostate cell malignant development [35]. There is also evidence of increased 

expression of genes encoding for transcription factors such as SOX2, Nanog, Translocation-

Associated Notch Protein TAN-1(Notch) and Oct4 [36]. The expression of these genes is 

associated with the epithelium-mesenchymal transition (EMT), which is also seen in PCa, as 

it promotes migration and the generation of tumors outside the prostate gland [37]. During 

EMT, the receptors associated with the Wingless-Type MMTV (Wnt) pathway, transforming 

growth factor β (TGF-β), extracellular signal receiver (Notch), SHH (organogenesis and cell 

division) and tyrosine kinase, are also activated [38].

On the other hand, deceased expression of androgen receptor (AR) is also related to tumor 

growth, since CSCs can grow without relying on interaction with androgens. Some PCa 

cell models, such as DU145 (responsive to AR), show an increased auto-renovation when 

the gene codifying AR is muted [31]. Interestingly, it has been described that CSCs can 

re-express AR, and in some cases, they produce their own androgens, allowing them to 

survive hormonal deprivation therapies [39]. This implies that tumor initiation can occur at 

low androgen concentrations and subsequently increase in size due to the expansion of CSCs 

which produce their own androgens.

Besides androgens, estrogens are also involved in PCa, in some cases as negative regulators. 

That is why estrogen receptors (ER) become relevant in the treatment of this neoplasm. In a 

study by Hussain and colleagues in 2011, tissues from PCa patients expressing CD49 were 

analyzed. The addition of 6 μM ER-Agonist (8b-VE2) for 72 hours, led to the induction of 

apoptosis in CD49+ cells with CSC properties [40]. These observations suggest that ERs can 

be considered as therapeutic targets for strategies focused on the tumor microenvironment.

Another interesting observation is that SSCs are able to carry out periods of inactivity, which 

include a period of cell cycle arrest, leading the cells to survive against antiproliferative 

therapies when a cancerous transformation occurs [17].

On the other hand, within the tumor, CSC reside in a microenvironment that promotes 

hypoxia (tumoral characteristic), and this induces the expression of genes such as hypoxia 

inducible factor 1 (HIF-1) that occurs in the early stages of tumor development, as well 

as the expression of drug resistance molecules in SCCs such as ABCG2 [26]. It has also 

been described that decreased activity of DNA methyltransferases (DNMTs) can lead to 

global hypomethylation of DNA, thus establishing an early event in stages before complete 

cancerous transformation occurs [41].

In this regard, in a study carried out in mouse induced pluripotent stem cells (miPSCs) 

that were cultivated with mouse Lewis carcinoma cell lines (LLC) conditioned media 

to induce their transformation into CSCL (CD44+/ALDH+), an increased expression of 

hypomethylated genes associated with Phosphatidylinositol 3-kinase (PI3K) -Akt pathway 

was observed [42].
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CSCs in PCa also express genes associated with survival against radiation therapy. For 

example, the Chk1 gene (Checkpoint kinase1) phosphorylation protects against cytotoxic 

damage from ionizing radiation and BRCA1/BRCA2-Containing Complex, Subunit 5 

(RAD51), together with Chk1, is responsible for events associated with DNA repair [26].

Due to their survival, self-renewal, and drug resistance characteristics, CSCs present in 

prostate tumors are considered as an aggressive subpopulation that can initiate tumoral 

foci. For this reason, the study of mechanisms that can induce SCs to acquire a malignant 

phenotype and CSC markers, can help to improve therapeutic strategies in PCa. Implications 

in cancerous phenotype development will be addressed in the next section.

Risk Factors and Exposure to iAs in Prostate cancer

Several factors increase the risk for PCa development, such as age, hereditary traits, race 

or obesity, and environmental factors, such as exposure to toxicants [43]. Other factors 

associated with an increased risk of PCa include breast cancer susceptibility markers, such 

as protein 1 and 2 (BRCA1 and BRCA2) genes mutation, which, in their non-mutated 

form, participate in DNA repair mechanisms [44]. On the other hand, certain genetic 

conditions, such as Klinefelter syndrome (XXY), and other conditions such as acromegaly 

and testicular hypofunction have been associated with decreased probability of prostate 

cancer [44, 45]. Moreover, patients with diabetes show a decreased probability of developing 

PCa. Metformin treatment appears to represent a protective factor for the development of 

PCa [46].

In regard to environmental factors, human exposure to inorganic arsenic (iAs) is now well-

recognized as an important risk factor for the development of PCa [47]. iAs is common 

contaminant in aquifers and represents the most important source of human exposure to 

this metalloid [48]. Recently iAs has been detected in crops for human use, such as rice, 

whose cultivation frequently uses iAs contaminated water; in the Americas it has been 

reported that the amount of iAs in rice is above the global average (66 g/kg of rice grain) 

[49]. Importantly, exposure to iAs is not limited only to natural sources. Anthropogenic 

activities that increase human exposure to iAs include mining, the use of paints (arsenic is a 

component found in some brands), wood preservatives, electronic circuits, insecticides and 

pesticides [50, 51]. Thus, exposure can also occur through inhalation of particles suspended 

in the air, reaching 1 to 10 g per day [52].

IAs-Induced Malignant Transformation and the Role of Stem Cells

The role of arsenic in the development of PCa appears to be mainly due to the fact that its 

elimination is mostly renal, exposing the entire genitourinary system to the harmful effects 

of iAs and its highly toxic methylated metabolites [48, 51].

In studies conducted to help understand and to define the mechanisms associated with the 

malignant transformation of human prostate cells by iAs, Tokar et al. (2010) demonstrated 

that iAs induces malignant transformation of non-tumorigenic RWPE-1 cells following 

chronic exposure to sodium arsenite (5 μM) for 30 weeks, resulting in a new cell line 

(CAsE-PE) [18]. Importantly, CAsE-PE cells show an increased expression of SC markers 
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such as CD133 suggesting that iAs induces overaccumulation of CSCs in this cell line. The 

study also suggested that SCs have an advantage over differentiated cells in terms of ability 

to survive the toxic effects of iAs [20, 53].

To support the above assertions, Tokar and colleagues also demonstrated that a 

subpopulation of SCs isolated from RWPE-1, called WPE-stem, show an innate resistance to 

iAs-induced lethality and apoptosis. This was related to higher expression of anti-apoptotic 

proteins (Bcl-2 and MT) and lower expression of proapoptotic proteins (BAX, caspases 3, 

8, 7 and 9) in WPE-stem cells compared with parental RWPE-1 cells. WPE-stem cells also 

showed higher expression of stress-associated genes (SOD1 and PRODH) compared to the 

differentiated RWPE-1 cells [20, 54].

Interestingly, exposure of WPE-stem to 5 μm sodium arsenite also led to a malignant 

transformation of these cells to a CSC phenotype (named As-CSC cells). However, 

unlike the RWPE-1 malignant transformation which took 30 weeks exposure, WPE-

stem transformation occurred in only 18 weeks. According to this work, SCs appear 

to be particularly sensitive to sodium arsenite-induced transformation compared with 

differentiated counterparts [20].

As-CSCs were more invasive and proliferative than differentiated and malignantly 

transformed CAsE-PE cells, and also showed a higher activity of matrix metalloproteinase 

9 (MMP-9) [55], which was associated with the development of aggressive tumors when 

they were heterotransplanted in immunodeficient mice. Other characteristics of As-CSCs 

included increased expression self-renewal associated genes (p63, ABCG2, BMI-1, SHH, 

OCT-4, NOTCH-1) and decreased expression of tumor suppressor PTEN [19]. This 

implies that SCs acquiring the cancerous phenotype due to their exposure to iAs tend to 

develop characteristics that improve survival and resistance to xenobiotic compounds, thus 

promoting their resistance to multiple treatments, and suggesting that strategies that target 

CSCs will be required in iAs-associated PCa.

Therapeutic Strategies against PCa

General Chemotherapy and Immunotherapy

Prostate tumor development is dependent on androgenic hormones, which is why early-

stage PCa treatment is based on androgen deprivation which, in some cases, may 

require a prostatectomy. Pharmacological alternatives for blocking androgen synthesis 

include gonadotropin-releasing hormone agonists (e.g. leuprolide, goserelin or trytoreline); 

antiandrogens (e.g. flutamide and bicalutamide); and testosterone synthesis inhibitors such 

as abiraterone [56].

Androgen deprivation therapy is the prelude to treatment with radiation therapy, 

chemotherapy, and immunotherapy in later stages of PCa. Radiation therapy applies to 

patients at low or moderate risk according to the treating physician’s prognosis and is always 

applied in conjunction with androgen deprivation therapy. Radiation therapy aims to induce 

irreparable damage to tumor cell DNA [57].
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In patients whose cancer has evolved into a castration-resistant state (CRPC), it is 

recommended to continue with antiandrogenic therapy, as well as to add dexamethasone 

as a second-line hormone treatment, given its corticosteroid ability to decrease inflammation 

around the neoplastic region [58]. As part of chemotherapy, drugs such as docetaxel 

are often used due to their anti-tumor mechanism involving the induction of tubulin 

assembly into stable microtubules, inhibiting their re-polymerization, and thus affecting 

events associated with tumor cell mitosis [59].

As part of stage III antineoplastic therapy, some strategies have a biological approach, 

also known as immunotherapy. This tool involves the stimulation of a patient’s immune 

system to induce an anti-tumor response. There are two types of approaches: 1) passive 

immunotherapy, where short-term components of innate immunity or restoration of T-helper 

cell-mediated immunity (Th-1) are stimulated by the administration of exogenous cytokines 

and monoclonal antibodies [60]; or 2) active immunotherapy, in which different strategies 

are used to stimulate the patient’s own adaptive immune response, resulting in the activation 

of immune cells, and the production of antibodies targeting tumor-specific antigens [61].

The proposed active immunotherapy strategies include vaccines such as Sipuleucel-T, a 

drug that constitutes an autologous vaccine, where the patient’s dendritic cells are activated 

in vitro with a specific antigen of prostate cancer and subsequently reintroduced into 

the patient to induce an immune response against the tumor [62]. Specifically, antigen-

presenting cells (ATCs) are extracted and subsequently exposed to two antigens, prostate 

acid phosphatase (PAP) and a macrophage colony stimulation factor granulocyte (GM-CSF) 

recombinant antigen. These components (PAP + GM-CSF) are fused into a recombinant 

protein known as PA2024 [63]. ATCs are cultivated in the presence of PA2024 resulting in 

their maturation to APC8015s, which are re-implanted in the patient [64].

Other strategies also include the use of an immune system component agonist which is 

able to induce cellular defense responses or the programmed cell death in cancer cells. 

This strategy is called non-specific immunotherapy [61]. More specifically, this strategy 

consists of using cytokines, chemokines, or other receptor agonists whose activity does 

not depend on the response against a specific antigen. Examples of this strategy involve 

the exogenous administration of interferon gamma (IFN), IL-2, IL15, agonists of a tumor 

necrosis factor receptor superfamily member (CD40 agonist), OX-2 membrane glycoprotein 

(CD200 agonist), among others [65]. The induction of apoptosis and an anti-tumoral 

pathway through the activation of toll like receptors (TLRs)-has been shown to be promising 

to treat cancer [66].

Therapeutic Agents Targeting CSCs

Given their increased survival capacity and based on the evidence supporting that CSCs are 

responsible for the initiation, progress and recurrence of cancer, several proposed therapeutic 

strategies are primarily focused on the elimination of CSCs. The effectiveness of such 

strategies relies on targeting different markers characterizing SCs and CSCs to achieve 

effective tumor eradication.
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Some CSC markers that are targeted by anti-tumor therapies include drug efflux pumps 

such as the ABCG2 protein. For example, Gefinitib has been demonstrated in preclinical 

studies to improve Irinotecan bioavailability by blocking ABCG2 [67]. Other methods target 

proteins associated with proliferation, like Epidermal Growth Factor Receptor (EGFR) that 

is targeted by monoclonal antibodies such as cetuximab (blocking EGFR ligand binding) 

and erlotinib (blocking EGFR intracellular tyrosine kinase activity) [68].

It is worth mentioning that, for the most part, CSC-focused strategies are in the clinical 

trials phase or are just being suggested as a treatment. Among these are the use of 

signaling pathway inhibitors such as the compound ETC-159 (Wnt inhibitor) which is 

in phase I clinical studies [69]. Another example is LY3039478 (Notch inhibitor) which 

is still being evaluated in phase II clinical studies [69]. Another strategy focuses on 

the use of nanoparticles as a SC marker-based delivery system [70]. Another proposed 

strategy includes the use of dichloroetyl acetate (DCA) which can induce a mitochondrial 

metabolism change from glycolytic to oxidative, by inhibition of pyruvate dehydrogenase 

kinase (PDK) phosphorylation of pyruvate dehydrogenase. In alveolar basal (A549) cancer 

cells DCA can induce inhibition of tumor growth by the above mechanism [71]. Other 

studies propose the use of chloroquine to inhibit the formation of autophagosome and inhibit 

autophagy. This strategy was tested in CD44+/CD24− cells from an MDA-MB-231 cell line 

[72].

The above-described strategies are generally proposed to be used in conjunction with 

general antineoplastic drugs as part of a comprehensive approach to prostate cancer therapy 

that has resisted conventional drug treatment. Drugs such as salinomycin promote events 

associated with apoptosis in CSCs, such as increased Bax expression. In addition, this 

strategy was shown to increase the activity of caspase 3 in an independent prostate 

cancer model of androgens using the PC-3 prostate cell line [73]. Another alternative 

uses Rottlerin, a compound that inhibits the protein-kinase C-Delta (PKC-δ) pathway and 

induces activation of caspase −3, −8, or − 9 [74]. These effects result in inhibition of cell 

proliferation. And alternate effect is the induction of apoptosis through the mitochondrial 

membrane depolarization, in CSC of a model of pancreatic cancer [75].

Still other strategies involve using molecules to block the signaling pathways that are 

overexpressed in CSCs [69]. An example of such molecules is Sulforaphan, which works 

by blocking nuclear enhancer of light kappa chains of activated B cells (NF-κB) inhibiting 

some pathway associated with Akt intermediaries [76].

Another important strategy involves the induction of cellular differentiation. Although 

different compounds have been proposed, only two have been shown to affect the degree of 

differentiation of CSCs. These are drugs that reverse epigenetic changes in tumor cells, such 

as histone deacetylase enzyme inhibitors (HDACs) that remove acetyl groups of histones, 

reducing genetic expression. Since HDACs are responsible for regulating the acetylation of 

histones that make up the nucleosome, they catalyze the removal of acetyl groups from the 

NH2 end of lysine residues. One of these HDAC inhibitory drugs is called suberoylanilide 

hydroxamic acid (HSA), which, along with other HDAC inhibitors are in phase I studies 

of clinical trials [77]. Another useful compound is retinoic acid (RA), or vitamin A, whose 
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function is based on the induction of gene expression associated with cell differentiation 

through its binding to heterodimeric receptors RAR (α or β) and RXR [78]. Alitretinoin 

(from Ligand Pharmaceuticals) is a commercial presentation of 9-cis-retinoic acid that has 

been successfully used for the treatment of promyelocytic leukemia [79].

CSC Differentiation by Retinoids

Vitamin A (retinol or retinoic acid) and the retinoids are compounds capable of inducing 

the differentiation of SCs [80]. Among the three retinoids, the first retinoids generated 

include All Trans Retinoic Acid (ATRA, also called Tretinoin), 9-cis Retinoic acid (9cRA, 

Alitretinoin) and 13-cis retinoic acid (13cRA, isotretinoin). All of these retinoids are used as 

a treatment for different neoplasms such as acute promyelocytic leukemia [81]; generations 

II and III of retinoids are used as therapies for skin diseases [80].

ATRA, 9cRA and 13cRNA modulate the growth and differentiation of a variety of normal 

and malignant cells in vitro and in vivo [82]. 13cRA has been shown to be effective in 

suppressing premalignant oral injury and in preventing the development of second primary 

cancers in the upper aerodigestive tract in patients with head and neck cancer [83]. The 

retinoids induce SC differentiation through a mechanism involving the cytoplasm-to-nucleus 

transport of CBRP, a protein that carries retinoic acid (CRBP). This is followed by binding 

to retinoic acid receptors (RAR α or β) that are heterodimerized with RXR, and then 

binding to retinoid acid response elements (RAREs) in DNA where they activate the 

transcription of genes associated with SC differentiation, such as cytokeratin 18 (K18), 

Homeobox Protein Hox-A1 (Hoxa1), SRY-Box Transcription Factor 9 (Sox9), Forkhead 

Box Protein O3 (FOX03A), among other genes [77]. Among the alpha, beta and gamma 

RARs variants, the beta variant (β) has the greatest affinity for RAREs [84] (Fig. 1).

Although ATRA is one of the most commonly used retinoids as an antineoplastic 

differentiation strategy, 9cRA (Alitretinoin) has been shown to interact with RARβ with 

higher affinity [79, 85]. This implies that 9cRA may show better results in the induction of 

genes involved with CSC differentiation [79].

However, a deficiency in RARβ mRNA expression is commonly found in different cancers, 

therefore turning tumor cells non-responsive to the action of retinoids. This may be the case 

for CSCLs cells which are often resistant to treatment with retinoids. In fact, in CSCs RARβ 
would not be transcribed due inactivation by RAR promoter region methylation during 

tumorigenesis and therefore its interaction with RA would not occur [86].

Activation of TLRs Receptors in PCa Therapy

Toll-like receptors (TLRs) are components of the innate immune system and are expressed 

by dendritic cells, macrophages, natural killer cells, adaptive immunity T cells and B cells, 

and also by non-immune cells like epithelial, endothelial, and fibroblasts [87]. To date, ten 

different TLRs have been identified in humans, with TLRs 1, 2, 4, 5, 6 and 10 being located 

in the cellular cytoplastic membrane, while TLRs 3, 7, 8 and 9 are located in endosomal 

membranes [88].
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TLRs are glycoproteins with ecto, transmembrane, and cytoplasmatic domains. The 

ectodomain consists of leucine-rich repetitions (LRRs) that mediate the recognition of 

pathogen-associated molecular patterns (PAMPs). The cytoplasmic toll/IL-1 receptor (TIR) 

domain initiates the signaling cascade after the corresponding PAMP is recognized. 

The PAMPs recognized by the different TLRs may be lipopolysaccharides, lipoproteins, 

proteins and nucleic acids from infectious agents (fungus, bacteria, parasites and viruses, 

respectively) [89].

The canonical anti-microbial response mechanism of TLRs family involves the activation 

of signaling pathways that induce an inflammatory response. Once the ligand binds to its 

corresponding TLR, the activated pathway can be divided as dependent or independent 

of the activation of myeloid differentiation primary response 88 (Myd88). The Myd88-

dependent pathway consists of PAMPs recognition through lysine residues present in the 

TLR recognition domain. Subsequently, the interaction of TIR domain containing adaptor 

protein (TIRAP)/ mal T cell differentiation protein (MAL) and translocation associated 

membrane protein (TRAM) is required to collectively activate Myd88 [87].

Following ligand stimulation, Myd88 recruits Interleukin 1 receptor associated kinase 4 

(IRAK4) and TNF receptor associated factor 6 (TRAF6). TRAF6 activates a TGF-beta-

activated kinase 1 (TAK1)/ TAK1-Binding Protein 1 (TAB1) / TAK1-binding protein 2 

(TAB2)/ TAK1-binding protein 3 (TAB3) complex through ubiquitination. In this way, 

the TAK1 complex activates the IkappaB Kinase (IKK) complex that catalyzes I-Kappa-

B (IκBs), which is destroyed by the proteosome pathway. This allows NF-kB to be 

translocated into the nucleus [90]. TAK1 simultaneously activates the MAPK pathway 

promoting activation of Activator Protein 1 (AP-1). Both NF-kB and AP-1 induce 

inflammatory responses by activating transcription of genes such as interferon I (IFN I), 

cytokines such as interleukin 2, 6 and 12, as well as growth factors, including granulocyte 

colony and macrophage stimulator factor (GM-CSF) [87].

The alternative Myd88-independent pathway involves the TIR-domain-containing adapter-

inducing interferon-β (TRIF) activation [87]. This pathway is activated after TLR3 

recognizes double stranded RNA (dsRNA) (TLR4 ligand activates both routes) [91]. 

The cytoplasmic domain interacts with TRIF which in turn does so with TRAF6 and 

TRAF3. This induces recruitment with Receptor-Interacting Protein-1 (RIP-1), which in turn 

activates the TAK1 complex finally leading to the activation of NF-κB and MAPK, thus 

inducing the expression of inflammatory cytokines (Fig. 2) [87].

Interestingly, TLR3 activation is also capable of inducing an apoptotic response by means of 

an alternate route, in which, after activation with dsRNA, the cytoplasmic portion of TLR3, 

having a TIR domain, binds the TRIF adapter which has an RIP Homotypic Interaction 

Motif (RHIM) domain, allowing RHIM interaction with RIP1. RIP1 then recruits Fas 

Associated Via Death Domain (FADD) through homotypic interaction between its domain 

of death (DD), while FADD recruits caspasa-8 through its respective Death Effect Domain 

(DED) (Fig. 3). These molecules form a Caspase 8/FADD/FADD-like IL-1-converting 

enzyme-inhibitory protein (c-FLIP)/ RIP-1/ TRIF complex which is similar to the Death 

Induction Signaling Complex (DISC) that is capable of activating Caspase 3 and 9. 
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This DISC-like complex is able to activate mechanisms such as DNA fragmentation by 

Caspase-activated Deoxyribonucleases (CAD), degradation of cytoskeleton by Rho 1 kinase 

(ROCK-1), and protein degradation [90, 92].

In this context, PCa immunotherapy strategies have been developed consisting of the 

stimulation of an immune component which induces a pro-apoptotic response based on 

TLR activation with their synthetic ligands [93].

Unlike the stimulation of TLR4, TLR6 TLR7, TLR8 and TLR9 in cancer cells, which 

induces a pro-tumor effect, TLR3 and TLR5 stimulation with synthetic ligands has been 

shown to have anti-tumor effects on different cancer models. Therefore, these latter 

receptors have been proposed as targets for the treatment of different types of tumors [90, 

94].

The TLR5 agonist, Entolimod (also known as CBLB502), corresponds to a synthetic 

analogue of its natural ligand (flagellin), which activates a Myd88-dependent signaling 

pathway that induces antitumor effects mediated by the synthesis of pro-inflammatory 

cytokines. Entolimod has been used in phase I clinical studies [95]. Synthetic TLR3 ligands, 

such as Polyinosinic:polycytidylic acid (PIC) and Polyadenylic:polyuridylic acid (PAU) are 

analogues of dsRNA and activate inflammatory and anti-tumor apoptotic responses through 

the TRIF-pathway. PIC has pharmaceutical names such as Rintatolimod and Hiltonol, which 

have a formulation including cabroxymethylcellulose and poly-L-lysine as stabilizing agents 

[96]. Rintatolimod and Hiltonol are in phase II clinical studies, while PAU is still in 

preclinical phase I studies [97].

TLR3 Agonist, Polyinosinic:Polycytidylic Acid (PIC)

Drugs used as TLR3 agonists (dsRNA) have been proposed for cancer therapy in breast, 

prostate, bladder, and other tissues, since they induce pro-apoptotic and pro-inflammatory 

effects through an Myd88-independent signaling pathway. TLR3 stimulation activates 

the TRIF adaptor protein, which allows IKK protein to be released and activate NF-

KB transcription factor triggering, in turn, other transcription factors activation such as 

Interferon Regulation Factor 3 and 7 (IRF3 and IRF7), as well as the activation of Signal 

And Transducer Activator Of Transcription 1 (STAT1) [98].

It is important to point out that independently of TLR3, other cytoplasmic receptors may 

recognize dsRNA in the form of a PIC agonist, such as: dsRNA-dependent kinase protein 

(PKR), retinoic acid-inducible gene product (RIG-I), or gene 5 product associated with 

melanoma differentiation (MDA 5). These intermediaries can induce pro-apoptotic states by 

activating the same protein kinases and transcription factors that are activated through the 

activation of TLR3 [99]. Importantly, among the proposals to improve the interaction of PIC 

in cells with sufficient expression levels of TLR3, the administration of PIC through vehicles 

such as liposomes seems to be promising [100].
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PIC +9cRA to Treat PCa

In 2014, Galli and colleagues described an interesting synergic anti-tumor pathway based on 

activation of TLR3 by PIC combined with the use of 9cRA, which induces activation of both 

an apoptotic cellular response and SC differentiation. According to this study, the anti-tumor 

effect of this combination is achieved by the activation of a pathway through which PIC 

increases the expression of microRNAs −29b, −29c, −148b and − 152 that target DNMTs 

(DNMT1, DNMT3a and DNMT3b) mRNAs, thus inhibiting their translation. This event is 

indirectly responsible for the demethylation of RARβ promoter and therefore induces its 

reexpression in DU-145 human prostate cancer cells (Fig. 4) [101]. These same results were 

described for prostatic mouse cells (TRAMP) and metastatic pleural effusion breast cancer 

cells (MDA-MB-231). What is more relevant in this antitumor pathway, is the synergistic 

action of PIC and 9cRA by inducing the expression of RARβ thus making CSCs and CSCLs 

susceptible to the retinoid-induced differentiation effect, while PIC mainly induces apoptosis 

in differentiated tumor cells.

Interestingly, 9cRA was also shown to indirectly increase the expression of TLR3, whose 

promoter contains a sequence of interferon binding/stimulation response element (ISRE/

IRF-E) and a binding site for the signal transducer protein and transcription activator 

1 (STAT1) [102]. This effect was described in breast cancer mammary gland cell lines 

Hs578T, H3396, T47D and ZR-75-1 (BT-474 mammary gland control cell line) in which 

the exposure to 9cRA (1 μM) for 48 hours resulted in the expression and activity of 

transcription factors such as IRF1 and STAT1 in cancer cells, thus leading 9cRA to activate 

the TLR3-promoting region for transcription [102].

Further evidence of the effectiveness of 9cRA + PIC as anti-tumoral therapy was shown in 

prostate cancer cell line (LNCaP) and involved its ability to inhibit the cell cycle and induce 

apoptosis [103] through the interaction of TIR domain with Protein Kinase C alfa (PKC-α) 

and the activation of C-Jun N-terminal kinases (JNK) and mitogen-activated protein kinases 

(p38), leading to formation of a complex with caspase 8 [92].

Therefore, it is strongly suggested that the 9cRA + PIC combination promotes cell 

differentiation and induces apoptosis in CSCs and CSCLs, making this a promising 

strategy in cancers which are resistant to conventional cancer chemotherapy. In addition, 

administration of PIC may be directed to a specific site, to some extent, by subcutaneous 

administration, and thus decreases possible collateral damage to healthy tissues [104].

Therefore, the use of TLR3 ligands alone or in combination with retinoids is promising 

to treat PCa and other tumors. However, it is important to note that TLR3 expression 

in some PCa patients may be significantly decreased [105]. This observation implies that 

immunotherapy based on TLR3 activation by PIC could be ineffective in this group of 

patients [15] In this context, it would be relevant to identify those individuals with PCa who 

show a decreased expression of TLR3 in order to predict the treatment effectiveness, as well 

as to identify the status of those factors that may modify TLR3 expression or function.

Modification of TLR3 gene and protein expression as a result of environmental factors 

seems to occur more often than expected. For example, in a study conducted by Chen et al., 
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alveolar macrophages exposed to Cobalt II metal-organic frameworks (Co(II)-MOF) for 72 

h lead to a decrease in the relative expression of TLR3 [106].

In an in vivo study, male mice C57BL/6 J exposed to sodium arsenite at concentrations 

ranging from 10 to 100 ppb for 5 weeks, showed altered expression of TRIF6 and, thus, a 

modified TLR3 response [107]. Studies comparing lung biopsies from smokers to those of 

non-smokers found that TLR3 expression was significantly lower in the smoker group [108].

Our group recently demonstrated that TLR3 expression is significantly decreased in prostate 

stem and epithelial cells malignantly transformed in vitro by 5 uM sodium arsenite. 

Interestingly, non-exposed (control) SCs express TLR3 at a significantly lower level that 

non-exposed (control) differentiated epithelial cells. Additionally, arsenite-transformed SCs 

were non-responsive to PIC alone or in combination with 9-cRA in terms of RARβ and 

SC differentiation markers expression compared with non-exposed prostate SCs. These 

transformed SCs showed decreased miR-29c, −148b and − 152 expressión which correlated 

with a significantly increased DNMT1 and DNMT3A expression. [109]

On the basis of such observations, besides the TLR3 determination, the identification and 

evaluation of cellular factors which may positively or negatively regulate TLR3 becomes 

relevant to determine the effectiveness of a proposed anti-cancer therapy. In this regard, it 

is known that interleukin 12 and IFN-α both have the ability to positively regulate TLR3 

expression. However, the main regulator of TLR3 and other TLRs is the tumor suppressor 

protein p53 [110]. This protein regulates the expression of TLRs through binding to specific 

p53 response elements (P53RE) located at the promoter region of TLR encoding genes 

[111]. Therefore, p53 status is currently used as a predictor of a successful PIC-based 

anti-tumor therapy [112].

However, p53 expression or function is frequently altered in PCa, which can be the 

result of mutations, gene deletions, or gene silencing through promoter methylation [112]. 

Additionally, the protein Murine Double Minute (MDM2) expression, the main p53 negative 

regulator, is also significantly increased in PCa, thus decreasing the cell cycle regulatory 

activities of p53 [113]. These observations could suggest that use of PIC+9cRA as 

antineoplastic therapy might not be effective in individuals with decreased p53 expression 

since such condition will, in turn, lead to a decreased TLR3 expression. In this sense, 

the administration of MDM2 antagonists like Nutilin [114], which inhibits p53/MDM2 

interaction leading to p53 stabilization, has been shown to work as a cell cycle regulator and 

inducer of p53-associated genes expression, including those encoding TLRs. The Nutilin 

mechanism of action involves the occupancy of MDM2 binding pocket in p53 protein [115].

Therefore, the use of p53 positive regulators arises as an alternative to improve the response 

to the combination of PIC and 9cRA through activation of TLR3 [116]. This would allow 

TLR3 to induce its pro-inflammatory, pro-apoptotic and cellular differentiation effects. It 

is worth mentioning that pro-inflammatory and proapoptotic responses in turn, leads to the 

increased expression of p53 [117].

In the above scenario, administration of Doxorubicin (Dox), another p53 inducer, could also 

indirectly improve the TLR3 expression or function through increased p53 expression. In 
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this way the combination of doxorubicin with PIC could help synergistically to increase the 

pro-apoptotic response associated with TLR3 [111]. Administration of RA has also been 

observed to induce the expression of p53 [116]. Therefore, Dox, PIC and RA could be used 

in combination to modify p53 expression, to increase TLR3 expression and to induce CSCs 

and CSCL differentiation as an antineoplastic therapy in PCa patients.

As previously stated, it is relevant to predict an adequate response to anti-tumor treatment 

based on the use of PIC and 9cRA combination. In regard to p53 and its potential antitumor 

effects, Indian subjects chronically exposed to iAs showed significantly high methylation 

of the p53 gene suggesting possible gene silencing. These p53 methylation values were 

associated with the level of iAs in the exposed population [118]. Other studies have shown 

decreased p53 and Bax transcript expression in RWPE-1 prostate epithelial cells that were 

acutely exposed to low-level iAs (100 pg/mL) for 72 hours and chronically for 90 days, 

contributing to malignant transformation [47].

Unfortunately, however, it is estimated that approximately 20% of patients with PCa and 

53% of patients with castration-resistant metastatic PCa, have mutations in TP53 [119].

In cases where p53 deletion or mutations are present, it becomes practically inadequate to 

use inducers of p53 like Dox, Nutilin PIC+RA. In such cases, autologous vaccine strategies 

have been proposed, where peripheral blood mononuclear cells (PBMC) are isolated and 

cultured with IL-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF) to 

generate dendritic cells (DC). In turn, those DCs may be transduced with a recombinant 

viral vector containing a wild type p53 sequence (rAd-p53). These DC-rAdp53 can activate 

cytotoxic T lymphocytes (CTL) to recognize and attack LNCaP prostate cancer cells (also 

infected with rAdp53). This strategy could be used for scenarios where p53 expression is 

compromised or has loss of function mutations [120].

In summary, the combination of PIC+9cRA is an effective alternative for PCa treatment 

since it can induce cellular differentiation of CSCs and CSCLs and a proapoptotic response 

in malignant cells. However, the effectiveness of this strategy will depend on the level of 

TLR3 expression and RARβ in the tumor, which in turn depends on p53 protein status, as 

the main TLR3 regulator. In patients who have a decreased expression of p53 or increased 

activity of their negative regulator MDM2, the antitumor pathway based on the activation 

of TLR3 could be reactivated through a p53 agonist(s) or an inhibition of MDM2 in a 

combination therapy. However, in those cases of p53 deletion or mutation, other innovative 

strategies such as autologous DC-rAdp53 vaccine to improve p53 expression and reactivate 

TLR3 antitumor pathway may be considered to treat PCa.

Note: Most of the information in the literature regarding the efficacy of TLR3 and RAR 

combination to treat PCa comes from in vitro studies with PCa cell lines expressing TLR3; 

to know how useful this combination may be to treat PCa, changes in the expression of 

TLR3 and RARβ in prostate adenocarcinoma cases (PACa) –the most common PCa type– 

were analyzed using OncoDB (http://oncodb.org/) [121] which provides differential gene 

expression data between tumor samples of the 33 cancer types contained in The Cancer 

Genome Atlas (TCGA) and matched healthy tissue. Comparison between 505 tumor and 
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52 healthy tissue samples showed that both TLR3 and RARβ are downregulated in PACa 

(TLR3, Log2 Fold Change: −1.16, FDR: 1.30*10−9; RARβ, Log2 Fold Change: −1.01, 

FDR: 3.80*10−10). To further analyze how TLR3 and RARβ contribute when differentiating 

between PACa and healthy groups, principal component analysis (PCA) was used. For 

this purpose, preprocessed TCGA RNA-seq data of 502 PACa tumor and 52 matched 

healthy tissue samples was retrieved from Rahman et al., 2015 [122] (GEO accession: 

GSE62944). Normalization of raw gene counts and PCA were conducted using DESeq2 

[123]. To isolate the contribution of TLR3 and RARβ to sample grouping, 3 recently 

reported reference genes for cancer transcriptomic analyses (HNRNPL, PCBP1 and RER1; 

[124]) were used as background for the PCA together with TLR3 or RARβ. This simplified 

PCA approach revealed that 81% and 71% of the data variability can be explained by TLR3 
and RARβ signal, respectively, when separating PACa tumor samples from healthy tissue, 

which is higher than the reference gene background alone (63%) and resembles the observed 

behavior when using other well-known PCa markers, such as PCA3 (96%) or MMP9 (86%).

Despite this situation, the use of PIC to activate the TLR3-anti-tumoral pathway is currently 

in phase II clinical trials, which suggests that even with a low TLR3 expression, the use 

of PIC alone or in combination with RA may be effective to treat PCa. However, as 

previously indicated, these observations support the need to perform analysis of TLR3 

status in individual prostate tumor tissues before starting an immunotherapy based on TLR3 

activation in PCa patients.

Cellular Rewiring, Phenotype Plasticity and Chemotherapy Resistance

It is relevant to consider that another important challenge for PCa therapy, which also may 

also be a source of new CSCs, is the phenomenon called cellular rewiring, commonly 

observed in cancer cells, which implies the acquisition of new properties of intracellular 

proteins leading to the reengineering of intracellular signaling pathways. The origins of 

this phenomenon are variated and include oncogenic fusions, mutations or amplifications 

of polypeptides promoting in this way malignancy, cellular phenotype plasticity and PCa 

therapy resistance [125].

Specifically, in PCa, high throughput methods have demonstrated that most patients with 

CRPC have alterations in the gene codifying for androgen receptor (AR) or in its signaling 

pathways, commonly in association with PTEN loss [126]. Such alterations in AR, include 

AR reactivation or increased expression, local steroid synthesis, ligand binding domain 

(LBD) mutation, modified intracellular signaling and alternative splicing of AR mRNA 

[127]. Classical studies carried out on LNCaP cells show that a single mutation at codon 868 

(Thr to Ala) can lead to an AR that is able to bind different steroids and therefore activate 

different signaling pathways [128].

As known, the change from androgen-dependent (ADPC) to androgen independent (AIPC) 

state is a marker of a bad prognosis in PCa patients. Although AR is essential for tumor 

growth and cell survival in both ADPC and AIPC, its role in androgen independent 

cancer was not clear some years ago. In 2010 Wang and colleagues, using and androgen 

independent cell line LNCaP-abl obtained from long-term androgen deprivation culture of 
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AIPC clinical samples, demonstrated that AR-regulated genes in AIPC were not the same 

as those regulated by androgen in ADPC. For example, in AIPC, AR directly increased the 

expression of M-phase cell cycle genes, mainly the gene UBE2C encoding the Ubiquitin-

conjugating enzyme E2 C, which is required for the destruction of mitotic cyclins CDC20, 

and CDK1 in the cell cycle progression. They also analyzed epigenetic marks around 

M-phase AR-bound gene enhancers and found H3K4 methyl marks (transcription activation) 

and the recruitment of transcription factors such as FOXA1 at the AR target enhancer 

sequence, mainly in those sequences that positively regulate UBE2c gene expression [129]. 

This is a highly illustrative example of how an altered AR receptor produced after long-

term androgen deprivation, leads to a new activated set of AR targets that induce cellular 

malignant transformation or increases the aggressiveness of cancer cells.

Loss of PTEN is associated with castration resistance through a cross-talking between PI3K 

and AR signaling, two apparently independent pathways. Pharmacological inhibition of 

PI3K or AKT (which are normally regulated by PTEN) increases AR expression through 

a mechanism involving the receptor of human tyrosine kinase EGFR/HER, a regulator of 

cell growth and proliferation [130, 131]. This was first described in a retrospective study 

conducted with PCa tissues from patients who had only radical prostatectomy, and patients 

who received the anti-androgen bicalutamide for 120 days before surgery. Authors indicated 

that treatment with the drug was associated with a significant reduction of PTEN levels 

which correlated with increased levels of p-AKT, EGFR and the protein HER2 [131]. Later, 

Carver et al., (2011), demonstrated by transcriptome analysis in mouse and human PCa, that 

the inhibition of PI3K pathway in PTEN (−) PCa, leads to the activation of AR through 

feedback signaling to the receptor tyrosine kinase HER2/HER3. Conversely, AR inhibition 

led to the AKT activation due to reduced levels of protein FKBP5, a molecular co-chaperone 

of the glucocorticoid receptor (GR complex), which has been demonstrated to have an 

inhibitory effect on this receptor signaling pathway. Therefore, these observations support 

the use of therapy targeting both pathways simultaneously.

As mentioned above, the AR constitutive activity in CRPC may also be the result of an 

aberrant alternative splicing which causes the production of an AR variant lacking the ligand 

binding domain (LBD) but conserving the DNA binding and amino-terminal transactivation 

domains. These variants create a great challenge for an effective anti-AR therapy. The more 

frequently expressed variant in prostate tumors is the AR-V7 which mRNA contains only 

the 1,2,3 AR exons, but lacks 4 to 8 exons. The produced protein has sixteen new amino 

acids at the carboxyterminal domain. Importantly, CRPC expressing AR-V7 are typically 

refractory to the second line ADT [129].

Although it is well known that AR and AR-V7 regulate many common genes, such as 

androgen signaling, it has also been demonstrated that AR-V7 and other AR variants are 

able to regulate the expression of unique target genes [127, 129, 132].

Recently Xia L et al., (2022) described that the mechanism of producing the AR-V7 

involves the largest protein of the mRNAs polyadenylation complex, named cleavage and 

polyadenylation specific factor (CPSF1), and its negative regulators, the ubiquitin ligases 

complex SIAH1. Authors describe that an increased methylation of the adenosine 6 (m6A) 
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of SIAH1 mRNA decreases its translation and leads to CPSF1 increased activity, which 

interacts with the spliceosome system. CPSF1 causes the production of AR-V7 due to 

the alternative use of the 3′ splice site next to cryptic exon 3 (CE3) causing the loss of 

exons 4 to 8, generating a truncated AR that lacks ligand binding domain, but retains its 

transactivation domain [133].

In a worse scenario of CRPC, other spliced variants of different proteins may also increase 

the transcriptional activity of AR gene targets (normal or aberrant). This is the case 

with the transmembrane protein called neuropilin-2, which specific spliced variant form 

a complex and stabilizes AR and nuclear pore proteins inducing the characteristic CPRC 

gene expression. Importantly, the inhibition of this protein leads to a sensitization to anti-AR 

therapies as enzalutamide [134].

On the other hand, an interesting relationship between AR and DNA repair has also been 

described. Polkinghorn et (2013), using a clinically validated xenograft model of CRPC 

expressing AR (LNCaP-AR) and human primary prostate cancer tumors (which are AR 

signaling-dependent), demonstrated that the expression of DNA repair genes is significantly 

enriched. Authors described a signature of 144 DNA repair genes that were significantly 

associated with canonical AR output in CR cells. With an in vitro model, they showed 

that among these 144 genes, AR directly modulates the expression of 32 of them, by 

binding to enhancers of gene promoters in classical consensus DNA sequences, and their 

expression is increased after exposure to androgens. These results suggest that androgens 

induce DNA repair through the regulatory effect of AR as transcription factor. Authors 

further demonstrated that, by accelerating radiation-induced damaged DNA repair, AR can 

promote PCa radio resistance in androgen sensitive cancer. Such observations are the base of 

ADT and radiation combined therapy [135].

Importantly, AR-V7 is also responsible for epithelial-mesenchymal transition (EMT) and 

the expression of SC signature genes a property observed after ADT, named cellular 

plasticity which is proposed as a critical event for cancer progression, metastasis, and 

therapy resistance in this type of neoplasia [136] (Fig 5).

Kong et al., (2015) showed that the AR-v7 transfection of different cell lines, lead not 

only to the expression of EMT genes such as fibronectin, but also to the expression of SC 

markers such as Nanog and Lin28B. In vitro androgen deprivation also led to the increased 

expression of SC factors Lin28B, Nanog and SOX2, and the increased expression of EMT 

markers ZEB1, N-cadherin and Vimentin. Moreover, the over-expression of AR-V7, but not 

the full-length AR, lead to the promotion of cell migration and clonogenicity and to an 

enhanced prostasphere formation. These observations suggest that AR variants contribute 

to PCa progression through the induction of EMT and the acquisition of SC characteristics 

[137].

Indeed, over-expression or reactivation of stemness factors due to cell pathways rewiring 

may induce cellular plasticity from one cell type to SCs. Studies from Tang and 

colleagues, have identified increased Nanog expression as a key factor contributing to cell 

dedifferentiation and CRPC since induction of Nanog expression in LNCaP cells gradually 
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reprogrammed the cells into androgen insensitive CRPC cells with SC characteristics 

through four steps: 1) Competitive Nanog binding to AR/FOXA1 DNA sites, inhibiting 

AR-mediated differentiation; 2) activating transcription of stemness genes as ABCG2 and 

WNT5A in association with AR/FOXA1; 3) Nanog mediated increased transcription of 

genes involved in migration, invasion and metastasis; and 4) transactivation of genes 

associated with proliferation and cell cycle progression [136].

The high relevance of Nanog in this process is supported by the fact that its inhibition, or 

the inhibition SOX2 that regulates Nanog, could lead to depletion of prostate SCs [138, 

139]. Therefore, in principle, compounds or strategies that regulate the stemness-associated 

pathways such as Nanog, Sox2, and Wnt/β-catenin could be used together with anti-AR 

therapies to target SCs.

On the other hand, prostate tumors may also switch lineage from adenocarcinomas to 

neuroendocrine-like tumors. Typical neuroendocrine markers are chromogranin A (CgA), 

synaptophysin (SYP), neuron specific enolase (NSE), and CD56 (Parimi et al., 2014), 

and are found mainly after starting the treatment with AR-inhibitors such as abiraterone/

enzalutamide. This transition through one cell phenotype to another, is associated with 

abnormal gene expression pathways and drug targets, and the ability to invade other tissues 

and evade anti-tumor immune responses. Importantly, phenotype plasticity can induce AR 

splice variants production, and as previously mentioned, AR splice variants may reciprocally 

activate factors promoting epithelial plasticity. Among them, TGF-β is a critical factor, since 

it in turn activates a series of transcription factors that regulate epithelial plasticity. As was 

reviewed by Somarelli and colleagues (2020), the master regulators of EMT and NEPC are 

the Snail/ZEB family members as well as TWIST1 and the WNT/β catenin pathway, all of 

which are also implicated in therapy resistance [132].

Therefore, there is a big spectrum of cell phenotypes residing in PCa tumors, some 

expressing AR and/or AR variants, and others expressing neuroendocrine mesenchymal 

and/or stem cells phenotype. These different phenotypes can have different sensitivities to 

antitumor drugs, thus presenting a huge challenge for therapy; however, all these three 

cell types do express TLR3 [140], therefore they also are a possible target for PIC + RA 

immunotherapy.

Together, all this knowledge supports the individual characterization of tumor cells to find 

the correct combination of drugs and strategies to successfully treat PCa.

Final Thoughts

The study of CSCs as a central cell type in carcinogenesis has allowed for the identification 

of these cells as responsible for generating aggressive cancer phenotypes, tissue invasion 

and could alter the effectiveness of the current pharmacologic therapies. This has also led 

to the identification of characteristics permitted to improve therapeutic strategies based on 

biological markers of the CSC subpopulations. Consequently, there are great opportunities 

for development of new strategies focused on eliminating these cells.
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Other factors that could be used to enrich antineoplastic treatment are the concomitant 

administration of specific immunotherapy of markers such as MDR. In this regard, new 

approaches have been shown to be efficient by inducing CSC differentiation, thus making 

them responsive for conventional therapies, such as the use of combination of TLR3 agonist 

and retinoids. Despite this, new challenges arise in the optimization of these concomitant 

therapies.

Different factors, cellular, genetic, and environmental, can influence the efficiency of these 

therapies, so determining the status of these molecules, their genes and the factors that 

modulate them, becomes critical before starting a chemotherapy and immunotherapy and 

this aspect represents another new area of opportunity for science.
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Fig. 1. 
Retinoic acid and retinoids mechanism of action. Modified from Bushue et al., 2010
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Fig. 2. 
Endosomal TLR3-activation by dsRNA and TRIF-associated inflammatory pathway 

activation. Modified from Estornes et al., 2013
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Fig. 3. 
TRIF-associated apoptosis induction via Death Induction Signaling-like complex formation 

in TLR3 activation. Modified from Estornes et al., 2013
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Fig. 4. 
PIC +9cRA TLR3-associated anti-cancer pathway. The synergistic pathway begins with 

the recognition of PIC by its receptor Toll-Like receptor 3 (TLR3) within and endosome, 

where it triggers responses associated with inflammation, apoptosis and indirect induction 

of RARβ expression. The other part of the pathway implies that 9cRA in turn interacts with 

retinoic acid receptors alpha, beta and gamma (RAR α, β, γ) and retinoid x receptors (RXR) 

to induce the expression of genes associated with cell differentiation, apoptosis and TLR3 

expression
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Fig. 5. 
Anti-AR drug resistance caused by phenotype plasticity. Because of ADT, AR-V7 is 

produced by mRNA abnormal alternative splicing, leading to a protein that lacks ligand 

binding domain, but conserves DNA binding and transactivation domains. Androgen-

independent AR-V7 activates the transcription of a new set of genes producing epithelial 

plasticity, were TGF-β is a critical factor inducing the production of neuroendocrine, 

mesenchymal and stem cells showing resistance to anti-AR therapy
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