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    The field of regenerative medicine continues to develop rapidly with many exciting advances. In the first chapter of this 8th volume Iyer et al. provide some promising alternative models of cancer stem cells, their clinical implications and discuss potential strategies to develop certain effective therapeutic regimens for cancer treatment. These alternative models include the Stemness Phenotype Model, the Complex System Model, the Dynamic CSC Model and the Reprogramming Model.




    In Chapter 2, Coco et al. describe the use of microvesicles and exosomes in mesenchymal stem cell (MSCs). They discuss the several MSC based clinical trials developed for organ injuries, systemic diseases, chronic inflammatory and autoimmune pathologies as well as the possibility of using less immunogenic and more specific MSC byproducts (i.e. microvesicles and exosomes) to overcome MSC transplantation criticisms and side effects.




    Stem cells have also generated significant scientific interest to treat common orthopaedic conditions due to their intrinsic behavior. Petterson et al. discuss the clinical implications of autologous and allogenic stem cell use in the treatment of orthopaedic injuries in chapter 3. In the next chapter, Zeron et al. discuss the progress being made in the use of stem cells in the field of endocrinology.




    In chapter 5, Laçin et al. present new developments in biological and engineering principles in wound healing applications to achieve tissue repair and regeneration. These include a review of biomaterials, polymer-based dressing, films, hydrogels, current scaffolds, etc. used in wound healing applications. Functional dressings and bioactive matrices for wound healing in clinical trials are discussed.




    Precup et al. in chapter 6 present an overview of theoretical studies on hematopoietic cell dynamics related to bone marrow transplantation. Selected allogeneic and autologous stem cell transplantations models are presented.




    We hope that the readers will enjoy the comprehensive reviews on new developments in stem cell and regenerative medicine research. We thank the editorial staff of Bentham Science Publishers, particularly Dr. Faryal Sami, Mr. Shehzad Naqvi and Mr. Mahmood Alam for their help and support.
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      Abstract




      The classical cancer stem cell theory (CCSCT) proposes that tumors contain a subpopulation of rare cancer cells with stem-like properties (cancer stem cells, CSCs) that are organized hierarchically and are responsible for chemoresistance and tumor relapse. In this model, CSCs can generate non-CSCs, but this process is irreversible (unidirectional model). Experimental data provided evidence that cancer cells are extremely plastic in terms of stemness and that both CSCs and non-CSCs can interconvert into each other. As a result, alternative models of cancer stem cell biology such as the Stemness Phenotype Model, the Complex System Model, the Dynamic CSC Model and the Reprogramming Model have been proposed to reconcile experimental data with the working models of CSCs. These alternative models have profound implications for the development of new therapeutic strategies for cancer treatment. The aim of this chapter is to provide an overview of each of these alternative models of CSCs, their clinical implications and to discuss potential strategies to develop more effective therapeutic regimens for cancer treatment.
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      INTRODUCTION




      

        Normal Stem cells, Cancer Stem Cells and Stemness




        Stem cells are cells that have the potential to develop into many different cell types in the body during early life and growth and serve as a sort of internal repair system, dividing essentially without limit to replenish other cells as long as the person or animal is still alive [1]. Normal stem cells can be divided into two broad categories – Firstly, embryonic stem cells which are responsible for the formation of the three primary germ layers, which in turn develop into various organs of the




        body during the fetus development, and secondly, mature stem cells also known as somatic stem cells, are responsible for repair and maintenance of the tissue where they are located. One of the earliest links between cancer and stem cells can be traced back to Rudolph Virchow’s proposal that cancers arise from the activation of dormant, embryonic-like cells present in mature tissue. Like normal stem cells, CSCs possess self-renewal, unlimited cell division and pluripotency. With the development of fluorescent cell sorting techniques using cell surface markers, advancement in tumor sphere generation protocols and related techniques, stem cells have been isolated from several different types of cancers. CSCs are not only the originator of cancer but also responsible for cancer metastasis, drug resistance and relapse. “Stemness” is a controversial [2] and more elusive term that refers the degree to which a cell possesses the functional properties of stem cells [3]. When used in oncology, stemness refers to the property of cells having the potential for limitless replication, self-renewal, multilineage differentiation, and tumorigenicity [4]. In normal cells, signaling pathways that maintain stemness are regulated and controlled, but in cancer cells, most of these pathways are dysregulated as a consequence of acquired mutations or epigenetic changes, leading to uncontrolled proliferation and impaired differentiation.


      




      

        Tumor Heterogeneity




        Intratumoral heterogeneity is a term that refers to the biological differences amongst malignant cells within the same tumor originated by both genetic and nongenetic mechanisms [5]. These biological differences are responsible for degree of resistance of cancer cells to a particular anticancer drug. The plastic nature of cancer cells in terms of stemness is important to predict the behavior of single cancer cells in its microenvironment as well as the organization of tumors. For instance, each model of cancer biology supports a specific mechanism by which intratumoral heterogeneity and the associated resistance of selected clones arises (see below). Understanding, the key aspects of current models of cancer biology and how each model explains intratumoral heterogeneity and chemoresistance will lead to a better comprehension of tumor biology that is important for translational oncology.


      




      

        Cancer Biology Models: Historical Overview




        Several models of cancer biology have been proposed to explain the origin of tumor heterogeneity and chemoresistance. The Clonal Evolution Model (CEM) and the classical cancer stem cell theory (CCSCT) are the best known. Although in 1855 Virchow proposed that cancer arises from embryonic-like cells, it is likely that this concept was introduced to explain the origin of cancer cells rather than to explain the origin of tumor heterogeneity and chemoresistance. In fact the term “Chemotherapy” was introduced in early 1900s by the famous German chemist Paul Ehrlich [6]. While the origin of the CEM can be tracked down to a specific date in 1976, the CCSCT was built over time by the contribution of multiple key experimental findings that supported Virchow’s idea of cancer origin from dormant, embryonic-like cells. Alternative models of cancer stem cell biology were initially proposed in 2010 when experimental findings did not fit either the CEM or the CCSCT. Table 1 shows a timeline of experimental findings and proposed models of cancer biology.




        

          Table 1 Timeline of key experimental findings and proposed models of cancer biology.




          

            

              

                	Year



                	Key finding/ Proposed model



                	Reference

              


            



            

              

                	1855



                	German pathologist Rudolf Virchow proposed that cancers arise from the activation of dormant, embryonic-like cells present in mature tissue.



                	[7]

              




              

                	1961



                	Early identification of haematopoietic stem cells



                	[8]

              




              

                	1976



                	The Clonal Evolution Model



                	[9]

              




              

                	1994



                	Lapidot and colleagues provided the first solid evidence to support the CSC hypothesis when they used cell-surface protein markers to identify a relatively rare population of cancer stem-like cells (CS-LCs) in acute myeloid leukemia (AML).



                	[10]

              




              

                	1997



                	Bonnet D, Dick JE. Isolated stem-like cells in acute myeloid leukemia (AML)



                	[11, 12]

              




              

                	2002



                	Isolation of CS-LCs from brain tumors



                	[13]

              




              

                	2003



                	Isolation of Breast CS-LCs



                	[14]

              




              

                	2003



                	Isolation of CS-LCs from brain tumors



                	[15]

              




              

                	2004



                	Isolation of glioma CS-LCs



                	[16]

              




              

                	2005



                	Isolation of lung CS-LCs



                	[17]

              




              

                	2005



                	Isolation of Melanoma CS-LCs



                	[18]

              




              

                	2006



                	Isolation of Prostate CS-LCs



                	[19]

              




              

                	2007



                	Isolation of colon CS-LCs



                	[20]

              




              

                	2010



                	The Stemness Phenotype Model for Gliomas– Proposal of interconversion between CSCs and non-CSCs



                	[4]

              




              

                	2010



                	The Complex System Model for Gliomas



                	[21]

              




              

                	2012



                	Extension of The Stemness Phenotype Model for other cancers



                	[22]

              




              

                	2012



                	First solid evidence of interconversion between CSCs and non-CSCs in breast cancer



                	[23]

              




              

                	2012



                	First solid evidence of interconversion between CSCs and non-CSCs in lung cancer



                	[24]

              




              

                	2012



                	First solid evidence of interconversion between CSCs and non-CSCs in colon cancer



                	[25]

              




              

                	2012



                	Isolation of colon CS-LCs from cutaneous squamous cell carcinoma



                	[26]

              




              

                	2012



                	Reprogramming Model



                	[27]

              




              

                	2012



                	Dynamic Cancer Stem Cell Model



                	[28]

              




              

                	2013



                	Plasticity model



                	[29]

              




              

                	2015



                	Discovery that CSC marker phenotypes are reversible and functionally homogeneous in a preclinical model of pancreatic cancer



                	[30]

              


            

          




        


      




      

        Clonal Evolution Model (CEM)




        This model was first proposed by Nowell [9] in 1976 and follows the Darwinian principle of “survival of the fittest”. According to this model a single normal cell which has acquired several mutations over a prolonged period of time is the originator of cancer. These mutations provide a selective growth advantage to this cell over the other normal cells and consequently it outgrows the normal cells and results in the tumor formation. These genetically unstable cells undergo further genetic and epigenetic mutations during the course of cancer progression which results in the formation of various subclones. These subclones can either coexist or most favored subclone with suitable mutations again outgrows other clones. This constantly evolving and mutating cancer system is responsible for the tumor heterogeneity, resistance and recurrence. Several studies have pointed towards clonal origin of cancer in teratocarcinoma [31], CML [32], glioma C6 cells [33], lung [34] and breast [35] cancers. In these examples, the heterogeneity found in cell lines and tumors were originated from a single cell. Clonal evolution is also supported by findings that various drug resistant clones are observed after treatment with the alkylating agent temozolomide or the tyrosine kinase inhibitor imatinib [36, 37]. Further evidence came from the analysis of recurrent tumor in lymphoblastic leukemia and breast cancers where recurrent tumors were shown to have different mutational profiles than their original primary tumor [38, 39]. According to this model in order to completely eradicate cancer all the subclones must be targeted simultaneously as any surviving cancer cells have the potential to relapse and regrow as tumor. Fig. (1) summarizes key concepts of the CEM.


      




      

        Classical Cancer Stem Cell Model (CCSCM)




        The CCSCM model is also known as hierarchical model and unlike CEM, where all the cells in a subclone possess similar tumorigenic potential, the CCSCM hypothesizes that only a small subpopulation of the tumor cells known as cancer stem cells (CSCs) has the potential of cancer initiation and progression. These cells are endowed with unlimited self-renewal and differentiation capability. CSCs are pluripotent cells and instrumental in generating tumor heterogeneity by producing all the types of phenotypically diverse cells. Except the CSCs all other cells possess limited proliferation and tumorigenic potential. According to this model CSCs are responsible for the cancer metastasis, and recurrence is caused by their resistance to therapy. Idea of cancer stem cells is not new and was first introduced by Rudolph Virchow more than 150 years ago [7]. He stated that cancers originate from rare stem cells. In modern times several studies in teratocarcinoma, small cell lung carcinoma and mammary carcinoma further pointed towards stem cell origin of cancer [40-43]. With the development of fluorescence activated cell sorting techniques, first proof of the concept came in 1994, when Lapidot et al. showed that only the CD34+CD38- cell fraction was able to initiate leukemia in SCID mice [10]. Cell sorting by cell surface markers, ability to form spheres in culture or exclusion of Hoechst 33342 dye are commonly employed techniques to identify CSCs from tumor samples. Isolation of CSCs in various types of cancers such as lung [17], brain [15, 16], melanomas [18], prostate [19], colon [20], breast [14], hepatic [44], pancreatic [45], thyroid [46], bladder [47], ovarian [48], renal [49] etc. further provided support for CSC model. In contrast to the CEM which advocates simultaneous targeting of all the subclones for effective treatment of cancer, the CCSCM proposes only selective targeting of CSCs for complete eradication of cancer. Fig. (2) summarizes key concepts of the CCSCM.




        
[image: ]


Fig. (1))


        The clonal evolution model. According to this model, a single normal (non-Cancer cell) cell which has acquired several mutations over a prolonged period of time becomes a cancer cell (blue ovals) that can divide indefinitely (indicated by arrows). Stochastic genomic mutations (indicated by lightning bolts) produce new types of cancer cells with new mutations that provide a selective growth advantage to this cell over other cells. In this model intratumoral heterogeneity is also explained by the stochastic mutations that confer growth advantages to a particular mutant in a specific microenvironment (designated as M1, M2, M3). For instance, yellow cells may grow in M1 or M2 but may not grow in M3. In a similar manner green cells may grow in M2 and M3 but not in M1. As a result tumor contains distinct microenvironments with a heterogenous population of cancer cells.
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Fig. (2))


        The Classical Cancer Stem Cell Model. According to this model during carcinogenesis a normal stem cell becomes a cancer stem cell (CSC) that may undergo two types of cell division: asymmetrical (A) or symmetrical (B) leading to the generation of non-cancer stem cells (non-CSCs). A model of pure asymmetrical cell division (A), in which the single CSC gives origin to one CSC and a differentiated non-CSCs, is unlikely to occur since it may explain the existence of non-cancer stem cells (yellow and red ovals) but the entire tumor will have at any time one and only one CSC. In a model of pure symmetrical cell division (B), the original CSC gives origin to two identical CSC. One CSC daughter cell can at any point differentiate to a non-CSC. The symmetrical division predicts that an entire tumor will have at any time a “pool” of CSCs. In both submodels intratumoral heterogeneity appears as consequence of cell differentiation likely induced by specific microenvironmental factors.

      




      

        Stemness Phenotype Model (SPM)




        This model was proposed by Cruz et al. in 2010 for gliomas [4] to explain several inconsistencies observed with experimental data that did not fit either the CEM or the CCSCM. The SPM was later extended to other cancers in 2012 [22]. This model was based on few observations which were contrary to CCSCM: 1) CSCs are often considered to have quiescent slow cycling phenotype, and should ideally be eliminated from the tumor by fast growing non tumor cells in due course of time per the CCSCM. However, these relatively slow growing CSCs still maintain a constant presence in a tumor [50]. 2) Rarity is other most important characteristic of the CCSCM; however there are certain tumors where bulk of the tumor cells can induce tumors [51], 3) Contrary to hierarchic organization of CCSCM where only CSCs have tumor initiation and self-renewal capability, several studies have shown tumor initiation and stem cell generation by non-CSCs (see below).




        According to SPM cancer has a single cell origin and a tumor is composed of similar cells with slight phenotypic variations dictated by their immediate microenvironment. Essentially all the cells have the potential to change into other phenotypes in response to micro environmental cues. Tumor micro environment is the driving force which governs a unique phenotypic expression of a cell which in turn imparts stem or non-stem, resistance, metastatic and invasive characteristics to the cell. Fig. (3) summarizes key concepts of the SPM. To date, numerous endogenous microenvironmental factors have been found to modulate stemness (Table 2). Although the majority of them increase stemness, few of them (e.g. retinoic acid, tryptophan derivatives and extracellular ATP) decreased the stemness properties. Reversible phenotypic changes of cancer cells were documented in melanoma [52] and direct evidence of interconversion between non-CSCs and CSCs was found in breast [23, 25, 53, 54], lung [24], embryonal carcinoma [55] and colon cancer [25]. In summary, two key prediction of the SPM (modulation of stemness by microenvironmental factor and interconversion between CSCs and non-CSCs phenotypes) have been now extensively validated in several types of cancer.
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Fig. (3))


        The Stemness Phenotype Model. According to this model during carcinogenesis a non-cancer cell becomes a cancer cell that divides symmetrically (each cancer cell produces two identical daughter cells). Any cancer cell, by a process called interconversion, can adopt a different phenotype depending on the microenvironment. For instance a “blue” cancer cell if placed in a different microenviroment M2 or M3 can interconvert into a “red” or “yellow” phenotype. This model is bidirectional since any cell can convert into a different phenotype and even return to its original phenotype following microenvironmental changes. In this model intratumoral heterogeneity appears as a consequence of reversible phenotypic changes (interconversion) likely induced by specific microenvironmental factors. In the case of relative mild changes in the microenvironmet (e.g. from M1 to M2 or from M2 to M3) most of the cells will survive and adapt (changing their phenotype) to the new environment. In the case of more drastic changes in the microenvironment conditions (e.g. from M1 to M3 or from M3 to M1), it is expected that some cells will not survive but phenotypic changes are still possible in those cells that survive. The thickness of the arrows represents these possibilities.



        

          Table 2 Examples of external (microenvironmental) modulators of stemness.




          

            

              

                	External Factor



                	Cancer Type



                	Mechanism



                	Effect on Stemness



                	Reference

              


            



            

              

                	Hypoxia



                	Prostate, brain, kidney, cervix, lung, colon, liver, and breast tumors



                	↑ Hypoxia-inducible factor (HIF)



                	↑



                	[56, 57]

              




              

                	Extracellular ATP



                	Gliomas



                	Modulation of the purinergic system



                	↓



                	[58]

              




              

                	Hepatocyte growth factor



                	Colon



                	↑ Wnt activity



                	↑



                	[59]

              




              

                	Angiotensin II



                	Lung Cancer



                	



                	↑



                	[60]

              




              

                	Dipeptide species



                	Chronic myelogenous leukaemia (CML)



                	Activating p38MAPK-Smad3 signalling in vivo




                	↑



                	[61]

              




              

                	Hyaluronan (HA)



                	Breast Cancer



                	Regulation of Twist and the transforming growth factor β (TGF-β)-Snail signaling axis



                	↑



                	[62]

              




              

                	IL-8



                	Lung Cancer



                	↑ Apoptosis resistance



                	↑



                	[63]

              




              

                	Ketones



                	Breast Cancer



                	↑ Growth



                	↑



                	[64]

              




              

                	Lactate



                	Breast Cancer



                	↑ Growth



                	↑



                	[64]

              




              

                	Leptin



                	Breast cancer



                	Activation of Wnt1-MTA1-β-catenin signaling



                	↑



                	[65, 66]

              




              

                	Nitric oxide



                	Gliomas



                	Activation of Notch signaling



                	↑



                	[67]

              




              

                	Retinoic acid



                	Gliomas



                	Notch pathway downregulation



                	↓



                	[68]

              




              

                	Tryptophan derivatives



                	Breast, Lung, Ovarian gliomas and liver cancers



                	Regulation of the transcription of Oct4



                	↓



                	[69]

              




              

                	Reactive Oxygen Species



                	Gliomas



                	



                	↑



                	[70]

              




              

                	TGF-β1



                	Esophageal cancer



                	Promotes migration & invasion



                	↑



                	[71]

              




              

                	VEGF



                	Skin



                	Creates a perivascular niche



                	↑



                	[72]

              




              

                	VEGF



                	Gliomas



                	



                	↑



                	[73]

              


            

          




        


      




      

        Complex System Model (CSM)




        The complex system model was proposed for gliomas in 2010 [21]. This model states that glioblastoma is a complicated disease and cannot be explained only either by the CEM or the CCSCM models. Rather than a model of cancer cell biology the CSM is a model of tumor biology that proposes that glioblastoma is a complex adaptive system with emergent and global properties arising from the coexistence of a mixture of the CEM and the CCSCM. These emergent properties which are responsible for organization, adaptability and survival of cancer are acquired by genetic (the driving force of the CEM), epigenetic, cell-cell and cell-niche interactions (important factors for the CCSCM). Several factors such as autocrine and paracrine factors, diffusible factors and adherence cues emitted from surrounding vasculature have been shown to influence survival and infiltration of brain tumor stem cells (BTSC) [74-76]. The de-differentation of non-CSCs to CSCs was mentioned as a possibility. Fig. (4) summarizes key concepts of the CSM.
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Fig. (4))


        The Complex System Model. According to this model “both genetic and epigenetic changes might occur within a single tumor, resulting in a multifaceted cell system where several tumor-initiating cell types may coexist. While genetic mutations may produce new tumor cell populations, epigenetic changes might enable cells to produce progeny with a more or less restricted fate and also to temporarily adopt different states characterized by therapy resistance and expression of different cell markers. Another important feature of a complex system is that the individual cell populations interact. While all potential tumor forming cells have to be targeted for successful therapy in this model, the interruption of the cell-cell and cell-niche interactions may also weaken the tumor system as a whole”. Modified from Laks et al. [21].

      




      

        Reprogramming Model (RM)




        This model was proposed in 2012 by Li et al. [27] and reviewed later by Lopez-Bertoni et al., in 2015 [77] based on experimental evidence obtained from research performed in normal and cancer cells. According to this model, CSCs and progenitor cells co-exist in dynamic equilibrium and are subjected to bidirectional conversion. Several factors such as transcription factor networks, stem cell miRNAs, micro environmental signals and epigenetic modifications induce reprogramming of differentiated progenitor cells to CSCs. Several studies have reported that over or induced expression of certain transcription factors such as Sox2, c-Myc, Klf4, Oct4, Lin28 etc. can confer stem like properties in malignant cells [78-81]. Also, stem cell miRNAs such as miR-302 cluster, miR-372/373, let-7 and miR-200 family, play a crucial role in controlling stemness by targeting multiple genes involved in cell cycle regulation, epigenetic modifications, and epithelial-mesenchymal transition (EMT) [82-85]. Micro environmental cues such as hypoxia-inducible factors (HIFs) [56, 57], inflammation, autocrine/paracrine interactions can induce cancer cells to cancer stem cell conversion, increase in invasiveness and drug resistance. Epigenetic modifications such as DNA demethylation and histone acetylation/methylation has been shown to induce heritable pluripotency in cancer cells. Fig. (5) summarizes key concepts of the RM.




        
[image: ]


Fig. (5))


        The Reprogramming Model. According to this model during “functional connections between microenvironmental signals, signal transduction pathways, and molecular circuitries including transcriptional networks, microRNAs, and epigenetic modifications induce de-differentiation of cancer progenitor cells into CSC phenotype”. Modified from Li et al., and Lopez-Bertoni et al. [27, 77].



        “Reprogramming” is a vague term that has been used in the literature to describe the generation of induced pluripotent stem (iPS) cells [86] as well as for several types of changes in the cellular status driven by different factors. For instance, in a challenging microenvironment cells change their metabolism in order to survive and this phenomenon has been called “metabolic reprogramming”. Environmental signals also dictate whether a cell remains quiescent or undergoes cell division, and these changes are accompanied by changes in the basal transcriptional machinery to maintain transcripts and proteins necessary for survival; this phenomenon has been called “transcriptional reprogramming” [87]. The underlying mechanism for both metabolic [88] and transcriptional reprogramming [89] has been attributed in part to epigenetic changes.


      




      

        Dynamic Cancer Stem Cell Model (DCSCM)




        Vermeulen et al. proposed DCSCM in 2012 [28]. They proposed that cancers do not follow a strict hierarchy like the CCSCM; however they exist in a dynamic state where tumor micro environment can effect dedifferentiation of cancer cells to cancer stem cells that in turn is also known to be controlled by epigenetic mechanisms [86]. Fig. (6) summarizes key concepts of the DCSCM.
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Fig. (6))


        The Dynamic Cancer Stem Cell Model. According to this model differentiated tumor cells and CSCs can interconvert into each other. Therefore, each single cancer cell has the potential to acquire a CSCs phenotype. Modified from Vermeulen et al. [28].

      




      

        Plasticity Model (PM)




        The Plastic Model was proposed by Marjanovic et al. in 2013 [29]. This model proposes that bidirectional conversions exist between non-CSCs and CSCs, implying that non-CSCs can continually create CSC populations by a dedifferentiation process and reenter the CSC state. In this model the driving forces for this plastic behavior of cancer cell and the origin of intratumoral heterogeneity are intrinsic (genetic and epigenetic) and extrinsic (microenvironmental factors such as growth factors, nutrients, cell-cell interactions). Fig. (7) summarizes key concepts of the PM.
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Fig. (7))


        The Plasticity Model. According to this model non-CSCs and CSC can interconvert into each other by genetic and epigenetic mechanisms.



        Since microenvironmental factors can induce reprogramming (as proposed by the RM) or dedifferentiation (as proposed by the DCSCM and the PM) in a reversible manner, both reprogramming and dedifferentiation can be considered possible mechanisms that makes the transition between CSCs and non-CSCs a bidirectional process and provides a mechanistic explanation for the interconversion process proposed by the SPM.




        Taking this in consideration the term interconversion can now be defined as the reversible transition between a non-CSC state and a CSC state. The mechanistic basis of interconversion may involve epigenetic reprogramming (a reversible process) largely dependent on microenvironmental conditions.


      




      

        The Epithelial-Mesenchymal Transition (EMT) in Cancer Plasticity




        The epithelial-mesenchymal transition (EMT) was originally described in the context of normal cell differentiation during early development and is responsible for the formation of internal organs during embryogenesis. EMT is transient in nature and allows transformed mesenchymal cells to reacquire epithelial phenotype on arriving at the designated place by a process known as mesenchymal to epithelial transition (MET). EMT is also responsible for wound healing and organ fibrosis. During EMT cells lose their cellular junctions and polarity, reorganize their cytoskeleton, and reprogram their signaling patterns and gene expression to gain the ability to migrate, increase motility and invade adjacent tissue. These EMT and MET transformations are controlled by several EMT transcription factors (TFs) in conjunction with multitude of extracellular signals. EMT disrupts cell-cell adhesion by disassembling tight junctions, adherens junctions, desmosomes and gap junctions. Upon initiation of EMT cellular junction proteins such as E-cadherin and β-catenin are either degraded and/or relocated resulting in the dissolution of cell- cell adhesion. Pro-EMT protein such as N-cadherin and several downstream TFs such as Smad, Snail, Slug, ZEB and Twist are activated during EMT. Cellular junction loss is followed by actin cytoskeleton remodeling which causes loss of apico-basal cell polarity and acquisition of front-rear polarity. This results in cells acquiring motility and invasive capacities by forming lamellipodia, filopodia and invadopodia. Release of mesenchymal-specific matrix metalloproteinases (MMPs) and degradation of the extracellular matrix (ECM) allows invasion of the original tissue and dissemination. In cancers, EMT plays an important role in cancer stem cell plasticity, drug resistance and cancer metastasis. During EMT differentiated cancer cells acquire stem cell like phenotype [80, 90]. Several studies have pointed towards increased expression of stemness surface markers [91-94] and elevated levels of stemness related proteins (SOX2, BMI1 and OCT4) in cancer cells undergoing EMT [95-97]. Along with several EMT transcription factors (TFs), tumor microenvironment (TME) plays a key role in EMT. The TME is a complex system that involves interactions between tumor cells and adjacent stroma cells (fibroblasts, endothelial and inflammatory cells) embedded in extracellular matrix (ECM). TME factors such as inflammation, hypoxia, growth hormones, reactive oxygen species/reactive nitrogen species (ROS/RNS), stromal cells etc. have been directly associated with EMT in cancers. Inflammation is natural immune response of body to infection and injury. However, chronic inflammation is linked to cancer progression. Inflammation influences tumor microenvironment through the alteration of the balance of cytokines, chemokines, transcriptional factors and reactive oxygen species which in turn leads to EMT and cancer metastasis. Several studies have pointed towards the growing role of inflammatory factors such as TNF-α, IL-1, IL-6, IL-8 etc. in tumor progression via the modulation of EMT (Table 3).Tumor hypoxia is a condition where a region of tumor is deprived of oxygen due to rapid consumption of oxygen provided by tumor vasculature by an exponentially growing tumor. In order to survive these challenging conditions, cancer cells undergo metabolic changes, become more invasive and metastatic. Hypoxia-inducible factors, HIF-1α and HIF-2α are the key mediators responsible for EMT induced metastasis in hypoxic cancers (Table 3). Active form of HIF’s is a heterodimer formed between HIF-α and HIF-β subunits in the nucleus which then specifically binds to hypoxia-responsive elements (HREs) found in target gene promoters. Under normoxic conditions, HIF-α subunit is hydroxylated by prolyl hydroxylase domain (PHD) proteins which then interacts with Von Hippel-Lindau (VHL) tumour suppressor gene product leading to polyubiqutynation and subsequent proteasomal degradation of HIF-α. During hypoxia HIF-α does not interact with VHL and translocates to nucleus where it forms heterodimer and carries out activation of HREs. Tumor stroma cells in response to various stimuli such as inflammation, hypoxia, drug treatment etc. secrete a variety of growth factors, cytokines and chemokines which in turn promote metastasis and drug resistance. Several growth factors such as Transforming Growth Factor (TGF-β), Epidermal Growth Factor (EGF), Hepatocyte Growth Factor (HGF), Fibroblast Growth Factor (FGF), Insulin-Like Growth Factor (IGF) and Platelet-Derived Growth Factor (PDGF) have been shown to promote EMT in various cancers (Table 3). ROS/RNS play a dual role in tumorigenesis based on concentration and duration of exposure. At longer exposure and higher concentration, ROS/RNS cause extensive DNA, protein and lipid damage and lead to cell death. However, at low to intermediate ROS concentrations they regulate cell signaling cascades and promote tumor growth. ROS/RNS extensively modulates tumor and stroma microenvironment and has been linked to EMT mediated tumor invasion in several cancers (Table 3). Tumor stroma consists of fibroblasts, endothelial, immune and inflammatory cells. Growing body of evidence suggest that fibroblasts which constitute majority of stromal cells are key players in tumorigenesis (Table 3). Macrophages, mast cells and other immune cells have been shown to modify TME to induce tumor resistance, invasion and metastasis (Table 3). All these factors which modulate TME do not operate in isolation; instead, they work in conjunction with each other to induce EMT leading to cancer cell plasticity, metastasis, drug resistance and relapse. The transient nature of the EMT and its modulation by external factors shown in Table 3 is a strong evidence of the plastic nature of cancer cells in terms of stemness providing additional support for bidirectional models of cancer stem cells. The role of EMT in cancer metastasis is illustrated in Fig. (8).




        

          Table 3 Examples of microenvironmental modulators of EMT.




          

            

              

                	TME Factor



                	Mediator



                	Effect on EMT



                	Type of Cancer



                	Reference

              


            



            

              

                	Inflammation



                	TNF-α



                	↑



                	Hepatocellular Carcinoma



                	[98]

              




              

                	↑



                	Renal cell carcinoma



                	[99]

              




              

                	↑



                	Breast



                	[100]

              




              

                	↑



                	Colorectal



                	[101]

              




              

                	IL-1β



                	↑



                	Oral



                	[102]

              




              

                	↑



                	Colon



                	[103]

              




              

                	IL-6



                	↑



                	Breast,



                	[104-106]

              




              

                	↑



                	NSCLC



                	[107, 108]

              




              

                	↑



                	Gastric Cancer



                	[109]

              




              

                	↑



                	Head and Neck



                	[110]

              




              

                	IL-8



                	↑



                	Renal cell carcinoma



                	[111]

              




              

                	↑



                	Nasopharyngeal carcinoma



                	[112]

              




              

                	↑



                	Breast



                	[113]

              




              

                	↑



                	NSCLC



                	[114]

              




              

                	↑



                	Ovarian



                	[115]

              




              

                	CCL2



                	↑



                	Prostate



                	[116]

              




              

                	CCL5



                	↑



                	Ovarian



                	[117]

              




              

                	CCL6



                	↑



                	Colon



                	[118]

              




              

                	CCL17



                	↑



                	Hepatocellular carcinoma



                	[119]

              




              

                	CCL18



                	↑



                	Breast



                	[120]

              




              

                	CCL20



                	↑



                	Colon



                	[118]

              




              

                	↑



                	Hepatocellular carcinoma



                	[121]

              




              

                	CCL21



                	↑



                	Pancreatic



                	[122]

              




              

                	Hypoxia



                	HIF-1α



                	↑



                	Oesophageal squamous cells



                	[123]

              




              

                	↑



                	Thyroid,



                	[124]

              




              

                	↑



                	Colorectal



                	[125]

              




              

                	↑



                	Prostate



                	[126]

              




              

                	↑



                	Rectal



                	[127]

              




              

                	↑



                	Hepatocellular carcinoma



                	[121]

              




              

                	HIF-2α



                	↑



                	Pancreatic



                	[128]

              




              

                	Hyperglycemia



                	Glucose/H2O2




                	↑



                	Pancreatic



                	[129]

              




              

                	Growth Factors



                	TGF-β



                	↑



                	Breast



                	[130, 131]

              




              

                	↑



                	Lung



                	[132]

              




              

                	↑



                	Gastric



                	[133]

              




              

                	↑



                	Liver



                	[134]

              




              

                	VEGF



                	↑



                	NSCLC



                	[114]

              




              

                	GM-CSF



                	↑



                	Breast



                	[120]

              




              

                	EGF



                	↑



                	Glioblastoma multiforme



                	[135]

              




              

                	↑



                	Oral



                	[136]

              




              

                	↑



                	Prostate



                	[137]

              




              

                	HGF



                	↑



                	Lung



                	[138]

              




              

                	↑



                	Prostate



                	[139]

              




              

                	↑



                	Breast



                	[140]

              




              

                	FGF



                	↑



                	Lung Adenocarcinoma



                	[141]

              




              

                	↑



                	Nasopharyngeal Carcinoma



                	[142]

              




              

                	IGF



                	↑



                	Glioblastoma multiforme



                	[143]

              




              

                	↑



                	Colorectal



                	[144]

              




              

                	IGF-I



                	↑



                	Gastric



                	[145]

              




              

                	↑



                	Breast



                	[131]

              




              

                	PDGF



                	↑



                	Colorectal



                	[146]

              




              

                	↑



                	Breast



                	[147]

              




              

                	ROS/RNS



                	O2.-, .OH, RO2., RO., H2O2, .NO, .NO2




                	↑



                	Ovarian



                	[148]

              




              

                	↑



                	Pancreatic



                	[149]

              




              

                	Stroma



                	TAF/CAF



                	↑



                	Gastric



                	[109]

              




              

                	↑



                	NSCLC



                	[108, 150, 151]

              




              

                	↑



                	Prostate



                	[152]

              




              

                	TAM



                	↑



                	Lung adenocarcinoma



                	[153]

              




              

                	↑



                	Gastric



                	[154, 155]

              




              

                	↑



                	Hepatocellular carcinoma



                	[119]

              




              

                	TAMC



                	↑



                	Thyroid



                	[156]

              




              

                	↑



                	Bladder



                	[157]

              


            

          




          

            Abbreviations: CAF/TAF = Cancer/Tumor Associated Fibroblasts; CAM/TAM = Cancer/Tumor Associated Macrophages; CCL2 = chemokine (C-C motif) ligand 2 (CCL2), monocyte chemoattractant protein 1 (MCP1); CCL5 = chemokine (C-C motif) ligand 5; CCL6 = Chemokine (C-C motif) ligand 6; CCL17 = Chemokine (C-C motif) ligand 17; CCL18 = Chemokine (C-C motif) ligand 18; CCL20 = Chemokine (C-C motif) ligand 20; CCL21 = Chemokine (C-C motif) ligand 21; EGF = Epidermal Growth Factor; FGF = Fibroblast Growth Factor; GM-CSF = Granulocyte-macrophage colony-stimulating factor, also known as colony stimulating factor 2; HGF = Hepatocyte Growth Factor; HIF-1α = Hypoxia-inducible factor 1-alpha; NSCLC = Non-small cell lung cancer; IGF = Insulin Growth Factor; IGF-I = Insulin-like Growth Factor-I; PDGF = Platelet-Derived Growth Factor; ROS = Reactive oxygen species; TAMC = Tumor Associated Mast Cells.
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Fig. (8))


        EMT in cancer metastasis. Proposed model integrating tumor heterogeneity originated by interconversion. I) Primary tumor displaying 3 different microenvironments (denoted as A, B and C). II) Mediators of inflammation, hypoxia, cancer associated cells change the tumor microenvironment (denoted as A, B and D) which can induce EMT in cells that adopt a migratory phenotype and invade blood vessels. III) When the migratory cancer cell reaches a permissive microenvironment in a distant organ it dedifferentiates and IV) forms a metastatic tumor that displays intratumoral heterogeneity.



        

          Biological Implications: Plasticity, Origin of Intratumoral Heterogeneity and Chemoresistance




          Each model of cancer biology proposed key characteristics and mechanisms that were initially thought to explain important aspects of tumor biology related to intratumoral heterogeneity and chemoresistance, and each model can be used as a working model to predict the outcome of a particular treatment. Before going into more specific details and speculation, it is critical to keep in mind that some predictions can only be made assuming implicit properties of cancer cells not initially described by the author(s).




          In the clonal evolution model, tumor heterogeneity arise as consequences of accumulating stochastic genomic mutations and epigenetic changes and the selection and clonal outgrowth of novel cell population [158]. Although in the clonal evolution model, the concept of hierarchy is not mentioned, this model has some degree of hierarchy and is unidirectional since most mutations can be considered irreversible events. The CCSCT, proposes that tumor heterogeneity arises when cancer stem cells divide and differentiate producing cells with different states of stemness or differentiation. This is a hierarchical model since the conversion of CSC to non-CSC is a unidirectional process. In the SPM, intratumoral heterogeneity arises by the ability of cancer cells to undergo interconversion driven by changes in the microenvironment which leads to a broad range of phenotypes. Since the phenotypic changes are microenvironment-driven in the SPM model, the conversion process is bidirectional: cells with a CSC phenotype can convert into cells with a non-CSC phenotype when the microenvironment favors the transition into this direction. However, if the microenvironment reverts to its original conditions, cells with a non-CSC phenotype can convert back into cells with a CSC phenotype. It is implicit in this model that varying microenvironmental conditions may favor the conversion of both cell types (CSCs and non-CSCs) into cells with intermediate phenotypes. Evidence for this type of microenvironment-driven phenotypic changes has recently been provided. An “interconversion” model was recently developed by simulating one in vitro cycle of environmental changes by first growing “parental” cancer cells under routine culture conditions (with serum-containing media), then as “floating tumorspheres” (FTs; in serum-free media) for at least 14 days and then cultured back in serum-containing media to obtain “revertant” cells (Fig. 9).




          In this model, the “parental” cells were sensitive to conventional anticancer drugs such as Paclitaxel, Hydroxyurea, Colchicine and Obatoclax but FTs were highly resistant to these drugs. However, when FTs were cultured back in serum-free media and allowed to reattach (revertant cells), they became sensitive to a similar extent as parental cells to the above mentioned anticancer drugs. These phenotypic changes were accompanied by reversible changes in the expression of several proteins associated with stemness, prosurvival and multidrug resistance [159] demonstrating that cancer cells are highly plastic in terms of stemness and chemosensitivity. Experimental data from glioma cells are also in agreement with the notion that cancer cells are highly plastic: patient-derived GSC-enriched neurospheres growing in stem cell medium express high levels of stemness associated markers (CD133, Notch1, Nanog, Gli1, Sox2, Nestin) but when they were allowed to differentiate by culturing them in differentiation medium the expression levels of these proteins were reduced. When these differentiated cells were incubated back in stem cell medium they were able to form GSC-enriched
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Fig. (9))


          Experimental model of interconversion based on one cycle of environmental changes. “Parental” cancer cells are plated in serum-containing media where they form a monolayer (1), these cells are then trypsinized and to prevent attachment the cell suspension are plated in serum-free media in Poly-HEMA coated plates (2) where they form floating tumorspheres within few (3-14) days (3). When FTs are cultured back in serum-containing media in regular plates they reattach within 24 -48 h (4) and form a monolayer (“revertant cells”) indistinguishable from the original “parental” cells.



          neurospheres [160]. The contribution of the microenvironment niche to glioblastoma heterogeneity involves a plethora of cell-cell interactions (pericytes, astrocytes, macrophages, and microglial) as well as soluble factors such as TGF-β and IL-6 (reviewed by Ho and Shim [161]). Plasticity of cancer cells has also been observed in response to microenvironment stresses such as hypoxia [160]. Recently terms such as “phenotypic plasticity” [162] or “phenotypic inter-conversion” [163] have been adopted to describe changes in the phenotype of cancer cells and are increasingly used to explain the origin of chemoresistance and intratumoral heterogeneity [164-166]. Key concepts introduced by the SPM such as interconversion [167], plasticity or phenotypic switching [168] and local environmental conditions [169, 170] have also been introduced in mathematical models of cancer to predict the behavior of tumor in terms of chemoresistance or intratumoral heterogeneity.




          Stochastic genomic mutations and/or epigenetic changes followed by selection and clonal outgrowth (CEM) is an implicit possibility in the CCSCT as well as in any of cancer model of stem cell biology discussed above. In this context, the coexistence of different mechanisms within a single tumor can further contribute to the generation of intratumoral heterogeneity and limit the bidirectional nature. For instance, in the SPM it is implicit that at the precise moment when a normal cell becomes a cancer cell, this cell and its progeny have the intrinsic ability to interconvert into different phenotypes due to micro-environmental conditions. In this model it is also implicit that, due to the genetic instability of cancer cells, some cells may acquire at any given time specific genomic mutation that may affect the interconversion and limit the possibility of cells with, for instance, a non-CSC phenotype to convert back into a cell with a CSC phenotype. In this scenario, a tumor may contain a specific cell subpopulation that will deviate from the rest of the tumor in its ability to undergo interconversion. Fig. (10) illustrates the complex landscape due to interactions of environmental factors, genomic mutations and epigenetic mechanisms that contribute to the intratumoral heterogeneity as well as with the ability of cells undergo phenotypic changes.
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Fig. (10))


          Venn diagram illustrating the complex landscape of Genomic Mutations (GM), Epigenetic changes (EC) and Microenvironmental factors (MF) as drivers of phenotypic changes in a unidirectional (U) or bidirectional (B) manner. If new phenotypes arise only as consequence of GM, each new cell phenotype will be able to produce other new phenotype only in a unidirectional manner. When new phenotypes arise as consequences of either EC or in response to MF each new phenotype can produce new phenotypes and all of them can reverse to their original phenotype.



          The unidirectional or bidirectional nature associated with phenotypic changes is not only of pure academic interest but also can help to predict the outcome of therapy depending on what component of the tumor is targeted. For instance, it has been suggested that targeting the tumor microenvironment can be a potential way to cure cancer [171]. The rationale behind this assumption is that there is evidence that modifying the microenvironment affects cancer cells including changes in their stemness properties. In the CCSCM, the microenvironment may induce the differentiation of CSCs into non-CSCs making these differentiated cells more sensitive to anticancer drugs. Since this process is unidirectional, even a transient but lasting enough change in the microenvironment to allow the differentiation process would be of great benefit. In this model we can assume that if the microenvironment-modifying treatment can successfully induce the differentiation of the entire pool of CSCs within a tumor, the remaining chemosensitive cells will not be able to form new CSCs when the effect of the treatment disappears restoring the initial tumoral microenvironment. According to the SPM and other alternative bidirectional models where the microenvironment plays a central role in the interconversion process between cells with a CSC phenotype and cells with a non-CSC phenotype, to be successful, any changes in the microenvironment should be permanent. Otherwise, when the initial intratumoral microenvironment is restored new cells with a CSC phenotype will be generated by interconversion from cells with a non-CSC phenotype (Fig. 11).
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Fig. (11))


          Expected outcome of microenvironment-modifying treatments (MMT) according to the Classical Cancer Stem Cell Model (CCSCM) or the Stemness Phenotype Model (SPM) and other alternative models of cancer cell biology. Top: When a single CSC residing in its niche (M1) is subjected to a microenvironment-modifying treatment that transforms M1 into M2 the CSC differentiates permanently into a non-CSC. If the treatment is transient then M2 transforms back into M1. Since non-CSC are more sensitive to conventional anticancer drugs and cannot generate new CSCs the MMT can lead to a cure. Bottom: When a single cells with a CSC phenotype residing in its niche (M1) is subjected to a microenvironment-modifying treatment that transforms M1 into M2 the CSC transiently differentiates into a cell with a non-CSC phenotype. If the treatment is transient M2 then transforms back into M1. Since cells with a non-CSC phenotype can generate new cells with a CSCs phenotype by interconversion the MMT will indefectibly lead to tumor relapse.



          This rationale explains in part the failure of anti-angiogenic drugs that has been proposed as anticancer agents by Judah Folkman more than 40 years ago [172]. Folkman’s proposal was supported by the finding that monoclonal antibodies against Vascular Endothelial Growth Factor (VEGF) result in suppression of tumor growth in vivo [173]. Bevacizumab (Avastin), a recombinant humanized monoclonal antibody that targets VEGF was the first antioangiogenic drugs approved by the FDA in 2004 [174]. Despite these encouraging result antiangiogenic therapy has shown limited success [175]. Antiangiogenic drugs block the formation of new vessels and therefore can be considered one of the earliest agents used to modify the microenvironment surrounding cancer cells. Novel microenvironment modulators drugs are being tested. For instance, PF-562,271 is a drug that modulates the microenvironment with no effect on angiogenesis [176] and has shown promising effect in vitro and in animal models but its clinical benefits still need to be demonstrated. It is likely that if the effect of PF-562,271 on the microenvironment is transient it will not show more benefit than antiangiogenic agents.


        


      




      

        Clinical Implications for Targeted Therapy




        The CCSCT proposes that the elimination of the rare subpopulation of CSCs from a heterogeneous tumor will eventually lead to a cure. This assumption was based on the idea that non-CSCs, due to the Hayflick’s limit will eventually stop dividing and ultimately die leading to a cure. The Hayflick’s limit stipulates that non-CSCs can only divide a certain number of times (60-70 times) after that they become senescent for long periods and finally die. Since non-CSC are constantly generated by differentiation of CSCs, they are at the early stage of the Hayflick’s limit and can in theory divide enough number of times to generate large tumoral masses responsible for symptoms [177]. To overcome this limitation, conventional chemotherapy can be used to deplete the surviving non-CSCs. In this model, any surviving CSC can eventually generate a new tumor and therefore targeted therapy aimed at eliminating the CSC subpopulation has been pursued by focusing for instance on specific surface markers or signaling pathways essential for cancer stem cell survival. On the contrary, the novel alternative models of cancer stem cell biology predict that to cure cancer, all cancer cells (both non-CSCs and CSCs) should be the therapeutic target and be eliminated at once. In these models any surviving cell can generate a new heterogeneous tumor containing cells with a varying degree of stemness [178]. This hypothesis explains why most cancers recur and at the same time predicts that the current anticancer drug screening program will be ineffective in finding a cure. Indeed, a mathematical model of chemotherapy that takes in consideration the interconversion factor as predicted by the SPM concluded that to be able to cure cancer, all cancer cells should be eliminated at once [167]. This concept is also gaining acceptance among cancer researchers: in a recent review Safa wrote “Therefore, any successful therapeutic agent or combination of drugs for cancer therapy must eliminate not only CSCs but differentiated cancer cells and the entire bulk of tumor cells.” [179]. Fig. (12) summarizes the expected outcome after the treatment of a heterogeneous tumor according to the CCSCM or alternative models of cancer stem cell biology. Although in all CSC models the microenvironment plays a significant role the underlying mechanism(s) by which a single CSCs regenerate a new tumor may be different.
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Fig. (12))


        Predicted outcome following treatment of a heterogeneous tumor according to the Classical Cancer Stem Cell Theory (CCSCT; 1-5) or alternative models of cancer stem cell biology (6-9). According to the CCSCT eliminating the CSC subpopulation will be enough to cure cancer since the majority of non-CSCs due to the Hayflick’s limit will eventually stop dividing and die leading to a cure. In this scenario, any surviving non-CSC will not be able to regenerate a tumor (1-3). If the treatment leaves a single CSC, this cell can eventually undergo self-renewal and differentiation and form a new tumor (4, relapse). Cure can be achieved if all CSC (1-3 and 5) are eliminated at once regardless of how many non-CSCs survive. Alternative models of CSC biology predict that a single cell, regardless of its stemness status can divide and by interconversion (or reprograming) can generate a new tumor (6-8, relapse). In these models, cure can be achieved only when the treatment eliminates ALL cancer cells (both CSCs and non-CSCs) at once.

      




      

        Implications for Therapeutic Development




        A better understanding of cancers stem cell biology will have a profound impact on how we develop new therapeutic regimes. Along with the historical development of multiple cancer stem cell theories, we have amassed a huge amount of new knowledge and learnt that it is important not to oversimplify models and not assume that one model fits all tumor types. For therapeutic reasons, it will be safe to adopt a more open minded vision and assume that complex heterogeneous tumors may relapse (regardless of the ultimate mechanism) from a single surviving cell that can display one extreme possible phenotype. The “Modular Tumor Model” (MTM) is as an attempt to integrate cancer cell biology (following the Stemness Phenotype Model) and the tumor microenvironment for the development of novel therapeutic regimes [180]. This model states that highly heterogeneous tumors may be organized in modules of specific cancer cell phenotype in their specific microenvironment. Each module is a microenvironment cancer cell unit enriched for cells with a specific stemness phenotype. The interaction between the microenvironment and their associated cells determines the chemosensitivity of the entire module for a particular anticancer agent (Fig. 13). At this stage it is important to clarify that the MTM is not a model of CSC but a model of how tumors are organized.
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Fig. (13))


        The modular tumor model (MTM). S1-S8 represents cancer cells with different stemness phenotypes subpopulations in their respective microenvironment (M1-M8) that creates specific microenvironment-cancer cell units (e.g. M1/S1or M8/S8). Each of these S1-S8 subpopulations has the ability to interconvert into each other. D1-D5 represents drugs or a combination of drugs that preferentially eliminate a specific cell phenotype or target a specific microenvironment (that in turn eliminates a subpopulation of cancer cells). Their position in the chart indicates the target (e.g. D1 targets S1-S2 and/or M1-M2). Treatments A-G represents the use of D1-D5 as single agents or in combination and the predicted outcome depending on the tumor heterogeneity. A highly homogeneous tumor (Tumor I) will be easily cured with one (D5, treatment G) or two drugs (D1 and/or D4, treatment F). As tumor heterogeneity increases (from Tumor I to Tumor IV), the number of drugs necessary to eradicate the tumor also increases. Treatments A and B (single agents) will be ineffective. Treatment D will be effective for a Tumors II and III but ineffective for Tumors I or IV since it will spare the M3/S3 and M4/S4modules. For simplicity, only 8 different continuous modules (showed as a gradient from M1/S1 to M8/S8) have been presented in this model. Modified from [180].



        Experimental evidence supporting the MTM has been found in ovarian cancer which displays high intratumoral heterogeneity. From a single ovarian clear cell carcinoma tumor Abelson et al. identified and characterized six cancer stem cell subpopulations that were each clonally expanded from a single cell. These cells were found to faithfully recapitulate the full spectrum of histological phenotypic heterogeneity known for human ovarian clear cell carcinoma including CD44+/aldehyde dehydrogenase positive (self-renewing cells) and CD44-/aldehyde dehydrogenase negative derivatives. These derivative cells displayed microenvironment-dependent plasticity and were able to restore self-renewal markers and CD44 expression. In this study, the gene expression and epigenetic profile of the subpopulations representing the two most extreme phenotypic profiles reflected the interaction between the tumor cells and the tumor microenvironment that was validated by quantitative real time RT-PCR, which showed differential expression of genes related to the cell morphology, stemness properties, and specifically drug resistance [181]. Another group studied fibrous nests that are often present in hepatocellular carcinoma tumors by tissue microarray and real-time PCR and demonstrated that cells in these areas were poorly differentiated, expressed Wnt pathway components and target genes, as well as markers of stem/progenitor cells, such as CD44, LGR5 and SOX9 [182]. Tumors could be also organized in more complex way depending on whether two or more mechanisms responsible for intratumoral heterogeneity coexist in the same tumor. For instance, there is evidence that glioma cells can undergo interconversion [179, 183] and we can assume that the SPM can be a valid working model. Gliomas are also highly genetically heterogeneous [184, 185] and it is likely that this genetic heterogeneity appear at least in part by stochastic genomic mutation followed by clonal selection (as postulated by the CEM). Segerman et al., recently found evidence of extensive phenotypic variability in gliomas among clones isolated from the same tumor, likely driven by epigenetic mechanisms [186]. In this complex scenario, it is likely that gliomas are organized in modules of specific cancer cell phenotype each of them in a specific microenvironment that dictates the degree of stemness (according to the SPM) as well as favor the growth of selected clones (according to the CEM) and regulates epigenetic mechanisms (according to the SPM, the RM and the PM).


      




      

        Future Directions in Preclinical & Clinical Research




        The well documented presence of CS-LCs in almost every tumor type makes it necessary to identify new drugs to target these cells as well as to develop new therapeutic regimes to translate these findings into clinical applications. In this regard, there have been a growing number of drugs with ability to target CS-LCs (Table 4) after the isolation of the first CS-LCs more than a decade ago.




        

          Table 4 Examples of drugs with inhibitory effects on cancer stemness.




          

            

              

                	Drug



                	Cancer Type



                	Combination



                	Reference

              


            



            

              

                	4-Acetylantroquinonol B



                	Colorectal cancer



                	



                	[187]

              




              

                	As2O3



                	Multiple myeloma



                	



                	[188]

              




              

                	5-azacytidine



                	Breast Cancer



                	



                	[189]

              




              

                	Osteosarcoma



                	Doxorubicin ↑



                	[190]

              




              

                	8-bromo-7-methoxychrysin (BrMC)



                	Liver



                	



                	[191, 192]

              




              

                	AEE788



                	Colorectal cancer



                	Celecoxib ↑



                	[193]

              




              

                	AG-014699 (Rucaparib, PF-01367338)



                	Hepatocellular carcinoma



                	



                	[194]

              




              

                	Aloe-emodin (AE)



                	Melanoma



                	



                	[195]

              




              

                	Antisense-miR-21



                	Anaplastic thyroid cancer



                	



                	[196]

              




              

                	BEZ235



                	Colon Cancer



                	



                	[197]

              




              

                	Bortezomib



                	Multiple Myeloma



                	



                	[188]

              




              

                	Cantharidin



                	Pancreatic



                	Gencitabine ↑


                Erlotinib ↑



                	[198]

              




              

                	CAY10404



                	nasopharyngeal carcinoma



                	



                	[199]

              




              

                	Celecoxib



                	Colorectal cancer



                	AEE788 ↑



                	[193]

              




              

                	Convallatoxin



                	Lung



                	



                	[200]

              




              

                	Breast



                	



                	[201]

              




              

                	CGI1746



                	Multiple myeloma



                	



                	[202]

              




              

                	Curcumin



                	Colon Cancer



                	Dasatinib ↑



                	[203]

              




              

                	Liver Cancer



                	



                	[204]

              




              

                	Cyclopamine



                	Malignant mesothelioma



                	



                	[205]

              




              

                	D609



                	Squamous Cell Carcinoma



                	



                	[206]

              




              

                	Dacinostat



                	Acute myeloid leukemia (AML)



                	



                	[207]

              




              

                	Dasatinib



                	Acute myeloid leukemia



                	



                	[208]

              




              

                	Colon Cancer



                	Curcumin ↑



                	[203]

              




              

                	Pancreatic cancer



                	Gemcitabine ↑



                	[209]

              




              

                	Digitoxin



                	Lung



                	



                	[210]

              




              

                	Erismodegib (NPV-LDE-225)



                	Glioblastoma



                	



                	[211]

              




              

                	Gigantol



                	Lung Cancer



                	



                	[212]

              




              

                	Honokiol



                	Glioblastoma



                	Temozolomide ↑



                	[213]

              




              

                	Melanoma



                	



                	[214]

              




              

                	Oral Cancer



                	



                	[215]

              




              

                	Breast Cancer



                	



                	[66]

              




              

                	HT-EA



                	Pancreatic



                	



                	[216]

              




              

                	Ibrutinib (Imbruvica)


                (PCI-32765)



                	Multiple myeloma



                	



                	[202]

              




              

                	Isocyclopamine



                	MCF-7/ADR cells



                	Doxorubicin ↑



                	[217]

              




              

                	Melphalan



                	Multiple Myeloma



                	



                	[188]

              




              

                	Metformin



                	Breast Cancer



                	



                	[218, 219]

              




              

                	Esophageal cancer



                	



                	[220]

              




              

                	Osteosarcoma



                	



                	[221]

              




              

                	Ovarian Cancer



                	



                	[219]

              




              

                	Mocetinostat (MGCD0103)



                	Pancreatic



                	Gencitabine ↑



                	[222, 223]

              




              

                	MS-275



                	Intestine (Normal)



                	



                	[224]

              




              

                	Prostate Cancer



                	



                	[225]

              




              

                	Navitoclax (ABT-263)



                	Esophageal cancer



                	



                	[226]

              




              

                	Nigericin



                	Nasopharyngeal carcinoma



                	Mafosfamide ↑



                	[227]

              




              

                	Lung



                	Cardiac glycosides ↑



                	[228]

              




              

                	Norcantharidin



                	Pancreatic



                	Gencitabine ↑


                Erlotinib ↑



                	[198]

              




              

                	NS-398



                	nasopharyngeal carcinoma



                	



                	[199]

              




              

                	Parthenolide



                	nasopharyngeal carcinoma



                	



                	[199]

              




              

                	PT-EA



                	Pancreatic



                	



                	[216]

              




              

                	Pyrvinium



                	Glioblastoma



                	



                	[229]

              




              

                	S14161



                	Multiple Myeloma



                	



                	[188]

              




              

                	SA-EA



                	Pancreatic



                	



                	[216]

              




              

                	Salinomycin



                	Prostate cancer



                	



                	[225]

              




              

                	Breast



                	



                	[230]

              




              

                	Saridegib (IPI-926)



                	Sarcoma



                	



                	[231]

              




              

                	SEN450



                	Glioblastoma



                	



                	[232]

              




              

                	Sonidegib (LDE225)



                	Chronic myeloid leukaemia



                	



                	[233]

              




              

                	Suberohydroxamic acid



                	Hepatocellular carcinoma



                	



                	[194]

              




              

                	Suberoylanilide hydroxamic acid (SAHA)



                	Glioblastoma



                	



                	[234]

              




              

                	Thiostrepton



                	Colon cancer



                	



                	[235]

              




              

                	Triciribine



                	Breast cancer



                	



                	[236]

              




              

                	Liver Cancer



                	Rosiglitazone ↑



                	[237]

              




              

                	Vismodegib (GDC-0449)



                	Gastric cancer



                	



                	[238]

              




              

                	Pancreatic cancer



                	



                	[239]

              




              

                	Vorinostat



                	Neuroblastoma



                	



                	[240]

              




              

                	Osteosarcoma



                	



                	[190]

              




              

                	Acute myeloid leukemia (AML)



                	



                	[207]

              




              

                	Wnt-C59



                	Nasopharyngeal carcinoma



                	



                	[241]

              




              

                	WZB117



                	Pancreatic cancer



                	



                	[242]

              




              

                	Ovarian cancer



                	



                	[242]

              




              

                	Glioblastoma



                	



                	[242]

              


            

          




        




        The increasing knowledge in several areas of cancer stem cell biology and the vast and growing number of drugs with proven activity against CS-LCs have not been accompanied by significant improvement in the outcome of cancer patients. This lack of improvement is likely due to multiple factors: i) Specific inhibitors of cancer stem cells have only been identified recently and there is a natural delay for their application in clinical trials. For instance the effect of the small molecule Salinomycin as specific inhibitor of breast cancer stem cells was discovered in 2009 [230]. Since then it has been tested in vitro as anticancer drug alone or in combination in multiple cancer types (See Table 5), and tested in pilot studies in humans [243] but its application in clinical trials has been limited. At present, there are no registered clinical trials for Salinomycin in clinicaltrials.gov (www.clinicaltrials.gov, last accessed July 26, 2017). ii) Toxicity to normal cells is known to play an important role in limiting the clinical application of anticancer drugs. For example, salinomycin concentration needed to eliminate CS-LCs (usually > 1 µM) are largely toxic to normal cells [180]. Considering that in in vivo conditions the plasma concentrations of Salinomycin is very low (Cmax = 0.04 mg/mL; 0.053 µM), and is extensively bound to proteins [244] the chances that it will exerts antitumoral activities is very low. iii) It is also important to point out that some of the drugs listed in Table 4 may have a different effect on other types of cancers, sometimes promoting stemness. One example is Curcumin that has been reported as an inhibitor of CS-LCs in liver and colon cancer (see Table 6) but some studies demonstrated that this drug promoted stemness in glioma [245] and preadypocytes [63] cells. Another example is Salinomycin, which despite its well documented anticancer activity in a variety of cancer types (Table 5) which was found to cause migration and invasion of human fibrosarcoma cells [246] iv) The “Translational Gap”, defined as a failure to include the implications of basic concepts of cancer biology into clinical trials” [247] is another factor that has been found to negatively impact the clinical application of CS-LCs targeting drugs. The translation gap has been described for gliomas [247] and for lung cancer (Guishard et al., unpublished observation).




        

          Table 5 Examples of cancer types targeted by Salinomycin alone or in combination with other drugs.




          

            

              

                	Cancer Type



                	Combination



                	Comment



                	Reference

              


            



            

              

                	Colon Carcinoma



                	Temozolomide



                	



                	[248]

              




              

                	Colorectal Cancer



                	Gefitinib



                	Overcomes gefitinib resistance



                	[249]

              




              

                	



                	



                	[250]

              




              

                	



                	



                	



                	[251, 252]

              




              

                	Gastric



                	Docetaxel



                	Nanoparticles based



                	[253]

              




              

                	Cisplatin



                	



                	[254]

              




              

                	17-AAG



                	



                	[255]

              




              

                	



                	Inhibits tumor angiogenesis and growth



                	[256]

              




              

                	Prostate



                	



                	



                	[257-259]

              




              

                	Breast



                	Paclitaxel



                	



                	[260]

              




              

                	Paclitaxel



                	As polymeric nanoparticles



                	[261]

              




              

                	Tamoxifen



                	



                	[262]

              




              

                	



                	Enhance autophagy in acidic microenvironment



                	[263]

              




              

                	



                	



                	[264]

              




              

                	



                	Promotes anoikis



                	[265]

              




              

                	Resveratrol



                	



                	[266]

              




              

                	Paclitaxel



                	As immune-tolerant, elastin-like polypeptide (iTEP)-based nanoparticle



                	[267]

              




              

                	



                	



                	[268]

              




              

                	Paclitaxel



                	Single-walled carbon nanotubes (SWCNTs)



                	[269]

              




              

                	



                	Inhibition of EMT



                	[270]

              




              

                	



                	Targeting the Hedgehog signaling pathway



                	[271]

              




              

                	



                	Reduces doxorubicin resistance



                	[272]

              




              

                	



                	



                	[273]

              




              

                	Triple Negative Breast Cancer



                	Resveratrol



                	



                	[274]

              




              

                	Glioma



                	Temozolomide



                	



                	[248]

              




              

                	



                	



                	[275]

              




              

                	



                	Antiangiogenic effects



                	[276]

              




              

                	



                	ROS-mediated DNA damage



                	[277]

              




              

                	Glioblastoma



                	



                	Induction of ROS



                	[278]

              




              

                	Temozolomide



                	



                	[279]

              




              

                	



                	As encapsulated nanoparticles



                	[280]

              




              

                	Lung



                	Erlotinib



                	



                	[281]

              




              

                	Cisplatin



                	



                	[282]

              




              

                	Metformin



                	



                	[283]

              




              

                	Medulloblastoma



                	Temozolomide



                	



                	[248]

              




              

                	Nasopharingeal Carcinoma



                	



                	Overcome Radioresistance



                	[284]

              




              

                	Neuroblastoma



                	



                	



                	[248]

              




              

                	Leukemia



                	



                	Effect at low concentration (100 500 nM)



                	[285]

              




              

                	Liver



                	



                	PEG-ceramide nanomicelles



                	[286]

              




              

                	Chloroquine



                	Co-delivery by liposomes



                	[287]

              




              

                	Doxorubicin



                	As nanoliposomes



                	[288]

              




              

                	



                	Attenuates Motility



                	[289]

              




              

                	



                	As iRGD-conjugated DSPE-PEG2000 nanomicelles



                	[290]

              




              

                	Tuberous Sclerosis



                	



                	



                	[291]

              




              

                	Osteosarcoma



                	



                	Induction of ROS



                	[292]

              




              

                	Ovarian



                	



                	Inhibition of EMT



                	[293]

              




              

                	



                	With Silver Nanoparticles



                	[294]

              




              

                	



                	



                	[295]

              




              

                	



                	



                	[296]

              




              

                	Paclitaxel



                	



                	[297]

              




              

                	Head and neck squamous cell carcinoma



                	



                	DSPE-PEG-methotrexate nanomicelles



                	[298]
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