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Abstract

:

Cancer stem cells (CSCs), known also as tumor-initiating cells, are quiescent, pluripotent, self-renewing neoplastic cells that were first identified in hematologic tumors and soon after in solid malignancies. CSCs have attracted remarkable research interest due to their role in tumor resistance to chemotherapy and radiation treatment as well as recurrence. Extensive research has been devoted to the role of CSCs in glioblastoma multiforme (GBM), the most common primary brain tumor in adults, which is characterized by a dismal prognosis because of its aggressive course and poor response to treatment. The aim of the current paper is to provide an overview of current knowledge on the role of cancer stem cells in the pathogenesis and treatment resistance of glioblastoma. The six regulatory mechanisms of glioma stem cells (GSCs)—tumor microenvironment, niche concept, metabolism, immunity, genetics, and epigenetics—are reviewed. The molecular markers used to identify GSCs are described. The role of GSCs in the treatment resistance of glioblastoma is reviewed, along with future treatment options targeting GSCs. Stem cells of glioblastoma thus represent both a driving mechanism of major treatment difficulties and a possible target for more effective future approaches.
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1. Introduction


Cancer has attracted major research interest. Despite the tremendous progress in screening and treatment options, nowadays, malignant tumors rank as the leading cause of death. The growing input of cancer into the global death rate can be partially explained by the decreased mortality rates due to coronary heart disease and stroke [1]. Nevertheless, the cancer burden remains high, reaching an estimated 19.3 million new cases and 10 million cancer-induced death cases worldwide in 2020 [1]. In addition, the pathogenesis of cancer still remains incompletely understood.



Tumors of the central nervous system (CNS) do not rank among the most frequent neoplasms. Primary CNS tumors account only for 4% of all newly diagnosed cancer cases in the United States of America [2]. However, some of these neoplasms represent a major challenge for healthcare because of their dismal prognosis and poor response to treatment. In adults, glioblastoma is an example of an unsolved problem in neuro-oncology. CNS tumors are the most frequent cause of oncologic mortality in the 0–19 year age group and the second leading cause of oncological death in patients aged 20–39 years.



Regarding tumors of the brain, spinal cord, and surrounding tissues, more than 100 entities are recognized in the most recent classification of tumors of the central nervous system issued by World Health Organization in 2016 [2]. Glial tumors predominate in this spectrum, representing almost 90% of all CNS malignancies, and glioblastoma represents the most frequently diagnosed (69%) glioma [2,3,4]. Glioblastoma alone accounts for 50.8% of all malignant tumors of the central nervous system [2].



In a large study based on 315,184 cases of CNS tumors in the database of the Surveillance, Epidemiology, and End Results (SEER) program, the overall incidence rate for glioblastoma in 2000–2017 was characterized as stable [2]. In contrast, Philips et al. reported a growing incidence of glioblastoma in England from 1995 to 2015, Ho et al. described an increasing incidence rate of gliomas along with an enlarging proportion of glioblastoma diagnoses in the Netherlands from 1989 to 2010, and Swedish scientists emphasized that epidemiologic estimates regarding the incidence of glioblastoma are controversial and biased [4,5,6]. The age-standardized incidence rate of glioblastoma in England was 2.39 in 1995 and 5.02 in 2015 [5].



The prognosis of glioblastoma remains dismal despite the best available treatment. Nowadays, the gold standard of glioblastoma care includes surgical resection, followed by radiotherapy combined with concomitant or adjuvant chemotherapy with an alkylating agent, temozolomide, which induce single- and double-strand DNA breaks [7,8,9]. This protocol results in a median survival time of 14–18 months, with few reports on longer overall survival periods reaching 20.9 months [4,9,10]. Five-year survival is reached by less than 5% of patients [4,9]. Although these numbers are unfavorable, significantly lower survival rates have been reported in some studies, e.g., 7.9 months [11]. Worse outcomes can be attributed to the incomplete availability of treatment, as shown by Ho et al. [4]. Nevertheless, reports on inferior survival rates reflect true problems in glioblastoma care.



The clinical course of glioblastoma is characterized by almost inevitable recurrence within the first year of treatment and marked resistance to chemo- and radiotherapy. Resistance and recurrence are features classically associated with cancer stem cells—a minor population of quiescent, pluripotent, and self-renewing cancer cells.



The aim of the current article is to review the current knowledge on glioma stem cells (GSCs), including their historical background, definition, the six main regulatory mechanisms, and their role in glioblastoma multiforme (GBM) resistance to chemotherapy and radiation treatment, as well as future treatment options targeting GSCs.




2. A Glance at the Core Research on the Origin and Development of Glioblastoma


The first cases of glioblastoma were recognized at the end of the 19th century. As stated in a recent historical review by Stoyanov and Dzhenkov, the first gross reports, based on autopsy findings, were provided by Burns (1800) and Abernety (1804) [12]. Neither the tissue structure nor the cells of origin were known then; however, infiltrative growth lacking a clear border with healthy brain tissue was evident, suggesting malignant behavior. Rudolf Virchow described the light microscopy findings for malignant brain tumors (1865) and coined the term “glioma” [12].



Following the first descriptions, questions about the origin of gliomas arose. Cases described by Hallervorden in 1930 seemed to suggest a pathogenetic association between multiple sclerosis and glioblastoma. Another hypothesis was the possibility that glial tumors arise from encephalitis, presumably because of cases that supported this idea in 1938 [12]. In 1932, Russell described “intranuclear inclusion bodies”, stating that they can be associated with glioma etiology [12]. A theory related to embryonal neurogenesis and “embryonal mother cells” was proposed by H. Ribbert. Thus, the concept of glioblastoma as a glial tumor was not straightforward, although Rudolf Virchow classified glioblastoma as a glioma, suggesting an etiologic association with glial cells discovered by himself [12]. Bailey and Cushing created the basis of the classification of gliomas. However, they believed that the most atypical tumors, designated as spongioblastoma multiforme, were not of glial origin. This assumption was based on the marked cellular anaplasia. Scherer recognized the link between GBM and astrocytic tumors by showing that some astrocytomas can develop into GBM. Thus, the concept of secondary glioblastoma, arising from pre-existing astrocytoma, was defined [12]. In contrast, de novo glioblastomas, lacking the precursor lesion of lower-grade astrocytic tumors, were classified as primary glioblastomas. Nowadays, the concept of primary versus secondary glioblastoma has been supplemented by the mutational status of the isocitrate dehydrogenase gene IDH [12].



When glial features became evident in glioblastomas and astrocytomas, neoplastic transformation of mature, fully differentiated glial cells was considered to be the source of these tumors. This theory was supported by experimental data showing malignant transformation of astrocytes by ectopic introduction of oncogenes, for instance, H-ras and hTERT. In addition, glial cells are known to be able to proliferate under different pathological conditions [13,14].



More recently, neural stem cells and adult neurogenesis in neurogenic niches were discovered [15,16]. The presence of cells retaining the ability to proliferate in the adult brain suggested that glioblastomas might develop from neural stem cells [12]. This conversion has been shown experimentally. Thus, Lee et al. immortalized human fetal neural stem cells by v-myc and then induced malignant transformation using H-ras for oncogenic stimulation. Oligodendrocytes derived from the v-myc-expressing parent neural stem cells did not undergo malignant change after oncogenic stimulation by H-ras. Hence, the authors concluded that neural stem cells are more susceptible to neoplastic conversion than differentiated cells [13]. The malignant change might be driven by DNA replication stress, induced by the transcription of very long neural genes. The replication stress and development of R-loops can result in DNA double-strand breaks at specific chromosomal sites [17]. However, controversies exist. It has been shown in mouse models upon transduction by oncogenic lentiviral vectors that even highly differentiated brain cells, e.g., astrocytes and neurons, are able to undergo dedifferentiation resulting in GBM [14].



The history of glioblastoma research, from reports of the first cases to now, is astonishing. Despite the remarkable progress made over two centuries, questions still remain without complete and unambiguous answers. Glioblastoma represents the nature of cancer—a complex, dynamic process, involving a tremendous number of molecular mechanisms, signaling cascades, and cells.




3. Concept of Cancer Stem Cells and Glioma Stem Cells


The concept of cancer stem cells initially paralleled the hypothesis of normal tissue stem cells. Stem cells are self-renewing cells that maintain a capacity to proliferate, generating new stem cells and daughter cells that undergo differentiation and replenish the pool of functional cells. Stem cells are pluripotent—namely, they can give rise to different lineages of daughter cells. For instance, neural stem cell can generate cells that undergo differentiation into neurons, astrocytes, and oligodendrocytes.



Similarly, the traditional theory of cancer stem cells defines cancer stem cells (CSCs) as a minor subpopulation of self-renewing malignant cells that maintain a low but steady level of unlimited proliferation. Unlimited proliferation maintains the tumor, but rapid growth is dependent on the fast-dividing progeny of CSCs. The low mitotic activity of CSCs protects them from treatment approaches that are directed against actively dividing cells. Thus, CSCs can survive treatment and give rise to recurrences.



In experimental animal studies, CSCs were shown to behave like tumor-initiating cells. When these cells are introduced into the animal, they give rise to tumor growth, recapitulating the whole heterogeneity of neoplastic tissues. Nevertheless, the close association with tumor-initiating cells in animal models is not synonymous with CSCs as the cells of cancer origin [18].



The low proliferative activity, low abundance within the tumor, treatment resistance, and association between CSCs and tumor recurrence are accepted as the general features of cancer stem cells. These features have been demonstrated in glial stem cells (GSCs) in glioblastoma. GSCs are able to induce tumors in immunocompromised mice, recapitulating the heterogeneity and complexity of the initial tumor [19]. Further, in a mouse model, Chen et al. showed that a subset of tumor cells is the source of glioblastoma recurrence after temozolomide treatment; these cells express the stemness marker nestin and exhibit low Ki-67 proliferative activity [20]. GSC chemoresistance has been show in cell cultures as well, with escape from apoptosis suggested as the underlying mechanism [18]. The radio resistance of GBM has also been shown to be associated with GSCs expressing the stem cell marker CD133 [21].



The concept of CSCs does not necessarily imply that these cells are precursors of human tumors. However, the previously noted hypothesis assuming malignant change in neural stem cells as being the source of glioblastoma also proposes that GSCs develop during this process and further give rise to the development of GBM. This hypothesis proposes strictly hierarchical, unidirectional cellular proliferation. Considering the heterogeneity of GBM, an alternative dynamic hypothesis explains the origin of GSCs as being from non-stem tumor cells by dedifferentiation [20,21].



Glioblastomas are classified into molecular subtypes based on their gene expression profiles or immunohistochemistry [11,22,23]. Classically, four subtypes have been defined: proneural, neural, classical, and mesenchymal GBM. Interestingly, GSCs also can be classified into molecular subtypes. Mesenchymal and proneural GSCs have been reported, closely paralleling the dominant immunohistochemical subtypes of GBM [11]. In addition, primary proneural GBM can recur as mesenchymal GBM. The subtype switch reflects general feature of tumors and can be explained either by the occurrence of a molecular switch in proneural GSCs, leading to transformation into a mesenchymal profile, or by better survival of mesenchymal GSCs that were present in the primary proneural GBM [24,25].




4. Regulatory Mechanisms Influencing Glioma Stem Cells


There are six main mechanisms (Figure 1) by which CSCs in glioma are regulated: genetic, epigenetic, and metabolic alterations, the tumor microenvironment, so-called niche qualities, and the immune system [18].



4.1. Tumor Microenvironment


The tumor microenvironment (TME) consists of all non-malignant elements present in the tumor that maintain, support, or hinder tumor evolution [26]. Stem cells can interact with the tumor microenvironment, thus promoting tumor growth, and the microenvironment, e.g., hypoxic conditions, can contribute to the generation of stem cells.



In glioblastoma, TME comprises glioma-associated microglia/macrophages, monocytes, dendritic cells, tumor-associated neutrophils, myeloid-derived suppressor cells, and normal and reactive astrocytes and pericytes [26,27,28,29,30,31,32]. However, the closest and most important interactions occur between the endothelium and GSCs via various molecular messengers and pathways, such as nitric oxide NO, cyclic guanosine monophosphate cGMP, and, most importantly, Notch signaling [33,34,35,36].



While ligands for the Notch pathway, e.g., Delta-like ligand 4 (DLL4) and Jagged1 (JAG1), are expressed on the endothelium, Notch-1 and Notch-2 themselves are expressed on GSCs [25]. Notch activation by these ligands (Figure 2) leads to activation of the target genes Hes1 and Hey1. This represents one of the mechanisms promoting GSCs [25]. It has been confirmed by Notch pathway blockade, which was found to lead to reduced expression of stemness markers as well as inhibition of neurosphere formation in vitro [37,38]. In turn, GSCs promote endothelial proliferation through the production of vascular endothelial growth factor (VEGF), angiogenesis, homing of bone marrow-derived endothelial precursor cells, and transdifferentiation of GSCs into pericytes [17,25].



Hypoxia represents an essential feature of the microenvironment in glioblastoma. Hypoxia sustains the self-renewal of GSCs and even increases the pool of GSCs [25]. It also maintains proliferation, invasive growth, and the survival of malignant cells [39,40,41]. Resistance to treatment is enhanced by hypoxia via multiple mechanisms. Hypoxia inhibits free radicals, thus lessening the efficacy of radiation treatment [25]. Regarding chemotherapy, expression of the multi-drug resistance gene MDR1/ABCB1 is upregulated by hypoxia.



Glioma-associated microglia/macrophages (GAMs) [25] mostly exhibit pro-tumor effects, as GSCs promote the M2 differentiation of GAMs through periostin secretion, which increases tumor growth via αvβ3 integrin [26,42,43]. Similarly, tumor-associated neutrophils and myeloid-derived suppressor cells promote the progression of GBM [27,28,29]. In contrast, dendritic cells present antigens, including tumor antigens, to T lymphocytes, inducing an antigen-specific immune response against the neoplasm [25]. Dendritic cells also regulate the balance between inflammatory and inhibitory immune reactions [31].



Pericytes support the blood vessels and are characterized by the expression of the platelet-derived growth factor receptor beta PDGFRβ, α-smooth muscle actin, neuron-glial antigen 2/chondroitin sulphate proteoglycan 4 (NG2/CSPG4), and desmin [26,32]. In glioblastoma, pericytes can develop from GSCs via mesenchymal differentiation in order to maintain tumor growth and the blood supply [44]. When angiogenesis develops in glial cancer, the pericyte count starts to grow in parallel with disruption of the blood–brain barrier. This feature can serve as a marker of neo-vascularization in the tumor [45].



The presence of reactive astrocytes within the tumor and at the invasive edge used to be a well-known nightmare in diagnostic pathology. Reactive gemistocytes in glioblastoma might suggest a secondary nature of the tumor, while astrocytes at the invasive front of low-grade glioma had to be distinguished from the neoplastic cells themselves in order to confirm the diagnosis of a glioma. These diagnostic difficulties can now be reliably solved via immunohistochemical detection of the mutant IDH1 protein IDH1-R132H. However, besides differential diagnostic considerations, the pathogenetic role of reactive astrocytes in GBM is under active study. Theoretically, two possibilities exist: reactive astrocytes might recognize glioma cells as having glial differentiation and support their proliferation; alternatively, astrocytes might try to counteract the invasive destruction of brain tissues. In scientific studies, multiple mechanisms have been recognized in terms of how reactive astrocytes facilitate the progression of a tumor. These processes include the production of matrix metalloproteinase 2, VEGF, and a wide spectrum of cytokines and growth factors (interleukin (IL) 6, insulin like growth factor 1 (IGF-1), IL-19). Modification of the microRNA landscape and glutamine metabolism as well as regulation of p53 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways benefit the development of glioma. The expression of gap junction channel protein 43 Cx43 contributes to chemoresistance. Invasion can be stimulated by cell volume changes due to modifications in H+ and Ca2+ flows [26,46]. Immunoprotection by astrocytes is an additional pro-tumor mechanism [25]. However, it has been noted by Schiffer that the supporting evidence for these glioma-facilitating mechanisms was obtained via in vitro experiments or under conditions when influence of the tumor itself cannot be excluded [25].




4.2. Host Immune System


Immunosuppression is a cardinal feature of malignant tumors, including brain neoplasms [17], where it might be further enhanced by the properties of the blood–brain barrier. GSCs contribute to the immunosuppressive environment of gliomas by inhibiting the activation of cytotoxic T lymphocytes, triggering apoptosis in them, and activating regulatory T lymphocytes. These processes are mediated through soluble galectin-3 and B7-H1 molecules [47]. Further, GSCs induce immunosuppressive M2 differentiation in GAMs via IL-10, transforming growth factor beta 1 (TGF-β1), soluble colony-stimulating factor 1 (sCSF-1), and macrophage inhibitory cytokine-1 (MIC-1) [48].




4.3. Metabolism


As previously discussed, GBM is characterized by a hypoxic environment. Besides the regulatory impact on the number and function of GSCs, hypoxia has profound metabolic effects, increasing the need for glycolysis, which is active in malignant cells, even under aerobic conditions [49].



Glioma cells, including GSCs, exhibit the Warburg effect [17]. This is characterized by a preference toward aerobic glycolysis rather than oxidative phosphorylation, which is more active in normal cells. Aerobic glycolysis is less effective in terms of ATP synthesis but beneficial as a metabolic source for the synthesis of new molecules [17].



Warburg’s observations were further elaborated in GSCs by Kathagen, who assessed the role of the pentose phosphate pathway (PPP). PPP activity is increased in actively proliferating normoxic cancer cells and decreased under a severe hypoxic state when invasion dominates [50]. Metabolism acts as a reciprocal switch between two pathways, glycolysis and PPP, and is associated with different behaviors, invasion versus proliferation, in accordance with the “go or grow” hypothesis [51]. Under hypoxic conditions, glycolysis is active, and cells exhibit active migration and invasion. Oxygenation activates the PPP and proliferation [48].



Hypoxia correlates with an insufficient supply of glucose. Under such conditions, GSCs are able to outcompete non-stem cells for glucose uptake through upregulation of the high-affinity neuronal glucose transporter GLUT [52]. GSCs have a reciprocal relationship with the nitric oxide synthase 2 (NOS2) enzyme, as they upregulate it and also depend on it to maintain their pathogenicity [53].



Metabolic processes are closely associated with the behavior of malignant cells, as was illustrated in the example of the “go or grow” hypothesis. However, the role of the metabolome is wider, including downstream and upstream associations with genetic and epigenetic processes. For instance, IDH1 mutations are observed in a subset of gliomas. These genetic changes lead to a gain of enzymatic function, leading to accumulation of the oncometabolite 2-hydroxyglutarate which, in turn, inhibits demethylases TET1 and TET2, followed by DNA hypermethylation [17]. The extensive links between metabolic processes and tumor pathogenesis indicate that the metabolome is a promising target for innovative treatment.




4.4. Niche Factors


The niche concept was first used to describe the locations where normal neural stem cells are found. Later, analogous terminology was used to characterize the sites showing the highest density of GSCs in glioblastoma. In this regard, perivascular, invasive, and hypoxic niches are known. Perivascular niches develop along capillaries and arterioles where GSCs are in direct contact with the endothelium. Invasive niches are characterized by perivascular growth of single invasive neoplastic cells along the capillaries, between the endothelium and reactive astrocytes. The perivascular growth of nestin-positive GSCs results in the detachment of astrocyte end-feet from vessels and pericyte dissociation. These processes contribute to endothelial proliferation and angiogenesis, which is one of the hallmarks of GBM. Vascular occlusion and/or imbalance between the fast growth of GBM and slower proliferation of blood vessels leads to necrosis surrounded by densely cellular perinecrotic pseudopalisades. GSCs are present in these areas. They not only survive hypoxia but are also induced by hypoxia-inducible factors HIF-1 and HIF-2 as well as by hypoxia itself. Here, hypoxic perinecrotic niches develop [25]. The interaction between GSCs and the endothelium, vascular proliferation in glioblastoma, and necrosis represent different steps within the same process; therefore, it has been suggested that all niches are combined into the so-called hypoxic periarteriolar niche [54].



Different signaling pathways are active in the GSC niche, including the previously described Notch signaling [18,55,56]. Besides its interactions with the endothelium, the Notch cascade can become activated by the extracellular matrix protein tenascin. The triggering of Notch signaling is also facilitated by high numbers of activating receptors on GSCs, including inhibitor of differentiation 4 (ID4) and fatty-acid binding protein 7 (FABP7) [57]. Hypoxia-inducible factor 1α (HIF-1α) activates the Notch pathway via stabilization of its intracellular domain [54]. Indeed, active Notch signaling has been associated with increased invasion and migration capacities, as expected in a hypoxic environment in accordance with the “go or grow” hypothesis. NF-kB factor promotes resistance to radiation treatment in GBM [58]. The targeting of A20, which represents a regulating molecule in the NF-kB pathway, inhibits tumor growth and stem cell survival [59].



The Wnt pathway is involved in the stemness, angiogenesis, and invasiveness of tumor cells, while its physiological functions include embryological development of the CNS [60]. In GSCs, canonical and non-canonical activation of Wnt signaling develop via genetic and epigenetic mechanisms [55]. In glioblastoma, mutation of FAT1 leads to abnormal activation of Wnt and promotes tumorigenesis [61]. CSC chromatin is dependent on the achaete-scute family basic helix-loop-helix transcription factor 1 (ASCL1), a transcription factor, that activates the Wnt pathway through the Dickkopf Wnt signaling inhibitor (DKK1) [62]. The Wnt cascade is also involved in resistance against temozolamide via the induction of MGMT (O6-methylguanine-DNA methyltransferase) expression, which preserves the genome from temozolomide-induced alkylation [55].



Finally, the Sonic hedgehog (Shh) pathway is activated in GSCs. The Shh cascade leads to activation of the glioma-associated oncogene GLI1 and GLI2 products, which bind to the Nanog promoter and upregulate this stem cell marker. The transcription factor activity of Nanog triggers the production of other stemness factors. In healthy tissues, Nanog is suppressed by p53, but in GBM, TP53 function is frequently lost, further contributing to the activation of Shh and Nanog. Besides maintaining stem cell features, Shh is involved in drug resistance via upregulation of the drug efflux P-glycoprotein and other ATP-binding cassette transporters [55].




4.5. Genetic and Epigenetic Factors


Genes most commonly mutated in glioblastoma were first reported by The Cancer Genome Atlas (TCGA) Research Network in 2008 and then updated in 2014. In 2008, the published data revealed a comprehensive analysis of gene expression, DNA copy amount, and DNA methylation aberrations in 206 GBMs and nucleotide sequence aberrations from 91 cases of GBM. Eight genes (Table 1) were found to be mutated among the 91 examined glioblastomas [63]. In 2014, more than 500 GBMs were examined, and 71 mutated genes were identified. In addition to the first eight reported genes, leucine-zipper-like transcriptional regulator 1 (LZTR1) was identified as a novel significantly mutated gene. This gene has not previously been described in cancer but is associated with DiGeorge syndrome [63]. Inhibition of tumor sphere formation was observed as a result of the enforced expression of LZTR1 in GSCs [64].



The epigenetic regulation of GSCs occurs via (1) DNA methylation; (2) alterations to the chromatin architecture that are either due to the post-translational modification of histones or the activity of polycomb group proteins; as well as (3) a modified spectrum of microRNA [17]. Abnormal DNA methylation may involve promoter areas (CpG islands), thus affecting gene expression. Promoter hypermethylation can silence tumor suppressor genes, e.g., TP53, while hypomethylation may activate oncogenes. The post-translational modification of histones involves methylation, acetylation, phosphorylation, and other reactions that result in epigenetic changes close to the promoter or enhancer areas of genes, again influencing the transcription of the involved genes. All of these mechanisms, including the upregulation of certain polycomb group proteins, e.g., BMI and EZH2, and the dysregulation of microRNAs, have been reported in GSCs [55].



Suva et al. reported on transcription factors that are able to transform non-stem glioblastoma cells into GSCs. Four essential transcription factors were described: SOX3, SALL2, OLIG2, and POU3F2 [81]. Among these, SALL2 and POU3F2 are newly discovered in the context of glioma. The transcription factor c-Myc is another key epigenetic regulator that activates a stem-like transcriptional module and is highly expressed in GSCs compared with non-stem glioma cells. Inhibition of c-Myc expression in GSCs induced apoptosis [82]. Epigenetic studies of GSCs can reveal new therapeutic targets. For instance, it was recently described that GSCs are sensitive to inhibition of the histone demethylases KDM4C and KDM7A, resulting in DNA damage and the death of GSCs but not non-stem glioma cells [83].





5. Molecular Markers of Glioma Stem Cells


Several markers are characteristic of GSCs (Table 2), including the cell surface markers CD133 (Prominin 1), CD15, CD44, integrin alpha α6, L1CAM, and A2B5 and the cytoplasmic proteins SOX2, Nanog, Olig2, Myc, Musashi1, and nestin [17]. Of note, many of these markers are expressed both in GSCs and neural stem cells. Among them, CD133 was the first but not universal marker.




6. Significance of GSCs in Treatment Resistance


Aggressive growth, early and almost inevitable recurrence, and poor prognosis are features of GBM that are driving the necessity for new investigations into therapy resistance and targets for treatment [91]. Studies of GSCs are revealing mechanisms of resistance and targets for intervention.



6.1. Chemotherapy Resistance Mechanisms in GSCs


Temozolomide-based chemotherapy is an accepted standard within the combined treatment of glioblastoma. However, recurrences are almost inevitable within the first year after treatment. This short period of remission suggests that a fraction of GBM cells survive the treatment. GSCs seem to be suitable candidates because of their quiescent status, implying low proliferation and thus low activity of DNA synthesis, factors that might be targeted by chemotherapy. Indeed, Liu et al. compared the impact of chemotherapy on CD133+ GSCs in comparison with CD133-negative GBM cells. GSCs featured more marked chemoresistance compared with CD133-negative tumor cells [92,93,94]. In addition to quiescence, GSCs benefit from a higher capacity to escape apoptosis and activate DNA repair in comparison with non-stem tumor cells [93,95].



Mechanisms of chemoresistance in glioblastoma are classified as intrinsic and extrinsic. Intrinsic factors refer to gene expression and molecular pathways within GSCs. Extrinsic factors include the properties of the tumor microenvironment, intercellular interactions, and the functionality of the blood–brain barrier [96]. The behaviors of GSCs in recurrent tumors and proposed therapeutic implications are depicted in Figure 3.



Activation of the Hedgehog (Hh) pathway and its downstream effector, glioma-associated oncogene 1 (GLI1), is associated with intrinsic resistance to temozolomide, which is partially mediated by insulin-like growth factor I (IGF-I). In turn, the suppression of GLI1 leads to restriction of IGF-I-dependent GSC proliferation, invasion, and angiogenesis [97].



O6-methylguanine-DNA methyltransferase (MGMT) is one of the most important enzymes responsible for promoting chemotherapy resistance in GSCs [96]. Under temozolomide treatment, significantly higher doses are necessary to accomplish therapeutic effect in MGMT-positive GSCs [98]. Temozolomide concentrations reached in patients were sufficient to eliminate GSCs in MGMT-negative tumors and, on the contrary, insufficient in MGMT-positive ones [98].



Regarding extrinsic resistance mechanisms, the endothelium, other TME components (Figure 4), and hypoxia are of importance. Endothelial cells secrete angiopoietins, NO, and stromal cell derived factor 1α (SDF1α), which sustain GSCs and their resistance to therapy [99]. Besides the metabolic effects, hypoxia contributes to resistance through the activation of adenosine receptors [100].



Targeting GSCs has been found to be an effective measure to overcome temozolomide resistance and enhance its efficacy. The use of monoclonal antibody 8B6 was proposed to eradicate GSC-driven temozolomide resistance by targeting O-acetyl GD2 ganglioside, which is extensively expressed in glioma CSCs [101]. Immunotherapy with 8B6 was found to enhance temozolomide efficacy, decrease the expression of the GSC markers CD133 and nestin, and intensify tumor cell death in vitro and in vivo. The study is a proof of concept for combination therapy comprising chemo- and immunotherapy. In addition, this is pathogenetic evidence of the key role of GSCs in the treatment resistance of GBM [98].



Alternatively, GSCs can be targeted by kinase inhibitors, e.g., by glycogen synthase kinase (GSK3β) inhibitor kenpaullone, which was selected from 1301 drugs that were evaluated for their effects on CSCs in glioblastoma [102]. In vitro, combined treatment was shown to decrease stemness and cell proliferation. In mouse models, kenpaullone, in combination with temozolomide, markedly increased survival when compared with treatment with temozolomide alone [99].




6.2. Radiotherapy Resistance Mechanisms in Glioma CSCs


Similar to temozolomide, therapeutic irradiation is an essential component of the glioblastoma treatment protocol, but it cannot prevent recurrences. CD133-positive GSCs exhibit markedly increased resistance compared with CD133-negative glioma cells, both in vitro and in vivo. CD133-expressing cells are able to activate the DNA damage checkpoint and rapidly repair the damage [21].



A study by Carruthers et al. underlined the concept of replication stress (RS) as one of the key mechanisms in DNA damage control by glioma stem cells. RS is defined as inefficient DNA replication that causes replication forks to progress slowly or to stop. RS activates certain molecular events to stabilize the replication forks and prevent DNA damage that might be caused by RS. Artificially induced RS in glioma cells is associated with radio resistance. GSCs exhibit constitutively increased RS, as is evident from elevated levels of the following RS markers: replication protein A, single-stranded DNA binding protein, and DNA damage markers [16,100]. RS in GSCs might be attributable to the transcription of long neural genes. Very large genes can be transcribed over more than one cell cycle, thus extending their transcription into the S phase which, in turn, leads to possible collision between replication and transcription and the formation of DNA–RNA hybrids or the so-called R-loop. These hybrids develop if transcribed RNA molecules undergo hybridization with their complementary DNA strands, displacing the other DNA molecule as a single-stranded DNA. Thus, GSCs express long neural genes and produce RNA–DNA hybrids, supporting the assumption that altered transcription/replication results in RS in glioma stem cells. Ataxia telangiectasia and Rad3-related kinase (ATR) and checkpoint kinase 1 (CHK1), responsible for DNA break repair, are activated in GSCs. The blockage of ATR and poly-(ADP-ribose)-polymerase PARP has been shown to be effective for the eradication of radio resistance. Hence, these enzymes are notable both as pathogenetically important mechanisms of resistance against irradiation and treatment targets to ensure radio sensitization [17,103].



Regarding the signaling cascade of DNA damage repair under ionizing radiation, tyrosine kinase MET should also be mentioned. It is essential for normal cell migration during embryonic development [104]. In cancer, it contributes to cell survival, angiogenesis, invasion, and metastasis [105]. MET induces radio resistance through the activation of AKT kinase and the subsequent downstream effectors of DNA repair. The other MET-induced mechanism of radio resistance includes phosphorylation and cytoplasmic retention of p21 protein, which has an anti-apoptotic effect. Inhibition of MET can induce radio sensitivity in GSCs [106].



The significance of radio resistant GSCs is not limited to a few surviving cells that later give rise to recurrence. Both clinical outcomes and mathematical modeling show that GSCs are a key mechanism in determining the resistance of the whole tumor to therapy. Isolated cell lines of glioblastoma do not show so marked resistance, as observed in GBM patients, and this suggests that cellular interplay is mandatory for biological resistance. In mathematical modelling, treatment failure by conventional and hypofractionated radiation treatment can be explained only by an ordinary differential equation that accounts for the dynamic interaction between GSCs and non-stem glioma cells, which exhibit different levels of sensitivity to radiation-induced damage [107].





7. Insights into Innovative Glioma Treatment Approaches Targeting GSCs


Current treatments of gliomas target actively proliferating cells and the bulk tumor mass [104]. GSC-oriented approaches are a promising way to overcome resistance and lower the risk of recurrence by eliminating the quiescent cells surviving the first line of treatment and the cellular crosstalk between GSCs and non-stem cells [55].



7.1. Pharmacological Targeting of Molecular Pathways Inducing GSC Tumorigenicity and Chemoresistance


Wnt/β-catenin signaling leads to the activation of target genes, which are responsible for the maintenance of stemness. The core event in this cascade is the stabilization of β-catenin, allowing it to enter the nucleus and bind to T cell factor [55]. This signaling pathway can be inhibited by the cyclooxygenase-2 inhibitor celecoxib and the small molecules XAV939 and SEN461, which stabilize axin. Axin contributes to β-catenin destruction and increases the amount of phosphorylated β-catenin in the cytoplasm so that it is not able to enter the nucleolus [55].



Hedgehog signaling is controlled by the transmembrane receptors Patched1 (PTCH1) and Smoothened (SMO), which exhibit inhibitory and activating functions, respectively. In the absence of an activating ligand, PTCH1 keeps SMO inactive. When the Hh pathway becomes activated by the attachment of sonic Hedgehog Shh to the corresponding receptor, PTCH1, SMO is released, resulting in activation of the downstream effector glioma-associated oncogene 1 GLI1 [8,108]. GLI1 enters the nucleolus and induces the transcription of genes responsible for cellular self-renewal, proliferation, and chemoresistance. The Hh pathway can be blocked by arsenic trioxide (which is used for the treatment of acute promyelocytic leukemia and solid tumors) as well as by vismodegib, representing a small molecule inhibitor of SMO. An isoflavone, representing a combined pharmacophore capable of targeting both SMO and GLI1, has also been described [8,107,108].



As previously mentioned, the Notch pathway is important in GSCs. Hypothetically, it can be blocked by tarextumab, a monoclonal antibody that binds to Notch receptors, thus at least partially blocking the relevant signaling pathway [55]. Alternatively, Notch blockade can be achieved via inhibition of gamma secretase activity that is necessary to split off the intracellular domain of Notch (after the receptor has been engaged with the ligand) and to trigger the further cascade of intranuclear events, including CDF1-activated transcription of Hes and Hey genes [37,38].




7.2. Immunological and Metabolic Intervention Targeting GSCs


7.2.1. Immunotherapy for Glioblastoma


Regarding the immunological treatment of GBM, different options are being investigated, including the use of cytotoxic T lymphocytes, tumor vaccination, and immune modulation with antibodies against PD1, PD-L1, and CTLA4 [17]. Natural killer (NK) lymphocytes represent a particularly promising field of study. NK cells are highly cytotoxic and more capable of withstanding elimination from the tumor microenvironment, compared with other immune or inflammatory cells. Autologous NK cells as well as IL-2 activated NKs have been tested in glioma patient trials. The use of allogenic NKs or antibodies against KIR receptors would be helpful to prevent the recognition of self-MHC class I molecules on glioblastoma cells. NKs can also be combined with antibodies targeting angiogenesis or epidermal growth factor receptor on glioma cells [109]. Regarding GSCs, NKs that carry the chimeric antigen receptor (CAR) and target HER2 are capable of eliminating glioma cells and neurospheres [106].



NK group 2 member D (NKG2D) ligands are overexpressed in GBM and can be targeted by CAR-T cells [110]. The effects of these T lymphocytes were tested on glioma tumor cells and stem cells in vitro and in vivo using xenografts. CAR-T cells produced perforin, granzyme B, and high amounts of cytokines in vitro and successfully induced the lysis of GSCs and bulk tumor cells. In vivo, T cells markedly abolished xenograft tumors and lacked significant toxicity [107]. Human leukocyte antigen (HLA)-presented peptidomes in GSCs have been assessed as well. Numerous HLA ligands have been distinguished, and these may serve as targets for CD8+ T cell immunotherapy [111]. Stemness markers also can be targeted by immune means, e.g., by cytotoxic avian IgY-immunotoxin against human CD133+ GSCs. In vitro, the IgY toxin was found to diminish cell viability by 55%, and in vivo it was associated with a decrease in tumor volume of more than 50% [112].




7.2.2. Targeting Metabolism in Glioma and GSCs


Gliomas and GSCs exhibit a spectrum of metabolic changes that are closely and bidirectionally linked with genetic events. GSCs express the high-affinity glucose transporter GLUT3, giving them a survival benefit in hypoglycemic microenvironments. Downstream of GLUT3, the influx of carbon is directed into de novo purine synthesis. De novo synthesis of pyrimidine is also upregulated in GSCs in comparison with non-stem glioma cells. Rate-limiting enzymes that are involved in pyrimidine synthesis are essential to maintain stemness. Targeting pyrimidine synthesis in GSCs inhibits stem cell survival, tumor initiation, and self-renewal in vivo [113].



Mutated isocitrate dehydrogenase 1 (IDH1) is another possible treatment target [9]. Unfortunately, IDH is mutated in secondary GBM; therefore, IDH-blocking treatment would not be universal [114]. IDH is an essential enzyme in a wide range of physiologic processes, such as metabolism, epigenetic regulation, and DNA repair [115]. In vitro, the overexpression of IDH1R132H and IDH2R172K mutant proteins in glioblastoma cells led to increased radiosensitivity and suppressed tumor cell growth and migration [116]. This is in accordance with higher efficacy of radiotherapy in proneural glioblastoma, comprising IDH1 mutant cases, in comparison with the mesenchymal subtype of GBM, which is enriched in CD44 [11].




7.2.3. Tumoricidal Neural Stem Cell Therapy


Completely new strategies for GBM treatment are on the way, e.g., tumoricidal neural stem cell therapy. These types of treatment were designed to overcome intratumoral heterogeneity regarding invasiveness and response to medications. At first, authors generated novel GBM models using organotypic brain slice explants and distinct human GBM cell types. After that, the efficacy of primary neural stem cells and fibroblast-derived human induced neural stem cells engineered with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) was tested and found to inhibit tumor growth and increase survival [117].






8. Conclusions


Glioblastoma is the most frequent malignant brain tumor. It is characterized by a dismal prognosis and a low, but growing, incidence. The gold standard of glioblastoma treatment includes surgical resection, followed by radiotherapy combined with concomitant or adjuvant chemotherapy with temozolomide. However, the best treatment results in a median survival time of 14–21 months. Recurrences are early and almost inevitable. Glioma stem cells, characterized by the expression of CD133 and nestin, represent a mainstay in the pathogenesis of treatment resistance and recurrences. Regarding the origin of GSCs, two hypotheses have been proposed. Malignant changes in neural stem cells have been shown experimentally and might be promoted by replication stress. Dedifferentiation of non-stem glioblastoma cells, reaching dynamic equilibrium with GSCs, can also develop. Currently, two molecular GSC subtypes are known: mesenchymal and proneural. GSCs are subjected to complex regulation by genetic, epigenetic, and metabolic alterations, the immune system, the tumor microenvironment, and hypoxic periarteriolar niche factors. The chemoresistance of GSCs is promoted by quiescence, active DNA repair, and a greater ability to escape apoptosis. Wnt/β-catenin, Hedgehog and Notch pathways, upregulation of MGMT, and ATP-binding cassette transporter proteins are important molecular mechanisms. Radio resistance is based on constitutively elevated replication stress and the MET cascade. Mathematical modeling points toward the crucial importance of GSC eradication to overcome the treatment failures in glioblastoma by interrupting cellular interactions in the tumor microenvironment. Molecular, immunological, and metabolic approaches to the targeting of GSCs are under development.
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Figure 1. Schematic representation of all processes affecting glial stem cells (GSCs). [17]. CSC, cancer stem cell. License of this figure provided at https://creativecommons.org/licenses/by-nc/4.0/ (accessed on 19 February 2021). Changes made: figure description. 
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Figure 2. Schematic representation of interactions between the endothelium and glioma stem cells [26]. License of this figure provided at https://creativecommons.org/licenses/by/4.0/ (accessed on 19 February 2021). Changes made: figure description. 






Figure 2. Schematic representation of interactions between the endothelium and glioma stem cells [26]. License of this figure provided at https://creativecommons.org/licenses/by/4.0/ (accessed on 19 February 2021). Changes made: figure description.



[image: Cells 10 00621 g002]







[image: Cells 10 00621 g003 550] 





Figure 3. Behavior of GSCs, processes in the tumor in the context of intrinsic and extrinsic mechanisms of chemotherapy resistance and possible therapeutic strategies to overcome it [93]. License of this figure provided at https://creativecommons.org/licenses/by/2.0/ (accessed on 19 February 2021). Changes made: figure description. 
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Figure 4. Major components of the tumor microenvironment and key molecular factors and pathways affecting glioma stem cell biology and chemoresistance [96]. License of this figure provided at https://creativecommons.org/licenses/by/4.0/ (accessed on 19 February 2021). Changes made: figure description. 
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Table 1. Most commonly mutated genes in glioblastoma: general functions and roles in glioma stem cells.
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	Gene
	Function
	Role in GSCs
	Ref.





	TP53
	Critical tumor suppressor gene, induces apoptosis.
	Promotes migration and self-renewal of GSCs.
	[65,66]



	PTEN
	Tumor suppressor gene, regulates proliferation and apoptosis.
	Induces malignant phenotype in neural stem cells.
	[67,68]



	NF1
	Encodes neurofibromin, which inhibits Ras proliferative signaling. Tumor suppressor gene.
	Promotes malignant change to glioma in oligodendrocyte progenitor cells.
	[69,70]



	EGFR
	Regulates homeostasis and epithelial tissue genesis. Essential growth factor in embryogenesis.
	Maintains GSCs by the AKT (Protein kinase B) pathway.
	[18,71]



	IDH1
	Produces NADPH.
	Expression correlates with aggressive phenotype in GSCs.
	[72,73]



	RB1
	Encodes tumor suppressor protein, which regulates the cell cycle.
	In the PDGFRα/Stat3/Rb1 signaling pathway, the depletion of PDGFRα expression in GSCs induces RB1 action. This finding has therapeutic value.
	[74,75]



	PIK3R1
	Promotes migration and proliferation in cells as well as survival.
	Altered expression of PIK3R1 induces malignant transformation of normal astrocytes in vivo.
	[76,77]



	PIK3CA
	Promotes cell migration, proliferation, and survival.
	Differentially promotes the development of glioma, based on the mutated domain. Mutated form is capable of inducing stemness.
	[78,79,80]







TP53—tumor protein 53 gene, PTEN—phosphatase and tensin homolog gene, NF1—neurofibromin 1, EGFR—epidermal growth factor receptor gene, IDH1—isocitrate dehydrogenase 1, RB1—retiblastoma transcriptional corepressor 1, PIK3R1—phosphoinositide-3-kinase regulatory subunit 1, PIK3CA—phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha.
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Table 2. Markers of glioma stem cells.
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	GSC Marker
	Significance
	Ref.





	CD133

(Prominin-1)
	First marker used to identify cancer stem cells (CSCs) in human brain tumors. CD133+ cells were able to produce tumors in immunocompromised mice and form tumor spheres in vitro.
	[84,85]



	Nestin
	Nestin + cells show an increased capacity to form tumor spheres.
	[86]



	SSEA-1
	CD133+ human GSCs show SSEA-1 co-expression.
	[87,88]



	Integrin-α6
	Expressed in GSCs at high levels.

Blockage of Integrin-α6 inhibits the tumor-initiating capacity and self-renewal.
	[89]



	A2B5
	Strongly associated with tumor initiation in vivo.
	[90]
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