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Abstract

Glioma stem cells (GSCs) constitute a slow-dividing, small population within a heterogeneous 

glioblastoma. They are able to self-renew, recapitulate a whole tumor, and differentiate into other 

specific GBM subpopulations. Therefore, they have been held responsible for malignant relapse 

after primary standard therapy and the poor prognosis of recurrent GBM. The failure of current 

therapies to eliminate specific GSC subpopulations has been considered a major factor 

contributing to the inevitable recurrence in GBM patients following treatment. Here, we discuss 

the molecular mechanisms of chemoresistance of GSCs and the reasons why complete eradication 

of GSCs is so difficult to achieve. We will also describe the targeted therapies currently available 

towards GSCs and possible mechanisms to overcome such chemoresistance and avoid therapeutic 

relapse.
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1. Introduction

Gliomas are primary brain tumors that are derived from genetic alterations in neural stem 

cells or neural progenitor cells. According to the World Health Organization (WHO), they 

are classified into four grades of ascending malignancy [1]. The higher the tumor grade, the 

poorer is the overall prognosis. Glioblastoma multiforme (GBM), or grade IV glioma, is the 

most common type of primary malignant brain tumor, accounting for 55% of all cases [2] 

(Figure 1). Even after gold-standard treatment with successful tumor resection, radiotherapy, 

and chemotherapy (temozolomide), the tumor always recurs, resulting in a very poor 

outcome. The median survival only reaches up to 18 months and approximately 30% of 

patients achieve 2-year survival [3,4]. Massive research has been applied for discovery of 

new molecular targets to stop therapy resistance and GBM recurrence. However, currently 

available therapies have only a palliative effect.
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Malignant recurrence is characterized by the presence of tumor cells that possess specific 

genetic and epigenetic alterations that render them able to survive the insults of the current 

standard of care and lead to full regrowth of the tumor. It is believed that this happens as a 

consequence of a combined selection of previously resistant malignant subpopulations and 

acquired epigenetic/genetic alterations of naïve tumor cells into a more aggressive 

phenotype after primary therapy. This resistance is observed over time, being marked by 

transitory disease control, and invariably renders additional rounds of chemo or 

radiotherapies for recurrent tumors ineffective.

The heterogeneity of GBM has been appointed as one of the main causes of therapeutic 

resistance and malignant relapse. According to this concept, tumors are composed by 

genetically and phenotypically heterogeneous clones [5–8]. Genetic heterogeneity is 

acquired by an evolutionary process, in which malignant tissues arise from a single mutated 

cell. Tumor progression would be a result of random accumulations of somatic mutations in 

genetically unstable malignant cells followed by selection of tumorigenic subclones by 

environmental cues [9,10]. The observation of subclones of tumor cells with different 

karyotypes first validated the model of genetic heterogeneity in GBM [11]. This concept was 

further endorsed as a mechanism of resistance to therapy by the recent description of glioma 

subclones carrying genetic amplifications of distinctive receptor tyrosine kinases (RTK), 

such as EGFR and PDGFRA [12,13]. Therapeutic agents that specifically target a single 

RTK would not be able to eradicate the whole tumor and, as a consequence, non-targeted 

subclones would lead to tumor relapse.

The presence of phenotypically heterogeneous clones of tumor cells introduced the concept 

of functional heterogeneity. According to this model, there would exist a hierarchical model 

of tumorigenesis, in which only a very small GBM subpopulation, the glioma stem cells 

(GSCs), would be capable of demonstrating self-renewal capacity, multi-potency, and 

induction of tumorigenesis [14–17]. The two main outcomes of the division of GSCs would 

be the differentiation into two heterogeneous GBM cells or self-renewal to sustain the GSC 

pool. Therefore, GSCs have been directly linked as a major cause of therapeutic relapse in 

GBM [18–20]. Recognition of both genetic and phenotypic heterogeneity in GBM has 

opened doors for a better understanding of the specific subpopulations of GBM that are 

responsible for resistance to therapy and the development of new and combined therapeutic 

targets. The goal of this review is to discuss the role of GSCs in resistance to chemotherapy 

and malignant recurrence. We will discuss the molecular mechanisms of chemoresistance of 

GSCs and the reason why complete eradication of GSCs is so difficult to achieve. We will 

also describe the targeted therapies currently available towards GSCs and possible 

mechanisms to overcome such chemoresistance and avoid tumor relapse.

2. Glioma stem cell biology and its role in GBM

GBM is renowned for aggressive behavior, resistance to therapy and near pathognomonic 

heterogeneity. GBM is heterogeneous in many ways, including appearance, genetic 

composition and the variety of mechanisms by which it evades therapy [21]. Extensive study 

of GBM has borne out the concept that within tumors, cells exist both in differentiated and 

undifferentiated, progenitor-like states [20]. Glioma stem cells (GSCs) have emerged as a 
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target of both continued study and directed therapy as evidence of their role in GBM 

pathophysiology continues to grow. GSCs represent a subpopulation of relatively 

undifferentiated cells capable of self-renewal while also generating clonal populations of 

differentiated tumor cells. GSCs are increasingly recognized as a driving force supporting 

glioma genesis, resistance to therapy and aggressive recurrence [20]. Recent studies support 

transformation of GSCs from neural stem cells (NSCs) as a possible sentinel event in glioma 

formation [22]. Treatment resistance in GSCs is a multi-faceted, redundant process that 

nearly ensures poor efficacy [23–27]. GSCs exist throughout the tumor and are able to 

migrate along white matter pathways, frequently escaping even gross-total resection [28]. 

They additionally harbor genetic and cellular anomalies that directly counter current 

standard of care therapy [23–25,29]. Ultimately, GSCs are able to utilize the same 

advantages that enable them to drive initial tumor formation to support recurrent growth. 

Recurrent tumors are comprised largely of cells that resisted initial treatment efforts, 

presenting a more formidable therapeutic challenge and expected survival of mere months 

[30].

Pursuant to their critical role in GBM, it is imperative to efficiently isolate GSCs for study. 

To date, many characteristics and markers have been identified with varying degrees of 

specificity for GSCs and contributions to the GSC phenotype [15,31,32]. The hallmarks of 

GSC growth are neurosphere formation in appropriate culture conditions, and the in vivo 

recapitulation of aggressive, infiltrative tumors in animal models [20,30]. Neurosphere 

formation is a basic but reliable method of isolating the GSC population from tumor tissue. 

Sorting cells based on markers is also utilized to identify and separate GSCs from tumor 

tissue. CD133, a transmembrane glycoprotein, is the most widely recognized and reliable 

marker [15]. Cells expressing CD133 are easily isolated, and routinely display the qualities 

characteristic of GSCs. In extensive preclinical studies these cells are able to grow in 

neurospheres and recapitulate human tumors after injection of low cell numbers in animal 

models [15]. CD133-negative GSCs, however, have been isolated from patient-derived GBM 

samples, highlighting the work still to be done in this regard [31]. As such other markers 

have been pursued both as independent identifiers of GSCs, and those that when combined 

with CD133, improve the likelihood of obtaining a pure population of GSCs. Promising 

examples of other markers include CD15/SSEA, A2B5, Notch, CD44, EZH2, STAT3, and a 

host of other surface moieties and transcription factors [15,31,32]. More accurate and 

efficient isolation of GSCs will allow focus on their specific biology and where it is most 

vulnerable to future therapeutic efforts.

GSCs have a synergistic, codependent relationship with their environment within the tumor, 

occupying specialized niches that have now been well characterized. GSCs are most 

frequently found in the perivascular and hypoxic regions of tumors [33,34]. The perivascular 

niche is that surrounding the blood vessels infiltrating the tumor, which are frequently poorly 

formed, leaky and friable [33]. Vessels with poor integrity create a microenvironment with 

high interstitial pressure and poor delivery of oxygen and other nutrients. Drug penetration 

into the tumor is therefore also limited, representing the most basic means of GSC resistance 

to therapy [35]. GSCs have a complex relationship with tumor-associated endothelial cells, 

mutually supporting each other through intercellular signaling [33]. GSCs are a prominent 

factor in the recruitment of blood vessels to support continued tumor growth [36]. Evidence 
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also increasingly suggests that GSCs not only stimulate endothelial cell growth and 

proliferation associated with neo-angiogenesis, but that GSCs can directly form endothelial 

cells [36].

A relatively low tissue oxygen tension is a characteristic in GBM as a function of the poor 

vasculature and dense cellularity, and GSCs are frequently found in regions of mild to 

moderate hypoxia [37]. The hypoxic niche supports GSC survival and proliferation via a 

unique transcription factor profile. The hypoxia-inducible factors (HIFs) are induced both 

upon cellular recognition of hypoxia and in GSCs at baseline [37]. GSCs utilize HIF 

signaling to maintain stemness and promote survival and expansion [37]. HIFs enact these 

changes via induction of GSC-associated genes (c-MYC, OCT4, NESTIN, NANOG) and 

up-regulation of downstream effectors (NOTCH, Prostatic Acid Phosphatase, AKT). The 

hypoxic niche also protects GSCs by way of limited drug penetration and decreased 

potential for generation of reactive oxygen species (ROS), processes crucial to current 

treatment paradigms. Hypoxia has a direct role in chemotherapeutic resistance as well, 

inducing MGMT expression in GSC cell lines [38]. This niche offers many mechanisms as 

targets for future translational efforts in therapy.

The immunosuppressive niche is one created by GBM cells, with GSCs being a key 

mediator. Via secreted factors and cell surface alterations, GSCs manipulate the tumor 

microenvironment [27]. GBM first recruits native microglia and peripheral macrophages, 

then induces an immunosuppressive phenotype in both [39]. In regard to adaptive immunity, 

GSCs induce tumor antigen anergy through ineffective processing and presentation to 

antigen presenting cells. In addition, direct GSC-mediated induction of effector T cell death 

and Treg proliferation further limits the potential host response [27]. Immune therapy 

therefore must overcome multiple hurdles: presentation of antigens in an effective manner, 

inducing an adequate anti-tumor effector response, and overcoming the preponderance of 

immunosuppressive mechanisms.

The unique biology of GSCs is crucial to creating a population within GBM tumors that is 

continually resistant to the best therapy available. GSCs represent the cells most likely to 

persist through standard of care treatment, and are the cells demonstrated to be the most 

potent and tumorigenic in the first place. They are capable of generating many populations 

of cells with each clone prepared to combat therapy in various ways. The cells surviving 

therapy have already been selected as the ones best equipped to form tumors, survive in a 

hostile environment, and preserve the most malignant characteristics. It comes as no surprise 

then, that patients harboring tumors with a high proportion of GSCs may have poorer 

prognoses.

3. Why is it difficult to attack glioma stem cells?

Despite gross-total resection at surgery, good response to irradiation, and first-round 

chemotherapy with the best chemotherapeutic agent available in the market, temozolomide 

(TMZ), recurrence of GBM is still inevitable in nearly all cases [40]. Given the intrinsic 

genetic and phenotypic heterogeneity of GBM, it is possible that the current standard of care 

is only eradicating specific and more susceptible GBM subpopulations, while the most 
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resistant ones survive and repopulate the tumor. This leads to a more aggressive recurrent 

tumor that does not respond to initial therapy and significantly impairs patient prognosis. 

Here, we will discuss the main mechanisms and characteristics of GSCs that render this 

subpopulation such a difficult target for primary chemotherapies.

Primarily, in order to penetrate the brain, all systemically administered drugs need to cross 

the blood brain barrier (BBB). The BBB is a highly selective structure separating the 

circulating blood from the parenchyma and cerebrospinal fluid (CSF) in the central nervous 

system (CNS). It is mainly composed of capillary endothelial cells connected by tight 

junctions, which significantly impair the efficiency of chemotherapeutic agents by 

decreasing their concentration in the brain parenchyma [41]. Although TMZ does not 

present a first-pass effect, which would decrease its final concentration in the blood due to 

intestinal and hepatic degradation, previous studies have shown a significant decrease of the 

drug concentration in the brain. The final concentration of TMZ in the plasma of human 

patients is 50uM, while in the CSF it is only 5uM [42–44]. Although it has been shown in 

vitro that the concentration of 50uM is able to deplete 50% of clonigenic GBM cells, the 

concentration of 5uM had no effect on cell death in vitro, regardless of MGMT status [45–

47]. The real concentrations of TMZ in the plasma and in the brain parenchyma are 

important factors that will decide if the amount of drug that gets to the tumor site is enough 

to eradicate the remaining malignant cells that were not affected by surgery and radiation 

therapy. Additional studies suggest that tumor cells in contrast-enhancing areas, which 

present a disrupted BBB, are likely exposed to plasma concentrations of the drug (50uM), 

while infiltrative tumor cells in the normal brain parenchyma are exposed to 5uM [44]. 

Therefore, it is natural to conclude that new therapeutic agents need to be added to the 

current standard of care in order to deplete chemoresistant infiltrative GSC subpopulations. 

Similar studies are not available for BCNU (bis-chloroethylnitrosourea), another alkylating 

agent used in GBM chemotherapy.

Invariable GBM recurrence after TMZ therapy indicates the presence of chemoresistant 

malignant cells [48]. TMZ achieves significant cytotoxic effect in GBM cells by methylating 

the O6 position of guanine in DNA. This methyl residue can be removed from DNA by O6-

methylguanine-DNA-methyltransferase (MGMT), a repair enzyme that has variable 

expressions in GBM. It is believed that greater MGMT promoter methylation leads to its 

inactivation, therefore rendering higher activity to chemotherapeutic alkylating agents, such 

as TMZ [49–51]. CD133+ GSCs were shown to contribute to the resistance to TMZ through 

increased expression of MGMT, BCRP1 (Breakpoint Cluster Region Pseudogene 1), and 

anti-apoptosis proteins [48]. Similar results were observed in another study using a mouse 

model of genetically engineered glioma. There, Bleau et al. noticed an increased side 

population after TMZ therapy, which is an indication of increased GSC population [52]. In 

addition, TMZ was shown incapable of blocking self-renewal of GSCs that express MGMT 

[45]. TMZ therapy, however, was effective in eliminating MGMT-negative GSCs [53]. 

Chemoresistance of cancer stem cells have also been reported by several other mechanisms, 

such as increased expression of ABC transporters [54,55], which will be explained in further 

detail in topic 5.
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GSC plasticity was recently shown as an important mechanism of chemoresistance. The 

cancer stem cell hypothesis postulates that a complete elimination of GSCs would stop the 

continuous growth of GBM and its recurrence by halting tumorigenesis. However, this 

hierarchical model has been questioned by recent discoveries that niche factors such as 

hypoxia and acidic stress are able to induce stemness of non-GSCs [37,38,56]. Additional 

lines of research have demonstrated that CD133- glioma cells are able to acquire CD133+ 

properties in nude rats [57]. Similar conversion of non-GSCs into GSCs was determined 

after primary chemotherapy in a recurrent GBM model [19]. In line with these results, Chen 

et al. reported the existence of multiple types of CSCs within a single cell line [58]. This 

newly discussed concept of cellular plasticity as a mechanism of resistance to therapy was 

also confirmed by Dahan et al. [59]. The authors demonstrated the dedifferentiation of 

human-derived non-GSCs into GSCs following ionizing radiation via a survivin-dependent 

pathway. Taken together, these data suggest that GSC plasticity through generation of GSCs 

from non-GSCs may represent a new mechanism of therapeutic resistance following 

selective elimination of GSCs.

Finally, recent genome-wide expression profiling and DNA methylation analysis followed 

by clinical assessment have demonstrated the existence of three main high-grade glioma 

phenotypes: proneural, mesenchymal, and classical [60–62]. The proneural phenotype is 

mostly associated with IDH1 mutation or PDGFRa amplification, p53 mutation, and either 

positive or negative CpG island methylator phenotype (CIMP) [63,64]. Patients bearing 

proneural tumors present a better prognosis, with slow progression from low-grade glioma to 

GBM [58,60] (Figures 1 and 3). The mesenchymal group retains wild-type IDH1 and is 

associated with deregulated expression of NF1 gene. The classical subtype, in turn, 

possesses an increased activity of EGFR pathway. Patients from both classical and 

mesenchymal groups harbor a poor prognosis [62] (see Table 1). It was recently shown that, 

typically, GBM recurrence after failure of primary therapies is characterized by a phenotypic 

shift from proneural to mesenchymal subtypes [60]. Mao et al. described a similar epithelial-

mesenchymal transition (EMT) shift as being a major contributor to the maintenance of 

GSCs [65]. The observation that a small subset of GSCs in proneural GBM tumors displays 

a mesenchymal phenotype reveals that both proneural and mesenchymal signatures may co-

exist within the same tumor [65]. The idea of intratumoral heterogeneity of GSC 

subpopulations warrants special care towards the development of specific therapies aiming 

one particular subgroup. In this scenario, the depletion of one GSC subpopulation may lead 

to the enrichment of the other, leading to therapeutic resistance and aggressive malignant 

phenotype.

4. Molecular mechanisms of glioma stem cell resistance to chemotherapy

GBM maintains status as one of the most feared malignancies based on various mechanisms 

of resistance against current therapeutic measures. GSCs are crucial to the dismal prognosis 

associated with GBM on account of their tumorigenic properties and enhanced mechanisms 

of treatment resistance. The myriad cellular mechanisms by which GSCs circumvent chemo- 

and radiotherapy include changes in DNA analysis and processing, cell cycle regulation, 

limitation of drug accumulation in tumor cells, and continued regeneration of a progenitor 

cell population (Table 2). DNA repair and cell cycle regulation are the primary line of 
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defense against current chemo- and radiotherapy, which targets DNA replication in 

proliferating cells [23,29]. Drug concentration in the tumor is limited at best, influenced by 

the blood-brain barrier, tumor vascular supply, and active drug efflux via MDR channels 

[35]. While GSCs retain the potential to proliferate indefinitely, they do so relatively slowly, 

further rendering them insensitive to cell cycle regulation [29]. All mechanisms of treatment 

resistance work in concert to severely limit efficacy of current therapeutic practices.

Extensive DNA repair aberrations are prominent in GSCs and account for frequent treatment 

failure and dismal survival expectation. TMZ and other alkylating agents cause base pair 

changes that are ideal targets for the most common DNA repair pathways [25]. GSCs benefit 

from enhanced DNA repair based on MGMT expression, which is increased in comparison 

to differentiated GBM cells [48]. The mismatch repair (MMR) system is integral to 

induction of cytotoxicity in TMZ treatment via recognition of alkylated base pairs, but is 

frequently inactive or grossly dysfunctional in GSCs [29]. In sensitive cells, MMR 

recognizes base-pair mismatches as well as addition and deletions, including the O6-

methylguanine produced by TMZ [66]. Cells with irreparable DNA damage develop double-

stranded DNA breaks and undergo apoptosis [66]. Aberrant MMR activity allows continued 

replication of cells with genetic changes otherwise inconsistent with progression of the cell 

cycle. Cells are not only therapy-resistant, but have the potential to develop additional 

advantageous mutations as a result of therapy.

Base excision repair (BER) aids in correcting the base pair anomalies recognized by the 

MMR system [67]. The BER system, in normal cells, is capable of recognizing and excising 

a variety of base alterations, including those induced by common chemo- and radiotherapy 

[67]. Damaged base pairs are removed by the corresponding DNA glycosylase and/or 

apurinic/apyrimidinic endonuclease (APE1), followed by DNA polymerase and ligase 

mediated strand repair [24]. Not only is the BER system, and APE1 specifically, hyperactive 

in malignancy but it negatively regulates the MMR system [24]. Poly ADP-ribose 

polymerase (PARP-1), an effector of apoptosis, plays a key role in cancer biology by 

detecting DNA damage, and activating repair systems. PARP-1 affects both MMR and BER, 

and is upregulated in glioma [68]. The cumulative effect of the different systems creates a 

cell population well-suited to withstand, and in some cases benefit from, the nucleic acid 

damage induced by both chemo- and radiotherapy.

Further, the cell cycle itself and intrinsic mechanisms to ensure its integrity are altered in 

GSCs. DNA checkpoints, specifically Chk1 and Chk2 kinases prevent cell cycle progression 

on detection of DNA damage. Chk1 is labile, but active even in the absence of DNA damage 

in S and G2 phase [69]. Chk2 is a stable protein, activated by ATM-mediated dimerization 

and auto-phosphorylation in response to DNA damage detected at any point in the cell cycle 

[69]. Chk1 and Chk2 provide yet another mechanism for therapeutic evasion in GBM. 

Increased Chk1 and Chk2 activity is induced by oxidative and replicative stress [25]. Cells 

with p53-deletions, and therefore more susceptible to all DNA repair alterations, are selected 

for survival and replication. Chk1 and Chk2 activity is increased in GSCs even before 

treatment, contributing to the prolonged cell cycle and making them inherently resistant to 

cell death enacted by DNA damage [29]. Due to their overwhelming role in therapeutic 
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resistance, cellular DNA damage response elements are widely studied with hope that they 

provide a future therapeutic target.

Chemotherapy is also hindered by limited bioavailability in GBM. GSCs express the ATP-

binding cassette (ABC) transporter channels at an increased rate compared to differentiated 

tumor cells, adding to the known challenges in drug delivery presented by the BBB and 

irregular tumor vasculature [26,70]. ABC channels actively and expeditiously transport 

molecules, including TMZ, both at the BBB and the cellular level to allow some cells to 

completely elude therapy and promote recurrence [52,71]. Expression of these proteins, with 

ABCG2 being the main example, is also associated with subpopulations of cells that are 

stem-like and multidrug resistant [26]. The mechanisms of multidrug resistance are still 

vague, with many pathways (SHH, Bcl-2, Akt, Survivin, etc.) proposed to be involved, 

making effective targeting and regulation difficult [72–74]. The ABC protein encoded by 

ABCG2 appears to enhance migration and invasiveness of GSCs and general GBM cells, 

possibly through interaction with matrix metalloproteinases (MMP) [75]. The ABC gene 

family is yet another example of redundant pathways enhancing the survival and adaptation 

of aggressively malignant cells.

The continued study of GSCs and their poor response to therapy suggests more than just 

resistance as the reason they are enriched after treatment. Though GSCs do appear to 

respond to TMZ therapy as clonal expansion is decreased, most studies cite low overall cell 

death [45]. Going one step further, recent evidence supports interconversion between 

differentiated GBM cells and GSCs, or phenotypic plasticity. GSCs, as discussed previously, 

self-renew and maintain their own population while also producing clonal populations of 

differentiated cells throughout the tumor [20]. Studies now support retroversion of 

differentiated cells to a more stem-like or progenitor state, a change recently suggested to 

occur spontaneously in some cases, or to be induced or potentiated by TMZ therapy and 

possibly other cellular stressors including hypoxia and radiation [19]. HIF2α, loss of PTEN, 

and loss of von Hippel-Lindau have all been proposed as inciting events in GSC conversion 

[76,77]. Change to a stem-like phenotype from non-GSCs has been confirmed by assessing 

neurosphere and xenograft tumor formation, as well as cellular activity of classical GSC 

genes (OCT4, NANOG, c-MYC, etc.) [19,76,77]. Plasticity magnifies the ineffectiveness of 

current therapy, which not only spares GSCs but also replenishes those best suited to 

withstand subsequent therapy.

The combined mechanisms of resistance explain the incremental, inadequate progress made 

in GBM therapy in the last several decades. GSCs provide hope that the source of GBM, and 

its myriad survival mechanisms, has been discovered. As such, intense study is and will 

remain focused on GSC biology with the promise of new drug targets better suited for 

therapeutic success.

5. Targeted therapies toward glioma stem cells (that may be combined with 

chemo to increase therapeutic efficacy and decrease tumor recurrence)

In light of their crucial role in GBM pathogenesis, developing therapeutic agents specific to 

GSCs is a growing focus of GBM research. A major limitation in targeting GSCs is that they 
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share many features with NSCs. Both NSCs and GSCs retain similar properties as 

undifferentiated progenitors, capable of both self-renewal and generation of clonal 

populations of cells [78]. NSCs also occupy a perivascular niche and rely on its cellular 

signaling for survival. One aspect that remains to be fully explored is the difference in 

expression of the same genes in both NSCs and GSCs, and if the difference is significant 

enough to allow a therapeutic effect while sparing normal NSCs [79]. Until this is clear, the 

pursuit of those molecules and pathways specific to GSCs will continue, with some potential 

options already being studied: EGFR/AKT, EZH2, NOTCH, Hedgehog-Gli, and STAT3 

[80–82]. GSC specific targets are an important goal of continuing efforts, however, one must 

consider NSC off-target toxicity in the context of a malignant and uniformly fatal disease 

process.

GSC-specific therapeutic strategies to date have included promotion of differentiation, 

disruption of GSC niches, immunotherapy, and enhancing susceptibility to traditional 

chemotherapy (Table 3). Inducing differentiation to more terminal glioblastoma cells makes 

them inherently more sensitive to therapy, less capable of engraftment, and in some cases 

can directly induce apoptosis [83–86]. Conversion to more differentiated glioma cells also 

limits or in some cases reverses the negative immune effects mediated by GSCs [27]. To date 

inducers of cellular differentiation effective in GSCs include bone morphogenic proteins 

(BMPs) and post-transcriptional modification using miRNA (451, 1792, 137, 124) [83–86]. 

Preclinical studies of these compounds have demonstrated their ability to decrease GSC 

neurosphere formation and tumor engraftment while also inducing apoptosis. With improved 

delivery and specificity they may represent promising translational therapeutic options.

Besides direct cellular manipulation, some studies have attempted to target GSCs by 

modifying the niches that they characteristically occupy. Preliminary attempts to increase 

local tissue oxygen have been explored to improve tumor cell stress after both chemo- and 

radiotherapy [87]. Much prior work has focused on targeting HIFs and their downstream 

effectors to disrupt GSC signaling and survival [88,89]. Notch has a critical function in the 

hypoxic and perivascular niches, serving to prevent neuronal differentiation and support 

GSC growth [33]. The relationship between GSCs and endothelial cells of the 

neovasculature continues to be explored and has yielded targets to disrupt the synergistic 

relationship. Inhibitors of mTOR, Delta-like 4 (DLL4), laminins, nitric oxide (NO), and 

sonic hedgehog (SHH) ligand have all been developed to affect the survival of GSCs, with 

various degrees of success in preclinical study and early clinical trials [90–93]. GSCs 

stimulation of angiogenesis is beneficial for nutrient supply in tumor growth and endothelial 

cell secretion of supportive factors. Anti-angiogenic therapies targeting VEGF, stromal 

derived factor 1, and others combined with the current standard of care may be beneficial 

from a multidisciplinary perspective [94].

GBM immunotherapy is an area of intense interest, and GSCs are no exception given the 

growing support of their integral pathological role. Antibody-directed therapy using known 

cell surface moieties has the potential to both disrupt GSC biology and deliver other therapy 

directly to GSCs. CD133 antibodies have been used for conjugated delivery of nanoparticles 

and chemotherapeutic agents [95,96]. Antibodies may also have utility in targeting GSC-

secreted factors, such as TGFβ and Galectin-3, to hinder development of the 

Auffinger et al. Page 9

Expert Rev Neurother. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunosuppressive niche [27]. The most clinically advanced therapies in current use are 

adoptive T cell and dendritic cell transfer [97,98]. Host T and dendritic cells are isolated and 

exposed to tumor/GSC antigens ex vivo, away from the immunosuppressive environment, 

then administered back to the host. Primed T cells are then able to attack tumor cells when 

injected back into the host. Re-administration of dendritic cells holds the promise of 

inducing a sustained adaptive, anti-tumor immune response. These strategies, as well as 

depleting microglia, macrophages and Tregs warrant further study to optimize this approach.

Therapy directly addressing the mechanisms of therapeutic resistance discussed previously 

are being explored with the hope of improving cytotoxicity of current therapy. Knockdown 

of Chk1 and Chk2 kinases with siRNA has proven effective in vitro in preventing cell cycle 

arrest and inducing apoptosis [99]. Checkpoint, ATM and other inhibitors are of avid interest 

in decreasing cell cycle arrest, promoting apoptosis after DNA damage from alkylating 

chemotherapy or radiation [100–103]. Inhibition of the MDR genes such as ABCG2 with 

miRNA-328 and other small molecules shows potential for decreasing resistance and 

increasing the therapeutic impact of chemotherapy in preclinical studies [26,104]. By 

inhibiting or down-regulating ABCG2, concentration of TMZ and other therapeutics in the 

tumor can be improved while also decreasing migration and invasiveness via regulation of 

matrix metalloproteinase activity [70,75]. Melatonin also has a synergistic cytotoxic effect 

with chemotherapy in GSCs and other cell lines by down-regulating ABCG2 [105].

Cell signaling pathways that directly contribute to survival and therapeutic resistance in 

GSCs are current targets of investigation as well. Sorafenib is a multi-kinase inhibitor that 

affects the PI3K/Akt and MAPK pathways [106]. Sorafenib preferentially acts on GSCs 

versus differentiated cells, down-regulating genes associated with stemness, limiting growth 

and inducing apoptosis. Recent studies have also explored the cytotoxic effect of metformin, 

an oral hypoglycemic agent, specifically on GSCs [107]. Gamma secretase inhibitors (GSIs) 

are used to modulate Notch and Hedgehog-Gli pathways to increase GSC sensitivity to TMZ 

[53]. Akt is frequently mentioned in the study of GSCs and their life cycle, and attempts to 

downregulate Akt have met with some treatment-sensitizing success [52]. Other pathways 

have and will continue to emerge in similar fashion to attempt to gain an efficacious 

advantage [108,109]. Metformin, sorafenib, and other drugs being re-purposed in this 

context are intriguing options as their safety has already been evaluated in other conditions, 

decreasing the barriers to their use in human trials.

While they currently represent one of the most significant challenges in GBM therapy, GSCs 

offer a plethora of potential therapeutic targets and optimism for the future. Overall the 

diversity of therapeutic approaches under consideration reflect the magnitude of the clinical 

problem presented by GBM.

6. What does the future hold?

In this review we discussed some mechanisms believed to be associated with 

chemoresistance of GSCs and how this specific subpopulation would drive the recurrence of 

a much more aggressive GBM. We also debated the main reasons of why complete 

eradication of GSC subpopulations is so difficult to achieve. However, the study of cancer 
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stem cells and their effect on malignant recurrence is still in its infancy. Therefore, many 

additional relevant mechanisms are expected to be discovered in a near future, together with 

a deeper understanding of the current paradigm. In this topic, we will discuss five main 

future directions that may significantly impact future studies in this subject.

First, due to the major role of chemoresistant GSCs in driving GBM recurrence, it is 

imperative to unveil relevant GSC-specific markers and survival pathways that may act as 

possible targets for new treatments. In addition, a better understanding of the intrinsic and 

extrinsic factors that drive self-renewal and differentiation of the GSC population will 

facilitate the manipulation of cell cycle checkpoints in order to sensitize GSCs to standard 

chemotherapies. Second, with technological advances, the advent of personalized medicine 

will culminate with the development of therapies focused on the molecular identity of 

individual patients and tumors. The discovery and isolation of specific molecular signatures 

in the patient's tumor will allow for the selection of a more appropriate regimen of chemo- or 

radiotherapy [110]. Furthermore, in-depth analysis of intratumoral heterogeneity and GSC 

phenotype by single cell study will enable the identification of possible mechanisms by 

which the tumor evades standard therapies and acquires more aggressive features.

Third, personalized medicine will take a step forward with the development of genome-wide 

expression analysis of each tumor. Such an individualized approach would enable the 

accurate prediction of patient outcome to a particular therapy based on each tumor genomic 

profile. The main idea is that, the more complete a picture we get from all genetic and 

phenotypic heterogeneities present in a tumor, the more chances we will have to find an 

effective treatment. The better understanding of the genetic and phenotypic characteristics 

each patient's tumor would allow for the discovery of new targets and the development of 

new GSC-specific therapies that could be combined with the current standard of care. This 

individualized approach would permit matching patients with new treatments that are more 

likely to be effective and cause fewer side effects. Fourth, targeting single GSC genes may 

likely be an ineffective approach to counteract GSCs' self-renewal and tumorigenicity 

associated with GBM recurrence. Therefore, combined poly-pharmacologic therapies may 

be an effective alternative to simultaneously target multiple GSC survival-promoting factors.

Last, it is imperative to understand better the mechanisms that drive GSC plasticity, so we 

can effectively stop it. The increased conversion of non-GSCs into GSCs after primary 

chemotherapy significantly increases the difficulty of targeting the GSC population 

responsible for malignant relapse. As a result, treatments that are intended to target GSCs 

may be rendered completely ineffective if non-GSCs acquire stem-like characteristics at a 

later time post-therapy. The recently described idea that CSCs and non-CSCs may regulate, 

activate, and protect each other through a mechanism that involves EGFR amplification 

raises an important discussion on the effectiveness of the currently available standard 

therapies that are devised to mostly target rapidly dividing differentiated GBM cells [111]. 

We believe that a simultaneous targeting of tumor-initiating and differentiated glioma cells 

may be a viable strategy to overcome GSC plasticity and intratumoral heterogeneity. The 

discovery of novel therapeutic strategies able to target undifferentiated and dormant GBM 

cells allied with the use of GSC-specific genomic signatures in guiding clinical treatments 

may present a feasible way to achieve long-lasting therapeutic results.
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Expert commentary

The role of GSCs in the phenotypic and genetic heterogeneity of GBM is a new and 

attractive area of current research. GSCs are intrinsically plastic and their dynamic 

interconversion between GSCs and non-GSCs has been held responsible for the invariable 

malignant recurrence after primary standard therapies and the dismal prognosis of patients 

bearing recurrent tumors. We believe that only a better understanding of the mechanisms 

that drive GSC interconversion and the role of intratumoral microenvironment in the 

generation of the specific cues necessary for triggering this plasticity will enable us to 

develop effective targeted therapies against these GBM subpopulations. In addition, we 

believe that the use of such targeted therapies needs to be combined with poly-

pharmacologic treatments that are able to target both rapidly dividing and quiescent GBM 

subpopulations. A combination of a deep understanding of GBM heterogeneity by both 

wide-genome and single cell analysis and the application of this knowledge to guide the 

choice of the best therapeutic regimen for each patient will open doors for more personalized 

medicine and long-lasting elimination of malignant relapse.

Five-year view

Understanding GSC plasticity is the key for the development of effective therapies targeting 

this population in recurrent tumors. Single-cell and wide-genome analysis of primary and 

recurrent tumors will show us the key differences that drive specific mutations in these 

different populations. This knowledge, together with the study of specific environmental 

cues that trigger these changes in GSC phenotype will enable the development of more 

personalized medicine, which will lead to effective and long-lasting therapeutic results.
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Key issues

• Glioma stem cells develop from upon mutation of neural progenitor cells or 

neural stem cells. GSCs then mediate tumorigenesis, resistance to therapy and 

recurrence.

• GSCs are inherently resistant to standard of care therapy. The mechanisms of 

resistance include MGMT promoter methylation status, enhanced repair of DNA 

damage, impaired induction of apoptosis, aberrant DNA checkpoint analysis, 

ABC-type transporter expression and multidrug resistance, phenotypic plasticity 

and specialized cyto-protective niches.

• Current pharmacologic strategies to target GSCs include the induction of 

differentiation, disruption of GSC niches, immunotherapy, and restoration of 

sensitivity to current therapy.

• Targeting GSCs while limiting toxicity to normal tissue is of critical current and 

future significance. GSC-specific microenvironments, cell markers, gene 

expression profiles, and signaling pathways currently serve as the best targets 

for a directed approach.

• Similar to the combination of TMZ and radiation, future therapy for GBM is 

likely to require a combinatorial approach to eliminate two very different cell 

populations: GSCs and differentiated cells.

• Progress in GBM and GSC-directed therapy will require a combination of 

traditional and progressive approaches, including genetic analysis of individual 

tumors and detailed single-cell study. Such tailored investigation and therapy 

will attempt to match the heterogeneity found in GBM.
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Figure 1. Histological differences between GBM and low-grade glioma (LGG)

GBM (left) has a central area with densely cellular tumor that exhibits mitoses and 

endothelial/microvascular proliferation, with infiltration between normal neurons at the 

periphery of the lesion. (A) Staining for IDH1 and (B) nuclear labeling for p53. LGG (right) 

H&E staining, with (C) positive IDH1 and (D) positive nuclear p53. Based on the 

immunoprofile, this particular GBM likely arose as secondary GBM out of a diffuse 

astrocytoma. 100X magnification.
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Figure 2. Origin, self-renewal, and dedifferentiation of GSCs

Image depicting GSGs originating from mutated NSCs (1). Depending on specific 

environmental cues (2), the “GSC of origin” will undergo either asymmetric or symmetric 

cell division to give rise to, respectively, self-renewed GSCs and differentiated non-GSCs 

(3). This will ultimately lead to a genetically and phenotypically heterogeneous GBM. The 

plastic phenotype is seen by the interconversion between GSCs and non-GSCs (4). Non-

mutated neural progenitor cells will originate a wide range of cells in the brain, such as 

astrocytes, glia cell, and neurons (5).
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Figure 3. Representative immunohistochemistry of LGG

LGG (diffuse astrocytoma) (A) H&E staining, (B) positive IDH1 and (C) positive nuclear 

p53. 200X magnification.
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Table 1

Distinct characteristics between the three main high-grade glioma phenotypes.

Glioma subtype Prognosis Frequency Resistance to therapy Gene mutation Altered signaling pathway

Proneural - IDH1 Slow progression 12% No IDH1, TP53, ATRX, 
CIMP+

IDH1

Proneural - PDGFRA Slow progression 14% No PDGFRA amplification, 
TP53, CDK2A deletion, 

CIMP−

RTK

Mesenchymal Poor 35% Yes NF1 STAT3

Classical Poor 39% Yes EGFR amplification or 
EGFRvIII mutation

RTK-PI3K-AKT-mTOR

Abbreviations: IDH1, isocitrate dehydrogenase 1; TP53, tumor protein p53; ATRX, transcriptional regulator ATRX; PDGFRA, platelet-derived 

growth factor receptor alpha; CDK2A, Cyclin-dependent kinase 2; RTK, receptor tyrosine kinases; NF1, neurofibromin 1; STAT3, signal transducer 

and activator of transcription 3; EGFR, epidermal growth factor receptor; EGFRvIII, epidermal growth factor receptor variant III; PI3K, 

Phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; CIMP, CpG island methylator phenotype.
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Table 2

Mechanisms of Resistance in GSCs

Mechanism Pathway Reference

MGMT • Reverses O-6 guanine alklation [48]

• Allows DNA synthesis and cell cycle progression

MMR • Recognition of mismatches, additions, deletions [66]

• Attempted repair by MutSα/MutLα

• MutSα/MutLα deficient in glioma

• Induction of p53 mediated-apoptosis

BER • Excision of methylated, deaminated, hydroxylated bases via APE1 [67]

• Repair via DNA polymerase and ligase

• APE1 upregulated in glioma

Chk1 • Recognition of DNA damage during cell cycle [69]

• Arrest of cell cycle at S, G2

• Improved DNA repair in glioma

Chk2 • Activated after ATM recognition of DS-DNA breaks [69]

• Arrest of cell cycle at any stage

• Improved DNA repair in glioma

ATP-binding cassette transporters • Chemotherapy efflux [26,52,71,73]

• Increased migration, invasion via MMP

• Maintenance of stem-state, MDR activation - SHH, Bcl-2, Akt, Survivin

Abbreviations: APE1, human AP endonuclease; DS-DNA, double-stranded deoxyribonucleic acid; ATM, ataxia telangiectasia mutated; MMP, 

matrix metalloproteinase; CDK2, Cyclin-dependent kinase 2; MDR, multidrug resistance; Bcl-2, B-cell lymphoma 2; AKT, protein kinase B; ATP, 

adenosine triphosphate.
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Table 3

GSC-targeted therapies

Therapy Mechanism Target(s) Reference

Pro-differentiation 1) Smad-dependent transcriptional regulation 1) BMP [83]

2) miRNA [84–86]

2) Increased miRNA-451, inhibition of miRNA-17-92, 
overexpression of miRNA-124 and -137 individually 
caused differentiation and/or apoptosis

Niche Therapy 1) Increased local tissue oxygen; HIF transcription 
factor/pathway inhibition

1) Hypoxic [87–89]

2) Perivascular [33,90–93]

3) Immune [95–98]

2) Inhibition of VEGF, Notch, mTOR, Delta-like 4 
(DLL4), laminins, nitric oxide (NO), and sonic hedgehog 
(SHH), stromal derived factor 1

3) Targeted antibodies, T and dendritic cell transfer

DNA repair/checkpoint MDR 1) Gene knockdown 1) Chk1, Chk2 [99]

2) Inhibitors 2) Chk1/2, ATM [100]

1) Down-regulation with miRNA-328, melatonin 1) ABCG2 [26,104,105]

Cell signaling and survival pathways 1) GSI 1) Notch, Hedgehog-Gli [52,53,106,107]

2) Kinase inhibitors – sorafenib, etc. 2) PI3K/Akt, MAPK

Abbreviations: TGFβ, transforming growth factor beta 1; BMP, bone morphogenetic protein; miRNA, microRNA; HIF, hypoxia-inducible factors; 

MDR, multidrug resistance; Bcl-2, B-cell lymphoma 2; AKT, protein kinase B; ATP, adenosine triphosphate; PI3K, phosphoinositide 3-kinase; 

ATM, ataxia telangiectasia; ABCG2, ATP-binding cassette sub-family G member 2; GSI, selective inhibition of heterotrimeric Gs signaling; 

MAPK, mitogen-activated protein kinases.
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