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Abstract

Cancer metabolism has emerged as one of the most interesting old ideas being revisited from a 

new perspective. In the early 20th century Otto Warburg declared metabolism the prime cause in a 

disease of many secondary causes, and this statement seems more prescient in view of modern 

expositions into the true nature of tumor evolution. As the complexity of tumor heterogeneity 

becomes more clear from a genetic perspective, it is important to consider the inevitably 

heterogeneous metabolic components of the tumor and the tumor microenvironment. High grade 

gliomas remain one of the most difficult to treat solid tumors, due in part to the highly 

vascularized nature of the tumor and the maintenance of more resistant stem-like subpopulations 

within the tumor. Maintenance of glioma stem cells (GSCs) requires specific alterations within the 

cells and the greater tumor microenvironment with regards to signaling and metabolism. Specific 

niches within gliomas help foster the survival of stem-like sub-populations of cells with high 

tumorigenicity and high metabolic plasticity. Understanding these maintenance pathways and the 

metabolic dependencies within the niche may highlight potential avenues of addressing tumor 

resistance and recurrence in glioma patients.
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1 Introduction

Glioblastoma represents one of the most lethal solid tumors with one of the highest mortality 

rates, having an overall survival of approximately 12–14 months with the full complement of 
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treatment [1]. Negligible progress has been made on that survival figure despite 

advancements in chemotherapy and surgical techniques over the past 30 years. This has 

required a reassessment of where within our understanding of glioma biology the major gaps 

in knowledge remain and the sobering reality is that the gaps are not small. The developing 

view of tumors as heterogeneous disease comprised of many subpopulations with unique 

properties has forced us to consider more closely the dynamics within a tumor that play a 

role in not only driving tumor development forward but also in maintaining tumor survival 

under severe stress. It is important to start to piece together the specifics of the many 

different networks within a tumor system including interactions between tumor 

subpopulations, interactions between the tumor and its stroma surrounding, interactions 

between the tumor and the immune components, and even interactions between the tumor 

and the local stem compartment. With the need to begin to address these gaps in 

understanding gliomagenesis, the tumor microenvironment and the complex metabolic 

networks within these tumors have come into particular focus in recent research.

Tumor metabolism fundamentally discusses two major points of cell behavior: (1) the 

specific sourcing of macromolecules of metabolites, and (2) the different cellular mechanism 

used to deal with different nutrients for either anabolic construction or catabolic breakdown. 

Many tumors have been shown to augment its microenvironment in order to more optimally 

acquire nutrients, which is of particular importance to solid tumors as the tumor core 

becomes more isolated from the native vascular infrastructure. Microvascular hyperplasia is 

one of the important hallmarks in glioma development and in fact most gliomas maintain 

extensive, proliferative vascular endothelium [2]. Although this vasculature is required for 

most of the tumor bulk, solid tumors will have variability in access to oxygen and nutrients 

in different tumor compartments, and adaptations to this variability is also important for 

tumor growth. As solid glioma bulk grows in mass, the core tumor space will begin to form 

necrotic and hypoxic regions and a significant amount of necrotic buildup ensues. However, 

there will also be cellular compartments within the tumor bulk that adapt to the oxygen and 

glucose gradients and may thrive in this space. Within a single tumor one will find many 

different cellular compartments with variations in oxygenation and fuel source availability 

and there will be cells enriched in these compartments that have made the suitable 

adjustments to accommodate these conditions. This again harkens back to the complex 

heterogeneity of solid tumors which only gets worse with tumor progression. Furthermore, 

the body of research over the past decade regarding glioma stem-cell (GSC) populations 

have indicated certain highly resistant and tumorigenic sub-populations are maintained in 

specific microevironmental niches, particularly enriched in these perinecrotic/hypoxic/

perivascular compartments [3,4,5].

The cellular adaptions that allow for the development of tumor subpopulations is therefore 

something that not only requires more investigation but also constitutes one of the key 

elements to understanding cellular resistance and recurrence. Much of research over the past 

decade have looked at the source of tumor subpopulations and even tumor origin itself and 

has suggested the existence of tumor progenitors or tumor initiating stem-like populations in 

many cancers. The cancer stem cell (CSC) hypothesis as it has come to be known proposes 

that these stem-like subpopulations are maintained across a wide array of tumors and are 

predominantly aggressive cellular subsets that can be resistant to nutrient stresses as well as 
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treatment stresses. These cancer stem populations maintain unrestricted self-renewal 

capacity and this allows for the propagation of the tumor even under insult of therapy [6]. 

GSCs share many of the same biological hallmarks of normal neural stem cells which 

includes the ability to form neurospheres, express neural stem markers, and differentiate into 

both astrocytic and neural lineages [6,7]. The most compelling reason to study glioma 

biology with GSCs is the fact that they have been shown to be very tumorigenic in vivo and 

form diffuse and invasive tumors that are highly resistant to conventional treatments, 

indicative of actual patient disease in clinic [8,9]. Therefore, the need to understand how 

GSCs are maintained and what, if any, contribution comes from the microenvironment is 

highly relevant. A key feature of many of these progenitor cell populations or cancer stem 

cells is the metabolic plasticity that has been described in the literature [10]. The ability to 

modulate key cellular metabolism processes to adapt to changing nutritional climates may in 

fact describe an important aspect to the resistance phenotype these cells display. Therefore, 

the metabolic requirements of these GSCs and their microenvironment are very important in 

understanding how resistance is established in these tumors.

Most cancer cells have been shown to rely on glycolysis instead of oxidative 

phosphorylation for glucose metabolism, as described by Warburg et al [11]. The Warburg 

Effect has been a fixture of cancer cell biology for almost a decade now but new research 

has been able to describe many instances where the Warburg effect is either not observed or 

observed to only a certain degree [10]. This would make sense considering most tumors 

represent a mix of cellular pools that could have diverging metabolic requirements. In fact, 

there has been diverging observations regarding cancer stem cell metabolism across different 

tumors. GSCs have been reported to have distinctly different metabolic phenotypes 

compared to more differentiated tumor cells, and appears to be able to easily switch between 

glycolytic and oxidative metabolism depending on the microenvironment [12]. This suggests 

that despite differences in basal metabolism, cancer stem metabolism may rely more on the 

capacity for metabolic adaptability and reprogramming than on a primary metabolic profile 

across cancer.

This review will focus on the interactions between the tumor microenvironment and GSCs, 

specifically looking at the metabolic requirements and dependencies of both components. 

The relationship between GSCs and the specific stem compartments of the tumor and the 

vascular/hypoxic niches may shed light on an important element to maintaining these cells, 

and in turn maintaining the greater tumor.

2 Glioma Stem Cells

Through human development most cells in the body mature from stem-like precursors 

towards more differentiated cellular fates. These differentiation events are functionally 

important and tend to result in committed cellular steps towards terminal cell states. 

However, it is an important aspect of tissue homeostasis to maintain certain sub-populations 

of stem-like precursors that can give rise to functionally mature progeny in the event of 

cellular turnover or wound healing [13]. In cancer, it has been proposed that elements of this 

homeostatic mechanism have been hijacked for cancer propagation.

Thomas and Yu Page 3

Cancer Lett. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The original cancer stem cell (CSC) hypothesis proposed a model of tumor propagation via 

stem cell precursors using the hierarchical model of cell division. The traditional 

hierarchical model of cancer stem cells states distinct stem-like populations exist from the 

beginning of the tumors inception and are in fact responsible for the propagation of various 

more differentiated cell populations that will go on to make up the heterogeneous tumor pool 

[14,15]. In this model, treatment resistance is at least in part explained but the maintenance 

of the parental cancer stem cells which can then repopulate the tumor bulk once the 

treatment insult is removed. An alternative idea being developed with regards to cancer stem 

cell propagation posits the idea of clonal evolution, where the accumulation of a series of 

mutations, in time, will drive cells away from their assigned cell fates and slowly 

dedifferentiate into a more progenitor state. In theory, a tumor will eventually develop one or 

more distinct stem-like clonal populations that have recaptured self-renewal capacity that 

can then be implemented towards tumor survival and growth. In light of current 

understandings of tumor heterogeneity and tumor resistance/recurrence, it is more likely that 

both of these models may in fact describe different elements of a central process and 

therefore both explain the cancer stem cell model to a point, as some have proposed a hybrid 

of the two theories to explain the complex dynamics involved (Fig. 1) [13,16,17,18]. The 

important fact remains that however these cells may have come to be, the elimination of the 

cancer stem cell population in any tumor model represents one of the most important hurdles 

to cancer research and treatment today.

Glioma stem cells have been demonstrated in vitro to have self-renewal capacity, 

differentiate into multiple cell lineages, form neurospheres, and express specific neural stem 

cell markers such as Nestin, Sox2, Prom1/CD133, and Nanog. Several more markers have 

been suggested over the years and there is unlikely to be a specific expression profile that 

encompasses every stem-like glioma subpopulation [19,20]. GSCs have been shown to be 

more resistant to both chemotherapy and radiation above differentiated tumor cells and 

several studies have specifically shown GSC ability to repopulate a tumor and drive 

secondary tumor recurrence post-treatment [9,21,22,23,24]. To further confound things, as 

with tumors in general, there has been shown to be great heterogeneity even within the GSC 

pools, which is consistent with the models of CSC maintenance and propagation. Various 

different expression subtypes have been described in glioma patients (proneural, 

mesenchymal, classical, and neural) and several of these subtypes have also been attributed 

to GSCs as well (proneural and mesenchymal) [25]. Distinct GSCs clones even from the 

same tumor can display variability in gene expression profile and metabolic dependencies 

[26,27]. There is evidence to suggest that variability in GSC clones is at least in part driven 

by the tumor microenvironment itself [28] and that all of this transcriptional and metabolic 

heterogeneity allows cancer stem cells to be very adaptable in order to maintain high rates of 

self-renewal and differentiation [29].

3 Glioma Stem Cell Metabolism & Maintenance

The plasticity and adaptability of most cancer stem cells to different metabolic conditions 

and requirements is considered an important hallmark in cancer development [30]. Like the 

tumor itself, the metabolic landscape of the tumor is very heterogeneous and cells will 

metabolize differently depending on the environment they are in. CSCs have the ability to 
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generally maintain a very quiescent profile but can rapidly switch into a more proliferative 

state if there is a need to repopulate the tumor, for instance in response to radiation derived 

tumor regression. When most cells would die under radiation, the CSCs can remain hidden 

from the stress and enter the cell cycle afterwards in order to replenish the tumor [31]. This 

is partly adaptive on the part of the tumor but is in large part allowed by the 

microenvironmental space.

The Warburg effect describes the predominantly observed behavior of most malignantly 

transformed cells with respect to their metabolism. While normal cells will largely undergo 

oxidative phosphorylation in the presence of glucose and oxygen, in many cancer cells the 

large proportion of glucose is diverted away from mitochondrial oxidation and into 

glycolysis and the production of lactate by lactate dehydrogenase (LDH) even in the 

presence of oxygen. This at first seems paradoxical since the mechanism of anaerobic 

glycolysis, although important in moments of low or no oxygen, is much less efficient than 

mitochondrial oxidation of glucose. In part this adaptation may provide a sufficient balance 

between providing the necessary resources for biomass production and growth while 

allowing plasticity to adapt to various stresses, physiological and clinically driven [32,33]. 

There have been many described exceptions to the Warburg phenomenon and the importance 

of this metabolic alteration is yet to be fully elucidated, especially with regards to cancer 

stem cell metabolism.

The literature on cancer stem cell metabolism is ripe with discrepancies, as there have been 

nearly as many papers describing glycolytic CSC dependencies as there have been those 

with oxidative dependencies [34–48]. In all these reports however, there is at least an 

acknowledgment that the CSC population maintains a distinct metabolic phenotype 

compared to the tumor bulk, but the exact profile is not known. There have been multiple 

studies that have described CSCs being more glycolytic than the differentiated progeny 

across different tumor types [34,35,36,37]. In these studies, glucose uptake, glycolytic 

enzymes, lactate and ATP production are much higher in CSCs compared to when they were 

differentiated. These observations corresponded to diminished metabolic contribution from 

mitochondrial oxidation [36,37,38]. In many cases CSCs were seen to have lower levels of 

mitochondrial DNA and differentiation was shown to subsequently increase mitochondrial 

DNA copy number [39,40]. Mitochondrial copy number was also inversely correlated the 

expression of many genes associated with pluripotency such as Oct4, TERT, and Myc [41]. 

This however all stands in contrast to a growing body of research that indicates CSCs may in 

fact rely more on mitochondrial function and metabolism. Studies have shown CSCs 

actually being less glycolytic than their differentiated counterparts and consume less 

glucose, produce less lactate, and maintain higher ATP levels. In these studies, CSC 

mitochondria tend to have larger mass and increased membrane potential, which has been 

related to increased mitochondrial ROS and enhanced oxygen consumption rates compared 

to differentiated progeny [42–48]. Mitochondrial mass was particularly important in these 

studies and correlated highly with metastatic potential and resistance to DNA damage. There 

is evidence showing mitochondrial biogenesis to be higher in circulating/migratory tumor 

cells and that inhibition of the transcription co-activator peroxisome proliferator-activated 

receptor gamma co-activator 1 alpha (PGC1a) can reduce stemness in breast and pancreatic 

CSCs [42,49,50]. Mitochondria in these CSCs as mentioned before have higher levels of 
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ROS but the total intracellular ROS levels remain lower, suggesting a strong antioxidant 

mechanism being utilized in these CSCs. This antioxidant mediated ROS buffering not only 

seems to help maintain stemness in CSCs but promotes treatment resistance, and further 

underscores the importance of elucidating metabolism in CSCs to help address problems 

with non-responders in the clinic.

These discrepancies however may not be a problem in our understanding but rather 

indicative of what CSC metabolism really looks like. Cells undergo metabolic fluctuations 

during differentiation under hypoxia, going between glycolysis and oxidative 

phosphorylation to overcome mitochondrial deficiencies [51]. It is quite possible that CSCs 

are able to similarly modulate redox status in order to regulate their own stem maintenance. 

CSCs may simply be demonstrating a level of metabolic plasticity that normal cells and 

more differentiated tumor cells cannot accomplish in response to the microenvironment (Fig 

2.). The true metabolic condition of the CSC population would require analysis of cells 

directly from patients and/or maintained at a very low passage. In these cases, GSCs from 

patient-derived gliomas tended towards mitochondrial oxidative phosphorylation compared 

to the differentiated progeny [12]. Furthermore, patient derived GSCs maintained at low 

passage also maintain very high metabolic plasticity since blocking mitochondrial 

metabolism simply forces these cells to switch to a more glycolytic profile [52]. This 

plasticity could allow CSCs to deal with fluctuating conditions and survive in unfavorable 

conditions whether it be stress from treatment or the harshness of metastatic sites [52,53]. 

This also presents a new problem wherein single inhibition of one metabolic pathway may 

not be effective in vivo despite presumably being effective in vitro, since the true CSC 

population may be able to modify its metabolic preferences depending on what is available 

to them. Studying CSC metabolism in culture also takes out perhaps the most important 

aspect of GSC maintenance, metabolism, and plasticity: the tumor microenvironment.

Any discussion of metabolism and gliomas requires a mention of isocitrate dehydrogenase 

1/2 (IDH1/2). The IDH1 enzyme is responsible for catalyzing the oxidative decarboxylation 

of isocitrate into 2-oxoglutarate and mutations in the IDH1 gene is one of the most common 

in diffuse gliomas, primarily lower grade gliomas [54,55]. The IDH1 mutation and 

mutations in its homologue IDH2 usually results in loss of normal enzymatic function and 

the abnormal production of 2-hydroxyglutarate (2-HG) [56]. This consequently reduces the 

amount of cellular a-ketoglutarate and this hampers the functioning of many a-KG 

dependent processes. In lower grade gliomas with this mutation, extensive changes in 

histone and DNA methylation can be found and has been suggested to implicated in 

tumorigenesis. However, IDH1 mutant patients have higher median overall survival 

compared to patents with wildtype IDH1 [57]. The significance of these mutational events in 

the context of GSC maintenance has not been investigated very well but there is certainly 

reason to believe that any dramatic alteration to the metabolic landscape would have a 

knock-on effect in the stem compartments.

4 Glioma Stem Cell Microenvironment

GSCs, like most stem cells, demonstrate a very dynamic relationship with their niche, 

constantly maintaining bi-directional cross-talk with the tumor microenvironment. This 
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interaction is essential in the understanding of gliomagenesis, propagation, and treatment 

resistance. First it is important to understand the distinct sub-localizations within the tumor 

space. GSCs have been enriched in the perivascular/proliferative niche of most gliomas, 

where there is both an abundance of stem maintenance signaling from the surrounding 

endothelium and exchange of nutrients. This is often specifically located around the 

subventricular zone (SVZ) and the hippocampus, which has also been described as a stem 

cell niche for normal neural stem cells [58,59,60].

There are many different soluble factors that play important roles in the vascular niche with 

respect to GSC maintenance. As mentioned before, glioblastoma is one of the most 

vascularized of the solid tumors and microvascular hyperplasia has been described as a key 

feature in glioma initiation and progression [61]. The contribution to this phenotype is no 

small part attributed to the GSCs and the vascular niche of the tumor microenvironment. 

GSCs have been shown to highly promote angiogenesis and express factors such as vascular 

endothelial growth factor (VEGF), attracting endothelial cells to the tumor bulk and driving 

neovascular growth [59]. These endothelial cells in turn have been shown to express high 

levels of Sonic Hedghog (SHh), which plays an important role in the recruitment and 

activation of cancer stem cells and helps maintain GSC self-renewal and growth [62,63]. 

GSC enriched compartments of gliomas have been seen to co-localize with endothelial cells 

that express high levels of SHh and in turn drive SHh-GLI1 signaling in these GSCs.

Another important factor found in the vascular niche is the FGF-2, a growth factor 

commonly used in vitro to help maintain GSCs in culture. FGF-2 helps GSC maintenance in 

the niche and has also been demonstrated to bolster the blood-brain-barrier function of 

associated endothelial cells [64]. FGF-2 withdrawal tends to drive GSCs towards 

differentiation and FGF-2 signaling has also been associated with more robust Nestin 

expression, further contributing to stemness [65,66]. FGF-2 has also been shown to combine 

with EGF, another factor used in vitro for GSC propagation, and that FGF-2 and EGF may 

be involved in an autocrine feedback loop to help retain GSC self-renewal [66].

The general architecture of the glioma tumor space is comprised of normoxic cells that drive 

the generally drive the tumor at its leading edges along the periphery and most of the 

hypoxic cells located the poorly oxygenated necrotic core of the tumor. Therefore, most 

tumors whether they are small or large, display this gradient of oxygenation throughout the 

tumor and this results in the development of distinct cellular compartments. The plasticity of 

GSCs allows them to reside in most compartments of the tumor, but as mentioned earlier, the 

perivascular niche and vascular niche is often enriched for GSCs due to the interaction with 

the endothelium. Many studies have shown that GSCs may contribute directly to the 

vasculature and in fact be able to drive endothelial cells through a trans-differentiation 

process [3,67]. Endothelial cells surrounding GSCs have a been shown to have expression 

profiles very similar to the cancer cells themselves and have suggested they might in fact be 

of neoplastic origin [68,69]. This microenvironment therefore maintains the GSCs in order 

to preserve their potential to proliferate and differentiate, and can protect them from any 

treatment insults that they may encounter [70]. Cellular responses to hypoxia are often 

modulated through the family of hypoxia-inducible factors (HIFs). In stem cell biology and 

GSC biology, HIF1a and HIF2a have been implicated in oxygen dependent signaling and 
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stem cell maintenance, and HIF1/2a expression has been demonstrated to be very high in the 

hypoxic compartments of gliomas [71]. HIF1a expression is high in GSCs even under mild 

hypoxia and has been shown to prevent GSC apoptosis through NFκB stabilization and 

expression of anti-apoptotic NFκB target genes [72]. All these studies demonstrate that the 

hypoxic microenvironment plays an important function in maintaining GSCs and promoting 

recruitment of vascular components to the tumor bulk to sustain proliferation and growth.

5 Metabolic Contributions of the Microenvironment

Only more recently has the microenvironmental contribution to CSC metabolism been taken 

into consideration more carefully. The tumor microenvironment has been shown to not only 

promote a protective niche for GSC survival via vascular remodeling and hypoxia mediated 

signaling, but also to allow for a bi-directional metabolic processes. In breast CSCs, a 

symbiotic metabolic loop has been shown where more differentiated, glycolytic tumor cells 

in the normoxic edges of the tumor would feed metabolites towards the oxidative stem-like 

CSCs near the hypoxic cores [73], and similar studies have been reported in glioblastoma. 

Other studies have focused on CSCs that have already undergone epithelial-to-mesenchymal 

transition (EMT) being able to source metabolites from the extracellular microenvironment 

in order to fuel mitochondrial oxidation [74]. Catabolites such as pyruvate, lactate, 

glutamine, alanine, and/or ketone bodies have been shown to be secreted in the 

microenvironment from the surrounding endothelium and stroma and provides CSCs with 

fuel for metabolism, even under starvation conditions. Some studies have even shown 

exchange of mitochondrial DNA between the tumor microenvironment and tumor cells in 

order to support CSCs with compromised or diminished respiratory function, and this not 

only replenishes the mitochondrial function of these cells but also bolsters the self-renewal, 

tumor-initiating capacity, and treatment resistance of the CSCs [75,76]. This suggests that 

CSCs can perhaps exchange and/or internalize not only nutrients for metabolism but also 

energy-producing elements of the mitochondria in order to support its own metabolic 

requirements. This is a clear example of how the microenvironment supports the dynamic 

fluctuations of CSC metabolic demands and perhaps disruption of this communication could 

be one approach to exploiting these metabolic dependencies. This is also a very important 

aspect of CSC metabolism that would not be addressed in higher-passage, single cell culture 

of CSCs in vitro.

The metabolic fluctuations can also effect CSC interaction with immune components of the 

microenvironment. Metabolic stress, whether it be nutrient or treatment derived, has been 

shown to induce an immunosuppressive phenotype by shifting tumor infiltrating T-cells into 

tumor protecting Treg cells [77,78]. This could be adopted by CSCs wherein they 

accommodate a more glycolytic profile or resource energy from non-glucose carbon sources 

such as palmitate or other fatty acids in order to allow for a more accommodating immune 

microenvironment. Normal tumor cells may not be able to modulate their metabolism as 

readily or utilize microenvironmental alterations to glucose or oxygen accessibility to such 

effect. Additionally, microenvironmental inflammation and subsequent secretion of 

cytokines such as IL-6 and IL-8 along with NFκB activation has been shown to drive 

PI3K/Akt mediated glycolytic shifts in CSCs and promote CSC self-renewal [79,80,81]. 

More work in this area needs to be done but the idea that cytokine modulation in the 
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microenvironment could again promote stemness and metabolic plasticity of CSCs lends 

more credence to the idea that the microenvironment-CSC crosstalk is a vital component of 

metabolism and resistance in many tumors.

Hypoxia is also very important in any discussion regarding metabolic reprogramming and 

plasticity. It has been indicated to promote neurosphere formation in vitro [82] as well as 

upregulating certain stem cell genes such as Sox2 and Oct4. Studies have shown both HIF1a 

and HIF2a are critical to proper GSC functioning. HIF1a stabilization was observed to 

enrich bulk tumors with more GSCs and HIF1a knockdown depleted GSC self-renewal and 

neurosphere formation [67,83]. This HIF stabilization is modulated in part via PI3K/Akt and 

ERK1/2 signaling [83]. It should be noted however that HIF1a is also critical for normal 

neural stem cell functioning so therapeutic inhibition is likely not a useful mechanism of 

treatment in this case [5,84]. HIF2a however is more specific to GSC maintenance and 

function. HIF2a specific stabilization was sufficient to increase expression of stem specific 

factors such as Nanog, Oct4, and Sox2 and studies have shown that despite HIF1/2 

expression in the GSC niche, there is a preferential expression of HIF2a over HIF1a in the 

GSC niche when compared to the normal neural progenitor pools [5,85]. The specific 

importance of HIF2a in GSC maintenance and survival versus neural stem cell maintenance 

makes it a better potential therapeutic target for disrupting HIF-mediated signaling in the 

microenvironment.

Hypoxia also drives tumors towards a glycolytic profile, with most tumor 

microenvironments more acidic due to high levels of lactate produced and secreted into the 

tumor space. Recent studies have demonstrated that acidification of the tumor 

microenvironment by glycolytic osteosarcoma cells induces a negative feedback on 

glycolytic metabolism, associated with an increase in amino acid catabolism and urea cycle 

enhancement [86]. In this study, osteosarcoma cells under an acidic microenvironment were 

more epigenetically stable compared to normal cells and more sensitive to HDAC (histone 

deacetylase) inhibitors. Others have suggested that pharmacological targeting of specific 

carbon sources to the cancer cells may in fact cause a specific cellular response inducing 

resistance. They showed that acquired resistance to 3-bromopyruvate (3-BP), a common 

antiglycolytic agent, was mediated by hypermethylation of the gene responsible for specific 

drug transport of 3-BP into the cell [87]. This was one of the first observations of metabolic 

alterations in the microenvironment leading to epigenetic changes that could affect 

tumorigenicity and stemness.

Further studies have also shown that chronic acidosis strongly induced altered tumor 

metabolism via increased dependence on glutamine and fatty acids and decreased focus on 

glycolysis in CSCs and this shift was associated with global epigenetic changes of 

mitochondria related proteins relevant in tumor stress response mechanisms. Tumor 

acidification has been shown to promote GSC marker expression and self-renewal in 

gliomas with GSCs themselves facilitating a paracrine loop promoting further expression of 

HIF1/2a in the stem compartments. In vitro studies have also shown that modulating the pH 

can effect HIF2a expression and subsequently diminish GSC self-renewal capacity, 

suggesting maintaining a low pH is beneficial for tumors to maintain its pool of GSCs and 

ultimately maintain tumor growth and resistance.
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6 Conclusion

Despite the controversies surrounding the cancer stem cell hypothesis and even specific 

arguments within the area of glioma stem cells, primarily dealing with expression marker 

profiles, there is a fundamental concept that should be understood. That concept is that of a 

more stem-like progenitor segment of the tumor population with more tumorigenic 

properties helping maintain if not drive tumor development. Many proposals have been 

presented as to the exact nature and origin of such subpopulations across different tumor 

types, and although there is a lack of consensus regarding specifics, it should not be 

surprising that there is great variance in what has been reported. In a disease that is 

predicated upon the idea of pathological growth via hijacked cellular mechanisms, it stands 

to reason that many of these mechanisms may be tissue specific, and the alterations tailored 

to the survival requirements and conditions of the particular localization. This is why any 

conversation about cancer and metabolism should also strongly consider 

microenvironmental context. Once these things are separated, isolated observations with 

respect to cellular stemness, metabolic preferences, and signaling dependencies will 

inevitably exhibit variability. In light of all this it’s vital to develop protocols and assays that 

try to reconcile technical artifacts and artificial laboratory changes with the true 

pathophysiological nature of cancer in the patient.

The tumor microenvironment represents a very dynamic space with many crucial cellular 

and non-cellular factors at play that determine the course of the tumor. It is one more 

significant part of the mechanism that allows for and helps propagate a highly dynamic and 

heterogeneous tumor background that further confounds attempts to deliver reliable 

therapies to treat cancer. The remerging fields of cancer metabolism and cancer stem cells 

are involved in this tumor microenvironment and the mechanisms described in both altered 

tumor metabolism and cancer stem cell maintenance cannot be separated from the cross-talk 

between the tumor and the surrounding microenvironment (Fig 3.). GSCs have been shown 

to be incredibly metabolically plastic with high adaptive capacity under nutrient and 

treatment induced stress. This plasticity is maintained and promoted through the 

microenvironmental cross-talk in the vascular and hypoxic compartments of tumors and 

studies that do not take this into consideration when attempting to address metabolic 

vulnerabilities or dependencies in cancer and cancer stem cells is incomplete. GSCs are 

valuable tools to study the fundamental mechanisms of tumor resistance and recurrence and 

strategies that could exploit metabolic vulnerabilities and create synthetic lethality present 

very exciting new prospects. However, in order to fully understand their importance and to 

translate any of these observations successfully into the clinic it is necessary to further assess 

what aspects of GSC metabolism require microenvironmental contributions and what these 

contributions are exactly. With better in vitro modeling of this dynamic system there is 

reason to be hopeful that clinically relevant targets focused on eradicating GSCs along with 

traditional treatment modalities will develop in time.
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Highlights

• Tumor heterogeneity is a major obstacle in glioma treatment and is partly 

driven and promoted by glioma stem cells (GSCs)

• This heterogeneity constitutes not only genetic variability but also metabolic 

variability within a solid tumor

• Metabolic plasticity of GSCs driven by intrinsic factors as well as extrinsic 

signaling from the glioma microenvironment

• Any therapeutic strategy targeting GSCs requires understanding of metabolic 

variation and crosstalk between the glioma and its microenvironment
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Figure 1. 
Cancer stem cell hypothesis continues to evolve. (A) traditional cancer stem cell hypothesis 

suggested hierarchal model where only certain stem-like cell (red) retained capacity to 

repopulate a tumor and drive continued tumor progression, (B) the clonal model of stem cell 

propagation suggests many cells within the tumor retains this stem-like repopulation 

capacity, (C) the newest models suggest a hybrid model that allows for dedifferentiation and 

transdifferentiation within a tumor from multiple stem precursors in response to intra- and 

extratumoral pressures, driving tumor recurrence and heterogeneity
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Figure 2. 
Cancer stem cell metabolism may demonstrate another element of cellular plasticity that 

provides a basis for therapeutic resistance and tumor recurrence after treatment 

interventions. More terminally differentiated tumor cells may not be as metabolically 

flexible as stem cells that can switch to different metabolic pathways and different fuel 

sources more readily.
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Figure 3. 
Interplay between tumor metabolism and the tumor microenvironment as well as its effect 

on the cancer stem cell compartment is vital to properly understanding the complex 

dynamics of tumor progression and recurrence
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