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Metabolic Reprogramming in Glioma

Marie Strickland and Elizabeth A. Stoll *

Institute of Neuroscience, Newcastle University, Newcaglupon Tyne, UK

Many cancers have long been thought to primarily metabolizegjlucose for energy
production—a phenomenon known as the Warburg Effect, afterhe classic studies of
Otto Warburg in the early twentieth century. Yet cancer callalso utilize other substrates,
such as amino acids and fatty acids, to produce raw material$or cellular maintenance
and energetic currency to accomplish cellular tasks. The aatribution of these substrates
is increasingly appreciated in the context of glioma, the mst common form of malignant
brain tumor. Multiple catabolic pathways are used for eneng production within glioma
cells, and are linked in many ways to anabolic pathways suppting cellular function. For
example: glycolysis both supports energy production and pvides carbon skeletons
for the synthesis of nucleic acids; meanwhile fatty acids arused both as energetic
substrates and as raw materials for lipid membranes. Furthhenore, bio-energetic
pathways are connected to pro-oncogenic signaling within goma cells. For example:
AMPK signaling links catabolism with cell cycle progressig mTOR signaling contributes
to metabolic exibility and cancer cell survival; the elecon transport chain produces
ATP and reactive oxygen species (ROS) which act as signalingolecules; Hypoxia
Inducible Factors (HIFs) mediate interactions with cellsd vasculature within the tumor
environment. Mutations in the tumor suppressor p53, and thdricarboxylic acid cycle
enzymes Isocitrate Dehydrogenase 1 and 2 have been implicadl in oncogenic signaling
as well as establishing metabolic phenotypes in geneticglde ned subsets of malignant
glioma. These pathways critically contribute to tumor biolgy. The aim of this review
is two-fold. Firstly, we present the current state of knowldge regarding the metabolic
strategies employed by malignant glioma cells, includingeaobic glycolysis; the pentose
phosphate pathway; one-carbon metabolism; the tricarboxiic acid cycle, which is
central to amino acid metabolism; oxidative phosphoryladh; and fatty acid metabolism,
which signi cantly contributes to energy production in gibma cells. Secondly, we highlight
processes (including the Randle Effect, AMPK signaling, nOR activation, etc.) which are
understood to link bio-energetic pathways with oncogenic gnals, thereby allowing the
glioma cell to achieve a pro-malignant state.

Keywords: glioma, cancer, brain tumors, mitochondria, metabol ism, autophagy, catabolism, biosynthesis

GLIOMA: AN INTRACTABLE CANCER

Glioma is the most common form of adult-onset primary maligiidrain tumor, with 5 cases
per 100,000 people diagnosed each ye&TRUS, 2009 In approximately 55% of cases, glioma
manifests as a grade IV astrocytoma (called glioblastom&Rivl), a highly aggressive tumor.
Patients with GBM currently receive a dire prognosis, with adman survival of just over one
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year (Ohgaki and Kleihues, 2005 Patients with lower- not actually derived from the original tumor cells, although it
grade gliomas, including Grade II-lll astrocytoma and probably is derived from a human glioblastomallgen et al.,
oligodendroglioma, have a better prognosis, although thes201§. Genetic pro ling of the U-251 cell line and its derivatives
tumors do increase in grade over time, with a median survivatlemonstrated that sub-clones share a common origin from
rate of approximately ve year$)plecek et al., 20)2 a single human glioblastoma, but have undergone signi cant
Genetically-de ned subtypes of GBM have been identi edgenetic drift. U-251 and related cells used today have lost
through large-scale analysis of patient tissue samplesh@ak the common GBM characteristics observed in early-passage,
et al., 201 The Classical subtype is characterized by epidermahcluding ampli cation of chromosomes 3, 7, 15, and 17, andlos
growth factor receptor (EGFR) tyrosine kinase ampli cation,of chromosomes 10, 13, and 14, although all sub-clones @iaint
pl6/pl4 deletion, and high levels of Notch protein expressiorhomozygous deletion of the p16/p14ARF locu®isvik et al.,
the Mesenchymal subtype is characterized by Neuro bromatosi2019).
1 (NF1)/Phosphatase and tensin homolog (PTEN) co-deletion, Culturing cancer cells in the presence of serum has been
high MET protein expression, and high levels of in ammation; shown to alter their epigenetic and biochemical charactiess
the Pro-neural subtype generally demonstrates high exmnessi especially leading to deletion of 18q11-28s6ters et al., 20,1
of platelet-derived growth factor receptor (PDGFR) A as welk locus containing several protein-encoding genes that play
as mutations in the tumor suppressor p53 and the Kreb's Cyclkey roles in lipid metabolism and oxidative phosphorylation
enzyme isocitrate dehydrogenase 1 (IDH1); these mutation$iuret et al., 201B3 Perhaps such genetic changes may
are also common in low-grade gliomas. The Neural subtypenderlie phenotypic alterations observed upon serum exposure,
has transcriptional similarities to normal neurons, incind including altered bio-energetic strategies and adaptation
expression of neurolament protein, synaptic proteins, andcellular metabolism. Culturing cells with the growth factoFGi~
chloride transporters, despite having a morphologically Igliaand EGF, but without fetal bovine serum, is now the standard
appearance similar to other subtypes of GBM. in the eld (Fael Al-Mayhani et al., 2009Patient-derived cells
Current treatments for malignant glioma include a maintained under serum-free conditions in neurospheres or
combination of surgical resection, radiotherapy or radi@gry, laminin-attached monolayers have been shown to retain the
and chemotherapy (typically temozolomide). There is a greatriginal characteristics of the human tumorkee et al., 2006;
need to develop new therapies, to improve overall survivaPollard et al., 200%nd have a more oxidative phenotyper(
time and quality of life for these patients. Recent e orts inetal., 201).
drug development for slowing glioma progression has focused Animal models which e ectively reproduce the key
on the inhibition of growth factor receptor tyrosine kinases characteristics of human tumors are crucial for studying
cell-surface receptors, and pro-malignancy kinase siggalincancer cell metabolism. Xenografts of human glioma cells
pathways. Cancer cell metabolism also provides ample scope tbat have been implanted into the anks of animals, rather than
the identi cation of new therapeutic targets. This reviewnai orthotopically, are not growing in the brain environment Wwithe
to comprehensively summarize the current state of knowledgeharacteristic nutrient availability of that tissuelszthy et al.,
regarding glioma cell metabolism, as well as the open questio 2019. Additionally, the common use of immunocompromised
in this fast-moving eld. mice to prevent rejection of xenografted human cells, elimesat
immune responses which are thought to play roles in driving
tumor progression Budhu et al., 2014 Since the interactions

A NOTE ON MODEL SYSTEMS FOR between immune factors, in ammatory responses and metabolic
STUDYING CANCER CELL METABOLISM signaling are unknown, it is dicult to judge at this time
IN VITRO AND IN VIVO whether these models are appropriate for investigating thepge ke

hallmarks of cancer biology.
The eld of cancer cell metabolism has exploded in the past ten Since these cancer models do not reproduce the complex
years, but why now? Recently, it has become appreciated thateractions of glioma cells with surrounding brain tisseed
classical model systems for studying malignant glioma naty n immune factors, such systems may not accurately re ect huma
perfectly reproduce the biochemistry or physiology of humartumor biology. For this reason, immunocompetent murine
tumors. Two critical factors have greatly impacted the récenmodels of glioma which are orthotopic and do not utilize
boom in this research area: the development of new cell aallturserum-exposed cell lines are increasingly considered reggess
techniques (particularly neurospheres and serum-free aaitter for testing novel therapeutics prior to clinical investigation
primary cultures) and new animal models of malignant gliomaatients Oh et al., 201y} Bypassing these issues may improve
including patient-derived xenograft (PDX) models, gendlyca e orts to predict therapeutic response to therapies targeting
engineered mouse (GEM) models, and syngeneic transplaetther cellular bio-energetics or immune factors in animal
models. models.

Cell culture is a critical tool in our eld, but care must Moving forward, it would be best for biochemical pathways
be taken in the process of cell isolation and maintenancedo be investigated in glioma cells under serum-free condgio
Unfortunately, genetic pro ling has undermined con dence in in vitro and in a relevant biological context vivo. Where
the integrity of older cell lines. For example, the sub-clongossible and relevantin this review, we will note the type of elod
of U-87 commonly used in many labs today (U-87-MG) issystem used for experimentation.
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GLYCOLYSIS AND RELATED PATHWAYS of lactate while maintaining higher ATP levels compared with
. . . their di erentiated progeny. The notorious radio-resistancé
The: Dogma of Gllo_ma Cell M?tabmlsm' this cell population is correlated with higher mitochondrial
Reliance on Aerobic Glycolysis reserve capacity, leading the authors to conclude that GSCs
Many cancers, including glioma, have long been thoughprimarily rely upon oxidative metabolic strategies and will bet
to primarily metabolize glucose for energy production, ayanquished by therapies aiming to inhibit glycolysiéz(shi et al.,
phenomenon known as the Warburg E ect, after the rstreports 2017,
of the phenomenon in sarcoma cells by Otto Warburg in 1925 |maging studies using radiolabelled ligands also bear dst th
(Warburg, 192h This process refers to the incomplete, non-pointin regard to malignant glioma. It has long been appreciated
oxidative metabolism of glucose even in the presence of oxyge that, from a diagnostic imaging perspective, glucose uptaketis n
thought to be characteristic of cancer cells, in comparison ta reliable indicator for malignant gliomas. Thirty ve to fyr
normal cells which readily undergo oxidative phosphorylationpercent of recurrent gliomas in human patients are not obsgrve
(Warburg, 1955 using positron emission tomography imaging techniques based
During oxidative phosphorylation glucose is taken up byon uorodeoxyglucose uptake (e.g., FDG-PET), despite being
respiring cells and undergoes glycolysis; the end-produgetected by contrast MRBEelohlavek et al., 20D2ZThese tumors
pyruvate is then able to enter the Kreb's (tricarboxylic aciddo not have higher glycolytic rates compared with ongoing
or TCA) cycle Figure1). This produces NADH (reduced brain activity, in line with recent studies suggesting tgatcose
nicotinamide adenine dinucleotide) whichis fed into the&fon  yptake is insu cient to account for brain tumor metabolism
transport chain, yielding 36 molecules of adenosine triph@seh (Maher et al., 2012; Mashimo et al., 2D1@ther radiolabelled
(ATP) per glucose molecule. During aerobic glycolysis h@nev sybstrates are now being explored to visualize gliomas, such
the end product of glycolysis—pyruvate—is converted intgs the PET tracer%@leoxy-3[(18)F]- uorothymidine, [(18)F]-
lactate and released into the extracellular space. This gsawdy  FLT. 18F-FLT uptake provides a higher correlation with K167
yields 2 molecules of ATP per glucose molecule, and is ineitie index resected tissue compared with 18F-FDG, and has greater
in supporting cellular energy demand¥ender Heiden et al., predictive power with respect to tumor progression and patient
2009. survival Chen et al., 2005 It may prove useful to consider
The advantage that the Warburg e ect conveys to cancesther metabolic features of gliomas which could be exploited
cells is unclear. It has been posited that ATP levels are nottg improve imaging strategiesi(bert et al., 2016 Ultimately,
limiting factor for cancer cells\(ander Heiden et al., 2009 while glucose uptake is critically linked to glioma cell metém,
since this metabolic phenotype appears prior to hypoXieo@lf  this process is not su cient to di erentiate gliomas from norrha
and Scheck, 20)2It is therefore generally accepted that cancebrain or to calculate energy productio¢lohlavek et al., 2002;
cells undergo aerobic glycolysis so that the NADH by-product/aher et al., 2012; Mashimo et al., 2Dn14

of lactate production can be used to fuel biomass production
and lactate can be utilized to acidify the microenvironment . . .
facilitating invasion Yander Heiden et al., 2009 Production of Nucleic Acids through the
While the Warburg E ect has been observed in gliomas and®entose Phosphate Pathway
other tumors Qudard et al., 1996it has been noted that aerobic Glioma cells have particular anabolic needs which can be supplie
glycolysis does not account for the total ATP production inby glucose uptake and shuttling. A dividing cell must contiliyia
many types of cancer cells—both immortalized cell lines angroduce nucleotides to provide material for DNA replication,
primary cultures {/ander Heiden et al., 2009-suggesting that RNA transcription, energy currency (e.g., ATP and GTP) and
other substrates are being oxidized. When this hypothesis wahe structural elements of secondary messengers (e.g., @hllP
rst formally tested in MCF-7 breast cancer cells in 2002, ittGMP). To accomplish this metabolic task, glucose-6-phosphate
was discovered that total ATP turnover was 80% oxidative angroduced during the initial steps of glycolysis is diverted
20% glycolytic Guppy et al., 2002 When this hypothesis was through the pentose phosphate pathway (PPP), where it is
tested in primary-cultured human glioblastoma cells, it wasconverted to ribose-5-phosphateigure 1). With the addition of
observed that cells were highly oxidative and largely un@éc glutamine, glycine, aspartate, @@nd tetrahydrofolate, ribose-
by treatment with glucose or inhibitors of glycolysisr{ et al., 5-phosphate is converted into purine nucleotides, or altaxredy
2017). Thus, it appears that substrate oxidation can co-exist witltombined with bicarbonate, aspartate and glutamine to astemb
aerobic glycolysis and lactate release. pyrimidines. Both purines and pyrimidines can also be produced
A further complication—alongside intracellular metabolic through salvage pathways.
complexity—is potential heterogeneity in metabolic strasg The PPP appears to be particularly active in dividing cells
across dierent cell types within the tumor. In particular, within glioma. Telomerase reverse transcriptase (TERT)ckvhi
cancer stem cells which propagate tumor growth and allovis necessary for maintenance of dividing cells, is associated
recurrence after resection or chemotherapeutic treatmeray  with increased expression and phospho-activation of PPP
exploit di erent metabolic strategies than other cells withthe  enzymes through the generation of reactive oxygen species
tumor. For example, a recent study showed that glioma stefROS) @hmad et al., 2016 In contrast, knockdown of TERT
cells (GSCs) are less glycolytic than di erentiated gliorelisc causes glycogen accumulation. Interestingly, heteragene
consuming lower levels of glucose and producing lower amsuntglioma cells, de ned by their rate of cell division, appear to
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FIGURE 1 | Glycolysis and related pathways fuel biosynthesis and energy metabolism in cancer cells.  This schematic shows how the glycolytic pathway
feeds into other pathways, including the Kreb's Cycle (whie fuels amino acid synthesis and provides metabolic interntiates for the electron transport chain), the
pentose phosphate pathway (PPP, which is involved in nucleiacid synthesis), and one-carbon metabolism (the folate-gthionine cycle).
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have dierential expression of glycolytic and PPP enzymeshe Kreb's Cycle: phosphoenolpyruvate carboxykinase is a lyase
suggesting possible metabolic underpinnings for go-versusvhich catalyses the conversion of oxaloacetate to P-enolpye,
grow behavior Kathagen-Buhmann et al., 2016Speci cally, a gluconeogenic precursor. The Kreb's cycle is thereforaiale
highly proliferative cells have elevated PPP enzymes armntral provider forthe catabolic and anabolic needs of theean
lower expression of glycolytic enzymes, while highly mignat cell.

cells have a reverse prole. Thus, it appears that metabolic Importantly, multiple substrates can be used to drive this
specialization within tumors prize nucleic acid generation i critical pathway; glycolysis, beta-oxidation, and ketislpsovide
dividing cell types. Mechanisms controlling this behavior inacetyl-CoA as an end product. Acetyl-CoA is then converted to

glioma cells are understudied. citrate by condensation with oxaloacetate (which is regzatee

by the completion of the cycle). Some studies using cultured
Transfer of One-Carbon Units through the cell lines have suggested that glioma cells use glutamine as
Folate-Methionine Cycle a catabolic substrate, entering the Kreb's Cycle throughl ID

(Yang et al.,, 2009; Venneti et al., 2D1%owever, other
evidence, using radiolabelled glutamine and glucosevivo

to trace the biochemical fate of these substrates in patient-
derived xenograft models, suggests the contribution of ghirie

to glioma metabolism occurs through hepatic gluconeogenesis
and glutamine itself is not metabolized within gliomdd&rin-

Multiple reactions involving volatile carbons are handledtbyg
paired folate-methionine pathway, including thymidine syesis
and the intraconversion of serine and glycine. Tetrahydlatie,
derived from folic acid, is a versatile carbon donor; it camrg
a variety of one-carbon groups including methyls, methytne

and formyls, making it a highly useful cofactor in biosyntice - . A
Valencia et al., 20)2Interestingly, glutamine and glutamate are

reactions Figure 1). Meanwhile S-adenosylmethionine acts . . .
solely as a methyl donor. One-carbon metabolism may play gctually released by glioma cells, a ecting the surroundingaku

critical role in cancer metabolism. tissues le.ucklr.lgham ?t al,, 20)1 )

One recent study demonstrated that methionine deprivation Mutgtlons in Krebs Cycle enzymes are common in cancers.
compromises glioma cell growthP@lanichamy et al., 20).6 [N Pparticular, IDH1 and 2 are present in over 80% of
This metabolic pathway is critical to the process of DNAlOW-grade gliomas and a subset of glioblastomas. IDH1
methylation (iehrmohamadi et al., 20)6 providing a close resides in the cytoplasm, while IDH2 is localized to the

working connection between cellular metabolism and epigene m|t0chpnd_r|on; the W"d'IYPe en_zym_at|c isoforms - catalyze
modulation. In other cancer cell types serine supports théhe oxidative decarboxylation of isocitrate tketoglutarate

production of both S-adenosylmethionine and ATPIger While mutant IDH1 (R132H) and IDH2 (R172K) catalyze
Maddocks et al., 20)gand is required for growth by supporting the conversion ofa—ketog!utarate into thg on;omgtabollte 2-
the folate-methionine cyclé @buschagne et al., 2014 hydroxyglutarate. Interestingly, the evolutionarily-ditt IDH3,
Glycine and serine levels increase in cultured rat gliomd/Nich produces NADH not NADPH, does not appear to be
cells exposed to oxygen and glucose deprivationchs et al., mutated at any appreciable rate in glloma cellsqll etal., 201)L
2019 and enzymes within this pathway are highly expressea—he e ects of IDH,l and IDH2 mutations ora—ke.toglutarate
in pseudopalisading cells surrounding necrotic fagirg et al.,  UX and accumulation of 2-hydroxyglutarate leading to aktd
2019. Compartmentalization of this metabolic activity into "Ntracellular signaling in glioma cells, have been extensively
speci ¢ geographical regions of the tumor—particularly inase reviewed elsewherg\aitkus ?t al., 2015 .
most exposed to toxic compounds released by dying cells— Indeed, several metabolic processes are altered in mutant
suggests the folate-methionine pathway may play an adaptifg'} gliomas. Patients with wild-type IDH1 and IDH2 have

role for the growing tumor by accommodating nearby cell deat highgr Ievel_s of branched-chain amiqo_ _acids va_line, Ieay,c_in
Currently, this pathway is highly understudied in glioma. and isoleucine, and the enzyme that initiates their cataoli
(branched-chain amino acid transaminase 1; BCATL)r(jes

etal., 2013 When BCAT1 is knocked down with shRNA, glioma

KREB'S CYCLE: A CENTRAL HUB FOR cell growth is reduceih vitro andin vivo, and when treated with

CELLULAR METABOLISM gabapentin, a pharmacological inhibitor of BCAT1, glutamate
release is also attenuated.

The Kreb's Cycle, is the center of catabolic and anaboligigct IDH mutations not only a ect amino acid metabolism but also

within the cell. This process takes place in the mitochondrialower glucose oxidation through inhibitory phosphorylatiofi o
matrix and is the main driver of oxidative activity, coupleal t pyruvate dehydrogenase (PDHy(uierdo-Garcia et al., 20).5
both the electron transport chain and many anaplerotic reawdi  In addition, IDH1 mutant glioma cells show greater ux through
(Figure 2. pyruvate carboxylasézuierdo-Garcia et al., 20})4eading to
The Kreb's cycle can also run in reverse, with citrate beingreater production of oxaloacetate. These results suggast t
converted to pyruvate by ATP citric lyase and pyruvate beingDH1 mutant glioma cells adaptively run the Kreb's Cycle
converted to oxaloacetate by pyruvate carboxylase. Malabackwards, perhaps to produce su cient succinate to power the
dehydrogenase and fumarase catalyze their own reverd@reac electron transport chain. Reverse uxadketoglutarate to acetyl-
as well; the resulting fumarate can be used to drive the ure@oA is a necessary early step in phospholipid synthesis for IDH-
cycle, a coupled reaction used to dispose of excess nitrogken awildtype glioma cells and normal astrocytes, especially under
facilitate protein turnover. Also, gluconeogenesis isatéd from  hypoxic conditions when hypoxia-inducible factoa {HIF1a) is
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Kreb’s Cycle and
Oxidative Phosphorylation
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FIGURE 2 | The Kreb's Cycle and oxidative phosphorylation pa  thways are central to cell metabolism.  Acetyl CoA from many different sources can enter the
Kreb's Cycle (also known as the citric acid cycle, or tricarbxylic acid cycle). This pathway not only drives oxidativelsphorylation by regenerating succinate, but it
provides many useful intermediates for biosynthesis. Theneyme complexes of the electron transport chain, which supprt oxidative phosphorylation, are shown
embedded in the inner mitochondrial membrane.

activated (Vise et al., 2001 this lipid production is attenuated in these cancer cells cause an accumulation of metabolitesiwhic
glioma cells with mutant IDH Chen et al., 200)4IDH1 mutation  leak out of the mitochondrial matrix and inhibit prolyl hydtase
therefore not only causes 2-hydroxyglutarate build-up, Heba (PHD) enzymes, leading to apoptotic resistance and hypoxia
broad changes in metabolic strategy. signaling (even under oxygen-stable conditiong)ng et al.,

Other Kreb's Cycle enzymes are mutated, with functional009. Interestingly, inhibition of PHDs has been shown to enact
implications, in other tumor types. Mutation or loss of fumagat hypoxia-related signaling and pro-malignant behavior in gie
hydratase (FH) can predispose cells to oncogenic transféomat cells Gao et al., 2006 While mutations in FH and SDH have
and cyst formation leading to renal cancer and renal cystsjot been observed in glioma, the broad and consistent altarati
respectively Adam et al.,, 2013 Hypermethylation and a to metabolic strategies yielded by various alterations @y k
reliance on pyruvate carboxylation is observed reliably irKreb's Cycle enzymes across di erent tumor types suggest that
paragangliomas with succinate dehydrogenase (SDH) mutstio much can be learned about cancer cell metabolism from studies
(Lussey-Lepoutre et al., 201%utations in FH and SDH in undertaken in other tissues.
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The Krebs Cycle, as a central regulator of anabolic antbwer rate compared to their parental cells, and take longer to
catabolic metabolism in the cancer cell, is well-placed tdorm tumors; moreover, tumors derived from mtDNA-depleted
coordinate adaptive metabolic strategies. IDH provides arcle GBM cells recover mtDNA copy number to control levels over
example of how a single mutation in this pathway can indicatehe course of tumor formationfickinson et al., 2013 These
a unique pathophysiology. ndings suggest that mitochondrial function may be requdrior

glioma initiation or progression.
Overall, these ndings are somewhat con icted regarding a

FUNCTIONALITY OF MITOCHONDRIAL possible impairment of the respiratory chain in glioma, although
AND THE MITOCHONDRIAL ELECTRON this issue may potentially be resolved by positing di erences
TRANSPORT CHAIN IN GLIOMA CELLS in reliance upon oxidative phosphorylation among di erent cell

types within the tumor.

Glioma cells demonstrate alterations to mitochondrial
morphology, with some cells containing healthy electron-
dense mitochondria and others exhibiting mitochondria THE CONTRIBUTION OF FATTY ACIDS TO
with extensive cristolysis; these characteristics areighb to GLIOMA METABOLISM
correlate with hypoxia-resistant and hypoxia-sensitivé typles
(Arismendi-Morillo and Castellano-Ramirez, 2008 Fatty Acid Biosynthesis and Oxidation

This nding is compatible with observations of mitochondtia Increasingly, it is appreciated that fatty acids can act agatit
physiology. GSCs have high mitochondrial reserves compardio-energetic substrates within the glioma cé&ilgure 3). Recent
with di erentiated cell types; inhibiting neither glycolgsinor  results from our lab and other groups have demonstrated that
oxidative phosphorylation in this cell type has signi cant etec glioma cells primarily use fatty acids as a substrate for gnerg
on energy production\{lashi et al., 2011 These ndings suggest production. Speci cally, human glioma cells primary-cultured
possible mechanisms by which the therapy-resistant GSC mayder serum-free conditions oxidize fatty acids to maintadth
become particularly adaptive from a metabolic standpoint. respiratory and proliferative activity_(n et al., 201y. 13Cin vivo

Another way to address the question of mitochondrialradiolabelling studies conducted in orthotopic mouse models
integrity and functionality is through observations on of malignant glioma show that acetate contributes over bélf
mitochondrial enzyme expression and activity. Early studiesxidative activity within these tumors, while glucose cdndites
using C6 rat glioma cell xenografts identi ed lower cytochre  only a third (Maher et al., 2012; Mashimo et al., 2D14
C oxidase (COX, Complex V) and SDH (Complex Il) enzyme While glioma cells clearly rely upon fatty acids for energy
expression in more hypoxic areas of the tumor. More recentlyproduction, it is not clear whether they acquire fatty acids
one group observed signi cantly lower Complex II-IV activit from the bloodstream or build these carbon chains themselve
in anaplastic astrocytomas and lower Complex |-V activityFatty acids pass easily through the plasma membrane, and this
in glioblastomas compared with normal brain tissue, usingmay indeed be a nutrient sourda vivo, but these substrates
dissociated cells from freshly-frozen human tumdrgichtinger are not made available in cell culture. However, cells do have
et al., 201)t Another group, using mass spectrometry to analyseccess to high concentrations of glucose bisttvitro and in
human glioma tissue samples, observed lower expression wio. Glucose can be transported into the cells, converted to
some Complex | subunits but higher levels of many oxidativéatty acids by the enzyme fatty acid synthase (FASN), then
enzymes including catalasBdighton et al., 2004 Yet another imported into the mitochondria for beta-oxidation (a process
group discovered in a sample of glioma cells & T base- known as a Futile Cycle, see next section). Glioma cells Ttonta
pair substitution in the ND6 subunit of Complex | which FASN, and indeed the expression of this enzyme increases
causes stabilization of the enzyme and resistance to ragenowith tumor malignancy {ao et al., 201)3 Fatty acid synthesis
and hypoxic conditions [PeHaan et al., 2004 A somewhat is initiated from the Kreb's Cycle, where excess citrate is
contrasting picture regarding electron transport capability —converted to acetyl-CoA by ATP citrate lyase; the product is
glioma cells is emerging from the use of di erent techniqueghen carboxylated by acyl-CoA carboxylase 1 (ACC1) to mdiony
across di erent labs. CoA, which is then catalyzed by FASN to produce long chairyfatt

With the former studies indicating potential dysfunction in acids, such as palmitat€(rrie et al., 2013 Monounsaturated,
electron transport chain Complexes | and IV (which containpolyunsaturated, and highly-unsaturated fatty acids arelpoed
mitochondrial-encoded subunits), it is useful to identiynether by a series of desaturase enzymes: Stearoyl-CoA desatnchse
mitochondrial DNA (mtDNA) itself is intact. Upon disuse in fatty acid desaturases 1 and 2. Fatty acid synthesis has been
highly glycolytic cells, genetic drift occurs and the miioadrial ~ shown to continue under low-oxygen tension and low-nutrient
genome accumulates mutations, so mtDNA integrity is a goodonditions (ewis et al., 20)5 a process which is activated
indicator of mitochondrial enzyme functionQreaves et al., by HIFla signaling. Fatty acids are shuttled into lipid droplets
2019. While a number of studies have detected a high numbeupon hypoxia in order to support cell growth and survival upon
of MtDNA mutations which have risede novan glioblastomas re-oxygenationBensaad et al., 20)L4
(Lloyd et al., 201f a relatively limited fraction of these are Inhibition of either fatty acid synthesis or beta-oxidatio
predicted or observed to be pathogenididone et al., 2006  reduces proliferation of both glioma cells{ube et al., 2015; Lin
Indeed, experimentally mtDNA-depleted GBM cells grow at et al., 201pand normal neural stem cells éncaster et al., 2013;
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building block for lipid-based molecules.

idation. These pathways provide substrates for glioma cells to makeaetyl CoA or utilize it as a

Stoll et al., 2016 These twinned metabolic pathways provideconsiderations involved in cell culture and animal studk€sstly,

energy and raw materials for cancer cell growth, and aréaily

fatty acid oxidation is simply an understudied pathway; the

important in glioma cell malignancy. Etomoxir, a speci ¢ androle of a metabolic strategy cannot be evaluated if it is not

irreversible inhibitor of carnitine palmitoyl transferaféCPT1),
the rate-limiting step in beta-oxidation, inhibits respiian and

investigated. Secondly, drugs often used to slow glioma tiirou
inhibition of glycolysis, such as dichloroacetate (DCA#% aon-

growth of glioma cells, and could provide a new therapeutispeci c (Michelakis et al., 20)pDCA reduces beta-oxidation as

option for slowing tumor growth by reducing cellular catalmwli
activity (Lin et al., 201Y. Likewise, orlistat, an inhibitor of FASN
which is used in the clinical treatment of obesity, may als@h
promise for use as a therapy for malignant glion@(be et al.,
2019.

well so cannot be used to parse glycolytic dependeBoyifet
et al., 200). Thirdly, fatty acids can cause death in cancer
cells due to detergent-like e ects, especially when not bound
to albumin as is commonly the cade vivo (Leaver et al.,
200). Fourthly, the reliance of human glioma cells on fatty

There are ve main reasons that fatty acids have beeacid oxidation is abrogated after serum exposuré (et al.,
overlooked as a metabolic substrate, mostly due to technica016, 201); a commonly-used culture method which alters the
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characteristics of brain-derived cancer celtsi(ard et al., 2009

ongoing to evaluate the e ects of this diet on overall surliirae

Studying cells under these conditions may therefore cause and quality of life measures in human patients:

underestimation of oxidative activity. Finally, xenodgrafmor
models in nude mice, with human glioma cells transplanted into
the ank, have often been used to evaluate glycolytic irbitsi

but these non-orthotopic transplant models do not have access
to brain vasculature and its characteristic nutrient asility
(Zhou et al., 201}l Subsequently, it will be useful to study
the contribution of beta-oxidation to total energy produmti

in various model systems, across cell types and during tumor
progression, and how this process is regulated in glioma.

Other Uses of Fatty Acids within the Cell

Fatty acids synthesized within the cell or obtained from
the bloodstream not only contribute to energy production
through mitochondrial and peroxisomal beta-oxidation,
thereby supplying the Krebs cycle and electron transport
chain. They also play many critical anabolic roles within

Calorie-restricted, Ketogenic Diet and Transient Fasting
During Reirradiation for Patients With Recurrent
Glioblastoma (ERGO2), sponsored by the Johann Wolfgang
Goethe University Hospital in collaboration with TAVARLIN.
Pilot Study of a Metabolic Nutritional Therapy for the
Management of Primary Brain Tumors (Ketones), sponsored
by Michigan State University in collaboration with Sparrow
Health System.

Ketogenic Diet as Adjunctive Treatment in Refractory/End-
stage Glioblastoma Multiforme: a Pilot Study, sponsored by
Mid-Atlantic Epilepsy and Sleep Center in collaboration with
University of Pittsburgh.

Ketogenic Diet With Radiation and Chemotherapy for Newly
Diagnosed Glioblastoma, sponsored by St. Joseph's Hospital
and Medical Center Phoenix.

a cell, forming phospholipids which comprise the plasmaEFUNCTIONAL LINKS BETWEEN
membrane and glycerophospholipids which act as SignalinR/IETABOLIC PATHWAYS

molecules. Fatty acids generate paracrine signaling mlelecu
such as endocannabinoids and eicosanoids, driving syistioés
cholesterol and other steroid hormones through the mevaten
pathway, which is highly active in glioblastoma celisufibach
etal., 201), and acting as cofactors for fatty acid binding proteins,
(FABPs), which are necessary for lipid droplet formation under

It is important to note that catabolic pathways do not exist in
isolation; they are inextricably linked to the biology oétbancer
cell (Figure 4). Several pathways in particular, which have been
identi ed in other cancer types, may play a role in glioma as well.

hypoxic conditions Bensaad et al., 20)L4In addition, fatty The Randle Effect: Coupling of

acids can facilitate post-translational modications (e.g
palmitoylation) of pro-malignancy proteins. Fatty acids tiplay
diverse and important roles in the function of cancer cells.

Beta-Oxidation and Glycolysis?
Bio-energetic pathways in glioma cells do not occur in isofatio
importantly, they are connected to each other through cross-

signaling. A case in pointis the Randle E ect, a prime example of

Ketolysis

tightly-coordinated cellular energy metabolism which prowde

Ketolysis is the process by which ketone bodies are brokenechanistic link between beta-oxidation and aerobic glysisl

down to produce acetyl-CoAHukao et al., 1997 Often this

In the 1960s and 1970s, Randle showed that NADH and

process occurs in brain tissues when blood sugar levels aasetyl-CoA produced during beta-oxidation both inhibit the
low. It has been established that cells within the brain,alwhi activity of pyruvate dehydrogenase (PDH), thereby promoting

normally rely on glucose, can readily switch to oxidizingdses

the conversion of pyruvate to lactate. Well-characterized i

produced by the liver under necessary circumstances. It ts ndliabetes, the work of Randle and his colleagues revealadhat
clear whether ketones might be utilized within glioma cellsoxidative glycolysis can occur alongside the oxidation thieo
Recently radiolabelled acetate has been shown to be takenaip ssubstrates, particularly fatty acid3gndle et al., 1993

metabolic substrate for glioma cellggéshimo et al., 200)4Since

The activity of the PDH complex, which allows the end-

ketones can provide necessary substrates for the biosysitbfes product of glycolysis to enter the Kreb's Cycle, is modulaigd
fatty acids and can be converted into acetyl-CoA which diyect reversible phosphorylation by PDH kinase (PDK); NADH and
enters the Kreb's Cyclé(kao et al., 1997these substrates may ATP produced in the course of beta-oxidation lead to activati

provide fuel for a developing tumof{gure 3).

of PDK, which in turn phospho-inactivates PDC, leading to

However, a ketogenic diet has been proposed as a potentlawer rates of glucose oxidation and higher rates of lactate
therapy for glioma to slow tumor growth and reduce seizurgrelease lolness and Sugden, 200 this way beta-oxidation
frequency. It is thought that low blood sugar resulting fromis compatible with ongoing aerobic glycolysis, and in fact could

this dietary intervention prevents glioma cells accessimgrt
preferred fuel source, glucose, and the e cacy of this digtar

promote the Warburg E ect.

intervention has been demonstrated in xenograft-transplan | N€ Corbet-.F(.aron. Effect: A Causa'l Lil’.lk
models of malignant gliomaSta ord et al., 2010; Abdelwahab between Acidi cation and Beta-Oxidation?

et al.,, 2012; Woolf et al., 2015; Lussier et al., p0as well A

more recent study has established the Corbet-Feron E ect,

as mouse models of neuroblastoma, a pediatric brain tumowhere lactate-induced acidi cation of the microenvironmnie
(Morscher et al., 20)5It remains to be seen whether this nding over a period of weeks leads to adaptation of the cancer

is replicated in human patients; four clinical trials are amtly

cell population, promoting beta-oxidation as a metabolic
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An integrated view of glioma cell bioenergetics

Pentose Phosphate Warburg Effect ! Possible link pathways*

Pathway

v

Nucleic acid
biosynthesis

Oxidative metabolism

Ketolysis

Glutamine

v

Amino acid
2 : | OXPHOS
biosynthesis Phospholipid &

Eicosenoid
Biosynthesis

Regulation of
catabolism/anabolism

FIGURE 4 | Multiple substrates can contribute to cellular bi oenergetics by providing acetyl CoA.  This schematic shows an integrated view of glioma cell
metabolism, demonstrating that ketones providing acetyl GA will fuel both energy production and biosynthesis of raw mterials (e.g., nucleic acids, amino acids,
phospholipids and other molecules). The non-oxidative usef glucose by glioma cells is shown irgreen ; particularly theWarburg Effect 1 where cancer cells
undergo glycolysis that is not followed by oxidation, insted converting the end product pyruvate into lactate and relasing it into the extracellular space. Aerobic
respiratory pathways used by glioma cells are shown iblue ; glioma cells appear to engage in &utile Cycle 2 (gray) where fatty acids are continuously synthesized
and oxidized in glioma cells (it has been shown that inhihitiy either pathway reduces cellular proliferation and slowsimor progression). Ketolysis, shown irviolet ,
and fatty acid oxidation, shown inteal, provides acetyl CoA which fuels the Kreb's Cycle and oxidate phosphorylation; acetyl CoA produced from any source
facilitates anapleurosis and biosynthesis of many moleaes critical to cellular function. Metabolic intermediatessuch as those produced by the Kreb's Cycle and
oxidative phosphorylation, impinge on other cellular furtions, as shown inyellow . *Interactions between enzymes that link catabolic pathwas; which have been
identi ed in other cancers but not yet studied in glioma, are bown in red. These include: theRandle Effect 3 where NADH and acetyl CoA produced during fatty
acid (FA) oxidation inhibit pyruvate dehydrogenase, thusrpmoting glucose's alternative fate (release as lactatejfye Corbet-Feron Effect 4 where lactate-induced
acidi cation of the microenvironment promotes the FA oxiddbn phenotype via acetylation-mediated activation of mitthondrial proteins, andsirtuin-mediated
regulation of histone acetylation

strategy Corbet et al., 2006 This shift is associated with used molecules such as phospholipids), while providing a good
histone deacetylation in the nucleus and DNA hyper-acetytati source of ATP and NADH through the catabolism of any excess
in the mitochondria, and is dependent upon acetylation-material; and secondly, they are thought to play a criticd ro
mediated activation of mitochondrial proteins. This e ect in regulating metabolic processes, as a futile cycle cancidu
was demonstrated in SiHa cervix cancer cells, FaDu pharyre bi-stable oscillatory state which is highly sensitive to lma
squamous cell carcinoma cells, HCT-116 and HT-29 coloneanc changes in enzymatic activity and can be used to communicate
cells, but was not investigated in glioblastoma cells, smitains  changes within the cellSamoilov et al., 2005Several of the

to be seen whether this e ect is relevant in malignant brainsignaling pathways discussed below exert their e ects thnoug

tumors. this mechanism.
A “Futile Cycle” Can Regulate an AMP-ACTIVATED PROTEIN KINASE: A
Anabolic-Catabolic Switch COORDINATOR OF ENERGY METABOLISM

A futile cycle occurs when a cell runs two identical metaboli AND CELL CYCLE PROGRESSION

pathways simultaneously in opposite directions, with no e ect

but a small net consumption of ATP. Such processes (e.g., fattructure and Function of AMPK

acid biosynthesis and beta-oxidation, which both occurhe t AMP-activated protein kinase (AMPK) is the central energy
glioma cell) may seem paradoxical. Yet futile cycles accomplisensor within all mammalian cells and consists of three subunits
two important tasks: Firstly, they ensure the continuousthe catalytica-subunit and two regulatonb- and g-subunits
availability of raw materials through biosynthesis (etgeavily (Hardie and Alessi, 20)3AMPK senses increased ADP and
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AMP during periods of energy stress, regulating the switcl{Hardie and Pan, 2002 When activated, AMPK inhibits
from anabolism to catabolism in order to regain cellular egyer ATP-consuming anabolic processes by phosphorylating ACC
homeostasisKigure 5). and HMGCR. Through inhibiting both ACC1 and ACC2,

The g-subunit of AMPK contains 4 cystathione-synthase AMPK is able to inhibit the production of malonyl-CoA, a
(CBS) motifs, which have the ability to bind ATP, AMP and precursor for fatty acid synthesis and inhibitor of CPT1, shu
ADP in accordance with their cellular ratioslérdie and Alessi, alleviating the rate-limiting step of beta-oxidationigrdie and
2013. AMP is constitutively bound to the 4th CBS motif whilst Pan, 200p. Additionally, AMPK activation also plays a role in
the 2nd remains empty, allowing the remaining two motifs toother metabolic pathways, by inhibiting mechanistic targét
bind ATP, AMP, and ADP. When ATP levels are high AMPK rapamycin (mMTOR) and activating Raptor and tumor suppressor
remains inactive, however when cellular energy levels@axe | complex (TSC1/2) to inhibit protein and mRNA translation and
AMP and ADP compete for binding to thg-subunit (Hardie increase glycolysis by inhibiting rate-limiting enzymésa(die
et al., 201p Binding of AMP and ADP changes the morphology and Pan, 2002; Hardie, 2011; Hardie et al., 2012; Hardie and
of AMPK, requiring N-terminal myristylation of thé-subunit,  Alessi, 2018 Through these mechanisms, AMPK is able to
and promoting phosphorylation of AMPKa at Thr172 Qakhill  overcome ATP depletion and energy stress maintaining cellula
etal., 2009 energy homeostasis.

Liver kinase Bl (LKB1) is the major activator of AMPK
and constitutively phosphorylates Thr172, however high ATFRole of AMPK in Cancer
binding promotes its rapid dephosphorylatiorHérdie and The role of AMPK as both a tumor suppressor and potential
Alessi, 2013 The conformational change in AMPK upon oncogene has been well debated; it appears that the role of
ADP/AMP binding inhibits this dephosphorylation increasing AMPK is often dependent on metabolic status of the cell and
AMPK activation 100-fold iflardie et al., 2012 AMP itself has phosphorylation status of the protein itself. AMPK inhibits
the ability to cause further allosteric activation of AMPKodiner  cell cycle progression whilst also providing protection from
10-fold, and in this manner AMPK can respond to a varietymetabolic stress induced by chemotherapeutic agents in g@liom
of changes in cellular energy levels and augment its responggosarcoma, and melanoma cell line¥(cicevic et al., 20)1
accordingly Hardie et al., 2012 Both overexpression and ablation of AMPK can induce cell cycle

The two main substrates of AMPK are ACC anddysfunction, suggesting that AMPK has a role in both tumor
hydroxylmethylglutaryl-CoA reductase (HMGCR), which suppression and progression within transformed celigax
regulate fatty acid and cholesterol metabolism respectivelganko et al., 20)1 AMPK integrates inputs from oncogenic

Conflicting role of AMPK in glioma as tumour suppressor and tumour promoter

LATP | tMetabolic Chemotherapy
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FIGURE 5 | The con icting role of AMPK in glioma as a tumor suppre ssor and tumor promoter.  Increased AMP: ATP and ADP: ATP ratios, metabolic stress
and treatment with chemotherapy results in AMPK activatiom glioma cells Hardie and Alessi, 2013. This results in the activation of several downstream patays
that result in both tumor suppression and growth depending o the context of AMPK activation. Primarily AMPK activates§8 transcriptional activity leading to
classical cell cycle inhibition, reducing tumor growth trmugh p21€'P1 and p27XIP1 activation (Jones et al., 2005). AMPK activation also downregulates mTOR
signaling resulting in decreased protein synthesis and G2lbck, whilst also releasing its constraint on autophagy, treasing glioma survival during chemotherapy
(Vucicevic et al., 2009; Misirkic et al., 201). Unresolved stress over prolonged periods can also resdilih increased apoptosis and therefore decreased viability
increasing Rb phosphorylation, AMPK activation is also aglto overcome cell cycle inhibitionRios et al., 2014).
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signaling and energy metabolism before committing the celktlones show upregulation of genes associated with autopmagy a
to undergo division flukherjee et al., 2008 and its control lipid catabolism alongside increased AMPK phosphorylatida (
is further complicated by mutations in tumor suppressor andet al., 2013 Additionally, AMPK has also been shown to play a

metabolic pathways. role in increased glioma cell migration and survival in respen

) to glucose withdrawal within the U-251-MG human cell line
Role of AMPK as a Tumor Suppressor in (Godlewski et al., 20)0
Glioma AMPK is also able to induce autophagy by downregulating

Cell cycle inhibition resulting from AMPK activation can agtc  MTOR activity, inducing the recycling of cellular components
at both the G1/S and G2/M phases of the cell cycle by di eringind the production of ATP during starvation. By inhibiting
mechanisms@uo et al., 201,CFigure 5. AMPK has the ability ~cholesterol catabolism in U-251 cells, autophagy was upregulate
to bind and phosphorylate p53 and activate TSC2, in order téh an AMPK-dependent manner to protect against apoptosis
halt cell cycle progression until homeostasis is restoremh¢s (Vucicevic et al., 2009By inducing autophagy and inhibiting
et al., 2005; Vucicevic et al., 201IAMPK also activates p2¥1  caspase-3 and p53 mediated apoptosis, AMPK activation can
and p2¥'P1, both directly and indirectly through p53. Both these increase glioma cell viability and has helped establish e fiwl
proteins act as cyclin-dependent kinase inhibitors and preverAMPK in tumor growth and decreased patient survivali¢s
Rb from releasing E2F thus preventing entry into the cell cyclét al., 2013; Liu et al., 20,Figure 5).
(Isakovic et al., 2007By inhibiting fatty acid synthesis, AMPK . .
is able to inhibit G2/M phase progression through regulatihgt AMPK as a Putative Futile Cycle Regulator
biosynthesis of membrane components required for cytokies The contradictory roles of AMPK may be resolved by considering
(Guo etal., 2010 how a cycling cell achieves metabolic homeostasis. DNA
Within glioma, AMPK activation has been shown to replication and cytokinesis undertaken during the process of
promote apoptosis, better prognosis, and increased response@@ll division require much energy, yet the mechanisms byctvhi
chemotherapy depending on metabolic contextakovic et al., glioma cells couple catabolic activity to cell cycle progozsare
2007; Zadra et al., 20).%lucose withdrawal causes more AMPK NOt well understood. AMPK and its family members, as nutrient
phosphorylation and apoptosis in astrocytoma cells compareﬁensmg e ector proteins, are well-placed to act as regulatbrs o
with normal astrocytes due to ine cient mTOR signaling & futile cycle to accomplish this task. An increased AMP/ATP
(Mukherjee et al., 2008 Additionally, in low density cultures ratio activates AMPK, which inhibits biosynthetic processes
of U-251 cells, metformin-mediated AMPK activation inhibits @nd activates beta-oxidation by inhibiting ACCHgrdie and
proliferation at GO/G1 phase, while in substrate-limitingghi ~ Pan, 2002; Hardie et al., 201AMPK simultaneously acts to
density cultures metformin promotes apoptosis; interesgingl inhibit cell cycle progression by activating tumor suppressor
primary rat astrocytes are resistant to the e ects of metfarmi proteins (Jones et al., 2005; Liang et al., 20@nce the cell
(Isakovic et al., 2007 This serves as a prime example ofhas enough energy, AMPK is no longer activated and the
di erential AMPK signaling due to substrate availability and activated protein is degraded, allowing release from thecyele
cellular statusKigure 5). checkpoint. The process of mitosis then presumably depletes
Through tightly regulating mTOR, AMPK moderates the €nergy stores allowing AMPK to be activated agdiig(re 6).
progression, prognosis and resistance of malignant g|ioma{§terestingly, knockdown and overexpression of this kinzaese
(Aldea et al., 2011; Vucicevic et al., 2DIWithin serum-free the same e ect in cells: halting of the cell cycle resulting in
primary-cultured human GSCs, metformin-mediated activati aneuploidy Max Banko et al., 20)1 A carefully-regulated,
of AMPK and FOXO3 induces dierentiation and reduces cyclical pattern of AMPK activity—and functional downstream
tumourigenic capacityn vivo (Sato et al., 20)2However, this € €ctor molecules—may be required for cycling cancer cells to
e ect was only observed during culture at non-physiologicalfunction properly.
glucose concentrations (L7.5 mM). Resistance to therapy is a
major hurdle in overcoming brain tumor recurrence but it has MAMMALIAN TARGET-OF-RAPAMYCIN: A
been shown that AMPK activation can enhance glioma respongéey TO GLIOMA CELL RESILIENCY
to temozolomide Zhang et al., 2000 Furthermore, metformin )
treatment enhances the e ects of temozolomidevitro andin ~ Structure and Function of mMTOR
vivo, correlating with improved therapeutic response in patientynTOR integrates signaling from growth factor pathways with

(Aldeaetal., 2011; Sesen et al., 3015 cellular energy and nutrient levels, co-ordinating thisiaty
_ ) ) with biosynthetic machinery and cell cycle machine®a(bassov
Role of AMPK in Glioma Progression and Sabatini, 2005; Duzgun et al., 2)16ontrol of protein

Oncogenic events often result in AMPK activation which, ifsynthesis and cell cycle entry by mTOR is mediated through th
AMPK acted solely as a tumor suppressor, would be highl;nTOR Complex 1 (mTORC1) and the adaptor protein Raptor,
counter-productive for tumor growthRios et al., 2004AMPK  while metabolic e ects of mMTOR occur through associationhwit
activity correlates with increased proliferation in clialsamples, the mTORC2 complex with the adaptor-protein Rict@rihavan
U-87-MG cells, and mouse astrocytoma models, mediatingt al., 2010; Masui et al., 2QFigure 7).

increased Rb phosphorylation and cell cyclingitro (Rios et al., MTOR acts downstream of many tumor suppressor and
2013Figure 5. Radio- and temozolomide- resistant human GSConcogenic pathways, which tightly regulate its activity end
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MTORC1 activity may also be directly inuenced by ATP
(Dennis et al., 2001; Levine and Puzio-Kuter, 20L0w amino
acid levels can attenuate mTORC1 activity by inhibiting Rag
GTPases bound to lysosomes, thereby inhibiting mTORCL1
| |aTP recruitment and activation by RHEBLé&plante and Sabatini,

\ TAMPTADP 201). In this manner mTOR regulates anabolic processes
by inducing protein synthesis in response to substrate levels
(Figure 8A).

The cycle of AMPK activation and degradation

1Cell cycle
| progression

( |Catabolism
tAnabolism

L> |ATP
é

TACC1/2 <1
THMGCR -

p27

MTOR as a Regulator of the Warburg

| TAMPK
b Effect in Glioma
Although mTORCL1 controls protein synthesis and cell cycle
Q entry, the metabolic e ects of mTOR activation are regulated
' \ by mTORC2. In serum-supplemented U-87 cells, mTORC2 acts

ety upstream of c-Myc, another critical metabolic regulator which
D ‘ » induces the Warburg e ect Nlasui et al., 20L3Figure 8B).
ﬁ/m&w% ‘ MTORC2 controls c-Myc by inhibiting FoxO1 and FOXO03,
Wl e G through phosphorylation of PK& and inhibition of class lla
& : N&‘"“J*‘_—J histone deacetylases which phosphorylate and acetylate FoxO

|ANP|ADP Cel cycle ‘&J (Masui et al., 2013, 20).5This allows transcription of glycolytic
e pathway genes, upregulation of glucose transporters (GLUT1/3)
and increased lactate production (LDHA) in U-87 celldgsui

et al., 2013; Clark et al., 2016Akt-expressing cells are

FIGURE 6 | The dual role of AMPK activity in maintaining energy

homeostasis and ensuring nutrient suf ciency for cell cycle

progression. Upon activation by decreased ATP availability, AMPK acts to
inhibit energy consuming pathways such as cholesterol andsfty acid
synthesis (Hardie and Pan, 2002, whilst also increasing the activity of cell
cycle inhibitors p27 and p53 (sakovic et al., 2007. This tumor suppression
acts to restore energy homeostasis by inhibiting cell cyclprogression,
resulting in decreased AMPK activity and a switch from catatdism to
anabolism for completion of the cell cycle. AMPK thereby astto maintain

also able to induce glycolysis through direct phosphorylation
of FoxO1/3, relieving the blockade on c-Myc signaling and
facilitating glycolysis Yang et al., 2009; Masui et al., 2015
Figure 8B).

Akt and mTORC2 signaling confer glucose addiction within
glioma cells bothin vitro and in vivo (Yang et al., 2009;
Tanaka et al., 20)5 and without mTORC2 activity U-87

energy homeostasis and ensure nutrient suf ciency for cellycle progression.

cells cannot sustain their proliferation in glucosé/gsui

et al., 201R Therefore, impairments in glucose availability
can be devastating for glioma survival. Glioma cells upragula
normal circumstances. However, loss of tumor suppressof@utamine metabolism as a compensatory mechanism to sustain
such as p53 or oncogenic activity which converges on PI3Kkix through the Krebs cycle, due to the ability of glucose
(phosphatidylinositol 3-kinase) can augment mTOR activity Withdrawal to stimulate glutamate dehydrogenase actiliyng
resulting in glioma developmenBancer Genome Atlas Researchet al., 200p This upregulation also aids in protecting SF-188
Network, 2008; Akhavan et al., 2010; Levine and Puzio-Kute@nd U-87 cells against Akt and mTOR inhibition, by relieving
2010; Duzgun et al., 20)L6 the suppression of glutamate dehydrogenase and glutaminase
by Akt and inducinga-KG-dependent anaplerosi&¥gng et al.,
2009; Tanaka et al., 2013 herefore, dual inhibition of mMTOR
and glutaminase has proved to be e ective in immunode cient

The TSC1/2 complex is the major upstream regulator of mTO ubcutangoug xenografts of U-87 cellsu(aka et aI.., 2035
MPK activation has also been shown to protect against glucose

through inactivating Ras-homolog enriched in brain (RHEB) . : . :
GTPase activity. Upon mitogenic signaling the TSC1/2 comple\>'<\"thdraW"’1I in Akt-expressing cells, by reducing the cellular

is stabilized, allowing RHEB to freely activate mTOROL{gun ability to induce beta-oxidationiuzzai etal., 2005

et al., 201p Active mTORC1 then phosphorylates S6K1 at . . .

Thr389 and 4E-BP1 at Ser65 to initiate protein translationR0l€ 0f MTOR in Resistance of Glioma to

and ribosome biogenesis, respectivelelinis et al., 20Q1 Therapy

Figure 8A). Persistently activated PI3K/Akt/mTOR axis signaling is
AMPK is a well-known regulator of mTOR. AMPK associated with the development of cancémafcer Genome

destabilizes the TSC1/2 complex, allowing TSC2 to bindtlas Research Network, 200Bigure 8C). For maximal Akt

RHEB stimulating its GTPase activity and inhibiting its &bil signaling and proliferation in cancer cells, Akt is phosphorylated

to activate mTORC1 \(ucicevic et al., 20)1 Interaction by both PI3K induced kinases at Thr308 and by mTORC2

with  AMPK allows mTORC1 to sense energy levels an@t Ser473 Akhavan et al., 2030 Interestingly, mTORC2

p53 status, however it has recently been hypothesized thattivation of PK@ can propagate mTORC1 signaling through

MTOR Controls Protein Synthesis through
mTORC1
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Components of the mTORC1 and mTORC?2 signalling complexes

mTOR

mTOR

Rictor

PROTOR
1/2

FIGURE 7 | Components of the mTORC1 and mTORC?2 signaling complexe  s. Both the mTORC1 and mTORC2 complexes contain mTOR, MLST8, @h
DEPTOR. However, their major differences lie in the co-biimly of Raptor to the mTORC1 complex and Rictor to the mTORC2 cmplex, in addition to their other
binding partners including PRAS40 and PROTOR1/2 and SIN1 reggtively {aplante and Sabatini, 2013.

Akt activation Garbassov et al., 2005; Fan et al., p0Dge to P53 MUTATIONS AFFECT NOT ONLY CELL
this mTORC2 is an essential component for tumor growth iNnCYCLE CHECKPOINTS BUT ALSO

response to enhanced EGFR signal ux through PI3K in gliom _
(Read et al., 2009 conferring resistance to EGFR inhibitorsitELLULAR BIO-ENERGETICS

(Stommel etal,, 2007 _ Due to the interaction between energy metabolism and

mTOR has been shown to mediate at least some of thgrgjiferation, it is unsurprising that proteins known to control
e ects of concurrent loss of NF1 and PTEN/¢rhaak et al., the cell cycle also have a profound e ect on metabolism (and vice-
201Q Figure 8Q). Loss of NF1 and p53, is su cient to achieve yersa). Within glioma p53 has a varied role, retaining itsiviiipe
gliomagenesis in an mTOR-dependent process, where inhibitioconformation in most primary glioblastomas and acquiringrgai
of mTOR reduces NF1-mediated progression in mouse models; fynction mutations in the pro-neural glioblastoma subtype
of optic glioma (Galvao et al, 2014; Kaul et al., 2015 ang during lower-grade glioma progressio@ (o et al., 2012;
Meanwhile, cells with wild-type PTEN have reduced mTORCZyy51ka et al., 201ap53 is widely known as a tumor suppressor,
activation through Rictor Thr1135 phosphorylation; mutation o acting upstream of many oncogenic nodes. p53 also has the
depletion of PTEN prevents this inactivation, allowing mTQRC ¢ gt of restricting aerobic glycolysis and promoting oxidativ
activation and reduced cell cycle arreéShgttacharya et al., 20,16 phosphorylation, while loss of p53 function contribute to the
Figure 8A). Warburg e ect (Levine and Puzio-Kuter, 20).0

Sustained mTORC2 signaling, due to augmented p53, p53 promotes responses to extrinsic and intrinsic stimuli
constitutive EGFRVIIIsignaIing,and NF1/PTEN co-deletaam dependent on the type, Severity and persistence of stress
confer resistance to a variety of drugs used to treat gliomgyousden and Prives, 2009Whilst wild-type p53 expression
PI3K and Akt inhibitors and Rapamycin are commonly used t0js associated with decreased proliferation due to inhibitio
block the PI3K/Akt/mTOR axis, however rapamycin-insengti of cyclin-dependent kinases, overexpression of regulatory
and sustained mTORC2 signaling imparts survival in U-87 celltnechanisms such as MDM2 control p53-dependent growth
(Masui et al., 2013 Although PI3K and Akt inhibition would in glioma (Reifenberger et al., 1993; Suh et al., 2012
be expected to deplete c-Myc levels, mTORC2 increases FoxficroRNA-25 and -32 are repressed by p53-dependent
acetylation as a compensatory mechanism to modulate c-Myactivities as part of a negative feedback loop in U-87
and promote GBM survivalMasui et al., 201)3 Due to this cells, however their suppression also alleviates the block
signaling complexity mTORC?2 has been highlighted as a majwn MDM2 activity which ubiquitinates and degrades p53
regulator of GBM growth and drug resistandégsui etal., 2005 (Xirodimas et al., 2001; Suh et al.,, 2p1Expression of
As mTORC2 knockdown suppresses the induction of glycolysimiR-25 and -32 in U-87 cells with functional p53 inhibits
in response to PI3K and Akt inhibitors, it has been proposed thatheir growth in vivo, signifying the importance of this
their combination with dual mMTORC1/2 inhibitors will promote autoregulatory feedback loop in GBM proliferationSuh
glioma cell death and tumor regressidrgsui et al., 201)3 etal, 201p
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A The role of MTOR in protein synthesis

—
S| e | i

B The role of MTOR in energy metabolism C The role of mTOR in stem cell maintenance
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FIGURE 8 | (A) The role of mTOR in protein synthesis. AMPK is a well-known gelator of mTOR activity {ucicevic et al., 2017. Upon activation AMPK destabilizes
the Tumor Suppressor 1/2 (TSC1/2) complex, allowing TSC2 toéely bind Ras-homolog enriched in brain (RHEB) and inhibit FORC1 signaling I(aplante and
Sabatini, 2012). This means that energy consuming processes such as proteitranslation and ribsome biogenesis are inhibited duringeriods of energy stress. As
well as acting through AMPK, ATP has recently also been showto be able to directly activate mTORCL1 signalingXennis et al., 200J). (B) The role of mTOR in
energy metabolism. mTORC2 metabolic reprogramming downséam of PI3K/Akt is a critical regulator of the Warburg effectrad glucose dependence in glioma cells
(Masui et al., 2015). By relieving FoxO1/3 constraint on c-Myc signaling, mTORZincreases Glucose Transproter 1 and 3 expression (GLUT1/3) well as lactate
dehydrogenase activity, encouraging aerobic glycolysisVasui et al., 2013. Simultaneously, through c-Myc activity mTORC?2 also inbits glutamate dehydrogenase
(GDH) activity required for glutaminolysis, regulating aetabolic switch from oxidative phosphorylation fuelled byhe Kreb's cycle to aerobic glycolysis {ang et al.,
2009). mTORC?2 signaling therefore causes glioma cells to becontaddicted” to aerobic glycolysis, making them particulagl vulnerable to glucose depletion(C) The
role of mTOR in stem cell maintenanceOncogenic activity which converges on PI3K can activate mTORignaling Garbassov et al., 2009. mTORC1 and mTORC2
activity results in the activation of several transcriptiofactors, including OCT4 and NOTCH and c-Myc respectivelyensuring stem cell maintainenceNlasui et al.,
2013). c-Myc can also be activated directly by Akt signaling and RCa signaling downstream of mTORC2 to induce stem cell transfonation (Fan et al., 2009.
Additionally, whilst mMTORC2 activity forms part of a feedsfward system, phosphorylating Akt, mMTORC1 activity dowregulates PI3K activity by downregulating
PDGFR fkhavan et al., 2010; Sarbassov et al., 200%

Induction of Oxidative Metabolism by p53 Phosphofructokinase-1 and fructose biphosphatase in multiple
By inhibiting key oncogenic pathways that promote aerobiacancer types, including GBMBgnsaad et al., 2006; Wanka et al.,
glycolysis as discussed in previous sections, p53 is able 2612f).

constrict glycolytic respiration both indirectly and thrgh Functional p53 increases expression of glutaminase 2 (GLS2)
its direct interaction with glycolytic pathway componentsunder stress in HTB-15 human glioblastoma celtsu(et al.,
(Deberardinis et al., 2008Figure 9A). p53 represses the 2010. This serves to increase oxidative metabolism and ATP
transcription of GLUT1/4 transporters and ChREBP leadinggeneration, by catalyzing the conversion of glutamine to
to decreased glycolysis in colorectal cancer cell lingsng, glutamate and increasing-KG levels Hu et al., 201 This
1999; Tong et al., 2009Whereas, the p53 product TIGAR, metabolic e ectis also seen in freshly isolated human GBIvhste
often overexpressed in glioblastomas, protects againstlls (Michelakis et al., 20)0Additionally, increased glutamate
glycolytic adaptation by reducing the expression and agtisft availability as a precursor for glutathione (GSH) helps to peote
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A p53 control of cell growth and oxidative metabolism
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FIGURE 9 | (A) Functional p53 control of cell growth and oxidative metabam. p53 plays a role in its own regulation by diminishing the inbition of MDM2 which
mediates p53 ubiquitination, through a feedback loop inveing miR-25 and -32 Suh et al., 2012). p53 also has a role in inhibiting the activity of oncogenipathways,
including mTOR and PI3K/Akt, halting cell cycle progression kilst DNA is repaired Budanov and Karin, 2009. This cell cycle blockade can be alleviated by MDM2
(Reifenberger et al., 1993. This also alleviates the glycolytic switch inferred by ¢hpathways. Additionally, p53 also has its own roles in dimishing glycolysis both
directly and indirectly through TIGAR transcriptiorBensaad et al., 2006). (B) Differential response of p53 to different forms of damageActivation of p53 due to DNA
(Continued)
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FIGURE 9 | Continued

damage (shown in green), results in the suppression of phosmwglycerate mutase (PGM) causing inhibition of the glycet@reduction. This process allows activation of
the non-oxidative arm of the PPP and production of R5P for DNAepair, instead of channeling glycolytic intermediates tbugh the glycolytic pathway Kondoh et al.,
2005; Deberardinis et al., 2008; Levine and Puzio-Kuter, 200). Additionally, activation of p53 by oxidative damage (shven in blue) inhibits the degradation of
G6P-dehydrogenase (G6PD), stimulating the oxidative PPPhase and NADPH production to counter-act ROS and oxidationJjang et al., 2011). These pathways
provide protection from extensive DNA and oxidative damage cancer cells expressing functional p53. However, underanditions where p53 has been activated in
response to other stimuli such as energy deprivation (showim orange), p53 can inhibit these pathways to free-up glycgtic intermediates for pyruvate formation and
Kreb's cycle entry @oros et al., 1997; Christofk et al., 2009.

against oxidative stressH( et al., 2010; Michelakis et al., by inducing Sestrins1-4 and regulating p21, increasing ROS
2010. Currently the impact of wild-type and gain-of-function detoxi cation and Nrf2 antioxidant capabilities respectiye
p53 mutations on rates of oxidative metabolism in GBM is(Mathupala et al., 1997; Budanov et al., 20Eigure 9B). The
relatively understudied. However, in other cancer cell §p83- induction of Sestrins 1 and 2 also aids in stimulating AMPK
mediated transcription of hexokinase 2 catalyzing the n&ps activity, as part of a constitutive feedback mechanism for p53
of glycolysis and the production of tetrameric PKM2 convegtin induction under oxidative stressB(idanov and Karin, 2008
glucose to pyruvate, result in greater oxidative metabolisnthrough increasing GLS2 expression, p53 is also able to irereas
(Mathupala et al., 1997; Christofk et al., 20Byure 9B). p53 de novo GSH production and maintain GSH/GSSG (GSH
also supports the expression of PTEN, in uencing the switchdisulphide) ratios in response to oxidative stress in glidblas
from aerobic glycolysis to oxidative metabolism by inhitntthe  cells by increasing GSH pre-cursokéfet al., 2010; Suzuki et al.,
PISK/Akt/mTOR pathway $tambolic et al., 2001Therefore, itis  2010. Due to this increased resistance to oxidative stress, huma
expected that p53 mutations reduce oxidative metabolisngrgiv glioma cells with functional p53 also show greater resistaace t
our current understanding of p53 function; gain-of-funatio gamma-radiation, by reducing the toxic production of cerdmi
mutations may drive an oxidative metabolic phenotype. and resulting apoptotic inductionH{ara et al., 2004~igure 9B).
AMPK and p53-dependent signaling act in concert to halt Suppression of p53in glioblastoma cells enhances the e ects of
cell cycle progression whilst restoring energy homeostasises hypoxia and susceptibility to hypoxia-induced apoptosi&fka
et al., 200k Metformin, which acts to stimulate AMPK activity, et al., 2012a A recent study highlighted increased protection
causes synthetic lethality in colon carcinoma cells with p5&om moderate hypoxia (1% £) correlates with p53 induction
mutations highlighting the close interaction between thesof SCO2, which is necessary for complete respiratory chain
proteins Buzzai et al., 2007 p53 plays a role in increasing function in human glioma (Vanka et al., 2013aThis helps to
mitochondrial complex activity due to AMPK activation by maintain oxidative phosphorylation and resistance to hypoxia
enhancing the transcription of COX assembly protein 2after p53 ablation, however this protective e ect is not seen
(SCO2) (atoba et al., 2006; Deberardinis et al., 20@C02 under profound hypoxia (0.1% £) (Wanka et al., 2013aln
in combination with SCO1, forms COX acting as the lastthis manner p53 may provide a signi cant survival advantage fo
enzyme within the electron transport chain, increasing @tyg glioma cells, potentially accounting for wild-type p53 refentin
consumption and ATP generationM@atoba et al., 2006 To  primary gliomas. SCO2 de ciency reduces the number of iglets
increase ux into the Kreb's cycle, p53 increases GLS2 express viable cells in necrotic areas of colon carcinomaivo, however
in opposition to c-Myc which decreases Kreb's cycle activity byhis viability is retained in p53 expressing tumors confegria
enhancing GLS1 expressiari( et al., 2010; Suzuki et al., 2010 unique survival advantag&\(anka et al., 2013a
Within glioblastoma cells p53 induction results in incredse
GLS2 under oxidative stress but not oxygen or nutrient siéion . .
(Hu et al., 201 However, basal p53 activity also results inR0l€ of p53 in Response of Glioma Cells to
2.5-3-fold increased GLS2 transcription, maintaining gloate Therapy
and a-ketoglutarate levels{u et al., 201} In contrast, during During chemotherapy p53 also provides some protective e ects
nutrient deprivation malate dehydrogenase 1 interacts witlby inducing the transcription of genes involved in melavanat
p53 to modulate its transcriptional targets within gliomalsel pathway, alleviating the brake on cholesterol biosynthesdis (
to maintain energy homeostasiége et al., 2009 Therefore, and Elson, 2004 p53 induces the expression of several proteins
cancer cells without functional p53 are particularly semsiti involved in melavonate production such as HMGCR and LDLR
to nutrient deprivation, diminishing the scope for engaging(low-density lipoprotein receptor), which are upregulated at
catabolic pathways such as autophagy and beta-oxidation lasal levels in GBM cells compared to normal astrocytesi{za
glioma Buzzai et al., 2007; Munoz-Pinedo et al., 2012 et al., 201x This may represent another pathway by which
By interacting with pathways such as PI3K and mTORfunctional p53 may be able to overcome proliferative defects,
p53 is also able to limit HIF complex stabilization, resultingas cholesterol is required for DNA synthesis and prolifenati
vascularization and migration Budanov and Karin, 2008 However, loss of p53-dependent control of LDLR and another
Additionally, p53 is also able to maintain ROS homeostasimelavonate pathway element, RabGGTA, often accompanies
limiting the e ect of these molecules on cell signaling dyriesn transformation (aezza et al., 20.5Whilst this represents a
(Budanov et al., 2004 p53 activation mediates ROS levelsproblem for maintaining proliferation by reducing total celdu
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cholesterol pools, loss of p53 control is overcome by endagenothrough increased ROS production and resulting damage to DNA

cholesterol synthesis fezza et al., 20).5 (Bartesaghi et al., 20).Although this is a relatively new concept,
Wild-type p53 in U-87 cells reduces recovery in response té may help to explain p53 loss during glioma progression,

ionizing radiation, whereas mutant p53 in T98 cells demaaistr whereby mitochondrial dysfunction potentially damages tbk, ¢

robust proliferation and reduced induction of senescerigeitk  conferring protection against radiotherapy.

and Gewirtz, 2006 The presence of functional p53 in U-87 cells

enhances temozolomide response by inducing apoptosis UPPPEROXISOME

prolonged G-M arrest (Hirose et al., 20018 bWhilst glioma
cells expressing functional p53 show both G1 and G2/M bIockEROLIFERATOR'AC-I-IVA-I-OR RECEPTORS

to a limited degree, p53 null cells demonstrate a prominen{A\RE CENTRAL REGULATORS OF GENE

G2/M block which plays a role in radio-resistandei(iboi et al., TRANSCRIPTION AND OXIDATIVE

2007. This may also explain why p53 is depleted in secondary/[ETABOLISM

lesions; natural selection may be at play, favoring the ¢lona

expansion of p53-mutated cells. Induction of wild-type butPeroxisome proliferator-activated receptor proteins (PPARS) are
not mutant p53 reduces angiogenic activity of the malignanhuclear receptors; the three subtypes (PRARPAR, and
glioma cell line LN-Z308\(an Meir et al., 199% Surprisingly, PPARy) exert dierent e ects on cellular behavior, although
sustained impairments of functional mitochondrial metailsod  broadly do so by impinging on metabolic gene transcription
in neural progenitor cells can also lead to p53 genetic inatitm  (Figure 10. PPARs are activated by various signaling pathways,

FIGURE 10 | PPAR signaling pathways in uence metabolic capac ity, growth, and survival. There are three subtypes of peroxisome proliferator-actated
receptor proteins (PPARs). PPARs are nuclear hormone recegs that are activated primarily by eicosanoids, unsatutad fatty acids, NSAIDS, and retinoic acid. Their
activation status is also in uenced by cAMP second messengecascades and MAP kinase signaling activated by G-protein-@upled receptors (GPCRs) and growth
factor receptor (GFR)-activated signaling. Upon heteroxfierization with retinoic acid receptors (RXRs) and assodian with hydrophobic ligands, PPARs translocate to
the nucleus. There, the complexes activate transcriptionfanetabolic genes. PPARy agonism disrupts HIFa-mediated transcriptional activation of PKM2, thereby
reducing glycolysis; PPAR has also been implicated in tumor suppression and apoptotiénitiation through various signaling pathways. PPA@RRenhances
mitochondrial biogenesis, fatty acid oxidation, and insin-mediated glucose transport into cells; PPAR is also anti-in ammatory, preventing the activation of STAT,
AP1, and NFB. In many contexts, non-ligand-activation of PPAR inducesrénscriptional repression. The effects of PPARsignaling in glioma are not known.
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including cAMP second messenger cascades downstream of (&llis and Kurian, 2014 A Phase Il clinical trial evaluating
protein-coupled receptors and growth factor receptor-actdat treatment with pioglitazone, a relatively speci c PRARgonist,
MAP kinase signaling pathways, thus well-placed to linkn combination with the chemotherapeutic temozolomide and
extracellular factor-induced signaling pathways with Wali the COX2 inhibitor rofecoxib, did not demonstrate improved
metabolic activity. PPARs bind to hydrophobic ligands indghgl  prognosis, and individual patient responses did not correspond
eicosanoids, unsaturated fatty acids and retinoic acidj] anto protein expression levels of COX2 or PRARIau et al., 200)/
interact with retinoic acid receptors and cofactors inchugli More studies are needed to evaluate the biological and fonati
PGCaH to form transcription factor complexesl'ontonoz and  roles of PPARs in glioma.

Spiegelman, 2008Upon activation, PPARs translocate to the

nucleus and bind to PPAR response elements. Although RPARSrtuins

and PPAR bind to the same cofactors, they appear to have\nother group of regulatory proteins which acts independgntl
di erential e ects on gene transcription in glioma cells; thele  anq in partnership with PPAR nuclear receptors are the sigyin

of PPARb in glioma has not been characterized. which are Class Il histone deacetylases. Sirtuins provideeatd
connection between catabolic activity and histone deaattyl
PPAR-Alpha in cancer cells. High NAD levels activate Sirtuins, which

PPARa expression is lower in high-grade gliomas compared with, ,rn repress expression of key tumor suppressor genes
normal brain tissue; signifying worse prognosis in GBM paien yhile increasing expression of telomeragédng et al., 2034
PPARa overexpression inhibits growth, invasion, and aerobicrpese proteins also modulate a number of signaling pathways
glycolysis in glioma cells5i et al., 2016 Feno brate, a PPAR 5 iy yence cellular metabolism and oncogenic potential. In
agonist which drives transcriptional activity, has beenvshao particular, Sirtuin-1 has been shown to inhibit HIF activati
reduce cancer cell growth in U-87-MG glioma cells and in othelyctivate mitochondrial biogenesis through PRABofactor &
cancers $aidi et al., 2006; Panigrahy et al., 2008; Han D. F. et a{PGCh), drive lipid metabolism through sterol regulatory
2015. Feno brate lowers lipid content in the bloodstream; itals element-binding protein factors, mediate in ammatory sajimg
directly inhibits glycolysis in glioma cells by disruptingting of through NF-kB, and inhibit p53-mediated apoptosis through
the NFkB-HIF1a complex to the PKM2 promoteHan D. etal., jnnibitory deacetylation in other cell contextd gvu et al.,
2015. This drug also causes structural damage to mitochondri@oog; Kitada et al., 2013; Gonzalez Herrera et al.,)2(tis

and inhibition of Complex I, leading to activation of the AMPK- tamjly of proteins have not been well-studied in the context of
mTOR pathway, promoting autophagilk et al., 2015, Han D. - glioma, although tantalizing initial evidence suggesés Sirtuin-

et al., 201p The broad-ranging metabolic e ects of feno brate 1 g actually required for gliomagenesise¢ et al., 20)5and

on glioma cells are associated with lowered cell growth,tdue jnnipition of Sirtuin-1 through miR-22 (which also targetSER
FOXO01/p27-induced GO/G1 arrest, and increased apoptotic Celfq matrix metalloprotease 9) slows the growth and invasigen
death caused by FOXO3a-activated transcriptional activadf ot y-87 and U-251 glioma cellsChen et al., 2026 Further

the apoptotic initiator protein Bim {Vilk et al., 2012; Han D. F.  gyydies are needed to identify the roles of Sirtuin-1 andeoth
etal., 201p sirtuins in the epigenetic modulation of glioma cells, and how

these e ects might be mediated.
PPAR-Gamma

The nuclear receptor PPARIs activated by hydrophobic

molecules including fatty acidsT¢ntonoz and Spiegelman, REACTIVE OXYGEN SPECIES AND REDOX
2009. Once activated by a ligand, the PRARomplex binds HOMEQOSTASIS

to response element sequences throughout the genome and . . .

modulates transcription of its target genes, many of whicH’roduction of Reactive Oxygen Species

enhance mitochondrial function and beta-oxidationoh et al., (ROS) in Glioma Cells

2009. Over-representation of PPARpolymorphism H449H is The electron transport chain couples the transfer of charge
observed in sporadic cases of glioblastoma compared with treeross the inner mitochondrial membrane with the production
normal population Zhou et al., 2008 however the functional of ATP. The leakage of ROS and protons from Complexes I-IV of
signi cance of this is not known. PPAGR agonists cause the electron transport chain represents a self-regulatirsgesy
upregulation of the glutamate transporter, reducing extdata  to reduce oxidative stress, whereby ROS themselves induce
glutamate levels and excitotoxicity in the vicinity of in U- protonleak and decrease ROS generattmpkes, 2005Redox

87 and U-251 cellsGhing et al., 2016 In addition, agonists homeostasis involves the Nrf2-dependent antioxidant syste
of PPARy reduce tumor growth in xenografted LN-229 cellswhich is important for inhibiting di erentiation and promotirg
(Grommes et al.,, 20)3 however it should be noted that drug resistance in GSCs\fhavan et al., 2010; Cardaci and
antagonism of PPA&conversely reduces tumor growth in Sonic Ciriolo, 2013. GSH acts as an electron acceptor to reduce ROS
hedgehog-driven mouse models of medulloblastorf#iatia during its conversion to GSSG.¢vine and Puzio-Kuter, 20).0

et al.,, 2012 PPARy agonists have therefore been proposedsSH is then reformed from GSSG by GSH reductase which
as novel anti-neoplastic agents for the treatment of gliomaeduces NADPH to form NADE (reformed during the PPP and
although currently these drugs have not been evaluatedimse Kreb's cycle)l(evine and Puzio-Kuter, 2010; Wanka et al., 2Q12b
free glioma cell cultures or direct-to-xenograft animal dets  Figure 11A). Oxidative stress is also avoided via ROS scavengers:
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FIGURE 11 | (A) Reactive oxygen species (ROS) maintenance by redox homeasgis. Oxidative phosphorylation and endoplasmic reticuha (ER) activity both result in
the formation of ROS Galazar-Ramiro et al., 201§. These ROS can be neutralized by antioxidants, under theanscriptional control of Nrf2, the master regulator of
ROS homeostasis Cardaci and Ciriolo, 20129. Additionally, proton leak in the mitochondria also help® neutralize ROS through a self-regulating systenB(ookes,
2005). Another system to regulate ROS levels, acts through the gflathione (GSH) system which neutralizes ROS upon convegsi into glutathione disulphide (GSSG)
(Levine and Puzio-Kuter, 201(). Within cells, GSH levels are maintained by production of ADPH from the PPP and Kreb's cycle which maintain GSH reducte
activity (evine and Puzio-Kuter, 201(. (B) ROS cycle of AMPK activation and resolution. Increased ROSuels result in oxidative DNA damage and the activation of
the DNA damage response pathway by ataxia-telangiectasia utated (ATM) recognition Alexander and Walker, 201). This stimulates LKBL1 activity, and increased
phosphorylation and stimulation of AMPK. As a result AMPK hibits NADPH consuming pathways such as FAS and activates ¢abolic NADPH-producing pathways
such as FAO, which acts through the GSH/GSSG antioxidant systn to neutralize ROS and restrain further oxidative damagédon et al., 2012). (C) Oncogenic
factors contributing to ROS production. Two common mutatims in secondary gliomas include the mutation of isocitrate ehydrogenase (IDH) and p53 pathways
(Cuperlovic-Culf et al., 2019. Through their downstream activities, i.e., IDH reducingacitrate into a-KG and p53-mediated transcription of TIGAR, these proteinsid
in maintaining NADPH levels and subsequent ROS neutralizan (VVanka et al., 2012b; Klink et al., 201§. However, upon mutation these pathways are inhibited
resulting in a loss of NADPH, increased ROS and a higher ratd oxidative damage within glioma cells.

glutathione peroxidase (GPx), superoxide dismutases (SODsyhereby moderate ROS levels promote proliferation and

catalase, thioredoxin, and peroxiredoxihr( et al., 2016 di erentiation, whilst excessive ROS exposure causes ox@lativ
Although cancer cells rely heavily on glycolysis andlamage and induces apoptosiEn( et al., 2015; Rinaldi et al.,

glutaminolysis to reduce ROS production, oxidative2016).

phosphorylation does contribute to the ATP pooZiang

et al., 2015; Ozcan and Cakir, 201k the rapidly proliferating Role of AMPK in Redox Homeostasis

SF-188 pediatric glioblastoma cell line there is a shift i@y  The LKB1/AMPK axis represents another system by which

glycolysis toward oxidative glutamine metabolism représgby  cells control redox homeostasiFigure 118. Upon ROS-

increased oxygen consumption and increased R@Bz(Winer mediated DNA damage, LKB1 associates with ATM kinase

and Wu, 201%, likewise adult glioblastoma cells are also highlyand AMPK, resulting in phosphorylation of ACCA(exander

oxidative (in et al., 201). Additionally endoplasmic reticulum and Walker, 2011; Jeon et al., 2R1By regulating the switch

activity involving protein and lipid formation, contribute85% from anabolism to catabolism, AMPK stimulates NADPH

of cellular ROS production in glioma cellsS{lazar-Ramiro production through beta-oxidation limiting oxidative sss

et al., 201p Increased ROS levels contribute to a variety o{Jeon et al., 20)2LKB1 is also able to restrict oxidative damage

tumorigenic processes inducing proliferation, geneticaiuility  through its AMPK-independent interaction with Cdc42 and

and evasion from senescendes(ine and Puzio-Kuter, 20).0 decreased phosphorylation of p38-MAPK reducing anabolic ROS

Cancer cells show an increased tolerance for oxidativessstreproduction (Xu et al., 2015
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Mutations in the tumor suppressor LKB1 limit AMPK and oxidative stressF{gure 11Q. Through enhancing the
activity and the production of NADPH through catabolic energy yield from glucose and promoting oxidative respinatio
processes; unrestrained ROS can promote tumor growth bBYIGAR inhibits ROS production through enhancing NADPH
boosting oncogenic signal transduction, genetic instigbdnd and GSH:GSSG ratio as a result of enhanced PPP Warka
glioma growth in vivo (Jeon et al.,, 20)2 ROS are also etal., 2012p
able to inhibit LKB1-mediated activation of AMPK, alleviadi EGFR activation or constitutive EGFR signaling induce ROS
mTOR inhibition and promoting entry into the cell-cycle and production in glioma cell lines %alazar-Ramiro et al., 2016
glioma proliferationin vitro (Jiang et al., 20)4 Downstream Additionally, glioma cells exhibiting loss of the tumor suppsor
of AMPK, PGC-Bh controls transcription of antioxidative p53 also display higher levels of ROS and oxidative stress due to
proteins alongside mitochondrial biogenesis, highligbtithe the loss of SOD2, GPX1, and ALDH4A1, which form part of the
tight control of ROS in response to increased mitochondrialantioxidant systemNlacedo et al., 20)2ROS can also directly
respiration Hartel et al., 201 This system aids glioma cells in phosphorylate signaling proteins and increase ux through

evading apoptosis due to prolonged ROS exposure. PI3K/Akt and MAPK/ERK to potentiate oncogenic signaling
(Boonstra and Post, 2004; Rinaldi et al., 20E&ure 12.
Role of ROS in Glioma Development Interestingly, increased ROS in GSCs is associated wittteetu

IDH plays a role in producing antioxidants, as well as promotingself-renewal, increased cycling, and reduced viabilitpugh
oxidative respiration and oxygen-sensitive signalingsdurction  activation of p38 under oxidative stres§uan et al., 2015
(Cuperlovic-Culf et al., 2032Figure 11Q. Under normal However, under non-stressed conditions ROS-activated JNK an
circumstances IDH activity reduces NA@Pwhilst catalyzing p38 cooperate with ERK to support proliferation and increase
the oxidative decarboxylation of isocitrate #ketoglutarate, tumorigenic activity in glioma@enhar et al., 2002; Yuan et al.,
however IDH mutants consume NADPH during the synthesis2019.

of the oncometabolite 2-hydroxyglutarate, thereby desireg Redox status also regulates responses to nutrient deprivation
antioxidant defenseuperlovic-Culf et al., 2012; Lewis et al.,Oxidizing agents which reduce the NADPH/NARQP ratio,
2014; Klink et al., 20)6The central role of a functioning Kreb's and increase ROS, can increase mTORCL1 signaling and confer
cycle in maintaining redox balance is highlighted by cosi@n  resistance to nutrient deprivation and inhibition of the Ikt

of glutamate intoa-KG by glutamate dehydrogenase and thepathway @Garbassov and Sabatini, 2R0Reducing agents
maintenance of NADPH and GSH/GSSG ratids(et al., 2016 act in the opposite manner to mimic cellular responses to
TIGAR is also involved in protecting glioma cells from methbo nutrient deprivation, slowing proliferation. AdditionallyROS

FIGURE 12 | The downstream effects of ROS signaling in glioma ce  lIs. Activation of AMPK as a result of oxidative damage induced bROS, has both tumor
suppressive and promotive effects within glioma cells, tmugh AMPK signaling flexander and Walker, 201). Additionally ROS aids in oncogenic signaling resulting i
the activation of pathways involved in metastasis, invasip proliferation, and resistanceoonstra and Post, 2004). ROS mediates the formation of invadopedia
involved in metastasis and in ammatory signaling through N/KB to promote matrix degradation and invasionZhang et al., 2015. Additionally PI3K/Akt and
MAPK/ERK pathways are also augmented resulting in increaseproliferation, as well as increasing c-Jun and c-Fos formain of the activator protein-1 (AP-1)
transcription factor involved in proliferationgenhar et al., 2002; Waris and Ahsan, 200k Finally, ROS are also involved in S6K1 activation which &do induce
autophagy providing chemotherapeutic resistanceSarbassov and Sabatini, 200%.
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can also directly phosphorylate c-Jun and c-Fos, resulting ifor the recruitment of Von Hippel-Lindau ubiquitin E3 ligase
activation of activator protein-1 transcription factor, giha which marks HIF-h for proteasomal degradationSemenza,
growth and proliferation (Varis and Ahsan, 2006In glioma 2010 (Figure 14A). As PHDs require oxygen for their activity,
the metabolic e ects of ROS involve DNA damage responsedIF activation is dependent on oxygen; under low-oxygen
and the Jnk pathway which modulates glucose uptake, ATEnsion HIF-I]a is not degraded and mediates metabolic
levels and hexokinase-2 and pyruvate kinase activity. Whilseprogramming toward a glycolytic phenotyp8gmenza, 20).0
damage activates antioxidative defense by activating R P Factors inhibiting HIF-1 hydroxylate HIFd.at Asp802, blocking
in glioma, Jnk activation downregulates hexokinase-2 anthe binding of p300 and CREB-binding protein and HIF-1
PKM2 obstructing glycolysis, forcing reliance on oxidativetranscriptional activity, acting as another regulatory pa#ly
phosphorylation and sensitizing glioma cells to oxidativess (Semenza, 20)0In this manner HIF is able respond to
(Dixitetal., 2013. alterations in the tumor microenvironment and mediate

Despite increased ROS levels being of benet tanetabolic reprogramming.
tumorigenesis, oncogenic signaling through c-Src, Rasl an Downstream of its regulation HIF&l acts in concert with
Erk1l/2 also amplies the antioxidative system in order toHIF-1b as a transcription factor to coordinate metabolic changes
maintain redox homeostasisSélazar-Ramiro et al., 2016 to preserve oxygen and induce angiogenesis to increaseroxyge
Figure 12. By coupling redox maintenance with mitochondrial tension. HIF-1 regulates a shift from oxidative metabolism
biogenesis signaling, glucose metabolism, and growthorfactto anaerobic glycolysis when oxygen levels are depleted
signaling, cancer cells are able to avoid oxidative sti&sang (Kucharzewska et al., 2013y increasing the expression of
et al.,, 201p Redox metabolism is coupled closely with theGLUT1/3, Hexokinase-2, PDK1 and LDHA, HIF-1 induces
cell cycle, forming a reductive environment to minimize glycolysis, whilst simultaneously upregulating PDK1 to rexluc
damage during DNA synthesis and anaerobic glycolysis, and aux through the Kreb's cycle and electron transport chain,
oxidative environment during mitosis driving biogenesisda to maintain ATP levels in the absence of oxygedeifienza,
proliferation (Zhang et al., 2015 This reductive state during 2010; Kucharzewska et al., 201PDK1 also has a role in
DNA synthesis is associated with reduced functionality B@5-  inhibiting PDH, to further amplify the cellular response to
dependent metastasis by boosting formation of invadopodiaiypoxia (Kucharzewska et al., 2015
during oxidative phases, correlating with glioma stemness HIFs drive metabolic reprogramming and decrease cell
characteristics 4hang et al., 2005 Metastasis is also a ected cycling in response to acute periods of hypoxige(rath et al.,
by ROS-mediated activation of ERK and the redox-sensitive006; Kathagen et al., 201However, unresolved hypoxia or
IKK/NF-kB pathway, promoting tissue digestion through constitutive HIF signaling in cancer escalates glioma aiiiin,
metalloproteinase expression and glioma invasiomi( et al., development, and migratiorik@thagen et al., 20).3
2010; Yuan et al., 2015

Constitutive HIF Signaling in Glioma

Hypoxia often arises concurrently with increased ROS/NOS
HYPOXIA INDUCIBLE FACTORS AND THE production, which can act indirectly to stabilize HIF compésx

TUMOR MICROENVIRONMENT (Chandel et al., 20Q0Figure 14B. ROS/NOS oxidize the
catalytic iron center of PHD and FIH and inhibit their acttyi
. to stabilize the HIF-1 complex§emenza, 20).0Reduced FoxO
Progression _ phosphorylation/acetylation caused by oncogenic signaliag al
Glioma progression is characterized by the appearance @fays a role in stabilizing HIF-1 in ROS-dependent manner.
extensive regions of hypoxia within the tumor microenviroem  Fox03 transcriptional activity attenuates ROS levels, riemuc
(Kucharzewska et al., 2013 he formation of a hypoxic niche r.14 stabilization in normal cells, however as FoxO3 activity is
is associated with tumor aggressiveness, drug resistance, often downregulated due to oncogenic signaling, HIF-1 itter
enrlchment of GSCs WhICh recapitulate the tumor followinggianilized by increased ROS tolerance in gliofarfer et al.,
resection and therapy{imeaultand Batra, 2013; Ye etal., 2)113 5017 HjF signaling also results in enhanced antioxidant levrel
Hypoxia has many e ects, depending upon the extent ofyjioma, which may act as a modulatory mechanism to maintain
oxygen deprivation and exposure tim&igure 13. Hypoxia reqox homeostasis and inhibit hypoxic deatiucharzewska
causes: activation of Hypoxia Inducible Factors (HIF; theiset ot 5 2015 Additionally, TIGAR also helps to protect cells
of thls_ sect|on_),_ facilitation of adaptive metabolism (suah _ against hypoxic death by controlling HIF-induced ROS levels
formation of lipid droplets), release of vascular endotHella(V\,am(a etal., 2019b
growth factor (which inuences the surrounding fissue 10 HiF.1a expression is often increased due to oncogenic
support neo-angiogenesis), and death (if resultant siggadind  gignaling. Increased HIF-1 expression requires activaibthe
nutrient restoration does not promote survival). In fact ia®  p|3k/Akt/mTOR and MAPK/ERK pathways, and HIF-1 can
been proposed that varying oxygen levels within a tumor makgther activate itself through these pathwagEdng et al., 2012;

Microenvironmental Factors in Glioma

metabolic heterogeneity inevitablgi(ickaert etal., 20)6 Mimeault and Batra, 20)3Ras, a central node in controlling
_ _ ) growth factor signaling, can increase expression of HiF-1
Regulation of Hypoxia Inducible Factors through augmented mTOR signaling and increased trangiatio

HIFs are primarily regulated by HIF prolyl-hydroxylases (PHDs of HIF-1a (Semenza, 2010; Cairns et al., 20Xctivation of
which hydroxylate Pro402 and Pro564 on HIB:IThis allows PDGFR in glioma also supports HIF-1 activitg€menza, 20).0
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FIGURE 13 | The broad-ranging effects of hypoxia in promoting t umorigenesis in glioma, and protection from immediate ill effects of re-oxygenation.
Acute periods of hypoxia result in the up-regulation of manglycolytic genes resulting in the release of lactate and ancadic microenvironment, which is conducive for
localized invasion. Hypoxia is also accompanied by mitochadrial dysfunction as a result of this metabolic adaptatiorresulting in excess accumulation of ROS and
apoptosis. Under conditions of moderate hypoxia, GBM cellslownregulate fatty acid, and cholesterol biosynthesis pdiways and primarily rely on increased fatty acid
uptake to meet their nutrient requirements, through upreglation of fatty acid binding proteins particularly FABP7 esulting in the formation of lipid droplets in a time-
and oxygen-dependent manner Bensaad et al., 2014). Restricted oxygen availability and nutrient deprivaticare often accompanied by poor vascularisation, causing
extensive increases in apoptosisl(ewis et al., 2015). However, under these conditions some glioma cells have ke shown to upregulate sterol regulatory
element-binding protein (SREBP) to maintain fatty acid ancholesterol metabolism by disrupting the mevalonate pathay (Lewis et al., 2015). The accumulation of
lipids in GBM helps to maintain viability upon re-oxygenath after angiogenesis, providing an alternative source foaXTP production and protecting against ROS
accumulation Bensaad et al., 2014).

PKM2 in its tetrameric form is a target of HIF-1 metabolic by inducing aerobic glycolysi&®(abhu et al., 201 %Figure 14Q.
remodeling to increase ATP production through glycolysie ( Hypoxic signaling in glioma also increases AMPK-mediated
Wit et al., 201§ PKM2 also has a dimeric form in cancer, which catabolism of proteins, in keeping with the enhanced autophagy
has a nuclear localization sequence allowing PKM2 to act asabserved in glioma and its role in conferring resistance to
co-transcription factor and kinase stimulating HIFg&xpression nutrient deprivation and therapyMimeault and Batra, 2013,;
and activity e Wit et al., 2016 Clark et al., 201 By recapitulating reductive metabolism in the
Downstream signaling from insulin-like growth factor (IG} form of glycolysis and glutaminolysis constitutive actieatiof
through Ras to HIF-& upregulates mRNA encoding IGFBP2, HIF-1 in cancer can contribute to cell growth.émaire et al.,
thus autoregulating HIF by decreasing IGF1 signalifrgl@ser 2015.
et al., 1999; Sinha et al., 201IGFBP2 is often upregulated in  HIF-1a has previously been reported to inhibit c-Myc activity
GBM, promoting tumor development, progression, and invasiorwithin renal cell carcinoma to support the switch to glycolysis
(Lin et al., 201» Through modeling it was shown that IGFBP2 whilst minimizing proliferation, however in the opposite manner
plays an integral role in sustaining HIFalsignaling in an HIF-2a stimulated c-Myc/Max dimerization within these cells
oxygen-independent manner due to its negative e ect on IGFZXesulting in tumorigenesisGordan et al., 2007 Within glioma

signaling (in et al., 201p cells hypoxia upregulates serine hydroxymethyltransferase
_ ) ) (SHMTZ2) due to increased HIFaland c-Myc activity. Increased
Role of HIFs in Glioma Progression SHMT2 activity in GBM can limit PKM2 activity, increasing

By upregulating glucose import and metabolism, oxygenPPP ux and decreasing Kreb's cycle intermediates and axyge
independent HIF regulation can induce glycolysis even in theonsumption Kim et al.,, 201k This mechanism provides
presence of oxygen, contributing to the Warburg e ect. Rasselected glioma cells under hypoxia a survival advantage by
mediated HIF-A signaling downregulates PDH activity and increasing NADPH through mitochondrial serine degradatio
mitochondrial respiration, also increasing tumorigenic @otial and protecting against ROS-induced hypoxic deatlie (
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FIGURE 14 | (A) Hypoxia-inducible factor (HIF) regulation within normal de. There are two main avenues governing HIF& within normal cells, involving the
factor-inhibiting hypoxia-1 (FIH-1) and Von Hippel-Linda(VHL) proteins $emenza, 2010). The activity of these proteins is regulated by oxygen leiss whereby FIH-1
hydroxylates HIF-T at Asp802 blocking its transcriptional activity, whereas ML activity is reliant on prolyl-hydroxylase (PHD) to hydxglate Pro402 and everPro564
under oxygenated conditions, marking HIF for degradation byHL Semenza, 2010. However, when oxygen levels are low HIF is not marked for degdation and is
therefore its transcriptional activity is unrestrainedB) Effects of constitutive HIF activation in gliomaThe constitutive activation of HIF under normal oxygen termi is
known as pseudo-hypoxia. Oncogenic signaling in cancer céd acts to stabilize HIF under normoxia primarily through thactivation of PI3K/Akt and MAPK/ERK
pathways Qiang et al., 2012; Mimeault and Batra, 2013}. In turn, as a result of HIF transcription STAT3 is upregulateesulting in further activation of these oncogenic
pathways (Mimeault and Batra, 2013; Qiang et al., 201}. HIF stabilization often arises in concert with ROS produicin, which acts to stabilize HIFs by oxidizing the
catalytic iron center of PHD and FIH-1, limiting HIF degradatn (Chandel et al., 2000; Semenza, 201(. Reduced FoxO3 activity as a result of oncogenic signalingnd
HIF transcription also acts to increase ROS production as paof a feed-forward mechanism Ferber et al., 2012). (C) Role of HIF in maintaining ATP production under
hypoxia. Upon stabilization the HIF-1 complex acts in concémwith the CREB-binding protein (CBP)/p300 co-activator to Her the transcription of multiple genes
involved in metabolism $emenza, 2010). Through increasing the transcription of GLUT1/3, HK2, PDK and LDHA, HIF-1 increases glucose uptake and glycolysis
whilst inhibiting the Kreb's cycle and oxidative metabolim (Semenza, 2010; Kucharzewska et al., 201}. Additionally, HIF-1 transcription also inhibits PKM2 aistity to
limiting ux through the Kreb's cycle and oxidative metabom (Kim et al., 2015).

et al., 201} Increased SHMT2 is a common feature ofdeath of surrounding tissue, ECM degradation and subsejuen

pseudopalisading cells surrounding necrotic areas in GBNbcalized migration athagen et al., 2013; Mimeault and Batra,

demarcating zones of angiogenesis and hypoxia for rapid013. Ninety three percent of hypoxia areas show co-expression

re-oxygenationlflimeault and Batra, 2013; Kim et al., 2015 of HIF and HSP90 as a result of acidosis, further increasing the
The feed-forward mechanisms supporting constitutive HIFability of GSCs to withstand nutrient deprivation and theragie

signaling maintain the development of an invasive, metastatinterventions by further modulating metabolisnri(atova et al.,

and lethal phenotype in gliomaSgmenza, 20]1(Figure 13.  2016.

Hypoxia within the glioma microenvironment results in the

induction of neural stem cell markers, such as Oct3/4, Samd, AUTOPHAGY: YOU ARE WHAT YOU EAT

Nestin in synergy with EMT molecules such as VEGF, which

correlate with tumor aggressivene§gdng et al., 2012; Mimeault Autophagy Is Dependent upon

and Batra, 2013 By promoting stem cell maintenance and Mitochondrial Dynamics

angiogenesis, hypoxia inhibits neural stem cell dierentiat |n times of stress, the cancer cell may wholly or partially slige

and promotes increased vasculature, key events in cancgself in a process called autophagy. In some cases, this groces

progression and metastasisiang et al., 2072 can lead to cell death; indeed this is a primary mechanism
Lactate production, due to HIF metabolic remodeling, alschy which temozolomide acts to kill glioma cells efranc

has a role in creating a favorable environment for gliomaet al., 200y, However, limited autophagy can allow survival

invasion Figure 14). Lactate causes a decrease in extracellulat glioma stem cells under nutrient-deprived conditionSug

pH forming an acidic microenvironment, which promotes the et al., 201)j and down-regulation of these supportive autophagic

Frontiers in Cell and Developmental Biology | www.frontisin.org 24 April 2017 | Volume 5 | Article 43



Strickland and Stoll Glioma Cell Metabolism

processes can sensitize glioma cells to chemotherapeutics asannot contribute to cellular respiration, to prevent Bax(Ba
promote apoptosisigakovic et al., 2037 High levels of pro- channel formation, to reduce the quantity of caspases androth
autophagy genes are associated with worse glioma patiesignaling factors which initiate apoptosis, and to recycle th
survival, particularly in patients with the mesenchymal sydet  material within the autophagosome for protein synthesis and
of glioblastomaGalavotti et al., 2003 membrane fabrication. Thus, mitophagy provides a powerful
Autophagy is tightly controlled by mitochondrial dynamics, route to cellular survival, especially in times of nutrient
the process by which mitochondria undergo fusion anddeprivation.
ssion (Figure 15. Mitochondrial fusion acts as an acute . ) )
compensatory mechanism to deal with cellular stress, bfutophagy and Underlying Mitochondrial
increasing mitochondrial DNA copy numbethen etal., 20990  Dynamics In uence Cell Cycle Progression
boosting expression of electron transport chain complexesitochondrial dynamics play a critical role in cancer cells, as
allowing rapid di usion of metabolic intermediates@rbowski  dysregulated fusion and ssion have been implicated in tumor
and Youle, 2003; Twig et al., 20Q0@&nd increasing ATP initiation and cancer activityl(oureiro et al., 2013 Interestingly,
production rates (ondera et al., 20Q9Fusion thereby enables a mitochondrial dynamics act as critical cell cycle control
cell to manage an increased energy demand, particularlyiadi  mechanisms with highly-motile organelles arranging thetnss
of stress, thus preventing the need for autophagy or apoptosi® ensure mitochondrial homogenization and segregation
(Gomes et al., 2011; Rambold et al., 2011 during cell division @ntico Arciuch et al., 2012; Mishra and
Mitochondrial ssion, in contrast, reduces oxidative caggci Chan, 201}t Mitochondrial fusion is required for maintaining
and increases genetic drift of mitochondrial-encoded sitsu  mitochondrial membrane potential and for permitting entrytin
of the electron transport chainTaguchi et al., 2007 After ~ S-phase, meanwhile mitochondrial ssion is required at fate
mitochondrial membrane depolarization, any weak orgasellestages, notably to impart a mitochondrial population to each
which do not recover normal potential can undergo twodaughter cell during cytokinesisTgguchi et al., 2007; Schieke
fates: initiation of apoptosis or selective autophagy of thet al., 2008; Yang et al., 201&lthough speci ¢ mechanisms
dysfunctional mitochondrion (mitophagy). The benets of linking mitochondrial fusion and ssion factors to cell cyl
mitophagy are primarily: to remove damaged organelles whickegulatory proteins have not been characterized in glioma cell

FIGURE 15 | Mitochondrial dynamics are linked with cell cycle , respiratory capacity, and cell survival.  Mitochondrial dynamics are regulated in concert with
the cell cycle and coordinate metabolic activity; fusion falitates high rates of oxidation while ssion permits iniition of apoptosis or adoption of an autophagy-based
survival strategy.
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mitochondrial dynamics do appear to be tightly tied to cel THE FUTURE OF GLIOMA CELL

cycle progression, providing a potentially critical proceskitig METABOLISM

cellular bio-energetics with growth. Indeed knockdown bét

mitochondrial ssion factor Drplin patient-derived cellsdtaces Recent years have yielded exciting ndings in the eld of

growth in vitro (Xie et al., 201} impairments or loss of cancer cell metabolism, suggesting that Warburg is only a

Drpl have been associated with lower autophagic ux in othesmall part of the larger story. While glioma cells do partially

cancer cell typesThomas and Jacobson, 2Q12ntriguingly, metabolize glucose, releasing lactate into the extraaelpace,

one group has shown that stimulation of autophagy impairsother substrates are being oxidized. Yet the questions irema

invasion in glioma cell lines{atalano et al., 20)Awhile another ~ What fraction of ATP is produced from glycolysis, and what

group has demonstrated that down-regulation of autophagyraction from oxidation? What substrates are preferengiall

impairs invasion in primary human glioma cell&@lavotti et al., oxidized? How easily can a glioma cell change its metabolic

2019. Further work in this area is necessary to resolve thesstrategy upon exposure to hypoxia, nutrient deprivation, or

contradictory ndings. acidic environment? Do di erent cells within the tumor have
The process of autophagy is in uenced by multiple metaboliai erent metabolic strategies or preferred metabolic subisisa

signaling pathways including AMPK, mTOR, and otherDo gliomas with di erent oncogenic driver mutations (e.gn, i

factors {Vestermann, 2072 Under normal conditions, PARP1 p53, NF1, or IDH) have di erent metabolic strategies or preferre

and AMPK form a complex in the nucleus of glioma cells;metabolic substrates? How do glioma cells balance anabolic and

upon nutrient starvation this complex is disrupted, leadingcatabolic needs to support growth and invasion? What is the bes

to nuclear export and initiation of autophagyR@driguez- substrate to use as aradioligand for PET imaging in thes®tsf

Vargas et al., 20)6ROS signaling, often in the presence ofAnd, of course, can these bio-energetic pathways be targeted

hypoxia, activates PTEN which inhibits the PI3 kinase/mTORpharmacologically to slow growth and invasion of glioma? The

pathway, thus promoting autophagic uxEfray et al., stage is setto enter a new era in glioma biology, by augmenting

2019. Interestingly Draml-mediated localization of the our knowledge of genetics and intracellular signaling with@re

autophagy protein Sequestome 1 appears to work independenitpmprehensive understanding of cellular bio-energetics.

of the mTOR pathway to initiate autophagyGélavotti

et al, 201R In addition, rapamycin-induced autophagy AUTHOR CONTRIBUTIONS

appears to be independent of mTOR signaling; siRNA-based

knockdown of mTOR sensitizes both PTEN-wildtype andMS and ES discussed the ideas and wrote the paper.

PTEN-mutant cells to rapamycin-induced cell death in a

synergistic manner Ivamaru et al., 2006 demonstrating FUNDING

the complexity of signaling crosstalk related to autophagy

control. These processes likely work in concert to coordinatES was supported by Newcastle University's Institute of

the formation of the autophagosome and guide autophagyNeuroscience and MS performed this work as part of her degree

Autophagy remains a promising target for drug development inn Newcastle University's MRes Programme in Medical and

neuro-oncology. Molecular Biosciences.
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